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ABSTRACT '

This research investigated the metabolism change from respiration
to fermentation of both aerobic batch and aerobic continuous culture of

vSaccharomyCes Qerevisiae at 25°C. Evidence of a fermenting metabolism

was observed at 1n1t1a1 glucose concentrations above 0.4 g/l and a spe-
:c1f1c growth rate above 0.3 hr 1.

A mycelial form of yeaét.was observed at dilution rates above
0.25 hr—l, resulting‘in ektensive formation of wall growth in the fer-
mentor; end producing a lower specific growth rate of the cells and a
respifing metabolism up to a dilution rate of 0.6 ﬁr-l. A model of cell
vWail growth was combined with a verying yield model to demonstrate the
effects of the eXtent of wall growth on ﬁhe-observed metebolism of a
cell culture for different iﬁlet substrate concentrations.

From the ekperimental results, a mechanism was suggested by
which the onset of this mycelial form of yeast changed the mechanism of
dispersion of the yeast cells in the fermentor, affecting the dilution
rate at which the metabolism change occurred.

| Mass balance studies ef these experiments indicated that the pre-
sence of non—giucose carbon affected the determination of the.Monod cell
growth kinetics parameters, partieularly in batch cultures, end that

glucose was taken up preferentially to other carben sources.

xiii



CHAPTER 1
INTRODUCTION

In recent years, an ihcreasing'world food shortage and insuffi-
cient protein in diets of people in some countries ﬁas spurred the search
for ﬁeﬁ sources of protein. - One such source is yeast singie.cell protein
'(SCP).v Investigation into this method of large-scale proteinvﬁroductibn~
has brought modern chemicalAenginéering applications of reéctor_engi—

' neering torthe age-o0ld process of fermentation. )

Fermentation is a process in which cells are grown in a tank
reéctor that may be operated in either batch or continuous mode. The
cells are growﬁ_bn a nutrient solﬁtion or substrate that is either con-
tinuously éuﬁplied to the reactor operating in a CSTR fashion or iﬁitially
charged to the reactor to which cells are inoculated for the batch case.

The  fermentor may be operated aerobically (the usual case for
cell produ;tion)-by passing air or oxygen through thélyessels or
anaerobically by either not passing any gas through the vessel or
sparging with an inert gas such asAnitrogen; |

Chemical reactor engineering is defined as that engineering
acfivity concerned with the exploitation of chemical reactions on a
_commercial scale. |

This may be accomplished by applying known chemical kinetics to a
modgl involving the mixing or flow'patterns, mass, and energy transfer
occurring Withih a réactof. The behavior of the reacfor may then be

1



2
pfedicted accurately enough to a¢c6mplish.the goals of successful design
" and operatibn'of chemical reactors}fﬁ , |

Application.of.éhemical reactor engineering principles to fermen-
tation is a uniQue case whe:e thelkinetics'are'not simple chemical reac-
tions but the complex system of biochemical and other enzym;tic reactipns
and physical phenomena thaﬁiresult in the formation of new cells.

This research is a fart of the High Protein Project at The
- UniVersity of‘Arizdné, aﬂ inﬁestigation of the complete proéess'involving
the'éénversion of éellulosic wastés into high profein for‘aﬁimal feed énd

food for human consumption. The overall process involves hydrolyzing

pondéroéa pine sawdust with dilute sulfuric acid at high temperatures and

preséureé to form glucbse.' Baker's yeast or Saécharomyces cerevisiae
would then be groWn on tﬁis glucose subsfrate, harvested, and then pro-
ce;sed for proteiﬁ content. Baker's yeést was chosen because of a better
initial acceptability.by the public for the SCP product. Also, a 1argé
amount of baker's yeast is already available on a commercial scale fori
the baking iﬁdﬁstry, resulting in a large amount of‘informatiOn,being—

available on this specific yeast strain.

1;1_'Opjectives_qfiResearch
As the first thesis in fhisfarea_in the Department of Chgmical
Engineering at The University of Arizoné, the following objectives were
established. |
The first objective was to deteimine laboratory equipment and
experimental.techniques of yeast culturé systems in sufficient detail to

appreciate the factors necessary to carry out reactor engineering studies



of continuous fermentors. Thls 1nformat10n was to be used to operate a
contlﬁuous culture of baker S yeast and to analyze the results from a
- reactor. englneerlng standp01nt.

The secqnd objective was to make a critical analysis of the
iiterature on baker's yeast to‘determine the operating conditions and any
possible'ndneideal behavior which mightvadversely affect the industrial
production of baker's yeaét as a'SCP source. This 1nvest1gat10n deter-

" mined that the productivity of the aerobic growth of baker s yeast was
limited by.a metabolism change from respiration to fermentatlon. . The
,experimentaljreSeerch was direeted at determiningvthe conditions at which
this metabolism'change occurred, vand investigating some facters which
might affect the metabollsm change advantageously to increase the produc-
t1v1ty of ‘this fermentation. Some simple but advanced models.were applled
'te demonstrate the.effect of some factors on this metabolism change,

In summary, this study involved: experimental work upon both
batch and continuous culture‘systems, use and analysis of literature

data, and some preliminary reactor engineering analysis and modeling.



CHAPTER 2
" THEORY -

2.1 Classigal‘Qell_Growth Kinetics

" To provide the baekgrouﬁd"of what the accepted cell growth .
kinetics are; definitions of tefms and é detailed discussion of the-
classical cell growth‘kinetics deVeloped by Mbndd (19501 are given in
Appendix A. This description includes the application of these kineticé
to. a CSTR model and a discussion of the‘iimitations of this model. Some‘
of thé.limitations of the kinetics included non-ideal CSTR behavior, -
inability to modei transiént behavior; masé transfer effects, and miéro—

biological effects such as wall growth.

2f2' The Crabtree Effect

It has beenAknown for some time that the aerobic growth of
Baker's yeasf changed from a respiring to a fermentative metaboiiSm at
high initial glucose cohcentrations. This efféct is known as the anti-v
Pasteur‘ornCrabtree effect, after Crabtree (1929) who first obserﬁed it.
It was feported that a diauxic growth of Baker's yeast oécﬁrrgd in
aerobic batch cultures-containing high initial glucosevcohcentrations.
The. cells were observed to ferment on the available glucoSe in the first
exponential growth phase and then respire on the accumulated ethanol

after all the glucose was consumed in the second exponential growth



phase . The overall stoichiometry of respiration is shown below
(Llplnsky and thchfleld 1970)

C6H1206 + 60 > 6CO + 6H2011(f688 Kcal/mole)

In comparison to the fermenting metabolism stoichiomettry shown -
below, much more energy is produced which results in a greater cell yield
of 0.5 g-cell/g-glucose, five_tlmes_the quantity of‘the»yleld obta;ned by
_fefmentation, The stoichiometry of.fermentation takes the following
form (Rose and Harrisoh, 1972j:

OH (-56 Kcal/mole)

CH,,0. > ZCO2 + ZCZHS‘

61276
The reason for the decreased yieldbie due to the-quantity of the
incomplete metaboiite product-(ethanol) that is produced by this
mefabolism. This metabolism»reQuired 5 times the quantity of glucose to
form a cell than respiration;"However, the rate of the.formatioh of
these cells mus t be faster than respiration since the fermentative
metebolism occurs at the highest specific growth rates.

A number of other researchers have confirmed that this metabolism
ohange occurs at highrinitial glucose concentrations in batch ‘fermenta-
tions (De'Deken,.1966;.Wi1t, Kronau,'and Holzer, 1966; Akbar, Rickard,
and Moss, 1974; Peringer et al., 1974).

One of-the few'batch studies which attempted to quantify the
glucose concentrations et which the fermentative metabolisﬁ was observed
to occuriwas done by Jain (1970j; He investigated the effectvof the
meﬁabolism change on the Monod relationship between specific growth rate
- and glucose concentration at 30°C. The relationship was obtained by the

.method described by Luedeking»and Piret (1959), which consisted of



6
measuring the initial specific growth rates of a series of cultures, each
withbé differént inifial'glucose conceﬁtration; both properties weré then
_used in the Monod relatlonshlp This method is w1dely used and accepted
in the fermentatlon 11terature and is alluded to in several’ general
1ntroductory chapters on fermentation kinetics (Aiba, Humphrey, and
 Millis, 1975;_kubitSChek, 1970; Herbert,rElsworth{ and Telling; 1956)°

A cbrrected glﬁcdse conéentration was used in the Monod relation-
‘shipvto account for thevpresence’of carbon in the yeast ektract. The

correction took the form of:

Sgesf = Sgo * (Sgo)y e. , (2.1)
where Sgéff was the effective glucose concéntration in the medium due
‘both to glucose and the yeast extract carbon, (Sgo)y o, Was the equiva-

lent concenﬁration of glucose with respect to the specific growth rate
due to the yeast ektract carbbn, and SgOIWas the initial glucose concen-
~ tration. Thi§ equivalent glucose concentration due to the yeast extract
éarbon was determined by extrapolating the Monod plot to a zero specific
growth rate. No basis was given for the use'bf this additive tYpé rela-
tionship used in qalculating the effective glucose concentrations.

A biphasic behayiér was observed in the Lineweaver—Burk plot
obtained from this data. Two linear regions composed'this plot, the
first region over the low values of 1/s or high glucoée concentrations.
This region had a steeper slope and a lower intercept than the second
linear region. This lower ihtercept-reflected a higher maxi@umvsﬁecific

growth rate for the fermentative metabolism whiéh was purborted tq occur

. over this range of glucose concentrations. For the second region, a



lower maximum spéqific growth rate would'appeér &ue to the'lower;slopé
énd intefcept’bfvfhis linear region. This béhavior‘was attributéd to the
,‘respiring metabolism-that was to pfedomiﬁate over this region. No
attempts were m_adé to demonstfate dii‘ectl_y that the métabolism change had
.v'act‘uall:y occurred at. the glucose concentration where the two straight-
line regions intercepted as was suggested.by this LineweaverfBurk plot,
nor that.the metabolism change was as sharp as suggested by the intercept

‘of the two linear regionms.

2.3 The Behavior of Continuou51Cu1tures
) of Baker's Yeast '

Avfew'investigéﬁioﬁs have beeﬁ carried out on the effect of the
metabolism change on the continuous culture of baker's ygaSt‘EVOn
Meyenburg, 1968; Beck and Von Meyenburg, 1968; Fiechter and Ettlinger,
1965; Leuenburger, 1972). It had been conclu&ed that the metaboliém
changé resulted in non-ideal behavior of the continuous cultuies, At

1, the cell yields were

>mediumAto high dilution rates, 0:2 to 0.5 hr~
observed td decrease from values of 0.5 to 0.1 g-cell/g?glucose upon
initiation of the fermentative metabolism. It was also observed, from
the plofs of cell concentration vs. dilution rate, that complete washout
of the cells from the vessels was not obtained, even ét the highest dilu-
tion rates‘investigated by the researchers -- fhis was not méntioned or
discussed byrthe.researchefs. 'Table 2.l‘is a list of the specific growth
rates at which these.metabolism changes were observed, and other informa—v

tion concerning the cultures used in the research.



Table 2.1 Conditions under whlch metabollsm change was observed in contlnuous cultures of
' baker's yeast. :

Metabolism
change
qlizzlon Inlet glucose Vessel , : _Um*
: i _i concentration size .o Temperature Yeast -1
Researcher (hr ) (g/D (1 RPM (°C) strain (hr )
Beck and Von : : o ‘ ~
Meyenburg (1968) 0.2 9.2 3 200 30 LBH 1022 0.42
‘Leuenburger (1972) = 0.3-0.5 1.8 0.5 - 30 211 0.65
Gilley and Bungay , _
- {1967) 0.4%% | 2.0 - - - - -
Fiechter and .
Ettlinger (1965) 0.2 ‘ 10.0 - - - LBH 1022 . -
Von Meyenburg :
(1968) 0.25 30 - - 30 LBH 1022 0.55

*Determined by an independent technlque, normally batch growth.

**Was assumed by researchers to be maximum specific growth rate when cell condentration began to
fall; higher dilution rates were not investigated.
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Severalbreasons were develobed by the authors to accouﬁt for the
metabolism change. -Most of-thé thedries iﬁvoivéd a glucose inhibitioﬁ‘or
répression-of the'respiratory enzymés.

| Von.Méyenburg t1968) was the first to suggest a more cbmplex '
relationship for the metabolism change. From work with continuous phased |
cultures of baker‘s yeast, he concluded thét the metaboiism change could
result from a regulatoiy meéhanism.in the cell reproductive cycle. It
. was repoited that.the single cell phase respired on the glucose and that
biomdss was obéefved to'accumulafe'duriﬁg this phase of growth. At
initiation'of budding, a brief period of véiy rapid fermeptative'actiVity 7
was reporﬁed with a corresponding decreése-in the biomass in the culture.
This behavior was obServed'regardless 6f the glucosevconcéntrétion of the
culture and the specific growth rate of the cells; As wgé reported in
other articles (Rbse’and Hairison, 1972), the budding phase was observed
to remain relatively constant in length of time regardless of the |
specific growth rate and the glucose concentration of the culture. This
led Von Meyenburg (1968) to suggestzthat the fermenting budding phase-
occurred under an endogenous metabolism.

Von MeyénbUrg (1968) concluded thét the observed behavior of non-
phased continuous cultures was a reflection of the state that the
majofity of the cells in the éulture were in. Since the length of .time
thé cell remained in the budding phase waé relatively constant, the
period of time the cell remained in the single celi phase vafied greatly

with the specific growth rate.
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Thus, a£ high dilution ratés, the ferméntor would have a fefﬁen-
tative yield since the cells.wduld spend the majority of the time inltheA
_fermenting budding phase. At low dilutionArates,kthe fermentor wouldv
have a respiriqg behavior since the largest fraction of time would be
~spent by thevéells in the respiring single cell phase. This type of
mechanism has been_suppor£ed by bther-researchérs such’ Regan and Roper
{1971) and Jain (1970), Qho proposéd a possible regulatory mechanism by
_ which the metabolisﬁ changed during the cycle. |
‘As diécu:‘ssed in detail in Appendix A, optimum biomass éroduction -
is achieved'by operating an industrial fermentor ét a dilution rate
élightly below the maximum output dilution rate and at the highest practi--
cai inlet substrate qoncentration. ,Thesevconditions éllow the highest
vproductivity‘and the most complete consumption of the available glucose.
Normally, the maximqm output dilution rate occurs close to the maximum
speéific growth rate.
For production of baker's yeasf as a SCP source by continuous
- fermentation, this metabolism change has an adverse effect on achieving
an acceptable productivity. At dilution rates above the 1evei where the
metabolism change occurred, the cell concentration wasrreduced to approxi-
mately 1/5 the previous value due to the lower yield,» Researchers have
found that the metabolism change occurs-at dilution rates betWeen 0.2 and

0.4 hrl

> while the max:.mum specific growth rates reported by the same
researchers using independent techniques varied from 0.4 to O°65‘hr-1, as
demonstrated in Table 2.1. To achieve the maximum productivity of cells

for Baker's yeast, the fermentor must be operated at a dilution rate
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below the 1eve1_at which the metabolism change occurs. This dilution
rate is,muéh lower than the. maximum oﬁfput'dilution rates that would be
preaictéd by Mbnod kinetics. |

| : Thergfore, the COnditioﬁs,.such~as the-specific gfowth rate and
the glucéséfconcentrations, at which these metabolism changes oc;uf aré
very importanf‘parameters for'thevsﬁccessful operation of an indusﬁrial
fermentor. As shown in the data of Table 2.1, these conditions afe
.inéonclﬁsiﬁe as to at whét specific growth rate the metabolism cﬁange
‘occurs. The dafa of Leuenburger (1972) indicated that fhe maximum pro-
ductivity of the fermentor woﬁld occur at a dilution rate near 0.4 hr'l.
However, the data of Beck and Von'Meyenburg (1968) demonstrated quite
&ifferent conditions; those resulté predicted a maximum productivity at a
dilution‘rate below 0.2 hrfl, The_reasons for these di@férent dilution
rates at which the metabblism change occurred were not discussed by the
7 résearchers, nor were any possible reasons available in the mechanisms
suggested by the authors for the metabolism change.

There were two poésible reasons, other than biological factofs,
for the different diluﬁion rates at whiéh the metabolism change occurred.
Tﬁe first reason might involve the mechanism by which the metabolism
change occurred. It'was possible that the cells might be capable of two
different metabolisms over the same range of specific growth rates. If
so, a transition to a different metabolism might easily result during a
:transient response of the fermentorrtb'new'operating'conditions, For
example, the dilution rates at which the metabolism.changes occurred may

‘have merely been the random transition from dne steady state to another,
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which was brought aﬁout by the manﬁer in which thé‘fermentof was
oferated. Although itAwas nbt specifically ﬁentioned by ény of the
researchers? the standard.mefhod of changing the dilution rate in‘éucﬁ
studies was by a stép change. Herbert et al. (1956) had.described the
transient behavior of a continuous fermenfbr for such condifions{‘
Folloﬁing this rapid change in‘the flow rate through the fermentor, an
vimmediate decrease in fhe cbncentrationVof cells in the culture would
occur éince‘the cells would continue to grow at the old specific giowth
rate after the rate of remofal of Celis from the vessel had been |
increased. The glucose concentration in the vessel would then rise
fémporarily‘to levels much higher than the steady-state Vaiues due
to the 1owér,ce11 concentration and the increased.rate of addition to the
fermentor'of glucosé.by the higher flow réte. With the increased qucosé
concentrafion the specific growth rate of the cells would increase to
levels high enough to ihcrease the cell concentration and'returh to the
new steady state.

The magnitude of the temporary increase in the glucose concentra-
tion.woﬁld have to depend on the size of the step change in flow rate and
the concentration 6f7glucose in the inlet stream. A‘laiger step change
'would'result'in a larger upset from steady-state conditioné and a
higher,femporary increase in the glucose concentrations. A higher inlet
glucose coﬁcentration would also result in a greater increase in the
temporary glucose concentration since the rate of addifion of glucose

would be higher.
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It was possible that:thé transient levels of»élucose had reached

_levels high enough.£o:trigger_the mefabolism cﬁange in. the cﬁltures at
diiqtion rates lower than the 1eveis that the ﬁetabdlism change would
have beén observed‘at‘if Steady—stété éoﬁditioﬁs'had éiways prevailed in
the fermentor. Once the changé to,fermentatiqn had occurred, a new steady
state could have Been reached if'tﬁe éteady-state gluCése concentration
'_ whiéhisupported the fermenting speéific growth rate was higher than the
-glucose concentratipn required to support thebsame respiring specific .
gfowth'rate, This type of mechénism would have permitted the fermenting
stéady state. to be reaéhedrwithout a transition back to. the respiring
metabélism conditions. These different Qbserved‘dilution rateé would
have then resulted from different operating technidues used by the
reséaréhers to reachAthe new dilution rates. This mechanism couid not be
confifmed from the literature data since only tﬁe steady-state coﬁditions
were reported.

The second possible reason for the different dilution rates at
which the metabolism change was observed may have been due to'non-idéal
mixing conditions. This may have resulted fron non-idéal CSTR mixing
conditions or biological factors such as wall growth or mycelial growth
of cells. Signs of such behavior were not reported by these researchers.
The researchers had assumed that ideal conditions existed and that the
behavior they had observed was dﬁe to the cell growth kinétics;

The purpose of this experimental study of baker's yeaét Qas to
determine the conditions at which the metabolism change occurred‘and to

investigate if any factors were responsible for extending the respiring'
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metabolism to higher dilution rates_which could increase the productivity
of this fermentation, The experimeﬁt'consisted of batch and continuous
studies. The batch work was done in a manner similar to that used by
Jain (1970),'on1y if included tests to determine the presence of the fer-
menting.metabolismb These data were compared to those obtained from the
-continuous»éxperiments td determine the effects 6f,these two modés of
~ operation on the‘gbsefved cell growth kinetics. The continuous éxperi~
ments were designed ip‘a ﬁﬁidue-manner to remove the possibility.of any
trénsient effects on the dilution raterat which the metabolism change 
- occurred. This technique involved é qontiﬁu6ﬁs slow change in the dilu-
'tibn rate, hopefuliy at a rate slow enough that the transient’response of
. the fermentor wou;d-be~kept at a minimum. ~ This wduld prevent the'
possibility of a transition to a fermenting metabolism at an artificially

low dilution rate.



CHAPTER 3
MATERIALS AND METHODS -

The materials and methods section of this thesis contéiné, byr
necessity; much more detail than thé-standard M.S. thesis in the. Depart-
ment of Chemicai Engineering, University-of Arizona. This detail ié
included to prOVide some insight into the maferiais and methods needed in

fermentation for-future researchers in this department.

»3.1‘ Batch”Experiments

A limited number of bafch experimenfs wefe first carried out_tb
help meet‘the objectives of ﬁhis fesearch. The purpose of the batéh
ekperimenfs was -to gain kinetic information (Um, K) for the stfain of
baker's yeast supplied by the Microbiology Department of The University
of Arizona. This information was then used to predict the range of flow
rates used in the continuous fermentation experiiﬁents° Also, these
experimentsaprovided.an-inexpensive.means of becéming familiar with the
laboratory techniques reQuiréd for-Opératibn of'a continuous fermentor.'
The'précedures used in this experiment follow those reported in the
literature (Jain, 1970; Luedeking and Piret, 1959; Aiba et al., 1973) to
' determine the specific growth rate as a funétion of glucose coﬁcentra—
tion. Theée methods involve measuring the specific growth rate of batch
fermentations for different initial concentrations of the growth limiting
substrate.

15
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3.1.1 Preparation for'thé'Expériﬁent

This experiment involved grdwing baker's yeast in a series of 12,
500 ml Erienmeyer flasks, gégh coﬁtaining ardifferénf iﬁitial concéntrar
tion of glucose. |

| The synthetic media that was used to grow the yeast, in addition

to glucose, consisted of 3 g/l_ofAyeasﬁ extréct to gupply the Vitamin and
_ nitrogen requirements of the cells; 1 g/i of KH2P04.to supply the
phosphorus requireﬁents; and .5 g/l‘of MgSO4°8H20 to complete the mineral -
réquiremenfs;' Thisrmediuﬁ was recommended by the Microbioiogf Department
of The University of Arizona as é glucose-limited éubstrategfor batch
growth of baker's yeast. it'was similar to the synthetic media used by
Jain (1970), Leuenburger (1972), and Fiechter and Ettlinger (1965), which -
were aisoﬂglucpse-limited substrates.

The flasks were prepared by measuring the proper amounfs of
stock solﬁtions of 50 g/1 glucose'and 10x cbncentrétion of vitamin and
salts solutions to make the desired final concentrations of substrate.
Typical rangeé of glucose concentrations varied from 0.05 fo iO g/1.
Distilled ﬁaier was then added to the flasks to bring the volume of sub-
strate in the flasks up to 125 ml. The flasks were then sééled with
cotton plugs and sterilized by autoclaving under slow exhaust for 20
minutes. at'1265C.

After the flésks had cooled to room temperature, tﬁey were
mournited on a rotafy shaker in a'constant—temperature room set at-25°C.
The purpose of the cotton plugs was to prevent the-flaské-from‘becoming

contaminated by undesired microorganisms while allowing oxygen to diffuse
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into the flask; Thefvolume'of_liqﬁid iﬁ thé flasks was keﬁt below:one-
fifth the Voiume'of the flasks to allow a large surface area fbr oxygen
to diffuse iito theféﬁlturégr | |
Tﬁe Strainkdf baker's yeést used waé isolated by fhe Depértment
of-Microbiolbgy at The Unive?sity of AiiZona.' The cells obtained had
been stored on agar‘slants at 5°C. | | |
In order to obtain'éVQuantityvof respiring 16g phase cells:for
the batch expériments, cellsvfrdm agar.slants-were in0culated into
' sterilé; SCO ml Erieﬁmeyér flaské containingVIOO ml of sterile, 1 ﬁt,-%
solution of,galactosé and the same concentration of vitamins and-minerals
Vsolutioh described éarliér. vGalactqée was uséd because baker's yeast caﬂ -
only respire, producing no ethanol on metabolizing this carbon source -
(Rose‘and.Harrison, 1972). | |
The flask was piaéed on a rotary, water-bath shaker operated at
25°C to alléw the.cells td’muitiply. After two days, one ml of the
galactose culture was inoculated -into two new flask§ of galactose media
to increase the percéntagé of log phase cells. When these flasks had
beéome sufficiently turbid (by visual inspection, approkimately-SO hours),
the cells were harvested. |

The cells were harvested by»pouring:the contents of the flasks
into sterile, 250 ml centrifuge tubes. The tubes were centrifuged at
5,000 rpm for 10 minutes. The medium was poured off and the cells
lresuépehded in sterile, distilled water and;centrifuged a secondrtime.
-This'process‘was’repeated a second time. The celié were resuspehded to

give a turbidity reading‘of’O.S at 620 nm on a Bausch and Lomb Spectronic
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20 spectrophotometer. 1fhe cell solutions were then placed on thé rotafy
';shaker'in the cbnstant~temperature room and allowed to set for 3 hburs.-
This progedure-fbrced the céllS.into an‘endogenous metabolism phase so
that‘wheﬁ théy;were inoculated into the new media the initial observed
.growth rafe was - a charactefistic ofvthe‘new-media and not the growth

rate of ‘the cells in the old media.

v3,lf2 Experimentai Procedures.
|  'Aftef,fhe-¢e11s had beén ieft'the reduire&.time, the flasks wefer
ready to be indculated,with the cell Sblution. A sterile, 25 ml volu-
_Vmefric‘pipet was usedito pipethS ml qf cell soluﬁioh into'each
Erlenmeyéf flask.' o |
Samplés‘of the culture media wére then taken by withdrawing 5 ml
from each flask with a sterile, graduated pipet. The sample was trans-
ferred to a Spectronic 20 test tube and the optical density of the cell
solution was‘rea& at 620 nm.bAThe samples were‘then fiitere&'thréughr
~ 2.5-cm diameter, glass wool filters to remove the~ce1is'from the media.
The liqﬁid sampleé»were frozeﬁ for future analysis of initial glucose
concentration. ‘ ' - N
A 5 ml sample Qaé withdrawn from the flasks every 30 minutés, and
the optical density was measured. After 8 hours, a second sample of the
fermentation media was taken for analysis of glucose and ethanol concéﬁ—
trations. The experiment was continued until the rate of cell growth
decreased considerably at approximately 20 hours. If wégsassumed that
the cell concentration'remained low enough so that Beer's law applied.

In the first batch’experiment,:onCe every 3 hours, a sample from fhe last
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fiask was examined undef a microscopevusing a haemacytometer slidé to
calculate cell cohcentration.

| This expérimént‘was carried out five times. 1In the final Tun,
yeast nitrogen base instead of yeast extract was used. Yeast nitrogen
base contains no carbéhydrates,
The ethanol and glucose concentrations were measured using
alcohol dehydrogenase and glucdse oxidase metho&s from kits obtained fromr
Sigma Chemical Company; The;detérminations were made.following the-.
instructions included in'the kits (Sigma Technical Bulietin No. 331-UV

for ethanol and Sigma Technical Bulletin No. 510 for glucose).

3.23,Continuous_Experiments

_3.2;1 Equipment
| The equipment had the following special features:

1. The flow rate of,media through the fermentor could be continuously

| changed at a rate of approximately 3 ml/min—day.

2. Air and media enfered the fermentor through the same port.

»3. The liquid level in the_fermentor was held constantAby use of an
ékit weir device through which both culture media and exhaust
gases exited from the fermentor.

4. The media flow rate was measured by a burette device on the media
inlet ling°

5. Media were sterilized in batches and then stored in é reservoir.

6. An '"aseptic box'" was used to provide the method of sterile

transfer of media to the storage tank.
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A detailed discussion ofrthis equipment is given in Appendix B.
Figure 3.1 shows.the ovérall schematic of the apparatus; The medium was
.stériiized.in a 5~gallon, polyproéylene carboy. 'Thé carboy was then |
sampled for glucosé analysis>and then éonnected.inside the aseptic box to
the 10-gallon, storage tank for medium transfer.

The flow rate from the storage tank'tb the fermentor vessel was
measured byrthe burettevdeviCe., This device served to indicate the level
of mediumvin the storage tank when not in use.

Lbﬁ—volume and high—folume, variable speed peristaltic pumps wérer
conﬁected,in parallel to.allow for ease of changing from one pump to
énothef. The‘smaller>pump,handledbflow rafes up‘to 20 ml/rﬁin° The flow
rate of the pumps was controlled by>Separate solid-state, speed §0n~
trollers. The flow rates were continuously changed by continuously
adjuéting the settings on a tén—turn resistof in the speed control uﬁit.
The settings werejéhangéd by a 24-hour timer connected to the 10-turn
resistdr. The pumps were connected tb the glass Y on the fermentor
: through whiéh the inlet air and the medium entered the fermentor together.

Included in the'ihlet air system was a pressure'regulator for
'redﬁcihg the house line pressure to a desired operating.lével for the
pressure drop through the air filter and fermentor. The air also passed
through a rotameter which contained a needle valve in the base for
regulating the flow rate of'air through the fermentor. The air then
passéd,through a sterile, stéinless steel filter packed with dry, glass
wool. Thié filter prevented .any microorganisms from entering the fer-

mentor with the inlet air.
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The fermentor broth and the exhaust gases exited the fermeﬁtor ‘

through-thedweir'quuidflevel control device. This device operated by

. “using a sllght over—pressure of gases in the fermentor to force any

liquid which covered the exit tube out with the exiting gases°

In line betweenfthe-separation flask and the fermeator wae a
glass tee valve which allowed samples to be taken of both the ex1t1ng
;medlum and ‘gases prlor to enterlng the separation- flask The separa-
~ tion flask_was prov1ded with two ports. The side port allowed thevv

Vmedium to overfloﬁ into a drain. The ekhaust gases 1eft‘the seParation
. fiask through an_ekit vent at the top of the-l-liter flask.
'Gas,samples were collected in a gas cylinder from the gas port on
the separation,flask. The gas sample cylinder used was equipped with a
septum to allow a syringe to remove a 5-ml sample for injection into. the
gas chromatograph'for,analysis;

The fermentor was instrumented to measure several important
variablest 1) temperature was measured by a Nichrom Type J thermocouple
.commected to a cold junction at'0°C{'2)'the voltage output was measured

by a Leeds and Northrop potentiometer, 3) a Colman Metron IV pH meter wae
used to monitor the output from the ingold pH probe, 4) the dissolved
oxygen concentration in percent of saturation was measured and recorded .

from the output of the dissolved oxygen probe by a N. B. S. Model 50
dissolved 02 analyzer and recorder, and 5) electronic tachometers reported

the rpm of the agltator and foam breaker impellors.
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5;2;25,Exﬁefimentai‘Pfdcé&ufes; = |
.jfilehese prOcédﬁresvinﬁolved‘éféfilizationgofféll"equipmeht; ééeptic
aSsemblyréf equipment; growth'of'respiring yeast ip baich gultivation,
and inifiation of the continuous operation. - J
The synthetic medium used in these ekperiments had the following
compositibng 5 g/irglucose, 3 g/l yeast ektractgvl g/1 KH,PO,, and 0.5

, g/i MgSO,uSHZO.' This medium was similar to the'media'used by Leuenburger

4
(1972}; and Fiechter and Ettlinger (1965), and'wasiiecomﬁended by Thé:

' Universiﬁy of Arizoﬁa; Department dvaicfobiology,vas a'glucose-limited
substrate. The éoncentration of glucdsé'was adjﬁsted to be high ehough'-
tb allow observation of the metabolism éhange from respiration.and yet to
preVent any possible biological or physical problem due to high cell
conceﬁtrations. | .

After the continuous operation was begun, samples were taken from
the fermentor eaﬁh 4 hours during the day. The samples were analyzed as
described in Appendix A for cell dry weight, glucose concentration, opti-
cai'density at 620 ﬁm‘(cell concentration), ethanol concentration, ahd
6ccasionélly (once a déy) a micrdscopic analysis for contamination by
microorganisms. At each'meaéurement period, the flow rate of medium
through the férméntor was measured.r Gas samples also were'téken on the
averége of onée a-day.

The operating conditions for the continuous experiments With the
exception of,the-dilution rate were kept constant throughout . the run.

These conditions were: operating témpérature at 25°C,. agitation speed of
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750«er,fliqﬁid level (pnéparged) of 4»1itersﬁﬁand 4 1/min air flow rate
at 5‘psig=_.,_~‘ g | | | o

| OnCeathe fermentorrhad,fegchéd.Steédy;state under Coﬁtinuous

operation (the critéria for which was no.change in the optical density
reading of cell concentration over a period of 24 hours), the ramp func-
tion of ihcreasing flow'rate—was begun. This-was accompliéhed by con-
necting the drive of the 24-hour timer switch to the knob of the 10-turn
variable resistor. .. |

The rémp function increase in flow rate could be stopped by
removing the drive between the 24-hour timer switch and the 10-turn
'resiﬁtor."This,wés then done, splitting‘thé ramp-function into'é series
of short periods of continuoﬁsly increasing flow fate separated byr
periods of constant flow rate.

Once the highest desired flqw rate was obtained, a ramp function
of decreasing flow rate was generated. This was done by connecting one
of theé leads from the speed controller to the other side of the resistor
so that turning the resistor knob clockwise would result in increasing
fhe resistance of fhe'circuit through the resistor if previously>it-had
‘decreased the resistance through the circuit. The 10-turn resiétor waé
then adjusted. to give the same flow rate ds before and reconnected to the
24-hour timer. This procedure resulted in an interruption of flow

through the fermentor for approximately one minute.



CHAPTER 4
RESULTS AND - DISCUSSTON

4.1;,Batch Experiments

A total of 5 batch experiments were carried out. The first four
 _expefihents were done using yeast extract as the Vitaﬁin source. Yeasf
: ekffact contains.approximateiy'0f38 g of carbon/1 (Solomens, 1969), in
thé form of carbohydrates and amino acids. VThUS, celi growth was

‘ observed even at zero eoncentrationé-bfvglﬁcose with cells grown‘on yeast
';extract} -The first twé bafch‘expeiiments led fo improvements in proce- |
dures used in the second two batch experiments. The final batch experi-
ment ‘was done to observe the growth of cells without the carbohydrates in

the yeast extract.

-4.1.1 Results of Batch Experiments

Sample data from the batch experiments are listed in table form
in Appendik C. Each table.represented the entire data obtained from a
single flask: optical density at'620 nn (Which represented ;ell concen-
tration) vs. time, initial glucose concentration of the flask, the
measuied specific growth rate, and.the final ethanol concentraﬁion of the
flasks. These data are listed in Table C.lrthrough C.5 in Appendik-c.

The specific growth ratés reported in the above-mentioned tables
were calculated using a linear regression program of.a Hewlett -Packard
HP55 célculatbr. The-linear'regfession was always performed over the

25



26
'viinear region of thexplot of log (optical dénsiiy) VS, time‘--Values for
tﬁé iegressien cdnstant'weré typically ébové 0.98, whiéh.in&icated-a
étrong 1inéar ielétidn#hip between logarifhm7of Cellrconcentration and
tifte. | | |
4.1.2 Dependence of the Growth Cufve on the Length
of Time of the Endogenous Metabolism Period

In fhe firstréiperiment, the lag phase was. not present in any of

' thé.flasks‘ This was believed to be cauéed by not allowing ‘a sufficient
:ambpnt of time for-the'cellé to enter énvendogeﬁOUS metaboliém;..The

1;éll$ were left_infthe distilled rinse Water only long enough to complete
1ﬁthe inoculation of ail the flasks. Thé fesulting logarithm df‘optical
density vs. time curves had two linear regions corresponding to two
- different specific growth rates'as shéwﬂ in Figure 4.1. Iﬁ flasks con-
taining a small initial glucose concentration the initial specific growth
rate was higher than the final spécific growth rate. Just the reverse
was true with the flasks containing an initial glucose concentration
above 1.0 g/1. The initial specific growtﬁ rate was lower than the final

sbecific,growthirate as shown in Figure 4;2.

It appeared that the initial obsérVed specific growth rate-in )
these flasks represented the specific growth rate‘of the cells in the

original culture medium. Studies of phased cultures of Sa¢¢haromyges

cerevisiae yeast by Von Meyenburg (1968) verified that the budding phase
of yeast was relatively constant in duration and independent of the
- glucose concentration. Thus, cells that had just initiated ; bud in the

rich medium and then were transferred to a poorer medium would be forced
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f»té coﬁplete the.budding cycle under‘endbgenoué metabolism.énd with
»‘accelerated consumptlon of the substrates available to the cell

| In 1ater experlments, the cells were forced 1nto ‘an endogenous
metabolism by 1eav1ng the cells in the dlstllled water for perlods up to
4 hours. In the second-batch experiment, the cells were left in the
distilled water for 3 hoﬁrs and resulted in a lag phase of 30 minutes.

_ Whén the cells were left in the distillédeater’for longer periods, as in
Vthe'third experiment, the lag phase lasted ffom 2 to 3 hours;

4. l 3 The Max1muﬁ Specific Growth Rate

and Saturation Constant

Table 4.1 shows the vaiues thained for the makimum specific
.growth rate and saturation constant for each of the batch ekperiments.

- Also listed is the coefficient of determiriation for the linear regression
éf the Lineweavei-Burk plots which yielded the kinetic constants.

Table C.4 of Appendix C gives sample calculationé for determining
the saturation constaht and maximum spebific growth rate from the
‘Lineweaver-Burk plot. The linear regression was performed in the same
manner as described earlier.

In the first experiment, the maximum specific 'gr‘o‘wthrrate was
lower than in the later experiments. As already reported,; there were two
observed ekponential growth phases in the gfowth curves for this experi-
ment. The second specific growth rate was reported in Table 4,1, since
the first observed.specific giowth rate was believed to be a function of’
the specific growth rate of the cells in the previoﬁs medium. . This

second specific growth rate was most likely low, especially in the



' Table 4.1 Kinetics constants obtalned from batch growth
’ of baker's yeast '

U S N o Cbefficient*

: T17 , K ' of _
Experiment (hr ) (g/1) determination
1 0.44 0.19 0.85
2 0.50 - 0.06 . 0.49
3 o.39v, 0.06 0.95
s o3 0.07 ~ 0.95

5 0.45 0.17 1 0.95
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- cultures which'contained:a_low iﬁifiairconcentration-of glucose. Iﬁ
those cultﬁres, a significant quantityiof_the glucoéé would have béen
cdnsumed.by the previous.eXPOnential phase prior tofthé-initiatiqnvéf the
éécond exponential phase;.vLikewisegﬂthe value of thé-éaturétion constant
foi this experiment was high. The higher value of the saturation con-
stant was also due to the lower concentration of the glucose in the
~ flasks at'the_initiafionidf the ;eCond:ekponentiallphase of'growth;’

~In the second experiment, the value for the maximum specific -
growth réte was higher than ekpected° This was due to an inability to
contrpl the temperature of the flasks during the second'ekperiﬁent;r The
temperature of the flasks often apprbached 30°C'duriné the experiment.
Work done by Jones and Hoﬁgh (1970), -on the‘effect 6f’temp¢rature on
baker's yeast, showed that the maximum specific growfh rate increased
with temperature between 25 and 38°C. A second contributing factor was
the small range of glucose concentrations investigated by this experi-
ment. This resulted in a low value of 0.48 for the coefficient of deter-
minafion for the linear regression which indicated a large possibility of
error in the determination of the kinetic constants fOT fhis experiment9
4.1.4 The Presence of Fermentative Metabolism
in Aerobic Batch Cultures

The change in metabolism from respiration to fermentation was
detected in the batch experiments by the presence of ethanol in the cul-
tures after several hours of cultivation. No attempt was made to
quantify tﬁe extent of the fermentativé metabolism. Eihanol was QSualiy

observed in cultures with initial glucQSé'cdncentratioﬁs above 0.4 g/i,'
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- In.-the fihai‘twofexperiments? fhé period of.time'prior'ﬁo the measurement -
 of.fhéVe£hanoi'éoncentratibnAwas1feduced from.6 fo 4 héﬁrs.r This Qégf“

, dbhe to iﬁsure that the cultures containiﬁgvlow initial-glucose concen-
tfafions wefe_étill in an exponential phaée of growth bn»glucose. It was
reported in thé,;iterature1(Leuenburger, 19?2) that batch culture of
Baker's-yeast which coﬁsumed‘giuéose by aerobic fermentatiom would, upon
‘ exhaustion of the glucése, respire on the accﬁmulated éthanol. Figure-
4.3 is a plot of the measured ethanol concentration‘asfa function of the
initial glucoseFCOncentrétion in.the.cultures used in the fourth experi-
ment. This plof indicates that no fermentative metabolism occurred in
':gﬁltures which contained-g1ﬁcose concentrations below 0.4 g/1.

4,1.5 Partial Phasing of |

Batch Cultures :

In tﬁe experimentsriﬁAwhich the cells were forced into an
eﬁdogenous metabqlism,prior to inocﬁlationkinté the batch cultﬁres, a
degrée'of phasing of the cultuies containing a low initial concentration
of glucose was observed. vThis phasing was observed as a.damped periodic
oscillation in the optical. density vs. time plots. An ekampie of this
fhehomena is shown in Figufe 4.4. This béhavior was believed to be
caused by a large number of cells in the éulture entering the same
part-of‘the single cell phase of the reproductive cycle.while they were
keptvinAthe_diétilled water. The oscillations refleét the physiological
changes occurring within a cell during the cell cycle. Von Meyenburg
(1968) proposed tﬁat the cells accumulafed‘masE during the single cell

phase éf growth and then entered a partial endogenous metabolism during
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the initiation~of.the’budding ph?se.rrTﬁis would account for the gradual
increaSe'iﬁ opticai densityvfollowed'b?'a slight‘degrease in optical
4’densi£y in éaoh:of the'obServed éyélés, Voh Meyenburg (1968) also
reported'that the changes occurring during the cell-cycle became less
pronounced at higher specific growth rates.. This would éxplain why the
oscillatibﬁs were not as. easily observed in cultures which contained
J‘higﬁer initiai glucose concentrations. The presence of these §sci11a-
tions made it difficult.to,accufately measure the specific growth rate in
- cultures Which'cohtainqd_low initial glucose concentrafions.

'54;1.6 Effect of the‘PreSeﬁCe 6f_Carﬁqh

in Yeast Extract on the Growth Curves
and Kinetic Constants

The presence of carbon in yeast extract did have an effect on the
Qbsefved growth curves. The most obvious effect was the observed growth
of the tultures containing.no glucose (an éxample is shown in Figure 4.1).

A.A-Lineweaver—Bﬁrk plot for the fourth batch experiment is shown

in Figure 4.5. Over the low range of values for 1/s, the plot followed a
straight line which.indicated a Monod'felationship_between subsfrate‘con—
centration and specific growth rate. However, for high Valueé of 1/s
(low glucose concentrations), the data points fell below the straight
line which indicated that higher grqwfh rates than expected were
observed.

These higher growth rates at low substrate comcentrations
decreasedithevvalué fbf the safuratipﬁ,éonstant. The definition of the
séﬁﬁration constant was the substrate concentration at which the cells

grew at a specific growth rate half of the value for the maximum specific
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groﬁtﬁ'rate. In fhebexpérimenfsbwhicﬁ-usea yeast extfaét; the pfésence:
of thé'extra éarbon»allowed a highef'spepific'growth fate toAbe»obéérVéd
thanicould have béen supporfed by glucose aloﬁé. _TﬁUs, the value of'the _
’subsfrate concentrétion-ﬁhich yielded_theusaturétion constaﬁt waé'actually
largef-thén fhé gluCOSe"cbncehtration which was reportede_f

| ‘:’This accoﬁntéd for the higher values for the saturation constant
that'were,reported in the literature of 0;1 g/1 reported by Péringer'et
al. C1974j,.and'0.13:g/i'reported by Jones and Hough (1970).

: Jain (1976) attempted to correct for the presence ofrthe-carbqn
iﬁ yéaét,extract by édding a consfant térm-to the glucose concentrations -
to giﬁe‘én effective glucose concenfration of the medium. This effective
conceﬁtration was then used in the construction of the LineweaVer-Bﬁrk
piotsj The amount thaf was added to the glucose concehtration terms was
'detefmined'by extrapolating the Michaelis-ﬁenten plots to a.zefo‘specific
growtﬁ rate. | |
However, data from the batch experiménts did not supéort.this

aSsumptién made by Jain (1970). It was}cOncluded that, for intermediate
levels -of initial glucose concentration} the glucose was preferentially
consumed by the cells, then followed ﬁy a slower observed growth raté for
the conéumption{of the yéast extréct carbon. This is shown By a compari-
son of Figures 4.6 and 4.7. These growth curves were obtained from cul-
tures containing the séme'initial glucose'concentration. The first
figure was from a culture which also.contained additional carbon from
yeast extraéﬁ,'while the second curve was from é culture which_used yeast

nitrogen base (YNB), a vitamin source which did not contain any extra
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'.carﬁdn.' Botﬁ of these curves héé the-saﬁe initiai-spécific-growthrrate
bf 0.33 hr t whicﬁ-iasted for approximately 6 hours. Following this
period; the culture containing yéast extract had a>Second‘éxp§neﬁtial
grthh phése'with é slightly ioﬁer specific growth rate while the culture -
containing YNB stopped all growth.

At low initial glucose concentrations, the specific growth rate
- of the yeast extxacﬁ carbon completeiy masked thevobserved specific growth
rate of the cellé due to glucose. At such low initial specific érowth
o rétes, the addition of a small quaptity of glucose.would have resulted.in
a significant increase in the speéific growth rate if the two carbon
soufces effects were additive. This would be predicted since, at low
‘ specific growth rates, the Monod'relationship was reduced to a linear
relationship-befﬁeen specific growth rate and substrate concentration.
Figure 4.8 may be compared to Figure 4.4; both of these growth curves
were from the same batch ekperiment. The first culture did.not contain
any glucose, while the second culfure,had an initial glucose cOncentra—
tion of 0.05 g/l.'iThe specific growth rates for both cultures‘were the
same at 0.17 hr L.

The Lineweaver-Burk plot for the final experiment is shown in
AFigure'4;9. In this eiperiment, YNB was used.in'place-of yeast extract
because it contained. no carbon. This plot followed a straight line.
behavior»withoﬁt any deviation at high values of 1/s. This indicated
that the presence of tﬁe excess carbon in yeast extract had resulted in
the observed deviétion in the othei Lineweaver—Bu;k plots obtained from

experiments in which yeast extract was used. -
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These results were not in agreement with those obtained by Jain
(1970), He reported that the Lineweaver Burk plot for a culture grown on'
YNB'aléo_exhlbited the-same behavior as thetculture containing yeast -
extract. However, the’actual results of the experinent he eited were not
.presented in the article; therefore,'no comment could be'made‘for'the
reasons for this discrepancy. Despite the corrections for the Presence
of the yeast extract carbom, the Lineweaver-Burk plots still retained the
same deviations as the plots -constructed without the corrections. These
deviations may'have been still present due.to the wrong relationship thet
was used to determine'the effective glucose cbncentrations° A second
reason for the‘discrepancies may heve been too low of a vaiue for the
presence of»the yeast ektract carbon that was used in the calculation of
the effective glucoée,concentration._ Jain (1970) attributed this devia-
Wtion to the‘change”in metabolism from_respiration to fermentation rather

than the presence of yeast extract carbon.

4,2 Continuous Experiments

4.2.1 Features of Continuous Experiments

These experiments differed from those reported‘in the literature
in theemanner in Which the dilution rate was changed. ‘Throughout ‘the
courSe‘of the exPeriments, the.dilution réte was slowl? and continubusly
changed,3either increasing or decreasing at a rate~of approximately
3 ml/min/day. Most .research on continuous cultures found in the litera-
ture involved making step changes in the flow rate and_waiting for a new

steady state to be reached. That method had thefdisadvantage of
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éonéumptioﬁ of excessive time since the dymamics of fermeﬁtation were
.quite slow.‘:With two metébolisms’?éssible, these-transieﬁt'effects couid
be greatly extended. Furfheiﬁoré, there was‘arpossibility'of two steady
states existing, and a large upset would have brought about an early,-
undesired transfer to the second éteady state. It was felt that by
programming a slow increase in flow Tate ﬁp through the metaboliSm change,
‘and-then a slow decrease in flow rate, these two steady states might be
: revealed. | |

Most of'the-dat# and calculatioens for theée experiments were
handled by a single compﬁter program; This program is listed in
'Appendik D, and performed the fpllowing calculations.

Correction of the Cell Dry Weight Concentration. This correction

reduced the values originally calculated by hand for the measured cell
dry weights. The correction was required.after the results of an experi-
ment showed that the cells collectéd on the glass filter paﬁer had not
‘been washed with sufficient double distilled water to remove all mineral
deposits. 'AppendiX'E gives sample'calculainns of the cell dry weight§;
a description of the experiment énd the results obtained, and the form of
the cﬁrrection factor used in the computer prbgram.

Mass Balance on the Medium Storage Tank to Calculate the Concen:

tration_ovalucose in the Inlet Stream~of the Fermentor. This was

required because the medium was sterilized in 10-liter batches and trans-
ferred to a storage tank with no direct method of obtaining the actual
glucose concentration of the medium entering the fermentor. The concen-

tration of glucose varied from batch to batch of sterilized medium due to
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carameliiatiqn‘of‘the glucose at Sterilizafion temperature. Thié progréﬁ'
did afmass balance on the stéragertank-to give the concentration of
| glucosé in fhé.inlét'streaﬁ_as a functiéniqf time.‘ Thé details of this
calculation areAgiven inlthe’discussion'of the computer program in

- Appendix D.

Calculation'of the Glucose Concentration‘in the Fermentor Given

the,Concentration_pf Glucose in,theHSample. - This calculation corrected

for the_consumption of glucose in the sample once it was.withdraWn'from :
the fermentor culture aﬁd before the cells were removed. One experimentv
was performed to observe the behaviQr of the glucose concentration in a
ISample as a functibn of time. From these results a correlation for the
original conCentxation of glucose in the sémple waé deveibped, Both the:
experiment and the correlation are reported in Appendik E.

Yield»Constants_and Total Yield Factor. With the inlet concen-

trétion and fermentor glucose concentration determined, the yield con-~
stant in terms of the mass of cells produced, considering glucose as the
only carbon sourée, was calculated. .However, the_values obtained were
twi;e as high as those reported in the literature and the mass Balance on
the ferméntor indicated that the carbon in the yeast extract was being
cénsumed, Thus, a second yield factor which considered the consumption
of carbon‘from 6ther éources was developed. The calculation of the total
yield féctor in fhe computer program employed a correlation for the frac-
tion of the extra carbon that was consumed. This correlation was
developed in Appendix G, along with all the data from the calculations Of-

the mass balances. The yield factors were useful for an indication of
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fhe eXteﬁt of the‘fermentati?e metaboiism. The yield is repbfted in the
1iteiature to véﬁy from Ofs g-cell/g-glucose at éomplete réspiration tdvr
0.1 g-cell/g—glﬁcdse at cbmplefe ferméntation»(RQSe,and Harrisdn, 1972;
Lipinsky and Litchfield, 1970). e

Concentration of Cells in an Ideal_Fermentor. The overall yield

“was used in a calculation to prédict the’concentfafion of cells in an
ideal fermentor'Which had a constant inlet glucose conceﬁtration éf 5 g/1
and tﬁe glucose as the sole carbon source. This calculatioﬁ was done‘to
ého& what the behavior of the fermentor would have been like without

these other effects.  Details of the calculation are shown in Appendik D.

Speéifi¢ G1u¢ose Uptake Rate. This term was calculéted from the
glucose balance on the fermentor. The equations fhat were used are shown
in Appendix D.

Indicato;§ of the,Degree»pf Fermentative Metabolism; The specific

ethanol production rate was one indicator df the extent of fermentative~
metabolism. It was'calculafed from an ethanol balance on thé fermentor
which employed cell concentration, dilution rate, and ethanol concentra-
tion.‘_An error all qucifiq quaﬁtities had was due to the presence of.
the wall growth.-_There was no way to account for.the quantity of the
cells on the wails of the vessel. With wall growth present, the true
concentration of the cellS in the fermentor wés higher than.the measured
concentration. When the measured cell concentration was used in the
cal;ulationsvfor specific quantities in the preéence of wall growfh,'the:
values obtained were often higher than the actual quantities. A more

accurate indicator of the extent of the fermentative metabolism was the
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ethanol Yield. This’ferm did not require the use of cell concentfation
.and varied with increasing fermentative métabolisﬁ from zero to a maximum
value of 0.5 g EtOH/g:gluéose at full fermentétion._ By definitionm, this
“term was'the quéntity qf eﬁhandl ﬁroduced per gram of glucose consumed.
Thé eQuations used té éalculate these terms in the computer program are.
listed in Apfend'iﬁc D.

- 4.2.2 Washouts during the Continuous

: Experiments

Two successful,continﬁoué experiments were éarfiedlout. The
first experiment iasted for 290 hours during which time the dilution rate

1

was increased from 0.06 hr © to 0.22 hr *. The second continuous experi--

" ment lasted for 1200 hours during which the dilutioﬁ rate was first

1

>, and then decreased back to‘O.lrhril.

increased from 0.08 to 0.62 hr
The plots of the dilution rates as a function of the experiment run time
for the first and second experiments are shown in Figures D.1 and D.2,
respéctively, in Appendix D. All the experimental data not expressly
cited in the body of this thesis are listed in tébﬁlar form in Appendix D.

In both of these experiments, 50 to 60 hours after initiation of
. the continuous operétion, the cell population would begin to'reach a
steady state when a washout would occur. The washouts were‘obser?ed as a
rapid decrease in the cell conqentration within the fermentor vessel and
a corresponding increase in the glucose concentration. Figures 4.10. anhd
4,11 show the cell concentration as a function of the experimental run
time for these two experiments, reépectively. Both washouts began

‘shortly after the addition of a new batch of medium to the storage tank.
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In both cases the Situafion was corrected by draining the medium from the.
stéragé tank and réﬁlacihg it with fiesh ﬁedium., Following this éctidn
the re—establiéhmenf of the steady State took appfoximately 80 houfs.

As a result of the first occurrence, the amount of time fOrb
stérilization of the»médium was reduced from 7 to 5 hours. After the
second occurrence, procedures for mixing the medium wére changed so that
the glucose and yeast extract were dissolved in one liter of distilled
water prior tb being placed into the S5-gallon carb6y° ‘This insured that
all.the-glucose and yeast ektfacﬁ were in solution before the steriliza-
tion was begﬁn° These upsets may have been caused by undissolved glucose.
and yeast extract which had become partially okidized during the-
sterilization. Those carbon products which were observed stuck to the
walls of fhe carboy méy have released agents which were inhibitory to the

growth of the cells.

4.2.3 Discussion of First Experiment
 Once the continuous operation of the fermentor had reached
steady state, the slow, continuous increase in flow rate was begun. The

flow rate was increased from 0.07 to 0.22 hr L

and,throughout this range
of flow rates no indication of a metabolism change from respiration to
fermentation was observeq,

Plots of the various functioms, corrected glucose concentration,
overall yield, and ethanol productivity as functions of the dilution rate.

used in this experiment are shown in.Figures 4.12 through 4.14,

respectively.
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The overall yield which was previously described used a correla-
tioh_for the fraction of noneglﬁCOse cérbonrthat-was consumed ‘as a fuﬁc—‘
tibn’éf dilution rate iﬁ its déﬁermination‘ The values éf this yield
decréased;from 0;65 to 0.58 g cell/g glucose as the dilution rate was
increased. These values were slightly higher than thoée reported in the
literature by Lipinsky and Litchfield (1970) for respifing yeast. These
~higher values may~have been due to a small error in the determination of
thé correlation that was used in the calculation of the overall yield.
The values obtained were well within the respiring.metabolism range since-
fermenting metabolism yieldS‘ére theoretically one-fifth the valuerfor
‘respiration  (Lehninger, 1975). The corrected glucose concentration was
observed to iﬁérease 1inear1y with the dilution rate from 0.01 to 0.03
g/l.' Figure 4.15 is a plot of the glucose concentrations that were
measured in the samples before the concentrations were correéted to
~ac§ount for the glucose that wés consumed by the cells before the cells
were removed from the samples. These concentrations showed‘no relation-
ship to the dilution rate. The major reason for this 1argé correction -to
the glucose concentrations was the long period of time (5 minutes) that
the cells remained in the sample before they were removed and the rela-
tively small initial glucose concentration in the sample compared to the
size of the glucbse uptake rate of the cells. The determihation of the
nature of the corréction—to the sample glucdée coﬁcentrations is given in
Appendix F. The assumptions used in making the corrections wére that the
glucose uptake rate of the cells was proportional to the glucose concen-

tration and that the initial glucose uptake rate at the time the sample
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was takenvwés equal to the glucbse uptake rate of the entire culture
‘(fhis ihitial glucose uﬁtake rate.wéé.determined by a glucose bélance'on
the feimentoiﬁ.
~ The linear relationship between the glucose concentration and the
specific-growth rate or dilution rate would be prediéted by the Monod
relationship, which reduceé'to a linear relationship for low gluéose
concentrations. |
| The specific ethanol productivity reméined constant throughout
the_coursé of the.experimenf at 0.004 g EtOH/g cell-hour. This was
taken as the final in&icator that no fermentative metabolism had taken
place in- the eicperiment° These results'Were also significant in that the
amount of fermentatiyé metabolism did not decrease at the lowest dilution
rates. These results were in agreemeﬁt with those obtained by Von
Meyehbﬁrg.(1968) on phased cultures of baker's yeast that showed fermenta-

tive metabolism to be a characteristic of the budding phase of cell pro-

duction cycle regardless of the glucose concentration.

4.2.4 Discussion of Second Experiment

Due to the mon-steady state nature of this ekperiment, a transi-
tion was observed to a mycelial form of baker's yeast and a resulting
extensive formation of wall growth.' The preseﬁce.of this wall growth 
shifted the observed metabolism change from respiration to fermentation
to higher dilution rates.

The transition to a mycelial form of yeast and how it affected
the metaboiisﬁ changeAmay be seen By stqdying the gréphs of overall cell

yield, corrected glucose concentration, glucose uptake rate, and ethanol
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yield as”functions»of.the dilotioh rate‘(Figdres 4.16 through 4.19,
respectlvely) Since the dilutioh rate was a'function of time, the
1ncrea31ng dllutlon rate corresponded to a later perlod in time. Data of
the. above propertles as functlons of time are available in Appendlx D.
In the first part of this experiment the dllutlon rate was

increased to 0.25 hr‘l

and there was no detectable change in the
metabolism to fermentation. The cell-yield:reméined constant at approxi—v
mately 0.5 g cell/g _giuco’se. Both the glucose uptake rate .and the |
-glucose concentration'appeared_to>increase linearly with iﬁcreased dilu-
~tion rate for a correspondlng 1ncrease in' the spe01f1c growth rate. A-
change in the cell yleld would result in a non-linear relatlonshlp
between the specific growth rate and glucose uptake rate since a differ-
.ent quantity of glucese would be required to form a cell.

As the dilution rate was increased from 0.25 to 0.28 hr'I? a very
sharp change to almost full fermentation was observed. The ethanol yield
increased from near zero to 0.45 g EtOH/g glucose The overall yield
decreased from 0.5 to 0.3 g cell/g glucose whlch was not quite a full
fermentative value. - The specific glucose uptake rate ircreased steeply
from 0.3 to 0.8 g giucose/hrvgrcell; The higher glucose uptake rate
reflected the metabolism change'eince more gluCose was required,to be
" converted to ethanol in addition to the amount'required for forming cells.

With this increase in fermentctive metabolism, there was a sudden
change in the morphology of the cells. The cells ceased having a |
scission step at the end of their budding phase of growth. Instead, the

cells remained physically attached'to each other as new buds were formed.
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Miéroscopic_examination of samples from the culture showed‘oﬁly'cells-_
: presénﬁ‘in'ciumpsgf Thése clumps were often Quifé 1afge and were struc-
 tured like snowflakes with>the.didest'cells in the éenterland:the
YOunggst cells the.farthest-out from thercenter. Througﬁout the remainder‘
of ‘the éxperiment,fhe majofity of the ceils Were in these clumps.

As the dilution rate was increased from 0.28 to 0,4‘hrfl, there
was a shift bapk to a respiring metabolism. The ethanol yield decfeased
.>rapidly back to a value of'0;15 g EtOH/giglucose which then remained con-

stant up to a dilution rate of 0.45 nrt,

This demonstrated the
décreased degree of fermentation as 1ess,ethaﬁol was. being formed from
each gram of glucoée that‘was consumed; The'ovérall cell yield gradually_
'V¢limbed back up to a respiriﬁg metabolism value of 0.5 g cell/g Qlucose
as the dilution raté was increased over this range. | .

The corrected glucose concentiation’had increased linearly with
increasing dilution rate up to a value of 0.32 hr l. As the dilutionr
rate was increased paét this point, the glucose concentration increased
rapidly-to a concentration of 0.2 g/1. The glucose concentration fhen
decreased slightly as. the dilution rate was increased to a vélue of
0.45 hr't,

Throughout the range ofvdilution rates from 0.28 to 0.42 hr'l,,
" the accumulation term of the mass balance around therfermentor‘showed a
positive accumulation. This is shown in Figure 4.20, a plot of the -
accumulation rate from the mass balance which: assumed all the yeast

extract carbon was consumed by the cells, as a function of time. This -

accumuiation,was observed as a buildup of wall growth on.the walls of the

!
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" vessel. Prior to this éccumulationgbthe mass balance also reflected'the v

early partial washout Which occurred at 0.28 hr-l.

1

Onceé the dilution rate was increased past 0.4 hr ~, the fermenta-

tive metabolism increased: The cell yield'decreésed to a Valueuof'O,ZS,’

‘g cell/g glucose at a dilution rate of 0.5 hr-l.

The etﬁano; yield
increased from 0.15 to 0.25 g EtOH/g glucose at a dilutién rate between
©0.45 and 0.6 hr™l, | - |
Thé-glucoée.concentration increaéedylinearly frdm 0.1 to 3.0 g/1 S

with increasing:dilution rate from 0.45 to 0.6 hr‘lh

However, the glucose
concentration did not reach the value of the inlet glucose concentration
as would be‘expected for a complete washout of cells;jz

1

As the dilution rate was increased past 0.6 hr ~, no further

_ increase igjthe fermentaﬁive metabolism was,observed nor was anf further
. washout achieved. Thé oﬁerallfyield and E£0H7yié1d remained constant at .
'0.25 g-céll/giglucose and 0.25 E_EtOH/g glucose, reépectively,

At such a high dilution rate, it was highly unlikely that the ‘
cells were dividing fast enough to stay in the fermentor. The obvioﬁ§
extensive formgtion of wall growth.throughout the vessel’indicated pﬁét ‘
the cells were remaining in the vessel under fhis mechanism. Aﬁ experi-
ment was then performed to demonstrate the dependencerof the presence of
the cells'in the fermentor "and metabolism change on wall growth,' At 600
ﬁours, the air flow to the’ferﬁentor was stopped, which éllowedithe' ’
fermentor veéSel to fill with medium. The cell concentration was so low
that the dissdlved~okygen cohcehtration never fell below 80% of satura-

 tion. The agitation in the vessel was increased to 800 rpm. Once the



| 65
: liquidslevel in the vessel Was'above the level ofrthe foam breaker i;
1mpe11ar, agltatlon was begun with the foam breaker at 2 000 rpm. The'
high turbulence in the vessel from thlS agltatlon broke loose large sec-
tions - of the growth from the glass walls of the vessel and suspended ‘them
in the culture. Sections'of_the wall growth that had broken away revealed
'that the wall growth ranged in thicknese from 1/8 to 1/2 inch.
.,This'proeedure teﬁo?ed most of the growth from the upper halquf
the vessel wallstvat_was estimated that as much as half of the wall |
‘ growth was femoved by this technique. Most of the remaining growth uas
, attached to{diffidult areas such as the>baff1es and agitatef,support
frame; “The rapid -agitation waé continued until most of the large clumps
were small enough t0~ekit thtough the weir device with the rest of the
culture. This entire procedure lasted approkimately 20 minutes.

Figure 4.21 is a piot’of cell and glucose concentration before
and efter'the»ekpefiment. The cell conCenttation rose rapidly during the
experiment as cells were added to the culture and was still at 1.3 g/1
one hour after the experiment. The glucose concentration dropped from
3 to l,9>g/1 at one;heux after:the experiment. This decrease in glucose
concentration demonstrated that mass transfer effects were occurring in-

- ‘the wall growth. ‘The ethanpi»concentration was-alsovobserved to increase
duringfthe>experiment. Since the actual number of cells in the fermentor
stayed very nearly constant during the experiment, this increase in the.
consumption of’glueese and greater production of ethanol indicated that

prior to the experiment a large number of cells in the fermentor were not
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in contact with the glucosé'concéntration of the Cultufé which again
indicated that mass tiansfer effegts were present'in the wéll growth.

 F6r the remainder éf tﬁé continuousAexperiment the,behaviof'of
-the oveiali yield, cdrréétéd'g1UC6$e concentration, speéific glucoée
uptake rate; and ethanoi,yigld are shown in Figures 4.22 through
: 4.25,7respeCtive1y, as a function of the dilution rate for the entire
experiment. By comparison to‘the figureé menfioned earlier for the first
half of the expériment, the behavior of the fermentor for the second half
of the expériment may be followed. In the thirt& hours following the
.inifiation of this-first‘miniaekperiment, the-dilution rate was not -
,chanégd.;.A greater ferméntativé metabolism was obserfed during this
period and closer to washout conditions were obtained. The celi concen-
tration decreased by 50% td-d;z-g/l. The overall yield decreaéed to
0.1 g;cell/g glucose, a true full fermentative Valﬁéf‘ The etharnol yield
also indicated an increased degree of fermentation ét-it increased to
0.25 g EtOH/g glucose.

Thirty hours after the énd of this-mini4ekperiment, the second
half of this continuous‘ekperimenf was begun. The’fiow rate was slowly
and continuously decreased at a rate of 3 ml/min-day. The purpose of
this half .of the experiment was to observe how the fermentor would behave
with a significantly less wali growth present at high-dilution rates.
This was achieved by breaking looée some wall growth in the manner
described earlier at 688, 720, 764, -aﬁ‘d 800 hours.

The méss balance in Figure 4.20 shows a positive accumulation of

carbon in the fermentor over the range of the experiment where the wall
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 'growth was. Being controlled. This was éxpéctea sincévthe walizgréwth wasr
observed-té rapidly fe—accumulate‘foilowing these attempts at'removal.
From.the_dilution rate range.df 0;62'to O.Sg'hr’l, a sfrong con-
stént degree of fermentative metabolism was more exténsive than the
.metabolism.thét was obtained over this same dilution rate range in the
first half of the ekperiment. The glucose uptake rate remained constant
at.2.25 g glucose/g cell-hr. The maximum value reported in the'litera—
‘ture for the glucose uptake rate was 2.08 giglucose/hr}g cell (Peringer
et al., 1974) fof batch culture bf baker's yeast at 30°C.. A few values
 obtained:oVer this-part'of the ekperiment were somewhat highei,,ébove
>3.0 g»gluéose/hr-g_cell. These High Values may have been due to the
significant fracfidn of the total cell population that was in the wall
grthh; this pért of the cell population could not be accounted for in
this calculation. - At any rate, these higher values reflect the great
extent of the fermentation which requires a much larger quantity of
glucose than a respiring cell to form a cell at the same growth rate.

Over the dilution rate range from 0.62 to 0.39 hr"1

, most of the
other properties also indicated a high degree of fermehtative metabolism.
The ovefall cell yield remained constant at 0.1 g cell/g glucose and the
glucosé concentration stayed above 3.0 g/l1. The ethanol yield reméined
at 0.25 g EtOH/g glucose throughout this‘dilutipn rate range.

1, a rapid

As the dilution rate was decreased below 0.39 hr~
. change in the metabolism back to respiration occurred.  From this
‘behavior it appeared that the greaterbthe extent.-of the wall growth, the

‘higher the dilution rate at which the metabolism change occurred. This
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uié bést.illustrated by,theiplot éf the corfected glucose concentration as
a'function'ofvfhe dilution rate‘in=Figure74;23. This plot demonstrafes 
how the rapid increase of glucose cbncentiation obtéiﬁed in this half of
'the'ekpériment fitted neatly witﬁ the first observed”incréase 6f glucose
concentraéion associated with the initial '"pseudo-washout' and associated

metabolism changé during the first»half of the eXperiment. This rapid
_ chénge to respiration was observed in the otherlprOPerties, the cell con- .
centratiqn‘climbed to 50 g/1, while the ethaﬁol yiéld_had decreased td

1'and 950 hours of operation.

near zero at 0.33 hr

At 963 hours of operation, the fermentor temporarily ran out of
" medium for one hour. Tweﬁty—four hoursAaftgr fhe_dilution rate of 0.28-
hr"l was -restored, the cell cbncentrationrbegan to.increase in the
culture to a makimum of 15.g/1 at 1,000 hours. The cell concentration -
then graduélly decreaséd to a vaIﬁe'of'S g/1 at 1,151 hoﬁrs when the
<ekperiment was terminated.

The.large-negative value for the accumulation term of the mass
balance over this range of the experiment indicated that the séurce of
the cells was from the wall growth.: A microscopic examination of the
samples from-fhe'culture iﬁdicated that the'majority of the cells in the
culture were in large clumps. Theré was also a pbpulation of single
cells which indicated that fhe new éeils that were formed at this time
had regained the scission step in their reproductive cycle. Thus, it
appeared that the clumpé were from the wall growth which had been formed

earlier.
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F,Aftef the end of this experiment, the fermentor vessel was broken
down and'allargeiquantify of wall growth was fonnd. The'majerity of tﬁéﬂ
gfowth was in the bottem half of the vessel and was ae thick as 1/2 inch |
in some-areas. The growth covered most of the agitator support bushings
~and baffies in the vessel. No attempt was made to quantify the actual
-amounf of cells in the nessel theugh it appeared that there was approni—
mately 50 grams of cells present.
‘The eCCumuiation rate terms of the three carbon;belances were'g'
' integrated ovef theAentire experiment to demonstrate the observed accumu-
lation of‘cells.in tne vessel..  The three different balances were used to
. show the effect of the eoneumptionvof the extra earbon in theryeast |
_extract end caramelized glucose Which could not be determined directly.
- The concentrationvof extra carbon in the'inlet stream of the'fermentorr
could be estimated from reports in the literature for the fraction of .
carbon in yeast extract. The fraction of carbon in the inlet stream for
' the caramelized glucese was estimated by difference from the measured
glucose.concentfation and the knowledge that thevinitial glueose'concen~
tration before sterilization of the medium was 5.0 g/1. .Three different
carbon balences were then made assuming first that none of this eitre
‘carbon was consumed by the cells. The second carbon balanee assumed that
all the carbon in the yeast extract was consumed and the finallcarbon
balance assumed that all the extra carbon was consumed.
These carbon balances could only reflect general trends and were
not intended to be accurate enough fo indicate the4actua1 accumulation of

cells in the vessel. The reasons for this were the very small number of
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daté'points (30) ﬁsed in‘the mass balance and,their very poor distribﬁ-
tion*fhroughout the éxperiment; ~Also, the évidénce indicated that the
: éellsncdnsumed vainng amounts.of'ektra cafboﬁ-dependiﬁg'on the specific -
gfowth rate of fhe-cells and the glucose coﬁCentration'of the cultﬁre,
rather than the total amounts of non-glucose ;arbOn assumed in)these mass
balances. A linear Behavior between the data points was assumed for
. doing the integfation 6f>the accumulation réte data as a'function of time.
e The integration ofrthe mass.balance which assumed-that only
glﬁcose was consumed gave a iarge negative value of -600 grams of carbon.
- This indicated that alsignificént amountlofucarbon from other sources was
Being ﬁsed by fhe éells. The second case, which, in addition to glucose,
assuméd that all the yeast extract carbon was consumed; gave a much |
smaller but still negative value of -264 grams'of carbon‘accumulated.
The final_case, which assumed that all the extra carbon was consumed ,
gave a positive value of 200 grams of carbon in the vessel at the end of
the ekperiment.i It was believed that the actual amount of ektra carbon
that was consumed actually was somewhete between the last two cases con-
sidered. Siﬁce the mass fraction of carbon ih yeast cells is approkié
mately SQ% (Peringerret al., 1974), the observed accumulation of carbon -
was estimated at between 5 and 50 grams.’
| An indication of the actual relationship between the specific

growth rate and noh—gluéose carbon that was consumed was found inithé
first 20 data points for the mass balancé, These data pbints were taken
in the first 400 hours of the continuous eXperiment before the formation

of the mycelial form of yeast began,' A correlation was devéloped by
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assuming that the férmeﬁtor was at steady state over this period of
.operation. The mass balance_was used which conéidered,only the carbon’
‘from the glucééé:as‘béingbﬁsed ?y the_éélls; The reSultingAnegatiVe
accumulation rate waé thén assumed to be the’quéntity‘of non-glucose
carbon that was conspmed.by the cells. The predicted amount of extra
carbon available to the cells was calculated ffom the inléf concentra-
~tions and this was used to calculate tﬁé fraction of ﬁon-glucose carbon
that was consumed by the_cells. Theifraction of.the extfa‘carbon that

was consumed by the cells varied from 140% at a dilution rate of 0.1 hr *

to 0% at a dilution rate of 0.40 hr_l

. .It appeared that there was a
linear behavibr of the ffactioﬂ of §Xtra carbon consumed énd‘dilution
rate,_and so a correlation was made. Details of the méss balance and .of
development of the correlation are given in Appendix G.

The f;ct that the.fraction'of non—glucqse carbon that was con-
sumed was greater than'lob% indicated that there was-an error in the mass
balance. Sinée the degree of this error decreased at higher dilution
rates, a good possibility for the error was that an incorrect value for
the fraction of carbon in yeast extract was used-in the calculations.

The value that was used was obtained from Soloméns (1969), who quoted the
fraction of carbon in an Engliéh brand of yeast eitract, While an
American Difco brand was used in these experiments. The American brand
may have had a higher fraction of carbon whiéh would have resulted in not
all the inlet carbon béiﬁg‘accoﬁntedxfor. Other sources of the error may
have been in the analysis of the gas.samples.which was done using a gas

chromatograph. Gas chromatographs are gemnerally not used for analysis of
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'femenfor: éx_haus.t'g'ases which have very low concentrations of carben.
dioxide. vUsually,-on—streaﬁrelectronic devices are used which_requife'no
frhandling of the gases and give gontinuoug-analysis,” |
| Regardless of the éiror thét'was found, the correlation did indi-
‘cate that-fhere_waSAa preferential consumption of glucose by the cells.
The correlation ihdicated thaf, at high dilution or growth rates, the low
. glucose concentrations forcéd théVCells to consume the extra carbon.

" This correlation was used'in'the caicuiation of an Qveralljcelli
yield which;fook into account the consumption of the extra carbon sources
instead of only the glucose. The values obtained with this yield
coﬁpared favorably with those yieids fepbrted in the literatureﬁfor both:
the metabolisms, while those yields~obtéined considering only the glucose
that was consumed were much higher.

A seéond check was made to ihéure that the overall yield
reflected the,true.yield of thé}cells. The fraction of carbon that was
consumed by fermentative metabolism was calculated from the quantities of
ethanol and carbon. dioxide tﬁaﬁ wereAgiven_in the theéry section. This
fraction of carbon that was convefted by each metabolism was then used to

calculate an overall yield using the values of yields for complete
feSpiration and fermentatioﬁ reported in the literature. The coﬁplete
discussion of this technique is given in Appendix G. These values for
overall yields are given in Table G-7, along with the corresponding
values for the ovéréll yields thained for the mass balance correlation:
This table demonstrates the close cOrrespondence of these overall yields.

obtained by independent methods.
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4.2.5 A Suggested Mechanism for the
Occurrence of the Wall Growth

From the behav1or of this fermentor durlng the f1na1 ehperlment
it appeared that the cells’ had stopped the scission step of the reproduc-
tive cycle once a critical spec1f1c growth rate waS'reached. Thus, while

the cells might be able to grow at higher specific grOWth rates, they
-couldvno longer become physically separated from each other, which changed_
' the behavior of the fermentor and could affect the conditions at which
the.metabolism change would be observed.

Early in the experiment, ideal conditions eXisted in the
fermentor,'the'cells were evenly distributed as a population of single
,and.budding pairs of ceiis.' Once this qritical.speeific.growth'rate was
reached the foliowing transient behavior would occur, the cells woul&
become distributed in clumps containing parent and daughter_cells° The -
concentration of these elumps would decrease exponentially‘with time as
they would be washed out of the fermentor. No new independent clumps
could form since all new cells would remain physicallyrattacheaato the
parent cells. Eventually, if no new mechanisms came into'play, a complete
washout of cells would occur in the fermentor regardless of the true .
maximum specific growth rate of the cells. This transient event could be
termed. a ''pseudo-washout' since the washout would not be due to the
maximum speeific:growth rate of the cells. |

The'physical attachment of the cells would result in wall growth
which would be much more extensive than the type of growth commonly
reported on in the literature. It was well-established that arfilm of

cells often coats the interior of fermentor vessels (Howell, Chi, and 7
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Péwlowsky,.1972;-Wilkiﬁson and Hamer, 1974). Under,the'above conditidh,
when a new bud would be.fo?héd by Such a cell inéfead of breaking away
from the parent cell the new-céll would remain attached, whicH would
result’in‘a very heavy formation of wall growth after a number of
generations. This wall groﬁth would begin to supply new clﬁmps of cells
to the culture when the mass of cells in fhe wall growth became largev

.enough that the shear forces in the fermentor‘could break éections away.
: Evenﬁually, a new steady state would be reached in which the rate of

addition of cells to the culture would equal their rate of removal from

- the vessel.

Thus, the initiation of thié mycelialkgrowth would have to result
in an initial traﬁsient period from the start of %ashout until the new
wall growth dominated steady state was reached. During this period, the
cells would be growing at a high»specific growth rate as the glucose con-
centfatiOn would initially increase as the cell population was washed out
of the vessel. These high specific growth rates might result in an
initial metabolism change which could revert back to respiration, as
was observed in this experimental case or remain in'a fermentativé étate
dependiﬁg on the final steady-state conditions oLtained in thé vessel.

_It would bé expected that the steady stafe, specific growth rate
of the cells in the culture would then depend on the ratio of the inlet
glucose concentrafion to the extent of the wall growth or,populatioh of
cells inAthe vessel. The extent of the wall growth would.nbt only be a.
function of the surface area to volume ratio of the vessel but also a

function of the shear forces in the vessel. If conditions were such that
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a large extent of wall growth Was presentAin reference'to the inlet-'
’gluéose.conéentrétion,‘thé specific.grbwth rate'could‘be lower than the
dildtion rate. ﬁowever, if fhe'reverse was frué then_théhcélls mightrbé
growing at a specific growtﬁ}raté higher than the dilution‘rate if the
dilution rate was below the maximum specific growth_réte'dflthe cells.
’Such higher specifié growth rates’might result in the-presencerof a
v.fermentative metabolism at dilution rates lower than the specific growth
-  ra£e5at which thé métabolisﬁ'change actually occurs, éf if the feverse
was true the presence of a reépiring metabolism at dilution rates higher
‘thah the specifié growth rate at which the metabolism change actually:
'OCCurs.‘ Such beﬁavior due to this myceliai~wall growth could accountlfor,
fhé differént dilution rates at which the>metabolism change was obsefved
.to occur‘as reported by the researchers. VA'model.of wall growth was:
appiied to a cell growth model employing a vérying yield to account fbr
the metabolism change to demonstrate'these steady-state effects of the
exteﬂt of the wall growth and the inlet glucose concentrations on the
metaboliém change. A discussion of the model and the results are given
later in this chapter.

The existenge of this.fype of mechanism is also supported by the
observed character of the metabolism changes reported iﬁrthe literature.
High inlet glucose concentrations resulted in véry sharp metabolism
changes at low dilution rates. Low inlet glucose concéﬁtrationé résulted
in higher dilution rates for the metabolism change and a more gradual

transition to fermentation. This mechanism is further supported by the
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inability of any of theireseaichers tb obtain a'¢oﬁp1ete washout in-the‘
continuous cultures. |

This phenomenon of baker'svyeast_also masks the inférmation about
the specificfgrQthvrate af;which the‘metabolism‘change occurs. TﬁisViS-'
because no independent method of measuring the specific growth rate of
the cells in the culture ekistea;- Thus, it was not determined if the
ﬁetébolism changed at a specific growfh rate above or below the specific
growth rate at which thevmyééligligrowfh began.

There were a feW'bfief reports that this type of myceliél
behaviéf had beeﬁ seen in baker's yeast before. ’Aiba ot a1.7(1973)
reported the formation ofia mycelialrbaker‘s yéaét in a continuous cul-
ture at high dilution ratéé after a few days of operation. They feported<
that thié»yeastfwas not a mutation since when the cells were placed into
a batch shaker fiask with fresh medium this form of the yeast disappeared.
Von Meyenburg (1968) repbrted that the scission step disappeared in:batch
cultures.of phased cells growing at a high specific growth raﬁe.

The high_concentration of cells in the fermentor at the last part
of the continuous experiment indicated the nature'bf the mechanism of -
supply»of wall growth cells to the culture. A population of single cells
present in the culture indicated that new cells were being formed with
the scisSion step back in the reproductive cycle of the yeast. This
implied that the extent éf the wall growth had to be decreasing since new
wall growth éould only be formed with the mycelial forh of yeast. It :
appeared that the clumps of cells in the culture had originated from the

wall growth which had been formed earlier in the experiment.
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A possible mechaﬁism for this transient behavior may have been
due to the manner in which'tﬁe éells were connééted togethérf The bonds
rinAthe myc§1i31 gf0wth may ﬁa&e7been wéakenéd by the brief sfarﬁation :
péfiod and'genepally ﬁoorer ﬁedium conditions in the fermentor at the
lower diiution,rates. This would result in the_disintegration of the wall -
‘growth and a‘corresponding increase in the cell concentration in the
cultufe.; A second; more‘plausible,~mechanismffor'this transient behavior
was that the—rate of remoVal-of_the wall giowth frém tﬁe fermentor'wﬁuld
be'a function'of the extent of this growﬁh in the vessel (thickness) and
the flow patterns (agitation conditions) within the vessel. For-the wall
growth tozréach steady»stafe,'the rate ofvproduction of waillgrdwth Would
héve to bé eqﬁél.fo thé ratézéf removai..AIf a balance ﬁad been feached
prior to decreasing the dilution raté, és the dilution rate was'decreased
this rate of removal of the wall growth would remain relatively bonstant
as the flow patterns would not be affected. This rate of removal would
remain constant untii the wall grthh had_Beeﬁ reduced to the point that
the turbuleﬁce could no 1ongef,remove éells at the same rate. If the
extent of the wall growth was large in reference to the rate at which it
was rembvéd;3£henzthe rate of removal of the wall growth might remain
nearly conétéﬂt for a long time. A higher_celi'cencentrationvwﬁuld
-result during this period to maintain the same rate of removalrof cells

from the culture with the lower dilution rate.
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4.2.6 Coﬁparison of Monod Kinetics Obtained
from Batch Data to Continuous Data

Due to the effects of wall growth the max1mum spec1f1c growth

'rate could not be estimated from the continuous experlment. ;However, the'
value of the saturation constant was estimated by finding the average
value of the corrected fermentor glucose concentration at a spec1f1c
growth rate 1/2 the value of the batch max1mum specific growth rate. The
,value so obtalned was 0.04 g/l. The value obtained from the batch growth
curves Varied from‘O.Z to .06 g/1. | |

The~majority‘of the gbove reported values for Saturation constant
were lower than,those reported in the literature for batch data. The;
Teason for'this hasvalready been discussed; Typical values for the
saturation constant reported in the literature are 0.1 g/1 (Peringer et
al., 1974), 0.13 g/1 (Jones and Hough, 1970), and 0.15 g/1 (Jain, 1970).

This demonstrates that the values obtainedbfrom batch experiments
are always larger than those obtained from continuous experiments. The
data obtained from steady-state operation of.a continuous fermentor must
reflect the true equilibrium-condition between substrate concentration‘
and specific growth rate. These data-indicate, by the low value for K,
that very high specific growth rates may he maintained with glucose con-
centrations of only a few hundredths of a gram per liter.

~ This heips explain some of the'contradictory behavior observed
with batch'fermentation° Whenbcells are placed in a batch culture con-
taining some initial limiting substrate concentration, they will usually
enter a lag phase of growth During this phase the ceils adjust.to the -

new environmental condltlons. The length of time will vary depending on
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the preﬁious enﬁironment the célls were in éna iﬁdeedrmay ﬁot ekist at |
all if the-previous.environmeht was quite similar. _During this period
ﬁhe cells will Be coﬁsuming'§lu§osé at some unkn0wn raterthat by the.timé
" the celis begin to grow thére may be a signifiéant.difference in the
glucose concentration of the medium. This situation would be particularly
true of batch'cultures contaiﬁing low initialrglucose cohcentrations;

Once the cell growth begins in the Eatch cultUré;-the mass
balance may be writtén appfokimaéely as:

dS _ - UX _ _ydx

i Sl (4.1)
‘Integration of thisrequationvwith—respect'to‘time with initial condition

of § = SO at t = 0,0'yields: 

S=5S -x £— ' 4.2
> - 42

Due to partial phasing of.fhe cell cultures, the specific growth

rate must be the time averaged value obtained over several generations.
© With the low initialiglﬁcose concentration this exponential phaée of
growth could not develop long enough to allow an accurate measurement to
be made of the specific growth rate:

| The shape of the substrate concentration vs. time curve‘Afoirr the -
batch culture as described by équation 4.2 would have an initial plateau or
constant substrate concentration followed by a region of rapid change in
the substréte concentration. For cultures containing a ﬁigh initial
glucose concentration, this first plateau stage may well be 1oné enough
" to allow an accurafe measurement of the specific growth_rate. Howevef,

' to study the rangevoffglucose concentration which results in the rapid
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change in epeci£ie growth rate requires a very low initial glucose coﬁ—
_cegt?ation._ In this case'the'iength of:the plateau region would be ﬁueh
shorter and have a.greater decrease in‘conCentration; ‘fhus, eqﬁilibrium
conditions betWeen>3pecific growth rate and:substrate concentration would
bez-hai"der to achieve for an accurate measu'rement of the specific growth
rate as e function of the substrate concehfration.

This ielationship between substrate concentration and time helps
to eXplain why thevspecific growth rate‘appears to remain constant once
it_is'eetablished in batch cultures until all substrate is conSumed.v The
effectris compounded by the faet fhat the’specific growth rate is rela-
tively independent of substrate concentrations until very low levels of
hundredths of a gram are recorded.

‘This discussion demonsfrates that an accurate estimate.of the
specific growth rate as a functioﬁ of the initial glucose concentration -
may be made fer~high initial glucose concentrations in batch culture.
However, batch culiures may not be used to determine the relationship
between the substrate concentration and sfecific growtﬁ rate over the
range where the specific growth rate is dependent on the substrate con-
centration. This is duerto'the low initial glucose concentration that
would be required for such a study. Indeed, it was fortunate for the
early‘researchers in this area thaﬁ the same form of the substrate-
specific growth rate relationship obtained from batch eUltures'holds for

continuous cultures.
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4.2.7 Effect of Glucose Concentration
- on Specific Glucose Uptake Rate

A,graph of the specific glucose uptéke rate éé a function of the
;:chrected glﬁcoée concentfation in the fermentor is shbwn in Figure 4.26.
This plot_haé‘tﬁe general form of the Michaelis-Menten relationship as
reported in the 1iterature‘[Rosé and Harrison, 1972). This is a plot of
the data obtained in the first half of the-ekperiment. The data obtained
. atlhigh'dilutibn rafes in the_ségond half.df‘the ékpériment had artir_
"ficially‘high;Valueé"fOr the specific glucosé'uptéke raté§ fhe,reasbns
for wﬁichAhave.been discussed earlier in this thesis. Therefore, these
" data were 1eft'§ut in makinérthié plot. |

| While the Shape'of ﬁhis graph waé describediby‘a'Michaeiis-Ménten
relationship, this does not imply that the uptake of glucose by the cells
was enzyme reaction contrbiling that mechanism. A better term for this
behavior is saturation kinetics. It is widely accepted in the literature
that glucose enters the cell through active sites on tﬁe.cell membrane
which involves glﬁcose reacting in an enZyme‘substratermanner (Lehninger,
1975), Underfthése conditions, it would seem possible that mass transfer
 could be the controlling step at very low glucose concentrations in the
fermentor. The case for this argument is supported by the very high
slope of the initial linear part of the plot. This requires very high
glucose uptake rates at very low substrate concentration, conditions

which are prime suspect for mass transfer limiting situations.
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4.3 Modeling

4.3,1 Models fdr Varying Yieid"

Two Simple models were &eveloped ffdm thé thedry and'experimentél’
work by Von Meyenburg (1968) on phaéedbcultures of baker's yeast. This
‘work showed that the characteristics of the yeast changed thrbughout the -
céli rep?ddugtive cycle. The cells in the sing1e cell phase were found
' to'reépiré; ﬁowever,,atvinitiatiOn of budding, the cells would begin a :
more Tapid and fermentﬁtive metabolism.

It was'hypotheSized by Regan and Roper (1971) that the obServe&
yigld for the-culturg wpuld depend on which phase of ce11 predominated in
'the:culture. At'high'dilﬁtion fates, the cultufe would be made up of
mostly budding cells, so the observed yield would reflect a fermenting
metébolism, At low dilution'rates, the majorApopﬁlation‘of cells in the
culture would be respiring and thus reflect such a yield.

The ﬁqdel that was developed assumed that there were two'differ—
ent yield constants, éne for Budding and one for singie or respiring
cells. The values forvthese yields used‘to demonstrate the modél were
thSe reported in the literature for only respiring or fermenting yeasts.
Onerassuﬁption in making these models was that the fraction.of glucose
consumed by ﬁhese two metabolisﬁs was proportioﬁal to the amount of timev
that the cells spent in each metabolism. Von Meyenburg (1968) had
" reported that a large part of the fermentative metabolism of the budding
phase of the cell reproductive cycle was from an endogenous metabolism as
the biomass of the cell was‘observéd to actually decrease during this

phase. The actual relationship between the fraction of glucose consumed.
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vby the Tespective metabolismvcould.be a much more complex function of the
'specific'gréwfh rate and the fe1ativé”rates at'Which these two’méﬁaboliémé
océur, compqunded'by the'presence of ihis catébblism.i This relationship
bould be défeiopedkfrom ﬁass balances on continuous phased cultures but
such work was out of the‘scope'of this research. -_

With the knowledge 0f;the fraction of glucose-consumed by the
respective métaboliéﬁs;~£he observed yield could‘then be calculated. The
observed yield would be obtained by adding together the products for both
ﬁhéﬁes of fhe fréction of glucose consumed by ﬁﬁat metabolism and the |
yield reporﬁed'in'the literaturé for only that metabolism. This method
of Calculating the yield was used since the yield is based on the quantity
of glucose consumed and it was assumed that there were no-interactions
between the two metabolisms. This simplé relaﬁionship for fraction of
glucose was used to dbtain a simple ekpression,for a varying yield for
use in a wall growth model to demonstrate the effect of wall growth on
the metabolism change. Also,»iﬁ was assumed that the. cells were.
unsynchronized in the culture and their respective phases of the repro-
ductive cycle were disfributed randomly. The complete derivation of this
model is given in Appendix H.

' The result of this modei was a linear rélationship betwéeen the

specific growth rate of the cells .and the yield:

v = ﬁ'cxﬁud " Ysingre)
obs - Um o single

(4.3)

This was a linear relationship since the values of the single and

. budding cell yields and maximum.specifié'growth rate were all constant.
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“The_line WOﬁld‘havé a negative slope since the budding phase yield would
always be less than the respiring single cell yield. ‘The range of the

at a zero specific

observed yield could vary from a value of Y_.
_ . single

>'.growth rate to a value of Yﬁud at the maximum specific growth rate.

A plot of;the cell concentration as a function of the dilution
rate is ShoWn as 1iné'number 1 in Figure 4.27. This graph shows‘that the
cell concentration decreased linearly until the maximum specific growth
iate was:reached where therceil conéentration'decreased rapidly to zero

as the cell population was washed out of the fermentor.

4.3.2> Ah?Improvéd Model for Yield

Because the fermentor behavior did not show a linear deérease in
yield with increasing dilution rate before initiation of the wall growth,
a new model was developed to take into account the formation of cells
from the;éthanol'produced by the fermenting cells. In.this model, a new -
Vterm’was added to the.single—éell yield which varied with specific growth
rate. ¢

It was obéerVed in the phased culture work‘of Von Meyenburg
(1968) that the sinéle—celi phase fespired not only on the glucose sub-
strate but also on the ethanol formed by the fermenting cells. Therefore;:
it was decided that the regpiring yield should be increased to account
for production of the cells from ethanol. It-was'reasoned that the
extent of this respiring activity would be proportional to the fraction

of fermenting cells in the fermentor.
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The eXp?ession uééd for the single—céll yield was:
Y$‘=;Yg~+ XbYeb . I o _ | (4.4)
' w’hex;e.Yg is.thé reépiring yiéld,for glucoﬁe and.Yé is the respiring yield
for.ethaﬁol, both of which were normalized to one unit of glucose in the
following manner:

Yo=Y 4 Yy o | | (4.5)

where Yb is the fermenting yield for budding phase cells. Using the same
relationships: as beforé;'the expression for the observed yield as a func-

_'tioﬁ of specific growth rate reduced to:-

- v o2y | |
Vs =Yg - | 0 17 v | . (4.8)

Details of this deriVatioﬁ are given in Appendik H.

The behavior of this model was~improve& over the previous model.
Over a specific growth rate range from zero to moderate.values, the
yield remained relati#ely constant at a value close to respiring yield.
‘As the maximum specific growth rate was approached, the yield rapidly
decreased to a value of‘Yg - Ye which,rby definition, reduced to Yb;

No attempt will be made to prove that the metabolism change
occurs by this mechanism, or that the expressions obtained were the
correct fOrh.for the mechanisms that they were developed from, Improve=
ments oxr models‘baéed on other mechanisms such as a glucose_ihhibition‘of
the respiratory_enzymes may take similar forms. The major purpose fdf
~developing these models was to have an expression for Varying yield to bé

applied to a wall growth model.
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4,3.3» The Wall Growth Model
A very simple model for wéll growth was used with the first
expfession for'chanéing Yield.‘ The wall growth model was similar to one
first used by Hefbert et.al. (1956), and later used by Wiikinscn and.
Hamer (1974). In this model a wall growth constant, C, is used. This
constant has units of concentration of cells. It would be a function of
surface area per unit volume -and ektent of cell growth in the vessel.
At steady state, the ceillbalance may be written around the
.fermentor witﬁ wall growth aé: » |
UX-DX+UC=0 - ' | .
where the UC term is the raﬁe of production of cells per unit fermentor
‘volﬁme due to wall growth. The mass balance of substrate was also
written for the fermentor at steady state as:

D[S, - S] - g_[zt___;__c_]d o | (4.8)

Using the-Monod'expression-fof-the growth rate and the linear
ekpreSSion for the yield; the following cubic expression for the sub-

strate concentration in the fermentor is derived in Appendix H:

0 = s%fu_ - D] + szﬁﬁm[B + €] - D[B + KI] + S[U, (bSK + KO)
- D[bSK + KB]] - bS KD | (4.9)
where
Y-mu+b | | (4.10)
m= (Y /Y)/U, | (4.11)
b=Y . | | | (4.12)

S
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~and ,
B = mUmSO;+'bSO - bK N - o . (4.14)_

This cubic was solvéd uSing the general form for a‘éolution of a
cubic'aS'given‘by'Weast (1964). Two of the roots were always negative
and so were neglected. The equation was solved for.different values of
, the iﬁlet subsfrate concentrétions and for different degrees of wall
growth as a funéﬁibn of dilution rate. Uéing‘;he substraté concentra-

tions, the yield and cell concentrations were then calculated by:

‘mUmS'- _ _ : :
Y=gis*h o , b (4.15)
X =Y[S; - 8] o . (4.16)

The values of the cell growth kinetics used in all the following calcula-

tions were:

K= 0.03 g/1
U = 0.42 hr 1~
m
Yb = 0.1 g cell/g glucose
‘ Y = 0.5 g -cell/g glucose

The three different inlet glucose concentrations that were
investigated were: 30, 5.0, and 2.0 g/1. For each of these inlet con-
centrations, six different values for wall growth constants were used:

0.0, 0.01, 0.05, 0.1, 0.8, and 1.0 g/1.
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4.3.4 Effect of Wall Growth on.
Varying Yield Model

A plot of the effects on the cell coﬁcentratlon in a fermentor
:w1th varylng degrees of wall growth and an 1n1et glucose concentratlon of
30 g/l is shown in Figure 4.28. The presence of this wall growth extended
the gradual change in metabolism.past_the critical dilution rate. This
was demenstrated by the concentration lines for constant values of C, the
wall growth factor, greater than Zefo;b These lines were higher than the
'd:iinedfof C3; 0.0, the line for no wali growth. The greater the extent-of
awall growth, ae expressed by higher values of C, the further the change
‘;1n metabollsm was extended past the critical dilution rate.. The presence
.of the wall growth also prevented the complete washout of the culture, as
shown by the presence of cells in the fermentor past the dilution rate of
0;6 hrblt
To show more clearly the extension of the respiring metabolism-
past the critical dilution rate a plot of the cell yield for the above
conditione is shown in Figure 4.28. The ektension of the respiring
~metabolism to dilution rates past the critical dilution rate is demone
‘streted by the values for yields above 0.1 g cell/g glucose over this
range. As is shown for these conditions, the respiratory metabolism was
extended to a maximum dilution rate of 0.6 hr'! for the highest wall
growth faetor of i.O'g/l.
To demonstréte the importance of the inlet glucose concentration
- on the extension. of the respiring metabolism, the calculations were per-

formed for the same extents of wall growth and cell growth kinetics, but
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with an inlet glucose cbncentrafioniof 2.0 g/1. The plot of the ce11' A'
yield for different exteﬁts of wall growth is graphed in Figure 4.29. -

This plot demonstrates that for the same extent of wall growth- 
fhe respiriﬁg metabolism was greatly extended past the critical dilution
rate. A high level of respiration was maintained almoét at constant
levels through the highest dilution rates investigated for wall growth -
factors between 0.3 and 1.0 g/l. Lesser ektents of respiriﬂg-metaboliSm
resulted in a complete transfer to a fermentative metabolism by a dilu-
tion rate of 0.6 hr L. |

The feason for such a large extension of the fermentative metabo-

~lism is Shoﬁn in Figure 4.30, the plot of the glucosé concentfation
within the fermentor. This_plot.demonstrated that fér values of the wall
growth factor above 0.5 g/1 the glucose concentration in the fermentor
remained at near zero levels pgst'a dilution rate:éf 0.6 hr—l, The
presence of the relatively large population of cells in the wall growth
compared to the available glucose resulted in the low glucose concentra-
tionsAbelow a leQel necessary for a fermentative metabolism. Under these
¢6nditi0n$, the presence of even a very‘small quantitonf wall growth
resulted in a significant reduction in the glucose concentration in the
vessel at dilution rates past the critical dilution rate.

To determine if these effects were present at the experimental
conditions in this research the cubic equation was solved fer an inlet
substrate.concentration of 5.0 g/1. The plot of the yields for differ—r
ent ektents of wall growth is shown in Figure 4.31. As expected, the

plot demonstrated similar behavior to the earlier plot of inlet glucose
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eoncentrationvof 2.0 g/1. This.plot alse had a large ektension of'_
respifing metaboliém‘at diiufien rates aﬁofe the eritical diiution rete.

The purpose of this wall gfowth model was limited to.demon-
sﬁrating the effect of tﬁe extent of‘wali growth and the inlet glucese
concentration on the.metabolism present in a continuous aerobic yeast
fefmentor at a dilution rate above the pseude—washout dilution rate.
»bThis model demonstrated ﬁhat for low values of the ratio of the inlet
" glucose coneentrafion to the extent of wall grthh'a reépiring metabo-
iism may -be extended to higher dilutiqn‘retes. This model also demon-
strated how the presence of wall growth prevented the complete washout
of tﬁe-cells‘in the culture.

The mechanism suggested by the experimental evidence was that
.thefwell growth-resulted after the initietion of a mycelial form of
yeaet-at what was referred to as the pseudo-washout dilution rate. The
model used could not charactegize this type of compleﬁ behavior. The
model differed.from the suggested mechanism in several ways.

The model did not characterize the initiation of the mycelial
growth which would result.in a complete washout of cells in the culture
in the absence of any wail growth at dilution rates above the pseudo-
washoutvdilution rate. However, the behevior of the model at dilution
rates above the critical dilution rate was expected to be similar to the
Eehavior resulting from the suggested mechanism at dilution rates above

the pseudo-washout dilution rate to the extent of demonstrating the
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- effects of the ektent'of wall growth and inlet glucose concentration.
- This is because, in’both casés,‘fhe céllé remained in the vessel at
'fdilutidn rates adee.the pseudo~wéshoﬁt-énd cfitical dilutibn,raté only
by:the Wali growth preseﬁée. The behaviér’of this model might be viéwedl
as a -special case of the suggested mechanism in which the mycelial
growth was always present and full fermentative metabolism occurred at
‘the maximum specific growth rate.
: The'ekﬁerimeptai evidence did indicaterthat the mycelial_growth
 was initiéted af‘a specific growth rate-cbnéideréblylléss than the maki-
mum’specific growth rate. The mycelial growth was first observed at a
dilution rate of ‘O.Z'S'hr_1 and the maximum specific growth rate was
estimated from batch ekperiments at a dilution rate of approkimately
0.4 hr L. ‘Thus, it appeared that the cells could grow at specific growth
rates higher théﬁ the dilution rate of the pseudo—washoﬁt. Therefore, if
the specific growth rate at which full fermentation occurred was higher
than the dilution rate of the pseudo-washout, fermentation could be
observed at dilution rates below the specific growth rate at which
fermentation would ndrmally'occur. This event could occur since the
model has demonstréted that the specific growth rate of cells in a con-
tinuous culture operating above the pseudo-washout dilution rate is
determined largely by the ratio of the inlet glucose concentration to the
extent of the wall growth.

.The presence of the mycelial wall growth prevented the determina-

tion of the specific growth rate at which the metabolism change occurred.

3
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This was because no independent techniqués»were used to measure the
specific growth rate_of the cells. This prevented.the determination of
#he type of mechaﬁism*that the metabolism change occurred by or even the'
nafure of the metabdiism'qhange; ‘Thé vafying Yield modei used in the
wall growth model required a linear transition to full fermentation which
occurred at the maximum specific growth rate. However, this behavior was
not observed at dilution rates prior to the pseudo-washout ailution rate.
This indicated-that the metabolism change occurred over alvery small
' diiutién rate range possibly in a manner characterized by £ﬁé second
varying yie1d mode1.

The wail gerth quel that was used in this modeling was
originally émployed to model non-mycelial wall growth in which a-éingle
layer of cells made up the wall growth. Typical values for the wall
growfh factor varied from 0.01 to 0.05 g/1 (Wilkinson andlﬁamer, 1974).
These wall growth factors varied direc%ly with the surface area to
volume ratio of the vessel and this factor remained constant under all
conditions for the vessel. This model characterized the mycelial type
of wall growth by the use of much higher wall growth factors up to 1.0
g/l. One major difference between the model and the type of wall growth
suggested in the mechanism was that the extent of the wall growth would
vary with dilution rate. This was because the rate of supply of cells
to the culture from the wall growth was a function of the extent of the
wail growth and the turbulence within the vessel.

In spite of these limitations, the model appears to account for

the different dilution rates at which the metabolism change_Waé observed
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‘by different researchers; Thiérphenomenon is characteriZed'by.tﬁe
behavior-of the model at dilution raiés above the criricel dilurioﬁ rate
_which corresponded to the ebserved behavior of the cultures at dilutioﬁ's
‘rates above the pseudo-washout dilﬁtion rate. Comparison of the experi-
mental results to the model with similar conditions indicated that a
value of wall growth factor on thevorder of megnitude of 1.0 g/1 would
 characterize the behavior. This was Because, in both cases, a respiring‘
metabolism_wes ebserved tonextend in a simiiar menner to dilution rates
above the critical and pseudo—washoﬁt dilution rates. It could be
reasoned that if the other experimental vessels were operated under
similar coﬁditions the wall growth factors of these vessels would be of
the same order of magnitude.

The experimental work of Voﬁ'Meyenburg (1968) obtained a metabo-
lism change at a dilution rate of 0.25 hr_l (incidently thejsame dilution
rate at which the mycelial growth was observed in this experimental work)
and employed an inlet glucoserconcentrarion of 30 g/l° The model indi-
cated that for wall growth facters of 1.0 g/1 with these conditions a
‘very small extension of a respiring metabolism coﬁld be maintained at
dilution rates above the critical dilution rate.

In the erperimental work of Leuenburger (1972) a metgbolism
change from respiration was observed at a dilution rate of 0.4 hr‘l. The
fermentor was operated with an inlet glucese concentration of 2.0 g/1.
Comparison with the model for theSe'cohditions indicated that a respiring
metabolism could be extended to dilution rates above the critical dilu-

tion rates for extents of wall growth on the order of 1.0 g/1. Thus, it



105
ﬁould-appéar that this mycélial form of wéll growth was résponsible.for
,the‘vagtlyjdifferent diiﬁtionArates at whieh{thé metaboliém change was
obsérved;  | v | |

| This type of wall growth is considered undesirable in iaboratory
équipment since it masks the actual cell growth kinetics. Some
researchérs:have investigated the possibilify of employing wéll growth
to increase the productivity of industrial bacterial fermentors
CWilkinéon and Hamer, 1974). The productivity bf such vesseis is -
increased'by the presence of wall growth which allows a'cell population
at dilution rates above the critical dilution rate.  Vessels Qf an
Jindu$trialysca1e are so léige'that‘they héververy small surface area to
volume ratios.. To increase theleffect of the wall growth, these ratios
musf be incréased so that the extent of the wall growth ﬁay be increased.
This is done by either mounting new struétures in the vessel desigﬁed for
this purpose or packing the vessel with a material wﬁich has a high
.Asurface area to volume ratio, such as glass wool.

If this mycelial growth is as widespread as indicéted by this
research, similar procedures may be taken with industrial fermentors of
this yeast to increase the productivity of these vessels. However, as
was demonstrated by the modeling and.ekperimental.results, this would
have a two—fold effect on increasing the productivity. In addition to
increasing the cell conceéntration at high dilution rates, extensive
wall growth would allow a respiring metabolism to be maintained at
higher dilution rates. Since the respiring metabolism has a higher

3 - .

yield, the glucose would be more efficiently converted to biomass and
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higher cell‘cqncentrations would résult. Taking advantagefof theselwall
gfowthbeffects.éould make the préduéfibnbof biomass from baker's yeast-
‘a SCP source as pr6ductive as some bacterial fermentations. This
increased prdductivity, together with the greatérAacceptébiliﬁy of
Baker's yeast in the market, would make it a prime SCP source for human

consumption. -



CHAPTER 5
CONCLUSIONS

A mycelial form of baker;s yeast which resulted in extensive
wali’growth was‘observed at dilution rates above 0.25 hr‘1 in continuoué
culfure, There were reports of this mycelial formrof cells in the
liferature; however; no one had suggested any effects the presence of
thlS wall growth had on the’ behav1or of the continuous fermentor,, It
appeared that thls mycellal growth forced a washout condltlon in the
vessel in whlch the cell population was maintained by the wall growth.

In the experiment, the effect of this wall growth.on the diluﬁion
rate éf which the metabolism_chaﬁge occurred was demonstrated. For
extensive wall growth, a respiring>metabolism was - observed in the
fermentor at dilution rates over wﬁich the mycelial form appeared. When
some wall growth was removed, a fermenting metabolism was observed over
thevsame dilution rate ranges.

A simple cell growth kinetic model employing advanced concepts of
cell phase to charaCterize the behavior of the metabolism change from
respiration to fermentation at high~specific,growth Tates was applied to
alwall growth model. This.model demonstrated the effect of inlet glucose
concentration and the‘extent of wall growth on the metabolism of a popu-
lation of cells remaining at dilution rates above washout conditions.

For such cases; it was demonstrated that the specific growth rate of the
cells was determined bf the ratio of the inlet.glucose concentration to
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the extent of the wali growth. .For low values of thisrratip lowef
specific growth rates could be expected and, conversély, forvhigher
,ratiOS'higher'spepific.growth rates would result. The mddel demonstrated
‘the observed expériméntal behavior with'é'respiring metabolism ass§ciated -
with fhe‘low values for the ratio of inlet glucose concentration to
ektent of wall growth and a fermenting behavior for higher values of this
ratio.

The mbdel_behavior appeared to account for the reaéons a differ- .
ent diiution rate for the metabolism changeiwas observed byidifferent |
researchers. In cases where a high inlet glucose concentration wés used
'thé metabolism chéngerdccurred at the dilution rate close to the point
where the initiation of the mycelial growth was observed in'this experi-
~mental work. For cases where a lowef inlet glucose'concentrafion was
used, the metabolism'éhange occurred at-higher dilution rates. Thisb
behavior, together with the observations that a complete washout of cells
was never achieved by the researchers, indicated that this form of
mycelial growth was a widespread phenomenon.

A confirmation of this mechanism would require further research
to demonstrate that the observed occurrence of mycelial growth was not.an
isolated case. Also, the further research wouid have to be better able
to handle the more complicated analysis techniques needed to quantify the
wall growth. Such analysis would include a technique of measuring the
specific growth ratg of the cells directly and more.exact carbon balances

to determine accurately the extent of the wall growth.
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The bhehavior of theffermentor during‘the last part of the second
eonfinuous experiment was attributed to a transient‘resﬁonse of the wall -
’_growth to chahgingldilutieniréte. ‘This behavioi suggesfed;that turbulenf.
-ceﬁditiens_in the vessel are an important factor in the rate of removal’
of cells from the wall growth. Current wall growth modeis eannot
'accﬁrately describe transient conditions (Pawlewéky,-Howell, aﬁd Chi,
1973) and this may be due to the lack of consideration of this mechanism
ih"ﬁest wall growth models.. | |

| -This reSeareh found that,:for proper énalysis of the glueose

‘samplee taken from the,continuous‘culture, a correctionAhad to be made
-,for the quaﬁtity of glucose consumed by the cells in the Sample before
they were removed. ;t was determined that the rate of disappearance of .
glucose frdm the samples was proportional to the concentration of glucose
in the samﬁle. The values of glucose concentration measured in the
sample were corrected for ﬁhis disappearance by use of numerical
- techniques. No reference to this phenomenon by either correction methods
or better sample taking procedures were cited in the literature. Such
techniques are very important for future studies of the .cell growth
kinetics over the glucose concentrations where most of-the éepenaence to
the glucose concentration occurs.

rIt wes proposed‘thét the techniques cited in the literature for
measuring the Monod growth kinetics parameters from batch culture data.
were_inaccurate for measuring the saturation constant.  The data from
confinueus cultures indicated ﬁhat very high specific growth rates could -

be supported by very low glucose concentrations. An accurate measurement
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of the épecific‘growth réteS'required at low initial gluéose cpncentra—b
' tions for the determination of the saturatioﬁicbnstaht could not be made.
This was because a constant specific growth rate égﬁl& not be achieved
1oﬁg'en0ugh to be accurafely measured.

Substrates containing more than one carbon source were found to
complicate the determination of the cell growth kinetic paramefers from

_ both batch and continuous cultures. Contrary to what was feported in

s - the litefature; the ‘evidence in this research indicated -that glucose was

taken up preferentially to yeast extract carbon. A carbon balance demon-

~ - strated this conclusion in the continuous culture data. - The use of such

carbon balances has beenilargely neglectéd by researchérs in Tecent
years; however, they are very useful for determining thé sfeady-state
conditions and in studies involﬁing'wall growth. ih—fhis case, tﬁe
calculation of carbon bdlances was hampered by the inabiiity to measure
directly'fhe non—glucosé carbon concentrations. Futufg research should
have the capability of measuring directly the concentration of non-
-glucose carbon in the fermenfor.

It wés proposed that the wall growth of baker's yeast be
';xploited in a continuous' fermentor on an industrial scale to increase
the productivity of such fermentors. This was because the presence of
-wall grthh was found to allow the respiring metabolism to be maintained
at dilution rates aBovg-Iévels that the metaboliém ﬁight-not otherwise be
able to exist. This respiring metabolism has a higher yield than
fermentation and so would allow a greater cell producfion-rate at the

same dilution rate and also a more complete consumption. of the available
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"glucose. The effecfé'of walllgrowth could be gfeatly éxtended'by

'Q'increaéing the éufface aréa'to volume ratio of the:vessels;‘ Theofeti—

cally, it would be possiblelto ﬁake‘continuous yeast ferméﬁtors’almost

as productive as other SCP sources, such as aerobic bacteria.



. APPENDIX A
CLASSICAL CELL GROWTH KINETICS
The following'deScriptioh-of the cell growth kinetics, first
developed by Monod (1942, 1950), is widely“abéepted and similar descrip-
tions may be -found in the introductory chapters of any general book on

fermentation or biochemical engineering (Aiba et al., 1973; Aiba et al.,

1969; Kubitschek, 1970; Rose and Harrison, 1972; Herbert et al., 1956).

A.1 Kinetics of Batcthermentation

Figure A.1'is a graph of cell concentration vs.'ti;me° Cell con-
centration may be taken as 1b éells/unit volume or dry thcelis/uﬂit
‘volume. This graph is typical for most batch processes where cells from
some differeﬁt‘environment (for example, cells that have.been starved
for some period of time) are placed in a cult@re medium‘that initially
has.only one limiting substrate. A -limiting sﬁbétrate for the batch
condition may be identified as the nutriment where concentration is low
enough so that the rate of cell growth is changed by changing its initial,
concentration, or it is tﬁe:nﬁtriment that is observed to have
disapﬁeared when cell growth stops.

The shape of the curVeris the. same regardless of the type of con-
tainer or vessel the cells and medium are placed in. In the first
phase, thére is no appaient‘growth,in the VQSSéi° During this phase
there ﬁay even be a temporary decrease in cell mass. This phase (known
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Figure A.1 Typical batch growth curve.
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as the lag phase) may vary in.length and degree, depending upon the
condition of the cells that are injected into the média and their ﬁast

‘environménta1 history, It ié very}difficult to.quantify this phase at
all unless a significant ambunt'of data is availaBle on the cells; |
previous history. |

- The sécond phase is the exponential phase of growth. During this
phase, the relationshiﬁ betwéeﬁ the cell growth rate and time'is exponén;
tial since when plotted on semi¥log paper the giéph yiélds.a stréight
line. ﬁ | |

. The tﬁird phase of growth ié the stationary phase. During this
7 phasé, cell growth begins to cease, either due to exhaustion of fhe
1imiting'su55tfate or the concentration of metabolic toXins reaches a

level high eﬁough to cause growth to be inhibited.

A.2 Mathematical Treatment of EXponential Phase

‘The relationship between growth rate of cells and cell concentra-
tion is given as:

= ux | | (A1)
This is aﬁ autocatalytic relationship since the growth rate of cells is
‘proﬁortionalrto:the'concentrétibn'of cells present at any time t. The
proportion comstant is callgd the specific growth rate and has units of
inverse time. For any giveﬁ batch fermentation, the specific growth-

rate is constant throughout the exponential growth phase, and is the

slope of the semi-log plot of cell concentration vs. time.
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This separable differential equation may be integrated with-
respect to time to give the cell concentration as a function of time:

X=X eUt

0 (A.-2)

where Xd is the concentration of cells atvtime t = 0 or start of the
exponential phase of growth.
To find the relationship between the cell-doubling time, T,. and

the specific growfh rate, equation A.2 may be solved for T by settiﬁg

Xo = 1.0, X = 2:0, and t =T, or:

In 2 = Ut - B (A.3)
In 2

So the doubling time is the natural log of 2 divided by the épecific
growth rate, or the inverse of the specific growth rate is proportional
to individual cell doubling time. In yeast fermentation; this doubling
time corresponds to a period of time in which a cell goes through é
series of steps in reproducing itself by budding, as shown in Figure A.2.
Consider a normal adult cell as oﬁe that has just separated from
a bﬁd at time t = 0. This cell immediately begins to increase»in size-
until it is ready to form a new bud; This period.of time is referred'to
as the single cell phase of growth. The budding phase of cell growth is
from thé time the bud begins to form until the bud separates from the
- parent cell. This is thé‘period of time during which the cell increases
in size. Due both to its own growth and transfer of materials from the
parent cell, this phase is relatively constant at about 1 1/2 hours.

However, the single cell phase is quite variable from zero hours to



Single Cell Phase
‘Time 20~ O Hours -

Budding Phase
Time 1.5 Hours

Cycle

Time

Figure A.2 The budding cycle of yeast.
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‘ greater than 20 hours at very low dilution rates (Rosevan& Harrisoh,
11972).. The maximumispecific growth rate then corrésponds to the period
of,time-for fhe'budding phasé to occur.

A.3 _Relationshipvbetween Initial Substrate
'ConcentratiOnjandﬁSpécifiCiGTQWth Rate

Figure A.3 shows the relationship between specific growth rate
and-initial substrate concéntiation. This relationship is typical of
:saturétion kinétics where, at low subStratevconcentrations, the specific
growth rafe has a first—ordef relationship, and atlhigher substrate con-
.centfatibnris independent of substrate concentration.

This relatioﬁship may be expreséed in the:familiar Michaelis-

Menten form as:

(A.5)

where Um is the maximum specific growth rate or the'gfowth rate where no
substrate is limiting. The constant K is the saturation constant and has
the value of the substrate concentration whére thé specific growth rate
is half the maximum specific growth rate; S is the limiting substrate
concenfration. It should be pointed out that thisrdoes not mean that:
cell growth behaves as do true kinetics in the same manner as the enzyme
kinetics of Michaelis—Menten.v This relationship is not a function -of
'~ substrate only, but also of time.

In the lag phase, the cells become adjusted to the media that
they were placed in before starting exponential growth. It should also
be pointed out that when kinetic data is obtained from-b'ate_h data that

the relationship obtained is only an approximation of the actual
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relationship since the substrate concentration changes with time and the
question arises as to which szstrate concentration should "characterize”

that growth rate.

A.4 The Yield Constant

~ Monod (1942) showed that, for batch cultures, substrate utiliza-
tion is proportional to growth and utilization of substrate:
ax _ ., ds R : , |
T o R (a.6)
‘where Y is called the yiéld constant and is equal to:’

. _amount of cells formed
amount of substrate used

A.5 Kinetiés of Continuous. Fermentation -

These kinetics have been applied to continuous cultures for the
last 25 years (Monod, 1950;-Novick and Szilard, 1950; Herbert et al.,
1956). Figure A.4 is a schematic of a mathematical model of a continuous
fermentor that does ndt havé any external controls dn it. It is often
called a chemostat in the fermentation industry. Media with an initial
limiting substrate concentration, SO’ enters the férﬁentor at a
volumetric flow fate, W. The fermentor is operated with a constant

liquid working volume at V. Cells in the fermentor are at a concentra-
tion-x and substrate concentration in the veésel of S. There is an exit
stream of volumetric flow rate W with a cell concentration X and sub-

strate 'S since it is assumed that perfect mixing occurs in the vessel.
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. Equaﬁion»A.S is the cell balance aroundathe_fermeﬁtor,'wheréby
the accumulation equals the input minus outpﬁf.: One can say that the
accumulation ié the rate of change with time of cells in{the fermentor:

A g4 Ry - wx ‘ ' (A.8)

dt
Since there is no inflow of cells from the inlet media, that term is
7ZeTo. Hdwever, there is a generation term due té groﬁth’éf cells in the
~ vessel. It is'asﬁumed that the cells are adapted to.the media in the
_ veséél and'fherefore are in expomnential growth. Therefore,:fhe growth
'-term'may Be expréssed as the product of the specific growth rate, cell
concentratibn,:and volume of vessel'ﬁo get cells.pér unit time produced
in the vessel. Output is simply the volumetric flow réte times the cell
concentration'leaving,the vessel. Since the volume of the<&esse1 is con-
-~ stant, it may -be divided out of the differential to give:

dX _ W
Fra ux - v X . (A.9)

At this point the dilution rate may be defined as D = W/V, which has
‘units of inverse time and is familiar as space vélocity in chemical

engineering:
= = UX - DX : (A.10)

In a similar manner, a mass balance on substrate may be made

around the vessel. The substrate enters at rate WS. and exits the vessel

0
at rate WS; and substrate is consumed by the cells at rate UXV/Y, where
Y is the yield constant defined earlier. This equation may be written

‘as:
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45 . e UX I '
-E-E— D(SO - S) v : ) ) (A.11) .
‘using the definition of dilution rate.
Now by applying the Michaelis-Menten relationship for specific

growth rate:

axX _ . s '
& - XU (g5x)-D : (A.12)
UX | _
ds . _ m S ' :
=Dy -8 -y (gvs) (A-13)

dat

" Although fhese relatioﬁships'may'be sol?ed numerically to gife
the-celi and sﬁbstrate concentrationsrasla function of_timé, the rela-.
tiénships'for specificagrowth rate were*applitéﬁle only-after the cells
had become adjustedvto the subsﬁrate‘conéenfration° Thus, these rela-
tionshipsAwould not heCesSarilyrhave-to fit the dyhamic response of this
s?Stem with respect to ﬁime, However,'the steady-state response was of
interest. |

At steady stéte, %%-=-%%-€ O,raﬁd the steady-state solution of
cell and substrate concentrations are obtained below:

XD

0 Um - D

X = Y(S (A.14)

_ XD

U <D
m

s (A. 15)

n

We see that the steady-state solution for cell concentration is a func-
tion of the kinetics of growth of the organism K, Um’ and the dilution
rate and inlet substrate concentration. The relationship of steady-state

cell concentration and dilution rate is shown in Figure A.5
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It can be seen. that the steady state solutlon for cell concentra—
tion remains relatlvely constant throughout most of the dilution range
unt11 the washout p01nt is reached - The d11ut10n rate at Wthh the cells
are washed out of the fermentor is referred to as the criticial dilution
rate. | |

Equatlon A.16 expresses the critical dilution rate as a function
of the klnetlcs of cell growth U , and the inlet substrate concentration:

DC = Um KTS— C : o : (A.16)
Coe T 0 : o

it was derived by setting the steady-state substrate eoncentration equal
to the inletisubstrate COncentration and then solring for D. |

The tunctionaiity‘of-the steady-state substrate concentration en
dilution rate.is also-shoWn in Figure A.S5 and is strictly a function of
the kinetiCS‘of cell growth and the dilution rate. Fortunately, for most
cell kinetics, the substrate concentration does not increase signifi-
cantly until very near the critical dilution rate where it approeches the
inlet substrate concentration.

The relationship between the steady-state cell concentration and
inlet substrate concentration is shown in Figure A.6. From this it is
~apparent that the steady-state cell concentration is»directly proportional
to the inlet substrate concentration. Also, the cell concentration stays
at a constant level for higher dilution rates than for lower inlet sub-
strate concentrations. The cell concentration then drops off more
steeply when. the critical dilution rate is reached with a higher inlet

substrate concentration. High inlet substrate concentration also
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increases the value of the criticalidilﬁfion raté'to the poihf of the
maximum dilution rate, which‘is‘equal tO'thé maximum specific growth'rate
i”foi.a>givenubrgahism; | a

The producti?ity of the fermeﬁtor (whi;h iﬁ'referred to as the
output rate) is found by multiplying D by X:

grams cells produced

DX = it fermentor volume and time (A-17)
DX = DY(S, - K( 2 ) (A 18)
. 0 u, - D~ )

Figure A.7 shows the relationship of output rate vs. diiution
- rate for_a particular inlet substrate concentration. The output rate
'goés throﬁgh é~maximum just béfore the critical dilution rate is
réachedf The value of the dilution rate'at makimum:ogtput, Dm, is
obtained by taking the derivative of the output rateifunctioh and

setting it equal to zero, then solving foerm, D _is only a function of

m
the inlet substfate concentration aﬁd the cell growth kinetics. As the
~inlet substrate concentration is increaﬁed, the value of Dm approaches .
the Dcrit value.

In practice,rthe actual operating conditions are determined not
only by the maximum output. rate of the fermentor, buf also by the cost of
the substrate. Most fermentors operate.just beiow the maximum output
‘dilution rate since ‘a small chahge in dilution rate résults in a signifi-
cant decréase in substrate concehtration1 In addition, the highest
’practical.inlet substrate concehtratioﬁ is used to give thé highest

possible output at that dilution rate. Sometimes these optimum condi-

tions are not reached due to occurrence of non-ideal conditions which
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affect the behavior of the continuous fermentor. The inlet substrate'
vcéhcentration may-bé deteiﬁinéd by bidlogicél éonsiderations sﬁch as
build-uprofvmetaboiic products which are inhibitory to growth or other
éell interaétions:fesulting from high éell conéentrations. Physiological
cénsiderations'may occur also. The cell concentration may become so
thick that the okygen uptake'requirementé méy not be met by the fermentor
‘at standard'operating conditionﬁ. Attempts at increasing the ok&gen :
transfer rate to the cultuie'include increasing the agitation réte and
3parging. These mefhods may result in increased cell death raﬁes due to
iﬁactivation‘of cells by high sﬁear rateé or cells coming into contact

with bubbles (Kubitschek, 1970).



APPENDIX B.
"DETAILED EQUIPMENT DESCRIPTION

In these ekperiments the fermentor used was a standard 7.5-liter,
Model 19 New Brumswick. dne modification that was made for the con-
tinuous runs was the installation of an adjustable device of the type
aescribeﬁ by Solomens (1969). This-de#ice relied on a>siight over-

" pressure of air in the fermentor vessel to carry any quﬁid which might
cbvér'th.e exit tube out with the exhausf gases. Downstream from the
fermentor was a‘liquid entrapment vessei that séparated the outflbwing
culture media from the gases. The weir on the exit tube allowedvonly the
fermentor media t0“bé removed,r Even though the foam in the fermentor was
often higher than the top of the Weir, the liquid levelvwas easy to main-
tain constant with only slight adjustments of the exit tﬁbe height.

This device was constructed from a 4-inch long piece of 1.0-inch
diameter, stainless steél pipe, 3/8-inch diameter, stainless steel
tubing, and the appropriate Swagelok fittings.

A second modification to the fermentor was the addition of a
1/4-inch diameter, '"Y" fitting on the inlet of the air sparger line.

This allowed the inlet medium and the inlet air to enter the vessel
through one port. .Sinée the sparger orifice was positioned just under
and near the high shear zone of the radial impellers, this insured good
"~ mixing of'the_incoming medium with. the culture. Also, short'ciréuiting.-
of the vessel'by the medium was prevented with this arrangement. This

- 129
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arrangement reduced the_number of penétrations and dirécf éonneétions
"required with the headplate, which lowered the risk ofrmicroérganism
contaminatioﬂ, - | |

The fermentor headplate and mégnetic agitator d}iVe was con- -
structed entirely of stainléss steel with the exception of some fiber and
Teflon washers and bushings. The agitator-ﬁas driven by a large magnet
located at-the‘base_of the fermentor. This allowed for more penetrationé
and equipment to be mounted through the headplate. The supporting
bushingsjandiframe for fhe agitator Wére mounted to ﬁhe four bafflés
whiCh were bolted to the fermentor headplate. Two radial turbine
iﬁpellers which could be adjusted to any position on the agitatér shaft
were used. | | |

A mechanical foam breaker was mounted to the center of the head-
plate. This device consisted of a radial.impeller 2 inches in diameter
mounted approkimately 2 inches below the top of the headplate. VThe
impeller was driven by a maénetic'couple through the top of the
headplate.

Probes that were mounted through the headplate dincluded a
dissolved oxygen probe su?plied'by New Brunswick Scientific Company
(Model M1016-9290). Also used was an ingold combination pH electrode
from New Brunswick Scientific Company. Both of these probes had the
advantage of being steam sterilized in place in the férmentafioﬁ vessel.

Inoculation and sample wifhdraWél were accomplished by use of an
18 guage, 12-inch long syringe needle forced throggh-a rubber stopper

that Was sealed in one of the 1/4-inch diameter auxiliary holes in the
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headplate. Different sized sterile hypodermic syringes (lO—Q.S-ml) were -

then used for sample withdrawal or inoculum injection. ‘The two inlet and

outlet pofts provided by New Brunswick Scientific Company for continuous -

operation were plﬁgged along with the gas exit port’in the headplate.

cooling

The fermentor vessel also was provided with stainless steel

coils through which cooling'water could be passed from the

fermentor support system. _The'fermentor'jar was a standard 7 1/2-liter,

Borosilicate glass jar that was capable of being autoclaved and could

withstand an internal pressure of 25 psig.

support

1.

The standard New Brunswick Scientific Company Model 19 fermentor

module served the following functions for the‘fermentor:

Agitation drive: The magnetic agitation drive assembly was
powered by 5'1/8 hdrsepower motor. - This unit was contained
within the base of the module ovér,which the fermentor vessel was
placed. The unit was capable of maintaining any preset speed
from 0 to 800 rpm,-and an electronic tachometer was provided to
indicate tﬁe speed of the‘agitator drive.

€

Mechanical foam_breaker drive: This unit was very similar to the

agitation drive unit but had a speed range from 0 to 3,000 rpm.
This unit was mounted ébove the position of the fermentor vessel
on the ferﬁentor support moduie and had separate electrical
tachometer and speed controls.

Temperature control system: This unit maintained a constant

temperature in the fermentor vessel by circulating cooling water
. X . 3 i
through the fermentor coils. The water was conditioned by an
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immersion heater in the cooling SYSfem reservoir or by opening a
solenoid ?a1ve fo ailow‘water from a New Bfunswick S#ientific ‘

: Company RF10 refrigefation Bath to enter the system. The»systemrr
was controlled by a thermistdr temperature controller which was
capable of maintaining the fermentér to within 0.25°C of the set
temperatﬁrea The thermistor sensing probe was placed in one -of
fhe'thérmal,wells on the fermentor headplate. -

4. 'Air_supply‘system;, This unit consisted bffa-pressure regulator

tb-reduee house 1iné air pressure to the desired value. A

~ rotameter was included in the system; it had:an'indicated range
éf 0 to 8.6 liters/ﬁinuté df air at 1 atmoéphere.and 25°C.  The
air flow rate was adjusted by a needle valve on the base of the
rotaﬁeter. The air then flowed through a 1-inch'diameter, 6~inch
1ong,’stain1ess steel air filfer cylinder that was packed with
dry glass wool tovpreventrany microorganisms from being sparged'
into the fermentor. The air filter was directly connected to the
sparger line of the ferméﬁtor by a'3/8—inch diameter, Latex

rubber hose.

, B.1 Auxiliary E..quipm.en_t.

Media was sterilized in a 5+géllon, polypropylene carboy, which
had a S—foét 1engtﬁ of 1/4-inch diameter Tygon tubing attached to the
lower side. An.aii filter was attached to the'top side of the contaiﬁerg,
Both of these connections were made Qith 3/8-inch diameter, stainless
steel Swagelok fittings-threaded ﬁhroughvthe walls- of the container. The

air filter was a short piece of 1-inch stainless steel pipe packed with
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glass wool, one end of which was plugged with a rubber stopper which had
a 3/8-inch diameter; stainleés-steel tube forcéd_through it and con-
vnectéduto the fitting on the,tép side of the céfboy.

| The storage tank was a salvéged-stainleés steel aircraft oxygen
cylinder (9-gallon capacify)rthat was supported on its vertical axis.
An air filter WAS attached by a length of 1/4-inch diameter, Tygon
- tubing to the top part of the tank.v This filter was constructe&.in the
same manner as was the one described above. A stainless steel "tee"
fitting was attached to the bottom parf;.one eﬁd of the "tee" fitting was
connected to a length of Tygon tubing containiﬁg a short piece of
1/4-inch diameter‘glass.tubiﬁg forced into the other end. This glass
tubing was used to connect together the tubing from the 5-gallon carboy
for transfer of sterile mediﬁm into the storage tank. When not in use,
this end of the tubing was clamped with a hose clamp andrplaced in an
Erlenmeyer”flask containing.amphyl and stored inside the aéeptic box.
Thié procedure prevented the contamination by microorganisms of the
storage tank by way of the tubing.

The aseptic box consisted of a cardboard box lined with aluminum
foil and contained a 15-watt ultraviolet light. Holes were cut on both
ends of the box through which the tubing from the carboy and storage tank
were strung and coﬁnected. This box provided an aseptic working area for
joining the tubing for the transfer of sterile media.

Connected to the other side of the tee on the storage tank was a
stéinless steel toggle valve, and below that was placed a 1/4-inch

diameter glass tee which joinéd a glass buret. The top of the buret was
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plugged with a rubber stopper containing a glass tube packed with glass

. wool whlch acted as-an alr fllter, preventlng the contamination by mlcro— ,_7

organlsms of the medlum in the buret. This buret was used in the manmer
of Norrls and Rlbbons (1970),;both to indicate the level of_media in the
storage tank and to measure tﬁe flow rate of medium to the fetmentor when
the teggle valve wasiclosed. |

Downstrean frem the bﬁret were two Cole—Parmer’Masterflex
peristaltic pdmps in parallel. The_pump with the smaller 7013 pump head
was used fot”flow rate ranges up to Zoiml/ﬁinutew For higher flow rate
.fanges, the pump with}the 7014 pump head was used. Both pumps had
identical saiid-state epeediéehttollers=which had been modified to allow
a>coﬁstant continuous.change in flow rate at a rate of'approkimately
3 ml/minute-day. . The modification involved plecing a second 10-turn,
10 or‘ZO KQ, variable resistor in series with the l—tufn variable
resistor in the solid-state speed control unit. These 10-turn resistors
were mounted on brackets so that their knobs could be turned by the
rotating face of a 24~hour appliance timer switehc The range over which
the ramp funetion of flow rate was to occur could be adjusted by varying
the poéition of the variable resistors onvthe selid-state speed
controller. ByAswitehing punips and making the adjustments, a continuous
ramp function of increasing or decreasing flow rate could be generated _
.for periods longer tﬁan twenty days. By removing the 10-turn resistor
from the 24-hour timer the flow rate would remain constant. The flow
rate could then be varied by turﬁing the resietor knob manually to a‘ﬁew

position.
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“:The'tubiﬁg used in the péristaifip'puﬁpé'was-Tygon 0f the
specified diameter and wall thickness for the pump heads. The length of
v'fthis tﬁbing wés'sﬁfficiéntbto éllbw;for'replaCemenﬁ.bf'tubing.that was -
worn in the pump heaas4during~1ong’runs.i fhié was done by pulling a new
section_bf tubinglthrbugh the pump head. o

. The tubing used invthe ?umps was connected t6 $tandard-l/4—inch
: diameter tubing bY 12 and 18 gauge stainless steel 3yringe needles‘with
éollars machined to fit‘inéide the'1/4—in¢h»diametéiatubing.  The tubing
- from the pumps was forced over tﬁé outsidé of the needle ends of the
syringe tips to form a good seal. 7 |

' The puﬁp iineé.werevjoined togéthgr af both ends by the use of
- two 1/4finch‘diametér,g1ass tee fiftings; .The outlet tee was éonnected_v»’
to the glasé Y fitting bh the inlet fermentor sparger by a léngth of |

1/4—in¢h Tygon tubing. It was necessary to keep the inlet air line above
the media 1ine to prevent the medié from flooding the air filter. Tygon .
tubiné was uséd throughout this system becausé of itsAaBility to with=

‘ Stand’repeated steam sterilizations. The standard 1/4-inch diameter
tubing that was used had an inner diameter of 1/4-inch and an outer '
diameter of 3/8 inch. ‘

‘The exit port of the fermentor was connected to a 2-pésition,
ground glass joint valve. This valve allowed samples of the exiting gas
and culture to be sampled before entering the separation flask. In the |
- normal valve position, the gases and cultures were allowed to pass

through the valve and into-a'separatibn.flask.
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The separatién flask was a l-liter, glaés aspirator bottle which
Qés pluggéd with“a:rubﬁgi'étopper containing two 1/4-inch diaﬁetér glaés
tﬁbes.'AOne tube extended to near the bottom of the flask and the .
1/4-inchﬂdiameter, Tngnftubihg from the fefmentor eiit port-waS'con-'
nected to it. The other glass tube extended just into the top of the
bottle; - The fermentor exhaust gases and entrapped culture then entered-
the bottle near_the bottom of the flask, allowing only the exhaust gases
to exit.through fhe sﬁé?t gléss_tﬁbe at the tép.' The side port of the
. bottle?served aé.én overflow for the:culture pfoduct,.which then floWed .
through a 3/8~inch diameter;vLatex rubber tube to a sink drain.

7 lGaé éampleévcould be collected from thé flask by clamping off the
_overflow tube andkconnecﬁing~a'§as sampling cylinder~to the exit gas
port. The sampling.cylindernﬁas constructed'of'giass with valves at both

ends. With the vaives open. the ekhaust gases flowed through the

| cylinder,4and a samplevcould then be taken by closing the downstream
valve and then closing the upstream vélve. A seftum was mounted in one
end of the sample cylinder to allow samples to be withdrawn by a gas
syringe for infection into.the gas chromatbgraph, |

The gas éhrématograph'used for exhaust’gas hnaiysis was a Perkin-
Elmer Model 820 Gas.Chrométograph with Pérapak_s and molecular siéve dual
column capacity. It was caﬁable of analyzing for the exhaust gases for
0,, N |

20 V20 Vg2

arrangement. The first column was 9.5 feet of 1/4 inch tubing packed

CO,, and EtOH gases. Figure B.1 is a diagram of the column -

with 80-100 mesh Porapak S. - This éolumn'was used to separate carbon

dioxide and ethanol from the injected gas. The second column was 5.0 feet
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of 1/4 1nch diameter tubing packed w1th 45-60 mesh mole sieve 5A packing

ThlS column separated oxygen from nitrogen gases.

B;Z__Continudns‘CulturetProgedures

The media was sterlized in 10-1liter batches in the 5-gallon
carboys.: This media was then aseptieally transferred to the storage tank
'to:allow a continuous supply.of media to the fermentor. Each batch was
sampled and‘analy'zed for glucose -bconcentration' so that the inlet glucose
concentration‘could be calculated from a mass balance on the storage
ok _ v _ -

~ Samples of ﬁhe culture were withdrawn from thelfermentor‘at'
approiimafely 4-hoﬁr intervais during the day,' Five ml of the.sample wee
immeaiately filtered to remove the cells. This filtrate was then frozen
for future analysisrof glucose,conCentiation and ethanol concentration -
using glucose oxidase and alcohol dehydroginase kits from Sigma Chemical.
Company. The glass filter was dried to a constant weight’in.a 100°C oven
for determination of the cell dry weight concentration. At each of these
intervals the flo& rate to the fermentor was measured along with tﬁe
dissolved oxygen coneentration3 pH, and optical_density at 620 ﬁm on a
Klett colorimeter. |

At approkimately once ‘a day, a sample of the culture was inspected
microscopically to determine the presence of—conteminating organisms.
Aleo ence a day a gaé.sampleewae taken for analysis by the gas chromato-
graph. This procedure required the reduction of the air flow rate to

1.0 1/minute at 5.0 psig while the sample was taken. This procedure
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'reshlted.in the reduction of the dissolved oxygen conceritration in the

fermentor during the sampie time of no more than 10% saturation.



* APPENDIX C
CALCULATION OF BATCH-MONOD CELL GROWTH KINETICS

The specific growth rate for each culture was calculated using
the built-in linear regression program of a Hewlett-Packard HP 55

" calculator by the expressions:

2 e
y intercept = b =’ZYZ§'Z'12XZ§Y (c.
nZxX" - (ZX)
and
slope = m =.-n§§¥3r.ZXZ§ (C.2)
nix® - EX)°

Therlinear-regression was performedv only on the seétion,of rela-
'tively cdnstant specific growth rate observed by plotting the 1n (0.D.)
vs. time (see Tables C.1 and C.2). Since:

Ut = In (X) = In (0.D.) | (C.3)

‘the specific growth rate was the slope of.the,straight line or the plot .
of 1n (0.D.) vs. time. So:
o U % m ' . - (C.8)

A computer program was used for tabulating the data and calling
tﬂe Subprograms to‘make plots of this data (see Table C.3). Plotting
routines were called to plot the Lineweaver-Burk plots (1/U vs. 1/S) and
the final ethanol éoncentfation vs. the initial glucose concentration

-

(see Table C.4).
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Table C.1 Typlcal batch growth curves for low initial -
glucose concentrations.

Initial glucose concentration

0.0 (g/l)

0.05 (g/1) ° 0.15 (g/1)

Tlme Time Time
(hr) 0.D. (hr) 0.D. (hr) 0.D.
0.04 0.03 0.06 0.05" 0.11 0.06
0.54 0.06 . 0.57 '0.06 0.61 0.06
1.23 0.06 1.26 0.06 1.31 0.07
-1.87 0.06 - 1.89 0.08 1.95 0.08
2 2.44 0.06 0 2.49 0.07 2.54 0.09
2.96 0.07 2.98 0.09 3.03 0.10
3.48 0.03 3.5 0.10 . 3.54 0.11
4.18 0.09 4,21 0.12 "4.25 0.14
4.79 0.10 4.81 0.10- ~  4.86 0.11
6.14 0.12 5.59 0.13 5.63 0.21
6.84 0.14 6.16 0.16 6.21 0.22
7.39 0.14 6.85 0.17 6.89 - 0.25
7.83 0.16 7.40 0.19. 7.44 0.26
8.40 0.16 7.89 0.20 7.95 0.30
8.94 0.17 8.42 0.21 8.46 0.32
9.49 0.18 9.51 0.22 9.55 0.33
10.00 0.17 10.10 0.23 10.10 0.34
11.00 0.17 11.00 0.23 11.10 0.34
13.70 0.37.

13.60

- 0.24

13.70
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‘ Table Cc.2 Typlcal batch growth curves . for high initial
: .glucose concentratlons° '

In1t1a1 glucose concentratlon ,

' 0 8 (g/l)

vlo.OI(g/lJ;;

1 85*

2.0 (g/1)
- Time Time ' Time-

(hr) " 0.D. (hr) 0.D. (hr) 0.D.

0.16 0.05 . 0.2 1 0.05 0.25 0.06

0.69 0.06 0.74 0.06 0.78 0.06

1.39° 0.06 S 1.44 - 0.07 1.57 0.06

2.02 0.07 2.08 0.08 2.12 0.06,
2.61 0.08 2.66 0.08 2.70 0.08

3.09 0.10 3.13 0.09 3.18 0.09

3.60 0.11 3.65 0.10 3.67 0.11

4.33 0.14 4.37 0.14 4.40 0.15

4.93 0.19 4.96 0.19 5.00 0.19

5.68 0.26 5.72 0.26 5.75 0.27

°6,27 0.32 6.31 0.35 6.35 0.37

' 6.95 0.36 6.98 0.45 7.02 0.47

7.50 0.40 7.54 0.54 7.58 0.59

8.0 0.45 8.04 . 0.59 8.08 0.71

8.5 0.49 8.55 0.65 8.58 0.84

- 9.05 0.54 9.09 0.67 9.12 0.95

9.61 0.59 9.65 0.71 9.69 1.20%
10.16 0.66 10.20 0.76 10.28 1.87%
11.10 L 0.72 11.05 0.85 11.18 2.35%
13. 76 0.77 13.81 13.86

2.90*

*Obtalned by dllutlon of sample w1th distilled water
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Table C.3 Data for Monod plots.

_ _ L Batch run number _ . . _
2 g 3 ‘ 4 . 5

Tnitial Tnitial | Tnitial | Initial
glucose glucose ‘ glucose - glucose -
_concentratlon -1 concentratlon -1 concentration -1 concentration -1
(g/1) (hr ) (g/1) (hr ) (g/1) (hr ) - (g/1) (hr 7)
0.00 0.22 0.00 0.20 . 0.00 0.7  0.00 0.00 .
0.38 0.39 0.10  0.28 0.05 0.17  0.05  0.10
- 0.56 0.44 0.20 - 0.29 0.10 . - 0.21 0.09  0.15
0.62 0.44 0.50 0. 35 C0.15 0.25 0.13  0.23
0.69 0.49 0.70 0.36 0.26 0.26  0.19 0.353
0.87 0.44 0.80 0.38 0.40 0.33 - 0.400 . 0.33
1.87 0.47 1.00 . 0.37 0.80 0.35 0.73 - 0.32
2.92 0.50 2.00 0.39 1.00 0.40 0.90 0.36
- - 5.00 0.41 2.00 0.39 1.79 : 0.38.
- - 10.00 0.40 5.00 0.42 | 4,29 . 0.40

- ' - - - 10.00 0.41 8.39 '0.39

evt
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‘Table C 4 Final ethanol ‘concentration as a functlon of initial
. glucose concentration. »

I Batch run_number ‘ _ o

Glucose  EtOH GluéOSe EfOHf Giucosev EtOH" Glutdse- Eédﬁ
WD @D @D @D @Y @y @ @Y

0.00.  0.00  0.00 0.00 0.00 0.00 - 0.00 .00
0.08 000 . 0.3  0.00  0.10 0.00  0.05 0.00
010 0.00 _ 0.56°  0.08  0.20 0.00  0.09 0,00
014 »1 0.00  0.62 0.11  0.50 0.05  0.13  0.00

0.17 0.0  0.69  0.12  0.70 0.14  0.19 0.0

0.26  0.04  0.87 0.15°  0.70  0.14  0.19  0.00

0.46  0.09  1.81 0.57  0.80 0.25  0.40 = 0.37

0.87 - 0.17  2.92 0.24  1.00  0.32 0.73.  0.00-

1.07 . 0.13 - - 2,00  0.75  0.90  0.20

1.30  0.22 - . 5.00 1.20  1.79  0.35

1.20  0.30 - - 10.00  1.40 4.30 0.43

2.80 0.3 - - - - - 8.40 0.50
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- The linéar regressidn was again used}oﬁ’the LiﬁéweaveraBurk déta

for determiniﬁgvthe méximum spécific gréwth rate and tﬁe saturafion con{.
_stant; For a single metabolism, the Lineweavér-?urk plot yields a R

straight line of:

slope = K/Uﬁ ; _ - (C.5)
o 'intercept = l/Um h o ‘ (C.6)

An example of the calculations used is shown in Table C.5.
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Table C.5 Calculation of Uy and K. -- Linear .
regression yields intercept = 3.18 and
slope = 0.44., Therefore:

U = 1/3.18 = 0.51 hr’ "

© K =U_ (slope) = (0.31)(0.44) = 0.19 g/1

o1 S s 1/U
(hr ) g/ o (hr) 7 (1/g) B
.10 0.08 12,5 | ~0.10
.15 . o0.10 ' 10.0 . 6.66
.17 ' - 0.14 o 7.14 5.88
.20 o 0.17 , 5.88 . 5.00
.21 : 0.46 2,17 4.76
.22 . 0.26 3.84 . 4.54
.24 , 0.87 ' O 1.14 4.16
.25 1.07 0.935 4.00
.26 0 1.28 0.78  3.85
.29 1.22 ' 0.819 3.45
.33 ' 2.78 0.359 3.03

.33 5.02 - 0.199 3.03




APPENDIX D
COMPUTER PROGRAM FOR CONTINUOUS CULTURE CALCULATIONS -

The computer progfam shown on the following pages performed the
‘majOrity of the calculations'on the data obtained from the continuoﬁs |
experiments with the exception of the mass balances on the fermentor.

( The calculations in the program are 1isted‘iﬂ.order df théir execution in
the computer progiam. A 1isf of all variables used in the program is |
~given in Table D.1.

D.1 Correction ofithe Cell Dry Weight anéentration

Due to Insufficient Washing of the Cells
o with Double Distilled Water o

The reasons for this calculation and the relationships that were
derived. for the correction factor are given in Appendix E. In this
-program the fraction of error of the total measured cell dry wéight due -
tb this phenomenonkwas read in'as>the variable DIG, which was constant
for each experiment. Therefore, thg actual cell dry.weight concentration

was calculated by  the relationship:

Actual cell dry wt. (measured cell dry wt.)(i-frattion of error)

X(1-DIG) ‘ (.1

D.2 Mass Balance on the Storage Tank to Determine
the Glucose Concentration of the Inlet
-~ Stream of the Fermentor

Since media had to be sterilized in batches, a storage tank was
used to allow a continuous flow of media to the fermentor. Due to

147 -
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Table D.1 Variables-used»in computer program in order of appearance.

1/hr

Variéblé 'Unit§ Desériptioh
DE et Dilution rate when ethanolrsample’take.
W hr L Dilution rate when glucose sample faken,
~ NSET - ‘Number of continuous ekpéiiments;
NRANGE, -- Number of time ranges of interest in sample.
“'NOF - -- Number of batch addition of mediﬁm which reéﬁlted :
.in a washout of culture.
DIG - . Fraction of error in totaliweight*resulting from
insufficient washing of cell samples.
TIM “hr Time that fermentor.sample»was aiioWed_to sit
' prior to removal of cells.
TE hr Timevfhét ethanol:sample was taken.
" XET g/1 Ethanol concentration in sample,:
TI hr Time of‘addition»bf media to tank,v
S g/1 Glucose .concentration of batch media.
T hr Time of sample forrglucoseu,
XC g/1 Dry weight cells sample.
" XSF g/1 Glucose concentration in sample.
X g/1 Inlet glucese concentration to fermeﬁtor;
Xs g/1 Inlet glucose concentration to fermentor.
TOLD hr Lower time increment for ﬁass balance.
- WOLD - 1/hr Flow rate at lower time increment.
Q 1 Volume of media in storage tank.
~ TNEW hr Upper. time incremént for mass balqpce.
WNEW Flow raté aﬁ upper tiﬁe increment.



;Table D.1--Continued.
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Variable Units Deséription

WP 1/hr Flow rate at time of addition of new media.

QP 1 Volume of media consumed over'time increment.

COR g/1 Estimation of concentration of glucose consumed by
the cells prior to removal.

SGUS g/t Estimation.of glucose concentration in fermentor.

KC : hr 1 Proportionality constant for rate of glucose

- consumption by cells.

SPR g/l Estimation of initial glﬁcose concentration in

: sample. - - : : :

STEP g/1 Increment for new guess of glucose concentration

: consumed by cells. '

XSFC g/1 Initial glucose concentration in sample calculated.

XSS g/1 Inlet glucose concentration.

FAC -~ Correction factor to account for quantity of mon-
glucose carbon consumed.

ER g/1 Effecti#e glucose concentration due to non-glucose
carbon. .

YC o g/g Effective yield accounting for all carbon.

Y g/g Cell yield from glucose only.

XPC g/1 Effective cell concentration if only SQO,g/l

‘ glucose present.
QG g/ g-hr Glucose uptake rate of culture.
CcoM hr - Difference between times of glucose and ethanol
' samples.

PE g/g-hr Ethanol productivity.

YET gz Ethanol yield.

XSFE g/l Glucose conceﬁtratiOn'in ethénol sample.



















































































































































































































































