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Synopsis

Synopsis

Recent studies have shown that damage to microbial cells can lead to changes in the
cells’s integrity, viability, metabolic rate, metabolic pathway and morphology (Logan and
Dettmer, 1990; Smith et 4l., 1990; Toma et 4l., 1991; llling and Harrison, 1999). Growth
of the micro-organisms in the presence of solid particles, such as minerals bioprocessing
(Bailey and Hansford, 1993), soil bioremediation (Kleijntjens et al, 1992, as cited by
Scholtz-Brown, 1998), immobilised biocatalyst systems (Croughan et 4/.,1988), can
further increase the damage to the cells. Since this negatively impacts on the productivity
of industrial processes, it is important to quantify and model the metabolic and structural
responses of microbes to hydrodynamic stress.

Using a non-growing system of yeast and silica sand, Scholtz-Brown and Harrison (2002

a) report that the dominant mechanism of cell damage in a slurry reactor is interaction

between particles and cells, as opposed to cell interactions with turbulent fluid eddies.

Nemati and Harmison (1999, 2000) present the following responses of Sulfolobus metallicus

to hydrodynamic stress, when the microbes are grown in the presence of pynite:

o Over the range 42.5 - 202 microns (mean diameter), the particle size has no influence
on the growth and activity of the cells. Constant values for both the specific growth
rate and yield factor are obtained.

o The lag phase is more pronounced at higher pulp densities and in the presence of
larger particles.

e Below a critical particle size and above a critical solid loading, cell disruption and
impaired metabolic activity are observed.

The objectives of this research thesis were to understand and quantify biological
responses to_hydrodynamic stress by investigating the activity of the yeast Saafman)ms
cereussize, cultivated in the presence of a range of solid loadings, solid sizes and agitation
rates. The influence of inoculum size, inoculum age and type of agitator were also
investigated. This study was carried out with the intention of identifying biological
responses to hydrodynamic stress and modelling observed effects on microbial activity.
Both metabolic and structural responses were investigated. Analytical techniques for the
identification and quantification of a loss of viability, loss of integrity, changes in
morphology and changes in the metabolic rate were selected and validated.

All the hydrodynamic parameters investigated: solids loading, solid size, inoculum age,
inoculum size, agitation rate and agitator type, played a determinant role on the growth
of yeast in a slurry reactor. There existed optimum conditions for the growth of
Saccharamyces cereuisize in the presence of solid particulates in a slurry reactor. Over the
conditions tested, the following values were selected: 0.5% (v/v) or less solids loading,
particle size in the range 600 - 850 pm, 10% inoculum size, agitation performed by a
Rushton turbine at 565 rpm. As only two inoculum ages were tested, no optimum could
be determined. However, a 24 hour inoculum was more readily damaged (with reference
to yeast performance).

Critical values below which or above which a negative influence on yeast performance
was observed could be identified. The critical solids loading range was from 0.5% to 1%
(v/v), depending on assay used. At 5% solids loading, no cell growth, substrate
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consumption or product formation were observed, indicating a loss of metabolic activity.
Little difference was noticed between 2 and 10% inoculum sizes in the extent of yeast
growth, glucose consumption and ethanol production. Thereafter the critical value below
which the yeast activity changed was set at 2% (v/v) inoculum size. Below an impeller
speed of 565 rpm, rate and extent of growth decreased, even though cell viability
remained in the reported class for unstressed systems. Above 600 rpm, decrease in both
viability and activity was noticed.

General trends on the influence of hydrodynamic parameters were observed. When
increasing solids loading from 0 to 2% by volume, a decrease in the apparent specific
growth rate occurred. This suggested an increase in the specific death rate constant,
supported by a decreased fraction of viable cells. On increase of the particle size fraction
to 850 to 1130 pum, a decrease in stationary phase biomass concentration, cell viability,
specific growth rate, magnitude of negative cell surface charge and biomass yield were
noted. Performances of the smaller size fraction (465 to 600 pum) were similar to the
optimal fraction in terms of growth rate, biomass yield and total cell number. However
reduction in viability with time occurred. When the inoculum size was decreased, the
specific growth rate and the biomass yield decreased. When increasing inoculum age
from 14 hour to 24 hour, little difference was observed in total cell concentration.
However, loss of viability, lower budding index and change in substrate consumption
and ethanol production were observed. At high agitation rate (850 rpm and 1% by
volume solid loading), cell damage was observed. Paradoxically, rate and extent of
growth also decreased below 565 rpm. In that case, another stress mechanism was
suspected to occur in the bioreactor. Using a pitched-blade turbine, the presence of the
solid particles had no influence on the growth of Saaharomues cereusize at 565 rpm and
1% (v/v) solids loading. However, when comparing the two agitators, reduced rate and
extent of growth, and lower budding index were observed with a pitched-blade turbine.

When a decrease in the apparent specific growth rate was combined to a decrease in
viable cell fraction, the concept of increase in specific death rate was outlined. Specific
death rate k; was considered to be a function of the various hydrodynamic parameters.
The death rate constant was modelled as a power law function of solids loading. A good
fit was found between experimental and calculated points. Above 565 rpm, the death rate
constant was also expressed as a power law function of the agitation rate N. Correlation
with experimental data was not as good as in the previous case. When using a 24 hour
inoculum age rather than a 14 hour inoculum, the decrease in viable cell concentration in
stationary phase and in budding index suggested that death rate was not negligible in the
absence of extreme hydrodynamic stress. Investigating the effect of inoculum size on the
growth of Sacharamyes corevisiae, yeast viability remained quite high for all experiments
(above 92%). In this case, it was concluded that a decrease in inoculum size did not cause
an increase in the death rate but a reduction in yeast activity.

When exposed to hydrodynamic stress, yeast develop mechanisms to adapt and resist the
stress. Increasing the lag phase, ie. increasing the period of acclimatisation, is one of
these strategies. Thus when solids loading is increased from 0 to 2% (v/v), the lag phase
is doubled. Similarly, the lag phase increased when the inoculum size was decreased.
Another resistance mechanism lies in morphological changes. TEM analysis on samples
at 0% and 1% solids loading revealed that the presence of solid particulates strongly
affects the cell wall structure. While no influence on the cell size could be outlined, an
increase in the cell wall thickness was observed with increased level of stress. Moreover
the cell wall was very irregular at 1% solids loading, suggesting a repair occurred where
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the cell has been injured. These results are confirmed by TEM observations at 1% solids
loading and 850 rpm.

Under adverse conditions, yeast switch from growth to maintenance. Thus, increasing
solids loading, the decrease in cell growth rate with unchanged substrate consumption,
illustrated by a decrease in Yy/s, suggested that additional substrate was diverted from cell
growth to provide extra energy for cell maintenance. Similarly, below 2% (v/v) inoculum
size and at 24 hour inoculum age, rapid glucose uptake and decrease in growth rate
confirmed a shift in metabolic activity.

Investigating the influence of agitation on the growth of yeast, paradoxical results were
obtained. Below 565 rpm (L. at a low level of hydrodynamic stress) and using a pitched-

blade impeller, which produces lower turbulence intensity, reduced rate and extent of
growth were observed. Here, a different stress was postulated to occur in the bioreactor.
Low agitation rate and lower mixing {generated by the pitched-blade turbine) could result
in oxygen limitation, which would restrict the cell growth.

From the data collected in this study, it was possible to determine the response of yeast
Sacdharormyces cerevisiae to some hydrodynamic stresses. Responses have been quantified in
terms of viability, metabolic rate (growth rate, glucose utilisation rate and ethanol
production rate), morphology (cell wall thickness and structure), and integrity. However,
no investigation has been performed on changes in metabolic pathway. Studies on the
release of stress indicators such as HSP’s, trehalose or glygogen, under conditions of
physical stress, are recommended. While no literature can be found about the influence
of the inoculum on the growth, this work points out the importance of the inoculum
state. Nevertheless, our study was limited, especially for inoculum age, where only two
ages could be compared. Further work should be conducted to determine optimum
inoculum age and size for growth. From this study, it has been shown that the cell wall
plays a determinant role in adapting to hydrodynamic stress. Transmission Electron
Microscopy allowed study of the cell wall morphology. However, further work should be
carried out to investigate changes in the cell wall composition. Some authors mention the
phenomenon of cross-protection, where one stress effector leads to an increased
tolerance to a number of different stresses. In industrial processes, micro-organisms
usually experience several stresses at the same time. It is therefore valuable to investigate
the effects of different stresses combined to hydrodynamic stress, for a better
understanding of cross-protection mechanisms (Lee, 2000; Sharma, 1997).
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Budding Cell

Budding Index

Cavitation

Cell Activity

Cell Damage

Cell Death Rate
Dead Cell

Disrupted Cell

Fermentation

Exponential Phase

Hydrodynamic
Stress

Integrity of the cell
envelope

Lag Phase

Lag Time
Microcarrier

Mother Cell

A cell in which cell division is occurring and 2 “bud” is being
formed by the process of asexual reproduction. These cells are
identified by microscope cell counting, the bud being one-third
the size of the mother cell.

The fraction of the total cell number which are budding.

Formation of vapour cavities in a fluid, due to a significant
reduction in pressure, which oscillate through collapse and
rebound cycles until they are destroyed by pressure recovery.

The extent of cell growth.

Refers to the altered response of cells on exposure to stresses.
This may be manifest as a change in the cells’'morphology, ability
to grow and reproduce, metabolic rate and/or metabolic
pathway.

The rate at which cells die due to viability loss and disruption.
A cell which has stained blue from the methylblue staining

technique, determined from the microscope analysis. These cells
correspond to a loss in viability.

A cell in which hydrodynamic stress has caused a break in the
cell wall, causing a leakage of intracellular product into the
growth medum.

The anaerobic process by which yeast cells inoculated into a
polysaccharide rich medium (wort) convert sugars to carbon

dioxide, ethanol, glycerol and biomass.
The period of significant growth after the lag phase.

Physical stresses exerted on the cell wall due to the mechanical
process of agitation in the presence of solids.

The intactness of the cell envelope.

A period of insignificant overall cell growth while cells
acclimatise to a changed environment.

The time period of the lag phase.

A non-biological particle onto which microbial cells are attached.

The cell providing the platform for further cell growth through
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Transmission
Electron
Microscopy

Saccharomyces
cerevisiae

Slurry Reactor

Stationary Phase

Viable Cell

Viability

Zeta Potential

the production of buds.

Microscopy technique used to determine the cell wall thickness.
Owing to the short wavelengths obtained by accelerating
electrons, details of biological matter can be visualized on a
submicron scale.

A unicellular ewkaryotic cell belonging to the yeast family.

Stirred tank reactor where solid particles are agitated in the
presence of a liquid.

The period of negligible cell growth, due to nutrient deficiency,
following the exponential phase.

A living cell that has the ability to bud (i.e. to reproduce).

A term to describe the ability of cells to grow and reproduce;
losses of viability may occur via loss of structural integrity, cell
death or replicative deactivation

The charge of a particle at the surface of shear. An indication of
cell surface charge.

ABBREVIATIONS

ANOVA
ATP
Cs
HSP
ICS
ISF
PBT
ROS
RT
TCA
TCS
TEM
TOC

Analysis of variance
Adenosine triphosphate
Collision Severity

Heat Shock Proteins

Impeller collision severity
Integrated Shear factor
6-bladed Pitch-bladed turbine
Reactive oxygen species
6-bladed Rushton turbine
Tricarboxylic acid cycle
Turbulent Collision Severity
Transmission Electron Microscopy

Total organic carbon
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Description

Baffle width

Distance of impeller blade from tank bottom (Appendix
B)

Constant (Equation 2.33)

Cell concentration

Initial cell concentration

Cell concentration at t;

Bead concentration

Microcarrier concentration

Volumetnc solid concentration
Colliston severity based on shear model
Collision severity based on eddy velocity
Particle diameter

Impeller blade diameter (Appendix B)

Reactor diameter

Impeller diameter

Vessel diameter

Energy input per unit volume

Glucose concentration

Liquid height

Impeller disk diameter

First order disruption rate constant

Death rate constant

Saturation constant in Monod equation.
Impeller paddle width

Kolmogorov microscale length

Impeller power input

Pressure at any point of maximum fluid velocity
Pressure upstream of an orifice

Impeller speed

Number of impeller blades

Impeller speed

Frequency of cell-cell collisions

Power number

Specific death rate

Specific death rate due to fluid-cell interactions
Specific death rate due to microcarrier-microcarsier
interactions and microcarrier-bead interactions
Specific ethanol production rate

Specific glucose uptake rate
Soluble protein released at tume t

Maximum soluble protein released under the specified
operating conditions.
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Subscripts
L
P
0

Specific glucose uptake

Substrate concentration

Time

Average circulation time

Time at which stationary phase 1s reached
Tark diameter

Kinematic viscosity of the medium (Equation 2.9)
Relative cell velocity (Equation 2.12)
Velocity upstream of an orifice

Reactor volume

Flow rate of the cell suspension

Biomass concentration

Impeller paddle height

Biomass yield on consumed substrate
Preduct yield on consumed substrate
Product yield on produced biomass

Description

Microcarrier volume fraction (Equation 2.26)
Volume fraction of cells (Equation 2.12)
Specific growth rate

Maximum specific growth rate

Upper limit of the maximum specific growth rate
Shear stress

Shear rate

Viscosity of the fluid

Energy dissipation rate

Cavitation number

Critical cavitation number

Average circulation time

Volume fraction of solid particles
Microcarrier bead density

Particle/ cell density

Liquid
Particle
Initial
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Chapter 1: Introduction

1.1 BACKGROUND AND OBJECTIVES OF STUDY

Microbial growth in the presence of solid particles has a number of important
applications in industry, including mineral bioprocessing (Bailey and Hansford, 1993),
where micro-organisms are used to leach finely divided sulphide minerals, soil
bioremediation (Kleijntjens ez al, 1992, as cited by Scholtz-Brown, 1998; Ryan et 4., 1991;
Stegmann et &l., 1994), immobilised biocatalyst systems (Croughan et 4/.,1988). These
systems generally involve the growth of micro-organisms in aerated and agitated
bioreactors. High agitation intensities and gas flow rates promote good mass transfer of
nutrients to the cells (Toma et 4L, 1991) and high cell concentrations in the bioreactors
(Croughan ez 4l., 1988). However extreme hydrodynamic conditions caused by high levels
of agitation and aeration have also been reported to cause cell damage (Toma et 4., 1991;
Nlling and Harrison, 1999). The presence of solid particles under hydrodynamic stress
may aggravate damage to the cells. Responses to hydrodynamic stress may be quantified
in terms of change in integrity, viability, metabolic rate, metabolic pathway and
morphology (Logan and Dettmer, 1990; Smith et /., 1990; Toma et /., 1991; Illing, 1996).

Focussed on generating improved understanding of the influence of particulates in the
slurry bioreactor, baker’s yeast Saacharomyres cerevisiae grown in the presence of silica sand
has been chosen as the model organism for this study. S.cereuisiae is recognised as one of
the micro-organisms most resistant to mechanical disruption (Keleman and Sharpe,
1979). Scholtz-Brown (1998) investigated the effect of particulates (inert silica sand) on
stationary phase Saccharomyces cerevisiae in slurry bioreactors, with a particular reference to

cell disruption in a stirred tank reactor. The effect of incompletely and completely
suspended solids on cell disruption was studied and models describing cell disruption as
a function of the operating parameters presented. Here dependence on power input per
unit volume as well as solids loading was shown. Further cell disruption was shown to
occur primarily from solid-cell-solid collisions. This project is an extension of Scholtz-
Brown’s work and focuses on the growth of yeast m the presence of silica sand in a
slurry bioreactor. Further it supports concomitant studies of the influence of particulates
on microbial activity and leach rates in thermophilic bioleaching of sulphide minerals
(Nemati and Harrison, 2000; Sissing, 2002).

The objectives of this research thesis are to understand and quantify responses to
hydrodynamic stress by investigating the activity of yeast, cultivated in the presence of
various solid loading, solid sizes and agitation rates. The influence of inoculum size,
inoculum age and type of agitator are also investigated. This study is carried out with the
intention of identifying biological responses to hydrodynamic stress and modelling
observed effects on microbial activity. Both metabolic and structural responses are
investigated.
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1.2 STRUCTURE OF THE THESIS

An overview of slurry systems involving the growth of micro-organisms with solid
particulates is presented in Chapter 2, together with a literature survey on yeast
characteristics. Reported responses to different stresses are presented and models
developed to describe cell damage are reviewed.

Chapter 3 deals with the experimental materials and procedure used in this study and
presents methods selected for the identification, characterisation and quantification of
any cell damage throughout the growth.

Reproducibility of the experimental results were investigated and findings are presented
in Chapter 4. Statistical methods are described and results obtained for each analytical
method reported. Thereafter, experiments conducted at 0% and 1% solid loading are
compared statistically. Conclusions are drawn on the reproducibility of the results.

In Chapter 5, results obtained from the experiments to assert the influence of the solid
particles in terms of solids loading on the growth are presented and discussed. A model
for the death rate constant as a function of solids loading s proposed.

The influence of the inoculum state on yeast growth in the slurry bioreactor is reported
and discussed in Chapter 6, while the influence of the agitator in terms of impeller type
and agitation rate are presented in Chapter 7. Based on those findings, conclusions are
drawn and recommendations put forward in Chapter 8.

There are seven appendices to the text. Appendix A provides the composition of the
media used for all experiments: pre-inoculum growth medium, inoculum and reactor
growth media. In Appendix B, a schematic representation and geometry of the cell-
culture experimental rig are presented. Detailed assay methods employed in the study are
described in Appendix C. Data used for the investigation of the reproducibility at 0%
and 1% by volume solid loadings are tabulated in Appendix D, while results for analysis
of variance are summarised in Appendix E. Appendix F presents experimental data
obtained for the different parameters investigated: solids loading, solid size, inoculum
age, inoculum size, agitation rate and agitation type. Finally, calculations used to estimate
growth parameters (yield factors, speafic growth rate, substrate utilisation rate, ethanol
production rate, lag duration) are outlined in Appendix G.
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Chapter 2: Literature review

2.1 INTRODUCTION

Microbial growth in the presence of solid particles has a number of industrial
applications, including bioleaching of minerals, soil bioremediation, immobilised
biocatalyst systems and bead mills (Scholtz-Brown, 1998).

Most of these systems are aerobic bioreactors. High agjtation rates and gas flow rate
promote good mass transfer of oxygen and nutrients to the cells. However, the presence
of solid particles under these hydrodynamic conditions may aggravate damage to yeast.
This is supported by the use of bead mills for cell disruption for intracellular product
release. Biological response to hydrodynamic stress may be quantified in terms of change
in integrity, viability, metabolic rate, metabolic pathway and morphology (Logan and
Dettmer, 1990; Smith et /., 1990; Toma et 4l., 1991; llling and Harrison, 1999).

To understand how yeast respond to hydrodynamic stress, it is necessary to consider the
structure of the microorganisms, in particular the cell wall as it is the first barrier of
defence against physical stress (Walker, 1998). This is reviewed in Section 2.3.

The reported responses to different stresses (nutrient deprivation, heat shock, osmotic
shock, oxidative stress, hydrodynamic stress) are presented in Section 2.4, in order to
define yeast strategies to overcome stress.

Finally, as this study is carried out with the intention of modelling observed effects of
microbial activity, models developed to describe cell damage are reviewed (Section 2.5).

2.2 INDUSTRIAL RELEVANCE: REVIEW OF SLURRY
SYSTEMS

Mineral bioprocessing, soil remediation, immobilised cell systems and bead mills are
industrial processes that use micro-organisms in the presence of solid particles.

2.2.1 Mineral bioprocessing

An example of mineral bioprocessing uses a mixed culture of chemolithotrophic bacteria
to oxidise iron and sulphur containing ores. The oxidation process breaks down the ore
matrix, allowing the dissolution of metals ions and making precious metal more
amenable to further treatment.

Bioleaching is a well-established technology for the pre-treatment of refractory gold
concentrates, with seven processes operating world-wide at commercial scale. At present,
there is growing interest in the bioleaching of base metal concentrates (e.g. Cu, Ni), with
high temperature archae providing an improved rate and an extent of leaching in these
systems. Stirred tank and air lift reactors are favoured for the process as they allow
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operating conditions (pH, temperature) to be controlled. High agitation is required in
order to ensure that the high oxygen demand is met. High rates of agitation are also
necessary to ensure complete solids loading. In addition, high agitation rates are favoured
in order to ensure complete mixing (Nemati et /., 2000; Scholtz-Brown, 1998).

However, high agitation rates and the presence of solid particulates could result in cell
damage.

2.2.2 Soil bioremediation

Soil bioremediation involves the controlled use of micro-organisms to break down
hazardous organic chemicals in soil. The pollutants are degraded to biomass and
chemicals such as water, carbon dioxide (aerobic degradation) or methane (anaerobic
degradation). Soil bioremediation is regarded as a relatively inexpensive and efficient
treatment method. In addition the soil ecosystem is not destroyed.

In our study, the situation of particular interest is the ex-sitw treatment of soils. The
contaminated soil is excavated and treated with micro-organisms. The main advantage of
ex-sity treatment of soil as compared to #-siw is that better control over the operating
parameters is possible. Stirred tank reactors have been used (Ryan et 4/, 1991; Stegmann e
al., 1994) to treat this soil. A better understanding of this type of system will allow for the
design of more efficient treatment facilities (Scholtz-Brown, 1998).

2.2.3 Immobilised cell systems

Cell immobilisation involves the attachment of cells to solid particles. Some of the
advantages are an increased number of cells per reactor volume (Tyagi et al., 1992), faster
continuous production of secondary metabolites, easier downstream removal of micro-
organisms and better oxygen transfer (Rosvear et al, 1987; Webb et 4., 1996) and
stabilisation of genetically engineered cells (Shu ez 4/., 1996).

Cell immobilisation can be achieved by active or passive immobilisation. Active
immobilisation involves the attachment of the cells to the solid particles by chemical or
physical means. The chemical bonding of Sacharomyes cerevisize cells to solid support for
the production of ethanol is an example of active immobilisation (Bandyopadhyay et 4.,
1982). Passive immobilisation occurs when films or flocs of cells form naturally on,
around or within solids surfaces or particles. Wastewater treatment (Bayley et 4l., 1986),
the growth of micro-organisms on biomass support particles (Atkinson et 4/, 1981) and
the growth of animal cell culture on microcarrier (Croughan et al., 1987; Cherry and
Papoutsakis, 1988) are examples of passive immobilisation. The immobilisation of
Saccharamyees cerevisiae for the production of recombinant proteins (Heslot et 4l., 1991) is
another illustration of this phenomenon. In this case, immobilisation was found to
improve plasmid stability and productivity (Kanayama ez 4/., 1988).

2.2.4 Bead Mill

Bead mills are used to disrupt microbial cells in order to recover intracellular
components. In this case, the cells are agitated at high impeller tip speeds, in the presence
of a high fraction of inert particles (44-47% by volume). Glass beads are a popular
grinding element although zirconium oxide and ceramic beads are also used. The cells are
disrupted as a result of collisions and grinding between stream layers of solids at different
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velocities (Engler, 1985). Disruption is influenced by process variables such as bead
diameter, density and loading, cell concentration in feed, flow rate of feed, agitation
speed and configuration, geometry of the grinding chamber and temperature (Harrison,
1991). Smaller bead sizes are generally more effective. For yeast cells, beads in the range
0.2 to 2.3 mm are used, with an optimum size of 0.25 ~ 0.5 mm. Schutte e 4/, (1983)
determined that 80% solid loading was optimum for disruption of bakers’ yeast.
Increasing agitation speed is reported to generally increase disruption. However a
levelling off of disruption is obtained at higher speeds (Schutte ez 4/, 1983).

The bead mill is an example of extreme conditions within a slurry reactor where high
agitation rates and solids loading are desired, to result in cell disruption.

The other processes represent the opposite extreme, where it is desirable to have the
highest possible growth rate with the highest possible solids loading in order to get the
maximum possible rate of production. S. cerevisize is used as a model organism and hence
understanding is generated around it.

2.3 YEAST CHARACTERISTICS

2.3.1 Cell morphology

Saccharamyees cevevisize is a unicellular eukaryote. Tschopp et 4l. (1987) (as cited in Walker,
1998) found that S. cerevisize cells are generally ellipsoidal, with a large diameter ranging
from 5 tol0 um and a small diameter of 3 to 7 um. The mean cell volumes are
respectively 29 and 55 pm’ for a haploid and a diploid cell.

S. cereussiae are small cells and are reported to be resistant to hydrodynamic forces, as
opposed to larger animal cells, which lack a cell wall. Table 2.1 gives an indication of the
relative strength of bacterial and yeast cells. It reports the applied pressures necessary to
disrupt half the population in each culture, in a cell disrupter apparatus.

Table 2.1 Applied pressures necessary to disrupt half the population of a given culture.

Micro-organism Characteristics Pressure (Pa)
E. coli Gram-negative rods 1.5x 10
B. subtilis Gram-positive rods 2.4x 10
L. casei Pleomorphic Gram-positive rods 3.1x10
S. faecalis Gram-positive ovoid cocci 1.5 x 10°
S. asnreus Gram-positive cocci 1.9 x 10°
S. cerevisiae Oval yeast cells 1.5 x 10°

Adapred from Kelemen and Sharpe, 1979.

This project concerns the nature of the response of S. cereuisiae to hydrodynamic stress, so
only the cell envelope characteristics will be discussed here, as the first barrier of defence
against external stress.
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2.3.1.1 Cell envelope

The arrangement of the cell envelope is shown in Figure 2.1. It consists of a rigid cell
wall separated from the plasma membrane by a periplasmic space.
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Figure 2.1 Schematic of the yeast cell wall (Walker, 1998)

2.3.1.2 Plasma membrane

The plasma membrane is a bilayer composed mostly of phospholipids and sterols. The
membrane contains various structural and enzymic proteins which facilitate
communication between the cell interior and the environment (Prokop er 4., 1992).
Intrinsic proteins are inserted in the bilayer, while extrinsic protein molecules cover part
of the lipid bilayer where they interact with membrane lipids and proteins by polar
binding. The plasma membrane forms a diffusion barrier between the cytoplasm and the
culture medium (Walker, 1998).

2.3.1.3 Yeast cell wall

The cell wall of yeast cells is relatively thick, generally 70-200 nm. Cell wall thickness
reported in the literature is presented in Table 2.2. The cell wall represents 15-25% of the
total dry mass of the cell. It is a prominent and distinguishing feature of all yeast (Walker,
1998).

Table 2.2 Yeast cell wall thickness, as reported in the literature
Wall thickness (nm)

Moor and Muhlehaler (1963) 70+ 10
Srinorakutara et al. (1995) 70 - 1060
Srinorakutara e al. (1998) 70+ 15
Walker (1998) 100 - 200
Gaskova et af. (1998) 175+ 15 (depending on glucose
260+ 42 concentration in the growth media)
Smith ef al. (2000a) 90

" as cited by Smith et al. (2000a)
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Fleet (1991) emphasises that the cell wall is not simply a static exoskeleton whose only
role is to protect the protoplast. The yeast cell wall is 2 multifunctional organelle involved
in cell protection, shape maintenance, cellular interactions, reception, attachment and
specialised enzymatic activities.

The cell wall 1s regarded as an assemblage of mostly polysaccharide polymers, the rigidity
of which imparts form and strength to the cell. The properties and functions of the cell
wall change constantly during the life cycle of the cell (Klis ez 4/., 2002).

The yeast cell wall consists predominantly of 3 macromolecular components: lipids,
proteins and polysaccharides (mannan, glucan and chitin). Polysaccharides are the most
abundant constituents in the wall, accounting for 80 -~ 90% of the wall by mass. Glucan
and mannan are the predominant polysaccharides with only a small amount of chitin
present.

Glucan is a polymer of glucose, accounting for approximately 60 wt% of the cell wall.
Different types of glucan have been classified by Manners et 4l (1973) and Fleet and
Manners (1975), according to the relative abundance of B(1,3) and B(1,6) linkages
between the glucose residues. The alkali insoluble/acid insoluble fraction has a fibrillar
appearance and confers rigidity to the wall. The predominantly B(1,6) fraction is thought
to be the anchorage point for chitin while the alkali soluble portion is amorphous and
confers flexibility to the wall. Glucan is also an anchorage point for mannan and provides
an extracellular metabolic store of glucose.

In the yeast cell wall, mannan is always found to be covalently linked to protein, hence
mannoprotein is a better representation for this macromolecule. The mannoproteins
represent 25-50% of the cell wall of S. cerevssize (Jayatissa and Rose, 1976) with the
protein content amounting to 5-10%. Mannoproteins linked to each other by sulphur
bonds, form the outer cell wall layer while the inner layer is formed by covalent
mannoprotein-glucan bonds. Although apparently rigid in structure, it participates in a
number of morphological changes, including budding, mating and sporulation.

Chitin is an unbranched and highly rigid polymer of N-acetyl-D glucosamine, joined
through B(1,4) linkages. Less than 10% of the cell wall consists of glucosamine polymers.
Most of the chitin is found in the bud scar zone of mother cells. This suggests that chitin
has a specific involvement with cell division, but its precise role remains unclear
(Kapteyn et 4l., 1998). Because of the nigidity of the chitin molecules, older yeast cells
with more bud scars are more rigid and inelastic, which may cause them to respond

differently to hydrodynamic stress.

The cell wall is the main obstacle to cell lysis. Wall thickness is reported to increases with
age, but the presence of bud scars, consisting of chitin, in older cells interrupts the rigid
glucan layer, making these cells more susceptible to mechanical damage. As the cell
increases in age, the physiological state of the cell wall must deteriorate due to an increase
in the number of bud scars and the cell must die after having given rise to a certain
number of buds (Vrana et al., 1982). The cell wall rupture may be achieved mechanically
or by enzymatic digestion of its constituents. Extreme treatment is required to disrupt
the cells by mechanical means resulting in damaged organelles and membrane fragments.
The maximum shear stress tolerable by S. cerevisize 1s in the order of 8 x 10" N/m’
(Mersmann et al, 1990), making it one of the most resistant cells to rupture and over 10°
fold more resistant than animals cell (Augenstein er 4, 1971). Kelemen and Sharpe
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(1979) suggested that the structure of the outer membranes of the cells might be
determinant in cell resistance to shear stress. They compared the forces required to
disrupt different micro-organisms and observed that the ease of disruption was related to
the shape of the micro-organism and the chemical composition of the cell wall.

Some changes in the cell wall structure are expected under conditions of hydrodynamic
stress. These structural changes will occur in order to increase mechanical strength and
thus limit the amount of cell damage that may occur.

2.3.2 The surface properties of Saccharomyces cerevisiae

Since it is the cell wall of § cerevisize that contacts its environment, it is the cell wall
* properties, most notably the surface charge and hydrophobicity of this surface, which
determine its interaction with the environment.

Many authors have confirmed that yeast cells bear a net negative charge at the pH values
of growth (Eddy e 4/, 1958; Beavan et al., 1979). This negative charge has been attnbuted
to the phosphate groups of the outer cell wall phosphomannan. The other cell wall
constituent influencing the net charge is protein. Protein is a source of negatively charged
carboxyl groups and positively charged amino-groups. Chitin is uncharged. Jayastissa and
Rose (1976) treated yeast cells with 60% hydrofluoric acid and observed that carboxyl
groups were removed or phosphate groups were esterified. It is unclear whether these
effects are to be expected under less vigorous treatments. The equilibria of phosphate,
carboxyl and amino groups may be represented as (Bowen et 4l., 1992):

H,PO, = H,PO,; + H*  pK=2.12 Equation 2.1
H,PO, ©HPOF + H*  pK=7.21 Equation 2.2
HPO} < PO} +H*  pK=12.32 Equation 2.3
COOH & COO +H*  pK=4.1 Equation 24
NH,* <> NH, + H* pK=105 Equation 25

Assuming that these ionisation potentials remain the same for ions in the yeast cell wall,
the degree of ionisation of each group may be determined at a particular pH level. The
pH level is varied by suspending the cells in buffer solutions of various pH levels. The
groups contributing to the overall cell surface charge as pH is varied are summarised as
follows:

Table 2.3 Effect of pH on yeast cell wall constituents ionisation.

pH Nature of Yeast Cell Wall Group
2.0 H.PO, COOH NH,"
4.0 HPO, COOH NH,"

7.0 H,PO, COO NH,"
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Bowen et al. (1992) showed that the average ratio of positively charged groups to
negatively charged groups at low pHs is 1:0.57. Eddy et 4l. (1958) and Beavan et 4l. (1979),
have worked with the premise that the charge attributable to phosphate groups was
proportional to the electrokinetic mobility of the cells at pH 4.0, while that attributed to
carboxylic groups was proportional to the difference in mobility between pH 7.0 and pH
4.0. They also reported that the charge attributable to carboxyl groups increased as
cultures progressed from the exponential to the stationary phase, while that caused by the
phosphate groups tended to decline. Bowen et 4l. (1988) used this method in their
analysis of yeast quality in brewing. Their experiments showed a reduction in the number
of negatively charged groups in the outer cell wall layer after 24 hours of fermentation
and upon successive fermentation cycles. It is to be noted that pH dropped from 5.1 to
3.7 during fermentation. They also found that zeta potential decreased from -26.5 to -
38.0 mV as pH was increased from 3.5 to 5.5.

Brewing yeast has been shown to exhibit modified surface charge when exposed to
physiological stresses such as dehydration and rehydration (Rapoport et 4, 1985). Smart et
al., (1995) starved brewing yeast for 24 hours in sterile water at pH 4.0 and noticed
modified surface topography. Non-starved yeast had rough surface topography and a
mean diameter of 4.51 pm. Starved yeast were significantly smaller (1.57 pm) and
displayed a smoother surface. The authors noticed that colonies derived from starved
cells produced cells of similar morphology to the starved parent cells, even though they
were propagated in the absence of physiological stress. It was suggested that starved
parental cell wall fragments were included in daughter cells during budding, enabling the
retention of starved wall characteristics. Thus starvation may modify cell wall protein
templates, resulting in the inheritance of the starved cell wall characteristics. Starvation
also resulted in a significant increase of zeta potential from -42.6 to -32.5 mV at pH 4.0.
Robinson et al. (2001) investigated the effect of aeration on surface properties of brewers’
yeast. They observed that strains exhibited a lower zeta potential when grown aerobically,
compared to anaerobic conditions.

Differences have been reported between hydrophobicity of top and bottom fermenting
yeast strains. The hydrophobicity of top fermenting strains is greater than that of bottom
fermenting strains (Amory and Rouxhet, 1988) and is correlated to the nitrogen to
phosphate ratio measured by XPS. Dengis et al. (1995) confirm that top fermenting
strains are generally more hydrophobic. Robinson et 4l. (2001) compared four strains of
Saccharamyces  cerevisiae, grown anaerobically or aerobically. They found that the
hydrophobicity of the cells increased during the exponential phase under anaerobic
conditions, while hydrophobicity remained low throughout propagation for the
aerobically grown yeast. Once stationary phase was reached, no further change in
hydrophobicity was observed.

Rhymes and Smart (1996) observed the preferential attachment of hydrophobic latex
beads to the polar regions of individual cells. In budding cells, there was a distinct lack of
attachment to the mother/ daughter region. This indicates that the mature regions of the
cells, particularly old bud scars may be more hydrophobic than younger cell wall materal.
Chitin is the major component of bud scars, hence it is probable that chitin contents of
cells is a major determinant in its level of hydrophobicity.
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2.3.3 Cell growth

2.3.3.1 Cell growth cycles

Figure 2.2 shows a schematic representation of the cell growth cycle. The GO phase
occurs when one or more nutrients are depleted. This is an off-cycle quiescent state.
During the G1 stage, the mother cell will continue growing until a critical cell size is
reached. Once this critical cell size is reached, the cell traverses to the Start or S phase of
growth, The Start in G1 has two phases, Start A is the nutrient and growth check point.
Start B is the replication and proliferation check point. If the requirements are met thena
bud starts forming. The bud starts to grow during the G2 phase and mother and
daughter cells separate in the M phase.

T
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Figure 2.2 Cell growth cycle (Walker, 1998)

2.3.3.2 Growth kinetics

When growing yeast cells in a batch reactor, the following phases are observed (Shuler
and Kargi, 1992):
e Lag phase
Logarithmic phase
Deceleration phase
Stationary phase
Death phase

The lag phase is the time required (after inoculation) for the cells to adapt to the
surrounding environment. Molecular reorganisation takes place in order to accommodate
any differences in the media.

The logarithmic phase occurs after the cells have adapted to the new environment and
start to reproduce. In the logarithmic phase, there is a high nutrient concentration and
cell growth is independent of nutrient concentration.

Entry into the stationary phase is governed by the nature of the limiting nutrient.
Depletion of a carbon source will result in entry into the stationary phase. However, a
depletion of nitrogen results in meiosis.
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The last phase in the growth curve is the death phase. It is very difficult to distinguish
between the stationary and the death phase. This is due to the fact that the lysed cell
release nutrients into the media, which are taken up by the active cells. Death occurs as a
result of nutrient depletion or an excess of toxic by-products.

The acceleration and deceleration phases represent the transition between lag and
exponential growth phase, and exponential growth phase and stationary phase
respectively.

In general (with the exception of the lag phase), the growth rate of yeast is given by:

.i’.‘_X_ = uX Equation 2.6
4

where X is the yeast biomass concentration (g.L™)
t is the time (h)
1 is the specific growth rate (h'").

For the case of exponential growth, . is given by p,,. , the maximum specific growth
rate. In general, pu can be given by a modified Monod equation accounting for both
nutrient limitation and cell death through Equation 2.7.

HunS

H= i
K, +S Equaton 2.7

Where p,, is the maximum specific growth rate (h')
S is the substrate concentration (g.L")
k, is the death rate (h)
K is the saturation constant equal to nutrient concentration which limits growth
to half its maximum rate (g.L").

This may be further modified to account for presence of inhibitors, temperature effects,
etc.

2.3.3.3 Growth requirements

Most yeast grow best in a temperature range of 20 to 30°C. The maximum growth
temperature for S. cerevisize is 35 to 43°C. Yeast generally prefer a pH of 4.5 to 6.5 but
they can grow in the range of pH 3 to 8 (Walker, 1998). Water is necessary in high
concentrations for growth and metabolism, as substrates and enzymes are all in aqueous
solution or colloidal suspension.

A range of elemental compositions of S. cerevisize, reported in Bailey and Ollis (1986) and
by Krzystek et 4. (1998) are summarised in Table 2.4.

Table 2.4 Elemental composition of Saaharamyes cerevisiae,

Composition Authors

CH].%NO.]JOQA Baxley and Ollis (1986)
CH, 7N, 150050 Bailey and Ollis (1986)
CH, 6N 1600.52P0.01S0.005 Baﬂey and Ollis (1986)

CI{l ElNQ 1500_52 + 80/0 ASh KX'ZYStCk and LEClakOWiCZ (1998)
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These formulas vary depending on the yeast strain and growth conditions. However, they
give an indication of the macronutrients required by the yeast in order to grow.

Yeast are chemoorganotrophic organisms, which means they get carbon and energy from
compounds in fixed, organic linkage. Sugars are the most common carbon sources,
glucose being the most widely utilised by yeast. Carbohydrates also provide elemental
hydrogen. Oxygen is an essential growth factor. Yeast cannot grow in the complete
absence of oxygen. As a matter of fact, oxygen provides a substrate for respiratory
enzymes during aerobic growth. But it is also required for certain growth-maintaining
hydroxylations such as those involving the biosynthesis of sterols and unsaturated fatty
acids (Walker, 1998). Hence S. cereusize yeast are auxotrophic for oleic acid and
ergostrerol under anaerobic conditions. The competition between fermentation and
respiration is controlled by the availability of both glucose and oxygen (Bailey and Ollis,
1986). At suitable values of glucose and dissolved oxygen concentrations, glucose is
utilised for respiration, provided maximal cell yields per unit amount of glucose
consumed. If glucose concentration increases above a certain level, metabolism switches
to fermentation, even in the presence of oxygen. Yeast have a nitrogen content of around
10% of their dry weight. Inorganic nitrogen sources, such as ammonium salts, are largely
utilised to grow yeast. Ammonium sulphate is commonly used, as it also provides a
source of assimilable sulphur, essential for the bio-synthesis of sulphur-containing
amino-acid (Walker, 1998). Phosphorus is present in nucleic acids and in phospholipids,
and therefore needs to be provided to the yeast. Orthophosphate and condensed
inorganic phosphate are common sources of phosphorus in yeast growth media.

Yeast also require some minerals. Potassium and magnesium are necessary to establish
the metallic cationic environment in the yeast cell. Other minerals, referred to as trace
elements, are required in the micromolar or nanomolar range and include Mn, Ca, Fe,
Zn, Cu, Ni, Co and Mo. Some of the other growth factors required by S. revisize are
vitamins, such as biotin, pantothenic acid and thiamine.
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2.4 BIOLOGICAL RESPONSE TO STRESS

2.4.1 Responses to physicochemical stress

In microbial processes, microbes are subjected to a range of stresses through the train
from inoculum development through the bioreactor to cell harvesting. Stresses such as
nutrient deprivation, heat shock, osmotic shock, and oxidative stress have been well
studied compared to hydrodynamic stress and influence cell growth, product formation,
ease of solid-liquid separation, to name a few. General stress responses occur for a wide
number of different stress types. Thus where a stress response is general it is possible
that it may be observed in other stress conditions that have not been fully investigated
(Ruiss, 1997). Therefore it is important to review biological responses to physicochemical
stresses to understand those of hydrodynamic stress.

2.4.1.1 Nutrient deprivation

The nature of the biological response to nutrient depletion is dependent on the limiting
nutrient, for exarnple oxygen, mtrogen, carbon, sulphur, etc (de Winde ez 4., 1997).

In S. cerevisize, nutrient availability is verified dunng the G1 phase of cell division.
Budding will only occur if there is sufficient nutrient. Yeast can metabolise a wide variety
of carbon sources, in the order of their ease of metabolism. After depletion of a specific
carbon source, a period of minimal growth occurs during which enzymes required to
metabolise the next carbon source are induced and synthesised. When all the carbon
sources are consumed, the yeast enters the stationary phase. Nitrogen is required for the
synthesis of nucleotides and amino-acids, building blocks for nucleic acids and proteins.
These compounds are essential for regulating metabolic activity within the cell. Thus
their synthesis is tightly regulated with respect to the availability of nitrogen sources.
Nitrogen is also a major building block in the various energy storage compounds. A
combination of oxygen availability and glucose availability control the yeasts” selection of
the respirative or fermentation metabolism, yielding biomass or ethanol respectively.

In some cases of nutrient deprivation, it has been observed that yeast cells undergo
morphological changes. The change from yeast-like growth by the formation of buds to
pseudohyphal growth by cell fission type growth was originally observed in response to
nitrogen deprivation. Recently this has been observed as a response to limitation of other
nutrients. Pseudohyphal growth assists the yeast in foraging for its limited nutrients (de
Winde et al, 1997). Further Slaughter and Nomura (1992b) report an increased
extracellular protease activity on nitrogen limitation. This again assists the yeast in
foraying for its limiting nutrient.

Starvation is also reported to affect cell wall surface charge. S. cerevisize cells exhibit
negatively charged surfaces due to the presence of phosphate groups in the outer cell wall
mannoprotein layers (Amory et 4l., 1988). Smart et 4l. (1995) measured the zeta potential
of starved and non-starved yeast. They observed that starvation resulted in a significant
reduction in zeta potential (increase of the negative charge). Robinson and Harrison
(2001) report a dependence of surface charge and hydrophobicity on the availability of
oxygen during yeast growth.
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Glycogen forms a readily available carbon and energy storage compound in yeast which
can account for up to 40 % of cell dry mass (Oliver, 1991, as cited in Nkosi, 2001).
Quain et 4l. (1981) report that the accumulation of glycogen in brewing yeast shows(3
distinct phases: rapid depletion during the initial hours of pitching, accumulation dlmng
the bulk of the fermentation and gradual depletion towards the end of fermentation.
Decline in glycogen concentration at the end of fermentation is attributed to the
provision of maintenance energy under conditions of starvation (Quain, 1988).
Metabolism of glycogen results in generation of ATP and the synthesis of sterols and
fatty acids. These compounds are critical in maintaining the structure and function of the
cell membrane and determining the extent of cell multiplication. Reduced glycogen levels
on pitching correlate with a reduced rate of attenuation and yeast growth (Murray et 4/.,
1984, as cited in Nkosi, 2001). Contrary to glycogen which accumulates under conditions
of “plenty”, trehalose is found to accumulate under starvation (be it carbon, nitrogen or
phosphate) conditions (Quain, 1991). Trehalose accumulation appears to be a general
response to stress. For example, heat shock, cold shock, exposure to toxic chemicals (e.g.
ethanol), and dessication all promote trehalose synthesis (Wiemken, 1990; Quain, 1991).
Plourde-Owobi et al. (2000) points out the remarkable contribution of trehalose in stress
tolerance, as the higher the trehalose content, the longer the cell survival to a severe heat
shock and to glucose starvation. It is hypothesized that trehalose acts as a protecting
agent which stabilizes membrane structure (Iwahashi er 4., 1995).

Lee (1999) also reports that severe nutrient limitation leads to induction of heat shock
proteins. Thus HSP26 is induced by carbon source limitation, HSP118 by sulphur
limitation (Lee, 1999). In summary, Berry (1989) observed that while the nutritional
requirements of yeast are not very demanding, they should be controlled precisely to
ensure maximum growth rate and optimum yields.

2.4.1.2 Temperature shock

Temperature shock is the only stress type against which yeast does not have any barrier.
Yeast has no means of controlling temperature. As a consequence, the cells have to adapt
to the given temperature conditions. Temperature shock affects numerous different
aspects of yeast physiological functions. These include cell viability, general cell
morphology, cell division and growth, plasma membrane structure and function,
cytoskeletal integrity, mitochondrial structure and function, intermediary metabolism,
protein synthesis and chromosomal structure and function (Walker, 1998).

Heat shock leads to disruption of cellular processes, increased protein unfolding and
aggregation, and conformational and structural changes in the membranes. Under
conditions of stress induced by temperature, yeast evoke an active response which results
in the shutting down of the majority of normal cellular functions and increase of the
expression of a number of specific stress-response genes (Birch and Walker, 2000). These
so-called heat shock genes form an essential part of the response mechanism to stress.
The primary function of heat shock proteins is to accumulate rapidly following a stressful
event, not only to protect cells against these damaging effects of stress, but also to confer
an increased tolerance to subsequent stresses (Lee, 1999). In addition, other metabolic
changes occur in stressed cells, such as the accumulation of the protectant storage
carbohydrate trehalose. Trehalose is known to be one of the most effective substances
for in wio preservation of membranous structures and enzyme activities during
desiccation, freezing or heating (Piper, 1997).
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The protection of stress response compounds in exposure to further stress is the early
probe of investigation. Tamura et al. (1998), cited by Lee (1999) showed that a pressure
shock pre-treatment increased the resistance of yeast to subsequent heat shock at 51°C,
pressure shock at 150MPa, and ethanol shock at 14% v/v. They correlated this with the
increased expression of HSP 104p, present at 3.4 times the normal level following a
pressure shock of 75 MPa. This phenomenon of one stress effector leading to an
increased tolerance to a number of different stresses is known as cross protection (Lee,
1999).

2.4.1.3 Osmotic shock

Water is essential for microbial cells, as a solvent for membranes, a reactive agent for
biochemical reactions or as a key factor in cell morphology. Therefore microbes have
developed mechanisms to control osmolarity (the relative water content) (Hohmann,
1997). Osmotic shock can result from changes in salt concentration or sugar
concentration for example. Generally, a change in salt concentration results in an
inflow or outflow of water from the yeast cell. A mechanism of adaptation to the
stress is the accumulation or release of glycerol in order to restore the osmotic
balance. Moreover, due to the inflow or outflow of water, osmotic shock results in
drastic changes to cell volume (Hohmann, 1997). Thus the addition of salt or sugar to
the growth medium is reported to cause cell shrinkage. As a result, cell membrane and
cytoskeleton can be damaged, leading to the release of wall compounds and changes
in the cells’ budding patteétn. In the context of high gravity brewing, the negative
effects of high osmotic pressures on yeast activity have been considered. High sugar
concentrations result in slower rates of fermentation and cell growth, thus reducing
fermentation productivity. The expression of heat shock proteins is also reported to be
a response to osmotic shock (Lee, 1999). Sharma (1997) also reports an increased
status of trehalose in cells grown under hypersaline conditions. He suggests that this
increase in trehalose content may be contributing to the survival of cells grown under
hypersaline conditions as well as to their ability to withstand toxic concentration of
alcohol. The phenomenon of cross protection was also pointed out, as cells grown
under increased NaCl concentrations were more ethanol tolerant than controls
(Sharma, 1997).

2.4.1.4 Oxidative stress

Oxidative stress occurs when cells come into contact with reactive oxygen species
(ROSs). These ROSs tend to attack macromolecules within the cell. Copper and iron are
metals essential for life due to their involvement as enzyme cofactors in a wide variety of
biological reactions. However these metals are also involved in reactions which generate
ROSs. Thus cells need to have finely tuned mechanisms which allow for the
accumulation of sufficient quantities of these metals, without excessive accumulation
(Saunter and Thieve, 1997). The change from anaerobic to aerobic fermentation
conditions has been demonstrated to evoke an oxidative stress response in brewing yeast.
Sudden transition from anaerobiosis to aerobiosis led to a drop in cellular viability of 5-
7% (Lee, 1999).
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2.4.2 Quantification of stress response

Five categories of biogical response to stress have been identified: change in viability,
metabolic rate, metabolic pathway, morphology and integrity (Basson, 1996; llling and
Harrison, 1999).

Viability

Viability is defined as the ability of a cell to divide or its ability to exclude viability stains.
The methods used to determine the cell’s viability are based on either regrowth studies
such as plate or slide counts, or vital stain techniques. Staining techniques are based on
sustained metabolic activity such that the dye is either excluded or reduced (Smart et 4/,
1999; Basson, 1996; Robinson, 2001).

Metabolic rate

Changes in metabolic rate have been observed as decreased growth rate, substrate
utilisation rate, oxygen utilisation rate and metabolite production rate (Illing, 1996). Toma
et . (1991) describes decreased ATP generation, decreased specific growth rate and
lower O, uptake under excess turbulence. During fermentation, the metabolic rate varies
according to oxygen and other nutrient availability, product inhibition and physiological
status. In order to use metabolic rate as a measure of physiological status, careful control
of the remaining nutrients is required (Nkosi, 2001). To predict overall metabolic activity
of yeast, oxygen utilisation rates can be used (Basson, 1996).

Metabolic pathway

A shift in the product spectrum or metabolic flux, a change in the metabolism from the
TCA cycle to the glycolytic pathway (Toma er 4l, 1991) and the release of stress
indicators such as HSPs and trehalose have been reported as metabolic pathway changes
(Walker, 1998; Potgieter, 2002).

M

Morphological changes with regard to size and shape have been described. Wase and
Patel (1988) showed that the mean cell volumes of Bacillus cereus, Staphylococaus epiddenmis,
Saccharamyees cerevisiae and Escheridhia col were directly proportional to the agitation rate of
the fermenter. Break-up of cell aggregates (Conynebacterium glutamuem) under different
levels of agitation and aeration is also reported as an example of morphological change
(lling and Harrison, 1999).

b

The loss of cell integrity occurs when either the cell membrane or cell wall or both are
ruptured (Dunlop et 4., 1994). The extent of cell disruption can be measured in terms of
total cell count (Cherry and Papoutsakis, 1987; Dunlop et 4l., 1994; Zhang et 4l., 1995),
protein release (Lowry, 1951; Pearce, 1993; Scholtz-Brown, 1998), or nucleic acid release
(Croughan and Wang, 1989). Release of invertase can also be used to detect cell wall
damage (Goldstein, 1975, as cited in Pearce (1993)). Loss of integrity represents the most
extreme form of yeast cell damage.
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2.5 HYDRODYNAMIC STRESS

2.5.1 Physical sources of stress

2.5.1.1 Shear

Depending on its intensity, a shear field may be stimulatory, inhibitory or destructive.
Yeast are generally quite robust and not easily damaged under typical submerged culture
processing conditions; however, even the most robust cells are broken when subjected to
suitable combinations of high stress and exposure time (Chisti, 1999; Illing, 1996).

The magnitude of the fluid mechanical forces is often expressed as shear stress, T or
shear rate, y. These quantities are related; thus in laminar newtonian flow,

T=yt Equation 2.8
where p; is the viscosity of the fluid.

Shear rate is a measure of spatial variation in local velocities in a fluid. Cell damage in a
moving fluid is sometimes associated with the magnitude of the prevailing shear rate or
the associated shear stress, but these quantities are never easily defined in the relatively
turbulent environment of most reactors (Chisti, 1999; Kelemen et al., 1979).

Influences of shear stresses are reflected in the industrally important aspects of
production rate, productivity and product spectrum. Responses to shear has been
characterised using various indices, including growth rate, cell viability, regrowth
potential, release of intracellular matenal changes in oxygen uptake rate, ATP,
productivity of metabolites, biochemical composition of the cells, and alterations in the
morphology of cells and cell aggregates (Chisti, 1999; Robinson, 2001).

The French press is an example of application of shear stress used to disrupt microbial
cells. Brookman (1975) studied the influence of the apparatus characteristics on
disruption (measured in terms of soluble protein release). While disruption increased
exponentially with increasing pressure, complete disruption was achieved at 50,000 psi.
The release of soluble protein was independent of the velocity of the yeast suspension
passing through the needle valve, but increased exponentially with decreasing needle
length. At a constant pressure peak, the shorter the time of the pressure change, the
greater the cell disruption. The evidence of shear effects as the major mechanism of cell
damage was outlined, the rate of change of pressure being the key parameter for cell
dlsruptlon Lange et al. (2001) also investigated the effect of high shear stress on §.
cerevisize viability. Cell suspensions were submitted to shear stress by flowing through a
narrow capillary. They found that shear stress did not affect total cell number, nor yeast
cells were disrupted, even at the highest shear stress value (2770 Pa). However when
submitted to shear stress of 2770 Pa, viability decreased rapidly as the duration of
exposure to shear stress increased. They concluded that an intensity threshold exists
above which the stress generated affects the viability of the yeast. This was already
suggested by Kelemen and Sharpe (1979). They used a disrupter to subject different
micro-organisms (including S.cerevisize) to extremely high shear forces, causing disruption.
They observed that little or no disruption occurred until a certain level of applied
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pressure was reached. Thereafter the proportion of disrupted cells increased rapidly with
increasing disrupter pressure, until almost all the cells were disrupted.

2.5.1.2 Interaction with turbulent eddies

The interaction of cells with turbulent eddies is a second mechanism causing
hydrodynamic trauma. In the turbulent region where energy dissipation occurs by eddy
interaction, the scale of the energy transfer between eddies and between eddies and cells
becomes significant. Energy dissipation occurs by the breakdown of large eddies into
progressively smaller ones until the smallest eddies disintegrate by viscous action. For
isotropic turbulence, the size of these smallest eddies, known as the Kolmogorov
microscale length, is calculated by Equation 2.9, with the eddy velocity given in Equation
2.10 (Kolmogorov, 1941, cited by Robinson, 2001; Cherry and Papoutsakis, 1988).
1

AU
I =|— Equation 2.9
&
i
v= (SV)4 Equation 2.10

where 1. = Kolmogorov microscale length (m)
v = kinematic viscosity of the medium (m.s™)
& = Specific energy dissipation rate (m’.s”)

The specific energy dissipation rate (g) can be estimated by determining the volume in
which the energy is dissipated and the time scale of the event. The extent to which
turbulent kinetic energy is transferred to micro-organisms depends on the relative size of
the Kolmogorov eddies and the cell. Eddies larger than the microbial particle will not
dissipate energy at the cell surface and the cell is described to be entrained by the eddy.
Eddies much smaller than the particle have insufficient energy to cause significant cell
break-up. Eddies whose size approaches the particle diameter impart the maximum
hydrodynamic force. A number of researchers have investigated the microscale length on
cell viability in stirred and bubble column bioreactors on plant cell, animal cells and
microcarrier systems (Dunlop et 4., 1994, Cherry and Papoutsakis, 1988, Croughan ez 4/,

1987, Illing and Harrison, 1999) Significant shear damage to cells in a turbulent
environment was only observed when the cells, aggregates or microcarriers were of the
same size or larger than the Kolmogorov eddies. Cherry and Papoutsakis (1988)
investigated the negative effects of excessive agitation on tissue cells in microcarrier
culture. They observed that a decreasing smallest turbulence size between 100 and 200
pum (compared to 180 pm typical microcarrier size) caused reduced cell growth
(measured in terms of apparent cell growth, net effect of actual growth minus any cell
death). Investigating the fluid-mechanical sensitivity of plant cells in a stirred bioreactor,
Dunlop et al. (1994) established a hierarchy of responses, ranging from biological
inhibitory effect on regrowth ability to loss of membrane integrity, loss of mitochondrial
activity, aggregate breakup, and finally lysis. The turbulence in stirred tanks is highly
inhomogeneous and the most negative cell-eddy interactions are assumed to occur in the
impeller zone, where maximum fluid velocities are found (Illing and Harrison, 1999).

Tlling (1996) found that cell lysis, viability and metabolism were not affected by turbulent
forces in stirred-tank reactors. However, break-up of cell aggregates was observed at an
impeller tip speed of 6.7 m/s and a superficial gas velocity of 0.005 m/s in the absence of
mass transfer limitation. As the impeller tip speed was increased from 1.68 to 6.7 m/s at



(B
r
=l

Fifgraeure pevisw

a constam, superficial gas velecity of 0.005 m/s, llling and Harrison (1999) cbserved a
decrease in the mean aggregate dhameter from 3.3 pm to 175 pm. The predominant
mechanism of aggrezate disruption way the erosion of primary cells from (he aggregate
surface.

2.5.1.5 Cavitation

[n regions of low pressure within the flow, cavites of vapour can form spontaneously.
These then collapse in regions of hisher pressure 0 a process called cavitation. This
oscillating behaviour and rapid collapse of the cavities exert large forees on particles
suspended in the thud (Save et &/, 1994, 1997}, The cavitation number (o), defined in
Equation 2.11 determunes the likelthood of cavilanon occurnaog,

o= fe =1 Equarion 2_1i

_vamj st

where P, = pressure upstream of an onfice {Pa)
P, = pressure at any point of maxinem thud veloony (Pa)
Ve = velocity upstream of the orthice ns’)

It represents the ratio of forces collapsing cavities 1o those causing their formation,
Cavitavion will occur ar cavitation numbers below a entical cavitation number .
[ Edrodyname cavitation 15 mtentionally used to canse yeast disruption and protem
release and is reported to be one of the most energy ethicient disruprion techniques.

2.5.1.4 Cell-cell and cell-obstacle interactions

Physical cellcell or cell-obstacle collision ts another mechanism of cell damage.

The level of damaze depends on both the (requency and intensity ol eollsions (Hling,
1994). A epllision of a cell requires the force driving the muicrcorgamsins together to
exceed the force required 1o remaove the iquid Tayer bevween them ((Ting, 1996).

The frequency of cell-cell collisions where the Kolmogorov microscale is of 4 similar size
to the cells can be esnmated by Equatron 2,12 denived by Chemy and Papoutsalus {1988);
i kR i
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Gz Equanon 2,12
A
where 2 = volume fraction of cells
v = relative cell velociny {m.s™)
M. = lrequency of cell-cell collisions [Hz)
d, - particle diameter {mm}.

The collision severity, 8, is then defined as the product of the frequency and kinete
energy of collistons per cell (Equation 2.13). Altemaovely, the relative velocity can be
based on a shear model which leads o a shear based eolhsion severity expression gvenin
Fouation 2,14
N e
o ={*£_T)4_n_ Pp£ Equation 2,13
o 74
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where p, = particle/cell densiey (kg.m” j
S, = collision severity based on eddy velocity {cm)
CS; = collision severity based on shear model {J.57)

Equarion 2,14

Scholez-Brown et al. (2002} demonstrated that the major source of stress in a slurry
bioreactor 1s solid-cell-solid collisions and net cell-cell collisions.

2.5.2 Responses 1o hydrodynamic stress

2,5.2.1 Non-growing systems

Studies on the effect of particulates on freely suspended micro-orgamisms in slurry
bioreactors, using a yeast — silica model system, have been conducted by Harrison er af.
(2002). These workers investigated the effect of particulate parameters, including loading
(5% to 40% (v/v)), diameter (25 to 1800 um), density (1600 to 4500 kg.m™) and shape
(smooth or jagged), on the disruption of stationary phase Sacchuumus wreusize i a
completely suspended system. While the maximum extent of disruption was independent
of the solid parameters, the disruption rate constant increased as a power law function of
volume fraction of solids. Increased particle density and smoothness resulted in a
marginal increase in rate constant. The critical particle size of 300 pm was determined
below which the rate of cell disruption was greatdy reduced. Monitoring both invertase
release and the release of cytoplasmic proteins, cell envelope damage was observed to
cccur more tapidly than cell disruption, under mild conditions. Scholtz-Brown and
Harrison (2002 a and b) used the same system to investigate the effect of completely and
mcompletely suspended solids. Significant cell disruption occurred for solids volume
fractions in the range 0.05-0.4Q, while negligible disruption sccurred in the absence of
solid particles. This suggested thar che dominant mechamsm of cell disruption was
iteraction berween particles and cells as opposed to cell interactions wath turbulent fluid
eddies. Disruption approached a quadratic dependence on the solid volume fraction ar
loading fractions of 10 and 20%, indicating the impertance of solid-cell-solid
interactions. Models, describing cell disruption as a function of the operating parameters,
were proposed. They are further detailed in Section 2.6.1. In accordance with Harrisan e
a4l (2002}, the distuption rate of Sacchntemoss cereisiae at an agitation intensity of 750 rpm
(impeller tip speed of 2.91 m.s") was found to increase in a power law fashion from 7.08
x 107 s at 5% {v/v} inert solids to 4.05 x 10° 57 ar 40% inent solids. At speeds above
the crtical impeller speed for complete suspension, the k values increased linearly with
impeller speed.

2.5.2.2 Growing systems

Literature of the effect of agitation on growth is frequently contradictory. Toma et al.
(1991) considered Brevibacerion flawon, 8. ceveuisize and Trichodenna neesei. They discovered
there is an optimum impeller speed above which cell growth, and activity decrease due to
hydrodynamic stresses. The extent of growth was expressed in terms of specific growth
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rate, calculated from biomass concentration of B. flawen, determined turbidimetrically at
650 nm. Activity was expressed in terms of oxygen uptake rate, RNA, DNA and ATP
content and aconitase activity. Wase and Patel (1985) observed that agitation speed had
no effect on cell growth or dry biomass concentration in their study on Bacllus cereus,
Staphylococcus epidenmidis, Sacharomyees cerevisiae and Escherichia woli in a chemostat. However,
they found that mean cell volume was directly proportional to the agitation rate. The
increased cell volume was due to an increase in the water content of the cells. The
impeller speed was varied in the range 1.6 to 5.3 m/s.

Ruis (1997) argues that S. cerevisize growth proceeds more slowly under conditions of mild
stress and may be suspended completely under conditions of severe stress. Slower
growth may provide time and allow diversion of energy to respond to the stress.
However, no indication about how cells respond to stress is given. Cells may develop
resistance to the stress, enabling the cells to survive until the stress is reduced or
eliminated. The mechanism of such a resistance was not explained. They report that only
stress which results from the exhaustion of nutrients will cause the cells to enter into the
stationary phase. Other stresses result in a slower growth of yeast cultures or in extreme
cases cell death. That is contrary to Nemati and Harrison (2000) who found that
physiological stress and low environment pH caused Sulfolobus metallicus to enter
stationary phase.

Not only agitation rate, but also the nature of the flow has to be considered. Chisti (1999)
reported on the effects of different types of impellers. Agitation-associated damage can
be reduced substantially by replacing the Rushton turbines with axial flow hydrofoil
impellers. These findings confirm that different types of impellers generate very different
shear fields at identical tip speed. Scholtz-Brown (1998) used both Rushton turbine and
pitched-blade turbine to disrupt yeast cells in a slurry reactor. She observed the same
maximum extent of cell disruption, irrespective of the flow pattern. However the rate of
cell disruption was less for the pitched-blade turbine. Pearce (1993) also found with a
mineral bio-oxidation system that neither the Rushton nor the axial impeller at an
impeller speed of 350 rpm inhibited the growth of thiokualli. At 630 rpm, no activity
appeared in the tank agitated by a Rushton turbine while the growth rate started to
increase after a lag phase of 14 days with the pitched-blade turbine. These findings are in
agreement with Hackl et al. (1989), which reports that pitched-blade turbine has a higher
pumping capacity than Rushton turbine and, for a given impeller speed, requires less
power. As a consequence, it produces lower turbulence intensity.

The yeast cell wall is a key factor in the response of micro-organisms to hydrodynamic
stress. Toma et a/ (1991) theorise that the inhibition of microbial growth and productivity,
in the absence of cell death, is due to limited mass transfer in stagnant eddies of
microscales of turbulence and shear forces damaging cell membranes. They use the term
twrbobyphobiosis to describe this effect. Chisti (1999) reports that the composition of the
growth medium and the specific growth rate used for the culture influence the
robustness of the cell. Cells grown in fully defined media that lacked one or more
components essential to synthesis of a normal cell wall are often less robust. Growth at a
higher specific rate will often produce weaker cells. Cells experiencing physiological stress
(e.g. starvation) are more susceptible to shear-stress-related damage. These findings are
consistent with the resistance of microbes to mechanical cell breakage as a function of
growth condition (Harrison, 1991; Gray et 4l., 1972; Bayer et al., 1967; Felix, 1982;
Golovina et al, 1973; Fish and Lily, 1984). Smith et 4/ (2000) developed a
micromanipulation technique to measure the force required to burst single cells and

established a mathematical model to extract the mechanical properties of Sacharamyees
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cerevisize cell wall. They determined that yeast cell populations strengthen as they enter
stationary phase by increasing wall thickness, without altering the average elastic
properties of the cell-wall material. They considered the biochemical composition of cell
walls. Cell walls of S. cerevisize consist predominantly of glucan with (1,3)-B and (1,6)-B
linkages, and mannan covalently linked to protein (mannoprotein). They proposed that
mechanical properties are only a function of the P-glucans, whereas the role of
mannoproteins is to control porosity.

There is limited literature on the effect of non-biological particles in a slurry bioreactor
on microbial performance. Solid particulates in suspension increase hydrodynamic stress,
by increasing shear forces exerted on the cell. Thermophilic bioleaching of mineral ores,
conducted above 65°C, is mediated by thermophilic archae of the genus Sulfolobus. Owing
to their unique cell wall structure, these cells are postulated to exhibit greater sensitivity
to mechanical handling. Reduced performance in the presence of intense agitation and
high solids loading in a slurry reactor has been cited in bioleaching studies using Sulfolobus
(Escobar et 4l., 1993; Norris and Barr, 1988). Recent studies have been carried out by
Nemati and Harrison (1999, 2000) to investigate how the bioleaching microbe in growing
phase respond to the presence of non-biological particles.

Particle size effects have been investigated by Nemati and Harrison (1999). They
considered the bioleaching of pyrite by acidophilic thermophile Sulfolobus metallicus. The
size of the mineral ranging over a mean diameter of 42.5 - 202 micron did not influence
the growth and the activity of the cells and relatively constant values for both the specific
growth rate (1) and yield factor (Y) were achieved. Effect of pulp density (solids loading)
has also been considered. Still considering the rate of bioleaching of Sulfolobus metallicus,
Nemati and Harrison (2000) found that in the experiment with 3% pyrite, the increase in
biomass concentration continued until the complete oxidation of pyrite. The exhaustion
of pyrite led to a sharp decrease in biomass concentration. With mineral pulp densities of
6 and 9% (v/v), a plateau region in biomass concentration curves was observed,
indicating the stationary phase of microbial growth. It must be noted that the oxidation
of pyrite was accompanied by a decrease in pH. The shift to microbial growth from
exponential phase to stationary phase occurred when the pH decreased to a value
between 0.9 to 1.0. So the reduced performance at solids loading in the range of 12 -
15% (v/v) may result from the physiological stress imposed by the low environmental
pH or from a combination of the high mineral concentration and the low environmental
pH. The presence of solid particulates strongly affects the lag phase. Nemati and
Harrison (1999) determined that the lag phase was more pronounced in the presence of
larger particles. They also found that lag phase in microbial growth was longer at higher
pulp densities.

Critical levels of hydrodynamic stress have been identified. Nemati and Harrison (1999)
found that in the presence of pyrite with a mean diameter of 6.4 micron (size fraction <
25 micron), no biological activity was observed. The number of cells, as well as their size,
decreased dramatically over a short period. Apparently the attrition, due to the presence
of small particles, disrupted the structure of the cells. This implies that the reduction of
particle size below a critical level could increase the extent of the particle-particle
collision and impose severe attrition on the cells. Applying a mineral pulp density of 18%
(v/v), the complete suspension of pyrite led to a dramatic decrease in concentration of
biomass and inactivity of the cells. Both cell disruption and impaired metabolic activity
result when a critical pulp density is exceeded. The system used allowed the negative
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mfluence of high solids loading to be characterssed. Howewer the maxitoum eritecal
concenrranon of mineral rolerared s system specitic,

2.5.2.3 Quantification of hydrodynamic stress response

The eftects ot hvdrodynamic stress have been sumnmurised moa work by Basson {1996)
displayed m Figure 2.3 helow.
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Fyure 2.3 The effects of hydredyoarae stress on cells and the suggesied analyses hy which 1o quannfy
these effeces Basson, 1996),

2.6 MODELLING OF HYDRODYNAMIC DAMAGE

Modelling cell damage and disruption in binlogical processes enables its prediction
under particular operating conditions. A model will facilitale the design of large-scale
hiorcactors, so that, in processes where cells are in contact with a sohd particle phase,
the cell damage and disruption can be minimised or maximised, depending on the
application.



Literature review 2-22

2.6.1 Non-growing systems

Scholtz-Brown et 4l. (2002) disrupted freely suspended S. cerevisize in a shurry reactor using
- silica particles as the solid phase. Their work showed protein was released from disrupted
cells according to first order kinetics of the form:

R =R, (1-exp(-kt)) Equation 2.15

where R is the soluble protein released at time t (mg protein/mg cells).
R, is the maximum protein released under the specified operating conditions (mg
protein/mg cells).
k is the first order disruption rate constant (s™).

The first order disruption rate (k) exhibited a power law dependency on the solids
volume fraction. Although the degree of solids suspension had no effect on the
maximum extent of cell breakage, it had a significant effect on k. At speeds below the
critical impeller speed at a constant solids loading, k exhibited a power law dependence
on the impeller speed corresponding to an increase in the volume fraction of suspended
solids with impeller speed. Above the critical impeller speed at a constant solids loading,
they observed a linear relationship between k and impeller speed.

Models for the disruption of stationary phase S. cerevisiae :

Three models have been developed for describing the effects of solids concentration and
agitation rate on cell disruption, above the critical impeller speed.

The first model incorporates solids loading and agitation rate into an expression for the
disruption rate constant which is analogous to an oxygen mass transfer model (Scholtz—
Brown et al., 2002).

k =% 7.11 X 10’5 (P/V)O% ¢1'64 Equation 2.16
where P is the impeller power input (W)

V is the reactor volume (m’)

¢ is the volume fraction of solid particles.

This model describes the rate of protein release from cells into the supernatant upon cell
disruption. The cell concentration is not explicitly shown in Equation 2.16 since it was
maintained at a constant average value in the experimental study. Moreover, the model
accounts only for cell-solid interactions as the mechanism of cell disruption.

The maximum energy dissipation rate per a unit fluid mass in a stirred tank occurs in the
impeller discharge zone, so the majority of cell damage and disruption occurs in this
region (Illing, 1999). The second model only considered the impeller zone in correlating
the first order disruption constant with the energy input per pass through the impeller
zone per unit volume of the vessel (Pt,/V). t.is the average circulation time of the liquid
and may be estimated for a 6-bladed Rushton turbine in a fully baffled cylindrical vessel
using equation 2.17 (Reed ez 4l., 1977, as cited in Scholtz-Brown et al. (2002)):

;o= ____._4V Equation 2.17

¢ 3ND®
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where D is the reactor diameter (m)
N is the impeller speed (rps)

The energy input per pass through the impeller zone per unit of vessel may then be
incorporated in a mass transfer-type model in order to predict the disruption rate
constant (Scholtz-Brown et al., 2002):

k=476x10° Pt / V)*® ¢'¢ Equation 2.18

A mechanistic model based on cell-eddy interactions, solid-cell-solid collisions, solid-cell

collisions and solid-cell-reactor collisions has been suggested in the form of equation 2.19
(Scholtz-Brown et 4l., 2002):

k=A@E/V)"* +Bcdp’N* +Dco N® Equation 2.19
where A, B, D and n are constants. J
¢ is the turbulent power dissipation rate per mass of liquid (kg).
v is the liquid kinematic viscosity (m*/s).
cf represents the solid-cell and the solid-cell-reactor wall collision mechanisms.
c is the biomass concentration (kg/m’).
N is the impeller speed (rpm).

The first term represents cell-eddy interactions and is negligible in this study. The
remaining terms account for the interaction between particles and the cells.

Final result was:
k=227x 107 ¢2N1.68 + 1.05x 10°® ¢ N8 Equation 2.20

Solid-cell-solid collisions were identified as being the primary cause of cell disruption, as
opposed to solid-cell or solid-cell-reactor collisions.

These models have all been derived for constant biomass concentrations and therefore
make no allowance for biomass growth.

2.6.2 Growing systems

2.6.2.1 Hydrodynamic Effects on Animal Cells grown in Microcarrier

Cells on microcarriers are susceptible to damage from fluid mechanical forces owing to
microcarrier size being similar to Kolmogorov eddy size in submerged culture.

Croughan et al. (1986) grew FS-4 cells on microcarriers in 250 mL spinner flasks. For
cultures containing 3g/L microcarriers, they found a decrease in the rate of cell growth
with increasing agitation rate from 60 to 220 rpm. They modelled their results according
to specific growth and death rates given in Equations 2.21 and 2.22:

C
h{C_) =(u-g)t-t,) fort< g Equation 2.21
0
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and ln(—g-} =—q(t—1,) fort>t, Equation 2.22
t

where C, is the initial cell concentration at time t, (cells/mL)
C is the cell concentration at time ¢t
C, is the cell concentration at time t,
t,is the time at which stationary phase is reached (h)
u is the specific growth rate (h)
q is the specific death rate (h™)

Croughan et al. (1986) used these models to calculate specific growth and death rates for
various impeller speeds. The death rate ranged from 0 to 0.027 L/h as agitation rate was
increased from 60 to 220 rpm. The specific growth rate was constant at 0.016 L/h.

Hu (1983) correlated the growth on microcarrier cultures with an integrated shear factor,
shown by Equation 2.23.

157 = 22,

Equation 2.23

where D;is the impeller diameter (m)
D, is the vessel diameter (m)

They plotted the relative extent of growth of FS-4 cells on microcarriers as a function of
integrated shear factor and found that maximum relative growth occurred for ISF in the
range 7 to 18 L/s, decreased growth between ISF 18-30 L/s and no growth beyond 30
L/s. They determined that maximum cell growth and zero cell growth can be observed at
the same impeller tip speed, depending on vessel size and geometry. Although this means
of analysis is useful, an integrated shear factor is not readily incorporated into a
mechanistic model of hydrodyna.tmc effects on cells.

Papoutsakis and O’'Connor (1992) found that increased agitation slowed the rate of
increase in viable CHO cells attached to microcarrier beads. Croughan and Wang (1988)
investigated whether cell growth was inhibited, unchanged or enhanced by hydrodynamic

forces in microcarrier cultures. They noted two effects by which high agitation levels may
inhibit cell growth: decrease of biosynthetic ability required for cell growth, or non-
replication of the cells. The authors’ experiments showed that at high agitation rates, cells
were either removed from microcarriers, inhibited from growing at their maximum rate
or both. Cell fragments were observed from cell cultures agitated from growing at their
maximum rate. For cell cultures agjtated at 60 rpm in spinner flasks, complete whole cell
lysis occurred over a period of 1-2 days. It is unclear whether fragments were generated
through lysis of free or attached cells. It was noted that all cells removed from the
microcarrier became non-viable upon removal. Results showed that freely suspended
animal cells were not affected by moderate increases in agitation or exposure to moderate
shear stresses. Secondary growth was previously postulated to occur when cells that were
exposed to high agitation rates were once again grown at favourable agitation rates.
However data strongly indicated that there was a situation of growth and death with no
secondary growth. No growth inhibition was observed, even during conditions of
extensive cell disruption and death. Croughan and Wang (1988) concluded that a cell’s

decision to replicate depends on genetic programming which is uninterrupted by adverse
hydrodynamic conditions.
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Hu (1983) found no decrease in growth rate of mammalian cells when the microcarrier
concentration with attached cultures was increased from 5 to 15 g/L. Croughan et 4.
(1988) also increased solids loading in microcarrier systems by adding beads which did
not support cell attachment or growth. They noted that at high bead concentrations, cell
systems showed very long lag phases, decreased growth rates and decreased
multiplication ratios (final cell concentration over initial cell concentration). They found
that the maximum growth rate occurred at approximately 0.2 g/L microcarriers or an
initial cell concentration of 1.5 x 10* cells/mL. They concluded that the existence of the
maximum implied that there were at least two competing factors influencing growth rate.
Initial cell concentration is increased with increased microcarrier concentratxon,
favouring growth. Increased solids loading with increased microcarrier concentrations,
results in decreased growth rate due to increased particle-cell collision frequency. The
authors also found that below 35 rpm, increased microcarrier loading had negligible
effect on cell activity or disruption. 35 rpm was probably very below the critical impeller
speed required to suspend all microcarriers resulting in the true microcarrier density
being well below the claimed value. They extended their previous model (Equations 2-8
and 2-9) to include the effects of microcarrier-microcarrier interaction and microcarrier-
bead interaction. The new model is given by Equation 2.24:

i’—c—yc q.C~-q,C, c-L 5 2C.C Equation 2.24
where g, is the specific death rate due to fluid-cell interactions (h™')
q, is the specific death rate due to microcarrier-microcarrier interaction and
microcarrier-bead interactions (h”)
C,, is the microcarrier concentration (g/L)
C, is the bead concentration (g/L)

Cis the biomass concentration (cells/mL)

They found that Equation 2.24 correlated well with experimental data at 150 rpm in 250
mL spinner flasks. It was also found that at approximately 5.5 g/L microcarrier
concentration, the specific death rate equalled the specific growth rate, with no net
growth being observed.

Cherry and Papoutsakis (1987) investigated the effect of microcarrier concentration on
the apparent growth rate of bovine embryonic kidney cells. They attributed the reduced
apparent growth rate to collisions of microcarners. These interactions were postulated to
be the only interaction capable of producing enough energy to damage the model
microorganism. This was confirmed by the bead to eddy size ratio showing little effect
on the growth rate, thus implying microcarrier-fluid interaction resulted in negligible cell
damage. The effect of these bead-bead collisions was characterised in terms of turbulence
collision severity (TCS), defined as the product of collision kinetic energy and frequency.

. . 1
ICs =(kinetic-energy((vocl—$%s——?n?) ;l:)elz_fn_i) Equation 2.25

The effect of the microcarrier volume fraction may then be calculated from Equation

2.26:
N, N°Dv\ n?p,0d>
1Cs8s 2{ £ 7 J( ,;2 Equation 2.26

where N, is the power number +
N’D p

P 1s the power input (W)
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D; is the impeller diameter (m)
Py is the microcarrier bead density (kg/m’)
o is the microcarrier volume fraction.

Collisions of the beads against the impeller or other reactor internals have a similar effect
to bead-bead collisions, however the kinetic energy of collisions is much higher. Cherry
and Papoutsakis (1987) defined an impeller collision severity (ICS) analogous to
turbulence collision severity.

1CS= (kinetic-energy)

{ reactorvolume

Equation 2.27
(window-area)(velocity- past-blade)]

The effect of impeller speed may now be determined from Equation 2.28.
97 p,n,n’D, d*
512V

ICS = Equation 2.28

where n, is the number of impeller blades.

It should be noted that the ICS formula is only approximate because viscous effects have
been ignored as have the trajectory of particles from streamlines. Growth rate decreased
for increased impeller collision severity. Turbulent collision severity increased with
increased bead loading, leading to a higher frequency of bead collisions and a decrease in
the apparent growth rate. Both the TCS and ICS models provided good fits of

experimental data.

2.6.2.2 Hydrodynamic Effects on Glucose consumption

Croughan et 2/ (1988) noted that the glucose uptake of FS-4 cells in microcarrier cultures
decreased from 46x10" to 35x10" g/(cell.h) for an increased agitation rate from 35 to
150 rpm in spinner flasks (specific growth rate at these conditions was 0.0028 L/h).

Specific glucose uptake was calculated according to equation:
C
G, -G,)In| =*
(G, ) n( C )

o l M
P , -1, )(Cz ~C) Equation 2.29

where G; is the glucose concentration at time i (t)
C, represents the viable cell concentration at time i.

No correlation was found between glucose uptake and specific growth rate. It appeared
as though glucose uptake was not associated with growth for FS-4 cells.

2.6.2.3 Hydrodynamic effects on cells grown in suspension

Reuss (1988) set out to understand the effect of geometric and operating parameters on
the specific growth rate of the mould Rbizopus nigricans in stirred bioreactors. He
demonstrated that maximum growth rate decreased for a decrease in reactor volume,
thus making the common parameter of impeller tip speed unsuitable for satisfactory
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explanation of disruption phenomena. Reuss (1988) further remarked that so called
reaction volume independent parameters, such as the mean energy dissipation rate, varied
for changed reaction volume and were therefore unsuitable for descriptions of systems of
all geometries. Instead of the previous parameters, Reuss (1988) suggested using the
energy input per unit volume as described by Equation 2.30:

E:P
Vo€

susp v

Equation 2.30

where P is the power input (W)
V op i the flow rate of the cell suspension (m’/s)
C, is the volumetric solid concentration.

When applying this concept to the problem of mechanical damage to micro-organisms,
the volume concentration of biomass can be neglected. Thus, it is assumed that all the
power input into the system is dissipated in the fluid bulk. The flow rate of the cell
suspension is expressed as:

Vmp = Equation 2.31

where V is the reaction volume (m’)
0 is the average circulation time (s)

From systematic measurements of distributions in two different volume vessels, at
different ratios of liquid height to tank diameter and impeller to tank diameter, the
average circulation time could be correlated with geometrical and operating parameters in
the following way (Boelcke, 1983, as cited in Reuss, 1988):

0.6 27
8 = QJ-G-(EJ (BZ-] Equation 2.32
n \ D, D,
where nis the impeller speed (rps)
H is the liquid height (m)
Dy is the tank diameter (m)

D, is the impeller diameter (m)

The model found good correlation with experimental results and had the added benefit
of being applicable for a range of reactor geometries. Data in a plot of specific growth
rate versus energy per unit volume could be fitted by a continuous line of the form:

. P Y
Hinge = () —C (m] Equation 2.33

where ., is the maximum specific growth rate (L/h)
(Mueo is the upper limit of the maximum specific growth rate (L/h)
C and a are constants.

My 15 probably the apparent growth rate, making (p,.)" equivalent to the maximum
growth rate in the absence of mechanical disruption. The final term in Equation 2.33 is
attributed to cell death due to mechanical forces.

Reuss (1988) plotted the degree of disruption for various cell concentrations of stationary
phase Sacdharomyces cerevisiae versus energy input per unit volume and found a deviation of
less than 10% from a single regression line of the data. This proved that the omission of
biomass concentration from equation 2.32 was justified. Reuss (1988) derived the
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concept of speaﬁc energy or power input per circulated flow rate from experimental data
of Rbizopus mignaans. Using published experimental data, disruption of the protozoa
Tetrabymena pyriformis by mechanical agitation in vessels and with impellers of different
sizes could also be interpreted quantitatively. The same key parameter was also used to
explain the influence of the most important operating parameters on the disruption of
microbial cells in bead mills, a very important process for the recovery of intraceltular
products.

Effects of agitation on growth rate seem very dependent on the micro-organism studied.
Thus Yang and Wang (1992) investigated the effect of agitation and sparging rate on the
growth of shear sensitive algae. They observed negligible changes in growth rate for low
agitation rates (200 - 350 rpm), however at an agitation rate of 525 rpm, the growth rate
diminished. This rate was then further diminished as the system was sparged with air.
Kioutkia et al. (1996) found that moderate agitation rates had essentially no effect on the
growth of insect cells. In contrast, these authors noted that similar variations in the rate
of agitation in hybridoma systems resulted in a decrease in both growth rate and viable
cell concentration at the end of each fermentation. The results indicate that animal cells
exhibit different sensitivities to shear, some showing no sensitivity at all. However this
partlcular study was limited in that they did not investigate agitation rates above 400 rpm
(0.94 m.s tip speed) .

2.7 CONCLUSIONS AND RECOMMENDATIONS

From previous work, it has been demonstrated that hydrodynamic stress inhibits
microbial growth, reduces performance and in extreme case causes disruption (Scholtz-
Brown, 1998; Toma et 4, 1991; Nemati and Harrison, 1999, 2000). Cntical levels of
hydrodynamic stresses have been identified, in term of agitation rate and solid loading
(Toma ez al., 1991; Scholtz-Brown, 1998; Nemati and Harrison, 1999, 2000).

Cell growth conditions and resultant wall thickness seem decisive in the response to
stress (Chusti, 1999; Smith ez 4l., 2000). However, changes in the cell wall structure are not
precisely known and still need to be investigated.

The production of specific compounds as a response to hydrodynamic stress has been
observed. Trehalose, glycogen and heat shock proteins are formed as a response to
different stresses such as nutrient deprivation (de Winde et 4l., 1997), heat shock (Piper,
1997; Lee, 1999), cold shock (Nkosi, 2001), osmotic shock (Lee, 1999). No author
mentions the formation of such products under hydrodynamic stress. But Ruiss (1997)
notes that these general stress responses may be observed in other stress conditions that

have not been fully studied.

Smith et 4. (2000) found that under severe conditions of stress, yeast enter stationary
phase to better resist the trauma. From the studies of Nemati and Harrison (1999, 2000),
as well as Croughan ez 4l., 1988), it appears that hydrodynamic stress in the presence of
inert particulates increases lag phase in growth. This corresponds to an adaptation period
of the cells to their environment. Mechanisms of adaptation and resistance need also to

be elucidated.
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In general, limited rigorous studies of microbial cell damage in slurry reactors under
growth conditions are reported. Hydrodynamic stress is little characterised. As
concerns modelling of hydrodynamic stress, work of Reuss (1988), Scholtz-Brown
(1998) and Croughan et al. (1986) all suggest the need for a cell death rate term to
describe cell damage or disruption in slurry reactor systems. Further, damage in slurry
reactor systems is attributed chiefly to particle-cell-particle interactions and not cell-
eddy interactions for microbial cells (Scholtz-Brown, 1998).
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Chapter 3: Experimental procedure

The experimental procedure describes the aerobic cultivation of yeast in a slurry reactor,
under hydrodynamic stresses and its analysis. Section 3.1 deals with the materials
involved in the yeast growth. The equipment used and standard experimental conditions
are described in Section 3.2. Analyses performed (Section 3.3) are also detailed. In
Section 3.4 the experimental approach is described.

3.1 EXPERIMENTAL MATERIALS

3.1.1 Micro-organisms

Baker’s Yeast Saccharamyes cerevisize was grown from a culture kindly supplied by Anchor
Yeast (Cape Town, South Africa). The yeast was maintained on agar slopes (Appendix A)
at 4°C for up to six months after which they were transferred to new slopes to avoid loss
of viability. These slopes were used to inoculate the pre-inoculum for all experiments.

3.1.2 Non-biological solids

Silica sand supplied by CONSOL Sand (Cape Town, South Africa) was used as a model
for non-biological particles in the reactor. A particle size fraction of 600 - 850 um was
achieved using stainless steel sieve screens (20 to 28 mesh).

Silica sand required preparation before being used in the experiments to remove any
organic compounds and impurities from the particle surface (Scholtz-Brown, 1998). This
was achieved by washing several times in an agitated tank with distilled water (at least 10
times), then calcining at 500°C for 4 hours. Silica was washed again for about 3 hours and
allowed to dry in an oven overnight. Total organic carbon (TOC) analysis was performed
in order to determine if the sand was totally free of all biological material.

The density of the solid material was determined using an Accupyc 1330 Pycnometer.
This fully-automatic gas displacement pycnometer determines the density of a known
mass of substance by measuring the pressure change of helium in a calibrated volume.
The average density was found to be 2650.4 kg/m’ + 0.4 kg/m’.

During experimentation, solid particle breakup was suspected in the bioreactor, because
the solution became coloured. The extent of this breakup was therefore examined using a
Malvern Mastersizer. The solids particle size was analysed for the various impeller speeds
investigated, namely 460, 565 and 850 rpm. The results showed that particle breakup did
not occur to any significant extent. Minimal surface breakage from the solid particles is
therefore suspected for the coloration of the bioreactor.

3.1.2 Inoculum preparation and propagation

The propagation procedure involves a 10-fold increase in volume per propagation vessel
transfer, i.e. the 15 ml pre-inoculum yeast culture is made up to the 150 ml inoculum
culture, which is made to the 1500 ml bioreactor volume.



Experimental procadure 3-2

3.1.2.1 Pre-inoculum
A pre-inoculum of 1% (15 mL) of the initial working volume of the reactor (1.5 L) was
prepared, using a 250 mL Erlenmeyer flask. The sterile media was inoculated from the
stock culture slant and grown at 30°C for 24 hours in a shaker oven at 130 rpm. The pre-
inoculum medium consists of a YM growth media. The exact medium composition is
shown in Appendix A.

3.1.2.2 Inoculum

The inoculum was prepared by inoculating a 250 ml shake flask containing 135 ml of
simple medium with the 15 ml pre-inoculum culture. Yeast were cultivated for a further
14 hours at 30°C in the shaker oven.

3.1.2.3 Growth medium
The growth medium consisted of 1350 mL of simple medium and 150 mL of inoculum.
The inoculum was added to the bioreactor under aseptic conditions.

Inoculum and growth media (detailed in Appendix A) were composed of glucose, salts
and vitamins. Glucose and salt solutions had to be autoclaved separately to prevent the
caramelisation of glicose. The two solutions were added together under aseptic
conditions in a laminar air flow cabinet. Vitamins were added to the autoclaved solutions
by filter-sterilisation in a laminar air flow cabinet.

3.2 EXPERIMENTAL RUN PROPAGATION

3.2.1 Reactor set up

The reactor consisted of a completely sealable and sterilisable 2 litre glass reactor vessel,
with a working volume of 1.5 L, containing a heating coil, air sparger, baffles. Various
ports were provided for inoculation, sampling, etc. Reactor design and geometry is
detailed in Appendix B. The reactor set-up is shown in Figure 3.1.

Under standard conditions, agitation of the broth was performed using a 6-bladed
Rushton turbine (RT). A 45-degree angled pitch blade impeller (PBT) was also used. The
impeller was driven by a constant speed motor for which belts were available to adjust
the speed to one of four speeds.

The variable speed motor allowed the stirrer speed to be adjusted between 460 and 850
rpm. Impeller speeds were determined by using a hand-held photo tachometer (Lutron
DT-2236). Under standard conditions, a speed of 565 rpm was used.

A 4-bladed baffle of 15 mm diameter was placed inside the reactor to eliminate vortex
formation and improve the degree of mixing.

Compressed air supplied to the reactors passed through a cotton wool filter, sterile
distilled water to humidify the air and finally an air filter of 0.22 pm pore size to reduce

the risk of contamination in the reactor. It was sparged into the vessel below the
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impeller. The air flow rate was maintained at 1.5 L/mun {1 vvm) to ensure that there 13
0o oxygen limitation.

A constant remperatuce of 30°C 15 adwised for maximum yeast cell growth (Adanson and
Maviung, 1983), Temperature was maintained at thiz value by means of the heating cail
through which water was circulated from a heated waterbath,

Yeast are found to grow optmully at pH between 4 and 5 Shuler ef &/, 1992). A 15 mL
aliquot of an acetic acid/ sodium acetate buffer solution was added to the salt solution w
maintain the pH berween these values duning the growth. The pH was checked at the
beginning and art the end of each un,

Foaming and frothing are undesicable as they lead to the parhtioning of biomass into the
froth phase where phyziclogeal conditions are sub-opumal. As a consequence, 2 ml of
antifoam were added to the reaction medium prios to autoclaning,

Figmee 5.1 Frpoeimenral setup

3.2.2 Media and reactor sterilisation

Pre-noculum, inoculum and reaction mediom were autoclaved at 120°C for 20 minutes.

The gucose solubon was autoclaved in the reactor vessel. Stenlisation of the reactor

involved:

* Reactor vessel charged wath the glucose solution, 2ml of antifoam and the specific
mass of silica to provide the desired volume-to-volume ratio of solids in the reacror.

¢ Reacror lids damped ughty onto the vessels, while the ports not in used are sealed.

®  Air exit hne filter connected to tts paricular port.

Salt solutiong were auroclaved separately in a 1 hitee botrom-feeding Erlenmeyer flask,
Heat labile vitamin sclution was added to the salt solution in the Lrenmeyer flask under
aseptic conditions in the laminar flow cabinet, by means of a synnge by passing the
solution through a 0.22 Wm hlter.
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3.2.3 Reactor inoculation

Once the reactor is autoclaved, the impeller was connected to the drive shaft and the air
line to the sparger. The heating coil was connected so that the temperature of the reactor
medium was at a constant 30°C when the reactor inoculum was added.

The salt and vitamin solution was transferred to the reactor under gravity. The pre-
prepared reactor inoculum was then transferred to the bottom-feeding Erlenmeyer flask
previously used to transfer the salt/vitamin solution to the reactor, under aseptic
conditions. Both flask mouths were flamed before the transfer was done.

3.2.4 Sampling
Sampling was performed using an aseptic sampling port. The initial sample was taken

immediately after the reactor inoculation. Thereafter samples were taken at varying time
intervals, every 3 hours in the beginning, and then every 5 hours.

Sampling protocol required that no more than 10% of the initial reactor volume be
sampled during experimentation. This limited the number of available samples taken to
12, since, for every sample, 12.5 ml had to be extracted. The first 5 ml were syringed out
and collected as waste, in order to clean the sample line. A second sample of 7 ml was
then extracted and analysed.

3.2.5 Termination of experiment

Experiments were run until the microscopic cell count indicated that growth had reached
stationary phase. Therefore, for each experiment, the last sampling was taken 28 hours
after inoculation.

3.3 ANALYTICAL TECHNIQUES

All the analytical techniques are detailed in Appendix C.

3.3.1 Absorbance

As the cells multiply during the growth, the broth becomes opaque. Thus absorbance
was measured at 660 nm as an indication of the total number of cells. Following the
settling out of the silica phase, the coefficient of variance of absorbance measurements
varied from 15.3% at the beginning to 2.2% at the end of the run, based on a standard
deviation of 0.05 absorbance unit.

3.3.2 Dry biomass concentration

The biomass concentration of Sacduromyes cerevisiae was determined from a cell dry
weight analysis. 1 mL of cell suspension was pipetted into Eppendorf microfuge tubes
pre-dried and weighed to four decimal places. The suspension was centrifuged at 15000
rpm for 5 min in a microtube. After removal of the supernatant, the cell pellet was dried
in an oven at 80°C for 3 days. After being cooled in a dessicator and re-weighed, the cell
dry weight concentration was determined from the quotient of the cell mass (final minus
initial weight) and the volume of the suspension (1 mL). Each cell dry mass analysis was
performed in triplicate. The coefficient of variance varied typically from 55.5% at the
beginning of the run to 9.2% at the end, based on a standard deviation of 0.42g.
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3.3.3 Microscopy

Total cell counts, budding index and viability measurements were determined
simultaneously at regular intervals during the growth. Direct cell counting was
accomplished using light microscopy at 40x magnification (bright field) and a Thoma
counting chamber. Lysed and dead cells were determined by staining with a modified
Ringer salt solution containing methylene blue (dead and Iysed cells appeared in blue).
The coefficient of variance in cell counting was calculated as 1.3% and 7.4% in viability
and 4.9% and 20.6% in budding index measurements, respectively at the beginning and
the end of the run.

3.3.4 Zeta potential

Zeta potential is the measurement of particle surface charge on the basis of
electrophoretic mobility within a defined electric field (Smart er 4., 1995). Differences in
zeta potential can be correlated with the degree of cell surface disruption of the yeast
cells at any stage in the propagation. Zeta potential at pH 4 was measured in duplicate for
each sample using the Zetasizer. Cells were removed from the culture medium by
centrifugation and re-suspended in a acetic acid/sodium acetate buffer prior to Zeta
potential measurements. The coefficient of variance was found to be 7.5% of the
measurement.

3.3.5 pH level

The pH was measured at the beginning and at the end of each run. Owing to the
addition of the acetic acid/sodium acetate buffer, no significant decrease was observed.
From an initial pH of 5, the pH of the medium dropped to pH 4.5 at the end of the

fermentation.

3.3.6 Glucose Measurement

Glucose was expected to be the growth limiting substrate. Glucose measurements were
used to investigate the rate of substrate consumption based on the Monod equation.
Concentrations were determined using the Gluwse/GOD-Perid method, using the analysis
kit provided by Boehringer Mannheim. This is based on conversion of glucose to
gluconate and H,0, with a subsequent colorimetric reaction of the H,O,, allowing
spectrophotometric measurements. The coefficient of variance in the measurements

was 9.6%.

3.3.7 Ethanol Measurement

Ethanol was measured as the main product of the fermentation. Ethanol concentration
was determined by gas chromatography, using a Perkin Elmer Autosystem fitted with a
flame ionisation detector and a stainless still column packed with 100% methy] silicone.
Column temperature was varied from 40 to 120°C at a rate of 30°C per minute using
helium as carrier gas at 20 mL/min. The detector and injector temperatures were set at
250°C. Butanol was used as the internal standard. The coefficient of variance of the
measurements was found to be 7.4%.
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3.3.8 TEM Analysis

TEM analyses was performed for two runs (0% solid and 1% solids) to determine any
change in cell morphology, particularly in cell wall thickness and structure. The method
used for TEM involved freeze-substitution of yeast, dehydration, embedding in resins,
ultramicrotomy, post-staining and high voltage electron microscopy.

3.4 EXPERIMENTAL APPROACH

The “standard” experimental conditions are presented in Table 3.1. When one factor was
investigated (for example solid size), this factor was set to the investigated value and all
the other factors maintained to the reference values.

Table 3.1 Reference values of the different investigated factors

Parameter of study “Standard” value
Solid loading 1% (40g)

Solid size 600-850 pm
Impeller type Rushton turbine
Impeller speed 565 rpm
Inoculum size 10%

Inoculum age 14h

Three sources of hydrodynamic stress were studied:

o The influence of solid particles

Solid loading was investigated by running a series of experiments over the range of solids
volume fractions of 0%, 0.5%, 1%, 1.5%, 2% and 5%. The control (0%) and the
standard (1% solids) were performed in triplicate.

Solid size was also investigated, sizes varying from 465-600 pm to 600-850 pm and 850-

1130 pm.

e The influence of inoculum

The inoculum size was investigated. The standard 10% inoculum size was reduced to
2.5% and to 1%.

The inoculum age was studied using an inoculum grown for 24 hours in contrast to the
standard 14h inoculum.

e The influence of the impeller

The effect of impeller speed was studied in the range 460 to 850 rpm, using the following
speeds: 460, 565, 600 and 850 rpm.

The effect of impeller type was also studied by comparing Rushton turbine to pitched
blade impeller.
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Chapter 4: Reproducibility of the results

4.1 INTRODUCTION

Due to the length of one experimental run, only one experiment at each condition was
used to investigate the effect of solid loading, solid size, inoculum age and size and
impeller type and speed. In order to assess the reproducibility of the results, experiments
at two conditions were performed in triplicate. The first experimental condition was a
control experiment at 0% solid loading, The speed of the Rushton impeller was set to
565 rpm and the aeration rate to 1 vvm. A 10% inoculum (15 mL) was grown for 14 h
before inoculation of the reactor. The second experiment was performed at the same
conditions except that 1% v/v solid loading (40g) was added to the reactor. The
reproducibility of the experiment was studied using the triplicate experiments and
considering each analytical method in turn. The results for 0% and 1% solid loading were
compared.

4.2 REPRODUCIBILITY OF ANALYTICAL METHODS
ACROSS TRIPLICATE EXPERIMENTS

4.2.1 Statistical method

The reproducibility of the results was studied using the paired t-test (Excel Data Analysis
package). This method assesses the significance of the mean difference between pairs of
values at each time point. It was chosen because the data sets varied with time and could
not be compared using the normal t-test or the F-test. For the same condition (0% ot
1%), each combination of the three replicated muns were paired. Reproducibility was
assessed when no difference could be detected with a 90% level confidence. The data
used to generate the graphs presented in this section are tabulated in Appendix D. The
standard errors based on the replicated experiments were calculated using the 2-way
ANOVA, as detailed in Section 4.3. They account only for variations between the
triplicate experiments, not for variations with time or with solids loading. Typical
calculations on Excel are presented in Figure 4.1.
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Figure 4.1 Tlrample af calculalions of reproduabilicy using Excel Diata Analrais package,

4.2.2 Total cell count, viability and reproduction

The total number of cells, the number of viable cells, the budding mdex and the
viability, measured by methylene blue staining, were measurcd for the experiments in
iriplicate using light microscopy and a counting chamber. The resulls are presented in
Figure 4.2. It appears clearly that the reproducibility oof microbial cell counbng was gnod,
Under bath conditions, 0% and 1% salid loadinyg, this resalt s confirmed by the paiced t-
test. The standard crrors based on the replicates are 4.2xX10°ccils/mL for toral cedl
concenteation, 4.3x10%ells/ml. for vuble colt concentraton, 0,035 for viability and 0.023
fisr budding index These represent coefficients of vanance of 111, 117, 3.7 and 182,

respectvely
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Figure 4.2 Reproducibility of cell counting with 0% solid (A) and 1% solid loading (B).
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4.2.3 Biomass concentration in terms of absorbance

Absorbance at 660 nm was measured for the triplicate experiments. Results are presented
in Figure 4.3. The reproducibility of absorbance results over experiments conducted
under the same experimental conditions is good. The standard error on absorbance
measurements is calculated as 0.13, representing a coefficient of variance of 25 and
5% at the beginning and end of experiment respectively.
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Figue 4.3 Reproducibility of absorbance measurements: 0% (A) and 1% solid loading (B).

4.2.4 Biomass concentration in terms of dry mass

Figure 4.4 shows the results obtained for dry mass measurements. These are found to
be pootly reproducible. While a typical standard error of 0.42 g/L is obtained, this

represents an unacceptably high coefficient of variance at the low yeast biomass
concentrations used (0 to 2 g/L).
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Figure 4.4 Reproducibility of dry mass measurements: 0% (A) and 1% solid loading (B).

4.2.5 Glucose concentration

Results for glucose measurements are presented in Figure 4.5. Glucose measurements are
assessed to be reproducible. The standard error for glucose concentration is 0.59 g/L.
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Figure 4.5 Reproducibility of glucose measurements: 0% (A) and 1% (B) solid losding.

4.2.6 Cell surface charge measured as Zeta potential

Figure 4.6 shows the results obtained for zeta potential measurements. Good
reproducibility is observed. The standard error typically calculated for zeta potential

measurements is 0.54 mV.
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Figure 4.6 Reproducibility of zeta potential measurements: 0% (A) and 1% (B) solid loading,

4.2.7 Ethanol concentration

Results for ethanol measurements by gas chromatography are presented in Figure 4.7.

Ethanol measurements are reproducible. The standard error calculated for ethanol

measurements is 0.13 g/L.
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Figure 4.7 Reproducibility of ethanol measurements: 0% (A) and 1% (B) solid loading,
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4.2.8 Conclusions on reproducibility

All the assay methods were found to give reproducible results with 90% confidence,
except for dry mass measurements. As a consequence, dry biomass measurements were
not used in further detailed analysis and calculations. For this analysis, the calculated
standard error was very high compared to the low biomass concentrations used (more
than 25% of the values). For all other assay methods, standard errors based on the
replicates, calculated using the 2-way ANOVA (Section 4.3) were found to be acceptable
(less than 12% of the typically measured values).

43 COMPARISON OF EXPERIMENTAL DATA
GENERATED AT 0% AND 1% SOLID LOADING

4.3.1 Statistical method

Results for experiments with 0% and 1% solid loading were statistically analysed, using
the Analysis of Vadance (ANOVA). The ANOVA is a procedure which can be used to
determine whether several means are significantly different to one another, as a group, by
using the F-test to assess the significance of the variance due to the different means
(Napier-Munn,1994). The ANOVA essentially partitions the total data variance into its
components, and makes comparisons between them. In our problem, involving the
comparison of replicated time-dependent experiments with two solids loadings, there are
three sources of variation: time, solid loading and error. Each has a sum of squares
associated with it, which is 2 measure of varation.

The sum of squares due to time, S, is:

. 2
S”-m = Zni (-x-f - x) Equation 4.1
=l
where r = number of samples taken during the growth (8)
x = overall data mean

xi =mean value at the i time
n, = number of replicates of the i time (3)

The sum of squares due to solids loading, S,;,, is:
2

4 -
Sm"d = an(;j — x) Equation 4.2

Jj=1
where ¢ = number of solids loadings investigated (2)
x = overall data mean

xj =mean value for each solid loading j.
n; = number of replicates for each solid loading j.

The sum of squares due to error, S, ., 1s:
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Serror= Ezc:xiiz +§ni—2r:!3éi-zcj2 Equation 4.3

jml jul i n

where ¢ = number of solids loadings investigated (2)
r = number of times considered (8)
x; = value measured at time i with solids loading j.
n = total number of observations.
S = sum of all observations.
R, = sum of observations at time 1.
C, = sum of observations with solids loading j.

The square root of the “error” Mean Square, calculated as .(-%_i—)_’ 1s the standard
c—-1)(r-

error of the experiment, ie. the basic error based on the replicates. These errors,
calculated for all analytical methods, are presented in Table 4.1.

4.3.2 Results
All the different analyses were tested using the 2-way ANOVA (Excel Data Analysis

package). Calculations for Section 4.3 are presented in Appendix E. An example of
calculations performed on Excel is given in Figure 4.8.

Budding Index
Solid loading
Sample Time 0% 1% Anova: Two- Pactor With
Replication
1 g 0.130  0.146
2 0.150  0.150 ANOVA
3 0222 0156  Jewrw of Vaniation . 3 & MS F Dol F it
1 3 0.223 0173 Time 0.125904 7 0.017986 32.82852 7.20E-13 2.312738
2 0.188  0.188 Solid Loading 0.00676 1 0.00676 1233789 4.149086 1-0.001345 = Probability
3 0.272  0.211 Interaction 0.002775 7 0.000396 0.723544 0.653049 2.312738 that there is a real difference.
1 65 0.194  0.204 Error 0.017532 32 0.000548
2 0.23%  0.200
3 0.229 0.219 Total 0.152971 47
1 10 0.159  0.132
2 0151  0.175  Standacd exor —
3 0.138  0.169
1 14 0.147  0.112
2 0.131  0.0586
3 0.115  0.117
1’ 0.146  0.003
2 0.090  0.075
3 0.110  0.082
1 24 0.094 0.088
2 0.097 0.076
3 0,113  0.082
128 0.091  0.065
2 0.088 0.086
3 0.081  0.034

Figure 4.8 Example of 2-way ANOVA using Excel Data Analysis package.
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The sum of squares (SS) accounting for time (Figure 4.8) corresponds to Sy, (Equation
4.1), while SS accounting for solids loading is S,y (Equation 4.2) and SS accounting for
error is S, (Equation 4.3). The F-test is used to compare the S§, but before this can be
done, they must be converted to unit of variance by dividing by the corresponding
degrees of freedom (df) to give the mean square (MS). The F-test assesses whether the
MS due to time, solids loading or interactions is significantly greater than that due to
€rrof.

F %’-‘ﬂi‘i:l 2.34 with 1, 32 degrees of freedom

From tables, this value is significant at the 99.99% level (with a probability level of
0.0013), and thus we would conclude that the difference between the two solids loadings
is real. The probability of a real difference is calculated as 1 — P-value. When using Excel
Data Analysis package, one can specify the level of confidence desired. The F-crit value
is the F value corresponding to that confidence level (which has been chosen here to be
95%). Above F-crit, an F-value is significant at 95% confidence.

Results obtained for each assay method with respect to solids loading are summarised in
Table 4.1. For all analyses, variation with time was found to be very significant
99.999%). Except for total cell number and dry mass measurements, a significant
difference between runs at 0% and 1% solids loading was found, with at least 2 95%
confidence level. On total cell concentration, variation with solids loading was not found
to be significant (21.2%). However, the standard error, based on the replicates, was
calculated to be 4.2x10°cells/mL. It is very acceptable for the cell concentrations at the
end of growth (8% of the values), but for lag phase and exponential phase, the high
coefficient of variance could explain the inability to detect a significant difference. When
comparing only the four last samples (end of exponential phase and stationary phase), a
significant difference was assessed between 0% and 1% solids loadings, at the 99.2%
confidence level. Conceming dry mass measurements, no significant difference was
detected between 0% and 1% solids loadings. It also should be noted that the standard
error for dry mass was 0.42g/L, which is extremely high compared to the low cell
concentrations involved (0 to 2 g/L).

Table 4.1 Results of the 2-way ANOVA for all assay methods with respect to solids loading,

Assay method Significant % confidence Standard error
difference

Total cell concentration No 21.2 4.2x10°cells/mL

Total cell concentration at the Yes 99.2 3.3x10°cells/mL

end of the un

Viable cell concentration Yes 95.6 4.3x10°cells/ mL

Viability Yes 998 0.035

Budding index Yes 99.9 0.023

Absorbance Yes 99.9 0.134

Dry mass No 87.2 0.42¢g/L

Glucose concentration Yes 99.9 0.59 ¢/L

Zeta potential Yes 99.9 0.54 mV

Ethanol concentration Yes 99.2 0.13 /L
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Even though reproducible, absorbance measurements showed unexpected results. As
illustrated in Figure 4.9, absorbance at 1% (v/v) solids loading was found to be higher
than without particles. Reduction in the extent of growth being confirmed by all other
analyses, a phenomenon altering the optical density of the solution was suspected to
occur. In order to assess the importance of this phenomenon, absorbance was plotted
as a function of the total cell number for different experimental conditions (Figure
4.10). Absorbance was found to be linearly dependent on the total cell concentration.
Best regression lines and coefficients of regression are summarised in Table 4.2.

An increase in absorbance was clearly noticed when increasing solids concentration
or agitation rate. Therefore attrition or leaching was suspected in the bioreactor.
Microscopy observation confirmed minimal attrition. Atomic absorption spectroscopy
analysis proved that the solid particle breakup and leaching were not significant, even
though colouring the solution. While showing good reproducibility within a single
experimental condition, the hypothesis that optical density was proportional to total
cell number failed when expanded across a range of hydrodynamic operating
conditions, and as a consequence, absorbance measurements were not used for further
calculations or analyses.
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Figure 4.9 Absorbance profiles at 0% and 1% solids loadings (mean values).
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Figure 4.10 Absorbance as a function of total cell concentration for different
experimental conditions: 0% (), 1% (7), 2% (- ) (v/v) solids loadings and 850 rpm (x).
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Table 4.2 Regression for ebsorbance as a function of total cell number.

Experimental Equation Coefficient of
conditions correlation R?
0% solid y = 0.0326x + 0.2753 0.9931
1% solid vy = 0.0345x + 0.4027 0.9617
2% solid y = 0.0425x + 0.6332 0.9688
850 rpm y = 0.0400z + 0.6708 0.9914

4.4 CONCLUSIONS ON REPRODUCIBILITY

For all analytical methods except for dry mass measurements, a good reproducibility
was assessed using the paired t-test (Section 4.2). Thereafter, experiments at 0% and
1% solids loading were compared to determine whether the difference between the
two operating conditions was statistically significant (Section 4.3). This was proved
for all analyses (except dry mass measurements) by using the 2-way ANOVA. The
analysis of variance also allowed the calculation of the standard emror for each assay
method, based on the replicates. These errors were found to be acceptable, except,
again, for dry weight. As a consequence, this analysis was not used for any further
calculation. Moreover, for absorbance measurements, a phenomenon of attrition or
leaching was demonstrated with solutions becoming coloured at high solids loadings
or high agitation speed. Therefore the hypothesis that optical density was proportional
to total cell concentration was not valid across the range of experimental conditions
. used. Hence we used only the following as routine assay methods: cell counting (total
cell number, viability, budding index), glucose measurement, zeta potential
measurement and ethanol measurement.
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Chapter 5: Influence of the solid
particles on the growth

5.1 EFFECT OF SOLID LOADING

High solids loadings are required in industrial processes such as bead mills (about 50%
v/v solids loading) or bioleaching technologies (30% w/v solids loading). In the first
systemn, cell disruption is desired, while in the second one, maximum growth and cell
activity are wanted. In both cases, cells are reported to experience physiological stress
(Scholez-Brown, 1998; Engler, 1985; Nemati and Harrison, 2000), leading to disruption
under the harshest conditions.

Six solids loadings were investigated at constant impeller speed, namely 0%, 0.5%, 1%,
1.5%, 2% and 5%. All the analytical methods presented in Section 3 were performed on
the samples. The data collected and used in Figures 5.1 to 5.8 are tabulated in Appendix
F.1

5.1.1 Total cell concentration, viability and reproduction

5.1.11 Total cell concentration

The cell concentration was determined by means of total cell counts under light
microscopy (Appendix C). Figure 5.1 shows the total cell concentration as a function of
time for different solids loadings. Lag phase, specific growth rate, biomass yield on
glucose and the duration of the exponential phase were calculated from the data. Details
of calculations are explained in Appendix G. Results are tabulated in Table 5.1. Standard
deviations based on the triplicate experiments at 0% and 1% solids loadings are also
reported for comparison.

70
£ o; 8- 0.5%
2 40 —A= 1%
E ] —%—1.5%
_.;g 20 il O
8 10 #}* o e e 5%
0.0 10.0 200 300
Time (h)

Figure 5.1 Effect of solid loading scross the range 0 to 5% on s volume basis on total cell concentration.
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Table 5.1 Effect of solid loading on growth parametexs.

Solid h -+ t. (B Y. ka (b*
loading e ® Hose o () e &) (10° c:lﬁ/g) &)
00%  30@*1.0)  0.254 (£0.026) 17 (£1.0) 7.53 (£1.08) 0.000
0.5% 4.0 0.158 18 5.87 0.096
1.0% 35 (*0.5) 0.135 (£0.018) 15 (£15) 7.15 (£0.96)  0.119 (£0.018)
1.5% 5.0 0.134 15 5.90 0.120
2.0% 6.5 0.112 14 5.50 0.142
5.0% > 98 -0.021 no growth 410 0.275

With 5% (v/v) solids loading of silica, no growth occurred and the cell number
decreased. The specific growth rate and durations of the different phases could not be
calculated. The reduction in both the rate and extent of growth with increased solids
loading is clearly illustrated (Figure 5.1, 5.2). The reduced extent of growth is seen by 2
decrease in the stationary phase population (Figure 5.1, 5.2) and the decrease in biomass
yield, Yy s (Table 5.1, Figure 5.2).

The decrease in the overall extent of growth is 2 composite effect of the reduced
duration of the exponential phase and maximum specific growth rate, as well as increased
lag phase. It is proposed that the reduced apparent specific growth rate may result from
an increase in the death rate (kg with increasing solids loading where:

B= oy —ky Equation 5.1

A power law fashion model for k; is presented in Section 5.1.7.

From the data presented, it is apparent that some critical solids loading exists below
which the solids loading exhibits an insignificant effect on cell growth. From the
indicators used (Mo exps tigs texps Y379 it i5 seen that loading exhibited a negative effect on
growth at loading greater than 1%; however the critical value varied between 0.0 and
0.5% (v/v) depending on the parameter used as indicator (Figure 5.2).
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Figure 5.2 Influence of solid loading on growth pasmetess. (¢ tig(), — Poly (tug), & Yx/s(10° cells/g),
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5.1.1.2 Viable cell concentration

The viable cell concentration was determined by differential methylene blue staining cell
counts and light microscopy. Detailed data is given in Appendix F.1. Figure 5.3 shows
viable cell concentration as a function of time at different solids loadings. Cell viability
was calculated as a fraction of the total cell count (Appendix C). As the viability at 5%
solids loading was very low compared to that calculated at other solid concentrations,
two graphs are used in Figure 5.4 to llustrate the influence of solids loading on viability.
Moovie Was calculated as specified in Appendix G. Results for Y ,vipe and the
percentage of viable cells at the end of each expeniment are reported in Table 5.2. Figure
5.5 illustrated the decrease in growth rates when increasing solids loading,

2 70
2 ——0%
& —-0.5%
E —h—1%
P —%—1.5%
g e 2%,
é« —0—5%
>

0.00 10.00 20.00 30.00

Time (h)

Figure 5.3 Effect of solid loading on visble cell concentration.
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Figures 5.4 a and b Effect of solid loading on visbility (¢ 0%, B 0.5%, ¢ 1%, X1.5%, X 2%, & 5%).
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Table 5.2 Effect of solid loading on Jrsie cus-
Solid loading abiecae (B7) % of viable cells at the

end of the growth
0.0% 0.253 (& 0.028) 982 (£ 1.3)
0.5% 0.155 97.7
1.0% 0.138 (£ 0.016) 96.1 (+ 5.6)
1.5% 0.131 93.0
2.0% 0.110 855
5.0% -0.025 2.6
0,3
0,25

€ mu max exp

g "~ B mu viablecells
Polynomial (mu max

Growth rate (h-1)
o
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Figure 5.5 Influence of solids loading on the specific growth rates.

As with the total cell number, a decrease in viable cell number in the stationary phase was
observed with increasing solid concentrations. At 5% solids loading, no increase in viable
cell number was observed over the entire growth period. The specific growth rate based
on viable cell number corresponds well to that reported on total cell number, decreasing
with increasing solids concentration (Figure 5.5). Typically the fraction of viable cells
found under optimal growth conditions lies in the range 0.94 to 0.99. The data collected
at 0 to 0.5% solid loading 15 seen to conform to this pattern (Figure 5.3). At 1, 1.5 and
2% solids loading, a decrease in the fraction of viable cells of 7 to 10% 1s observed with
time, indicating loss of viability or cell death in the presence of the solid phase. This trait
is further demonstrated at a 5% solid loading where the viable cell fraction decreases to
10% over the 28h incubation period. These observations are consistent with the
hypothesis of an increasing cell death with increasing volume fraction.

5.1.1.3 Budding index

Budding index provides further quantification of cell viability and metabolic activity. It is
defined as the fraction of cells carrying a protusion of a cell bud (Appendix C). Figure 5.6
shows changes in budding index with time, for different solids loadings.
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Figuze 5.6 Effect of solid loading on budding index.

Budding index shows the same trend for all experiments: it increases during lag and early
exponential phase, peaking during exponential phase. Except for 0.5% solid, the budding
index is higher for low solid loading and decreases as solid loading increases.

Time corresponding to the maximum budding index slightly increases with solid loading,
This does not hold for 5% solid loading, The cells start dying before being able to bud.
Large differences in the initial budding index (higher than the standard error for budding
index, calculated to 0.023) are observed. That may suggest that yeast are very sensitive to
pre-inoculum and inoculum growth. Even if pre-inoculum and inoculum were supposed
to be prepared in the same experimental conditions, no analysis was performed to
rigorously determine their influence on the growth, despite the consistent inoculation
procedure.

5.1.2 Glucose concentration

Substrate consumption was measured in terms of glucose concentration at each solid
loading, The data is recorded in Appendix F.1 and illustrated in Figure 5.7. The specific
substrate consumption rate and lag period preceding consumption were calculated
according to Appendix G and are presented in Table 5.3. In Figure 5.8, the combination
of cell and glucose lags illustrates the increase in the lag phase duration when increasing
solids loading.
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8.0 $—0%

il 0.5%

6.0 1 ol 9%,
g 40 ¥ 1.5%
8 = e D9/,
g 2.0 \i E —o—s50,
s 00 ey v

0.00 10.00 20.00 30.00

Time (h)

Figure 5.7 Effect of solid loading on glucose consumption.
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Table 5.3 Differences in substzate uptake parametess for various solid loading,
Solid loading q, (g.h™".10°cells™) Glucose lag

phase (b)
0.0% -0.0486 (£0.007) 4 (& 134)
0.5% -0.0238 4
1.0% -0.0338 (£ 0.007) 5 (+ 1.04)
1.5% -0.0518 6
2.0% -0.0326 6
5.0% 0 > 28

No significant glucose consumption was observed at 5% solid loading. This confirms
that metabolic activity reduced rapidly during the lag phase, with cell death occurring
before growth proceeded. At all other solid loadings, the glucose is consumed within 14
hours. No significant difference in the glucose uptake rate was assessed. However, the
glucose lag phase increased as solid loading increases (Figure 5.8). That increase in lag
phase, confirmed by both total cell number and glucose measurements suggests that cells
need to acclimatise the experimental conditions. The harsher the hydrodynamic
conditions, the longer the time required for adaptation is.
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Figure 5.8 Influence of solids loading on lag phase duration and substrate utilisation rate.

The consumption of all glucose available within a fixed time period as well as the lack of
any specific trend in glucose uptake rate with solids loadings in the range 0 to 2% by
volume implied that 2 decreased growth yield resulted with increasing solids loadings
(Table 5.3). This suggests that additional energy denved from substrate consumption and
glucose oxidation may be required for cell maintenance with increasing solids loadings at
sub-lethal concentrations.

5.1.3 Zeta potential

Zeta potential gives an indication of the surface charge of yeast cell. Saaharomyces cerevisiae
cells exhibit negatively charged surfaces at the pH values of growth (between pH 4 and
6). Amory e al. (1988) attributed this negative charge to the presence of phosphate
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groups in the outer cell wall mannoprotein layers, but other constituents can influence
the net charge of yeast, such as proteins. If any change in the chemical composition of
the wall occurs under hydrodynamic stress, these changes should be reflected in zeta
potential. Hence, zeta potential was measured as a function of time for all experiments at
pH 4.0. The data obtained are detailed in Appendix F.1. and summarised in Figure 5.9.
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Figure 5.9 Effect of solid loading on zets potential measurements.

Typical problems of zero charge (pZ,) for the yeast cell wall have been reported.
Robinson (2001) measures pZ, values for flocculent and non-flocculent yeast strains,
cultivated under aerobic and anaerobic conditions. His findings are reported in Table 5.4.

Table 5.4 Zero charge values for different yeast strains cultivated under serobic and snsercbic conditions
{sddapted from Robinson, 2001)

PZ,
Yeast strain Aerobic Anaerobic
SAB1 <2 <2
SAB2 -2 2.4
SABS <2 2.4
SAB1/96 2 3.8

Under aerobic conditions, pZ, is lower than 2 for all yeast strains considered. In this
study, zeta potential was measured at pH 4. Therefore problems of zero charge were
eluded. At pH 4, Robinson (2001) reports typical zeta potential values ranging from —4 to
~12 mV for aerobically grown yeast and -1 to ~4 mV for those grown under anaerobic
conditions. This is in agreement with this work.

At 0% and 5% solid loadings, zeta potential at pH 4.0 remained constant with time,
within a 91% confidence interval. Across all other solid loading in the range of 0.5 to 2%,
an increase in zeta potential at pH 4.0 was recorded with time (i.e. less negative values).
Exposing yeast cells to the French Press, Robinson (2001) observed an increased in the
zeta potential at a constant pH, when the hydrodynamic stress was increased from 0 MPa
to 10 MPa. Smart ez /. (1995) reports that starved cells are significantly less negatively
charged compared to those that are not starved, suggesting that the cell surface
characteristics reflect the physiological condition of yeast. Since phosphate is the
predominant charged species at pH 4.0, a loss of phosphomannan at the cell surface is
suspected.
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If assuming that the surface charge is constant for an unstressed system (0% solid), the
increase in the surface charge with time will reflect the stress undergone by the
metabolically active yeast with time. The more stressed the system is, the less negative the
zeta potential determined. The deviation of the behaviour for 5% solids loading from the
general trend may be explained by most cells being dead or dying,

It should be noted that the results at 0% solids loading are contradictory with Robinson
and Harrison (2001) observations. They observed for an unstressed system (non-
flocculent yeast SAB2, grown aerobically on a 16°P brewery wort, in a 2L agitated
reactor) a dectease in zeta potential from early exponential (-0.9 mV) to stationary phase
(-11.0 mV) at pH 4.0. However different growth conditions (yeast strain and growth
media) may explain such a difference.

5.1.4 Ethanol concentration

Ethanol is 2 product of primary metabolism. Ethanol concentration was measured after
Oh, 6h, 15h, 24h and 28h. The data is shown as ethanol concentranon as a function of
time for the vadous solids loadings in Figure 5.10, with detailed data given in Appendix
F.1. The specific ethanol production rate was calculated as specified in Appendix G.
Only data collected prior to glucose depletion (from 0 to 15 hours) was used, as ethanol
consumption results thereafter. Results are tabulated in Table 5.4.

40
- —— 0%
S 20 —h— 1 5%
]
£ 1.0; 2%
00 - KX 5%
0.00 10.00 20.00 30.00

Time (h)
Figure 5.10 Effect of solid loading on ethanol production.

At all solids concentrations (except 5% solid), ethanol production showed the same
trend. From time § to 15 hours, there is an increase in ethanol concentration. Thereafter
the residual ethanol concentration decreases. This behaviour is explained by a shift in
substrate on glucose depletion at 14 hours. Thereafter the cells consumed ethanol, hence
the decrease in concentration. The standard deviations for g, based on the triplicate
experiments at 0% and 1% solids loading, are quite high. As a consequence, no
conclusion can be drawn on the influence of solids loading on the product production
rate. From Figure 5.10, it is seen that the lower the solid loading the higher the ethanol
produced. At 5% solid loading, no ethanol is produced. This is confirmed by the
decrease in Y5 with increasing solids loadings (Table 5.5).
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‘Table 5.5 Differences in ethanol production parameters for various solids loadings.

Solid loading q, (g.h".10°cells™) Yeon/ Yeon/s
(g-10° cells™)
0.0% 0.0062 (£ 0.002)  0.228 (£ 0.028)  0.030 (+ 0.002)
1.0% 0.0039 (+0.001)  0.193 (:0.013)  0.027 ( 0.001)
1.5% 0.0061 0115 0.020
2.0% 0.0038 0.126 0.023
5.0% - - -
5.1.5 TEM analysis

As cell wall is the first barrier of defence against physical stress (Walker, 1998), it is
necessary to consider the changes in the wall structure (wall thickness, morphological
changes) to understand how yeast respond to hydrodynamic stress. Transmission
Electron Microscopy (ITEM) appears to be a suitable method for this analysis. In contrast
to higher eukaryotic cells, yeast cells are particulatly difficult to preserve mainly due to
the presence of the thick cell wall that acts as a barrier against diffusion of fixatives.
Although several procedures are targeted to overcome these difficultes, none of them
have become established as a standard procedure (Bauer ef 4/, 2001).

TEM analysis was performed for two experiments, 0% and 1% solids loadings.
Preparative method is described in Appendix C. Samples were taken at time 3h (end of
lag phase), 14h (exponential phase) and 28h (stationary phase). Samples at 0% solid and
1% solid concentration by volume were prepared in the same way and at the same time.
Pictures of whole cells were taken, so were pictures of the wall (all with the same
magnification for easier comparison). Measurements were done manually, as no image
analysis program was available. As the cell wall thickness was irregular, three
measurements were done per picture.

Cell shape and size:

Yeast cell shape was modelled as an ellipsoid. Length and width of cells were measured.
No significant difference could be detected in mean length and mean width between the
expenments. No difference either was observed with time. Results are tabulated in Table
5.6. Mean diameters reported in the literature (yeast modelled as sphere) are added for
comparison. Cell sizes measured using TEM are consistent with those reported in the
literature.

A brush-like structure of polysaccharide was observed at the surface of the cell wall
(Figure 5.11). This fibrillar structure was also noticed by Osumi (1997).

The appearance of the yeast was very different depending on the level of stress applied.
Figure 5.12 shows cells with no solid (#7) and 1% solids loading (#7). Cells grown with
1% solid are visibly damaged compared to the ones grown without solid. Cell walls are
not cleatly defined and shapes are less regular than without stress.

Table 5.6 Cell sizes for different experiments. Comperison with results found in the literature.
Mean length (nm)  Mean width (nm)

0% sohid 3678 + 266 2738 + 400
1% sokd 3614 £ 710 2797 + 415
Stinorakutara (1998) 3330+ 70

Smith ef al, (2000) 3420 + 620
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Erush-like structure of
polysacchande.

Figure 5.11 TEM phictograph of a yeast cell (1% solid, t=0h). The fibullar steracture of
pollysaccharaide 1s chservable at the surlace.

Figure .12 Companson belween yeast ab 1=28h for (%% solid (a) and 1% sohd (b}

Cell walls:

The momphology of the yeast cell wall was Jetermined from transmission electron
mucrographs. At least cight pictures of the wall were taken per sample and three
measurements were done per picture.

Measurements of the cell wall thickness obtained for unstressed yeast are consistent with
that reported in the bteramuce (Table 5.7). However, contrary to Smith e 24 (2000) and
Srinorakutara (1998), who observed that the cell wall thickness in the exponential phase
is generally smaller than i the stationary phase, no difference in the thickness was
observed for growth at 0% solid loading,

Table 57 Companson of cell wall thickness of unstressed veast with those repoeted in the literature
Wall thickness (num)

1% sold T1+11

Smith et al, (2000a) 90

Moor and Muhlchaler (1963) 70110

Sonorakutaea et al, (1995) T0-100

Stinorakutara et al. (1998) 70+ 15 i
Gaskova ecal. (1998 175 £ 15 [depending on glucose

50 + 43  copcentration in the prowth media)
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During peepasation for TEM analysts, the cells were presumahily cut at random. Sections
could have intersected 2 given cell at any axial position, £e. close to the cell central axis,
close to the cell wall, or anywhere in between. Any mean cell wall thickness and mean
cell diameters determined from the micrographs would therefore be only relative values.
Srrith ¢ @ (2000b) developed a novel mathematical model to coecect for random slicing
during TEM samgple preparation, As no wmage analysis program was avaidable, their
method could not be applied i this study. However, all the samples wete prepared and
sliced in the same way, so a4 comparison can be drawn between the different expenments.
Figute 5.13 presents some micrographs obtaned for the cell wall at different times (3h,
14h and 28h), for the two experimental condibons (0% and 1% solids loadings), 1t
appears clearly on the photographs that the cell walls of yeast expenmencing steessful
conditions (1% solids loading) are thicker than the walls of unstressed cnes. This is also
demonstrated n Figure 5.14, which shows mean wall thickness ar different tumes for the
two solids loadings. The data used to generate this plot is reported i Appendix H.

However, it was observed thar a certain percentage of cells exhibit a thin wall even for
1% solid. The percentage of these cells increased with bme. As dead cells could not be
differentiated from living cells wath TEM analysis, it was postulated thar these cells with
thin wall were dead cells. It was also noted that at % sobd, the wall was very tegular,
while ar 1% sobd, the wall thickness was very iregular. That suggests the existence of cell
wall repair mechamsms that compensate where the cell 1s damaged. Klis et al. (2002)
repurt that the cell is capable of locally repaing the cell wall in case of cell wall damage.
Kapteyn ef & (1999) found thar increased deposition of chion in lateral walls 15 part of a
compensation mechanism for cell damage He also observed changes in (§1,3-glucan
synthesis. These observations confirm that the mechaneal steength of the wall 18 mainly

due to the inner layer, which consists of 31 3-glucan and chion,

1% solid

1%

L=73h t — L4h

Figuee 5.13 Micrographs of the yeast vell wall for 089 and 1% solids loadings, at different times
{3k, 14h and 280y,
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Fipure 5.14 Influence of bme and hydrodynamic stress on cell wall thickness,

5.1.6 ModeHling

A model for cell actvity was derrred from an expression propossd by Reuss (1988), The
kinche growth mcdel postulates that the apparene cell growth tate 15 equal to the tme
groswth rare m1 the absence of solid less the cell death rane

dAx i s
i g quabticn 32
dr &

Where M= , — 'ka' Equalicon 3.3

And 3 biemass cuncentrabion {’i{]“*t:r.:]lﬁf ml.)
t oo (b
W apparent growth rate (')
Woo: true growth rave in the absence of solid (h)
ky cell deach rate (h ")

The death rate is given as the product of cell concentranion and the death rate constane.
‘The cell death rwe consvant was cleulared as a power law fashion type accounting for
the chatacteristoes of the svstem in which prowth ocoared (solids leading in present
case)

k, =ap’ Exuation 5,4

Where ¢ solid loading (%0 v /)
a, by conatants,

The medel assumed that no mass emnster hmitations or hydrodynamic soess (excepr
solids leading) could inflacnce the coue codl groweh rate. As 2 consequence, powas
calculating by using the concrol expenments at 0% solids loading and 565 gpm impelice
specd. Croughan ef 24 [1988) showed that i the absence of a sohd phase, gruwth rate s
independent of systemn hvdrodynamuec stress. Toma & 2l (1991) and Scholee-Brown
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(1998) showed that for Sawbareyees ceresrnige, cell growth and disruption are negligible o
stirred tank reactors operated in the absence of solid partcles. This validated the
assumption that the control experiments expenence uninhibited cell growth.
The model parameters were calculated at the poinr of maximum growth, All the
calculations are reported in Appendix T. Using the total cell counts to model the death
kinencs, the following model was determined:

k, =0.11x '-pﬂ-ﬁ'} Eruaiton 5.5
The model was found to correlate well with the expenmental data (Figure 5.15). The
constant b of 050 was found o be lower that the coefficient of 1.64 calculated by
Scholtz-Brown & &, (2002) in Equation 2.15. This suggested that in the tange % to 2%
(v/v), nfluence of solids loading 15 luwer for growmg cells than for stationary one. As
the power per unit volume was not caloulated in this work, it was nor possible to
compate the constant a of 0.11 wath the coefficient of 7.11 x 107 (F/V)*™ proposed by
Scholz-Brown o & (2002),
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Figure 5.15 Compurison between expetimental death constants (ka wp) and modelted death constants (ks ed

5.1.7 Discussion and conclusions

In this study, it has been shown thae the concentration of inert solids present dunng the
growth and metabplism of the mucrobe 5. cererdwae influenced its performance. Over the
sohids leading of 0 to 2% by volume, an increase in the lag phase was observed, both
through cell growth und substrate consumption, with increased solids loading, This
indicates an increased penod of acclimatisation was required. Further a decrease in
apparent specific growth rate with increasing solids loading was observed, This may be
attributed to an increase in the specific death rate constant and 15 supported by a
decreased fraction of viable cells with increasing sohds loading, The death rate constant
was modelled as a power law expression accounting for solids loading, A good fit was
found berween the model and experimental daea.

At 5% sohds loading, no cell growth, substeare consumption or product formation was
observed, mdicating a loss of membolic acovity. Purther the cell vability decreased to
10% pwer the incubating penod and budding index decreased through incubating penod.
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The critical solids loading above which a negative influence on yeast performance was
observed lay in the range 0.0 to 1% by volume, dependent on assay used.

The decrease in cell growth with unchanged substrate consumption s illustrated by the
decrease in Yy, with increased solids loading, This suggests that addinonal substrate is
diverted from cell growth o provide energy for cell maintenance under the adverse
conditions,

TEM analysis performed on samples at 0% and 1% solids loadings demonstrated that the
presence of solid parucles strongly affects the cell wall morphoelogy. While no influence
on cell size could be detected, an increase in cell wall thickness was abserved with
incteased level of stcess. Many authors menoon the ability of the cells wo repair cell
damages, by modifying the wall composition. As the cell wall was very irregular ar 1%
solids loading, such a repair mechanism is suggested where the cell has been injured.

Scholtz-Brown ef & (2002) conadered the same system yeast plus silica sand in a slurry
reactor, but with cells in the stationary phase. They observed negligible disruption in the
absence of solid pardcles, which correlates well wath what found in thus study. For the
samie solid size (600-850 pm), they vaned the solids frachion across the range 0 to 4%
(v/¥) at 750 rpm. Sigmficant disruption of 5. e occurred when agitated in the
presence of 5% (v/v) sihica particles. The extent of distuption increased as ome
increased. In this study, lirde distuption was observed at 5% (v/v) solids loading, bur no
growth occured and the viabiley dropped through incubatng period. However the
agitation rate used was lower {565 rpm), which can explan the difference in the extent of
disuption.

Neman and Harnson 2000) investigated the biolcaching of pyrite by Salobbur meratficar.
With increased solids loading, they also observed a critical solid loading above which
pecformance decreased. This critical value was abserved to be 9% by volume. At 12 o
15% (v/v) solids loading, cells activity decreased, bur soll occurred. The negative effect
of ncreasing solids loading on cell actvity was suspected, but could not be assessed for
sure, as 4 decrease in pH occurred at the same ame and could strongly affect 3. metalfionr
pecformance. However, a recent swdy from Sissing (2002), using inen silica, suppornts the
fiest hypothesis. Ac 18% (v/v) solids concentration, no more metabolic activity occucred
and celt death was obsesved. These observations correlate well with those of our study,
where 5% solids loading appears to be the critical value for yeast activity.
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5.2 EFFECT OF SOLID SIZE

The influence of solid size has been reported vo affect the efficiency of cell disruption in
a bead mull, based on an attrition mechanism {Chisd, 1999, Engler, 1985). Further,
Hatrison & &/ (2002a) reported the influence of salids size on the discuption of stationary
phase yeast o the shurry bioreactor. Increased cell disrupnon was observed with
incteasing particle size and momentum. Nemati and Harrison (2000) showed that the
bioleaching performance of Sufpiobas was affected by both particle size and solids
loading, Cell death was chserved ar very small particle size. Hence, the influence of
particulate size on yeast growth was tested using three different silica sizes, namely
diamerers of 465-600 Pm, 600-850 pm and 850-1130 pm at a 1% fv/v) sohds loading,
The same analyses were used to investgmte performance as with solids louding, The
detailed darza collected are rabuluted 1o Appendix F.2.

Particle size distribunons were meusured by laser diffraction using the Malvern analyser.
Figure 516 lusteates the profiles obtained for the three sizes mvestigated. In the range
465 — 600 um, a geometric mean of 501 pm was used (94% of the particle diameters in
the range 400 — 650 pm}. In the cange 600 — B30 m, a mean diameter of 693 W was
assessed (91% between 550 and 900 |m). 82% of the sohds diameters luy 10 the range
800 to 1300pm, with a mean diameter of 1021 pm for the range 850 — 1130 pm.
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Figure 516 Size distobutioms of the solid particles for the theee ranges considered.
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5.2.1 Total cell concentration, viability and reproduction

3.2.1.1 Total cell concentration
Figure 5.17 presents rotal eoll concentration as a4 function of time for difterent solid sizes.
Growth parameters calculated according o Appendix G are presented 10 Table 5.7.
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Figure 317 Ellect of parlicubule size on tlolal cell concentrabaon,

While no difference {in tetms of cell number, speaific growth rare and biomass yield) is
observed between runs at 465-600 pim and G00-850 Wi solids sizes, a decrease i both
the rate and extent of growth 1s cleatly Hlusteated wath particles in the runge 850 — 1130
Lm. Lhe reducoon i extent of prowth ar lugh solid sizes 1s demonstrated by the
decrease in stanonary phase cell concentoution (Fyure 517 and the drop in biomass
vield {Table 5.8). The dectease in speaific growth rate may resull i an increase i the
death rate (k) with mereasing solid size.

Tuble 3.8 Differences in growth paniterers g5 crpsiag at 1% solids loading as a function of solid size,

Solid size t, (1) T () Ly (B2} Yo
{10¥ cella/ g}
165-6010 5.5 [.133 15 6,86
6:00-850 335 [H05) 0.135 (H0H18) 15 (15 7.15 (10.96)
550-1130 35 0.109 14 5.09

5.2.1.2 Viable cell concentration

The viable cell concentranon and viabihty as a function of dme for different solid sizes
are presented respectively in Fygure 518 and Tyue 512 Caleulatons of the speafbe
growth rate based on viable cells, and the fracoon of vable cells at the end of the growth
for cach particle size investigated are sumnmarnised i '[able 5.9
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Fipure 5.18 Effect of particulare sizge on viable cell concentration.

Table 5.9 Specific growth rate based on viable cells and percentage of viable cells ot the end of the prowth foe
different solid sizes.

Sohd

T R— Fraction of viable cells at
size(m) the end of the growth (%)
4065-600 0.121 714
600-850 {.138 (+ 0.014) 96.1 (£ 5.6)
850-1130) 0.102 56.1

From the data presented, it cleady appears that solid size in the tange 600 — 850 Um s
the most favourable in maintamng viahility, It 15 the only size that holds cell in the
typical viability range of 90 to 99%, T'he decrease in viable fraction for small and large
sze fractions supports the decrease in the speothic wmable growth rate. The increase in
sohid size sharply affects the statinnary phase cell concentration, speafic growth rate and
fraction of viable cells ar the end of the growth (loss of 44% wabulity}. This increase in
sohid size imphes an ingeease in parbculate momentum. As a consequence, the results
correlate well with Hacrison ¢ @l (2002) work, that reported increased cell damage (with
particular reference to cell disrupoon; with increasing particle momenmim (defined as the
product of the particle mass and impeller tip speed, Harrison o @f, 2002). Therefore the
reduced viability with the smaller size fraction appears contradictory. However, it has to
be noted that when reducing particle size with a same solid loading, the particle number
15 ncreased i the system, unplying that wteractions between solid paraces and cells
occur more frequently.
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Figure 5.19 Effect of pariculate size on viability st 1% solids loading.
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5.2,1.3 Budding index

illustrated m Figure 5.20
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Frgure 5.20 Ellecl eof particulate size on budding index al 1% solids loading.

The sinularines in budding index tor sizes 405-600 and 600-850 pm suppoit observanons

wr Section 5.2.1.1, The lower values of budding mdex obeatned for 850-1130 pm may
resule from the combined effect of the decrease in cell viability and cell activity, pointed
At in Seenion 3202

5.2.2 Glucose concentration

Ghicose concentration protiles are plotred in Figure 5,21, as a function of time Glucose
uptake parameters, calculated a3 specitied m Appendix G, arc tabulated in Table 5.10,
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Figure 521 Effect of partioulale slze vn glucose coaswmption at 1% solids loading.

Table 3.10 Gluzase uprake parameters caloulated for dillerent solid sices.

Solid size (m) 4, {g-h".10°cells’) Glucosc lag phase (h)

463-600 -0.0334 4
a0-850 L0338 (3 G007 S LA
H30-1130 033351 3
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When no difference is noticed in the specific substrate uthisation sate for 465-600 Um
and GO0-850 Wm, the glucose is consumed more rapidly for the lower parricle siz¢ {(within
10 hours, while glucose is depleted within 14 hours for 600-850 wm). This suggests
addinonal encrgy derived from ghicose consumpton may be requited for celt
maintenance. It is further supported by the decrease in cell viability after 10h with 465-
600 pm diameter particles (Figure 5.19), once all the glacose has been depleted.

Ar 850-1130 pm, the substrate utilisation rate is higher, and all the ghicose avalable 1s
consumed within 10 h, time which corcesponds to the higher wiable cell concentration
{Figore 5.18). The increase n the substrate unlisabon rate suggests an increase in cell
maintenance requirements when yeast are exposed to the harshest hydrodynamuc
condinons.

5.2.3 Zeta potential

Fignie 5.22 shows resuls for zeta potennal measurements when increasing particulate
sizes. For the dree experimental conditions, an increase in zeta potential with tune is
seerl, which correlates well with observanons reported in Secuon 5.1, As yeast cell charge
is mainly artributable to the wall constents (phosphate groups and proteins), 4 change
inn the cell wall compositon is therefore suspected through the growth, Zem potential is
higher for increased solids size, This is deady noticeable from Ot 15 h, It as unespected
that the zeta potential of cells aptated in the presence of the 600-850 Wm solids fracoon
15 not more negative than those cells in the 4653-600 m fragtion (since the viability of the
cells in the former case is much higher). From 15h, a plateau ts observed for experiment
with 850 — 1130 pm parncle size. The decrease in wiability and increase in the death rare
confirm that cells are dying. Therefore the result correlates well wath observation at 5%
{v/v) sohds loading, where constant zeta potential values were found.
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Figure 5.22 Effect of particulate size on zeta potential measurements at 1% solids leading,

5.2.4 Discussion and conclusions

The study of the effect of particulate size demonstrated cleady thar the performance of
the yeast was best at the size fraction 600 to 850 wm. On increase of the size {racton o

850 o 1130 Wm, a decrease in stationacy phase concentration, cell viability, specific
growth rate, magnitude of negative cell surface chage and biomass yield was observed.
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Chapter 6: Influence of the inoculum
state on the growth

6.1 EFFECT OF INOCULUM SIZE

It 15 expected that mucrobes are less able to modify their environment when present ar
low concentration and so are more vulnemble to hostle condinons While this s
assumed, no specific reference to this m the literamire was found, To test the hypothess,
the effect of moculum size on yeast growth was investipated. Four inoculum sizes were
tested, namely 10% moculum (standard condinon), 25%, 2% and 1% inoculum. The
sarme analyses as reported in the previous sechons were perfarmed. The standard
expenmentil conditions were set as follows: 1% (v/v) solid loading, 600 — 850 um solid
size, agitation rate of 565 tpm {tp speed 2.33 m.s"} using a Rushton tutbine, and an
inoculum grown for 4h. These values were kept constant for all expenments, while caoly
the moculum size was changed.

The data presented 1o this section are tabulated in Appendix B3

6.1.1 Total cell concentration, viability and reproduction

6.1.1.1 Tortal cell concentration

Figure 6.1 shows total cell concentration as a function of tme for different mooulum
sizes. The growth parameters calculated are ceported in Table 6.1 Lag and exponental
petiods were determined wisually, as described i Appendix G It is clearly seen thut
inoculum size plays an nnportant tole w the growth in the slurey bioreactor. As moculum
size decreases, the lag phase increases, the specific growth rate decreases, the duranon of
exponennal phase increases and biomass pield decreases. Howeyer, for 2% | 2.5% and
1P inoculum sizes, the same quantity of yeast is produced {over a longer nime pened),
while, using a 1% moculum, the final concenranaon is diminished by some 3(%%.

Cealls {million/mL)

Time [h)

Figure 6.1 Effect of mooulumn size on total cell concentrabon.
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Table 6.1 Effects of inoculum size on growlh paramelers.

Ingendum g, (h) X, (¢ X /X P G () Yx/s

Siea cellsfmL}y (107 celle/g)
1.0%% 55 g (.63 0.0949 20 4.99
2.0% 5.0 53.1 (1.88 {.119 17 .50
2.5% 5.5 55.0 0.93 {.124 17 740

1.0 3505 560 42) 0.93(0.07) 0135 0018) 1515 7.15 (X094

Mote: Koia the maximom biomass concentrabon at 0% {v/v} sobds loading.

From the data presented in Figure 0.2, it is apparent that a crtical inoculum size exists
below which yeast exhibits a lower growth performance when incubared in the presence
of a seeess factor such as hydrodynamic stress generated m an agtated, aerated slucry
bioreactor, For Ko/ Ko, M exp Terp 406l Yy, thus value is determined at 2% {v/v), while
for ty, 15 highee than 2.5% (v/v).
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Figure 6.2 Influence of inoculum size on growth parameters. (8 g (h), " Foe /o % 10
M ey (1) 3 100, 0 & o (h), ¥ {10 cells /).

6.1.1.2 Viable cell concentration

Figure 6.3 shows wable cell concentration as a function of ume following inoculagen
with different volumes fractons of inoculum Table 6.2 presents specific growth rate
based on viable cell numbet, W .. and the ratio between maxamum viable cells grown
under stress and no stress (X /X o e 1he viable cell concentration as a function of

tme showed the same trend 4s total cell concenteation: L . g, decreased when the
inoculum size was lowered.

GO
a
-g ? /fr-‘_ “ = ——iin
= A - — —— 1%
s [z’
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E 20 / 10%
E 10 r-f:&/ Erl = 4
- 'Y—J/

04 - - - R —

] 5 10 18 20 25 30

Time (k)

Figure 6.3 Effect of inoculum size on vishle vell voncenreation.
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Table 6.2 Specific growth tate on viable cells for different inoculum sizes.

Inncu-l-um Si.'ze !.l vinhbecolls {h.i) X‘mu ville {"F {anxfxmu rJ}'I.'i:thE

vells/ ml}
1.0% (0.086 36.7 0.6l
20% 0115 4931 R
2.5% 0.129 4773 (180
10.F 0118 (+0.010) A5 (kA3 (A3 (0T

Viability as 2 function of nme 18 plotted for the different inoculum sizes in Figure 6.4,
The wiabihity was mantamed in excess of 92% with 1, 2 and 10% inoculum, exhibiting no
specific effect of inoculum size. The gradual decrease in wabihity with time across all
these expenments at 1% solids loading {compared to the control experiment ar 0% sohd
loading) confirms the stress exerted in the slurry reactor.

N ==

U,Q o -
Eos —— %
§ —— 2%
= 07 ——

06—

05 . . .

o 5 10 15 2 Za 30

Tirne {h}

Figure 6.4 Effect of ingculun size on viability on tncubation et 1%
solids loading in the slutry resciar,

6.1.1.3 Budding index
Figure 6.5 shuws changes ip budding index with time as a function of inoculum size.

The maximum budding index was obeaned fur the lowest nuculum size. It occurs after a
slightly longer penod of ume, which cin be related ro the longer lag phase Little
difference in trend of budding index with tme is noticeable.

0,80

(LR —
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Figure 6.5 Effect of moculum size on budding mdex,
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4.1.2 Glucose concentration

The residual glucose concentrabon 48 a funchon of time is given m Figure 6.0. 1'he
specific substrate consumption rate and lag period preceding plucose consumption are
tabulated in Lable 6.3. Litde difference was seen for 2%, 2.5% and 10% {v/v) moculum
sizes m terms of glucose consumpton profile, glucose lag phase and specific substrate
consumption rate. Glucose consumption 15 moce rapid for the 1% (v/v) inoculum. This
15 prohably because of increased maintenance requirements, supported by the dam m
Figures 6.1, 6.3 and 6.7.

1.0 - - e

9.0 |
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R |
TEL i \t\ —a— 1%
e LY —- P |
g 50| - - \\ I " s
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Time {h]

Figure 6.6 Effect of inoculum sirs om glucose consumption on dncubation at
1% solids loading m the sluety seactot,

Table 6.3 Glucose uptale parmmeters for different inoculum sizes.

Inoculum size q, (g.h".10% cells™) Glucose lag phase (h}
1% -0.0270 3
2% -0.0230 3
2.50% -(L.0310 3
10% -D.0338 (£ 0.007) 5 (& 1043

6.1.3 Zeta potential

Figute 6.7 shows results for zera potential of yeast as a funcrion of time on varying the
inoculum size, For all inoculum sizes, zera potennal ncreases with time, As moculum
size decreases, zeta potential 5 higher. This suggests that the sucface charge of veast is
madified when microbes are more esposed to bydrodynamic stress. The more exposed
yeast are, the less charped they are. This is in agreement with findings reporied in Secoon
5.1.4 based on increased steess due to inceeased sohds loading
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Figure 6.7 Effect of inoculum size on zeta potential measurements,

6.1.4 Ethanol concentration

Ethanol concentration as a funetion of hme for three noculum sizes are plotted n
Figure 6.8, Darta collected prior to glucose deplenon {from 0 to 15 hours) were used to
calculate the specific ethanol production rare. Results are ceported in Table 6.4. A
decrease 1n ethanol production 1s observed when inoeulum size 1s reduced from 10% to
2.5% (v/¥), in terms of ethanol concentration, product yield on substrate and product
yield on biomass. However with 4 1% (v/v) moculum size, ethanol production occurs
more rapidly, with a higher specific production rate with glucose being depleted more
quickly with the same moculum size. This sugpests an increase in yeast metabolic rate
below a crincal inoculum size and a shaft 11 metabolism away from biomass peoduetion,

a0

25
=
= —_— 1%
T 15 —8—2.5%
c 10%
TR

o5

0o

Time (h)

Figurs 6.8 Effect of moculum siee on ethanol production.

Table 6.4 Effect of woculum size on product formaton parameters.

Inoculum  q, (g.'.10" cells™) I G (EN—
gizp (_g'.].'l]'51 cells™)
1.0Pa H.0049 0.154 (0.037
2.5% 00046 (1144 (021

10w 00039 (X 0.001} 0.193 (£ 0013, 0.027 + 0.001)
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6.1.5 Discussion and conclusiony

The nfluence of inoculum size on the growth of micro-organisms has been poorly
studied. In this work, an mvestgation of the effect of inoculum size on veast growth was
performed. Tt has been demonstrated that the inoculum size plays a determinant cole in
yeast performance. From 2 to 10% inoculum size, litde difference was observed in the
extent of yeast growth, glucose consumption and ethanol production. However below
2% (v/v) inoculum size, the veast activity changed. As the inoculum size was decreased,
the lag phase and exponential phase increased while the specific growth rate and the
biomass vield decreased. As yeast viability remained quite high for all expenments (above
92%), it was concluded that a decrease in inoculum size did not cause a mcrease in the
dearh rate but a reduced yeast activity.

6.2 EFFLCT OF INOCULUM AGE

As mentioned i Section 6.1, the effect of inoculum state on the growrh is ror teported
in previous studies. However, yeast are postulated o grow differentdy depending on
inoculum conditions In order to access the influence of inoculum age on the growth, two
moculum ages were tested n this work. In the standard experiment, imoculum was
wicubared for 14 hours, resulang n a late exponental phase culture. A 24-hour oculum
representing the stanonacy phase of geowth, was compared to the standard conditan. All
other experimental conditions (solids loading, soltd size, agitaton rate and type, moculum
size) were maintained at their refetence values (Section 34). The dam used m generate
the plots presented in this secoon ace tabulated 1n Appendix F4

6.2.1 Total cell concentration, viability and reproducton

6.2,L1 Toral cell concentraton

Figure 6.9 shows total cell concentration as a function of ime for the fwo incculum ages.
Specific growth rate, lag periods and yields are reported in Table 6.5, It 1s cleatly
ohserved that no difference in these parameters exists between the two inoculum ages.

Cells [nfllionink)
S

O 5 10 1B 0 25 et
Time {h)

Figure 6.9 Effect of inaculum age an otal cell concentranon.
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Table 6.5 Influence of inoculum age on geowth parumelscs,

Insculum Age 1. {h) [T tp () Yx/s

ki (10 cells/g)
14 hr 35205 01350018 1515 7.5 (¢ 096)
24 hr 3 134 15 717

6.2.1.2 Viable cell concentration

Viable cell concentration as a function of time 15 given in Figure 6.10 for the mwo
moeculum ages. Table 6.6 presents the results tor the specific growth rate based on viable
cells and the ratio of maximumn viable cell count, between these expeniments and the
control (0% {v/v) sulid loading). While lietle difference is obsgerved i viable cell
concentration during the lag and exponential phases (same values for the specific grtowth
rate), 4 decrease m the wiable cell concentranon 18 observed with a 24h inoculum in the
stationary phase. Dunng the same perivd of time, viable cell concentration remams
constant with a 14h inoculum,

w_
= 5 » - -
] ) e
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B v ——1d h |
@
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o T T T T T i

¥ 5 10 15 0 25 1]
Time {hi

Figure 6.10 Effec| of inorulum ape on vishle cell concentralion in the shurry
bioreactor at 1% solids loading,

Table 6.6 Specific growith mre based on viable cells foe two inoculum ages.

Inucu]um ﬂgfﬂ I.L viahlecells {h-l:l Xmu winhia {lﬂﬁ Xmax 1.'.ia'b.|u_|fXUriah]n
cells/ mL)

14 b 0.118 {+ 0.016) 49.5 (£4.3) .83 {+ 0.07)

24 hy 121 376 (h.63

Figure 6.11 shows wability as a function of ome for the two inoculum ages. Te cleatly
appears that viability decreased more mapidly for a 24h inoculum than for the late
exponential phase inoculum (14h). While viabiity 15 hugher than 92% throughout the
fermentaton moculated with the 14h ipoculum, it decreased to 75% with the 24h
moculun, Ir confirms the previous observation (Section 6.2,1.1) that moculum age does
not affect the total cell number concentration but wable cell number in statznacy phase
decreases when increasing the noculum age from 14h to 24h. Hence, it can be
postulated that an increase in the death rate m stationary phase occurs when increasing
the inoculum age.
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Figure 6,11 Effect of mocuhum age on viability.

6.2.1.3 Budding index

Figure 6.12 shows budding index profiles as a function of tme for two inoculum ages. It
clearly appears thar inoculum age has a steong influence on budding index. The 24-hour
inoculum curve exhibits a ligh witial value of budding index. Dunag lag phase, the
budding index drops sharply from 0.4 to (.05, while it increases for a 14-hour inoculum.
From 15 hours, budding index shows the same behaviour for the two moculum ages.
Differences observed dunng lag phase confirm that the inocula are in a diffterent
metabolic state when added to the reactor.
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Figure 6.12 Effect of inocpjwm ape on budding index.

6.2.2 Glucose concentration

Substrate consumption measured in reems of glucose concentration 15 illustrated in
Figute 6.13. Values for specific substeare consumption rate and substrare lag phase are
reported i Table 6.7, It is observed that glucose was consumed more rapidly wath a 24h
inoculum than a 14h inoculum. This is confirmed by a shorter glucose lag phase and a
higher speafic substrate consumpdon cate. Considenng that the same tomal cell
concentrations weee observed for the rwo inocnlum ages, 1t may be assumed that glucose
was used with the 24h inoculum for both growth and mamrenance requirements, Once
all the glucose was depleted {after 10h), viable cell concentration decreased, suggesnng
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that yeast are unable to reman viable under conditions where the substrate is insufficient
to provide energy for cell maintenance.
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Figure 6,13 Effect of moculum age on glucose consumption,

Table ¢.7 Glucose wptake parameters for two inotulum ages,

Inoculum age g, {p.h".107 cells™)  Glucose lag phase {(h}

14-hr -0.0338 (£ 0.007) 54100

24 hr -0.0512

3

6.2,3 Zetu potental

Figure 6.14 shows results for zera potential measurements for two noculum ages. For
both expenments, eta potental mcreased with tme. With a 24h moculum, zew potential
of yeast was higher throughout the fermentation than with the 14h inoculum. This
confirmed that surfuce charge was modified as a function of the physiological status of
the cell and when yeast are exposed to stressful conditions.
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Figure 6.14 Effect of inoculum age on zeta potential,
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6.2.4 Ethanol concentration

Ethanol concentranon as a funchon of ome following moculanon using the two
inoculum ages 15 @ven in Figure 6.15. Table 6.8 summanses the values calculated for the
specific producnon mate of ethanol, product yield on substrace and product wield on
biomass. It clearly appears that a higher inoculum age reduced the extent of ethanol
producton. Not only was the maamum ethanol concentranon ceduced, bue g, and
Yron, were also diminished. This correlates well with the hypothesis that substrare 1s
used tor cell mantenance and not for normal metabolic activiey with the 24h inocnlum.
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Frgure 6.15 Effed of inoculum age vaethano] production.

Table 6.8 Thffercnces in ethanol production parametees for two inocsham ages.

Inoculum age q, (g.h.10° cells™) Yeous .
(g.10° cells™)
14h 0.0039 (£0.001) 0193 (£0.013) 0.027 (£ 0.001)
24h (L0015 0.034 (.05

6.2.5 Discussion and conclusions

While no literature reference on the influence of noculum on yeast growth was found, it
is commonly held that such influence exists. Hence the effect of moculum age was
investigated u: this study, It was found that hitle difference in total cell concentration
could be detected berween a 14h inoculum and a 24h inoculum. However differences
were observed in terms of wiablility, budding index, substrate consumption and ethanol
productnon. The decrease in viable cell concentraton in stahonary phase and the decrease
in budding index suggested thar death rate was not neglighle following moculanon with
the 24h noculum. Rapid glucose uptake and lower ethanol production confitmed that
substrate was used not only for cell growth (same profile for lag and exponennal phases),
but alse provided enerpy for cell maintenance. On deplenon of all glucose, these yeast
were more sensible o hydrodynamic stress and higher number of dead cells was
observed, From these observanons, the exstence of an opumum noculum age for
growth of micro-organisms existed. Two expenmental conditions were msufficrent to
determine the value of this ophmum. However a 24h inoculum appeared less resilient ro



TifLownce uf e Invewlims slaly on Do growth N 511

yeast geowth under stress compared to a 14h inoculum. Further this resilience does not
appeat oo be recovered in 2 single growth cyle.



IfTwenice of the Empeller on the proawth 7-1

Chapter 7: Influence of the impeller on
the yeast performance in the slurry
bioreactor

7.1 EFFECT OF IMPELLER TYPE

Expenments with two impeller trpes were performed, in order to establish whether the
impeller flow puttern would aleer cell actnviey and vishilieg, Under srandard conditioos, a
Rushron turbine was used, providing a cadual flow patrern, In addition, s pirched-blade
tuthme was chosen as the axial inpeller to generate the axial flow pattern, Pxpetiments
were pecformed at both 0% and 1% /v solids loadings. The data wsed we generate the
graphs prescoced o this sechon ace tabulated m Appendw FL5.

7.1.1 Total cell concentration, viability and sreproduction

7.1.1.1 T'otal cell concentration

Figure 7.1 shows total cell concentration us a function of time for the Rushton wibme
{RT) and pirched-blade turbine (PBT) ar 0 and 1% (v/ v} sohds leading, Caleulanons for
growth parameters are reported in 'Lable 7.1,
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Frgmre 7.1 Ellect ol impeller type on total cell concemteation,

Table 7.1 Influence ol mpeller Lype oo growlh paranscens,

Impeller t,, {h) [T t,, (b} ¥x/s
ype {10 cells/ )
0% 11 3.0 (10 0.254 [T D126, 17 [+ 11K 753k 1.08
1% RT 35 0.5 0135 & 0018 1545 7.15 (£ 0.96}
(1% BT 3.0 0.164 1% 6,70

1% '"BT 3.0 0.141 14 6.08
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When comparing the Rushion tdiine to the piched-blade turbine, 2 slight decrease in
the stationary phasc cell concentration was obscrved with the axial impeller, This reduced
activity was supported by the decrease in biomass yield and exponennal phase duradon
{Table 7.1). Considening only the pitched-blade impeller, no difference between
experiments at 0% and 1% (v/v) solids loadings could be assessed. Ar these
concentranons, a decredse in extent of growth using a Rushron tubime could not be
observed either (Secton 5.1% However Figure 5.2 and Table 7.1 show that there is 2
sipnificant difference in the maximum specific growth rates at (9% and 1% salids (v/v). A
mechanism independent of solids loading s suspected to be responsible for reduced
growth, Pitched-blade turbme produces a lower mrbulence intensity than a Rushton
ruthine (Hackl & &, 1989, and requires a lower power input per umt volume. Hence an
oxygea transfer imtanon might cause a decrease in growth,

7.1.1.2 Viable cell concentration

Figure 7.2 shows viable cell concentration as a function of nme for the rwo impeller
types, while viability is ilastrated in Figure 7.3, The fraction of wiable cells in the
stapionaty phase and specific growth rates based on viable cells are reported in Table 7.2
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Tipure 7.2 Effect of impeller type om viable cell concentration.

Table 7.2 Specific growth rate based on viable cells for two impeller types.

[inpeller type TR %% of viable cells at die
end of the growth
% BT 0.253 (+ 0.028) 082+ L3)
1% RT 0138 (£ 0.016) 96.1 (+ 5.6}
(Fa PBT 0.155 B4.5
1% PBT . 144 BOLD
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Figuee 7.3 Eifect of impeller type on viehthiy.
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As observed in Section 7.1.1.1, viable cell concentration profiles and specific growth rare
based on wable cells were very similar for the pitched-blade mmpeller at the two solids
loadings. However a sharp decrease in viability was observed after 10h for cells grown at
1% solids loading. It was sugpested that the combined effects of hydrodynamic stress
plus oxygen hmitation stress resulted in the decrease in cell wability and subsequent
inceease in the death rate constant k. Agitation with a pirched-blade turbine did aoct
maintam cell wabliey in the reported himirs of wability for unstressed systems (94 to
0%, even in the absence of solid particles.

7.1.1.3 Budding index

Infiyence of unpeller pe on budding index as a funcbon of time 13 llustrated 10 Figure
74 For all expenmental conditions, budding index exhibited the same teend: it increased
through the lag phase and the beginning of exponential phase and decreased from mid-
exponential phase. At 0% solid loading, maximum budding index was chserved at the
same #ime {5 h) for both impeller types, while maximum budding index was delayed to
7h at 1% solids loading. This supported the assumpnion that sohds loading decreased cell
activity (Secnon 5.1). While a shght decrease in budding index was apparent for a
pitched-blade utbine compared to the Rushton one, resuls for (% and 1% (v/v) solids
loading on agtaton with the pitched-blade wmirbine were very similar. This confirmed that
reduced actwiy wang the aaal How impeller may eesult from a srress independent of the
sohid particules.
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Figure 7.4 Effect of impeller ype vn buddig index,

7.1.2 Glucose concentration

Results for glucose consumption when changing impeller type are presented i Figuree
7.5. Glucose uptake parameters are mbulated in Table 7.3,
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Fipure 7.5 Tiffect af impeller type on glucase consimaption,

‘T'able 7.3 Influence of impeller type on glucose aptake parameters.

Ilmpeller type g, (g.h'.10'cells") Glucose lag phase

()
0% RT 0.0486 (+ 0.007) SE1SG)
1% RT -O33E (X LT Bt Lkl
0% PBT (L0545 3
1% PB1 00561 3

Gluense consumption showed the same profiles ar 0% and 1% {v/v} solids loading for
the pitched-blade turbine, supporting the postulation thae the sess introduced by the
lower energy npur assocated with the pitched-blade mrine dominated the stress
generated by the influence of solid paroculates. This was further supported by the
similarities in substrate consumptian rate and glucose lag duration on agitation with the
pitched-blade turbine at 0 and 1% sobds loading, The subsreate was consumed maore
rapndly (higher substrate consumpnon eate and shorter glucose lag phase) when yeast
were grown in a slurry reactor agirated by a pitched-blade impeller compared to a
Rushton wurbine. It was previously found that rate and extent of growth were reduced
usmng the pitched-blade impeller type. As a consequence higher glucose consumption 1s
postulated to be required for providing extra energy for cell mamtenance.,

7.1.3 Zeta potennal

Figure 7.6 presents results for zera potennal measurerments us o fupction of tne for two
impellers,
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Figuee 7.6 Effect of impeller type on zera potential mepsuremenis.

An increase in zeta potential measurements with time was observed for pitched-blade
impeller, As noticed previously, observatons at 0% and 1% solids loadings were very
similar. In Section 5.1.3, yeust experencing mild-stress (0.5 to 2% (v/v) solids loading)
were found to exhibit increased surface charge with increasing time of exposure to stress,
suggesting that modifications in the cell wall composition ocourred. Similatly, yeast
grown in @ reactor agitated by an axial impeller may expenence stress other than or in
addition to hydrodyname stress.

7.1.4 hscussion and conclusions

In this study, companson between mwo impelles types, Rushron turbing and pitched-
blade impeller was performed, at both 0% and 1% solids loadings. It was clearly
demaenstrated that in that range of concentrations, the presence of the solid particles had
no nfluence on the growth using the picched-blade impeller. This was supported by the
similatities 1n stationary phasc cell concentration, specific growth rate, biomass yeld,
budding mdex, glucose concentration and zeta potential. Oanly viability indicated a
difference when sohid was added to the hioreactor. Lower wiability was observed ar 1%
solids loading,

When companng observations with the pitched-blade turbine to the ones with the
Ruston turbine, reduced rate and exwent of pgrowth and lewer budding mdex were
noticed. These findings disagree with those found 1 the btecarure. Scholtz-Brown (1998)
used both Rushron wrbine and pitched-blade rurbine o disrupe yease cells in a slurry
reactor. They observed the same mazimum extent of cell dismupnion, irrespective of the
flow pattern. However the rate of cell disruption was less for the pitched-blade mrbine.
Pearce (1993) also found with 4 muneral bio-oxidation systern thar either the Rushton or
the axal impeller ac an impeller speed of 350 pm did oot wohibic the growth of
thiobacilli. At 630 rpm, no activity appeared n the tank agirated by a Rushton rurbine
while the growth rate started to increase after a lag phase of 14 days.

The apparent contradiction between resules obrained in this work and those reported 10
the literature might be explained by Hackl o al (1989) observations. ‘They reported that
pitched-blade turbine has a higher pumping capacity than Rushton turbine and, for a
given impeller speed, requires less power Bur as a consequence, it produces lower
turbulence mrensity. The lower muxing may induce an oxygen linuration, resulting in
reduced extene of growth,
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7.2 EFFECT OF IMPELLER SPEED

In this ser of esperiments, the Rushton mirbine was used and the solids loading was fixed
at 1% (v/v). A senies of expenments was performed over the impeller speed range of 460
to 850 rpin to mvesogate the mfluence of agiration rate, and thereby energy mput, on
yeast prowth. For the same system of smdy, Scholz-Brown and Harnson (2002a)
measured the crincal impeller speed for complete suspension of the solids. Ar 5% {v/v)
solids loading, this caacal impdler speed was set at 400 rpm. In accordance wath their
results, complete suspension of the solids was observed for all expeaments m our study.
The data presented in thus section are tabulated i Appendix F.6.

7.2.1 Total cell cancentration, viability and reproduction

7.2.L1 Toral cell concentzaton

Figure 7.7 shows total cell concenirarion as a funchon of tme followng agitanon at the
four impeller speeds 460, 565, 600 and 850 tpm, corresponding to impeller tp speeds of
1.91, 233, 248 and 351 ms' respectively. Calculations for growth parameters are
reported n Table 7.4,

BEE S8

Calls (millicorfinl )

Ttme ()

Figare 7.7 Eftect of imnpeller speed va tutal cell concentration,

Tible T4 Influence of impeller speed on growih parameters.

Speed  Tmpcller up t,,, (h) Mo ene (B 1., (h) Yx/s

(rpm)  speed fm.s") (407 cells/ g)

i 360 1141 4 {077 18 514
565 233 35105 0135 (0018  15(E15 715 (£ 0.96)
600 243 3.5 0.125 16 G6.17
M50 A5 4 {114 14 44092

On mcreasing the agtabon rate above the standaed rate of 565 rpm, the reduction in
both the rate and extent of prowth with increased impeller speed was clearly llustrared.
The reduced extent of growth was seen by a decrease 1n biomass yield, Yy (Table 7.4)
and in the stabionarcy phase cell concentraton (Figure 7.7). It 1s proposed that the reduced
apparent speafic growth rate may result from an increase in the death rate (kg wath
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increasing impeller speed, where kj is a power law function of agration rite. Modelling
the death rate was performed and results presented in Section 7.2.7.

On decrease of the agiration eate below the standard rate of 505 pm to 460 pmy a
decrease in the specihic growth rawe, biomass weld and stanonary phase cell
congentratons was also observed. A different stress mechanism ocournng at low
agitation rate such as poor mass transfer may elucidate this apparent contradiction.

7.2.1.2 Viable cell concentration

The effect of impeller speed on wable cell concentration is ilustrated in Figure 7.8,
Results for specific growth rates based on wiable cell concentranon and the viable cell
fraction at the end of the growth are tabulated in Table 7.5. Figute 7.9 presents the
fraction of viable cells as a funceon of ame at different impeller speeds.
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Figure 7.8 Effect of impeller spess! on viable cell conceniration.

‘Table 7.5 Spedific growth rate based oo viable cell concenteation and viable cell fraction al the end of the growih
at different impeller speeds,

Speed % of viable celis at the
{rl;rn] 2 end of the growth
460 0074 94.7
365 0.138 (& 0.016) 83.9 (£ 5.6)
G} {1125 86,2
LR, 0111 77.4

Q 5 Y] 15 20 25 30
Thme (v}

Figuee 7.9 Effect of impeller speed on vishility.
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As with the rotal cell number, 2 decrease in wable cell number in the stationary phase was
vbserved with increasing smpeller speeds from 565 to 8530 tpm. The specific growe rate
based on viable cell number corresponded well to thar reported on total cell number,
decreasing with increasing agiration rare (Lable 7.5). When increasing umpeller speed, a
decrease in the fracnon of wable cells of 10 to 15% was observed with bme, indicaning
loss of wability or cell death for the harsher speeds: These cbservations are consistent
with the hypothesis of an increasing cell death with mncreasing agitation rate. The fracuon
of viable cells typically found under opumal growth conditions Lies in the range 0.94
0.99, The data collecred ar 460 rpm were seen to conform to this pattern (Figure 7.9).
Despite the decrease i cell actrnty and extent of growth at 460 mprmy, the yeast were
tound to be more wable than at higher impeller speeds. A limiting nutnent or oxygen
transter rate 15 suppested to explan the lower growth, while cells are subjected to less
hydrodynamic stress.

7.2.L3 Budding index

Budding index prefiles as a function of ome for different impeller speeds are presented
in Figure 7.11, The same general trends were observed for 563, 600 and 850 pm. The
budding index increased during the lag phase and exponential phase, then decreased
trom mid-exponendal phase to staconacy phase. However a sharper decrease was
observed for 850 tpm than 565 or 600 rpm with the budding index remaiming below 0.05
after 10h. Ths suggested cell achmty was adversely affected by the presence of solids
lvading at high agitation rate. The behawour at 460 pm differed from previous
cbservations. No increase was observed during the lag phase. Instead the budding index
decreased with the tme of growth. Tt is also cbserved that budding occurs earier at
higher agitation intensities (Figure 7.11).



Inflwsece wf fhe funpelfer on e rowth T4

088 B
x —B—prr
¥ o B
o i fﬁ‘\ - BB
£ & I"l\ \\
=
RN
& \ 1
0065 ==
T M |
—
0.0d T T
1] 5 1] 15 = 25 o el

Tieme thy

Figure 7.11 Ellect alimpeller speed on budding index.

7.2.2 Ethanol concentration

Ethanol preducton as a functhon of ame at different impellee speeds s ilustrated in
ligure 7.12. Calculaoons fuc ethanol production purametees ure reported in Tuble 7.6
From the expenment data, 1t was apparent that high level of agitation affecred negatively
the extent of product formanon. This was confirmed by the dectease in both produce
neld on substrate and produce pwedd on biomass with oereasing impeller speed.
Moreover, the ethanol concentration at 850 mm decreased less rapidly than at 600 mpm.,
This may be eelated to the lower wability of the cells at §50 qpom,

Ethaned (gL}

Tumg {h]

Figuee 7.12 Effect of mpeller speed v ethannl concentranon,

Table 7.6 Dufferences in ethanal peoducton paramercrs for differcot impeller speeds.

Speed (rppm)  q, (g.h". 10 cells”) Yeonn Yeomn
(g.10° cells™

460 0.0055 (206 {040
565 (LOD3Y (£ 000D 0193 (F0.013)  0.027 & 0001

UK} 0.0071 (1441 0 007

3 00062 Lhigg 0 0lo
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7.2.3 TEM analysis

As detailed in Section 5.1.6, transmussion electron microscopy was performed on yeast
growing at 850 rpm agtation rate with 1% {v/v} solids loading. Samples were prepared
at the end of the lag phase (3h), mid-exponential phase {14h} and stanonary phase (28h).
Preparation for TEM analyses 1s detailed 1 Appendix C. Samples were prepared i the
same wiay as those at 0% and 1% solds loading, but at a different time, consequently
slight differences in the cell wall swining may occur. Figure 7.13 shows a senes of
micrographs obtained at (% (v/v) 565 tpm, 1% (v/v) 365 pm, and 1% (v/v) 850 rpm.,
The influence of agitation rate on the cell wall thickness is illustrated in Figure 7.14. The
dara used 15 detatled in Appendix H.

% sohd

1% selid

Bal pem

t=14h

Figure 7.13 Tivoluhon of the cell wall with tune, for different hydrodynamic stress condinons.
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Figure T.14 Influence of agitation rate on cell wall thickness.

The comparison of cell wall thickness for different experimental conditions clearly
showed that yeast cell wall increased in thickness for a stressed system (1% (v/v) solids
loading and 850 rpm). No major difference berween yeast grown at 565pm, 1% {(v/v)
soluls concentration angd those grown ar 850 pm, 1% (v/v) solids concentration was
seen, except for sample 2 (3h). At the end of the lag phase, the wall thickness was
signsficantly higher for the maore stressed conditions (1% solids loading by volume, plus
850 mm agitation rate). As mentioned in Section 5.1.6 for 1% sohds loading, large
differences in cell wall thickoess within each sample were noticed fur 565 rpm at 14h and
28h. As the ratio of thin to thick walls increased with dme (and this change was more
prevalent at 850 rpm and 1% solids loading than ar 565 pm and 1% solids loading), it
was assumed that thin cells were dead or damaged ones (Table 7.7},

Table 7.7 Percentage of cells exhibating thin cell walls.

Sample 565 rpm and 1% solid 830 rpn and 1% sobd
#2 28.6 14.3
#5 333 57.1
#7 44.4 718

Not only did the fraction of thin walled cells mcreases at high agitation rate, but the
number of lysed cells also increased. This confirms an increased i the death rate
constant k,, under harsher hydrodynamic conditions. Fsgure 7.15 gives an lusteagon of a
cell lysed at two points. It was apparent thar cell disruption invelved the rupture of the
cell membrane and the release of intracellular compounds intu the growth medum. This
supports the use of bead mills {slucey reactors atc high agiration speed and high solids
concentration) for the recovery of mtmcellular enzymes. Irregularities in the wall
thickness at the higher impeller speed were also observed. They were alsu ubserved at
1% solids loading.
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Figure 7.15 [Husiration of o lysed cell (850 mpm, © = 28h}.

The cell wall of Saxharemyer wrrsa is an elastic structure that prowndes osmotic and
physical protection and 1s responsible for the mechamieal strength of the cell (Klis o af,
2002). The cell wall construction 15 a dynamic process and the cell can make considerable
adjustments to the composition and structuree of its wall during the cell cycle or in
response to environmental condincns such as nutrient and oxygen availabihiry,
temperature and pH (Kapteyn et al, 1999 Kapteyn ¢ af (1999) also reported thae when
the cell wall is defective, dmmatic changes can occur n its molecular archirectuce
pointing to the existence of cell wall repair mechamisms that compensate for cell damage.
Lt appears that in this study that yeast cells adapred to harsh hydrodynamic conditicas by
increasing their wall thickness, Repair mechamsms were suggested by the icregulanities in
the wall thickness of stressed cells, compared o those cultured n unstressed
environments. No investigation of the composition of the wall was performed, but
literature suggests that 1,3-glucan and chinn play a determinant cole i cesponding to
stresses (lapteyn of o, 1999).

7.2.4 Modelling

For agitation rates higher than 565 tpm, where hydrodynamic stress is the predominant
death mechanism, the death rate constant k) was modelled as presented in Secton 5.1.7.

The apparent cell growth cate was postolated to be equal w the true growth rate i the
absence of solid less the cell death oare.

ax 1
B W Equation 7.1
dt #

Where U= —ky Equation 7.2

And  X: biomass concentration {10°%ells/ mL)
t: ume (h)
{L: apparent growth cate (h™)
W, true growth rate in the ahsence of solid (™)
k,: cell death rate (h)
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The death rate was given as the product of cel concentraton and the death race
constant. k, was expressed as a power law function of the agitation rate N:

A o
k.q' =Y Equalion 7.3

where N is the agitadon rate (rpm)
¢, d are constants.

All the caleulasions performed to determune ¢ and d are reported 10 Appendix 1. ‘The
following expression was determined.

k, =0.014x N _ Equatian 7.4

The model was found to comeclate with expenmeptal data with a coefficient of
cortelanion R* equal to 0.87. The parity between the actual kd determined and the
predicred by equation 7.2 is compared in Fipure 7.16.

0,145 iy

0.14 /'
2,135
3 P  kdmod

E 013
Z — Parity line

0,125 PP ot & i
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01z i

d115 ' ' o

9115 912 01232 013 0135 9,14 01435
kd exp

Figure 7,10 Comparison between expedmental death comstants (ky o) and madeded death
constmes (ks o)

7.2.5 Dscussion and conclasions

It has been shown that the aguanon eate steongly inflenced the growth of Saxbaroeres
gererrsae 10 4 slurey reactor An ampeller speed of 565 rpm, corresponding to an umpeller
tip speed of 2.33 m.s”, was found ro be the most favourable for yeast growth in the
prezence of 1% by volume suspended solids.

Below 565 pmy, the reduced rate and extent of growth was postulated ro be due to
putricnt brmitaton, even though cell wability remained in the reported values for
unstressod systems.

Above 600 rpm (248 m.s' tp speed), a deceease in both cell viability and actvity {in
terms Of (M aqe Yrier Yoo Qe Stationary phase cell concentration) was noticed. This is
i agreement with the literarure. The effect of agitation intensity on cell damage has been
nvestigated m the mneral bio-oxidaton and ammal cellmmerocarner systems. In the
muneral bio-oxidanon system, Hackl er 22 (1989) found thar an impeller tip speed of 5.3
ms" was detomental o Heherld. However normal leach rates were observed when
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reducing the tip speed of the Rushton tutbine to 3.3 m. s. Investigating the growth of
thiobacilk in the presence of 2% (v/v) pytite, Pearce (1993) determined that the cell
growth was inhibited at a tip speed of 2.6 m. s™* for a 6-bladed Rushton turbine, while 2
impeller tip speed of 1.4 m. s was not detrimental to the cells. In the animal cell-
microcarrier system, low agitation rates of 0.1 to 0.2 m. s™ were found to have no effect
on the cell growth, even when the inert solids concentration was increased to 2.9% (v/v)
(Croughan ez 4/. 1988, 1989; Lakhotia and Papoutsakis, 1992). However, at high agitation
intensities of 0.3 to 0.6 m. 5™, the apparent cell growth rate was reduced even at low
microcarrier concentrations of 0.02% (v/v) (Croughan ¢ a/, 1989). As the inest solids
concentration is increased to 2.9% (v/v), a sharp decrease in the cell growth rate was
observed (Croughan ¢ 4/, 1988). In contrast with these studies, Scholtz-Brown (1998)
observed significant cell disruption of S. @revisiee for the entire range of agitation
intensities (439 to 900 rpm) at 10% and 20% (v/v) solid concentrations. In agreement
with the study of Croughan et al. (1988), yeast disruption at these agitation speeds was
magnified as the solids concentration increased. Toma ez a/ (1991) considered the growth
of Brevibacterium flavum, S. cerevisiae and Trichoderma reesei in agitated bioreactors. They
determined an optimum impeller speed above which cell growth and activity decrease
due to hydrodynamic stress. They theorised that the inhibition of microbial growth and
productivity, although the cells were not killed as a result, was due to limited mass
transfer in stagnant eddies of microscales of turbulence and shear forces damaging cell
membranes. They use the term Zurbohyphobiosis to describe this effect.

Investigating the disruption of stationary phase Saccharomyces cerevisiae in a slurry reactor,
Harrison et al (2002) varied impeller speed in a range of 150 rpm to 1090 rpm, at a
volume fraction of silica of 20 %. They measured the rate of release of a wall-associated
enzyme (invertase), kyy, and the rate of release of total soluble protein (intra-cellular
compound), k. At low impeller speeds (below 250 rpm), kg, exceeded k while at higher
agitation rates, k and kg, were equal. This suggested the outer mannan layer of yeast was
damaged first, higher agitation resulting in mote severe cell envelope damage and rupture
the cell membrane. Cell wall damage at high agitation rates was also observed in the
present study, by using TEM analysis. It was furthermore demonstrated that yeast cells
develop a resistance mechanism to the stress by increasing their cell wall thickness. No
chemical analyses of the wall were performed, but literature suggests that an increase in
B1,3-glucan and chitin may occur (Kapteyn et a/., 1999).



Chapter 8: Conclusions and
Recommendations

8.1 CONCLUSIONS

Different industrial processes involve the growth of micro-organisms in the presence of
solid particles, such as mineral bioprocessing, soil bioremediation and immobilised
biocatalyst systems. In contrast, other slurry systems such as the bead mill are used to
maximise cell disruption. In these systems, microbes experience a great deal of
hydrodynamic stress, due to high agitation rate combined to the presence of solid
. particulates. Biological response to hydrodynamic stress has been quantified in terms of
change in integrity, viability, metabolic rate, metabolic pathway and morphology (Logan
and Dettmer, 1990; Smith et /., 1990; Toma et 4l., 1991; Tlling, 1996).

Using a non-growing system of yeast and silica sand in 2 slurry reactor, Scholtz-Brown
and Harrison (2002 a) report that the dominant mechanism of cell damage depends on
interaction between particles and cells, as opposed to cell interactions with turbulent fluid
eddies. Nemati and Harrison (1999, 2000) present responses of Sulfolobus metallicus to
hydrodynamic stress, when the microbes are grown in the presence of pyrite. Their
results indicate that over the range 42.5 - 202 microns (mean diameter), the particle size
has no influence on the growth and activity of the cells at a solids loading of 3% pyrite.
Constant values for both the specific growth rate and yields factors are obtained. When
increasing solids loading from 3% to 6 and 9% (v/v) pyrite, a shift to microbial growth
from exponential phase to stationary phase is observed. The lag phase is more
pronounced at higher pulp densities and in the presence of larger particles. Below a
cntical particle size (<25 pm) and above a critical solid loading (18% pyrite), cell
disruption and impaired metabolic activity are observed.

In this research project, the effects of hydrodynamic stress on the growth of Ssaharamyes
cerevisize in a slurry reactor were investigated. Experiments were performed to study the
effect of different solid sizes and solids loadings, agitation rate and agitator type,
inoculum age and inoculum size. These experiments were carried out in order to
ascertain the impact of hydrodynamic conditions on the physiological and morphological
stress of yeast, and its ability to adapt to the stress. Critical values of hydrodynamic

parameters were identified and models for the death rate constant#vere proposed.

Cell damage due to hydrodynamic stress can range from loss of viability to loss of
integrity, via changes in metabolic rate or changes in morphology. Lass of viability can be
measured through methylene blue viability staining. Budding index can also be calculated
through this method, giving an indication of the physiological state of yeast. Changes in
metabolic rate can be evaluated through calculations of specific growth rate, substrate
utilisation rate, ethanol production rate and yield factors. Measurements of glucose and
ethanol concentrations throughout the growth are therefore necessary. Yeast specific
growth rate can be obtained through cell counting. Modifications in yeast morphology
can be visualized by Transmission Electron Microscopy. Special interest care cell wall
thickness and structure. As the cell wall represents the first barrier of defence against
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physical stress, zeta potential can give important information about yeast cell surface
charge. Finally, more severe hydrodynamic stress may cause loss of integrity. Cell
disruption can be monitored through microscopic cell counts.

The results obtained from experiments to investigate the effect of hydrodynamic stress
on the growth of Sacharomyes cerevisize in a slurry reactor demonstrated that all the
hydrodynamic parameters investigated in this study, solids loading, solid size, inoculum
age, inoculum size, agitation rate and agitator type, play a determinant role on the growth
of yeast in a slurry reactor.

Effect of solids loading on the growth

When increasing solids loading from 0 to 2% by volume, a decrease in the apparent
specific growth rate occurred. This decrease in the apparent specific growth rate was
combined with a decrease in viable cell fraction. Therefore the concept of increase in
specific death rate was outlined. Specific death rate was considered to be a constant k,
accounting for the various hydrodynamic parameters. Thereafter the death rate constant
was modelled as a power law expression accounting for solids loading. A good fit was
found between experimental and calculated points. The critical solids loading above
which solids concentration affected the growth ranged from 0.0% to 05% v/v),
depending on assay used. At 5% solids loading, no cell growth, substrate consumption or
product formation were observed, indicating a complete loss of metabolic activity. The
cell viability decreased to 10%.

When exposed to hydrodynamic stress, it appeared that yeast develop mechanisms to
adapt and resist the stress. Increasing lag phase, ie. increasing the period of
acclimatisation, is one of these strategies. Thus when solids loading was increased from 0
10 2% (v/v), lag phase doubled. Another resistance mechanism lies in morphological
changes. TEM analysis on samples at 0% and 1% solids loading revealed that the
presence of solid particulates strongly affected the cell wall structure. While no influence
on the cell size could be outlined, an increase in the cell wall thickness was observed with
increased level of stress. Moreover the cell wall was very irregular at 1% solids loading,
suggesting a repair mechanism occurred where the cell has been injured. Under adverse
conditions, yeast switch from growth to maintenance. Thus, increasing solids loading, the
decrease in cell growth rate with unchanged substrate consumption, illustrated by a
decrease in Yy, suggested that additional substrate was diverted from cell growth to
provide extra energy for cell maintenance.

Effect of solid size on the grouth

On increase of the particle size fraction to 850 to 1130 pm, a decrease in stationary phase
concentration, cell viability, specific growth rate, magnitude of negative cell surface
charge and biomass yield was noted. Performances of the smaller size fraction (465 to
600 pm) were similar to the optimal fraction in terms of growth rate, biomass yield and
total cell number. However reduction in viability with time occurred.

Effect of inocusm age on the grouth

When increasing inoculum age from 14 hour to 24 hour, no much difference was
observed in total cell concentration. However, loss of viability, lower budding index,
different substrate consumption and ethanol production were focused. Rapid glucose
uptake and decrease in growth rate confirmed a shift in metabolic activity. The decrease
in viable cell concentration in stationary phase and the drop in budding index suggested
that death rate was not negligible.



Effect of ocdsum size on the grouth

No much difference was noticed from 2 to 10% inoculum size in the extent of yeast
growth, glucose consumption and ethanol production. Thereafter the critical value below
which the yeast activity changed was set at 2% (v/v) moculum size. When the inoculum
size was decreased to 1% (v/v), the specific growth rate and the biomass yield decreased
and lag phase increased. Rapid glucose uptake and decrease in growth rate suggested a
shift in metabolic activity. However yeast wviability remained quite high for all
experiments (above 92%). In this case, it was concluded that a decrease in inoculum size
did not cause an increase in the death rate but a slow-down in yeast activity.

Effect of agitation rate on the growth

With respect to impeller speed, above 600 rpm, decrease in both viability and activity was
noticed. Above 565 rpm, the death rate constant was also expressed as a power law
fashion type accounting for the agitation rate N. Correlation with experimental data was
not as good as for solids loading. At high agitation rate (850 rpm and 1% by volume solid
loading), cell damage was observed by TEM analysis. Paradoxically, rate and extent of
growth also decreased below 565 rpm, even though cell viability remained in the class
reported for unstressed systems. In that case, another stress mechanism was suspected to
occur in the bioreator.

Effect of agitation type on the growth

Investigating the influence of agitation type on the growth of yeast, paradoxical results
were obtained. Using a pitched-blade impeller, which produces lower turbulence intensity
(e. lower hydrodynamic stress), reduced rate and extent of growth were observed.
Thereafter, a different stress was suspected to occur in the bioreactor (poor mass
transfer).

There exist optimum conditions for the growth of Sacharamyees cerevisize in the presence
of solid particulates in a slurry reactor. Over the conditions tested, the following values
were selected: 1% (v/v) or less solids loading, particle size in the range 600 ~ 850 um,
10% inoculum size, agitation performed by a Rushton turbine at 565 rpm. As only two
values were tested for inoculum age, no optimum could be determined. However, a 24
hour inoculum showed less resilience in terms of performance than a 14 hour inoculum.

8.2 RECOMMENDATIONS

From the data collected in this study, it has been possible to determine the response of
yeast Saccharomyces cerevisize to some hydrodynamic stresses. Responses have been
quantified in terms of viability, metabolic rate (growth rate, glucose utilisation rate and
ethanol production rate), morphology (cell wall thickness and structure), and integrity.
However, no investigation has been performed on changes in metabolic pathway. Studies
on the release of stress indicators such as HSP’s, trehalose or glygogen, under conditions
of physical stress, are recommended.

While no literature can be found about the influence of the inoculum on the growth, this
work points out the importance of the inoculum state. Nevertheless, our study was
limited, especially for inoculum age, where only two ages could be compared. Further
work should be conducted to determine optimum inoculum age and size for the growth.



From this study, it has been shown that the cell wall plays a determinant role in adapting
and resisting to hydrodynamic stress. Transmission Electron Microscopy allowed
studying the cell wall morphology. However, further work should be carried out to
investigate changes in the cell wall composition.

Lee (1999) mentions the phenomenon of cross-protection, where one stress effector
leads to an increased tolerance to a number of different stresses. In industrial processes,
micro-organisms usually experience several stresses at the same time. It is therefore
valuable to investigate the effects of different stresses combined to hydrodynamic stress,
for a better understanding of cross-protection mechanisms.
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APPENDIX A : Composition of the media

Composition of agar slopes

Yeast were kept on agar slopes at 4°C for up to six months after which they were transferred to
new slopes to avoid loss of viability. These slopes were used to inoculate the pre-inoculum for all

experiments.

Table A.1 Composition of agar slopes

Components Concentration {g/L)
Glucose 10¢/L
Peptone biological 5¢/L
Agar 15¢/L
Malt extract 3g/L
Yeast extract 3g/L

Pre-inoculum Growth Medium
The pre-inoculum growth medium was prepared in a 100 mL shake flask, autoclaved and stored
for use. The pre-inoculum growth medium consisted of 2 YM growth medium.

The pre-inoculum consisted of 15 mL of the solution mentioned below in table , in which a
scraping from the stock yeast culture was grown at 30 °C for 24 hours in a shaker oven.

Table A.2 Compaosition of the pre-inoculum growth medium

Components Concentration (g/100 ml)
{made up with distilled water)
Glucose (Dextrose) 1 (10g/L)
Biological Peptone 0.5
Yeast extract powder 0.3
Malt extract powder 0.3

Inoculum and Reactor Growth Media

The inoculum and reaction media were prepared in three parts. As the presence of salts in the
medium might have led to caramelisation of the glucose, these components had to be autoclaved
separately. Then the two solutions were mixed under aseptic conditions in a laminar air flow
cabinet. Because of their heat labile properties, the vitamins could not be autoclaved. Therefore
they were added to the autoclaved solutions by filter-sterilisation in the laminar air flow cabinet.

The inoculum consisted of :
e 60 mL of the glucose solution
o 60 mL of the salt solution
e 15 mL of the vitamin solution
e 4+ pre-inoculum (15 ml)

The inoculum was grown at 30°C in a shaken oven for 14 hours.

The reaction medium consisted of :
o 800 mL of the glucose solution
e 500 mL of the salt solution
e 50ml of the vitamin solution
e+ inoculum (150 mlL)
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Table A.3 Composition of the inoculum and reactor growth media

Inoculum Medium Reaction Medium
Solutions Mass (g) Mass (g)

(made up with distilled {made up with distilled water)

water)
1. Glucose Solution In 500 mL In 1800 mL
Glucose (Dextrose) 13.35 (26.7 /1) 36 (20g/1)

Antifoam 289 2 ml to each reactor before autoclaving
2. Salt Solution In 500 mL In 1500mlL
(NFL),50, 259 21.03 (in 1500 ml)
KH,PO, .77 6.21
MzSOL/H;0 0.275 222
CaCly 0.065 0.54
HiBO, 0.005 0.042
CoSO/H0 0.0005 0.0042
CuSO,,5H0 0.002 0.0162
ZnS04,7TLO 0.005 0.0405
MnSO,, HO 0.015 0.0123
Kl 0.0005 0.042
FeSO47H,O 0.001 0.0081
ADL(SO4)3,18H0 0.0015 0.0123
Buffer NaAcetate/ Acetic 35 mL
Aad

3, Vitamins In 150 mL In 150 mL
Biotin 0.0005 0.005
Panothenate 0.0025 0.0252
Myo-Inositol 0.0507 0.5070
Thyamine 0.0020 0.0204
Pyridoxine 0.0025 0.0252
p-Aminobenzoic Acid 0.0004 0.0042
Nicotinic Acid 0.0020 0.0204
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APPENDIX B : Cell-Culture Experimental Rig

Propeller Driver
Air out
Cotton T Sampling probe
whool
filter
Sterilized
Air in ]
i
Air inlet
filter
Heating coil
Rushton rarbine
| ] L I
\S
Alr sparger

Figure B.1: Schematic representation of the experimental rig
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Geometry of cell-culture experimental rig

The symbols used on the diagram indicate the following :

Vessel

H : Liquid height in the tank (prior to agitation)

T : Tank diameter
B : Baffle width

C: Distance of impeller blade from tank bottom

Impeller

D : Impeller blade diameter
W : Impeller paddle height
L.: Impeller paddle width
H, : Impeller disk diameter

Table B.1 Dimensions of cell-culture experimental rig

Dimensions {mm) Dimension ratio
T 130
H 115 H/T 0.89
B 15 B/T 0.12
C 38 C/T 0.29
D 79 D/T 0.61
L 19.5 L/D 0.25
W 15 W/D 0.19
H 55 H/D 0.70
B
G
. -/"‘——'_-\____
H
L
= 3w ~
b C

A 4

ﬁl

Figure B.2 Geometry of cell-culture experimental rig
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APPENDIX C: Description of Analytical procedures

Cell Culture Sampling Procedure

Samples from the reactor were taken at various time intervals by means of the sampling port and
a syringe under sterile conditions, to prevent contamination in the bioreactor. The sampling port
was flamed before the syringe was connected.

An initial 5 mL sample first had to be removed from the reactor, as the sample line might have
contained liquid from the previous sample. An actual reactor sample of 7 mL was then taken.

The bioreactor sample:
o 1 mlL of the actual bioreactor sample was pipetted into a second sampling vial and taken
for microscopic analysis.
o 3 mL were used for absorbance measurements. From these 3 mL of culture, 2 samples
of 1 mL were taken afterwards for zeta potential analysis.
e 3 separate samples of 1 mL each were taken for cell dry mass determinations.

The waste sample:
o The waste sample initially taken was used to get an approximation of the pH in the
bioreactor. This was done to check that the pH value is not critical in this investigation.

i- Absorbance

3 mL of the broth were used for absorbance measurements. Absorbance was read at 660 nm
with a UV-Vis spectrophotometer, using a cuvette filled with distilled water as a blank.

2- pH measurement

Apparatus
e pH meter

o distilled water
e 5 mL sample bottle

Method
The dead volume taken from the reactor was placed in the 5 mL sample bottle. The ph meter
was calibrated for a pH range of 4-7 before use.

3- Microscope Cell Counting

In order to determine the population size of the yeast culture in the reactor, a 1 mL sample was
taken at various times during the fermentation. This sample was used to determine the
approximate number of yeast cells present in the reactor. The number of cells was then used to
determine the growth phase of the culture in the reactor.

Apparatus:
o  Sample vials {for sample and for dilution, if necessary)

e Microscope (40 x magnification setting)

¢ Counting Chamber (0.01 mm x 0.0025 mm?)
e 1 mlL pipette (Gilson pipetman P1000)

¢ 0.1 mL pipette (Gilson pipetman P100)
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e Modified Ringer Salt solution containing methylblue

[0.25 g/L methylblue; 9.00 g/L NaCl; 042 g/L KCl; 0.24 g/L CaCly; 0.02 g/L NaHCO;;

10.00 g/L glucose in distilled water]

Method

1- 1 mL of the bioreactor sample was extracted using a pipette and inserted into a sample

vial.

2- Depending on the cell concentration, appropriate dilution of the sample was done using
distilled water. (For initial counts, dilution was not required, while a 13 times dilution

was required when the cell growth reached the steady state}.
3- Methylblue was added to the diluted sample with a ratio 1/1.

4- A sample of the mixture was inserted into the counting chamber slide and examined

under a microscope (employing a 40 times magnification).

5-  As many grds as necessary were counted so as no fewer than 100 cells were counted in

the entire counting chamber, and no more than 30 cells were counted per block.

The living cells show up as clear oblong structures, the dead cells as deep blue oblong structures
and lysed cells as blue coloured cells with a release of a blue coloured substance from one or

more positions from the cell membrane.

Budding cells are visible as living cells with 2 small bud extruding from the cell membrane. The

cell is considered to be budding if the bud is less than half the size of the mother cell.

The number of cells per mL is calculated as:

Cells/ml =

Total - cells - counted x dilution - factor x grid - factor

Number - of - grids- counted

Where Total cells counted: actual cell count (including living, dead and lysed cells)
Number of grids counted: accrual grids used to count cells

Grid factor: 250000
Dilution factor: ranging from 2 to 13

4-  Viability

Apparatus and Chemicals
Same as Microscope Cell Counting

Method
Same as Microscope Cell Counting

Dead cells (appearing in stained dark blue) are counted
Viability is defined as:
Total - cells — Dead - cells

Viability =
abitity Total -cells

5- Budding Index

Apparatus and Chemucals
Same as Microscope Cell Counting

Method
Same as Microscope Cell Counting
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Budding cells are counted as cells with protrusion.

The budding Index is defined as:

Budding - cells
Total - cells - counted

Budding - Index =

6- Dry Weight Determination

Apparatus:
o  Three dry weight Eppendorf tubes
o Mikw Centrifuge
o Vorex Gemie mixer
s  Three Eppendorf tubes
e 1 ml pipetman
e 4 decimal place balance
Method

1-  Centrifuge the 3 dry weight tubes for 5 minutes at 100% power (15000 rpm).

2- Decant the supernatant liquor into the 3 Eppendorf tubes and freeze (these samples will
be used for glucose and ethanol determinations as described later).

3- Add 1 mL of distilled water to each dry weight tube and re-suspend the centrifuged yeast
using the Vortex Gense mixer.

4- Re-centrifuge the tubes and discard the supernatant. Repeat 3 times.

5- Dry the centrifuged tubes for 48 hours in an oven at 80°C for 48 hours.

6- Weigh the tubes. The dry cell mass is the difference between the tubes plus the dry yeast
cell contents and the tubes alone.

7- Zeta Potential determination

Apparatus
Eppendorf tubes

Mikro Centrifuge

Vortex Genie mixer

Sample bottles

5 mL syringe

1 mL pipetman

Malvern Zetasizer apparatus for zeta potential determination

Chemicals
o  Glacial acetic acid/sodium acetate buffer solution (pH 4)

Method

1- Wash the yeast sample by centrifuging and re-suspending in de-ionised water as for Dry
mass determination. Repeat the process 3 times, discarding the supernatant each time.

2-  Add 4 mL of buffer to 2 sample bottles.

3- Add a small quantity of washed yeast (re-suspended in the buffer) to each buffer
solution, and agitate.

4- “Blank” the Zetasizer by running the sodium acetate/acetic acid buffer before the
samples are analysed.

5. Use the Makem Zetasizer to read the zeta potential of the yeast. The samples are analysed
twice.
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6- Specify 5 measurements for each sample for greater accuracy.
8- Glucose determination

The glucose concentration was determined using the supernatants obtained during the procedure
for obtaining dry mass and zeta potential. The Gluase/GOD-Perid kit (Boehringer Mannheim
GmbH Diagnostica, catalogue No. 124.036) method was used.

Apparatus
e 0.1,0.2, and 5 mL pipetmen

e Test tubes

o Vortex Genie mixer

» Disposable plastic cuvettes
o UV-VIS spectrophotometer

Chemicals
®  Gluwse/GOD-Pend kit Bottle 2: Buffer, enzymes and chromogen. Dissolve contents in
1L of distilled water.

Standard calibration curve

o The0.1 g of glucose was dissolved in 100 mL distilled water.

e The 1 mL pipetman was used to measure out O - 0.7 mL of glucose solution into 8 test
tubes. Each of these was done in triplicate.

@  The total volumes of the tubes were made up 1o 1 mL using distilled water.

®  Prepare the standard by pipetting 0.12 mL of each solution of glucose and 3 mL botte 2
solution into a test tube.

¢  Absorbance was measured at 620 nm.

¢ A calibration curve was obtained between absorbance and glucose concentration.

Method
1- Dilute cell supernatants 100 times by adding 0.05 mL supernatant to 4.95 mlL distilled

water.
2- Prepare the sample by pipetting 0.12 mL diluted supernatant and 3 mL bottle 2 solution

into a test tube.

3- Mix all samples using the Vortex genie. Cover with aluminium foil and incubate in a dark
place at room temperature for 25 minutes.

4-  Measure the absorbance of the samples at 620 nm. A cuvette filled with distilled water
was used as a blank.

All expeniments were performed in triplicate.
9- Ethanol determination
Ethanol was measured by gas chromatography. Ethanol concentration was determined using a
Perkin Elmer Autosystem fitted with a flame ionisation detector. A stainless still colurnn (25m x

0.25mm) packed with 100% methyl silicone was used. Column temperature was from 40 to
120°C at a rate of 30°C per minute using helium as carrier gas at 20 mL/min. The detector and

injector temperatures were set at 250°C, Butanol was used as the internal standard.

10- TEM Analysis

TEM Analysis was performed in order to determine if any noticeable changes occur in the cell
wall structure/thickness during the course of the experimental run.

10- 1 Fixation
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1-

Yeast cells were pelleted by centrifugation and resuspended in fixative. They were left in
fixative overnight at 4 °C.

Fixative: 2% formaldehyde + 2% glutaraldehyde in PBS (Phosphate buffered saline).

2-

3-

Cells were washed with PBS.

They were embedded in 1% agarose. This was achieved by mixing an equal volume of
suspended yeast cells in PBS with 2% agarose at 37°C. The mixture was cooled
immediately thus causing the agarose to set (harden).

The agarose blocks containing the yeast cells were cut into small cubes - 1 mm x 1 mm x
1 mm and infiltrated with cryoprotectant (2.3 M sucrose in PBS).

10-2 Freeze substitution fixation

5.

6-

10-

11-

12-

The small cubes were placed on the surface of a copper grid and rapidly frozen at -
170°C in liquid ethane using the Reichert KF80.

The specimens were transferred to absolute acetone at -80°C in the Automatic Freeze-
substitution machine (LEICA EM AFS) for 6 hours.

The acetone was replaced with 4% osmium tetroxide (dissolved in acetone). The
samples were left in the machine for 3 days.

The specimens were then warmed gradually by 1°C per hour.

At 4°C, the specimens were washed several times with acetone. Thereafter the specimen
were warmed to 20°C and removed from the freeze-substitution chamber.

Once they were warmed to room temperature, samples were removed from disks and
washed with acetone.

Cells were progressively embedded in resin: 1:2 Spurrs resin:acetone (overnight), 2:1
(overnight), 100% Spurrs resin (6 hours) and 100% resin (overnight).

Samples embedded in resin and baked in an oven at 60°C for 24 hours.

10-3 Sectioning

10-4

13-

14-

15-

16-

17-

Afrer polymerisation, the resin surrounding the yeast was cut off with a razor blade.
The embedded specimen were sectioned using ultramicrotome.

Thin sections (100 nm) were collected on copper grids.

The sections were stained and protected with uranyl acetate and lead citrate.
Electron microscopy

The specimens were viewed on a JEOL 200CX transmission electron microscope and

photographed.



APPENDIX D: Reproducibility data

Reproducibility 0%: comparison between Run 3, Run 4 and Run 13

Agitation rate : 565 rpm

No solid.

Cells (milfion/mL) Viable cells Budding index Viability Absorbance
Time (hrs) Run3 Run4 Runi3 Mean Run3 Run4 Runi3 Mean Run3 Run4 Run1i3 Mean Run3 Rund4 Runi3 Mean Run3 Run4  Runt3 Mean
0 7.7 6.1 55 6.5 7.7 5.4 53 6.1 0130 0150 0222 0167 1.000 0.980 0965 0882 03408 04575 05508 0.4497
3 12.9 8.0 13.9 11.6 12.9 7.5 13.7 11.4 0.223 0188 0272 0228 1.000 0.971 0884 0985 0473 0648 07249 06156
6.5 168 24.4 328 258 19.6 24.0 326 254 0194 0235 0229 0219 1.000 0.969 0893 0994 0.972 1.287 1.2803 1.1831
10 36.5 48.5 52.4 46.1 359 489 51.6 45.5 0.159 0151 0.138 0.149 0.996 0.985 0986 0993 1.7225 1.809 1.9897 1.8704
14 48.7 59.4 56.7 54.9 47.9 59.1 556 54.2 0.147 0131 0115 0131 099 1.000 0981 0992 1.9805 19835 20888 2.0213
19 54.3 63.0 56.0 877 50.7 627 54.9 56.1 0.146 0090 0110 0115 0.985 1.000 0981 0989 21804 21952 2.0999 2.1585l
24 60.8 61.7 57.4 60.0 58.6 60.3 56.7 58.6 0.094 0097 0113 0102 0996 0995 0987 0993 22217 22452 22999 2.2556]
215 59.7 64.7 58.1 60.8 57.8 63.7 57.8 59.8 0.081 0.088 0081 0087 0982 0.995 08%4 0990 22189 21967 2.1043 2‘1733]
Dry mass (g/L.) Zeta potential (mV) Glucose (g/l.)
Time (hrs) Run3 Rund4 Run13 Mean Run3 Run4 Runi3 Mean Run3 Run4 Run13 Mean - Ethanol (g/L)
0 0.1 0 0.0 0.0 -5.8 -6.3 -6.05 6.90 8.7227 9.07 8.23 Time (hr) Run3 Rund4 Run13 Mean
3 0.4 0 0.6 0.3 -1.2 -7.8 -7.50 6.72 7.64 7.69 7.35 0 0.42 0.51 0.46
6.5 0.7 0.1 1.7 0.8 -7 -7.85 -7.43 4.15 4.00 2.86 3.67 8.5 1.45 1.08 1.26
10 1 0.6 1.8 1.1 875 -6.15 -6.45 221 0.29 0.48 0.99 14 2.98 2.90 2.94
14 1.7 1.1 2.0 1.6 -7.2  -595 -6.58 0.49 0.12 0.48 0.37] 28 283 270 2,76
19 1.9 1.5 20 1.8 -7.4 -6.8 -7.40 0.25 0.18 0.42 0.28 48 217 2.39 21@]
24 2.5 1.6 20 20 -7.85 ~7.15 -7.50 0.29 0.18 0.38 0.28
275 24 1.9 1.8 20 -7.95 -6.8 -7.38 0.17 0.17 0.44 0.26
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Reproducibility 1%: comparison between Run 5, Run § and Run 13'

Agitation rate : 565 rpm

1% solid
Cells (milfion/mL) Viable cells Budding index Viability Absorbance
Time (hws) Run5 Runs  Run 13 Mean  Runb Runb  Run 13 Mean Runb Runs Runid Mean Runb Runb Run 13 Mean Runs  Rung —Runis — Moan
0 4.7 49 57 5.1 47 49 5.6 51 0146 0150 015 0151 1000 1000 0986 0995 0.5198 0.6229 0.5108 0.5512
3 8.5 68 113 8.2 6.5 6.8 10.8 80 0173 0188 0211 0190 1000 1.000 0873 0991 0.6783 08112 0.9786 0.8227
85 327 342 453 37.4 325 338 43.8 366 0204 0200 0219 0208 1000 1000 0974 0991 1.095 1.5459 1.6873 1.4427
10 52.0 473 559 51.7 46.3 46.3 514 480 0132 0175 0168 0158 0979 0984 0936 0966 1.7656 21917 20816 2.0130
14 533 538 589 58.3 49.7 49.8 49.5 497 0412 005 0117 0095 0868 0981 0865 0931 2.1804 2.3501 2.3703 2.3038
19 57.8 5668 574 57.2 51.3 510 47.3 499 0083 0075 0082 0083 0967 0860 0843 0823 2.2981 2.4278 2.4206 2.3825
24 53.4 556 56.0 55.0 498 51.4 468 493 0088 0078 0052 0072 0966 0865 0845 0825 2.3867 2.523 2.4554 2.4550
28 56.0 582 538 56.0 50.9 538 441 485 0065 0056 0034 0051 0955 0966 0839 09820 24489 2.5509 2.4849 2.4882
Dry mass (/L) Zeta potertial (mv) Glucose (G/L) Ethanol (/L)
Time (hrs) RunS RunS Run13 Mean Run5 Run5 Run13 Mean RunS RunS Run13d Mean RunS RunS Run13 Mean
0 0.03 0.47 0.23 024 -10.15 84 -9.28 8.91 8.086 8.98 8.65 0.67 0.53 0.60
3 0.17 1.03 0.43 0.54 -9.6 -9.3 -9.45 .03 8.26 848 8.59 0.80 0.68 0.74
65 0.40 1.03 1.47 097 -945 -9.1 -9.28 8.30 7.23 6.17 7.23 1.1 1.23 1.17
10 0.80 1.60 1.63 134 885 886 -8.73 383 284 2.88 3.22 1.82 2.10 1.96
14 1.73 2.20 1.77 1.80 -82 -7.9 -8.05 1.22 0.95 0.58 0.91 2865 2.53 2.59)
19 1.97 2.57 1.73 208  -8.75 -7.1 -6.93 1.09 0.85 0.58 0.84 2.49 2.29 2.39
24 217 223 1.90 210 68 -635 -6.58 0.95 1.03 0.61 0.86 2.38 2.21 2.308
28 2.33 203 1.97 2.11 -5.65 6.2 -5.93 1.08 0.96 0.43 0.82 219 2.03 2.1 I




Appendix E: Comparison between runs with 0% and 1% solid loading.

ANOVA

Source of Variation S8 df MS F P-value F crit
Sample 356144 3 11.87147 1.10966 0.374246 3.238867
Columns 37.0091 1 37.0091 3459346!(\, Ji 4.493998
Interaction 36.08139 3 1202713  1.12421 0.368769 3.238867
Within 1711727 16 10.69829

Total 279.8776 23

Sample Time 0% 1%
1 14 487 533
2 594 53.8
3 56.7 58.9
1 19 543 578
2 63.0 566
3 56.0 574
1 24 60.8 534
2 617 556
3 574 56.0
1 28 59.7 56.0
2 64.7 582
3 581 538

Standard error

Difference



APPENDIX F.1: Influence of solid loading on the growth.

Cells (million/ml)

Viable Cells (millionvml)

Time (h) 0% 0.5% 1% 1.5% 2% "B
0.0 65 59 51 53 4.7 54
30 116 113 8.2 7.0 6.9 48
65 255 308 37.4 18.7 159 53
10.0 46.1 443 517 447 30.2 39
14.0 549 533 553 455 443 37
19.0 577 483 572 47.9 435 38
240 60.0 53.3 550 B4 44.5 40
28.0 §0.8 510 56.0 E17 448 43
§udding index
Time () 0% 5% 1% 155 2% 5%
0.0 0.167 0.085 0.151 0.094 0.065 0.102
30 0228 0108 0.190 0.099 0.092 0.126
65 0219 0.162 0.208 0,136 0130 0.001
10.0 0149 0403 0.158 0.104 0.068 0054
14.0 0.131 0.103 0.085 0.056 0.083 0.068
19.0 0115 0.052 0.083 0.056 0.063 0.030
24,0 0102 0.048 0.072 0052 017 0.027
28.0 0.087 0.050 0.051 0027 6.022 0.019
"Bry mass (giL)
Tirme (h) 0% 0.5% 1% 15% 2% 54
0.0 0.04 0.20 024 0.13 0.03 0.03
30 0.32 0.50 054 057 010 0.03
65 0.84 0.90 097 0.63 020 0.00
0.0 114 0.90 134 0.97 063 0.10
140 159 1.30 1.90 170 0.70 0.07
19.0 1.79 140 209 187 137 0.07
24.0 203 150 210 187 1.40 0.10
280 202 180 241 187 150 0.10

Time (n) 0% 0.5% 1%, 15% 2% 5%
0.0 6.1 5.4 51 53 4.7 53
30 114 10.6 8.0 7.0 59 3.4
65 254 303 36,8 18.6 15.0 15
10.0 455 434 48.0 44.4 284 1.4
14.0 54.2 515 497 440 400 12
190 6.1 47.3 499 463 388 1.0
240 586 49.2 493 441 3838 0.9
28.0 568 4832 495 481 383 0.1
Viabitity
Time (h) 0% 05% 1% 1.5% 7% 54
0.0 0682 0.979 1.000 0.995 1.000 0.993
3.0 0.985 0.980 1.000 0,581 1.000 0,658
65 0.954 0.995 1.000 0.981 0978 0.244
100 0.993 0.985 0.982 0.966 0.941 0.471
140 0952 0,991 0965 0.931 0.903 0.965
19.0 0.989 0976 0963 0923 0,697 0.306
240 0,563 0952 0966 0,925 0.871 0,260
8.0 0990 6977 0.961 0.920 0855 0115
Absorbance
Time(h) 0% 0.5% 1% 1.5% % 5%
0.0 0.4497 05139 05512 06168 0.6544  0.6613
30 06156 0.7238 0.8227 0.8582 08814 06767
65 1.1831 1.3897 14427 1.1931 15527 10174
100 18704 18250 20130 1.9906 1.9869 1.0890
14.0 2.0213 19767 2,309 23922 23922 1.0127
190 2.1585  2.0536 2.3825 2 4949 25242 1.0265
240 22556 21312 2.4550 2.4604 2.5058 10333
78.0 21793 2.1568 24862 2.4649 25251 0.8318




APPENDIX F.1: Influence of solid loading on the growth.

Zeta potential (mV)

Glucose (g/L)
Time (h) 0% 0.5% 1% 1.5% 2% 5%
0.0 8.23 8.26 8.65 8.71 8.81 8.66
30 7.35 7.66 8.59 8.14 7.94 8.19
85 3.67 5.01 7.23 7.03 7.18 8.44
10.0 0.99 0.42 3.22 1.84 4.18 8.47
14.0 Q.37 0.32 0.9 0.69 0.80 8.12
19.0 0.28 0.25 0.84 0.67 0.63 8.24
24.0 0.28 0.21 0.88 0.49 0.53 8.02
280 0.26 0.18 0.82 0.50 068 8.25

Time () 0% 05% 1% 755 3% 5%
0.0 805 675 928 455 % -7.85
30 7 50 650 .45 .45 475 7.35
65 743 748 828 810 420 730
10.0 5.45 8.00 873 ) 410 825
140 658 870 B.05 420 310 740
18.0 710 575 593 355 230 775
740 750 515 658 185 208 835
28.0 738 430 583 185 280 7.4

Ethanol (giL)

Time (hy 0% OB 1% TH% 5% 5%
0.0 0.46 0.60 0.35 0.35 0.37 |
65 1386 117 063 0.70 0.35
150 364 259 2.08 177 0.33
240 276 2.30 165 141 0.26
780 238 241 1.58 147 024

F-1



APPENDIX F.2: Effect of solid size on the growth

Agitation rate : 565 rpm

1% solid
Cells (million/mL) Viable cells (million/ml) Budding index Viability Absorbance

Time () . A65-600  G00-B50 850-1130 ABS-600 ~BOO-850 B50-1130 465600 600-850 B50-1130 465-800 BOO-B50 B50-1130  465-600 — 600-850  B850-1130
0 5.7 5.1 4.2 56 £1 42 0.156  0.151 0.138 0093 0895 1000 | 08084 0551167 07328 |
3 5.2 B2 73 14.0 B0 72 0183 0180 0442 0628 0981 0876 | 1.1018 08227 08802
6.5 244 374 773 722 366 250 0218 0208 0189 0011 0591 0921 | 18634 1442733 16215
10 50.3 817 a1.4 433 480 6.1 0438 D158 0401 0862 08966 0893 | 22124 2012967 21038
14 556 553 48.0 441 45.7 324 o084 0095 0090 0782 0831 0722 | 23138 23036 21963
9 55.3 572 477 415 46.5 318 0058 0083 0053 0771 0823 0712 | 22857 23825  2.2145
24 54.2 550 45.8 40.1 493 313 0040 0072 0.055 0760 0825 0694 | 22607 2455083  2.2854
38 53.1 56.0 36.8 386 495 718 6034 0.051 0.032 0.762 0920 0587 | 23918 2488233 23356

Dry mass (g/L) Zeta potential (rmv) Glueose (g/L) Ethanol (g/L)

Time (h)  AB5-B00  6U0-850 B50-1130  465-600 GOO-BS0  B50-1130  4B5-B00 - BO0-850  850-1130 Time (h) ~ 465-800  BUD-850  B80-1130
0 0.17 0.24 0.03 58 .28 7.5 817 8.65 8.39 0 0.60
3 0.20 0.54 0.07 402 545 775 763 559 B.37 85 147
§5 073 087 0.83 86 528 7.45 4.85 723 678 5 359
10 147 134 133 ey 873 FA 0.58 392 0.62 74 330
4 167 180 120 56 805 715 0.48 651 671 78 FXT]
19 7.43 7.08 113 35 593 695 0.44 0.84 0.71
24 747 710 147 78 858 .85 0.45 086 0.81
3% 260 241 127 67 583 B55 0.43 082 6.78




APPENDIX

F.3: Influence of the inoculum size on the growth.

Agitation rate : 565 rpm
1% solid
Cells (rillionyml.) Viable cells (million/ml) Budding index Viability Absorbance
Time (h) 10% 25% 2% 1% | 10% 25% 2% 1% 10% 2.5% 2% 1% 10% 2.5% 2% 1% 10% 2.5% 2% 1%
0 5.1 4.0 39 25 5.1 4.0 38 25 0151 01433 0188 0.169 | 0995 1.000 1.000  1.000 0.551 0.695 0.631 0.391
3 8.2 8.0 10.0 4.4 80 7.9 100 4.3 0180 0163 0208 Q211 0.991 1.000 1.000 0982 0.823 0.986 1.080 0.762
6.5 374 18.8 25.8 184 1 366 187 247 181 | 0208 0472 0253 0283 | 0991 0834 0989 0982 1.443 1.617 1.677 1512
10 51.7 435 43.1 2808 |1 480 418 406 204 0158 01442 0219 0227 | 0866 0969 09855 09890 2013 2.165 2.147 2.017
14 85.3 48.4 498 3321 497 456 448 317 ¢ 0085 0145 0101 0.146 | 0.931 0945 0928 0875 2.304 2.305 2.268 2038
19 57.2 55.0 49.8 420 ) 499 452 451 403 | 0083 0083 0065 0.125 { 0823 0833 0928 0864 2.383 2.344 2.321 2.118
24 55.0 54.5 50.9 373 ] 493 469 466 358 | 0072 0088 0078 0101 0.925 0887 0936 0873 2.455 2.413 2.389 2.154
28 56.0 56.0 531 378 | 485 477 491 368 | 0051 0077 0068 0046 | 08920 0.871 0952 0980 2.488 2.396 2.411 2.188
Dry mass (g/L) Zeta potential {(mV) Glucose (g/L) Ethanol (g/L)
Time (h) 10% 25% 2% 1% | 10% 25% 2% 1% 10% 25% 2% 1% Time (h) 10% 2.5% 1%
0 0.24 0.03 0.03 009 {-9275 975 -7.75 6.4 8.65 8.05 8.54 7.96 0 0.60 0.32 0.36
3 0.54 0.10 0.13 010 | -845 -B85 -61 555 859 7.88 858 768 6.5 1.47 0.84 1.77
6.5 0.97 0.20 0.53 027 182715 845 687 -53 7.23 5.81 7.55 3.29 15 259 2.3 2.31
10 1.34 0.80 1.17 057 |1-8725 -75 -B8985 -495] 322 251 4.19 0.48 24 2.30 1.83 1.95
14 1.80 0.90 1.10 103 ] -805 -87 -575 -38 0.91 0.37 0.80 0.31 28 2.1 1.48 1.75
19 2.08 1.10 1.23 167 |-6925 575 -57 -34 0.84 0.05 0.63 0.37
24 210 1.07 1.20 163 1-65/5 -56 -53 -39 0.86 0.07 0.15 0.30
28 2.11 1.43 1.23 163 |-5925 505 -54 -305| 082 0.05 0.45 0.41




APPENDIX F.4: Effect of inoculum age on the growth.

Agitation rate : 565 rpm

1% solid
Caells (million/ml) Viable cells {million/mL) Budding index Viability Absorbance Dry mass (g/L)
Time (h) 14 h Z4h 14h 24h 14 h 24h 14 h 24h 14 h 24h 14 h Z4h
0 5.1 4.6 5.1 45 0.151 0.400 0.995 0.983 05512 0.7781 0.24 007 |
3 82 116 8.0 114 0.190 0.130 0.991 0.980 0.8227 1.204 054 0.10
65 37.4 373 36.6 345 0.208 0.063 0.991 0.042 14427 2.2081 087 0.87
10 517 54.2 48.0 450 0.158 0.062 0.966 0.862 2.0130 2.4258 1.34 150
14 553 54.0 49.7 442 0.085 0.054 0.931 0.855 2.3036 25037 190 183
18 572 54.9 499 413 0.083 0.059 0923 0.822 33825 35612 3.08 193
24 550 56.2 493 40.0 0.072 0.092 0895 0.780 2.4550 2.6808 340 223
28 £6.0 E49 B85 376 0.081 0.020 0.820 0.750 2.4882 77486 2141 253
Zeta potential (my/) Glucose (g/L) Ethanol (g/)
Time (h) 14h 24h 14 h 24h Time () 14 h Zdh
0 1015 205 8.65 B.00 0 0.60 0.32
3 06 805 850 7.65 85 137 118
85 -9.45 T 7.23 169 15 2.5 1.40
10 -8.85 54 3.22 0.22 24 2.30 0.90
14 B2 B8 081 0.32 28 311 0.56
19 8.5 55 0.84 0.40
24 6.8 5.45 0.86 0.50
78 585 58 0.82 0.33




APPENDIX F.5: influence of the impeller type on the growth.

RT: Rushton turbine
PBT: Pitched-blade turbine

Cedis (miliorviml.) Viable cefis (millordml) Budding index Wiability Absorbance Ory mass (gl.}
RT PET RT PBY RT PBT RT PBY RT PBT RY PBT
Time(h) [0%RT 1%RT 0%PBT 1% PBT 0% RT 1%RT 0% PBT 1%PBT 0% RT 1%RT O%PBT 1%PBT [0%RT 1% RKRT O%PBT 1% PBT (0% RT 1% RT 0% PBY 1% PBT (0%RT 1% RT 0% PBT 1%PBT
0 85 8.1 438 53 8.1 5.1 47 5.3 0.167 0.151 0.169 0.158 0.982 0.995 0.984 1.000 0.44387 0.5512 0.7686 0.7700 004 024 003 0.07
3 11.6 82 155 18.2 114 80 154 17.8 0.228 0.190 0.183 0173 0985 0981 0.994 0978 06156 0.8227 1.3054 1.2008 032 054 013 0.60
65 258 374 368 382 25.4 36.6 347 370 0.218 0.208 187 0.188 0994 0.891 0.948 0.969 1.1831 1.4427 2.1550 1.9256 084 087 123 1.40
10 461 517 48.1 486] 455 48.0 450 394 0.148 0.158 0.081 0.087] 0893 0.966 0.942 0828 1.8704 20130 2221 24775 114 134 1.47 1.53
14 549 553 50.5 53.4 542 487 473 426 0131 0.085 0.059 0081 0992 0.931 0.941 0.831 20213 2.3038 22505 22052 168 190 180 163
19 577 572 504 50.8 6.1 439 479 3335 0115 0.083 0.059 0.058 0983 0923 0.852 0.820 2.1585 2.3825 22954 22358 179 2089 1.63 2.03
24 600 550 48.4 475 58.6 433 441 38.0 0.102 0072 0.067 0.042 0.993 0.9256 0918 0.858 2.2556 2.4550 23707 2.2688 203 210 1.80 217
28 608 560 509 510 58.8 49.5 43.0 4081 0087 0.051 0.043 0.034 0.980 0.920 0.851 ©.838, 21733 24882 2.4558 2.2993 202 21 213 2.334
Zeta potential (mV) Glucose (g) Ethanod (g}
RT PBT RT PBY RT PBYT
Time(h) [0%RT 1%RT 0% PBT 1% PBT (0%RYT 1%RT 0%PBT 1% PBT Time(h) (0% RT 1%RT 0% PBT 1% PBY

0 605 -8275 -8 -8.2 823 8.65 8.78 8.34) 0 046 0.60 028

3 -750 -845 -815 -865 735 859 7.40 668 65 126 147 171
65 -7.43 -9.275 -1.8 -8.4 367 7.23 0.51 1.20 15 294 2.59 125

10 -£45 -B725 -7.8 -84 099 322 057 045 24 276 2.30 077

14 658 -8085 -705 755 037 081 0.60 0.45] 28 228 2.1 087

19 -7.10 68925 665 755 0.28 0.84 058 0.46

24 <750 6576 585 -§.7 028 0.86 063 058

28 -71.38 592 655 -6.55 0.26 0.82 052 Q.70



APPENDIX F.6: influence of the impelier speed on the growth.

1% solid
Cells {milliondml) Viable cells (million/ml) Budding Index Viability Absorbance

Time (h) 480 565 600 850 460 585 600 850 460 565 800 850 460 585 500 850 460 565 600 850
0 4.7 5.1 5.3 49 47 54 541 49 021 015 023 021 1000 0986 0886 1000 08212 056512 07380 08483
3 100 82 128 101 98 80 128 100 020 019 027 024 0088 0873 0882 0092 08587 08227 00414 11188
65 244 374 298 327 238 368 202 288 019 021 025 021 0582 0974 0983 0817 12202 14427 1.3316  1.9265
10 33.6 517 400 412 322  4BO 384 353 047 016 018 006 0587 0836 0862 0861  1.8345  2.0130 20389  2.2508
14 368 553 480 435 353 497 433 338 047 008 008 004 0871 0865 0898 0816 21502 2303 22925 23574
19 385 572 498 432 358 498 430 327 009 008 007 003 0885 0843 0879 0790 23071  2.3825 24632 23859
24 360 550 520 440 348 493 448 338 040 007 003 003 0879 0845 0875 0806 22843 24550 25164  2.4794
26 78 880 490 437 380 495 410 288 011 005  O04 001 0647 0839 0882 0774 23048 24882 25180 25239

Dry mass (g/L) Zeta potential (mv) Glucose (g/L) Ethanol {g/l.)

Time (h) 460 565 600  B50 480 585 600 850 480 565 600 850 Time (hr) | 460 65 §00 850
0 087 | 024 140 003 B8 9275 B8 755 743 865 B33  BIE (] 0.39 0.60 0.30 0,28
3 157 084 133 047 BB 045 585 78 626  B59 784  BO3| 65 166 147 175 1.74
65 387087 270 D83 605 0275 A7 685 063 THm AW TTH 15 385 255 157 219
10 270 134 280 147 B8 -B725 37  -B65 036 322 043 427 24 2.23 2.30 0.78 158
ia 253 180 277 133 505 805 375 56 037 081 043 0.86) 28 191 2.11 064 0.97
19 580 209 270 153 525 6925 35 57 009 084 026 043
34 357 210 287 150 51 B575  -35 565 009 085 032 0.28]
38 267 211 300 143 525 5925 325 55 009 082 028 011}

F-g



Determination of the growth parameters G-1

Appendix G: Determination of the growth parameters

Different growth parameters were calculated using experimental data.

G.1 Biomass yield on consumed substrate:

Yy, swas calculated as follow:

Final - cells.concentration
Yy 5=

Consumed - substrate
The consumed substrate was calculated as the initial glucose concentration minus the

final one.
The final cell concentration was the total number of cells at the end of the run.
Yy unit is million cells.mL".g".L.

G.2 Product yield on consumed substrate:

Y5 was calculated as follow:
Produced - Ethanol

Consumed - subsirate

YP/S =

The consumed substrate was calculated as previously.
The ethanol produced was defined as the difference in ethanol concentration between
the beginning and the end of the run.

.. 1
YP/ s WL 18 Eoponot- B glucose *

G.3 Product yield on produced biomass:

Yy Was calculated as follow:
Produced - Ethanol

B Produced - biomass

PlX

The ethanol produced was defined as the difference in ethanol concentration between
the beginning and the end of the run.

The produced biomass was defined in terms of total cell number at the end of the run.
Yps unit is g.L" million cells”.mL.

G.4 Lag phase using total cell number graph:

The lag phase of the growth, defined as the time necessary for the cells to acclimatise to
the medium, was evaluating graphically, using the plot of the total number of cells versus
time. It was determined as the time between the beginning of the run (time 0) and the
time when the exponential phase starts (exponential curve on the graph).

Due to the small number of experimental points, the lag phase duration could not be
measured precisely and data must be used only qualitatively.



Detenmination of the growh pararmeters G-2

G.5 Lag phase for glucose consumption:

The lag phase occurring before the consumption of glucose was determined in the same
way as previously. The plot of the glucose concentration versus time was used for

calculation.

G.6 Maximum specific growth rate:

The specific growth rate is defined as follow:
1 dX

H =—— where X = biomass
X dt

Moae Was determined for each experiment using the plot of total mumber of cells versus
tme.

The exponential part of the curve was approximated using a polynomial regression of
degree 4. The derivative over t of this expression was taken and p calculated at different
times. M, corresponds to the maximum of p.

Figure G.1 shows an example of the performed calculations.

. 60
'é 50 /’ ——Series1
= 40 Poly. (Series1)
8
= 30 ~
o 20 ADHEFlTH [0655% + 1.5234% - 5.8p26x + 16.876
8 10 RP =1

O ! T

0 5 10 15

Time (h)

Figure G.1 Approximation of the exponential part of the curve by a polynomial expression.

The growth was approximated by:
X = -0.0655t* + 1.5234 t* - 5.8226 t +1F.876

a@x =-0.0655x3x 1% +1.5234x2xt —5.8226

dt

u= %% was calculated and plotted versus t. The maximum is p_.

From Figure G.2, ., was calculated to 0.25 h.



Determination of the gmwtb  paramseters G-3

0.3
0.25 i

0.2 // \
3 015 | \

S
E
0.1
0.05 \
0 ' t
0 5 10 18
Time (h)
Figure G.2 Determinstion of Jaus.

Mooy Was also calculated in the same way, but using the plot of the viable cells versus
time.

G.7 Specific glucose uptake rate:

Glucose uptake rate was defined as:
_1d[S]
=X "ar
where [S] is glucose concentration (in g/L)
X is the total cell concentration (in million/mL).
qs unit is gL " h™.million cells’.mL.

The specific glucose uptake rate was calculated in the same way as the specific growth
rate. The experimental curve for glicose consumption was approximated by a
polynomial of degree 4. The derivative was taken and g calculated.

G.8 Specific ethanol production rate:

Ethanol production rate was defined as:
_14P]
X a
where [P] is ethanol concentration (in g/L).
X is the total cell concentration (in million/mL).
gp unit is g L™ h™ . million cells’.mL.

The specific ethanol production rate was calculated in the same way as the specific
growth rate. The experimental curve for ethanol production was approximated by a
polynomial of degree 4. The desivative was taken and q, calculated.

Only the first part of the curve was considered as, when all the glucose is consumed,
there is a shift in the substrate and ethanol is used as a substrate by the cells.

G.9 Determination of exponential phase duration:

Exponential phase duration was determined from the plot of total cell number versus
time. It was evaluated graphically, as the length of the exponential part of the curve.



Cell wall thickness as a function of solids loading and agitation rate H-1

Appendix H: Cell wall thickness as a function of solids loading and
agitation rate

Experimental Time of fermentation

conditions 3h 14h 28h
B | ewm | am
Ii:/“;ig’g/, "5)655";‘*; 118 nm 104 nm 111 nm
lgmg/’ Vg;ooid; 180 nm 99 im 100 nm




Experimental and modelled death constant values

I-1

Appendix I: Experimental and modelled death constant values

Solids loading (% v/v) k, experimental k, modelled
O 0 0
0.5 0.096 0.078
1 0.119 0.110
1.5 0.120 0.135
2 0.142 0.155






