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ABSTRACT

Production—scale fermentors exhibit spatial gradients in nutrient
concentrations due to poor mixing between the ‘feed zone’ where feed is added at
the top of the ves.el and the bulk of liquid where nutrients are consumed. Frequent
exposure of cells to these concentration gradients can result in unexpected effects on
productivity. These effects were studied by pulsed addition of feed to an aerobic
culture of Saccharomyces cerevisae in a 2 L fermentor with pulse—on interval of 5 s.
The pulse—off interval, from 3 s to 39 s, was controlled by a Monte Carlo method to
give a log—normal distribution with a mean of 20 s and a standard deviation of 8.9 s.
A circulation time distribution of this log—normal type characterises the mixing
patterns in a production vessel of size about 150 m?3. The effect of feed zone was
simulated by the Monte Carlo addition of feed to a recycle loop, where the broth
circulated between the recycle loop and the fermentor to give a range of residence
times in the loop from 0.5 to 12 min.

Monte Carlo experiments with a complex medium showed no feed zone effect
on biomass yields, whereas 10% higher biomass yields were obtained in
defined—medium experiments. Correspondingly, up to 50% less ethanol was
consumed in complex—media experiments due to fluctuations in nutrient supply,
whereas defined—media experiments showed no effect on ethanol. Experiments with
periodic addition of feed with pulse—off time of 15 s produced a synchronous
response of the culture for both defined— and complex—media fermentations. These
differences in results proved that the range of circulation times and complex nature
of media are important parameters in evaluating the feed zone effect.

A synchronous culture in ihe chemostat produced non—harmonic oscillations in
the CO, fraction of the off—gas. These COs—ycles continued for five cycles during
an exponential fed—batch fermentation, whereas Monte Carlo fermentation
produced a chaotic response in CO, and disrupted synchrony. These results showed
that synchrony cannot be established in a production fermentor. A structured model
was proposed for synchrony, with the segregation of the population accounted for in
the delay of uptake of storage carbohydrates. The model predicted certain
experimental results, including the stable oscillations of chemostat and fast and
random fluctuations of CO, during the Monte Carlo fermentations. These results
from the model indicated that storage carbohydrates may play a role in generation
of synchrony.
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CHAPTER 1

INTRODUCTICN

Scope and Significance

Industrial fermentations are routinely operated in a fed—batch mode whereby
the nutrients are fed to the fermentors according to a predetermined strategy
(Whitaker, 1980). These fermentation processes include production of baker’s yeast,
antibiotics, recombinant proteins, amino acids, enzymes and vitamins. The
fermentation cultures show a high degree of semsitivity to the concentratior of
nutrients in the fermentor, so that the feed rate of nutrients is manipulated to
achieve high productivity. In production of baker’s yeast, for example, molasses and
ammonia are fed at an increasing rate to obtain a high cell density, up to 50 g/L
(Reed, 1982). The molasses supply is decreased towards the end of baker’s yeast
fermentation to achieve a product with a higher level of rising capability and
storage capability. Glucose is fed according to a profile in production of penicillin to
extend the growth and antibiotic produciion periods (Mou, 1982). Therapeutic
proteins are produced from genetically modified microorganisms by achieving high
cell density, up to 60 g/L, in fed—batch fermentation (Zabriskie and Arcuri, 1986).

The cost associated with the fermentation step usually ranges from 15% to
60% of the cost for the overall process (Hacking, 1986). The process economics for
most of the bulk products, such as baker’s yeast and antibiotics, dictate the use of
large fermentors of volumes in the range of 150 m3 to 600 m3. The wealth of
experience and rules of thumb on scale—up methods, and more recently government
regulations, make the stirred fermentor a favourite choice of industry (Sittig, 1982).

The major issuec considered during the scale—up of fermentors are as follows:



the interaction of the hydrodynamics with the microbial metabolism, strain

degeneration, media degradation, and interaction of the fermentation step with the
down—stream processing step. Engineering techniques are used to tackle the first
issue by devising scale—up methods for the selection of vessel size, impellers,
configuration of the internals in the vessel and operating conditions. The major
operating costs for typical large—scale stirred fermentors include agitation,
compression of air and nutrients (Hacking, 1986). The design and operating
conditions associated with these variables are obtained from scale—up studies
involving a range of fermentors, from 2 L to 20,000 L in the laboratory and the

pilot—plant.

Scale—up methods

The simplest approach to scale—up of fermentors is a step—wise empirical
approach in which the size of the fermentor is increased in successive stages. This
approach usually results in cost and time before satisfactory fermentor design
conditions are obtained. Consequently, a number of empirical and semi—empirical
methcds have been proposed and widely used to reduce the cost and the time
associated with scale—up. These methods include rules of thumb (Charles, 1985),
regime analysis (Sweere et al, 1987) and the total environment approach (Young,
1979).

The engineering variables, including power per unit volume, mass transfer
coefficient for oxygen, tip speed of the impeller and mixing time are used to obtain
rules of thumb. The scale—up is performed by keeping one of the engineering
variables constant. A number of empirical correlations are used to estimate the
other operating variables. Regime analysis is performed to determine the rate
limiting step from among the many relevant mechanisms, including mass—transfer

of oxygen, bulk—phase mixing and nutrient consumption rates. The regime analysis



method is used to select the relevant rule of thumb for scale—up. The total
environmental approach to scale—up involves reproducing profiles of all the
environmental variables at each fermentor capacity so that the desired performance
can be reproduced. These methods are usually insufficient for a priort analysis,
especially when more than one variable controls t}.e fermentation. For example, in
antibiotic production, shear sensitivity of the mycelial microorganism and flooding
of the impeller by gas put limits on the agitation and aeration rate, respectively,
thus causing poor mixing of the bulk. For fed—batch fermentations, the location and
delivery of feed also affect the distribution of fresh nutrients in the medium. A

rational strategy is, therefore, needed to aid in scale—up of fermentors.

Importance of Micro—environment

In production vessels, there are limitations on power supply to the impellers (1
to 4 kW/m?), aeration (10 to 60 m®/(h—m?)) and the type of impeller (Sittig, 1982).
The viscosity of the broth in biomass production is low (< 40 mPa—s) but could be
up to 2 Pa—s of apparent viscosity during antibiotic fermentation. These limitations
on operating conditions and high viscosity would produce spatial variation in the
intensity of mixing in the production vessel. The uptake of nutrients and oxygen
coupled with localised supply of air and nutrients under imperfect mixing
conditions, therefore, leads to spatial heterogeneity in the fermentor. Among these
variables are pH, temperature, shear stress, dissolved oxygen, dissolved carbon
dioxide and nutrient concentrations (Lilly, 1983).

As a microbial cell, embedded in its microenvironment, circulates in the
fermentor, it would be exposed to a range of concentrations and other variables in
its microenvironment. The sizes of microenvironments (50 — 300um) in typical
industrial fermentors are much larger than the size of microbial cells which range

from 1 to 5 um (Dunlop and Ye, 1990). The overall performance of the fermentor



would depend on the response of individual cells to their respective
microenvironment. The traditional rules of thumb for scale—up neglect the
interaction of the cells with their microenvironment by averaging the
hydrodynamics through the use of the engineering variables.

Various microorganisms show a range of sensitivities to different physical and
chemical variables in their microenvironment (Lilly, 1983). Shear stress affects
growth and productivity of various mycelial organisms and microbial polysaccharide
production. The control of temperature can be a serious problem for fermentations
with fast growing organisms such as Saccharomyces cerevisiae and Escherichia coli.
Low dissolved oxygen levels and high nutrient concentrations cause reductions in
the yields of biomass, for example in baker’s yeast production, and antibiotics, such
as penicillin. Numerous articles on scale—up have indicated that the gradients in
dissolved oxygen and nutrients are the major factors affecting the performance of
microbial fermentation (Reuss and Brammer, 1985).

The effects of concentration gradients on productivity would be critical if a
significant proportion of the microbial population is exposed to extreme
concentrations for sufficient periods. Mixing time and circulation time
measurements in stirred vessels have shown that the cells could spend times
exceeding one minute away from the fully aerated zone of the impeller and the
location of nutrient addition (Bryant, 1977). Few metabolic studies have been done
to demonstrate that the microbial cells could have response times of less than a
minuue to the changes in nutrient levels (Einsele et al, 1978; Brooks & Meers,
1973; Petrik et al, 1983). A rational strategy to aid scale—up studies, therefore,
should be based on the evaluation of interactions of microbial cells with the
concentrations in their microenvironment.

Previous Attempts

Both theoretical and experimental investigations have been performed to



evaluate the effect of varying concentrations on fermentation. Recycle—flow models
were used to partition the production fermentor into a number of compartments
(Sinclair and Brown, 1970; Bajpai and Reuss, 1982; Tanner et al, 1985; Yu and
Bajpai, 1986; Bajpai and Sohn, 1987). These simulations were limited in their
implications as the metabolic models used in the simulations were not suitable for
transient conditions. In the experimental studies, three types of experimental
system were used to impose concentration gradients on the culture: a single stirred
fermentor with varying input, a single loop fermentor with varying feed location,
and two fermentors with recirculation of broth between them. These experimental
studies are summarised in Table 1.1 according to the experimental apparatus,
perturbations in feed, and the microorganism used. No realistic mixing model or
parameters were used to design the experimental set—up and operating conditions in
these experimental studies. The gradients in nutrient and dissolved oxygen imposed
in these experimental studies were, therefore, not representative of large fermentors.
Also, most of these studies used the chemostat mode of operation, whereas
fed—batch fermentation is routinely used in industry. Although mixing intensity at
the point of feeding has been shown to affect the yield of biomass, the experiments
were not correlated with production scale fermentation conditions (Hansford and
Humphrey, 1966; Dunlop and Ye, 1990). Nevertheless, these studies showed that
concentration fluctuations with characteristic times in less than few minutes would
interfere with the metabolism of cells and thus affect the productivity.

Selection of a suitable microorganisms is important to test the effects of
concentrations fluctuations on the metabolism of cells. Table I shows that
Saccharomyces cerevisiae or baker’s yeast was often used in previous studies.
S.cerevisiae is senmsitive to low levels of glucose and oxygen (Kappeli and
Sonnleitner, 1986). For example, if glucose concentration in the medium exceeds

0.5 g/L, ethanol is excreted and the yield of biomass is reduced. Also, chemostat
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cultures of S.cerevisiae have a tendency to partially synchronize under perfect
mixing and aerobic conditions (Strassle et al, 1988). Regular oscillations in the
various measurements were observed due to the partial synchrony of S.cerevisiae in
chemostat cuitures. Low concentrations of ethanol (< 0.1 g/L) and perfectly mixed
conditions in the fermentor were cited as prerequisites for this oscillatory behaviour.
The oscillatory behaviour of a yeast culture would be, therefore, susceptible to
elimination by poor mixing conditions in the fermentor. The large number of
metabolic studies and industrial applications of S.cerevisiae make it a suitable

choice to evaluate the effects of mixing on growth.

Objectives

The objective of this thesis is to systematically evaluate the effect of gradients
in the nutrient concentrations on the metabolism of S.cerevisiae during fed—batch
fermentation. The experimental apparatus and the profiles of feed rates were
designed such that fluctuations in nutrient concentrations representative of a larger
stirred fermentor were reproduced.

A novel approach, based on a Monte Carlo method is developed in Chapter 2
of this thesis to recreate the concentration gradients from a large—scale fermentor in
the bench—scale fermentor. The strategy was implemented experimentally using a
fed—batch culture of S.cerevisiae. A complex media and a log—normal distribution of
circulation times were used, which are characteristic of production conditions. In
Chapter 3, the effect of a nutrient—rich ‘feed—zone’ on the fed—batch fermentation of
S.cerevisiae in a complex and a defined medium is described. Such a feed—zone could
exist in production vessels as the nutrients are usually fed at the top of the
fermentor. In the experiments, the broth was recirculated between a recycle loop
and a bench—scale fermentor, and feed was supplied intermittently into the loop

according to the Monte Carlo method.



The effect of transient fed—batch conditions and fluctuations in the glucose
feed on a synchronously dividing culture of S.cerevisiae is discussed in Chapter 4.
Chemostat and exponential fed—batch fermentations of S.cerevisize were performed
using a defined media. The response from the S.cerevisize culture to the transient
conditions in various types of fed—batch fermentations provided a sensitive and
severe test to discriminate between the models for spontaneous synchrony. In
Chapter 5, a metabolicaliy structured model with a time delay was used to simulate
the synchrony in a chemostat with one adjustable parameter. The synchrony model,
consisting of four ordinary differential equations, is used to test the mechanism of
synchrony by simulating the fed—batch fermentations. The standard curves,
derivation and data from repeated experiments for Chapters 2, 3 and 4 are given in

Appendices A, B, C and D.
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CHAFTER 2

EXPERIMENTAL SIMULATION OF LARGE-SCALE
BIOREACTOR ENVIRONMENTS USING

A MONTE CARLO METHOD'

INTRODUCTION

Production—scale bioreactors range from 0.02—1.5 m3 for animal cells and up
to 600 m3 for antibiotics and yeast production. As cells circulate in these agitated
vessels, their local environment is primarily mixed and replenished near the
impellers, and then left largely unmixed as the cells circulate into the peripheral
volume. During the residency time in these poorly mixed zones, the cells can alter
the local operating conditions. The cells in a large vessel, iherefore, undergo
fluctuations in local conditions which are dictated by the interaction between
imperfect mixing and cell metabolism (Einsele et al., 1978). Such fluctuations in the
immediate environment of the cells can account for the difficulty in scaling up the
production of many microbial cultures (Oosterhuis, 1984).

Fed—batch fermentation is commonly used for production of secondary
metabolites. The biomass can be provided with the appropriate nutrients and
precursors at each stage of the fermentation, and fed—batch fermentation technology
also offers operational benefits. For example, continuous addition of fresh medium

can prolong production of antibiotic from Cephalosporium acremonium, and reduce

1A version of this chapter was published as a part of the paper: Namdev et al., Can.

J. Chem. Eng. 1991, 69, 513-519.
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catabolite repression (Trilli ef al., 1977; Matsumura et al., 1981). In the production
of yeast, the glucose is fed continuously to minimize the ‘glucose effect’ (Reuss and
Brammer, 1985). As fluid elements circulate in a large fermentor, the substrate will
be mixed in at the impellers, and be depleted as the elements circulate through the
vessel (Bajpai and Reuss, 1982). Occasionally the cells would be exposed to much
higher concentrations as they pass the zone where the substrate is added (Fowler
and Dunlop, 1989). A significant complication is the routine use of inexpensive
complex media in indnstrial fermentati -n, which supply multiple carbon and
nitrogen sources (Whitaker, 1980). In i..uustrial fermentors, ti.e local supply of
substrates, therefore, can be influenced by mixing characteristics during
fermentation.

A common method for characterizing circulation in stirred vessels is the
mixing time, defined as the time for a pulse of tracer to mix with the bulk fluid
(Nagata, 1975). Mixing times can be relatively long in production systems; as high
as 104 s in a 160 m3 fermentor (Charles, 1978). The circulation time distribution
(CTD) is an alternative method of characterizing circulation within a stirred vessel,
and is measured by determining the probability for each possible time interval that
a fluid element takes to return to a fixed reference position, which is usually selected
as the impeller region. The CTD for water in typical fermentors follows a
log—normal distribution, with a mean time and a variance (Bryant, 1977,
Middleton, 1979; Mann ef al, 1981; Mukataka et al, 1981; Reuss, 1982; van
Barneveldt et al., 1987). This log—normal distribution is consistent with meandering
flow paths away from the impeller region (Mann et al., 1981). The mean circulation
time increases with the size of the fermentor, up to 20 or 30 s for a 100—120 m3
volume (Oosterhuis, 1984; Bryant, 1977; Middleton, 1979). With a mean time of 20
s, times from 10 s to 80 s would be observed for each pass around the fermentor.

The breadth of the distribution of circulation times tends to increase with the
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viscosity of liquid, so that viscous fermentation media can give a bimodal
distribution, indicating the development of stagnant zones in the vessel (Funahashi
et al., 1987).

One of the challenges for understanding and defining scale—up of microbial
cultures, intended for processes carried out in large—scale stirred vessels, is to
replicate the characteristics of this circulation distribution which have the largesi
impact on the cells. Such a scale~up method would use simple, small—scale
equipment so that scale—up can be examined cheaply and systematically on the lab
bench before moving to the production plant.

Several techniques have been proposed to investigate the effects of mixing and
fluctuating local environment on growth and productivity of cells. The use of
periodic oscillations in substrate concentration (Heinzle et al., 1985) has been
proposed as methods to evaluate the effects of poor mixing in fermentors. Substrate
would be supplied every 20 s, for example, to mimic a production fermentor with a
mean c:rculation time of 20 s. Circulation times in vessels are distributed over a
range of values, however, and are not fixed at the single mean value. For example,
two similar mixing times of 23 s and 28 s have been shown to be equivalent to two
significantiy different circulation time distributions characterised by (tc=5 s,
oc=0.8 s) and (=20 s, ¢ =8.9 s) respectively (Bajpai and Reuss, 1982).
Furthermore, periodic oscillations in substrate concentration in chemostats can
induce synchrony and shifts in metabolism which would not be characteristic of
industrial fed—batch operation.

A two—fermentor system has been used to study the effects of fluctuations in
glucose on Saccharomyces cerevisiace (Sweere et al., 1988). By maintaining a high
concentration in one tank, and low in another, continuous recirculation of fluid
between the two tanks can approximate circulation modes in a large fermentor. The

two—tank approach is suggested by mass transfer studies which indicate that most
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micromixing occurs in a small zone near the impeller, with segregated flow in the
remaining volume (Bajpai and Reuss, 1982; Wilhelm et al, 1966). This two—tank
experimental method suffers from several limitations. First, two fermentors must be
kept in sterile operation, and the flow between the two cannot be measured directly
so that tracer methods must be used (Oosterhuis et al, 1985). Second, the lowest
concentration in the second vessel is dependent on both the activity of the culture
and the rate of recirculation between the two tanks. Furthermore, the cells are
exposed to only two concentrations rather than a continuous range. The third
limitation is that the circulation time distribution (as in the residence-time
distribution for two tanks in series) do not follow a log—normal distribution. Hence
the cells do not experience the same fluctuations that they would in a large vessel.
The method cannot simulate the bimodal circulation observed for high viscosity
systems (Funahashi et al., 1987). Clearly, an alternative and more flexible method
for studying mixing interactions is required.

This study presents a systematic method for designing small—scale
experiments, in a -~ .e fermentor, to simulate the interaction between mixing and
growtl which is characteristic of large—scale production fermentors. The use of a
Monte Carlo method to control the inputs to a small fermentor exposes the growing
culture to representative fluctuations in local concentration. Experimental results
are given for Monte Carlo cycling of nutrients to cultures of S. cerevisiae. These
experiments were conducted using a complex medium to better represent industrial

fermentations with multiple carbon and nitrogen sources (Whitaker, 1980).
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THEORY

Bajpai and Reuss (1982) proposed a method for simulating the interaction
between mixing and growth, following the mixing model of Manning et al (1965). In
this system, the agitated tank was split into a micromixing zone, a small portion of
the tank volume in the vicinity of the impeller where all fluid elements were
combined, and a macromixing zone (the remaining volume of the tank) where the
elements were segregated. The time of passage through the macromixing zone and

back to the micromixing zone was described by the following log—normal probability

distribution:
ft) = (LA B o) eapi~(in (¢ }—u,)?/20 )] (1)
t, = exp| (o2 (2)
o = [02/2?] = exp(o?) - 1 (3)

where 1 and 0, are the mean and deviation of the normally distributed variable y (=
Int c) The distribution was divided into discrete elements, with % c and o obtained
from the literature, and the model was used to simulate the effect of circulation on
growth of yeast in a chemostat. This method is limited by the availability of valid
models for growth and product formation, therefore a direct experimental method is
required.

A simple approach to scale—up is to manipulate a small fermentor to directly
simulate large—scale fluctuations. Hence, we consider the circulation of a single cell
from a Lagrangian reference frame and make the small fermentor a representative

fluid element in a much larger system. A cycle of the representative fluid element
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through the fermenter is as follows: the fluid element starts in the micromixing
zone, where the concentration of air or nutrient is replenished. The remainder of the
circulation time (¢ c) is in the macromixing zone, where the cells in the fluid element
are left to depend on the local concentration of oxygen or nutrient. For example, by
turning the feed supply on and off, the cells in a small fermenter are alternately
exposed to excess of nutrients and growth—driven nutrient depletion, analogous to a
large—scale system. The Monte Carlo method provides a straightforward technique
for controlling the on—off cycles to mimic the circulation—time distribution in a
much larger vessel: a random number can be used to select the circulation time (¢ c)

from the iog—normal probability distribution as follows:

t, = ezp(Rnal + uz) (4)

In practice ZC and o are calculated from experimental data, then = and o, are
obtained by solving equations (2) and (3). The disadvantage of equation (4) is that
very long cycle times are calculated, which may not be observed experimentally.
Alternately, equation (1) can be discretized into 7= elements of equal probability,
each with a corresponding circulation time which is log—normally distributed as in
Figure 2.1. A uniform random number, R 15 then used to select the current value
of ¢ ¢ In the present study the distribution was divided into discrete elements, and % c
and o were obtained from the literature. Note that any probability distribution
could be studied by this discrete method. Over a large number of cycles the cells
experience the log-normal distribution of circulation times. Because the circulation
times are short with respect to the growth rate of the cells, the outcome of an
experiment is not semsitive to the order of the cycles. Over the course of their

growth the cells would experience thousands of these random cycles, so that no one

circulation time would be dominant, unlike the case of periodic oscillations.
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MATERIALS AND METHODS

Microorganism and Medium

The organism used in this study was S. cerevisice NCYC 1018. The organism
was maintained on a YD medium (yeast extract and dextrose) slants. The
composition of the medium used for shake flask and fermentor culture was as
follows: dextrose, 10 g/L; yeast extract, 3 g/L; malt extract, 3 g/L; peptone, 5 g/L
(all Difco). The feed composition for fed—batch runs was as following: dextrose,
100 g/L; yeast extract, 30 g/L; malt extract, 30 g/L; peptone, 50 g/L (all Difco).

RO water was used for the preparation of medium.

Equipment

The studies on fluctuations in oxygen and substrate concentration were
conducted using a 2 L New Brunswick Multigen fermentor, equipped for computer
monitoring and control (Figure 2.2). Sensors for pH (Phoenix autoclavable
double—reference electrode), amount of acid and base added, temperature (Omega),
and dissolved oxygen (Ingold autoclavable DO probe) were connected to a
microcomputer via an OPTO—-22 data—acquisition system. The pH was controlled
by an Omega PHCN—36 pH/ORP controller. The fermentor off-gas was analyzed
for O,, CO; and N; by a Perkin Elmer Mass Spectrometer. A Tylan Mass fiow
controller system and peristaltic pumps (Pharmacia model P1; 0.6—500 mL/h) were

used to regulate the flows of air and nutrients to the fermentor, respectively.

Cluitures and Assays
The inoculum (50mL) was grown to exponential phase for 24 h at 30°C and
250 rpm in a 250ml shake flask. The fermentation was carried out with 2% (v/v)

inoculum and initial content of 1 L at 30°C, 500 rpm, and air supply of 1 L/min.
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The pH was continuously controlled between 4.5 and 4.8 by using 2N HCl and 2N
NaOH. The foamm was controlled using 2% (w/v) antifoam SAG 471 (Union
Carbide). All fed—batch experiments were fed the feed medium at a rate of 13.5
mL/h. Feeding was started when the carbon dioxide evolution rate (CER) was
5-5.1 mmol/(L-h) and the glucose level was ciose to zero, after about 11 h of
growth. At this stage the culture was switching from aerobic fermentation on
glucose to respiration on ethanol.

Samples were taken aseptically every 3 h in the fed—batch experiments. The
biomass was measured by absorbance at 620 nm using a Spectronic 21
spectrophotometer. A linear correlation between dry weight and absorbance was
obtained (Appendix A). The sample was filtered using 0.45um, 25 mm diameter
Sartorius cellulose nitrate filters. Glucose in the supernatant was analyzed using a
YSI (model 27) Glucose Analyzer with a precision of #3 mg/L and minimum value
of 10 mg/L. Ethanol and acetic acid was measured within 5% precision using
Spectra Physics GC equipped with 80/120 carbopack B/6.6% carbowax 20M column

and a flame ionization detector.

Design of Cycling Ezperiments

Each cycle of a Monte Carlo experiment followed a set pattern, as illustrated
by a pulse of nutrient in Figure 2.1. The pulse time (tp) was constant in all cycles,
with a value of approximately half of the shortest circulation time. A log—normal
distribution was used with parameters ¢ = 20 s and ¢ = 8.9 s, which characterize
the circulation time distribution typical of a large fermentor (Bajpai and Reuss,
1982). The area under the distribution curve was divided into 25 elements (Figure
2.3), each of equal probability and represented by a particular circulation time
(Table 2.1). The log—normal distribution was discretized in this manner to avoid

extremely large values of t_, which would occasionally result from equation (4).

c’
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TABLE 2.1  Circulation times (t.) obtained from Figure 2.3 and used in the

Monte Carlo fermentation.

Number Circulation Time
(s)

1 8
2 9
3 10
4 11
5 12
6 13
7 - 14
8 15
9 15
10 16
11 17
12 17
13 18
14 19
15 20
16 21
17 22
18 23
19 24
20 25
21 27
22 29
23 31
24 35
25 44
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After the input of each pulse, one of the 25 circulation times B8s<t o < 44 s) was
randomly selected as the next total cycle time (tc) from Table 2.1. The algorithm
used to implement the Monte Carlo method for control of nutrients supply is given
in Figure 2.4. The fed—batch experiments were conducted for 15 h of feeding time,
encompassing a total of 2700 cycles. The large number of cycles gave a good
approximation to the log—normal distribution.

The effect of fluctuations in the nutrient level was evaluated by comparing the
Monte Carlo fed—batch experiments with continuous fed—batch and periodic
fed—batch experiments (control runs). The peristaltic feed pumps were switched on
and off based on the Monte Carlo algorithm, running on a microcomputer. A pulse
time of 3 s for the periodic feed and Monte Carlo fed—batch was selected based on
minimum time required for actuating the feed pumps. Periodic fed—batch
experiments were performed with a fixed cycle time equal to the mean circulation
time of 20 s. To ensure that the same amount of nutrient was fed in all fed—batch
runs, the amount of nutrient in each pulse was equal to the amount which was fed
in the continuous fed—batch run during the time t, This feeding strategy simulated
the addition of nutrient as a fluid element passes through the impeller zone; it

would not simulate the process of mixing near the feed point of a large fermenter.
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RESULTS AND DISCUSSION

The Monte Carlo fed—batch runs were compared with two control runs:
periodic feed and continuous feed. Figure 2.5 shows representative data for biomass
and ethanol during the three types of fed—batch runs, and corresponding profiles of
CER and OUR are shown in Figure 2.6. Data from repeated experiments and
profiles of dissolved oxygen and respiratory quotient (RQ = CER/OUR) are given
ir. Appendix B. Figure 2.5 shows that the biomass level in Monte Carlo fed—batch
runs was higher than the cor®:.! runs (continuous and periodic feeds) after
approximately 3 h, with a differenc> f 1.8 g/L zt the end of the experiments. This
difference in DCW was relatively small, but was significant in comparison to the
reproducibility of the experiments, which was about + 0.1 g/L (Table 2.2). Although
the maximum and terminal levels of ethanol achieved in all fed—batch runs were
comparable (Table 2.2), the consumption of ethanol between 6 and 12 h during the
Monte Carlo and periodic fed—batch runs was lower (Figure 2.5). In all runs, the
demand for glucose exceeded the rate of addition at 5 to 5.5 h, and the metabolism
switched from fermentation on glucose to simultaneous respiration on glucose and
ethanol. This switching of metabolism was indicated by net ethanol consumption
(Figure 2.5) and OUR becoming greater than CER (Figure 2.6). Glucose levels in all
the cases remained below 0.5 g/L and close to the detection limit of 0.1 g/L, while
acetate was less than 0.1 g/L in all samples.

As illustrated in Figure 2.6, higher carbon dioxide evolution rate (CER) and
oxygen uptake rate (OUR) were observed during the Monte Carlo fed—batch run,
compared to the control runs. The profiles of CER and OUR were reproducible for
each type of experiment to within 2 mmol/(L—h). The respiratory quotient, RQ
profiles were simila: (Figure B.1 in Appendix B). The maximal values of CER and

OUR in the Monte Carlo runs occurred about 1 h earlier than in control runs, after
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TABLE 2.2 Concentrations of Biomass, Ethanol, and Glucose from
S. cerevisiae fermentations with continuous, Monte Carlo and
pericdic supply of nutrients.
Terminal Maximum Terminal Terminal
Biomass Ethanol Ethanol Glucose
(g/L) (s/L) (8/L) (g/L)
Run (15 h) (3 h) (15h) (15 h)
Continuous 1 9.6 0.1 0.5
Fed—Batch 2 9.5 4.4 0.5 0.48
3 9.7 A3 0.1 0.54
Peinodic 1 9.2 4.2 0.1 0.52
Fed—Batch 2 9.3 44 0.1 0.47
Monte Carlo 1 10.4 4.4 0.1 0.6
Fed—Batch 10.3 4.7 0.4 0.61
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which the culture entered a stationary phase and ceased growing. The higher levels
of both CER and OUR, the earlier switch to stationary phase, and the higher yield
of biomass in the Monte Carlo fed—batch experiments all confirm a higher level of
metabolic activity, as compared to the continuous and periodic fed—batch runs.

Previous studies (Sweere et al.,, 1988; Reuss and Brammer, 1985) on the effect
of fluctuations in the nutrient levels on the fed—batch culture of S. cerevisiae showed
a significant drop in the biomass level and higher ethanol production due to the
‘glucose effect’. Sweere et al. (1988) also reported production of acetate and glycerol
up to 1.5 g/L. These results of previous studies seem contrary to the present work.
Unlike the present study, Sweere et al. {1988) used glucose as the sole carbon source,
and continuous recirculation between two fermentors. In the present study, diauxic
phenomena were likely dominant due to the use of a complex medium. A carbon
balance on biomass, ethanol, glucose and CER in the present study leads to the
inference that an extra source of carbon is being utilized in the Monte Carlo
fed—batch experiments, other than glucose and ethanol. The complex feed medium
in the present study contained 0.15 g of maltose for every 1 g of available glucose, as
well as smader quantities of other potential carbon sources. The increased yield of
biomass in Monte Carlo fed—batch runs was, therefore, likely due to enhanced
utilization of maltose (and possibly other compounds) compared to control runs.
D’Amore et al. (1989) reported that the maltose uptake is repressed in the presence
of glucose, but at lower concentration of glucose simultaneous consumption of
glucose and maltose does takes place. In experiments with continuous feeding, the
culture would use the maltose less efficiently, because the preferred glucose feed was
always supplied, and consequently, lower biomass yield would be obtained than in
Monte Carlo experiments.

Heinzle et al (1981; 1985) used periodic feeding of glucose to a chemostat

culture of S. cerevisiae, and observed a slight decrease in the yield of ethanol and a
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corresponding increase in the biomass yield when the cycle time was increased from
0 to 500 s. In the present study, periodic feeding with a cycle time of 20 s showed no
significant difference in biomass, CER or OUR profiles compared to the continuous
fed—batch run (Figure 2.6). Oscillations in DO values of around 7% were induced
during the last 6 h of the experiments (Figure 2.7), however, implying a
synchronous response of the culture to periodic oscillations in nutrient supply. This
observation suggests that the use of periodic feeding to evaluate effects of
inhomogeneous substrate concentrations, as suggested in the literature, gives a

different response from the more realistic approach of Monte Carlo feeding.
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CONCLUSIONS

An experimental technique for evaluating the effects of circulation in stirred
production bioreactors was developed based on a Monte Carlo method for
duplicating the circulation time distribution on a small scale.

Monte Carlo cycling substrate to S. cerevisiae cultures gave experimental
results different from both periodic cycling and continuous supply.

The Monte Carlo experiments were quite reproducible because the randomly
selected circulation times were much shorter than the length of the

experiments.
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CHAPTER 3

THE EFFECT OF FEED ZONE IN
FED-BATCH FERMENTATIONS OF

SACCHAROMYCES CEREVISIAE'

INTRODUCTION

The fed—batch mode of operation of industrial fermentors is usually
accomplished by feeding a concentrated nutrient solution at the top of the vessel
(Anderson et al., 1982). Fed—batch operation is well suited for baker’s yeast (Rosen,
1987), antibiotics (M<-u, 1983), and rDNA (Zabriskie and Arcuri, 1986)
fermentations, where the growth and product formation are optimized by controlling
a limiting nutrient, such as glucose, below 2 - “7.~al level. The nutrient solution is
fed to match the demand due to growth and desired product formation, while
avoiding undesired metabolic effects. The fermentation industry often employs
baffled and sparged vessels as large as 300 m3, agitated with impellers. The
limitation on power input to the impellers ({ 4 kW/m3), and high apparent
viscosity (< 2 Pa s), lead to poor mixing of the contents of the fermentor (Anderson
et al, 1982; Sittig, 1982). For example, the time taken to homogenize a pulse of
tracer in a 150 m?® stirred vessel can be on the order of several minutes (Einsele,
1978). The inhomogeneity in nutrient levels iu the fermentor caused by poor mixing

has a deleterious effect on the control of nutrient levels, and often results in

1A part of this chapter was published in the Proceedings of 5th European Congress
on Biotechnology, Vol. 2, Copenhagen, Denmark, July 1990, pp 805—808.
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difficulties during scale—up (Anderson et al., 1982; Lilly, 1983).

In large fed—batch fermentors, the transfer of fluid elements loaded with fresh
feed from the feeding point to any point in the fermenter occurs through the
pumping zction of impellers. A zone of concentrated nutrients, or ‘feed zone’, would
be created close to the feeding point due to incomplete mixing. This feed zone is
defined as the region of fermentor where a threshold concentration of nutrients is
exceeded. The threshold concentration depends on the nutrient effect of interest, for
example, catabolite repression in yeast (Fowler and Dunlop, 1989; Petrik et al.,
1983). The effects of short but repeated exposure of the microbial cells to high
concentrations in the feed zone on the productivity of a production—scale fermentor
will depend on th_e volume of the feed zone, which in turn depends on the number of
feeding ports and the degree of turbulence at each feeding port. No experimental
estimate of volume of the feed zone in 2 production fermentor is yet available, but
bench—scale experiments have been performed to evaluate the effect of the feed zone
on yields. Variation in the position of nutrient addition to a chemostat culture of
Saccharomyces cerevisiae was shown to affect the yield of biomass {Hansford and
Humphrey, 1966). A higher vield of biomass was obtained in the ICI process for
single cell protein in a 1,500 m® fermentor when multiple entry points were used for
methanol feed instead of a single point {Senior and Windass, 1980). The feed
blending problem was considered in the analysis of poor mixing in a chemical
reactor (Fasano and Penney, 1891), a chemostat (Fowler and Dunlop, 1989), and a
fed—batch fermento: (Reuss and Brammer, 1985). The segregation of the feed zone
from rest of the fluid content was shown to be essential to evaluate the interaction
between non—linear reaction kinetics and mixing in both cases. A critical
requirement for any fermentation to be sensitive to mixing intensities is that the
response time of key metabolic steps is not significantly longer than the time spent

in regions where extreme substrate concentrations exist (Fowler and Dunlop, 1989).
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The characteristic—time analysis of microbial metabolism shows that two
mechanisms, allosteric control of enzyme activity and transcription control of
enzyme synthesis, may be affected by concentration gradients in the fermentor
environment (Roels, 1982). For example, addition of pulses of lactose to
glucose—limited cultures of Escherichia coli gave immediate induction of mRNA
synthesis for p-galactosidase production (Contesse et al, 1970). During pulse
addition of glucose to the culture of Saccharomyces uvarum, ethanol and acetic acid
were secreted as waste products due to short term regulation of enzymes responsible
for availability of precursors for respiratory pathway (Petrik et al., 1963). This short
term regulation by excess glucose, known as the ‘glucose effect’, is caused by
saturation of respiratory capacity (Kappeli and Sonnleitner, 1986). NADH
measurements showed a response time of 4.4 s for glucose uptake by starved
S.cerevisiae cells exposed to a pulse of 100 mg/L of glucose (Einsele et al., 1978).
These studies were limited to characterizing response times of cells to a single
carbon source in defined media, whereas a production scale fermentation usually
utilizes complex media with multiple carbon and nitrogen sources. Nevertheless,
they show that key metabolic steps can respond in less than one minute to gradients
in nutrient levels.

As a microbial cell circulates in the vessel, it wili experience a range of
concentrations. The overall performance of a fermentation system can be best
predicted by reproducing the microenvironment around the cells in the fermentor,
and their response to this microenvironment. A two compartment mixing model
(Manning et al, 1965), consisting of an impeller region with complete micromixing
-1 a bulk region with complete segregation, has been used to model the non—ideal
behavior of stirred fermenter: (Bajpai and Reuss, 1982). Several experimental
studies have been performed to simulate these micro—environments. Periodic pulse

feeding of a carbon suurce to various continuous cultures has been used to mimic the



fluctuations characteristic of large fermentors (Brooks and Meers, 1973; Heinzle et
al., 1985; Roberts and Slater, 1986), but such regular fluctuations in concentrations
are not experienced by cells in a large fermentor. The recirculation of broth between
two fermentors with addition of fresh feed to one fermenter was used to evaluate the
effects of two extreme glucose levels on the fed—batch culture of S.cerevisiae (Sweere
et al., 1988). These experimental studies are limited in their relevance as the effects
of two extreme concentrations, rather than a range of concentrations, were
simulated. The segregation of the feed zone was also not considered, in that the two
compartment mixing model was used with the assumption that feed is added to the
impeller region in the production vessel. Fowler and Dunlop (1989) evaluated the
effects of nuirient heterogeneity in the feed—entry region of a chemostat culture by
using a static mixer to mix fresh feed with recirculating broth. The values of design
parameters, such as volume of static mixer, the intensity of mixing, and
recirculating rate, were not based on any characterization of the mixing in
production fermentors.

All these experimental studies used defined medium with a single carbon
source for fermentation, whereas typical production—scale fermentation utilize
complex medium with multiple carbon sources. In Chapter 2, an experimental
strategy was proposed whereby representative concentration gradients were
reproduced in a bench—scale fermenter by using a Monte Carlo method to simulate
the circulation time distribution of a large fermentor. They assumed that the feed
was added into the impeller region of the production vessel, and hence the zone of
high concentration of nutrients close to the feeding point was not considered. A
experimental methodology is, therefore, required which simulates the effect of feed
zone on the performance of a fed—batch fermentation using a complex medium.

The objective of this chapter was to determine the effects of nutrient

fluctuations on production—scale fed—batch fermentation by systematically carrying



out bench—scale experiments. An aerobic fed—batch culture of S.cerevisice, grown on
a complex media, was selected as the model culture. A simple constant—feed rate
strategy w-< -sed because it was simple to implement with ill—defined yield
coefficie: .~ ° . complex media. The effect of high concentration in the feed zone was
evaluated by intermittently supplying the concentrated feed into the entrance of a
recycle loop coupled with a 1 L of fermentor culture. An exact estimate of the
volume of feed zone in a production fermentor was not available, therefore, the
recirculation rate of the broth was varied from 0.25 to 6 L/h, and recycle loop
volumes of 15 and 50 mL were selected. These experimental conditions produced
glucose fluctuations in the experimental system ranging from 0.3 g/L in the
fermentor to 11 g/L in the recycle loop. For comparison with literature studies,
fed—batch fermentations were also performed with an exponentially increasing

supply of a defined medium.



THEORY

Mizing Model

Two modes of mixing occur in the liquid or bulk—phase of a stirred tank:
macromixing controlled by convective bulk diffusion and eddy diffusion; and
micromixing controlled by molecular diffusion (Brodkey, 1981). The stirred tank
can be divided into two regions based on the mode of mixing: the bulk zone, where
macromixing controls the circulation patterns; and the impeller zone, where
micromixing is rate limiting (Manning et al, 1965). In fed—batch operation, the
circulation patterns in the macromixad zone control the dispersion of nutrients from
the feeding point into the fermentor. Addition of feed to a single point at the top of
the fermentor creates a plume of concentrated nutrients, which extends from the
feeding point into the macromixed zone. This plume, or feed zone, may extend down
to the impeller zone due to macromixing and relatively slow uptake kinetics. For
example, during addition of acid to a stirred tank filled with base, a plume of acid
was shown to exist (Knysh and Mann, 1984).

As the fluid elements circulate in the fermentor, the microorganisms will be
exposed to high concentrations of nutrients in the feed zone. In the impeller region,
the flmid elements loaded with fresh feed from the feed zone will be micromixed with
other elements. The fluid elements leaving the impeller region will have a lower
average concentration than the concentration in the feed zone. The micro—
macromixer or two—zone mixing model (Bajpai and Reuss, 1982) assumes that the
feed is added into the impeller zone, which makes it difficult to evaluate the effect of
transient exposure to high concentration in the feed zone on culture metabolism.
This feed zone effect can be evaluated by segregating the feed zone from the bulk
zone and the impeller zone. This extension of the two—zone mixing model {c a

three—zone mixing model is shown in Figure 3.1.
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Circulation Time Distribution

The overall performance of the culture will depend upon the response of each
microbial cell to its micro—environment during its circulation in the large fermenter.
The micro—environments encountered by microbial cells depend on their residence
times in the the bulk zone, and frequencies of visits to the feed and impeller zones.
These frequencies and residence times are controlled by macromixing, and are
quantified by a ‘circulation time distribution’ or CTD. The CTD is obtained by
measuring the probability for each possible time interval that a fluid element takes
to return to a fixed reference zone. Usually the impeller zone is chosen as a reference
to measure a CTD by a flow—follower method (Bryant, 1977). This CTD describes
the frequency of visit by a fluid element to the impeller zone and total time spent by
that fluid element away from the impeller zone. A CTD of log—normal type with a
mean, t¢, of 20 s and a standard deviation, o, of 8.9 s was used by Bajpai and Reuss
(1982) to numerically simulate a large—scale baker’s yeast fermentation. From the
experiments of Middleton (1979), this CTD characterises the bulk circulation
pattern for a 4.4 m3 stirred tank of water with a single turbine impelier agitated at
100 rpm and no aeration. A 300 m? tank filled with a Newtonian medium and
agitated at 220 rpm with no aeration would give a similar CTD (Middleton, 1979).
A log—normal CTD with a mean of 20 s and a standard Jeviation of 8.9 s was,
therefore, selected in the present study to characterise the macromixing of the bulk
liquid in a typical 300 m? stirred fermentor used for baker’s yeast production.

The frequency of a fluid element visiting the feed zone is characterized by a
CTD with respect to the feeding point. No experimental measurement of CTD with
respect to the feeding point is available. Mann et al (1981) have successfully
predicted the CTD with respect to the impeller zone, for a 0.6 m? tank, stirred at
250 rpm with no aeration, by using a2 ‘network—of—zomes’ stochastic model

(Appendix C.1). This model divides the bulk flow into different circulation loops or



zones, established by the mean flow field. Each zone is sub—divided into a series of
perfectly plug—flow elements or ‘flow—cells’. The model assumes radial symmetry,
and hence each cell is annular. Thus, the ‘network—of—zones’ model divides a given
stirred tank into 10X20 flow—cells of equal volume. A flow velocity and a switching
probability are associated with each flow-—cell to model the convection between the
adjacent cells in the same circulation loop (Figure 3.2), and the eddy diffusion
between cells of adjacent loops (Figure 3.3), respectively. The tiine spent by a fluid
element in each flow—cell depends upon the flow velocity associated with that
flow—cell, and its movement into the next flow—cell is decided by the average
velocity pattern and the switcking probability. A circulation time, t;, can be
obtained by sumx;ling the residence times spent in all flow—cells encountered during
each circulation pass.

The network—of—zones model was used to predict the CTD with respect to the
feeding point. The velocity profile and switching probability parameters followed
Mann et al (1981). The pumping capacity used by Mann et ol. (1981) was scaled—up
to simulate a log—normal type CTD with respect to the impeller zone with a mean
of 20 s, characteristic of a production—scale fermentor. The feed was assumed to be
added into one flow—cell at the top left corner of the vessel, which was selected as a
reference. The circulation time distribution was determined by simulating 5000
circulations with respect to the reference flow—cell at the feeding point. The
resulting CTD for the feed zone, f{t;) as shown in Figure 3.4, has the form of a time
delay of 19.3 s with an exponential decay. The peak in CTD of 2.3 x 1073 s! denotes
the maximum probability of entering the reference flow—cell. The time delay in the

CTD is the shortest duration of circulation to return to the reference flow—cell.

Stmulation of Feed Zone Effects

A recycle—flow model can be selected such that its residence time distribution
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Prediction of a CTD for feed zone, f(t.), and a fit with RTD, f(t),

for a single passage through a recycle flow model (equation 1).
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will be equivalent to the CTD, f(t;) (Khang and Levenspiel, 1976). A model
comprised of a stirred tank of volume Vp and a plug flow recycle loop of volume Vy,
with a recirculation rate of Q, will give the desired CTD, f(t¢), acc-rding to the

following equation (Levenspiel, 1972):
f(t) = P exp [——P(t——t1ag)] (1)

where P represents the maximum probability of entering the recycle loop and tiag

represents the residence time in the loop as follows:
P =Q;/Vyp (2)
tlag = Vp/Qr (3)

The recycle—flow model suggests that the feed zone effect can be simulated by
employing a well mixed bench—scale fermenter with a recycle loop, where the feed is
added into the recycle loop. The recirculation rate, Qr, fixes the probability of cells
entering the recycle loop for a given bench—scale fermentor (Vy). This probability is
equivalent to the probability of a fluid element visiting the feed zone in the
production fermentor. The time spent by the culture broth in recycle loop simulates
the high concentration experienced a fluid element in the feed zone of the
production fermentor. Mixing of the recirculating broth carrying the fresh feed with
the rest of broth in the bench—scale fermentor simulates the micromixing in the
impeller zone of the production fermentor.

The values of the three experimental design parameters recirculation rate, Qr,
recycle loop volume,V,, and fermentor volume,Vy, depend on the CTD, f(t¢),

according to equations (2) and (3). The CTD, {(i.), was obtained by using a
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‘flow—cell’ as a reference zone. The network—of—zones model assumes radial
symmetry, but the feed is added to a single point in the production fermentor. The
CTD £(tc), therefore, indicates the upper limit on the probability of visiting the feed
zone, P. The value of t1ag from the network—of—zones model is the shortest possible
time for a fluid element to leave the feed zone, circulate in the bulk fluid via the
impeller, and return to the feed zone. The minimum time that a fluid element
spends in the nutrient—rich plume from the feeding point is t1ag/2, the minimum to
reach the impeller. The best fit of equation (1) to the CTD, f(tc), gave an upper
limit on the parameter P, as (P)max = 1.7 x 107 and the lower limit on the time
delay of (tiag)min = 9.64 s. The design parameters Q; and V}, were bounded by
equation (2) and (P)max- A lower limit on V|, was set by using equation (3) and
(tlag)min where the residence time in the loop is (tiag)min/2. For example, if we
select the bench—scale fermentor content (Vp) of 1L then the upper limit of
recirculation rate, or (Qr)max, will be 6.12 L/h and the lower limit of recycle loop
volume, or (Vp)min, will be 8.2 mL. These bounds on Q,, and Vp can be used to
select suitable ranges of lower recirculation rate and higher volume of the recycle
loop. Selecting a recirculation rate, Q, less than (Qr)max reduces the maximum

probability of exposure to the feed zone, P, by a factor a given by,
&= Qr/(Qr)max (4)

On leaving the impeller zone in the large fermentor, fluid elements with an
average content of nutrients are assumed to be compleiely segregated in the bulk
zone. During their circulations in the bulk zone, the cells in each fluid element have
access t0 their respective micro—environments for nutrient supply. These
circulations of fluid elements away from the impeller zone are characterized by the

CTD with respect to the impeller zone. If the feed is assumed to be added into the
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impeller zone, then these circulations can be be simulated by intermittently feeding
the nutrients into the bench—scale fermentor, according to a Monte Carlo method
from Chapter 2. Consider the content of the bench—scale fermentor to be equivalent
to a fluid element of the large fermentor. The duration of pulse—on (tp) of feed to
the bench—scale fermentor represents the circulation of the fluid element in the
impeller zone, and the duration of pulse—off (tc—tp) represents the circulation of the
fluid element through the bulk zone. The Monte Carlo method selects a circulation
time t. from a givern CTD with respect to the impeller zone. For example, consider a
CTD which has a form of log—normal distribution with a log mean circulation time
i1, and a log—mfaan standard deviation 3. The Monte Carlo method can use a

normalized random number, Ry, to select the circulation time t. as follows:
te = exp (Rnm + 01) (5)

The circulation of fluid elements between the bulk zone and the impeller zone
suggested that the feed be added intermittently to the fermentor according to the
Monte Carlo method. The circulation of fluid elements between all three zones,
therefore, can be simulated by feeding the nutrients into the recycle loop, according
to the Monte Carlo method. The intermittent supply of nutrients into the loop
further reduces the maximum probability of exposure to the feed zone, P, by a

factor g given by
B=tp/ T (6)

The resulting experimental implementation of the three—zone mixing model is

schematically shown in Figure 3.5. From equations (4) and (6), this experimental
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system simulates the maximum probability of exposure to the feed zone, P, given by
P = (af) {(P)max (7)

and the interval of exposure to the feed zone, tiag, is given by equation (3). An
exact estimate of volume of the feed zone was mot available, therefore, a single
flow—cell volume was selected as a reference cell in using the ‘network—of—zones’
model to estimate bounds on P and tja,. The volume of this refercnce flow—cell,
0.5% of total fermentor voiume, was the smallest possible cell volume according to
the 'metwork—of-zones’ modei. The feed zone effect was cvaluated over a range of
volumes by carrying out several experiments for suitable ranges of recirculation
rate, Qr, and vecycle loop voluine, Vp. The bounds on Qr, and Vp, given by
cquations (2) and (3) and the estimates of (P)nav and (t120)min. Were used to guice
the selection of these ranges of design parameters. The estimates of these

experimental parameters are given in materials and methods section.



MATERIALS AND METHODBGS

Microorganisms and Medium

Two strains of S.cerevisiae, NCYC 1018, and ATCC 32167, were used. Both
strains were maintained on YD (Yeast extract, and Dextrose) slants for long term
storage. The strains were streaked on MYPD plates (Malt Extract, Yeast Extract,
Peptone, and Dextrose) every two weeks, and a single colony was used to inoculate
the shake flask. Fermentatious using a sireak from the plate rather than a single
colony for inoculation gave similar results. The NCYC 1018 strain was grown on a
complex medium, and the composition used for medium in shake flask, and
fermentor was described in Chapter 2.

Experiments with defined medium were performed using the ATCC 32167
strain of S cerevisige as the strain NCYC 1018 did not grow well sn the defined
medium. Representative fed—batch experiments with ATCC 32167 were performed
on the complex medium and the results were similar to those obtained for the strain
NCYC 1018. The composition of the medium in the snake flask was as follows:
Glucose, 15 g/L; Yeast Extract, 7g/L; NH,Cl, 2.5 g/L: KH,PO,, 1.0g/L;
MgSO4.7H,0, 0.3 g/L; CaCl..2H,0, 0.1 g/L. The defined medium used for
fermentation was based on the 'D’ medium (Fiechter et al, 1987). The detailed
compositions of tl.2 media for the start—up culture, feed for chemostat culture, and
feed for exponentially fed—batch culture are described in Table 3.1. RO water was

used for preparation of all media.

Egquipment
A 2 L New Brunswick Multigen fermentor was equipped with a system for
computer monitoring and control. A silicone tube (Masterflex) of 3.1mm ID was

used as the recycle loop. The fermentor off—gas was analysed for O, CO,, and N,
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TABLE 3.1

Composition of media used ic fermentations with S.cerevisiae
ATCC 32167. Stock solution of chlorides, sulfates, and vitamins
were prepared. The final concentrations of various components in
the media were in same proporiion with respect to glucose as given

in °’D’ medium by Fiechter et al. (1987).

Component Units san—Tip Chemostat Fed—batch
Glucose g/L 2.5 5.0 100.0
(NH4)2SO4 g/L 0.5 1.0 0.0
(NH4),HPO; g/L 0.16 0.32 6.4
Chlorides mL/L 2.5 5.0 40.0
Sulfates mL/L 2.5 5.0 40.0
Vitamins mL/L 0.5 1.0 20.0




by a Dycor quadrupole gas analyser {Model M200BEF, Ametek Thermox
Instrument Division, USA) during fermentation experiments with defined medium.
No off—-gas analyses were performed for fermentation experiments where complex
medium was used for growth. The gas composition data was collected and stored on
a VAX computer system every two minutes. A peristaltic pump (Cole Parmer) was
used for the recirculation of broth between fermentor, and recycle loop. Sensors for
pH (Phoenix autoclavable double reference electrode), temperature (Omega), and
dissolved oxygen (Ingold autoclavable DO probe) were connected to a
microcomputer via an OPTO—22 data—acquisition system. The values for pH, DO,
and temperature were recorded every 20 s on the microcomputer. A Tylan Mass
flow controller syétem and a peristaitic pump (Pharmacia P1: 0.6~500 mL/h) were

used to control the flow rate of air and nutrients to the fermentor respectively.

Cultures and Assay

For experiments with complex medium, the inoculum (50 mL) was grown in a
250 mL shake flask to exponential phase for 24 h at 30°C, and 250 rpm. The
fermentation was carried out with a 2% (v/v) inoculum, and initial volume of broth
1L at 30°C, 500 rpm, and air flow rate of 1 L/min. The dissolved oxygen never fell
below 30% for all experiments with the complex medium. The pH was controlled
between 4.5 and 4.8 by using 2N NaOH, and 2N HCl. The foam was controlled
using 2% (w/v) antifoam (SAG 471, Union Carbide). The feeding to fermentor in all
experiments was started at the end of 11 hours of the batch run, which corresponds
to a biomass level of 2.0+0.1 g/L, and a glucose level of 0.1 g/L. At this stage, the
culture was presumably switching from a respiro—fermentative mode of growth on
glucose to a fully respiration mode of growth on ethanol (Kappeli and Sonnleitner,
1986). The feed was supplied at a rate of 13.5 mL/h of complex medium in all

continuous fed—batch experiments. This strategy of constant feed rate using
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complex medium maintained aercbic growth of the culture and was consistent with
the feeding strategy used in Chapter 2. A 5 mL sample from the fermentor was
taken every two hours.

The protocol used for experiments with defined medium was as follows. The
inoculum (100 mL) was grown in a shake flask (500 mL) to exponential phase for
24 h at 30°C, and 250 rpm. The fermentation was carried out with a 5% (v/v)
inoculum and initial volume of 1L of start—up medium at 30°C, 900 rpm, and 1.5
L/min of air supply. These conditions ensured that the dissolved oxygen was always
maintained above 20% in all experiments with defined medium. The pH was
controlled at 4.9£0.1 by using 2N NaOH, and 2N HCI during batch, and chemostat
operation. The ch_emostat wis started after 3 h of batch fermentation. The feed rate
to the chemostat was increased, in two equal steps, from 160 mL/h to 200 mL/h
within 4 h. All the fed—batch experiments were consistently started from a steady
state culture achieved after about 18 h of chemostat operation at a dilution rate of
0.2 h"'. An exponentially increasing feeding strategy was based on the following

equation (Lim et al, 1977),

pVeXyg

Q1) = et (8)

Yx/gsm

where, the initial conditions used were: biomass, X,, of 2.25 g/L, fermentor volume,
Vo, 07 1L. The glucose concentration in the feed (Sin) was 100 g/L. The parameters
were growth rate, u, of 0.16 h™!, and biomass yield on substrate, Yx/s, of 0.45. The
PH was controlled between 4.7 and 5.0 during the fed—batch run by using 2N
NH4.OH. This use of NH4;OH also maintained adequate supply of nitrogen for
growth during fed—batch fermentations. A 5 mL sample from the fermentor was

taken every 1.5 h during the fed—batch experiments with defined m:dium.
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The samples were filtered using 0.45 um Sartorius cellulose nitrate filters. The
biomass was measured by absorbance at 620 nm using a spectrophotometer
(Spectronic 21). The dry weight was obtained by drying the filtrate using a
microwave oven for 10 min. A correlation between absorbance and dry weight was
obtained at various times during a fed—batch run. Glucose in the supernatant was
analysed using a YSI Glucose Analyser (model 27). Ethanol and maltose were
analysed by enzyme kits (Boehringer Mannheim) with a lower limit of 0.01 g/L, and
a precision of +0.002 g/L. Acetic acid, and ethanol in samples for experiments with
compl » medium were mez:ured within 5% precision using a Spectra Physics GC
equipped with 80/120 carbopack B/6.6% carvowax 20M column, and a flame

ionization detector.

Design of Recycle Experirnents

Ttz feed zone effect was evaluated by comparing the performance of two types
of cxperiments: (1) ‘continuous’ experiments, where feed was continuously supplied
into the fermentor, while the broth recirculated *hrough thne recycle loop, and (2)
‘Monte Carlo’ experiments, where the feed was intermittently supplied into the
recycle loop, according to 2 Monte Carlo method (Chapter 2). These two types of
experiments simulated the performance of a large fed—batch fermenter under
perfect, and poor mixing conditions, respectively. The broth was recirculated in
continuous experiments to ensure that any effect due to oxygen limitation in the
loop was common to both types of experiments. The gas hold—up in the loop was
approximately 15% of total loop volume.

For Monte Carlo experiments, the feed into the recycle loop was switched cn
and off based on a Monte Carlo algorithm a. 1 a log—normat CTD (Chapter 2). For

a duration of feeding (tp) of 5 s, the feed was supplied into the recycle loop at a flow
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rate given by

< Q1) (9)
p

ch =

Q(t) was constant at a rate of 13.5 mL/h for experiments with complex medium,
while equation (8) was used to calculate the feed rate Q(t) for experiments with
defined medium. The feed supply was switched off for a period of (tc—t,) where t.
varied from 8 ¢ io 44 =. his range of t; was obtained by dividing the area under the
log—normai :~ ') {i. = 20 s and o = 8.9 s) into 25 sections of ¢qual probability of
0.04 (Chapt- «* * <+ ing bulb made from glass (Figure 3.6) was used to mix the
fresh feed with ihe culture broth at the entrance of the recycle loop. During a
typical Monte Carlo run for 14 n, approximately 2500 cycles of feed—on and off were
repeated. The cumulative total volumes of feed added to the continuous and Monte
Carlo experiments were equal to within +5 mL. The total amount of nutrients added
during these two types of fermentations, therefore, was identical because the same
volume and composition of feed was used.

" _:+ a fermentor content of 1L, the equations (2), (3) and the estimates of
{P)max and (t1ag)min Obtained from Figure 3.4, go.™ a maximum recirculation rate of
6.12 L/h and a minimum loop volume of 8.2 mL. A number of experiments were
performed for recirculation rates of 0.0, 0.25, 0.5, 2.0, 3.0, and 6.0 L/h, and recycle
loop volume of 15, and 50 mL. This range of design parametcrs evalrated the feed
zone effect for a range of maximum probability of visit to the feed zone, P, from 0 to
4.0X10, a range of interval of exposure to the high concentrations in the feed zone,
tiag, from 0 to 12 min, and a fractional volume of the feed zone up to 0.05 of total
fermentor volume. The liquid volume in the mixing bulb was less than 1.2 mL at

any time, due to the venturi effect at the point where the nutrient was «{nnjped into
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Figure 3.6 A schematic of mixing bulb used to mix fresh feed with the
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the incoming culture broth from the fermentor. The residence time of culture in the
bulb was less than 3.6 s at the slowest recirculation rate of 0.25 L/h, smaller than
the 5 s duration of the feed pulse used in Monte Carlo experiments. The broth
leaving vhe budb had a glucose concentration of 11 g/L, which is much larger than
the 0.5-0.8 g/L required to induce the glucose effect in yeast and cause secretion of
ethanol. In continuous fed—batch experiments, the feed was continuously added
directly into the fermentor, where the glucose concentration measured at any time

was less than 0.3 g/L and the mixing time was less than 5 s.



RESULTS AND DISCUSSION

Fermentations with Complez Media

Two types of fed—batch experiments, continuous and Monte Carlo, were
performed using S.cerevisiae NCYC 1018. Table 3.2 suri taarises the initial, and final
levels of biomass, ethanol, acetic acid and total amount of carbon consumed from
carbon sources for all the fed—batch experiments. The glucose level was maintained
below 0.3 g/L during all the fed—batch experiments. The biomass levels at the start
of all the fed—batch experiments were 2.0 £ 0.1 g/L, while the final levels varied
from 9.1 g/L to 10.0 g/L. Figure 3.7 shows that the profiles of growth for typical
Monte Carlo exp‘eriments were the same as the continuous fcd—batch experiments.
Monte Carlo experiments with a range of circulation rates from 0.25 L/h to 6.0 L/h
and loop volumes of 15 and 50 mL did not affect the yield of biomass in comparison
to the yields obtained from continuous fed—batch experiments (Table 3.2).

The feed zone effect on biomass profiles and yields was not apparent due to
utilization of multiple substrates. The total amount of all nutrients added were the
same during both continuous and Monte Carlo experiments over 14 h of feeding.
The complex medium contained about 0.15 g of maltose for every gram of glucose.
Ethanol was also present in the broth at a level up to 3.7 g/L because the fed—batch
was started from a batch cv.tu;  The feed also contained many amino acids in
peptone, which may directly contribute to biosynthesis of macromolecules.
Simultaneous uptake of multiple substrates and by—product formation depends on
the level of saturation of respiratory capacity of the yeast cells by glucose supply
(Kappeli and Sonnleitner, 1986). If the glucose supply over—saturates the
respiratory capacity of the yeast cells, then the additional glucose flux will be
diverted to produce waste metabolites, such as ethanol, and acetic acid. The

diversion of glucose into waste metabolites reduces the yield of biomass. If the
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Figure 3.7 A comparison of biomass profiles for experiments with complex

medium. A recycle loop of volume (V) 50 mL was used.
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respiratory capacity is not satisfied by the glucose supply then alternative
substrates will be utilized along with - cose (Kappeli and Sonnleitner, 1986).
Figure 3.8 compares the theoretical glucose demand by the growing culture with the
glucose supply either during continuous feed experiments or during the pulse—on
period in Monte Carlo experiments. The theoretical demand for glucose flux for

observed growth was estimated by using the following equation,

Ry(t) = [—-{2‘-’({%— + m"/s] V(£)X(t) (10)

s

where, Yy /s = 0.34, estimated from the initial stage of a fed—batch experiment and
My, = 0.015 g/(g DCW-h) (Sweere et al, 1988). The glucose demand rate
exceeded the supply rate within the first hour of the continuous fed—batch
experiment. Simultaneous utilization of alternative substrates, therefore, was likely.
Figure 3.9 compares total amount of glucose, maltose, and ethanol consumed during
typical continuous and Monte Carlo experiments. While the total amount of glucose
and maltose consumed were similar, the total ethanol consumed during the Monte
Carlo experiments was less than half of the amount consumed during the continuous
fed—batch experiments. A similar reduction in ¢he total ethanol uptake was
observed for oth-r Monte Carlo fed—batch experiments with recirculatio. rates of
0.5, 3.0 and 6.0 L/h (Table 3.2). The time profile of ethanol uptake in Figure 3.9
showed that the ethanol was not used for about 6 hours during the continuous
fed—batch experiment. During the Monte Carlo fed—batch fermentation, additional
ethanol was secreted up to about 1 g/L over the initial level before its consumption
started.

The feed zone effect on the zihano! uptake under Monte Carlo experiments

was similer for experiments with recivcni~® v rates frar: 57 Lf% t¢ & L/h or
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Figure 3.8
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for observed growth with the glucose supplied during continuous
and Monte Carlo experiments with complex medium. The feed rate
in Monte Carlo experiments is ap instantaneous rate to the recycle
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(line) consumed during experiments with complex medium. A

recycle loop of volume (V) 50 mL was used.
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residence times in the loop from 30 s to 3 min. The acetate levels were below
0.3 g/L for all these experiments. The Monte Carlo experiment with a very low
recirculation rate of 0.25 L/h, however, showed significantly different profiles for
ethanol and acetate (Figure 3.10). The ethanol uptake was delayed for about 10 h,
compared to 2 h delay during the continuous fed—batch experiment. Although the
ethanol was completely utilized in both Monte Carlo ard continuous fed—batch
experiments, acetic acid was secreted up to 1.3 g/L during the last 4 h of the Monte
Carlo experiment. The yeast culture had a long residence time of 12 min in the loop
when a recirculation rate of 0.25 L/h was used for both continuous and Monte Carlo
experiments. No fresh supply of glucose was available to the culture for about 12
min in the loop when the feed was added to the fermentor during continuous
fed—batch experiments. This prolonged exposure of culture to starvation conditions
in the loop could have caused increased consumption of ethanol over 14 h of
fed—batch operation. Dantigny et al (1989) have shown that the incomplete
conversion of ethanol to acetic acid takes place during the transition from aerobic
growth on glucose to aerobic growth on ethanol. Intermittent supply of fresh feed to
the loop during Monte Carlo experiment with a long residence of 12 min in loop
could create this transition state and lead to secretion of acetic acid.

Although maltose was being utilized along with glucose and ethanol
(Figure 3.9), maltose accumulated in the fermentor from 1+0.01 g/L at the start of
feeding to 2.4+0.1 g/L at the end of fermentation for both continuous and Monte
Carlo experiments. Higher uptake of ethanol, compared to maltose, indicated thai
ethanol was preferred over maltose. The accumulation of maltose, and non—zero
terminal ethanol concentration values may suggest that some key nutrients were
limiting catabolism of maltose and ethanol. The ethanol was, however, completely
utilized in experiments with a slow recirculation rate of 0.25 L/k through a 50 mL

loop (Figure 3.10), thus eliminating the possibility of other nutrients being limited
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Figure 3.10
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for ethanol consumption. The presence of a scurce of fast energy supply, such as
iormate or methanol, has been shown to increase the conversion of sugars into
biomass (Babel and Muller, 1985). This increase in conversion efficiency of sugars
was not observed during both types of fermentations, where maltose accumulated up
to 2.4 g/L.

Altacugh similar yields of biomass on glucose and maltose were achieved
during Monte Carlo and continuous fed-batch experiments, up to 50% less ethanol
was consumed in Monte Carlo fed—batch experiments (Figures 3.7 and 3.9). From
Table 3.2, total amount of carbon consumed from glucose, maltose and ethanol for
all continuous fed—batch experiments was 9.88 + 0.64 (n=4, 95% confidence)
compared to 9.0~4 * 0.24 (n=7, 95% confidence) for Monte Carlec fed—batch
experiments. Thus, a higher apparent yield of biomass on total carbon substrates
utilized was observed under fluctuating conditions during Monte Carlo experiments.
A significant amount of ethanol was also secreted during the initial 6 h of the Monte
Carlo experiment. According to Figure 3.8, the instantaneous glucose supply was
much higher than the respiratory demand for glucose, when the feed was switched
on during the Monte Carlo experiments. The instantaneous higher supply of glucose
could easily saturate the respiratory capacity of a fraction of yeast culture in the
recycle loop and cause secretion of ethanol and a drop in the biomass yield. Consider
for example, experiments with a recycle loop volume of 50 mL, and recirculation
rate of 3 L/h. About 25% of the loop content, or 1.25% of total yeast culture, was
exposed to conditions favorable for ‘glucose effect’ for about 60 s in the loop. The
impact of this ‘glucose effect’ experienced by a small fraction of culture on overall
biomass yield would be negligible. When the feed was switched off in Monte Carlo
experiments, no fresh glucose was supplied ¢o the yeast culture in the recycle loop as
well as the fermentor on time average basis. The possibility of slow—down of growth

under this glucose limited condition would be avoided due to the uptake of
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alternative carbon sources, including maltose and ethanol.

Fermentations with Defined Media

Baker’s yeast is normally produced in large fermentors by supplying molasses
at a feed rate increasing with time according to a predetermined strategy (Rosen,
1987). In previous studies (Fowler and Dunlop, 1989; Hansford and Humphrey,
1966; Heinzle et al, 1985; Sweere et al, 1988), defined—medium feeds were used to
predict the effects of nutrient fluctuations on the productivity of a large fermentor.
Fed—batch experiments with an exponentially—increasing feeding of glucose were
performed in present study to check the validity of predictions made from defined
medium fermentation experiments about the feed zone effect in large—scale
fermentations employing complex medium. In addition to fed—batch experiments
with continuous and Monte Carlo feeding, an experiment with periodic feeding with
a constant pulse—off time of 15 s was also conducted. The periodic feeding of glucose
was used to test whether the distribution of circulation times rather than a mean
circulation time is critical for prediction of the feed zone effect.

Figure 3.11 shows the profiles of biomass and ethanol for experiments with the
three types of feeding strategies. The protocol of exponentially feeding to the yeast
culture was successful in maintaining an aerobic exponential growth of yeast on
glucose for about 12 h of feeding time, and controlling glucose and ethanol levels
close to zero. Table 3.3 shows the levels of biomass and ethanol after 12 h for
fed—batch experiments under different conditions. Although no significant secretion
of ethanol was observed, the final biomass level was consistently higher by 10% in
Monte Carlo experiments compared to continuous experiments. This magnitude of
increase in Monte Carlo experiments was, however, the same for experiments with
recirculation rates of 3 L/h and 0.5 L/h.

No significant difference in che ethanol profiles was observed for Monte Carlo
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TABLE 3.3

Final levels of biomass, and ethanol for experiments with

S.cerevisiae ATCC 32167 grown on defined media.

Experiment Residence Loop Flow Biomass Ethanol
Type Time—Loop Volume  Rate At 12h At 12h
s L/h mL g/L g/L
Continuous - ¢ 0 9.0 0
Continuous — 0 0 5.0 0.06
Continuous 360 50 0.5 9.1 0
Monte Carlo - 0 0 9.7 0.05
Monte Carlo — 0 0 10.2 0.07
Monte Carlo 360 50 0.5 10.0 0.06
Monte Cario 60 50 3.0 9.9 0.05
Periodic —_ 0 0 9.2 0.03
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experiments compared to continuous fed—batch experiments. The fed—batch
experiment with periodic feeding, however, produced ethanol up to 1.7 g/L within
the last 2.5 h of the experiment. Usually, the production—scale fed—batch
fermentation of yeast culture is carried out for 10 to 14 h before growth begins to
slow down due to accumulation of inhibitory products and aged cells. Any efiects
due to concentration gradients, therefore, are amplified only towards the end of the
run. Sweere et al. (1988) evaluated the effects of glucose fluctuations by using two
fermenters with recirculation of broth between them. This two—fermentor system
simulated the effect of periodic fluctuations of glucose levels for different
recirculation rates. Their experiment with a broth recirculation time of 36 s showed
a reduction of 10% in the overall biomass yield, and ethanol accumulation up to
1.7 g/L during the last hour. In the present study, the significant difference in
terminal yield of biomass, and ethanol in the Monte Carlo experiment compared to
the experiment with a periodic feeding proves that a strategy based on periodic
fluctuation in the fermentor can produce misleading results concerning the feed zone
effect. The previous chapter also showed the limitations of periodic feeding strategy

in simulating large scale conditions for complex—medium fermentation.

Implications for large—scale fermentations

Production—scale fermentations usually utilize feed of complex media to
enhance productivity. The drop in observed yield of baker’s yeast in large—scale
fermentation compared to bench—scale fermentation is attributed to the spatial
gradients in the levels of dissolved oxygen and nutrients (Bajpai and Reuss, 1982).
The effects of these concentration gradients cem be predicted by simultaneously
varying the concentrations of complex substrates as well as dissolved oxygen in the
bench—scale fermentation system. The experimental methodology presented here

can be easily used to simultaneously vary both oxygen and nutrient levels. The
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fluctuations in dissolved oxygen according to the Monte Carlo method lead to a
significant drop in yield of biomass (Namdev et al, 1991). The present study
evaluated the effects of nutrient gradients, and the dissolved oxygen was kept above
the limiting value. No significant feed zone effect on biomass was observed under
these conditions for complex medium fermentations. The baker’s yeast production in
large fermentor:z, ¢nexwiiie, 15 expected to be more sensitive to fluctuations in
dissolved oxygen levels than to the feed zonz ¢4ieci Zio ievels of by—products such
as ethanol, and acetic acid were influenced by the feed zone effects, although this
effect on metabolite levels did not translate into a measurable effect on biomass
yield. Other properties of yeast culture such as protein content or bread rising
quality could be a better measure of sensitivity of culture to feed zone effects.
Previous studies used chemostat cultures of baker’s yeast grown on defined
media to determine the effect of glucose fluctuations on biomass yield (Fowler and
Dunlop, 1989; Hansford and Humphrey, 1966; Heinzle et al, 1981; Heinzle et al,
1985). Poor mixing at the feeding port decreased the biomass yield due to onset of
the ‘glucose effect’ (Fowler and Dunlop, 1989; Hansford and Humphrey, 1966).
Heinzle et al (1985) carried out chemostat experiments wherein poor mixing was
simulated by pulses of glucose every 10 s. They observed the expected trend of
reduced biomass yield and higher ethanol secretion for glucose—pulse experiments
compared to continuous—feed experiments when the dilution rate was decreased
from 0.35 h™! to 0.1 h"l. Unexpectedly, 20% higher biomass was obtained at a
dilution rate of 0.3 h™!, when the pulse experiments were started from an aerobic
culture established at a dilution rate of 0.2 h™%. In the present study, glucose pulse
feeding in Monte Carlo experiments gave a similar increase in biomass yields of
10%, compared to continuous feeding of defined medium. These Monte Carlo
fed—batch experiments were also started from an aerobic chemostat culture initially

established at a dilution rate of 0.2 h-L
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In the present study, the results from experiments with a defined medium
compared to a complex medium showed opposite effects on both the final biomass
levels and the profile of ethanol levels. This comparison demonstrates that a
fed—batch fermentation system grown on a representative complex medium should
be used in laboratory experiments to evalvate the feed zone effects. The design
parameters for bench—scale experiments, such as feeding pattern, recirculation rate
and recycle loop volume, should be based on the mixing quality of large fermentors.
Circulation time distributions obtained for a large fermentor, are useful in obtaining

suitable ranges for these design parameters.
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CONCLUSIONS

The experiments with complex medium showed that the feed zone effect on
overall biomass yield was negligible for a reasonable range of recirculation
rates and recycle loop volumes.

The profile of ethanol with time showed a greater semsitivity to the feed zone
effect compared to the biomass profile in complex—medium fed—batch
fermentations. Acetic acid production was observed when a long residence

time of 12 min in the loop was used.

Chemostat experiments with defined medium should be used only with caution

to evaluate the feed zone effect in a production—scale fermentor fed with

complex nutrients.
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CHAPTER 4

EFFECTS OF GLUCOSE FLUCTUATIONS ON
SYNCHRONY IN FED-BATCH FERMENTATION
OF SACCHAROMYCES CEREVISIAE

INTRODUCTION

Spontaneous generation of autonomous oscillations of variables, such as
biomass, dissoh;ed oxygen, pH, CO: fraction in off—gas, flow cytometry
measurements, and NADH fluorescence have been observed in chemostat culture of
the budding yeast, Saccharomyces cerevisiae (Kuenzi and Fiechter, 1969; Myenburg
et al., 1973; Meyer and Beyeler, 1984; Parulekar et al, 1986; Scheper and Schugerl,
1986; Porro et al., 1988; Strassle et al., 1989). These oscillations were shown to be
due to the tendency of budding yeast to self-synchronize under perfectly controlled
and uniform conditions in a chemostat culture when the dilution rate was below a
critical level. If a yeast population is divided into two categories, single cells and
budded cells, then all the cells in a fully synchronised population will alternate
between these two types of cells. The oscillatory behavior of budding yeast has been
considered to be a severe problem in process analysis and control of the chemostat
operation (Meyer and Beyeler, 1984; Parulekar et al, 1986; Porro et al., 1988).
Growing a synchronous culture of yeast in chemostat culture has been useful in
determining the metabolic events associated with varicus phases of the cell—ycle of
a yeast cell (Kuenzi and Fiechter, 1969; Strassle et al., 1988; Munch et al., 1991).

Oscillations in a chemostat culture, which are not caused by imperfect control

of culture conditions, rould occur due to certain feedback interactions (Harrison and
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Topiwala, 1974). These interactions could be either between cells and environment
parameters or between linked intracellular reactions. The autonomous oscillations in
an aerobic glucose—limited chemostat culture of budding yeasi were linked to
secretion of ethanol in the budding—cell phase and subsequent utilisation of the
ethanol in the single—cell phase (Kuenzi and Fiechter, 1969; Porro et al 1988).
Secretion and uptake of ethanol depended on the levels of glucose and dissolved
oxygen in the fermentor. The oscillations in chemostat culture were temporarily
eliminated when a pulse of glucose or ethanol was added (Parulekar et al, 1986;
Martegani et al, 1990). Too high or too low dissolved oxygen levels, or a high
steady state glucose level also resulted in a stationary steady state.

Batch and %ed—batch fermentations, not continuous fermer ‘ation, are used for
commercial production of baker’s yeast, chemicals and recombinant proteins from
S.cerevisige. The quality of baker’s yeast, indicated by its fermentative activity and
storage capability, is better when the fraction of the population in the budding—cell
phase is lower (Reed, 1982). For example, during production of baker’s yeast the
supply of molasses is reduced at the end of fermentation to obtain a reduced fraction
of budded cells. The optimal on—off type control policy for growth rate produced a
final product with higher fermentative activity compared to an exponential
fed—batch fermentation (Takamatsu et al., 1985). Growth under this optimal control
strategy was shown to be equivalent to 2 synchronously dividing culture.
Operational strategies to produce synchrony in fed—batch fermentation, therefore,
could be useful in obtaining better and more consistent quality of final product.
Pseudo—steady state attained in a fed—batch fermentation under certain conditions
has been shown to be equivalent to a chemostat (Yamane et al, 1977; Lim et al.,
1977). Thus, it may be possible to establish synchronously dividing culture in

fed—batch fermentation.

Partially synchronised populations have been produced in batch (Wiemken et
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al, 1970) and in fed—batch fermentation (Alberghina et al, 1991). As cells grew in
the fermentor to high biomass level, the synchronisation became less pronounced
and finally disappeared. The oscillation in budded fraction during the fed—batch
fermentation was attributed to the synchronisation of a sub—population caused by
on—off control of nutrients used to achieve high cell density. Performance of a
large—scale fed—batch fermentation depends on the degree of heterogeneity of the
population and contents of the fermentor. Poor mixing in large fermentors causes
the formation of gradients in the concentrations of glucose and dissolved oxygen
(Anderson et al., 1982). Frequent exposure of yeast cells to different concentrations
during their circulation in the fermentor was experimentally simulated using a
Monte Carlo method and a circulation time distribution in Chapter 2. These effects
of environmental conditicns on the cells and the transient nature of fed—batch may
lead to difficulty in the establishment of synchrony in fed—batch fermentation.

The objective of this chapter was to evaluate the effect of fluctuations in
glucose concentration due to poor mixing on the synchronously dividing culture of
S.cerevisice in fed—batch fermentations. Fed—batch fermentation with an
exponentially increasing feed supply was started from a synchronous culture of
S.cerevisiage established in a chemostat. Glucose fluctuations were simulated by
intermittently supplying feed to the fermentor. The mixing effects were evaluated

by comparing the performance of continuously—fed with intermittently—fed

fed—bhatch fermentations.

87



MATERIALS AND METHODS

Microorganisms and Medium

S.cerevisice ATCC 32167 was stored, cultured and grown on a 'D’ defined

medium as described in materials and methods section of Chapter 3.

Egquipment
The details of fermentation equipment, monitoring and control system are

described in materials and methods section of Chapter 3.

Cultures and Ass—ay

The inoculum (100 mL) was grown in a shake flask (500 mL) to exponential
phase for 24 h at 30°C, and 250 rpm. The fermentation was carried out with a 5%
(v/v) inoculum and initial content of 1L of start—up medium at 30°C, 900 rpm, and
1.5 L/min of air supply. These conditions ensured that the dissolved oxygen was
always maintained above 20% in all experiments. The pH was controlled at 4.9+0.1
by using 2N NaOH and 2N HCl during batch and chemostat operation. The
chemostat was started after 3 hours of batch fermentation. The feed rate was
increased, in two equal steps, from 160 mL/h to 200 mL/h within 4 hours to give a
final dilution rate of 0.2 h™}. A partially synchronised culture was established after
12 h of chemostat operation which also produced periodic oscillations in COg,
fraction of off—gas. All fed—batch experiments were consistently started from a
partially synchronised culture after about 21h of chemostat operation at a dilution
rate of 0.2 h~!. The feed was switched on during the rising pericd of cycle of CO,

fraction in off-gas. An exponentially increasing feeding strategy was based on the
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following equation (Lim et al., 1977),

Fty=___ e (1)

ngoGin

where, the initial conditions used were: biomass, XTO, of 2.25 g/L, glucose,
fermentor volume, V,, of 1L, glucose concentration in the feed, Gin, of 100 g/L. The
parameters were growth rate, 4, of 0.16 h™!, and biomass yield on substrate, Yxgo, of
0.45. The pH was controlled between 4.7 and 5.0 during the fed—batch run by using
2N NH4,OH. A 5 mL sample from the fermentor was taken frequently during
chemostat operati‘on and every 1.5 h during the fed—batch experiments.

The samples were immediately filtered using 0.45um Sartorius cellulose nitrate
filters. The biomass was measured by absorbance at 620nm using a
spectrophotometer {Spectronic 21). The dry weight was obtained by drying the
filtrate using a microwave oven for 10 minutes. A correlation between absorbance
and dry weight was obtained at various times during a fed—batch run (Appendix A).
Glucose in the supernatant was analyzed using a ¥SI Glucose Analyzer {roodel 27;.
Ethanol was analyzed with an enzyme kit (Boehringer Mannheim) with a lowszr
limit of 0.01g/L, and a precision of £0.002 g/L. The number of single cells and
budded cells was counted by fixing cells with 10% formaldehyde in saline and using
a hemocytometer (Pringle and Mor, 1975). From 350 to 500 cells were counted for
each sample in duplicate. The budded fraction was calculated by taking the ratio of
the total number of budded cells to the total number of cells, and was reproducible

within = 2.5%.

Design Of Cyclic Ezperiments

The effect of glucose fluctuations on synchrony was evaluated by comparing
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the performance of two types of experiments: (1) ‘continuous’ experiments, where
feed was continuously added to the fermentor according to an exponentially
increasing feeding strategy, and (2) "Monte Carlo’ experiments, where the iced was
intermittently supplied to the fermentor, according to a Monte Carlo method
described in Chapter 2. These two types of experiments simulated the performance
of a large fed—batch fermenter under perfect and poor mixing conditions
respectively. A fed—batch fermentation with periodic feeding with constant period of
15 s was also carried to evaluate the effect of distribution of circulation times. The

total volume of feed added to all fed—batch experiments were equal to within
+5 mL.

90



RESULTS AND DISCUSSION

Characterisation of oscillations

Chemostat experiments at two dilution rates (D) of 0.1 h™! and 0.2 h™! were
carried out. Steady oscillations of CO, fraction in off—gas, dissolved oxygen (DO)
and biomass were established after 15h of chemostat operation at a dilution rate of
0.2 h'! and after 30 h at 0.1 h™\. Data from repeated experiments are given in
Appendix D. Typical cycles of CO, fraction and dissolved oxygen are shown in
Figure 4.1. The non—harmonic oscillations of these on—line measurements were due
to synchrony of a sub—population. If we divide the yeast population into two phases,
single—cell phase and budding—cell phase, then the fraction of the population in the
budding—cell phase with time indicates the degree of synchrony in the chemostat.
The ratio of number of budded cells to total number of cells or budded fraction (BF)
measured for a complete cycle of CO; is shown in Figure 4.2. The cycle of budded
fraction was in phase with the COx—cycle for both dilution rates. Oscillations in the
CO, fraction were, therefore, used to indicate the degree of synchrony.

Oscillations in the budded fraction from 0 to 1 would indicate complete
synchrony of the yeast population. Due to the asymmetric division of a yeast cell,
the daughter cell always takes more time to bud than the mother cell. Also some
older daughter cells are undistinguishable from mother cells, while some older
mother cells bud less frequently than their younger counterparts. Only a
sub—population of the chemostat is, therefore, synchronised and the rest of the
population remains heterogeneous. When the synchronised sub—population was in
the budding—cell phase, the budded fraction increased and reached a maximum level
(BFpax). The period of the budding—cell phase of the synchronised sub—population
(tv) coincided with the peaks in the CO—cycle (Figures 4.1 and 4.2). The minimum

value of the budded fraction (BFpin) was due to the background asynchronous
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population, and therefore indicated the single—cell phase of the synchronised
sub—population. The single—cell phase, ts, corresponded to the interval of constant
low levels of CO; in Figures 4.1 and 4.2.

The operating conditions, type of strain, feed composition and biomass level
all affect the degree of synchrony. A synchrony index was used by Munch et
al. (1991) to quantify the degree of synchrony but this index failed to directly relate
the effect of dilution rate on the degree of synchrony and was very sensitive to small
variations in BFgin. The fraction of the population synchronised, ys, would vary
with time due to dilution between budding events. The value of ys, therefore, was a
function of maximum and minimum budded fraction, cycle time (t¢) and dilution
rate (D). The m—aximum and minimum fractions of the cells synchronised (ys,max

and ys,min) were calculated from the Equations (6) and (7), which are derived in

Appendix D.

Effects of Dilution Rates

A long period of 9.8 h for COz—cycles was observed for a dilution rate at
0.1 h™! compared to 2.7 h at 0.2 h™l. Strassle et al. (1989) observed a similar drop in
the periods of cycles for a range of dilution rates from 0.1 h™! to 0.24 h™l. The
interval of budding—cell phase, ty, was about 1 h aud independent of dilution rates.
The interval of single—cell phase, ts, however, varied with dilution rate. The
duration of single—cell phase was 1.7 h at a dilution rate of 0.2 h™! compared to 8.5 h
at 0.1 hl. Once budding started, the interval for the budding—cell phase was
independent of growth conditions consistent with cell—cycle theory and previous
studies (Barford and Hall, 1976; Porro et al., 1988). The maximum fraction of
synchronised population (ys,max) was calculated to be about 0.48 for both dilution
rates. The minimum fraction of synchronised sub—population (ys,min) was 0.26 at a

dilution rate of 0.1 h"! compared to 0.35 at 0.2 h~'. This difference in ys,nin values
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was due to more wash—out of synchronous cells at the dilution rate of 0.1 h-%.
Flow—cytometry studies showed that the initiation of budding coincides with
the initiation of DNA replication and the separation of buds coincides with the end
of nuclear division (Scheper and Schugerl, 1986). The cell-cycle of a yeast cell
consist of four phases: G1 phase which separates nuclear division from initiation of
DNA synthesis; S phase corresponding to the DNA synthesis; G2 phase which
separates S phase from M phase; and M phase, where division of the nuclei occurs.
Barford and Ha'l (1976) performed studies on the effect of growth rate on various
phases of the cell-cycle. They showed that the S and M phases occurred in a
constant time of about 1h, thus equivalent to the budding—cell phase. The duration
of the G1 phase v-aried from 5 min to 4.7 h, as growth rate of S.cerevisiae was varied
from 0.45 h™! to 0.096 h™!, thus equivalent to the single—cell phase. The duration of
G2 phase also increased from 22 min to 60 min for the same drop in growth rate.
This correlation between four phases of the cellcycle and the budding state of cells
was used in the present study to associate the cell-cycle phases with a CO,—cycle as
shown in the Figure 4.1. Not only did the periods of the COj;—cycles vary with
dilution rate, but also the number of peaks varied. Two peaks were observed for
dilution rate of 0.2 h™! and three for 0.1 h-!. Strassle et al. (1989) also observed a
similar variation in the number of peaks with dilution rate. The effect of growth
conditions on the G2 phase, sandwiched between the S and M phases, may cause

this variation in the number of peaks.

Causes of Oscillations

Spontaneous initiation and maintenance of oscillations has been attributed to
switching from respiro—fermentative growth on glucose and stored carbohydrates
during the budding—cell phase to aerobic growth on glucose and ethanol during the

single—cell phase (Kuenzi and Fiechter, 1969; Porro et al., 1988). According to this
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mechanism, simultaneous utilisation of glucose and stored carbohydrates saturates
the respiratory capacity and leads to excretion of ethanol. The bypass of glucose
into ethanol provides a fast supply of ATP needed to complete the budding—cell
phase in a constant duration. The self-synchronisation of the culture is induced by
acceleration of growth of single cells due to simultaneous uptake of glucose and
ethanol. Any perturbations in glucose and dissolved oxygen levels during the
single—cell phase will, therefore, affect the degree of synchrony.

In the present study, ethanol accumulated up to 0.015 g/L for a period of 0.5 h
when a dilution rate of 0.1 h™' and 5 g/L of glucose in the feed was used. Porro et al.
(1989) showed that ethanol accumulated up to 0.037 g/L for a period of 2.5 h when
a dilution rate of 0.106 h™! and 5 g/L of glucose in the feed was used. Lower levels of
ethanol and excretion for a shorter duration in the present study could be due to
ethanol consumption by the significant non—synchronised sub—population.
Figure 4.1 shows that dissolved oxygen oscillated between 93% and 97% at a
dilution rate of 0.2 h'!, and between 91% and 96% at 0.1 h-!. These close to
saturation levels of dissolved oxygen were higher than those reported in previous
studies where oscillations disappeared when dissolved oxygen was higher than

70—90% (Parulekar et al., 1986; Porro et al., 1989).

Fed—batch Experiments

Fed—batch experiments using glucose feeds were performed to study the effect
of transient conditions on the synchrony of S.cerevisiae. Figure 4.3 shows the
vanation of the CO; fraction of off-gas during a typical complete fermentation
experiment. Fermentations were started from partially synchronised cultures
established in chemostat culture at a dilution rate of 0.2 h-!. The chemostat culture
was shut—off after three COz—cycles and fed—batch was immediately started during

the rising portion of a COy—cycle. The oscillations in CO, continued during the
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fed—batch fermentation for about 5 cycles (11 h of feeding) after which they
disappeared (Figure 4.3). Similar oscillations in the oxygen fraction of off—gas, and
in the dissolved oxygen levels were also observed (Appendix D). Ethanol, biomass
and glucose were analysed every 1.5 h. INo detectable ethanol was observed in the
fermentor for the initial 12 h of feeding duration, after which accumulation of
0.7 g/L in last 2.5 h of feeding was detected. Glucose remained below 0.35 g/L
during the fed—batch operation. Biomass accumulation from 2.25 g/L to 10.5 g/L in
14.5 h of fed—batch operation were detected.

The profiles of the budded fraction measured during fed—batch experiments
are shown in Figure 4.4. The amplitude of the first cycle of the budded fraction
immediately aftel_' the start of feeding was larger than the amplitude of a typical
cycle observed in chemostat culture. The amplified cycle of the budded fraction was
followed by four cycles with reduced amgplitudes. About 90% of the population was
in the single cell phase at the end of 12 h of feed supply. These variations in the
oscillations of budded fraction indicated that the degree of synchrony was affected
by the dynamics of fed—batch operation. Equations (6) and (7) of Appendix D,
derived for chemostat fermentation, cannot be used to indicate the degree of
synchrony in fed—batch fermentation.

The CO; fraction in off—gas was due to two contributions, a constant base
level from the asynchronous population, and superimposed oscillations due to the
synchronous cells. The area under the portion of a cycle with elevated CO, levels
relative to the area under the curve for base level of CO., therefore, can be used as a
measure of the fraction of the population synchronised during that COy—cycle. The
fractional area under the CO; oscillations for all the five cycles during fed—batch
fermentation in Figure 4.3 varied from 0 to 0.3 with a maximum at the second cycle
after the fed—batch operation was started. This variation in CO; production by the

synchronised sub—population indicated an initial increase in the degree of synchrony

98



TIME (h)

20

0.7
> 0.6 |
9
&~ 0.5
[
= 0.4
= |
(= o
5 03
(an]
g 0.2
m O CONTINUOUS

0.1 FED—BATCH

START

0.0 . .

0.7 T 1
% 0.6
; 0_5 "
<
= 0.4} J %
= \;ﬂ s
a 03}
a
S ozf 1
m 0.1 FED—-BATCH v MONTE CARLO

START
0_0 1 1 | I
20 25 30 35 40
TIME (h)

FIGURE 4.4 Comparison of profiles of budded fraction for the continuous
fed—batch fermentation and the Monte Carlo fed—batch

fermentation.

99



and a later decrease to extinction. The switch to fed—batch operation also affected
the relative size and number of the peaks in a single CO,—cycle. The second peak of
CO; during the fed—batch fermentation increased relative to the first peak in the
initial three COy—ycles, then disappeared in later cycles (Figure 4.3). A third peak
appeared between the original two peaks during the third cycle of fed—batch
operation. Strassle et el (1989) observed that the form of oscillations switched from
cycles with three peaks to two peaks before being spontaneously eliminated in a
chemostat due to unknown reasons. Given that changes in dilution rate also changed
the number of peaks during each COs—cycle (Figure 4.1), the shift from two to three

peaks during fed—batch operation can also be attributed to effects on the G2 phase

of the cell—ycle.

From Lim et al. (1977), the exponential fed—batch fermentation based on
Equation (1) would be similar to a constant volume chemostat with dilution rate
steadily varying from 0.008 h™' to 0.052 h™! in 14 h. A complete elimination of
oscillations in chemostat cultures has been observed following step—up (0.2 h™! to
0.25 h!) and step—down (0.2 h™! to 0.05 h™!) in dilution rates while the oscillations
returned on the reverse step changes (Strassle et al., 1989). Unlike the disturbance
caused by step changes in dilution rate on the synchronised chemostat culture, the
exponential fed—batch fermentation produced a smaller variation in ‘equivalent’
dilution rate. The transient condition introduced by the exponential fed—batch

strategy, theref-re, would be insufficient to disrupt the synchrony immediately.

Fluctuations in Glucose Supply

The effect of concentration gradients due to poor mixing was simulated by
supplying the glucose feed intermittently according to a Monte Carlo method.
During Monte Carlo experiments, feed was switched—on for 5 s and switched—off for

an interval in the range of 3 s to 39 s. The Monte Carlo fed—batch experiment was
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compared with continuously—fed fermentation according to an exponential feeding
strategy. In addition to these two types of fed—batch fermentations, a periodic
fed—batch fermentation was carried out where feed was added every 15 s for 5 s. The
biomass profiles were similar during the first 12 h of feed supply for all three types
of experiments. No ethanol was detected while glucose remained below 0.35 g/L for
the same period. The biomass and ethanol profiles for these three experiments
diverged after 10 h of fed—batch operation. About 10% lower biomass and ethanol
accumulations up to 1.7 g/L were observed for periodic and exponential fed—batch
experiments during the last 2.5 h of a 14.5 h experiment.

The profiles of CO, and dissolved oxygen for all three types of fed—batch
experiments are s-hown in Figures 4.5 and 4.6 respectively. Continuous and Monte
Carlo experiments were repeated in triplicate and reproducible results were obtained
(Appendix D). The CO, and dissolved oxygen cycles were eliminated after the first
5 h of the Monte Carlo experiments, giving instead a chaotic response. Fast
fourier—transform analysis showed no dominant frequency in the CO, fluctuations
during Monte Carlo experiments, implying a chaotic respiratory response of the
yeast culture. Minkevich and Neubert (1985) showed that off—gas composition was
not affected by pH disturbances for pH below 6. The chaotic response of CO, was,
therefore, not an artifact of pH fluctuations that could have been caused by Monte
Carlo nidition of feed to the fermentor. The periodic fed—batch experiments gave
prolonged cycles of CO; and dissolved oxygen, similar to continuous fed—batch
experiments, and in addition gave smaller induced oscillations of shorter period
(Figure 4.5).

The first two COp—ycles during the Monte Carlo experiment were delayed
compared to continuous fed—batch experiments due to a longer duration of the
single—cell phase of the synchronised sub—population. Figure 4.4 compares the

budded fraction from exponential fed—batch experiments with the Monte Carlo
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experiments. The budded fraction of the second cycle during Monte Carlo
experiments showed a delay of about 1 h to attain the maximum level. The second
cycle showed a larger amplitude of the budded—fraction cycle compared to the
second cycle in the continuous fed—batch experiments. Subsequently, the oscillations
in the budded fraction were dampened, with the budded fraction remaining at 0.35.
Chaotic fluctuations in CO,, together with stable budded fraction during Monte
Carlo experiment, proved that synchrony was destroyed after the first two cycles. A
low budded fraction of 0.1 at the end of 12 h of feeding in continuous fed—batch
experiments compared to 0.35 in the Monte Carlo experiments reflected a higher

growth rate and a lower fermentative activity at the end of the Monte Carlo

experiments.

Implications of Chaotic Response

The mechanism responsible for maintenance of synchrony was affected by
short but variable intervals of feed interruption on the order of seconds during the
fed—batch fermentation. Regular interruption of the feed supply during the periodic
fed—batch experiment not only retained the first four CO,—cycles, similar to that
observed in the continuously—fed fermentation, but also introduced peaks in
between two cycles (Figure 4.5). Chemostat studies have indicated the role of
ethanol secretion and uptake in the regulation of synchrony (Porro et al, 1988).
Although no ethanol was observed for 12h during Monte Carlo experiment, this may
have been due to the relatively longer sampling period of 1.5 h used. Alternatively,
fast characteristic times of respiratory response indicate the possibility of control of
synchrony at the glycolytic level by other factors. For example, the NADH response
of yeast cells to glucose pulses has been shown to be in the order of few seconds
(Einsele et al, 1978). Mathematical models for spontaneous synchrony of yeast

culture in chemostat have been proposed, based on the production and uptake of
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ethanol and storage carbohydrates by yeast cells (Heinzle et al., 1982; Strassle et al,
1988). The transient conditions created by continuous, Monte Carlo and periodic
fed—batch fermentations would provide a severe test to discriminate between models
and to validate the mechanisms for synchrony. This discrimination of models is the
objective of the Chapter 5.

Spontaneous synchrony is considered to be a hurdle in the control of steady
state in chemostat operation, whereas it is shown to be useful in production of
baker’s yeast of higher fermentative activity in fed—batch fermentations. Large
sparged and stirred fermentors of volume up to 150 m3 are regularly used to grow
S.cerevisiae. Inherent poor mixing in production vessels creates gradients in both
dissolved oxygen and glucose levels. These Monte Carlo experiments using
intermittent supply of glucose feeds showed that synchrony cannot be maintained in
large—scale fed—batch fermentation. Such mixing effects have even been cbserved in
poorly mixed bench—scale chemostats (Strassle et al., 1988). Alberghina et al (1991)
also observed that the partial synchrony of the yeast culture was eliminated by the
fast control actions of feed supply used for maintaining ethanol at a low level in high
cell demsity fermentation. The fluctuations in glucose concentration inherent in
large—scale production conditions will, therefore, ensure a high degree of

heterogeneity in yeast populations.
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CONCLUSIONS

Monte Carlo fluctuations in glucose supply to the fed—batch culture of
S.cerevisiae with off—times from 3 s to 39 s produced chaotic response of CO,
levels in off—gas.

Cells with higher fermentative activity were obtained at the end of the
exponential fed—batch fermentation than in the Monte Carlo fed—batch
fermentation.

Synchronous cultures of S.cerevisiae in the large—scale fermentors cannot be

established due to inherent concentration fluctuations in the fermentor.
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CHAPTER b5

MODELLING THE SYNCHRONY OF
SACCHAROMYCES CEREVISIAE IN
CHEMOSTAT AND FED-BATCH FERMENTATIONS

INTRODUCTION

Saccharomyces cerevisiae or budding yeast is an important eukaryotic
microorganism for cell—cycle studies as well as for industrial fermentation processes.
Chemostat cultures of S.cerevisiae showed a tendency to synchronise when grown in
a well mixed and perfectly—controlled laboratory fermentor (Kuenzi and Fiechter,
1969; Parulekar, 1986; Porro et al., 1988; Strassle et al., 1988). The synchrony was
reflected by oscillations in many variables, including the budded fraction of the
population, biomass, flow cytometry measurements of NADH and cell—size, and
CO, fraction of off—gas. Various types of mathematical models have been proposed
to simulate these autonomous oscillations (MacDonald, 1976; Heinzle et al., 1982;
Ivanitskay et al., 1989; Strassle et al., 1988; Cazzador et al, 1990). These models
have helped to test the mechanisms responsible for triggering the spontaneous
synchronisation by relating the parameters regulating the cell—cycle events to the
growth parameters. The models have been also used to suggest the control strategies
required to either promote or eliminate synchrony (Meyer and Beyeler, 1984;
Takamatsu et al., 1985).

In earlier modelling attempts, the unstructured and non—segregated type
models were obtained from various modifications of the simple Monod model,

including a delay in the response of growth to the nutrient conditions (MacDonald,
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1976), product inhibition (Suzuki et al, 1985), maintenance effects, and variable
biomass yields (Ivanitskay et al, 1989). Although these simple models produced
limit cycles, no mechanistic models for the spontaneous synchrony were used. Two
types of conceptual models have been proposed in the literature to explain the
spontaneous synchrony of chemostat culture of S.cerevisiae. Kuenzi and Fiechter
(1969) suggested that the alteration of the nutrient environment, due to different
metabolism in the single—cell and the budding—cell phases of the cell—cycle, led to
the establishment of a partial synchrony. In another attempt, the spontaneous
synchronisation was attributed to the modulation of threshold size of cells at the
time of bud—initiation and bud—separation by the availability of ethanol as a
secondary carbox; source during the glucose—limited chemostat operation (Martegani
et al., 1990).

Heinzle et al (1982) used a non—segregated, structured type model based on a
metabolic network involving formation of storage carbohydrates and subsequent
conversion into ethanol by an enzyme. Stable harmonic oscillations in biomass,
glucose, storage carbohydrates, and enzyme levels were predicted for dilution rates
up to 0.125 h~L Strassle et al. (1988, 1989) developed a structured, segregated model
with an elaborate metabolic network of reactions. The population was divided into
three phases of cells, budded—cell, single mother cell and single daughter cell and
each phase was further divided into a number of classes based on the age of the cell.
‘The rates of carbon fluxes of glucose, storage carbohydrates and ethanol for a cell
depended on the phase of its cell—cycle. Relaxation—type oscillatory behaviour of
many variables, including biomass, storage compounds, ethanol, glucose, CO; in
off—gas and pH was predicted. A structured, segregated type model was also
proposed by Cazzador et al. (1990) based on the role of a limiting substrate in
modulation of the critical cell size for bud—separation and different biomass yield

coefficient for single—cell and budding—cell phases. The model predicted
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harmonic—type oscillations in the budded fraction of daughter and mother cells, the
total biomass and the limiting substrate concentration. A much simpler
unstructured, segregated model by Cazzador (1991) resulted ir an analytical
equation describing the relaxation—type oscillations in the masses of single—cells and
budded—cells. This model segregated the population into the single—cell type and
budded—cell type with the control of switching rates between two population by the
limiting substrate levels.

On-line measurement of the off—gas compositions, NADH, and dissolved
oxygen show fast response to any changes in the state of the fermentation culture.
In chemostat cu_lture of S.cerevisiae, oscillations in CO. fraction of cff—gas and
NADH were usually observed to be of a mixed—mode type with multiple peaks in
each cycle (Strassle et al, 1989; Chapter 4). These non—harmonic type oscillations
represent a higher order of instability than the harmonic and relaxation—type
oscillations predicted by the previous models (Lyberatos et al., 1985). The profiles of
the sensitive indicators, such as CO; fraction, were not simulated by any of the
above models except by Strassle et al. (1988). The structured and segregated model
of Strassle et al (1989) predicted amplitudes and frequency of CO, oscillations in
close agreement with the experiments. The model, however, predicted relaxation
type oscillations rather than the experimentally observed non—harmonic oscillations
with multiple peaks. Incidentally, this model contained six differential equations for
balance of six state variables over all the 97 classes and three differential equations
for each class.

Previous studies on the modelling of synchrony have shown that the
relationship between the cell-cycle events and the nutrient environment should be
considered to model the spontaneous generation of stable oscillations. Similar
success, although limited, from the predictions of oscillatory behaviour by a wide

range of models necessitates the need for discrimination between the models. Hjortso
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and Bailey (1983) used the response of a population balance model to the
step—changes in growth rates for a budding yeast population as a test for the
validity of the cell-cycle model. Strassle et al (1989) imposed a step change in the
dilution rate to evaluate their model. These types of ‘transient response’ methods
were shown to be insufficient in providing a stringent test to discriminate between
the kinetic models (Lyberatos et al., 1984).

The response of a culture to the -.ransient conditions in a fed—batch
fermentation provides a sensitive and severe test, to discriminate between the
models for spontaneous synchrony. Results in Chapter 4 showed the CO- oscillations
of a synchronously dividing culture in a chemostat continued for five cycles after
switching to an exponentially fed—batch operation, then they disappeared. The
perturbation in the feed supply according to a Monte Carlo method (Chapter 2)
during the fed—batch fermentation promptly disrupted the CO; cycles and
apparently produced chaotic response. These experimental observations on
fed—batch fermentations are useful for testing the current conceptual models on the
self—synchronisation property of S.cerevisiae.

The objective of this chapter was to evaluate models based on the role of
ethanol and storage carbohydrates in the induction and maintenance of synchrony of
S.cerevisige during glucose—limited chemostat and fed—batch cultures. The model
was used to predict the fate of synchrony under continuously—fed and

intermittently—fed fed—batch fermentations.
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THE MODEL

Model Concept

A cell of S.cerevisiae has two distinct phases during its life—cycle: the
single—cell phase and the budding—cell phase. These two phases were characterised
to be metabolically distinct based on their mode of uptake and formation of ethanol
and storage carbohydrates (Kuenzi and Fiechter, 1969). A model for simulating the
spontaneous synchrony in chemostat culture must consider these two distinct phases
of the cell-cycle. The complex segregated and structured model of Strassle et al
(1990) predicted relaxation—type oscillations similar in the form to that predicted
by the simp1e£ non—structured model of Cazzador (1991) with only two
sub—populations. Furthermore, three or four non-linear differential equations were
shown tn be sufficient to predict a higher order of instability for a non—linear kinetic
model (Lyberatos et al 1984). The division of the population into two
sub—populations with an adequate representation of metabolism for each
sub—population, therefore, would be sufficient to model the synchrony.

The two phases of the cell-cycle with the metabolic interaction between them
are shown in Figure 5.1. The representation in Figure 5.1 was used to develop the
model for synchrony in the present study. The metabolic reaction scheme for each of
the two phases followed Strassle etz al. (1988). The duration of the budding—cell
phase was found to be close to 1 h and independent of the nutrient environment
(Barford and Hall, 1976). The budded—cells consumed internal glucose or ‘storage
carbohydrates’ to supplement their glucose uptake from the medium, and in the
process excreted ethanol. The storage carbohydrates were produced and stored by
the single—cells from growth on glucose and ethanol. Synchrony is believed to
spontaneously arise due to a positive feedback on the growth of single—cells in the

presence of ethanol (Martegani et al., 1990).
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The segregation of the two phases of cells was modelled in the present study
by differentiating between biomass without storage carbohydrates or ‘residual
biomass’, and the storage carbohydrates. The conversion between the single-—cell
and budding—cell phases was modelled by considering a time delay in the uptake of
storage carbohydrates. The resulting structured model is shown in Figure 5.2.
According to this model, the rate of uptake of storage carbohydrates depends on the
past values of the concentration of storage carbohydrates. Various types of memory
functions have been used to weight the past values and thus introducing a delay in
chemostat models (MacDonald, 1976; Abulesz and Lyberatos, 1989). A simplest
delay, ‘pure delay’ was selected in the present study whereby the uptake rate of
storage carbohydrates at any given time was a function of one concentration of
storage carbohydrates in the past. The duration of delay was selected to be equal to
the interval of budding—cell phase. This selection of the delay is equivalent to
making an assumption that the budded—cells would consume their storage

carbohydrates content, which was received from single—ells, at the end of the

budding—cell phase.

Metabolic Rates

The kinetic equations for the metabolic reactions (Figure 5.2) followed Strassle

et al. (1988), and are listed below.
1. Uptake of carbon sources

The specific rate of uptake of glucose, Qg, depends on the level of glucose in the

fermentor, G, as follows,

G
= m ———— 1
Qg = Qgg (K ¢ +G) (1)
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FIGURE 5.2: The metabolic network scheme used to model the synchrony in

the chemostat culture of S.cerevisiae.

117



A part of glucose flux, Q;;, was diverted into formation of storage carbohydrates

according to the following equation.

Qt1=0'se(Ktinth) [Qgtm/qu—Qg—J (Qgtn/Qqo—Qg)’+ 4 Qgim Qg (2)

According to Equation (2), a higher proportion of the glucose flux was diverted into
the formation of storage carbohydrates when the glucose uptake rate was low. This
assumption is consistent with growth of yeast cells under poor medium conditions.
The degradation of storage carbohydrates contributes to the glucose flux entering
the glycolytic pathway (Figure 5.2). The specific rate of conversion of storage
carbohydrates depends on a past value of storage carbohydrates content, T (t—7).
The wash out of budded—cells in the chemostat further reduces the storage
carbohydrates available to the cells. The expression for the consumption of storage

carbohydrates from Strassle et al. (1988) was, therefore, modified to give:

_ T, (t-1) e{™P)/x
Qt2 = Qggm (K _+T:(t-r) e(——rD)/X)

(3)

where X is the residual biomass. The total flux of ‘glucose equivalent’ entering the

glycolytic pathway, Qgg, is given below:

Qgg = Qg + Qi1 + Qr2 (4)

2. Bottleneck Hypothesis

The oxygen concentration in the liquid phase, O,L, controls the respiratory capacity

for the oxidative conversion of carbon sources. The maximum flux of the carbon
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sources utilised in an oxidative mode, Qgcrit, is given by

Q02m O o L

- (5)

Qgcrit =

The excess of carbon flux through the glycolytic pathway, over and above the
respiratory capacity, would be converted to ethanol in a reductive mode at a rate,

Qe, given below,

Qe=— {——‘ﬁ’z} Qgr (6)

o¢e

when Qgr < 0.0

The excess of carbon flux, Qgy, is given by

Qgr = Qgg - ng (7)
Qgo = max (Qgcrit, Qgg) (8)

The ethanol would be consumed, however, when the carbon flux through the
glycolytic pathway, Qgg, cannot saturate the respiratory capacity. The rate of

ethanol uptake is a function of ethanol concentration, E, as follows:

e = YO crit — 0 -‘—‘—E 9
Q —-g—Yoe (Qgerit — Qgo) K. 1+ E) (9)
when Qgr = 0.0
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3. Growth
The growth occurs due to the oxidative conversion of all carbon sources and due to

the reductive conversion of glucose to ethanol. The specific growth rate of biomass,

i, is given by:
u = - (ngngo) + ma.x(Qergr,O-O) - min(Qere,0.0) (10)

4. Respiration

Oxygen is used for the oxidative conversion of carbon sources at a rate, OUR, as

follows,

OUR = X [Yog Qgo + Yoo {min (0.0,Qe)}] (11)

Carbon dioxide is produced under the oxidative and reductive mode of uptake of

carbon sources according to the following equation:

CPR =X [chong + max (Yce1Qe, Yce2Qe)] (12)

Fermentor Dynamics

Consider a well-mixed fermentor of liquid volume, V, fed with the fresh feed
at a volumetric flow rate, Fin, and the inlet concentration of a limiting substrate,
such as glucose, Gin. The fermentor ccntents are removed at a volumetric flow rate,
Fout. Air, of molar density p, is fed to the fermentor at a volumetric flow rate, Fai,.
The gas and liquid phases in the fermentor are assumed to be well-mixed. The mass

balance equations for the residual biomass, X, glucose, G, ethanol, E, and storage
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carbohydrates, T across the fermentor are given as follows.

J—‘-{%’E— = Fin Xin — Fout X + 4 (VX) (13)

£
-ié%l— = Fin Gin — Fout G+ Qg (VX) (14)

—E(%’@— = Fip Ein — Fous E + Qe (VX) (15)

_CLC(IXLF_Q_ = Fin Trin — Fout Tr + (Qt1+Qt2) (VX) (16)
t

Assuming no variation in the density of the fermentor contents during the

fermentation, the overall mass balance around the fermentor gives

av
dt

= Fin - Fout (17)

The dynamics of oxygen and carbon dioxide in the gas—phase and the
liquid—phase are neglected as they are fast compared to the dynamics of growth and
metabolism (Yegneswaran et al., 1990). From the mass balance for oxygen and
carbon dioxide in the gas—phase, the gas phase compositions are obtained from the

following algebraic equations.

Og2g = (Fair Ozgin + OUR/p)/Fair (18)

COQg = (Fai!‘ Co2gin + CPR/p)/Fair (19)
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Under pseudo—steady state conditions, the mass transfer of oxygen from the
gas—phase to the liquid—phase equals the oxygen uptake rate due to growth. The

concentration of oxygen in the liquid phase is given as follows:
O,L = Hoz*Ogg + OUR/kLa (20)

where H 0 is the solubility factor for oxygen and kLa is the mass transfer coefficient.
The relative level of oxygen in the liquid phase with respect to the saturation level,

or dissolved oxygen (DO), is calculated as follows.

Initial Conditions

Three modes of operation of the fermentor were considered: chemostat
operation, fed—batch operation with continuous feed supply, and fed—batch
operation with intermittent feed supply. The fresh feed for all modes of operation

satisfied the following conditions,
Xin =0.0, Ein = 0.0, Trin =0-0 (22)
1. Chemostat operation
The following conditions apply for the chemostat mode of operation of the

fermentor:

Fin = Fout = F = constant (23)
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The dilution rate, D, was defined as follows,
D=F/V (24)
2. Fed—batch operation
In continuous fed—batch fermentation, the feed was supplied at an exponentially
increasing rate to the fermentor according to the following equation,
Fin = Fino e (25)
No product was removed during the fed—batch fermentation, so that

Fout = 0.0 (26)

For the fed—batch fermentation with intermittent supply of feed, the feed rate

during the pulse—on, tp, was given by

ch = tc Fin (27)

where Fi, was calculated from Equation (25). The pulse—off intervals, torf, were
obtained from a log—normal distribution of circulation times with a mean, T, and a
standard deviation, o using a Monte Carlo method (Chapter 2). A periodic feeding

to the fermentor was also considered where the pulse—off period was consiant at

(tc—tp)-
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RESULTS

Chemostat fermentation

The equations for the chemostat, and fed—batch fermentations were integrated
using the IMSL subroutine GEAR in FORTRAN—77 on a VAX 8600. The operating
conditions for the simulations of fermentors, listed in Table 5.1, followed the
experimental conditions in Chapter 4. The past values of ‘storage carbohydrates’
were stored in a vector to account for the delay present in the differential equation
(16). The integration was started by assuming a steady state to be the initial
condition. The values of parameters of the model are also listed in Table 5.2. All the
parameters followed Strassle et al. (1989) except for the parameter K, and a new
parameter, the time delay, 7 = 1 h. K; affects the rate of consumption of storage
carbohydrates as given by Equation (3). The value for K, was adjusted from an
initial estimate of 0.2 (Strassle et al., 1989) so that stable oscillations were obtained
in a chemostat at a dilution rate of 0.2 h™! and glucose corncentration of 5 g /L in the
feed. Figure 5.3 shows the harmonic—type oscillations in the CO, fraction of off—gas,
dissolved oxygen, total biomass, glucose and storage carbohydrates in the chemostat
for K,=1.425. Higher values of K, caused damped oscillations, whereas lower values
amplified the oscillations. Parameter values of K, = 1.425 and 7 = 1 h were used,
therefore, for simulation of chemostat and fed—batch fermentations.

The periods, amplitudes and forms of calculated oscillations from the model
were comparca with the experiments of Chapter 4. The period of the oscillations in
all variables (Figure 5.3) was 3.56 h compared to 2.7 h obtained experimentally for
a chemostat at a dilution rate of 0.2 h*!. The CO, fraction of off-gas varied from
0.32% to 0.38% compared to 0.27% to 0.42% in experiments. The biomass level
varied from 2.52 g/L to 2.6 g/L compared to no detectable variation of biomass at

2.25 g/L. The measurement error associated with the biomass is = 0.1 g/L which is
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TABLE 5.1: Operating conditions used in the simulations following the

experiments described in Chapter 4

1. Chemostat

D 0.2 h!
F 0.2 L/h
Gin 5.0 g/L
Vo 1.0 L

2. Fed—batch fermentations

Finn 0008 L/h
Gin 100.0 g/L
te 20 s
to 5 s
L 0.16 h!
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TABLE 5.2: Model parameters used in the simulations following

Strassle et al. {1988).

COsgin 0.00033 -

Hoo 1.0416 mmol/L
K. 0.01 g L

K¢ 0.5 g L
K;a 1000 0 1/h

Kqo 0.001 mmol /L
Kiinh 1.0 hg/e
Oagin 0.20946 -

Qggn ~3.5 g/(g—~h)
Qgtm 0.40 g/(g—h)
Qozm —17.9 mmol/(g—h)
Quqo 0.98 -

Ycer —14.7 mmol/g
Yceo 21.9 mmol/g
Yego -13.7 mmol/g
Yoe 35.0 mmcl/g
Yog 12.8 mmol/g
Yxe 0.72 g/g
ngo 0.49 g/g
Yxgr 0.05 gle

p 41.67 mmol /L
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close to the amplitudes of oscillations in biomass from the model. The glucose
concentration also showed a small variation from 0.058 g/L to 0.071 g/L from
model, whereas it remained close to 0.05 g/L in experiments. The dissolved oxygen
levels oscillated between 95.6% and 97% compared to the experimental observations
of 93% to 97%. The ethanol concentrations remained remained at zero even though
all other variables oscillated. Ethanol concentration of 0.015 g/L close to the
detectable limit of 0.007 g/L were detected in the experimeuts for short intervals.
The form of oscillations in CO, showed harmonic oscillations indicating a lower
order of instability compared to the non—harmonic oscillations with multiple peaks
observed in experiments.

Simulations with two extremes of segregation of the population were also
carried out. A case of zero time delay implied a homogeneous population, whei: =
considering segregation of single—cell and budding—cell phases (Figure 5.1) a .
respective metabolism of storage carbohydrate implied complete segr rasic sy of
population into two states. Integration of both models over a range of K, {.iled to
give stable oscillations. These simulations with alternative models suggest that the
delay is instrumental in causing stable oscillations, comsistent with Lyberatos
(1985). Parulekar et al (1986) suggested that high dissolved oxygen levels can
eliminate synchrony by increasing the respiratory capacity of the cells. Chemostat
operation with the control of dissolved oxygen at 100 % was simulated using the
present model. No difference in the oscillatory behaviour was predicted for the
fermentation with DO control compared to the fermentation without DO control.
Simulations were also carried out at lower dilution rates of 0.15 h™! and 0.2 h-\.
Stable oscillations were predicted when the value of K, was changed to 1.56 for a
dilution rate 0.15 h! and 1.65 h for a dilution rate of 0.1 h-! Tuning of one

parameter, K¢, with the dilution rate to obtain oscillations indicate the limitation of
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use of a constant delay and effect of explicit use of dilution rate in the degradation

kinetics of storage carbohydrates (Equation 3).

Fed—batch fermentations

Simulations of fed—batch fermentations were started from a chemostat culture
where stable oscillations were established at a dilution rate of 0.2 h™. The feeding
strategy for the continuous fed—batch fermentations followed an exponentially
increasing rate profile according to Equation {25) with the operating conditions
given in Table 5.1. The duration of pulse—on during fed—batch fermentations with
intermittent feed supply was 5s. The duration of pulse—off varied from 3 s to 39 s
according to a Nionte Carlo method for the Monte Carlo fed—batch fermentation
and was constant at 15 s for the periodic fed—baic : fermentation (Chapter 2). These
conditions for the feeding strategy were the same as that used in the experimental
study of Chapter 4. Simulations for fed—batch fermentations were performed by
integrating the five differential equations (Equations (13) to (17)) and using the
remaining algebraic relationships. The differential equations were solved every 30 s
for the continuous fed—batch fermentation and every 1 s for fermentations with
intermittent feeding.

Figure 5.4 shows the profiles of biomass, sterage carbohydrates, CO; fraction
in the off—gas, and dissolved oxygen. The oscillations in the CO, fraction and
dissolved oxygen continued during fed-batch fermentation with increasing
amplitudes. This prediction was contrary to the experimental observations where
the amplitudes of CO; cycles initially increased then disappeared completely. The
storage carbohydrates also showed oscillations during the fed—batch fermentation.
No significant oscillations appeared in the biomass corresponding to the oscillations
in the storage carbohydrates consistent with the internal conversion of storage

carbohydrates (Kuenzi and Fiechter, 1969) and experiments (Chapter 4).
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Figure 5.5 compares the profiles of biomass and glucose for Monte Carlo
fed—batch fermentation with continuous fed—batch fermentation. The biomass level
at the end of the Monte Carlo fermentation was higher by 1 g/L compared to the
continuous fed—batch fermentation. The small increase in the biomass for Monte
Carlo fed—batch fermentation was consistent with the experiments (Chapter 4). The
comparison of glucose profiles showed large and random fluctuations during the
Monte Carlo fermentation compared to small and harmonic oscillations in the
continuous fed—batch fermentation. No ethanol was predicted from simulations of
all types of fed—batch fermentations, whereas the ethanol accumulated up to 0.4 g/L
for Monte Carlo fermentation and up to 1 ~ g/L in periodic fermentation during the
last 2.5 h of fed—batch fermentation. The high glucose levels in the fermentor
towards the end of Monte Carlo fermentations from simulation were not sufficient
to saturate the respiratory capacity. Alternatively, the decrease in the growth rate
towards the end of fed—batch fermentation due to accumulation of ‘inhibitory
compounds’ could lead to imbalance between substrate demand and substrate
supply in experiments.

The profiles of dissolved oxygen and CO, fraction in off—gas for the Monte
Carlo fermentation are shown in Figure 5.6. The CO, and DO profiles showed fast
and random fluctuations superimposed on the oscillatory pattern predicted for the
continuously fed—batch fermentation. The model did predict the fast fluctuations in
the CO; fraction in agreement with the experiments, however, indicating the partial
surrass of the model under transient conditions. The experimental study showed
th: - "¢ use of a range of off—times in the Monte Carlo fed—batch fermeatation
Proaused a significantly different result compared to the use of a constant off-time
in the periodic fed—batch fermentation. Periodic fed—batch fermentation produced
no effect on final biomass yields, and retained the CO, cycles similar to the

continuous fed—batch fermentation. Figures 5.7 and 5.8 show the prediction of the
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model for the periodic fed—batch fermentation. The glucose, CO, and DO profiles
show smaller and uniform fluctuations compared to the Monte Carlo fed--batch
fermentation. No new peaks in CO, were predicted as observed in the periodic
fed—batch fermentation experiment. The model predicted an increase of 1 g/L in
biomass for periodic fed—batch fermentation compared to the continuously—fed
fermentation (Figure 5.7), in contrast with no effect on the final biomass yield in
experiments. The insensitivity of the model to a coustant off—time of 15 s compared
to a range of off-times of 3 s to 39 s in fed—batch fermentations indicate the need to
identify mechanisms of characteristic times of less than a minute required for

synchrony.
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DISCUSSION

Previous studies have suggested the role of ethanol and storage carbohydrates
in generating the spontaneous synchronisation in chemostat culture (Kuenzi and
Fiechter, 1969; Martegani et al, 1990). The present simulations for a chemostat
predicted oscillatory behaviour for all variables except for ethanol which remained
at zero concentration. Ethanol levels in the range of 0.015 g/L to 0.050 g/L have
been detected for short intervals in chemostats for operating conditions consistent
with the conditions used in the present simulation (Porro et al, 1986; Chapter 4).
The contribution of such a small level of ethanol in accelerating the growth of
single—cells would be uniikely to have any effect on the generation of synchrony.
The oscillations in storage carbohydrates reflect the repeated cycles of formation
and degradation of storage carbohydrates as ¢: .: cycled between single—cell phase
and budding—cell phase. These variations in formatior and degradation of storage
carbohydrate, however, were not adequate to predict non—harmonic oscillations in
CO..

The model was tested under the transient conditions iniroduced by the three
modes of fed—batch fermentation. Comparison of simulations for fed—batch
fermentations with the experimental observations in Chapter 4 showed that the
model was partially successful. The oscillatory behaviour in the continuous
fed—batch fermentation, and the fast fluctuations in CQO, fraction in the Monte
Carlo fed—batch fermentation were simulated. The model, however, failed to predict
the eventual elimination of synchrony in fed—batck fermentation and the presence of
multiple peaks in the CO; oscillations.

The limited success of the present model could be due to the
over—simplification of the population structure and the selection of values for

certain parameters involved in carbohydrate and ethanol metabolism, including Ky,
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Kiinh and Ke. In the chemostat experiments, a significant fraction of the population
has been shown to be non—synchronous as complete synchrony was never achieved
(Kuenzi and Fiechter, 1969, Porro et al., 1988; Chapter 4). The role of the
non—synchronous sub—population in dampening the oscillations was not explicitly
considered in the model. The absence of ethanol oscillations from model predictions
and disruption of oscillations by small and random fluctuations in glucose level
point to the need for a better understanding of the mechanism for inducing the
synchrony.

Lyberatos (1985) showed the existence of stable steady states and harmonic
oscillations, when one feedback parameter was varied for a chemical reaction system
with a delay. In the present study, the parameter, K., for uptake of storage
carbohydrates was varied from 0.2 to 1.5. The variation in other parameters
relevant to kinetics of formation of storage carbohydrates were not considered. Use
of a second time delay to the model could produce noa—harmonic oscillations
including cycles with multiple peaks (Lyberatos, 1985;. The oscillatory behavionr of
chemical reactions for the catalytic oxidation of carbon monoxide (Lynch and
Wanke, 1984) was strikingly similar to the non—harmonic oscillations in CO,
observed in chemostat experiments (Chapter 4). Lynch ¢t al (1986) showed that a
model consisting of six ordinary differential equations based on the mechanisms for
oxidation was capable of renproducing their experimental results. The challenge in
the context of synchrony of yeast cultures is to formulate such a non-linear model

from known characteristics of yeast growth and metabolism.
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CONCLUSIONS

A simple model based a metabolic reaction network with delay in degradation
of storage carbohydrates predicted stable harmonic—type oscillztions in all
variables except ethanol.

The model predicted fast and random fluctuations in CO, fraction of off—gas
and dissolved oxygen when the feed was supplied intermittently according to a
Monte Carlo method in the fed—batch fermentation.

The model failed to predict the non—harmonic type oscillations in the CO,
fraction of off-gas during chemostat operation and the elimination of CO:

cycles towards the end of the fed—batch fermentation.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

Conclusions and Implications

A major difficulty in reproducing a laboratory—scale fed—batch fermentation
on the production—scale is the establishment of a nutrient—rich zone close to the
feeding point due to incomplete mixing, along with a range of concentrations in the
bulk fluid in a production—scale fermentor. In this thesis, a rational strategy was
developed to simulate these nutrient fluctuations in a laboratory—scale fermentor by
using circulation iime distributions, CTD, from production fermentors. The strategy
was simple to implement as it involved additions of feed pulses to a fermentor. A
Monte Carlo method simulated a given CTD by controlling the feed pulses. This
method provided the flexibility to use any given CTD of production vessels. Also,
the simultaneous fluctuation of the two critical variables, dissolved oxygen and
nutrient concentrations would be possible.

In fad—batch fermentation for the baker’s yeast production, the fluctuations in
glucose concentration could play an important role in determining the biomass
quality and byproduct formation. Comparison of continuously—fed fermentation
with Monte Carlo fermentation showed a higher state of metabolic activity of the
yeast culture under conditions of fluctuating nutrient levels. The effect of a
nuirient—rich ‘feed—zone’ close to the feeding point was simulated by using a
fermentor and a plug—flow loop with recirculation of broth between them. A CTD
for the feed—one was adequate to calculate a range of volumes of the recycle loop
and recirculaiion flow rates. The levels of byproducts, including ethanol and acetic

acid, showed a greater degree of sensitivity to the feed—zone effect compared to the
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final biomass levels, especially for a long residence time of 12 min in the loop.
Experiments with a defined medium gave results in contrast to the above results
from experiments with the complex media. This difference indicated that the
presence of alternative carbon and nitrogen sources in complex media could play an
important role in controlling the extent of ‘glucose effect’ on the final levels of
biomass.

Chemostat experiments with a defined medium showed spontaneous
generation of synchrony and stable, non—harmonic oscillations in various
measurements including CO; fraction of off—gas and dissclved oxygen, DO. The
cycles of CO; correlated very well with the phases of the cell—cycle, and were used
as a measure of the degree of synchrory. Fed—baich fermentation, with an
exponentially increasing supply of the feed showed continuation of CO, and DO
oscillations for five cycles. A chaotic response in CO, and DO was obtained,
however, when short fluctuations in glucose feed with off—times from 3 s to 39 s
were imposed on the fed—batch culture. A higher budded—fraction of cells of 0.3 was
obtained at the end of this Monte Carlo fermentation compared to 0.1 at the end of
the continuous fed—batch fermentation, consistent with the biomass levels. A
synchronous culture of baker’s yeast, therefore, cannot be established in a
production—scale fermentor due to inherent concentration fluctuations in the
fermentor.

The interaction among cells through excretion and uptake of ethanol is usually
speculated to cause synchrony in the cultwre. A simple structured—type model with
a delay in degradation of storage carbohydrates predicted stable harmonic
oscillations in all variables except ethanol. The CO, profiles of a synchronously
dividing culture under the fed—batch fermentations with continuous and
intermittent supply of feed were used to test the model. The model predicted fast

and random fluctuations in CO, and DO during Monte Carlo fermentation,
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consistent with experiments but failed to predict dampening of the oscillations in
continuous fed—batch fermentations. These simulation results, cowpled with
experimental measurements, suggested that ethanol need not be the cause of
synchrony.

Fed—batch experiments with periodic feeding gave different results compared
to Monte Carlo experiments with both defined and complex media. This comparison
indicated that the distribution of circulation times and not the mixing time should
be used to characterise the bulk circulation patterns or macromixing in the
production fermentor. Any strategy that could affect the long tail of the circulation
time distribution, therefore, would be useful in achieving a desirable performance in

the production vessel.

Limitations and Recommendations

Macromixing, as characterised by a CTD, was assumed to be the rate limiting
step in the transport of nutrients from the feeding point into the microenviroment of
a cell. Assuming macromixing or complete segregation in the bulk of the vessel
would predict a limit on the final performance of the production fermentor. In
baker’s yeast production, as in many other fermentations, high concentrations of
nutrients cause a drop in the yield of product, whereas low availability of a nutrient
prompts cells to use alternative sources. The Monte Carlo fermentation would,
therefore, predict a lower limit of the possible yield.

The Monte Carlo experiments with feed added to a recycle loop were designed
by assuming a certain range of size of the feed—zone. The degree of turbulence at the
point of feed addition would control the size of the feed—zone. The micromixing
would also affect the concentration gradients in the microenvironment or the
vicinity of a «+ "« characterisation of length— and time—scales of micromixing

and its effect ue fermentation would complement the present study. These
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bench—scale studies on effect of macro— and micro—mixing would be directly useful
for scale—up if the operating conditions for the production fermentor could be
related to the mixing parameters, including the CTD for macromixing and the
length— and time—scales for micromixing.

A single impeller system was assumed implicitly in the development of the
Monte Carlo strategy. Production fermentors, however, often employ multiple
impeller system, which increases the number of micromixed regions. The Monte
Carlo method could be extended by including a switching probability between the
adjacent impeller zones and providing different proportion of the fresh feed to these
zones. The Monte Carlo method is not limited to evaluating the effect of
concentration gr:;dients in stirred tanks. Similar methods could be developed to
evaluate the effects of gradients in other variables, for example, shear rates during
mamallian cell cultivation in a bioreactor. The challenge in the context of variables
other than concentrations would be to characterise distributions of those variables
in the bioreactor.

The success of a model for synchrony of yeast culture depends on its ability to
predict the s.able, non—harmonic oscillations in CO; during chemostat operation
and the observed responses during the various fed—batch fermentations, including a
chaotic response in CO; during Monte Carlo fermentation. The challenge in
conforming to these tests lies in developing a cell-cycle model that would give a
kinetic model with sufficient non—linearity, and not in using a model with a large
number of differential equations. The random or ‘chaotic’ response of CO, indicated
that the small fluctuations in environment directly interfered with that interaction
among cells which produced synchrony or ‘-rJ=i’ in the yeast population. More
insight into control of the cell—cycle e/ ¢ «% be required to propose the
mechanism for syrchrony, and subsegr-: - "o .i--ziop a model based on the

metabolic control processes.
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APPENDIX A
CALIBRATION EQUATIONS FOR BIOMASS
Procedure: Optical density of sample was raeasured after suitable dilution

with RO water such that ODg2o < 0.4. The samples were filtered
with filters (0.45 pum) and dried in microwave oven for 10 min.

Table A.1 Dry cell weight vs optical density for S.cerevistae, NCYC
1018 grown on complex medium during fed—batch fermentation

DCW (g/L) = 0.82 (ODg20) for0<t<6h

r?=0.976 and 2.5 < ODg¢g2p < 6.5
DCW (g/L) = 0.76 (ODsg20) for6<t<10h
r?=0.983 and 6.5 < ODg9g < 10.0
DCW (g/L) = 0.68 (ODg20) for10<{t < 14h
r2=0.968 and 10.0 € ODgg < 14.0
DCW (g/L) = 0.64 (ODg20) fort >14h

r?=0.99 and ODg9o0 > 14.0
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Table A.2. Dry cell weight vs optical density for S.cerevisiae, ATCC 32167
grown or: defined medium during fed—batch fermentation.

DCW (g/L) = (.86 (ODGQO) for0<t<5h

I2=0.99 and 2.0 < ODsgo < 6.0
DCW (g/L) = 0.76 (ODyga0) for5<t<12h
1'2-'—’"0.981 and 6.0 < ODsgo < 13.0
DCW (g/L) =0.74 (ODG?Q) fort>12h

1'2—"—'0.975 and OD620 2 13.0
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APPENDIX B

DATA FROM REPEATED EXPERIMENTS FOR FED-BATCH

TABLE B.1

TABLE B.2

TABLE B.3

FIGURE B.1

FIGURE B.2

FERMENTATIONS WITH COMPLEX MEDIUM
(For Chapter 2)

DCW and ethanol data for continuous fed-batch fermentations
with S.cerevisiae NCYC 1018, grown on complex medium.

DCW and ethanol data for Monte Carlo fed—batch fermentations
with S.cerevisiae NCYC 1018, grown on complex medium.

DCW and ethanol data for Periodic fed—batch fermentations
with S.cerevisiae NCYC 1018, grown on complex medium.

Comparison of RQ profiles for continuous fed—batch with Monte
Carlo fed—batch fermentations with S.cerevisiae, NCYC 1018
grown on complex medium.

Comparison of DO profiles for continuous fed—baich with Monte

Carlo fed—batch fermentations with S.cerevisiae, NCYC 1018
grown on complex medium.
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TABLE B.1
Continuous Fed-batch Experiments
S.cerevisiae NCYC 1018

RUN 1 RUN 2

FEED DCW  ETHANOL FEED DCW  ETHANOL

TIME TIME

(h) (g/L) (g/L) (h) (g/L) (g/L)

0.0 1.9 3.9 0.0 1.8 3.8

6.0 5.0 4.0 3.0 2.8 4.5

10.0 6.3 2.7 6.0 4.7 4.2

13.0 8.9 1.1 9.0 7.3 3.1

15.0 9.6 0.1 12.0 8.6 1.9
15.0 9.5 0.5

RUN 3
FEED DCW  ETHANOL
TIME
(h) (g/L) (g/L)

0.0 1.8 3.8

3.0 2.5 4.3

6.0 4.6 4.4

9.0 7.3 2.6

12.0 8.4 1.6

15.0 9.7 0.1
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TABLE B.2
Monte Carlo Fed-batch Experiments
S.cerevisiae NCYC 1018

RUN 1 RUN 2
FEED DCW  ETHANOL FEED DCW  ETHANOL
TIME TIME
(h) (g/L) (g/L) (h) (g/L) (g/L)
0.0 1.9 3.9 0.0 1.8 3.6
3.0 3.0 4.4 3.5 3.4 4.7
6.0 5.1 4.4 6.0 5.2 4.6
9.0 7.7 3.5 9.0 7-7 3.4
12.0 9.1 2.0 12.0 9.1 2.1
15.0 10.4 0.1 15.0 10.3 0.4
18.0 11.4 0.1
RUN 3
FEED DCW  ETHANOL
TIME
(h) (g/L) (g/L)

0.0 1.9 3.7

3.0 3.2 4.1

6.0 5.3 3.9
10.0 7.8 2.3
18.0 11.4 0.1
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TABLE B.3
Periodic Fed-batch Experiments
S.cerevisiae NCYC 1018

RUN 1 RUN 2
FEED DCW  ETHANOL FEED DCW  ETHANOL
TIME - TIME

(h) (9/L) (g/L) (h) (g/L) (g/L)
0.0 1.9 4.0 0.0 1.7 4.0
3.0 3.0 4.2 3.0 2.8 4.4
6.0 4.9 4.1 6.0 4.4 4.3
9.0 7.0 3.1 9.0 7.2 3.6
12.0 8.4 1.7 12.0 8.3 2.1
15.0 9.2 0.1 15.0 9.3 0.1
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FIGURE E.1: COMTARISON OF CONTINUDOUS WITH MONTE CARLD FED—-BATCH
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FIGURE B.1 Comparison of RQ profiles for continuous fed-batch with Monte
Carlo fed—batch fermentations with S.cerevisice, NCYC 1018

grown on complex medium.



FIGURE B.2: COMPARISON OF CONTINUOCUS WITH MONTE CARLO FED-BATCH
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FIGURE B.2 Comparison of DO profiles for continuous fed—batch with Monte

Carlo fed—batch fermentations with S.cerevisiae, NCYC 1018
grown on complex medium.
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APPENDIX C

CTD CALCULATION AND DATA FROM REPEATED EXPERIMENTS FOR
FED-BATCH FERMENTATIONS WITH COMPLEX AND DEFINED MEDIA

C.1

C2

C.3

C4

(for Chapter 3)
CTD CALCULATIONS

FIGURE C.1.1  Ar algou’ i to calculate a CTD for a reference zone using
the "Network—of—Zones’ stochastic inodel.
FIGURE C.1.2 A CTD calculated with respect to the impelier zone

Biomass, etharniol and acetate data for complex—medium fermentations with
S.cerevisiae, NCYC 1018.

TABLE C.2.1 Cortinuous fed—batch fermentations.
TABLE C.2.2 Monte Carlo fed—batch fermentations.

Biomass and ethanol data for ¢ fined—inedia fermentations with
S.ceremsiae, ATCC 32167.

TABLE C.3.1 Continuous fed—batch fermentations.

TABLE C.3.2 Monte Carlo fed—batch fermentations.

TABLE C.3.3 Periodic fed—batch fermentations.

FIGURE C.3.1 Reproducibility of the biomass profiles for continuous and
Monte Carlo fed—batch fermentations.

Experimental results from complex—media fermentations with
S.cerevisiae, ATCC 32167.

TABLE C.4.1 Biomass and ethano! data for continuonus and Monte Carlo
fed—baich fermentaticas.

FIGURE C.4.1 Compusisor of 37 srofiles of cc.:tinuous with Monte Carlo
fed—batch fermentations.

FIGURE C.4.2 Comparizon of DO profiles of continuous with Monte Carlo
fed—batch fermentations.
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READ PARAMETERS

Mean vessel turnover time, Ts=73s
Switching probabihity = i/5, 1/4
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FIGURE C.1.1  An algorithm to calculate CTD for a reference zone using

'Wetwork—of—Zones’ stochastic model.
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TABLE C.2.1
Continuous Fed-batch Experiments
S.cerevisiae NCYC 1018

Vp=0mL, Qr=0L/h Vp=15mlL, Qr=2.0L/h
FEED DCW ETHANQL ACETATE DCW ETHANOL ACETATE
TIME
(h) (g/L) (g/L) (g/L) (g/L) (g/L) (9/1L)
o) 1.9 3.4 .0 2.2 3.1 0.0
2 2.8 4.0 0.0 3.1 2.5 0.0
4 4.2 2.5 0.0 4.9 2.1 0.0
[S) 5.3 .5 0.G 5.8 1.8 0.0
3 6.9 3.2 0.0 .4 1.7 0.0C
10 7.2 2.5 0.0 7.7 1.7 0.0
iz 8.2 1.¢< C.0 8.9 0.5 0.0
14 5.8 1.1 0.0 9.1 0.0 0.0
Vp=50rL, Or=0.25L/h Vp=50ml.,, Qr=0.5L/h
FEED OCW ETHANOL ACETATE DCW ETHANOL ACETATE
TIME
{h) (g/ L) (3/L) (g/L) (g/L) (G/1L) (g/1L)
O 1.9 3.8 0.0 i.75 3.4 0.0
2 2.8 3.7 0.0 2.8 3.9 0.0
4 “.d 1.8 0.0 4.3 4.0 0.0
) 5.8 1.8 .0 5.6 3.3 0.0
a8 T.A 1.4 0.0 T S LY
i0 7.¢< 1.2 0.0 7.9 2.9 0.0
12 2.0 0.4 Q.0 5.0 c.a 0.0
14 “L.8 O 0.0 g.h 1.4 0.0
Vp=50nL, Qr=Z.CL/h
FEED DCW ETHANOL ACETATE
TIME
(h) (g/L) (g/L) (g/L)
O 2 3.7 0.0
2 3.1 3.4 0.0
4 4.3 3.2 0.0
6 5.5 3.3 0.0
8 7.2 2.8 0.0
10 7.5 2.5 0.0
12 8.7 1.8 0.0
14 9.3 1.0 0.5
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TABLE C.2.2
Monte irlo Fed-batch Experiments
S.cerevisiae NCYC 1018

Vp=15mlL, Qr=0.SL/h Vp=15mL, Qr=3.0L/h
FrEED LCW ETHANOL ACETATE DCW ETHANOI, ACETATE
TIME
(h) (g/L) (g/L) (g/L) (g/L) (g/L) (g/L)
0 1.5 2.0 .0 1.9 1.9 0.0
2z 2.8 A 0.0 2.8 1.8 0.0
4 4.2 3. 0.0 4.3 2.6 0.0
& 5.7 2. 0.0 5.7 3.0 3.0
s 7.5 ' Q.0 7.6 1.8 0.0
10 7.5 .2 Q.0 3.2 o.¢ Q.0
e’ <9.0 1.8 0.0 9.4 0.9 0.0
i 4 9.5 1.4 0.4 10.0 0.6 0.0
Vp=laml, Qr=6.0L/h Vp=50mL, Qr=0.25L/h
FEED DCW ETHANOL ACETATE DCwW ETHANOL ACETATE
TIME
(h) (g/L) (g/L) (g/L) (g/L) (g/L) (g/L)
Q 2.0 2.6 0.0 2.0 1.- 0.0
%) TG 2.6 G.0 2.9 1.7 0.0
4 SR 4.0 0.0 4.4 1.4 Q.0
5] Sl d 2.3 0.0 5.7 1.4 0.0
= L2 Z.C G.0 5.6 1.7 g.0
10 TS 2.3 0.0 7.6 1.6 0.0
1z 2.8 2.2 G.0 8.7 0.4 0.8
1% GL4 1.4 0.0 9.2 0.0 1.3
Vp=350ml, Qr=0.5L/h Vp=50mL, Qr=6.0L/h
FEED DCW ETHANOL ACETATE DCW ETHANOL ACETATE
TIME .
(h) (g/L) (g/L) (g/L) (g/L) (g/L) (g/L)
(0] 2.0 1.8 0.0 2 3.0 0.0
2 2.8 2.0 0.0 2.9 3.0 0.0
4 4.1 2.2 0.0 4.1 3.4 0.0
6 5.4 2.6 0.0 5.5 3.5 G.C
8 7.0 2.2 0.9 7.4 2.9 D. T
10 7.5 1.9 0.0 8.0 2.8 0.0
12 §.7 1.7 0.3 9.2 2.1 0.0
14 9.0 1.2 0.6 S.7 1.¢ 0.0
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TABLE C.3.1
Continuous Fed-batch Exporiwent:
S.cerevisliae AT "2167

Vp=0ml., Qr=0L/h Vp=omlL, Qr=0l./h
FEED DCW ETHANOL FEED DCW FTLANC,
TIME TIME
(h) /L) {(g/L) (h) (a/L) (g/L)
0.0 2.3 0.0 0.0 SRS 0.0
1.5 2.8 0.¢ 1.5 o7 (.G
3.0 .4 0.0 3.0 P O.Q
4.5 £.2 0.0 4.9 G0 0.0
6.0 3.7 0.0 6.0 5.8 0.0
7.z 6.2 C.0 7.% Yol 0.0
Q.0 €£.8 n.o" .0 O 0.0
10.5 8.3 L 10.5 & .l 0.03
12.0 S.0 Q. 12.0 L0 (I
3.5 10.3 0.01 13.59 - -
14.5 10.8 0.79 14.5%9 - -
Vp=50mL, Qr=0.7L/h
FEED DCW ETHANOL
TIME
{h) (g/L) (g/L)

0.0 2.1 0.0

1.5 3.C 0.0

3.0 4.0 0.0

4.5 4.4 0.0

6.0 5.3 0.0

7.5 6.2 0.0

9.0 7.1 0.0
10.5 8.7 0.0
12.0 9.1 0.0
13.5 - 0.0
14.5 10.7 0.15
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2
Fed-batch Experiments

TABLE C.3.

Carlo
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TABLE C.3.3
Pericdic Fed-batch Experiment
S.cerevisiae ATCC 32167

vp=50mL, Qr=0.SL/h

FEED DCW ETHANOL
TIME

(h) (/L) (g/L)
C.0 2.2 G.0
1.5 2.8 0.0
3.0 3.7 0.0
2.5 L. 0.0
6.0C 5.4 0.¢C
7.5 .0 0.0
S .0 T4 0.0
G.% 2.0 0.0
2.0 S.3 0.03
3.5 i0.0 0.49
4.2 i0.4 1.76
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FIGURE C.3.1 Reproducibility of biomass profiles for continuous and Monte
Carlo fed—batch fermentations with S.cerevisiae NCYC 1016,

grown on a2 Complex medium.
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TABLE C.4.1
Fed-batch Experiments with
S.cerevisiae ATCC 32167, Complex Feed

(1) Continuous (2) Monte Carlo
Vp=50mL, QOr=0.SL/h Vp=50mL, Qr=0.%L/h
FEED DCWwW ETHANOL FEED DCW ETHANOL
TIME TIME
(h) (9/L) (g/L) (h) (g/L) (g/L.)
8] 1.8 2.5 Q 1.7 3.7
2 3.1 3.6 2 2.8 4.1
4 5 2.9 4 4.6 4.1
6 7 1.8 6.12 6.1 2.9
8 S.3 0.7 e .1 2.1
10 11.8 0 10 10.% 1.6
14 13.7 ° 0.1 14.2 14.1 0.1
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FIGURE C.4.1 Comparison of CER profiles for fermentations ¢f S.cerevisiae

ATCC 32167 grown on a complex medium.
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APPENDIX D

CALCULATION OF SYNCHRONY FRACTION AND
DATA FROM REPEATED EXPERIMENTS FOR
FED-BATCH FERMENTATIONS WITH DEFINED MEDIUM
(For Chapter 4)

1. Estimation of fraction of synchronised sub—population in a chemostat

The population of yeast cells in the chemostat is assumed to consist of two
sub—populations: a synchronised sub—population with number of cells Ny and a
heterogeneous sub—population with number of cells Ny. The heterogeneous
population will have a constant budded fraction (¢) and constari number of ceils
(Nn) during a constant volume chemostat operation. The synchronised
sub—population will have a minimum budded fraction of 0 and a2 maximum budded
fraction of 1. The synchronised sub—population will wash out between the successive
cell divisions according to the following equation,

dNs/dt = =D N (1)

The number of cells in synchronised population (Ng) will be mavimum (Nymax)
immediately after the cell division and will be at its lowest level {Ngnin) just before
the next cell division. The interval of a cell—cycle for the synchronised
sub—population is equal to the interval of a CO, cycle (T¢). From Equation (1), we

obtain a relationship between these extreme levels of synchronised sub—pogulation
as follows,

Nsmin = Nsmax eXp(—DTc) (2)
The observed minimum budded fraction (BFnin) is given by

BFmin = Nh¢/(Nh+Nsmax) (3)
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and the observed maximum budded fraction (BFmax) is given by
BFnax = (Nn¥+Nanin)/(Nu+Nenin) (4)
The fraction of synchronised population is defined as
ys(t) = NS(t)/(Ns(t)+le) (5)

On eliminating Ng, Ny, and ¢ from Eauations (2)—(5), we obtain extreme values for

Vs as follows:
Ysmin = (BFmax—Bme)/[1+Bme(exp(DTc)—1)] (6)
Ysmax = exD(DTc)(BFmax“BFmin)/ [1+BFM&X(GXP(DTC)—'1)] (7)

The fraction of synchronised population can be calculated from measured values of
minimum and maximum budded fraction, dilution rate and period of CO;; cycles by
using Equations {(6) and (7).
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Table D.1 Budded fraction data for chemostat (D=0.2 h°') to continuous

fed—batch fermentation.

NUMBER OUF CELLS ON SLIDE

SAMPLE TIME SINGLE BUDDED TOTAL BUDDED TOTAL REMARK
NUMBEFR h) CELLS CELLS CELLS FRACTION million/mL
INOCULUM 0.00 185 261 446 0.59 2 BATCH START
1 2.00 171 436 607 Q.72 14
2 7.60 180 400 580 0.69 13
3 11.08 162 268 430 0.62 75
4 23.50 331 258 589 0.44 147 CHEMOSTAT START
S 23.80 411 200 611 0.33 153
6 24.33 482 122 604 g.20 - 151
7 24.48 481 159 640 0.25 160
g 24.72 473 205 678 0.30 170
9 24.98 312 3,7 669 0.53 167
10 25.12 250 367 617 0.59 154
11 25.32 266 344 610 0.56 153
12 25.55 215 323 539 0.60 162
13 25.83 216 269 485 0.55 146
14 26.18 288 226 514 0.44 154
15 28.45 364 184 548 0.34 164
16 26.67 371 148 519 0.29 156
17 26.93 568 145 713 0.20 178 FED-BATCH START
18 27.80 325 33 656 0.50 164
19 28.50 221 459 680 0.68 170
20 28.83 321 483 804 0.60 201
21 29.23 465 409 874 0.47 219
22 29.80 716 321 1037 0.31 259
23 3c.22 644 368 1012 0.36 253
24 30.60 819 570 1389 0.41 347
25 31.07 524 337 861 0.39 301
26 31.50 561 291 852 0.34 298
27 31.78 540 268 808 0.33 323
28 32.05 437 333 770 0.43 347
29 32.35 430 370 800 0.46 360
30 32.7° 474 356 830 0.43 374
31 33.08 549 381 930 0.41 419
32 33.51 319 197 516 0.38 473
33 34.03 283 250 533 0.47 489
34 34.53 308 206 Si4 .40 471
35 34.83 376 210 586 0.36 537
36 35.35 386 196 582 0.34 534
37 36.00 307 314 621 0.5 569
38 36.40 313 374 687 0.54 630
39 36.82 320 296 616 0.48 565
40 37.13 332 311 643 0.48 590
41 37.47 406 286 692 0.41 634
42 38.22 566 216 782 0.28 717
43 39.00 736 96 832 0.12 763 FED-EATCH STOP
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Table D.2 Budded fraction data for chemostat (D=0.2 i) to Monte Carlo
fed—batch fermentation.

NUMBER OF CELLS ON SLiDE

SAMPLE TIME SINGLE BUDDED TOTAL BUDDED TOTAL REMARK
NUMBER (h) CELLS CELLS CELLS FRACTION mitlion/mL
10 24.68 343 223 566 0.39 113 CHEMOSTAT START
11 24.82 360 205 565 0.36 113
12 24.97 383 155 538 0.29 108
13 25.13 404 150 554 0.27 111
14 25.25 413 140 553 0.25 m
15 25.37 521 145 666 0.22 133
16 25.47 452 153 605 0.25 121
17 25.58 502 159 661 0.24 132
18 25.75 465 155 620 0.25 124
19 25.92 491 192 683 G.28 137
20 26 .08 333 318 651 0.49 i30
21 26.25 232 340 572 0.59 114
22 26.45 254 361 615 0.59 123
23 26.63 224 329 553 Q.59 1
24 26.87 200 332 532 0.62 106
25 27.12 296 370 666 0.56 133
26 27.37 323 353 676 0.52 169
a7 27 .67 461 256 717 0.36 179
28 27.82 483 286 769 0.37 192
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(Cont.)TARLE D.2: BUDDED FRACTION DATA FOR CHEMOSTAT AT D=0.2 (1/h)
AND MONTE CARLO FED-BATCH FERMENTATION

NUMBER OF CELLS ON SLIDE

SAMPLE TIME SINGLE EUDDED TOTAL BUDDED TOTAL REMARK
NUMBER ¢h) CELLS CELLS CELLS FRACTION million/mL
29 28.03 626 254 880 0.29 220 FED-BATCH START
30 28.37 592 171 763 0.22 191
3 28.60 774 177 @51 0.19 238
32 28.85 607 230 - 837 0.27 209
33 29.08 496 406 902 0.45 226
34 29.33 314 471 785 0.60 196
35 29.50 339 602 941 0.64 235
36 29.75 256 502 758 0.66 227
37 30.00 300 502 802 .63 241
38 30.33 427 468 895 0.52 269
39 30.67 575 332 $07 0.37 272
40 30.92 632 269 901 0.30 270
41 31.17 718 298 1016 0.29 305
42 31.42 680 167 847 0.20 296
43 31.67 646 197 843 0.23 295
&4 31.92 510 388 898 0.43 314
45 32.17 465 526 991 0.53 347
46 32.42 407 549 956 0.57 335
&7 32.67 332 419 751 0.5¢ 338
4 32.92 317 452 769 0.59 346
&9 33.17 448 410 858 0.48 386
50 33.42 501 389 886 0.43 399
51 33.67 593 267 860 0.31 387
52 33.92 670 315 985 0.32 443
53 34.17 363 267 630 0.42 473
5S4 34.50 481 260 741 0.35 556
55 34.92 428 192 620 0.31 465
56 35.25 462 200 662 0.30 497
57 35.67 (224 272 716 0.38 S37
58 36.13 492 234 726 0.32 S45
59 36.42 446 232 678 0.34 622
60 36.83 S10 272 782 0.35 717
61 37.17 437 280 "7 0.39 657
62 37.62 433 319 802 0.48 735
&3 37.92 473 281 754 0.37 691
64 38.35 451 298 749 0.40 7
65 38.67 500 260 760 0.3%4 697
66 38.99 498 239 737 0.32 676
67 39.42 564 261 825 0.32 756
68 39.83 617 310 927 0.33 850
69 40.17 667 265 962 0.28 882 FED-BATCKH STOP



Table D.3

SAMPLE
NUMSER

NN W N -

-t et b b
W N 2 OO0

Budded fraction data for chemostat at D=0.1 h"".

NUMBER OF CELLS ON SLIDE

TIME SINGL
gmin) CELLS

0
120
240
246
258
268
280
292
304
320
340
372
596

£

364
382
344
401
357
318
287
241
219
255
269
331
387

BUDDE
CELLS

0

85
Ead
85
116
111
117
136
218
214
220
188
13¢
58

TOTAL
CELLS

449
481
429
517
468
435
423
459
433
475
457
467
445

17

BUDDED
FRACTION million/mL

3

0.19
0.21
Q.20
0.22
0.24
0.27
0.32
0.47
0.49
0.456
0.41
0.29
0.13

TOTAL

REMARK

180 Cycle Start
192
172
207
187
174
169
184
173
1on
183
187
178 Cycle Ends
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