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Biological particles are known to be sensitive to hydrodynamic shear. Specifically within the brewing
industry, yeast is subjected to mechanical handling which exposes the yeast cells to hydrodynamic shear,
This has the potential to result in undesirable beer properties such as haze and low foam stabilivy as well as

inefficiencies during fermentation due to poor yeast quality. This leads 1o increased costs of production.

Mild hydrodynamic stress mediated at the cell surface may cause the loss or rearrangement of surface
compounds (polysaccharides, lipids and proteins). These effects could result in changes to the
hydrophobicity, surface charge and flocculation potential of the cells. Further, the permeabilisation of the
cell or loss of cell membrane integrity may occur leading to the loss of viability and release of intracellular
protease. These changes can be associated with the occurrence of particulate haze and foam instability as
well as decreased fermentation performance. Severe hydrodynamic stress can cause cell disruption. From
this study of flow of yeast slurries through pipework under laminar and rurbulent conditions, a laboratory
cell disrupter (French Press) and pilot scale disc stack centrifuges, the effect on the cell surface, membrane

integrity and fermentation performance have been observed.

At the cell surface the results indicate that shear stress causes a loss of yeast flocculation potential and an
increase in surface charge with the occasional loss of hydrophobicity. These observations can be explained
in terms of the major constituents of the cell wall. The increase in the number of chargeable groups (Ns) on
exposure to hydrodynamic shear can be explained by the loss of phosphomannan from the cell surface. The
latter also decreases the ratio of phosphate to carboxyl groups (q) provided there was no loss of protein.
The loss of cell flocculation potential observed would result from the damage or loss of either flocculins or
receptor sites. Cell membrane integrity loss was indicated by the increased protease release although the
viability assay was not sufficiently sensitive to support this finding in all cases. With regard to fermentation
performance there were no consistent trends in either the rate or extent of fermentation as well as beer

quality with hydrodynamic stress.

It is postulated that a critical stress is required to induce a biological response from the yeast and that the
rate of such response occurring is proportional to the overstress above the critical value as well as the

exposure time to such a stress.
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The above objective was addressed by:

{1 Identifying yeast quality and beer quality indicators which can be used to inform the study.

(i) Monitoring the yeast quality (hydrophocity, surface charge and compositon, flocculation
potental) as a functon of growth phase under both aerobic and anaerobic propagation
condinons for different flocculent (SAB1, SAB1/96 and SABS) and non-flocculent (SAB2)
yeast strains.

(i) Studying the yeast quality as a function of hydrodynamic stress generated in a French Press
apparatus for both aerobically and anaerobically propagated yeast to expand the scope of
stresses beyond that normally encountered in the brewery. |

(iv) Investgatng the effect of centrifugaton on yeast quality.

v Investigatng the effect of flow of yeast slurries through the yeast handling circuit at SAB-

Newland brewery on its quality.

A scheme is proposed whereby damage to the veast cell can occur either ar the cell surface,
membrane or cytoskeletal or metabolic level or can cause cell disruption depending on the severity of
the hydrodynamic stress. The indicators selected to idenufy and quantify minor damage at the cell
wall are hydrophobiciry, charge, flocculation potential and molecular composition along with haze
formation in the slurry supernatant and process beer streams. Indicators of cell membrane integrity
are cell viability and protease release. The viability assay was found to be less sensitive than the
protease assay as an indicator of membrane integrity. Changes at the metabolic level were
investigated by the fermentation performance at small scale. Complete cell disruption was quantified

microscopically.

Yeast handling occurs between propagation stages and at the end of fermentation when the yeast is
in the late exponential or stationary phase respectively. Under these conditions it was found, that the
surface properties approached constant values for both aerobically and anaerobically propagated
yeast. The cell surface changes observed following hydrodynamic shear acton could therefore be
attributed to cell damage and not a sensitivity to the growth phase. At the end of propagaton of the
flocculent yeast strains, the aerobically grown yeasts were more flocculent than the anaerobically
grown yeast despite the higher surface charge and lower hydrophobicity of the yeast produced
aerobically. This finding supports the specific lectin/receptor site mechanism of flocculaton in
brewing yeasts. The non-flocculent strain on the other hand showed a slight increase in flocculence
when its hydrophobicity increased and surface charge decreased under anaerobic propagation. This

is in accordance with the DLVO theory of colloidal flocculaton.

The results from the French Press study indicate that a critcal pressure differential was required

before cell disrupdon occurred (6-10 MPa for the eight laboratory propagated yeasts; 20 MPa for
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production SABS yeast). Below this critical disruption pressure, the sub-lytic effects observed at the
cell surface included an increased surface charge and decreased flocculation potential. This further

supports the scheme for hydrodynamic damage of the cell wall at sub-lytic shear forces.

It was postulated that cell damage in a centrifuge could be attributed to shear stress in the disc stack
and/or the solids discharge zone. Shear damage resulting in compromised membrane integrity was
attributed to the disc stack zone. The loss in cell flocculation potential was found to be a result of
the shear stress in both the disc stack and solids discharge zone. The decrease in cell hydrophobicity
and increased surface charge could not be assigned to either zone. It is recommended that the disc
stack centrifuge be operated at low feed solids concentration with short solids discharge intervals to

minimise the negative effects of shear stress on the yeast quality.

The effect of hydrodynamic shear caused by flow of yeast slurries in the laminar or turbulent regimes
on yeast quality was also investigated. The results showed that laminar flow along a fixed pipe length
resulted in more cell damage than turbulent flow, as seen by increased protease release and decreased
fermentation performance. This was partly explained by noting that the Reynolds shear stress
contribution to total shear in the turbulent flow regime could be negated as the Kolmogorov eddy
microscale length was approximately 20 times larger than the average cell size. The remaining
viscous shear stress in the turbulent regime was, however, still higher in a large portion of the pipe
cross-section than the shear stress for the laminar flow. It was therefore postulated that not only the
magnitude of the shear stress but also the exposure time are important parameters in determining the

extent of cell damage due to hydrodynamic stress.

The recirculation trial investigated this combination of shear stress and exposure time under laminar
conditions. It was seen that increased protease release occurred with increasing total energy
dissipation. This has implications in the brewery circuit as the yeast is repeatedly exposed to
hydrodynamic stress. Investigation of the brewery handling circuit showed no significant change to
the yeast quality although there was an increase in protease release along the handling circuit and
hydrophobicity decreased slightly after the plate and frame heat exchanger. Within the context of the
brewery it 1s recommended that cell damage can be minimised by either operating in the laminar flow
regime with linear velocities such that the wall shear stress is below the critical shear stress as
indicated by current practice or operating within the turbulent flow regime with large eddy size to

minimise exposure time of the yeast to the stress,

Since both the shear stress and exposure time were found to determine the type and extent of yeast
cell damage the following hypothesis was proposed. A critical shear stress exists, below which no

biological response is observed despite an infinitely long exposure time. At shear stresses above this
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value, cell damage will be seen to occur with increasing stresses reducing the exposure time required
to cause cell damage. The rate of cell damage is therefore proposed to be proportional to the
magnitude of the ‘overstress’ and the exposure time. This hypothesis was supported by the absence
of loss of yeast quality in the pipe sections of the online trials where the wall shear stress was low
(less than 7 Pa despite the long exposure times of more than 1200 seconds in the region close to the
pipe wall. At higher shear stresses, as occurred in the recirculation trial where the maximum shear
stress was 38 Pa, 9 exposures to the holding tubes each lasting only 33 seconds resulted in significant
loss of membrane integrity and protease release. The turbulent flow trial with a maximum exposure
time of 3 seconds and shear stress of 149 Pa did not cause cell damage. As seen in the French Press,
where shear stresses of between 2.8 and 9.5 x 10¢ Pa were generated and exposure times were in the
range 10+ to 105 seconds, a range of cell damage from mild surface changes to cell disruption were

achieved.
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Physiological status

Pitch

°Plato

SAB

SAB1

SAB1/96

SAB2

SAB5

Scrapping

Wort

XPS

The cells” posidon within the cell cycle, ie. lag, exponendal,

stationary or death phase.

The addidon of yeast cells to the wort to initate fermentation

(inoculate).

The measure of sugar concentration in brewers’ wort with units of -

grams of extract per 100 ml
South African Breweries plc.

Flocculent strain of Saccharomyces pastiaranus (formerly. S. cerevisiae)

used within most SAB breweries prior to 1997.

Re-isolation of strain SAB1 believed to be less flocculent than

SABL.

Non-flocculent strain  of Sacharomyces  pastiaranas  (formerly S.

cerevisiae)

Flocculent strain of Saccharomyces pastiaranus (formerly S. cerevisiae)

used in most SAR breweries in South Africa from 1997.

The process of pumping spent yeast out of its final fermentation

vessel to storage for later disposal.

The sugar and amino acid media produced from malted barley
containing the nutrients required for yeast growth and beer

production.

X-ray Photoelectron Spectroscopy used to examine the chemical

composition of surfaces.
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3-bead-cells

Kolmogorov microscale (m)

length of tube (m)

molar concentration of species i (moles.dm™)
molecular weight of a substance (g.mol™)

number of discs

bulk ion concentration (ions.m?)

centrifuge speed

number of cells with more than 3 beads attached
6.02x10% (mol™)

number of blue cells counted

frequency of cell-cell collisions in Equation 2.31 (Hz)
total number of carboxyl groups

cell count after French Press

holding tube cycle

cell count before French Press

total number of amine groups

total number of phosphate groups

total number of chargeable groups on cell surface
total number of cells

oxygen utilisation rate (mg.".min"'/10 viable cells)
Pressure (Pa)

1soelectric point

pressure drop (Pa)

pressure upstream of an orifice (Pa)

pressure at the point of maximum fluid velocity (Pa)
rato of phosphate to carboxyl groups on cell surface
volumetric flow rate (m’.s")

radial position (m)

ratio of phosphate to carboxyl groups at the cell surface
disc inner radius (m)

disc outer radius (m)

rate of cell growth (g1'.h™)

pipe radius (m)

Reynolds number
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Chapter 2: Literature Review

2.1 Shear Sensitivity of Biocatalysts

A key parameter in the design and operation of bioprocesses is the sensitivity of the biological
particle to hydrodynamic shear stress. The biological particles can vary in size, shape, structure and
complexity from enzymes to bacteria, fungi, plant, insect and animal cells. Fungi, yeastand toa
lesser extent bacteria have been known to be relatively shear resilient while plant, insect and animal
cells are more sensitive in so far as cell disruption is concerned (Prokop and Bajpai, 1992). Dueto
their structure, filamentous fungi are known to be affected by hydrodynamic stress resulting in
damage and changes to their morphology. In Table 2.1, a review of the biological response of
various biological cell types to hydrodynamic stress environments observed in the recent literature is
provided. While most of these investigations have concentrated on the more far reaching effects of
disruption kinetics and decreased growth rates, biological cells including yeast may demonstrate more
subtle responses to hydrodynamic shear. This thesis further investigates the hypothesis that brewers’
yeast experiences changes to the cell envelope in response to hydrodynamic shear stress. Damage to
the cell wall may result in changes to the molecular cell wall composition, the cell surface properties
(hydrophobicity and charge) and the bulk slurry behaviour (flocculence) while the loss of cell
membrane integrity may result in a loss of viability and the release of intracellular enzymes (including
protease). A review of yeast handling in breweries will now be presented to assess the potential for a

loss of yeast quality.



2.2 Literature Review
Table 2.1.  Summary of biological response of various cells to hydrodynamic shear.
Shear Generation
Cell Type Device Biological Effect Investigators
Bovine kidney cells ~ Microcarrier bioreactor Decreased growth rate  Cherry & Papoutsakis
(1988)

Brewing trub Pipe bends & process  Disruption of trub Denk (1995)
equipment floccules

Candida utilis High pressure Disruption Engler & Robinson
homogeniser (1981)

Carrot cells Stirred bioreactor and  Viability, activity &  Dunlop ez a/. (1994)

couette viscometer

membrane integrity

Corynebacterium Stirred bioreactor &  Cell aggregate breakup Illing & Harrison

glutamicum capillary flow loop (1999)

Escherichia coli Bead mill & high Disruption Agerkvist & Enfors

pressure homogeniser (1990)
High pressure Disruption Middelberg ez al. (1991)
homogeniser Middelberg et al.
(1992a, b)
Middelberg (1993)
High pressure Preferential disruption Hull & Middelberg
homogeniser of septated cells (1993)

Human kidney cells Laminar flow channel Altered cell Stathopoulos and
morphology, enzyme Hellums (1985)
release & decreased
viability.

Human diploid Microcarrier bioreactor Increased death rate & Croughan et al. (1987)

fibroblasts _ decreased growth rate

Hybridoma cells Turbulent capillary ~ Disruption Zhang et al. (1993)

flow

Mouse myeloma Turbulent capillary Cell lysis Mc Queen ez al. (1987)

cells flow

Mucor rouxi Stirred bioreactor Altered morphology, Dabee (1997)

increased liberation of

intracellular product
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2.2.3.2 Flow conditio ns

The rheology of the yeast slurry 1s a functdon of yeast solids concentration and flocculation
charactenistcs,  Jin and Speers (1998) show the effect of temperature, cell size, shape, age and
nutritional status as well as pH and 1onic species and concentration present in suspension on floc
structure and shape. These parameters influence the apparent viscosity of brewers yeast slurres.
Although noted that shear history may play a role in floc structure and hence viscosity, no report was
given on the effect of shear damage of yeast flocculins affecting flocculaton potental and apparent
viscosity. 'The apparent viscosity together with pumping rate and pipe diameter, determines the
magnitude of the hydrodynamic forces experienced on yeast handling. The magnitude of shear and
the ume of exposure determine the narure and extent of cell damage. Pumping rates have been
reported to be maintained below 50 — 55 kg.min' to avoid yeast damage (Boughton, 1983;
Boughton, 1987) while pipe diameter should be chosen to limit the linear velocity to 0.5 m.st (Ball,
1994). More recently the effects of higher linear velocides (0.1 — 3.7 m.s') and Reynolds numbers
ranging from 86 to 1114 were investgated (Basson, 1996). Basson reported no adverse effect on
either yeast quality or fermentation performance under these operating conditons. The study was
performed at pilot scale with yeast analysed in terms of viability, vitality, storage product

concentration as well as fermentation performance.

Pipe firtings, constrictions and expansions as well as other pieces of process equipment which cause
changes in the flow pattern of yeast slurries result in increased shear forces and the associated
increased possibility of cell damage. To minimise the risk of cell damage, yeast handling should be
minimised (Ball, 1994) but individual studies on the effects of shear generated in these pieces of
process equipment and fittings on brewers’ yeast have not been reported. Recently a report on the
effects of shear as a result of flow through pumps, valves and tangendal flow filtration systems on
microalgae species used a pressure drop coefficient 1o correlate damage 1o shear (Vandanjon e al,
1999). The flow of fluid past a constriction has the potential to cause cavitadon which is known to
disrupt yeast cells (Save ¢ af, 1994). Save ¢f af. (1997) report that cavitating flow of yeast slurries
through an orifice were an order of magnirude more energy efficient than other standard disruption
techniques (ultrasonicaton and blender) at causing cell disruption. Should cavitation occur in the

brewery yeast handling circuit, the possibility of it causing cell disruption is significant.

2.2.3.3 Agitation of yeast slurries

It has been found that the agitation of yeast slurries may result in the formation of fine pardculate
haze matenial (Lewis and Poerwantaro, 1991). This material was traced back to the cell wall and
idenafied as being carbohydrate. It was also observed that cells in the statonary phase are more
susceptible to haze release than growing cells. This has implications in the brewing environment

since cropped yeast is in the stauonary phase and as such is susceptible to cell wall damage.
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Damaged cell walls would have the dual result of increased concentrations of haze material in the

beer as well as a decreased yeast quality.

2.2.3.4 Centrifugation of green beer

Siebert e al (1987) reported sporadic haze production in a brewery which was traced back to the
centrifugation of process beer prior to filtration. The haze was predominantly water soluble (85 — 99
%). The water soluble fracton contained some 14 % protein while the water insoluble fracton
averaged 53 % protein. The carbohydrate content of the water soluble and water insoluble fractions
averaged 25 and 92 % mannan respectively. Staining procedures illustrated the presence of fungal

cell walls and mannan residues from the yeast cell surface. The haze particulate size was between 0.5
and 1.0 pm. No evidence of ghost cells was observed although thiamine was found to increase in the

clarified stream indicating cell autolysis.

2.3 Influence of Cell Structure on Hydrodynamic Shear Stress
Resilience

The four key aspects of cellular anatomy which influence the response of cells to a shear

environment as proposed by Prokop and Bajpai (1992) are:

1) The cell wall and/or membrane which acts as the first barrier of defence against shear.

2) The viscous cywoplast containing the cytoskeleton which can absorb and dissipate a large
propordon of the rotal kinetic energy acting upon the cell,

3) The cell size which determines the extent to which the cell will absorb kinetic energy in the fluid
environment,

4) The existence of receptors which receive and amplify fluid mechanical stimuli,

The different responses of cells to hydrodynamic shear can be related to differences in one or more
of the above mentioned aspects of the cell anatomy. All cells are surrounded by a membrane
arranged in the form of a lipid bilayer. The membrane contains various structural and enzymic
proteins which facilirate communication between the cell interior and the environment. Bacteria,
plant, fungi and yeast cells also have a cell wall which plays 2 role in the metabolism, information
processing and immunological identificanon of the cell. Al cell walls are relatively thick
polysaccharide gels containing carbohydrate, protein or carbohydrate/protein fibres for structural
reinforcement. Despite the apparent strength offered to a cell by such rough walls, plant cells are
known to be highly shear sensitive. Dunlop e al (1994) reported that carrot cells lost their regrowth
ability at energy dissipation values four orders of magnirude below that at which the cells were lysed
(Figure 2.5). They also observed the loss of mitochondral activity and membrane integrity at lower
energy dissipation values than required for cell lysis. It is therefore apparent that cells can loose

wiability and activity under hydrodynamic shear conditions well below the mechanical sirength of
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cells. The cell wall nevertheless remains a physical barrier between the cell and the environment.
The detailed function, composition and structure of the yeast cell wall is discussed below to enable

hydrodynamic effects to be better understood and predicted in the brewing industry.
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Figure 2.5. Relative biological activities of carrot cells under laminar conditions, adapted
from Dunlop et al. (1994).

(0 regrowth activity, 0 membrane integrity, m non-lysed cells, ® mitochondrial

activity)

2.3.1 Yeast Cell Wall

The cell wall is 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. The function, structure and composition of the yeast cell

wall are detailed in this section.

2.3.1.1 Cell wall function
The wall is a multifunctional organelle of the cell providing the following:
e structural strength, protection and shape
e enzymic activity to hydrolyse extracellular nutrients (Arnold, 1981) and wall compounds
(Fleet, 1984) during morphogenisis and re-utilisation
o  cellular recognition, interaction and attachment by specific macromolecules, receptors and

wall polymers (Calleja, 1987).



2-16 Litevature Review

Since it is the cell wall of Saccharomyces cerevisiae which contacts its environment, it is the cell wall
properties, most notably the hydrophobicity and surface charge, of this surface which determine its

interaction with the environment.

~ 2.3.1.2 Cell wall macromolecular composition

In studying the cell wall components and structure, harsh mechanical methods to disrupt the cell are
often employed. These include bead milling, pressure homogenisation and ultrasonication to cause
cell rupture. The harsh conditions needed to purify yeast cell walls may cause some rearrangement
and degradation of its constituents thus making the analysis of the composition of the wall more
complicated. The loss of proteinaceous material (Straver et al., 1994) and of mannan (Lewis and
Poerwantaro, 1991) from cell walls has also been found to occur in their studies under milder
conditions of prolonged agitation. Because of these difficulties, only the bulk cell wall composition
can be determined accurately by these mechanical disruption methods and more gentle disruption
methods involving sequential partial enzymatic digestion of the cell wall are used to examine finer

structural details.

The yeast cell wall consists predominantly of 3 macromolecular components; lipids, proteins and
polysaccharides (mannan, glucan and chitin) as detailed in Section 2.3.1.3. These constituents,
together with phosphate groups are combined to form a complex heterogeneous polymer (Wessels
and Sietsma, 1981; Matile et 4., 1969; Klis, 1994). The cell wall accounts for between 15 and 25 % of
the dry cell weight of the cell. 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.

2.3.1.3 Structure of the cell wall constituents

Glucan is a polymer of glucose, accounting for approximately 60 wt% of the cell wall. Different
types of glucan have been classified by Manners ez 4l. (1973a, b) 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 the anchorage point for
mannan and provides an extracellular metabolic store of glucose. The composition and amount of

each type of glucan, as a percentage of the total glucan present, is given in Table 2.2.
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Table 2.2. Types and abundances of glucan present in yeast cell walls according to
Manners et al. (1973a, b) and Fleet and Manners (1975).

Classification B(1-3)  P(1-6) wt% of wall
Allkali insoluble, acid insoluble 95 - 35
Predominantly B(1-6) 5 65 5
Alkali soluble 80-85 8-12 20

The compositions do not sum up to 100%. Since these are the only types of glucan

present, this represents the accuracy of the methods used in extraction.

Mannan is a polysaccharide with a highly branched polymeric structure of mannose with an o(1-6)
linked backbone and side chains of (M2-IM), (M2-1M2-1M), (M2-1M3-1M) and (M2-1M2-1M>-1M)
(Ballou et al., 1980). A schematic representation of the outer chain mannan structure typical of wild
strains of S. cerevisiae, based on strain X2180 (Ballou and Raschke, 1974 and Ballou, 1982 cited in
Stratford 1992a), is shown in Figure 2.6. The chain consists of between 10 and 15 mannan units with
the number and position of the different side branches varying between strains. Mannan isknown to
be the antigenic receptor of yeast cells (Suzuki, 1981), with some strains showing the tetrasaccharide
to be the most inhibitory, thus indicating the dominance of the a(1-3) link. Raschke and Ballou
(1971) found other strains which showed o-D-mannophosphate to be the dominant antigen site.

Because of the similarities between antigen and flocculation interactions between cells, the antigen

sites could also play a role in flocculation interactions between cells.
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Figure 2.6. Schematic representation of the outer chain mannan structure of S. cerevisiae
X2180 (Ballou and Raschke, 1974; Ballou, 1982).

In the yeast cell wall, mannan is always found to be covalently linked to protein and so

mannoprotein is a better representation for this macromolecule. The mannan portions of
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2.3.1.4 Macromolecular organisation of the cell wall

An outer layer of mannoprotein is intimately associated with an amorphous matrix of alkali soluble
glucan. This layer overlays the rigid fibrillar component of alkali insoluble B(1-3) glucan. PB(1-6)
glucosidic linkages anchor the high mannan layer to the alkali insoluble glucan layer. The lipids and
protein are dispérsed through both the glucan and mannan rich layers. Although it is useful to think
of the wall as consisting of two layers, they are not distinct because the mannoprotein layer
penetrates the glucan layer, forming pores. It is therefore the mannoproteins which determine the

cell wall porosity (Gerhardr and Judge 1964; De Nobel ez a/ 1989).

The strucrure of the yeast cell wall, proposed by Lampen (1968), 1s shown schematcally in Figure
2.7. This remains a good approximation of the acrual structure, except that the two layers are less
distncr with lipids interspersed throughout and mannan lined pores extending through the glucan

rich layer.
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Figure 2.7.  Structure of the cell wall of yeast (Lampen, 1968).

2.3.1.5 Factors affecting the cell wall composition and structure

The composition of the cell wall is not static but dynamic and is affected by nutridonal supply in the

culrure media and the age of the cell.

Nautritional Variation

Yeast grown in a medium containing a high glucose concentration develops a cell wall with a higher
glucan content. Similarly, when mannose is used as the carbon source, the cell walls contain a higher

mannan to glucan ratto. Under condidons of nitrogen limitation, the cells incorporate more lipids
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2.3.1.7 Elemental com position

The major elements present in the cell wall of yeast are C, N, O, H, S and P with Na, K, Ca and Zn
appearing in trace amounts. In studying the physicochemical propertes of the yeast surface (charge
and hydrophobicity), the elemental composition at the surface is more informative than the bulk cell
wall compositdons. X-ray photoelectron spectroscopy provides a detailed elemental composinon of
the outermost 2-5 nm of the surface of solids. The technique is used increasingly to determine the
surface compositon of biological samples including yeast, fungi and bacteria (Amory ¢f al, 1988,
Dengis ef al, 1995b). Initally it was posrulated that the surface of a dehydrated sample used in this
analysis may not be representative of the natural surface in a hydrated environment but there is
increasing evidence to support its validity (Amory e o/, 1988; Amory and Rouxher, 1988; Dengis ¢/
al, 1995a, b; Dengis and Rouxhet, 1996; Dufréne and Rouxhet, 1996; Rouxhet e 2/, 1994). Typical
elemental compositions, with 95 % confidence intervals, for two strains of 5. ceresisiae, MUCL38475
(a rop fermentng strain) and MUCL28285 (bottom fermentng), in the exponental and stationary
phases are provided in Table 2.3. The elémenral composition indicates that although there are
differences depending on the growth phase of the yeast, these are not significant. There are,
however, significant differences between the top and bottom fermenting strains at the stationary
phase. Relative to the bottom fermenting strain (MUCL28285), the top fermentng strain
(MUCL38475) has more total carbon and nitrogen with a corresponding lower total oxygen content.
Of the total carbon, the rato C-(C,H)/C-(O,N) is higher while for the oxygen the ratio C-O/C=0is

lower.

Table 2.3.  Typical elemental composition of yeast cells in the exponential and stationary

phases. (Dengis et al., 1995b).

MUCL38475 MUCL28285

Exponential Stationary Exponential Stationary

Total C 70.5£3.0 70.4%1.2 67.8+1.8 67.6%2.4
C-(C,H) 387%1.2 36.3+3.2 30.7%2.1 29.2%5.0
C-(O,N) 24.1%5.6 259%1.8 289110 30.0x2.6
C=0 6.5%1.4 6.6%0.5 7.1£0.7 7.2£0.7
0-C=0 1.2£0.2 1.5+0.2 1.1+0.3 1.2+0.3
Total O 26.3%3.7 274114 30.3%15 309%2.5
O0-(C,H) 21.616.0 24.3%20 27.7%1.0 28.9%238
0=C 4.7+3.2 3.1%£1.0 2.6X1.0 1.9%0.7
Total N 26111 2.0%0.3 1.2+0.3 1.2%0.3
N 2.4%0.8 1.8+0.2 0.2 11203
N+ 0.3+0.2 0.2%0.1 0.1£0.1 0.1£0.1

P 0.28+0.22 0.15£0.09 0.28+0.06 0.17£0.05

K 0.33+0.15 0.15+0.07 0.45+0.31 0.16£0.08
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Bowen ef a/. (1992) made further refinements based on the expected pK values of groups in the yeast
wall environment to approximate the phosphate contributon at pH 3.25 and the carboxyl groups as
the difference berween pH 5.5 and pH 3.5. These are based on the following equilibrium reactions

for the various charged groups in the cell wall.

RR HPO, «<*—RR PO; + H"*
COOH «+*5C00™ + H*
R'NH; « X5 R'NH, + H*

The equilibrium constants are as follows: pK: of 6.2 for phosphomannan extracted from yeast cell
walls; pKz of 4.1 based on aspartic acid and glutamic acid; pKs of 11.5 from the basic amino acids

lysine and arginine.

Differences have been reported between the surface charge and hydrophobicity of top and bottom
fermenting yeast strains, lager and ale strains as well as changes in the surface properties during
storage and serial repitching. The hydrophobicity of top fermenting strains is greater than that of
bottom fermentng strains (Amory and Rouxhet, 1988) and is correlated to the nitrogen to phosphate
ratio measured by XPS. The measured contact angles of strains MUCL38485 (top fermentng) and
MUCL28285 (bottom fermenting) are 77 £ 12 and 31 £ 15 degrees in the statonary phase (Dengis ¢
al, 1995b), confirming that top fermentng strains are generally more hydrophobic. The surface
charge at pH 4 was found to be proporuonal 1o the phosphate content of the yeast with bottom
fermentng strains having more negative zeta potendals than top fermentng strains: - 35 £ 5 and - 12
* 9 mV respecavely. Dengis ez a/ (1995b) found the isoelectric point of the bottom fermenang
strain to be pH 2 while that of the top fermentng strain was pH 4. At higher pH values found

during fermentaton (pH 5.3) the zera potenuals were similar.

Smart ¢ a/(1995) observed changes in the surface properties of yeast as a result of physiological
stress induced By starvadon. The negatve charge of cells on starvadon, (BB5, Bass Brewers Ltd.)
measured by zera potendal in 10 mM KCI at pH 4.0 was found to decrease from - 42.6 £ 7.1 to -
32.5 % 2.5mV. Since phosphate is the predominant charged species at pH 4, this represents a loss of
phosphomannan at the cell surface. Rhymes and Smart (1996) studied the effect of starvation on the
surface properties of two strains of yeast, the lager yeast BB5 and the ale yeast NCYC1168. They
foundA a reduced surface charge on the lager yeast as a result of starvation and an increase in charge
for the ale yeast. There was also a small decrease in hydrophobicity of the lager yeast and a more
substannal decrease for the ale yeast. Rhymes and Smart (1996) also observed the preferendal
attachment of hydrophobic latex beads to the polar regions of individual cells and when cells were
budding there was a distinct lack of attachment to the mother/daughter region. This indicates that

the mature regions of the cells, pardcularly old bud scars might be more hydrophobic than younger
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cell wall material. Recalling the discussion on cell wall composition, chitin is the major component
of bud scars, hence it is probable that chitn content of cells is a major determinant in its level of

hydrophobicity.

The surface properties of yeast which was repitched extensively in a brewery was also found to
change (Smart and Whisker, 1996). An ale strain from Morrells Brewery Ltd. (M2) was found to lose
charge during the first five serial repitchings measured by decreasing alcian blue dye retention from
8.0 to 0.2 pg/mg, and then mainrain this level untl the 23’rd reuse of the yeast. This strain did not

show any appreciable change in the hydrophobic nature irrespective of the number of times it was

reused.

2.4 Flocculation

Flocculaton is the process whereby partcles in a colloidal suspension come together to form
unstable particles which can grow into agglomerates and serde out of suspension. A colloidal
suspension is one in which the individual pardcles remain as separate partcles in a dispersed state.
Although yeast cells are too large to form a true colloidal solution, they may act in a semi-colloidal
manner (appearing as a stable suspension) as their individual sedimentation rates are small in aqueous
solutions. Using the Stokes law of terminal settling velocity (Equaton 2.1) the setting velocity of a
unicellular yeast and a floc of cells were calculated. This was based upon the average cell size (6.65
um diameter) and density (1150 kg.m?) calculated for the yeast strains used in this study (presented
in Appendix A.2), the average free terminal settling velocity of a unicellular yeast in water is 13
mm/hr. Yeast may flocculate into aggregates of up to several millimetres in diameter and setde at
velocides some 104 fimes the single cell sertling velocity owing to the dependence of settling velocity
on the square of partcle diameter. For example, a cubic close packed yeast aggregate of 2 mm
diameter, has a settling velocity of 7x105 mm/hr.
df,g

Vitokes = Té;:(pp - p) (2.1)

where: Veokes = Stokes terminal settling velocity (m.s)
dp = diameter of particle (m)
g = gravitational acceleration {(m.s%)
p = density of soludon (kg.m?)

pp = density of pardcle (kg.m?)

In the brewing process, lager yeast flocculates at the end of the primary fermentation and collects at
the bottom of the fermenter while ale yeast either floats ro the top of the fermenter or setdes to the

bottom like lager yeast. Besides these differences in yeast types, the extent of flocculatdon may also









2.4.3 Yeast Flocculation

Yeast flocculation is described to be an intercellular process requiring calcium or magnesium ions
whereby cells aggregate 1o form clumps which then separate from the medivm. Flocculation by this
definiton is a reversible process in which cell clumps can be broken up and resuspended in the
presence of ethylenediamine tetra-acedc acid (EDTA). Following much debate in the literature,
brewers’ yeast is now accepted 1o flocculate generally by a mechanism different to classical and
bridging flocculaton. The theory of yeast flocculation is now based on ligand-receptor or

antibody/antigen type reactions.

Early studies concentrated on the visual differences of the cell surface berween flocculent and non-
flocculent yeasts and these findings are discussed in Section 2.4.3.1. This is followed by a review of
the inital thinking of the mechanism, based largely on classical theory to describe non-specific
repulsion between yeast due to electrostatic interaction. Evidence for the specific interactions
between the carbohydrate receptor site and proteinaceous lectin is then provided. The structure and
identification of each is also discussed together with the genetic requirement for lectin manufacture
in the cell. Since flocculatdon was found to be inducible and growth phase specific, the availability
and activaton of both the mannan receptor sites and flocculins are considered in an effort to explain

the flocculaton trigger.

2.4.3.1 Visual appear ance

Visual studies by Johnson ef o/ (1989) on the differences between flocculating and non-flocculating
fission-yeast cells indicate that the flocculent strains have fuzzy fission scars while the scars on non-
flocculent strains are sharp. The obscured definidon on the flocculent yeast was caused by a heavy
coating of hairy appendages. They were not able to discern similar differences between non-
flocculent and flocculent budding yeast strains using similar methods of visualisanon by a scanning
electron microscope. The hairy appendages on the surface of flocculent strains of Saccharomyces
cerevisiae, called fimbriae by Poon and Day (1975) and Day ¢# 4/ (1975) play a vital role in conjugaton,
protein excredon/uptake and flocculation. By preparing shadow casts with tungsten oxide and
negative stains with phosphotungstate of yeast cells, they were able to visualise short, unbranched

cylindrical fimbriae, 0.5 pm in length and 60-70 A in diameter under the electron microscope. The
fimbriae were digested with pronase but not by o-amylase or cellulase, though the latter caused the
fimbriae to contract into nght coils, indicating a predominanty protein compositdon with some
polysaccharide content. Day ¢f 4/ (1975) found that non-flocculefit Saccharomyces cerevisiae yeast had
fewer fimbriae than flocculent strains, Flocculent strains lost their ability to flocculate after treatment
with pronase to remove the fimbriae. The cells treated with o-amylase retained fimbriae burt lost

their ability to flocculate. In addidon, flocculent strains often only developed this ability at the end of
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exponential growth, coincident with the appearance of the fibres. This provided an indication that

the presence of these hair-like fimbriae is necessary for these yeast strains to flocculate,

2.4.3.2 Opposing forc es in flocculation

Flocculation was described by Kihn ef a/ (1988a) as being governed by the rtwo competing forces:
non-spéciﬁc repulsion due to electrostatic charges caused predominandy by phosphodiester
linkages of the cell wall phosphomannan, and specific polysaccharide-protein bonds which
penetrate the potental barrier surrounding the cells. They postulated that, ixrespectix/;e of the
presence of the polysaccharide protein bonds, all strains of yeast would flocculate, due to the
hydrophobic nature of cells in the absence of the potential barrier caused by the charged surface. As
a result of the high surface charge of some yeast strains, hydrophobicity alone is unable o account
for the flocculating nature of the cells and the formation of specific protein-polysaccharide bonds are
required for flocculation. In a study conducted by van Hamersveld ez 2/ (1994), the net attractive
force berween cells of a flocculent strain of yeast was calculated using the DLVO theory of
flocculaton and compared to the measured force of attraction. The experimentally measured force
was 2000 dmes greater than that predicted by DLVO theory. From this they were able 1o conclude
that DLVO theory of classical colloidal flocculation was insufficient to account for the level of

~ flocculation observed,

2.4.3.3 Evidence for protein-polysaccharide interactions

Miki e# al (19822, b) proposed a model for yeast flocculation consisung of a proteinaceous
recogruton factor which attaches to o-mannan receptor sites on other cells. Concanavalin A-ferritin

was found to bind to branched o-mannan polysaccharide chains on the yeast surface and inhibit
flocculation. This inhibition was reversible. This confirms the importance of polysaccharides in

flocculation.

As proteolysis and reduction of disulphide bonds caused irreversible inhibition of flocculaton, the
role of proteins as recognitdon factors was implicated. This supports the visual evidence of Day e a/
(1975) that the proteinaceous fibrils are actve flocculadon components. It was suggested that the
fibrils have a manno-protein composition owing to the inhibition of synthesis of fimbriae, glucan and

mannan by cycloheximide (Farkas ef a., 1970; Baker and Kirsop, 1972; Stewart ef 4/, 1973).

Inorganic cations play a vital role in flocculadon (Jansen and Mendlik, 1951; Stratford, 198%9a). The
washing of yeast suspensions with water or EDTA to remove cations was found to render yeast cells

non-flocculent. Ca?* was found to be a prerequisite for flocculation while 2 number of other divalent
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Table 2.5.

Classification of sugars according to their degree of inhibition for NCYC 1195

(GMS group) and NCYC 869 (MS group) (Masy et al., 1992).

Sugar concentration " INCYC 1195 NCYC 869
(mM) (GMS group) (MS group)
05-10 p-Aminophynyl-a.-D- 3-O-a-D-Mannopyranosyl-
mannopyranose o-D-mannopyranose
Methyl-2-O-a-D-
mannopyranosyl-ot-D-
mannopyranose
10-50 Methyl-a-D- p-Aminophenyl-o-D-
mannopyranose mannopyranose
Maltose
Maltotriose
50 - 100 D-Mannopyranose
Methyl-o-D-glucopyranose
Methyl-B-D-glucopyranose
Sucrose
100 — 500 N-Aceryl-a-D-glucosamine D-Mannopyranose
D-Glucose D-Mannose-6-phosphate
D-Mannosamine
No inhibition D-Cellobiose N-Acetyl-a-D-glucosamine

D-Fructose
D-Galacrose
D-Lactose
D-Mannitol

L-Mannopyranose

D-Cellobiose
D-Fructose
D-Galactose
D-Glucose
D-Lactose
Malrose
Maltotriose
D-Mannitol
L-Mannopyranose
D-Mannosamine
Methyl-a-D-glucopyranose

Sucrose
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sugars mannose, glucose, maltose and sucrose (Masy ¢ «/, 1992). The method by which sugars
inhibit flocculation can be attributed to two distinctly different lectins on the surface of the yeasr cell.
These lectins appear as fibrils which facilitate binding between cells, Evidence for the presence of
one of two distinct lectins at the surface of flocculanng cells depending on the yeast phenotype is
presented by Swuatford and Assinder (1991). The Flol phenotype is proposed to have only
mannospecific lectins while NewFlo has gluco- and mannospecificity. Strains containing FLO7,
FLO4, FL.OS and FL.O& as well as t4p7 and ¢ye& mutants all show Flol phenotype behaviour with
mannose specific inhibition of flocculation. According to Stratford (1992¢) the dominant FLO genes
are positve regulators of flocculation and not only structural genes. The genetics of NewFlo

phenotype flocculation, its suppression and reguladon remain poorly understood.

The flocculation in the two phenotypes are affected differendy by culrural and nutritonal conditons
(Soares ¢ 4/, 1994). The NewFlo phenotype strain is more sensitive to growth temperature and
flocculation was repressed when grown in defined media. This was attributed to the poorer pH
buffering capacity of the media. The Flol phenotype strains were flocculent in both defined and
complex media. High concentratons of cations were also found to inhibit flocculation with NewFlo
being more susceptble to such inhibidon. Suatford and Brundish {1990) found that the inhibiton
was caused by protein dehydradon, thus NewFlo type surface lectns are more susceptble to
dehydraton. Extreme values of pH can cause protein distordon which decreases the ability of the
flocculins to form bridges, leading to inhibitdon of flocculaton. Stratford (1996) reported that many
flocculent brewing strains do not flocculate in laboratory media due to the low level of pH buffering
which allows the pH to drop below that reached in industrial media by the end of fermentaton.
NewFlo strains were found to flocculate across a narrow pH range while Flol phenotype are less
sensitive to flocculaton inhibidon by pH. The surface proteins are also affected by the presence of
proteases. Pronase E, a non-specific protease, removes the surface proteins on both phenotypes
rendering them non-flocculent. Trypsin and Proteinase K, both specific in their scission sites, were
more effective against the NewFlo strains. The Flo! phenotype showed flocculence throughout its
growth cycle while NewFlo strains only developed flocculence at the end of exponential growth
phase (Soares and Mota, 1996). The differences in surface protein instability caused by pH, salt,
protease digeston, media and growth phase dependence of flocculation indicates that flocculaton in

S. cerevisiae is caused by two distincdy separate lectns.

2.4.4 Identification of Carbohydrate Receptor

Having determined that brewers’ yeast flocculates by the lectin/receptor mechanism, the structural
determinaton and availability of the receptor molecule requires identificatdon to determine its

possible susceptbility to hydrodynamic shear damage.
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2.4.4.1 Structure of the receptor

Ballou ¢# 4/ (1980) used mnn mutants which produce yeasts with truncated mannan cell walls to
investgate cell morphology and these mutant strains formed the basis for.the later investigations into
flocculation receptor structure. The inhibition caused by specific sugars (Kihn e 2/, 1988a; Stratford
and Assinder, 1991; Masy & o/, 1992) led to the postulaton that a flocculin binds to the
Mano-=>3Mana—R,PO4—6Mana—2Mana of phosphomannan.  Based upon the extent that
different sugars inhibit flocculadon, Stratford and Assinder (1991) idendfied the receptor site as the
non-reducing termini of &-(1-3)-linked mannan side branches, two or three residues in length in both

Flo1 and NewFlo phenotypes.

In order to determine the nature of the receptor structure, Stratford (1992a) used m 77 mutants with
different outer mannan structures to the wild type (illustrated in Figure 2.6) and which lacked
flocculins. Concanavalin A, a lectin with known gluco and mannospecific interactions, was used to
agglutnate the mutants and examine similariies berween Concanavalin A and the NewFlo
phenotype lectin. Concanavalin A is able to attach to mannan residues at each of its termini, thus
allowing cells deficient in lectins to form bridges and flocculate. This study confirmed that the
flocculaton receptors for both Flol and NewFlo phenotypes are the a-mannan outer chain side
branches of two or three mannose residues in length. Concanavalin A was found to only artach to
the terminal mannose residues. Using strains containing no phosphomannan, Stratford confirmed
the results of Jayatissa and Rose (1976) that phosphate does not take part in flocculaton. As non-
flocculent but fully saturated Concanavalin A cells flocculared to the same extent as wild type yeast,
the yeast has receptor sites well in excess of that required for flocculadon. Thus the limiting
component dictating the extent of flocculation is the type and number of lectins present in the cell

wall.

2.4.4.2 Receptor availability

Studies by Herrera and Axcell (19914, b) showed premarnure flocculation to be caused by the binding
of yeast to a polysaccharide fracton of malt husk. This premature flocculaton is considered to result
from large polysaccharides, to which lecdns have higher affinity than simple sugars, forming bridges
berween lectins on adjacent cells. This indicates that receptor availability is developed during the
growth cycle of the yeast and flocculation is initiated by such sites becoming available. Stratford
(1993) used mnn mutants and Concanavalin A to investigate this hypothesis. He found that receptor
availability was present early in a fermentation, while flocculation was only evident towards the end
of fermentadon. He concluded that receptor availability, therefore, did not determine the onset of

flocculaton.
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2.4.5 Identification of the Flocculation Factor (Flocculin)

As with the identification of the structure and availability of the receptor molecule, the same needs to

be done for the flocculin.

2.4.5.1 Structure of the flocculin

Since no discernible differences could be found berween the receptor structures of the phenotypes
Flol and NewFlo, the difference in flocculaton behaviour must originate from flocculin structure.
The flocculins have both a carbohydrate and a protein nature and are encoded by various genes
(FLO1, FLOS5, FLO9, FLO10 and FL.O77). The surface protein (flocculin) binds to mannan by
multple hydrogen bonds based on the high bond energy reported by van Hamersveld e a/ (1994).
Evidence from the inhibitory effect of high remperatures and urea on protein aggregation (Shankar
and Umesh-Kumar, 1994) also supports the binding of flocculins to mannan by mulaple hydrogen
bonds. A number of the proteins expressed by these genes have great similarity to the protein Flolp.
The protein lengths and similarities to Flolp summarised in Table 2.6 indicate the high degree of
‘homology to the dominant gene FLO7. Derailed amino acid structures of these flocculins can be

obtained from the yeast proteome data base (hup://quest? proteome.com/YPDhome huml).

Table2.6. Similarities between the flocculin Flolp (gene product of FLOI) and the lesser

flocculins.

Gene Protein length Similarity 1o other flocculins

FLO? 1513 (amino acids)

FLOS 1051 96% homology to Flolp

FLOS 729

FLOY 1298 near identdty to Flo1p over 850 amino acids
74% identity to Flo5p over 970 amino acids

FLO10 1145 58% similarity to Flolp

FLOT17 1367 37% idendty to Flolp

Straver e al. (1994) isolated a protein from the surface of flocculent Saccharomyces cerevisiae cells which
showed a high degree of similarity to the proposed protein encoded by the gene FLO7 and
concluded that it was the flocculin Flolp. The isolated flocculins were found to agglutnate non-
flocculent cells. The flocculin appeared only at cell division arrest which coincided with an increase
in surface hydrophobicity and cell flocculence. The Flol protein (Flolp), encoded by the gene
FLO7, has several distinctive structural features (Bony ef 4/, 1997). The N-terminal region is highly
N and O glycosylated while the C-terminal end is highly hydrophobic. The amino acid sequence
predicted by the FILO7 gene encodes a protein of mass 160 kDa but because of the high degree of



2-36 Literature Review

glycosylation it has a molecular mass in excess of 200 kDa. This corresponds to the reported sugar
content of a Flolp homologue of 63% (Straver ¢ al, 1994). By using plasmids containing the FL.O7
gene with truncated regions, they were able to show that the hydrophobic C-terminal end anchors
the protein noncovalenty to the cell wall. Without the C rerminal end, the protein is excreted into
the fnedia. Similarly the N-terminal domain of the protein was found to be essential for cellular
aggregaton and this region is postulated to be the site of artachmenrt to the mannan chains of

adjoining cells.

By using immunoelectron microscopy, Bony e 4l (1997) observed the Flo protein in the lumenal
space of the nuclear envelope and in the endoplasmic reticulum tubules, indicating that it was
synthesised and then secreted. The proteins also showed high concentrations in the plasma
membrane and the outer electron dense mannoprotein layer of the cell wall. From the localisadon of
the protein it is postulated that the protein is tansiently anchored to the plasma membrane before it
is excreted and incorporated into the cell wall in a similar way to the a-agglutinin studied by Lu ef a/

(1994).

2.4.5.2 Flocculin availability

The majority of brewing strains exhibit the phenotype NewFlo, showing inhibiton of flocculaton
with both mannose and glucose (Stratford and Assinder, 1991). These strains are unicellular in the
growth phase and only flocculate in the statdonary phase. Since lectin receptors are available
throughout the life cycle of yeast (Stratford, 1993), lectin availability appears to determine the onset
of flocculation. This was confirmed by Stratford and Carter (1993). The addidon of cycloheximide
to terminate cytoplasmic production of proteins was used to confirm the continual synthesis of
lectins and their incorporatdon into the cell wall during growth. The lectins lie dormant in the cell
wall for up to 14 hours prior to activation and the commencement of flocculation. Heating of
flocculent cells prior to development of flocculence (pre flocculent) was found to activate the lecting
into floceculence while flocculence was not induced in non flocculent strains by heat treatment.
Growth arrested cells (treated with cycloheximide) treated with the protease, pronase E, were found
not to develop preflocculence while cells treated with pronase E only regained flocculence after a

recovery period.

By using immunological approaches, Bony e 4/ (1998) confirmed that the Flo proteins increased in
number at the cell wall during growth. Flocculatdon was correlated to the abundance of Flo protein
at the cell surface indicating that the onset of flocculaton is determined by the availability of the
protein at the cell surface. In the FLO/ and F1.O5 genotypes, the flocculing are incorporated into
the cell wall at the bud, with the highest concentradon being at the bud dp and the mother-daughter
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Reynolds numbers berween these limits are laminar but unstable with sufficient surface roughness

being able to cause the formation of a turbulent flow pattern.

Table 2.7. Critical Reynolds numbers for laminar — turbulence transitions.
System Characteristic Length  Reynolds Number
Pipe flow Pipe diameter 3000
Sdrred tanks Impeller diameter 1000
Partcle / Cell Particle diameter 1

2.5.1 Shear Stress and Velocity Distribution in Pipe Flow

The velocity profie for the case of steady laminar flow of a Newtonian fluid in a pipe can be

described by Equation 2.4 (Welty ¢ 4/, 1984).

v=—m(R2 - r?) 24)

where L = length of tube (m)
AP = pressure drop (Pa)
¢ = radial positon (m)
R = pipe radius (m)

v = velocity (m.s)

For the case of mrbulent flow the velocity at any point is the sum of the time averaged velocity and
the randomly flucruating velocity caused by the eddies present in the flow. The velocity distributdon
of rurbulent flow in a pipe can be approximated by the empirically derived one-seventh power law of
Equadon 2.5 while the ratio of average to maximum ume averaged velocity is given as a functon of
Reynolds number in Figure 2.10 (Perry ¢f a/, 1984). The universal velocity distributon for turbulent
flow in smooth pipes has been determined by defining three zones across the pipe radius: the laminar
sublayer against the pipe wall, the bufter layer and the rurbulent layer situated in the core of the pipe.
The universal velocity distribution makes use of a dimensionless velocity (v*) and dimensionless
positon (y*) given in Equation 2.6 to describe the velocity profile under turbulent conditons. The

equatons for the three layers are provided in Table 2.8.

Y =[1 —1]% (2.5)
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where Vs = maximum velocity in the pipe (m.s)
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Figure 2.10. Ratio of average to maximum time average velocity as a function of Reynolds

number (Perry et al., 1984).

and y'=—TIl (2.6)

where 7o = wall shear stress (Pa)

y = distance from pipe wall (m)

Table 2.8. Universal velocity profile correlations for turbulent flow in a pipe.

Expression Region of applicability
vi=25lny* +55 Turbulent core: y* 2 30
vt =5Iny*-3.05 Buffer layer: 302 y* 2 5
vt =yt Laminar layer: 52 y* 2 0

For the case of flow in 2 pipe, the shear stress is related to the pressure gradient and radial position
within a pipe by Equation 2.7 from which it is seen that the shear stress profile is linearly dependent

on radial positon,

dP\Yr

where dP/dx = pressure gradient (Pa.m)
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The maximum shear stress can also be obtained by noting that the shear stress is greatest at the pipe
wall (i.e. at r = R). The wall shear stress (o) is given by Equadon 2.8 which is valid for both laminar
and turbulent flow and requires only that the pressure drop per unit length be known, The average
shear stress in the pipe can be obtained by integratung of Equaton 2.7 across the cross-sectional area
of the pipe and dividing by the total area as indicated in Equaton 2.8 to give the final integrated

form, Equation 2.10. The wall shear stress is therefore 50% greater than the average shear stress,

R{dP
Ty 5 | e 2.8
-2(2) .
£
[{d_‘?)ﬁ ir
J\dx ;2
Fon = @9
R{dP
Ty == | = ' 2.10
"3 (dx} @10
where  Tayg = average shear stress (N.m%)

For rurbulent flow in a pipe, the Blasius’ correladon (Equation 2.11) can be used to calculate the wall
shear stress for Reynolds numbers less than 107 (Welty ef a/, 1984) without the constraint of having

to know the pressure drop per unit length.

2 v %
Ty = 00225pvmax ;-—g (21 1)

where v = kinemartic viscosity = i/p (m2s 1)

The total time-averaged shear stress for turbulent flow (equal to the shear stress calculated in
Equadon 2.7) is the sum of the viscous (1Y) and turbulent or Reynolds stress (t®) components
(Equatdon 2.12). The Reynolds stress arises from the random motion of eddies while the viscous
stress is a result of molecular motion. Since the ratio of turbulent to viscous shear is given by
Equation 2.13, the total shear stress in turbulent flow can be divided into portions attributable to

both viscous and eddy acton (Bird ef 2/, 1960).
r=1" +¢F% (2.12)

A

T

T | 2.13
1 dv/ @13)
dy”’

where TR = Reynolds shear stress (Pa)
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Using a mathematical model to describe the motion of a single turbulent eddy, Cherry and Kwon
(1990) calculated the shear stress on a neutrally buoyant cell as it crossed through the eddy. They
found that the shear stress on the cell surface oscillated as the cell rotated within the eddy and
reached a maximum in the centre of the swirling eddy. The expression for the maximum shear rate
they developed as a functon of the energy dissipation rate and kinematic viscosity is given in
Equaton 2.29. Typical values of shear stress calculated with this formula are in the range of 0.05 to
0.5 N.m2, The frequency with which the cell experienced this maximum is equal ro the frequency
with which the cell encounters these rurbulent eddies and can be approximarted by the ame taken for
a cell to move a distance equal to the Kolmogorov length. Based on the assumption thar the cell is
moving with a velocity similar to that of the eddy itself, this frequency of maximum exposure to peak
shear stress is given by Equaton 2.30 with typical values of berween 1 and 4 Hz. They also observed
a higher frequency of the order of 20 to 80 Hz, with which the cell experienced smaller local maxima
which make up the near sinusoidal manner in which the absolute maxima are generated. This
frequency can be determined from Equation 2.31 using knowledge of the energy dissipation rate and

kinematic viscosity of the fluid,

Trax = 5.33;}(5&!)}5 (2.29
b
Joax = (5} 2 (2.30)
v
£V
J{;’oca.’ = 06?8(;) (231}

where: Tme = maximum shear stress on cell in rurbulent flow (Num'%)
fmax = frequency of maximum exposure to peak shear (Hz)

fiocat = frequency of local maxima experienced by cell (Hz)

2.5.3 Cell-Cell and Cell-Obstacle Interactions

Another mechanism of cell damage is by physical cell-cell or cell-obstacle collision. Such damage is a
function of both the frequency and intensity of the collisions. A collision of a cell requires the force
dniving the objects together to exceed the force required 1o remove the liquid layer berween them,
The energy transferred during a collision depends on the extent to which the objects/cells are able o
deform. The frequency of cell-cell collisions where the Kolmogorov microscale is of a similar size to

the cells can be estdmated by Equation 2.32 derived by Cherry and Papoutsakis (1988):
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2y Yl /)
NC:(WA;) /@J (2.32)

N

where ¢ = volume fracton of cells
v = relative cell velocity (m.s)

N. = frequency of cell-cell collisions (Hz)

The relative cell velocity can be equated to the eddy velocity in 1sotropic turbulence (Equation 2.24).
The collision severity is then defined as the product of the frequency and kinetic energy of collisions
per cell (Equation 2.33). Alternadvely the relative velocity can be based on a shear model which
leads to a shear based collision seventy expression given in Equadon 2,34, Similar expressions for
the severity of interactions can be derived based upon knowledge of the expected collision frequency

and kinetic energy wansferred,

Yan? 2 ,
veyirt poad
CS; =( ) 7; . (2.33)
A x2p,0dd)
cs. =& : 2“’__9_( (2.34)
y v E\ 72 }

where: pp = particle/cell density (kg.m)
CSr = collision severity based on eddy velocity (J.s'!)

CS, = collision severity based on shear model (J.s°)

2.5.4 Cavitation as a Mechanism of Cell Damage

In regions of low pressure within the flow, cavitdes of vapour can be spontaneously formed which
then collapse in regions of higher pressure in a process called caviratdon. It is this oscillating
behaviour and rapid collapse of the bubbles which exerts large forces on particlés suspended in the
fluid (Save e o/ 1994, 1997, Shirgaonkar e 4/ 1998). The vapour of the cavity can originate from
either dissolved gasses in the fluid {causing the more readv ooset of cavitadon but decreasing its
intensity) or from the fluid self. The likelihcod of cavitaton occurring can be determined from the
cavitadon number (0) defined in Equation 2.35 which is the rato of forces collapsing cavides to
those causing their formaton, Cavitaton will therefore occur at cavitation numbers below a crtcal
inception number &, Cavitles will therefore be formed when the pressure is less than the vapour
pressure of the fluid with the pressure within the cavity being equal to the vapour pressure. This
method of using hydrodynamic cavitaton to intentionally cause yeast disruption and protein release

is reported to be an order of magnitude more energy efficient than other disruption techniques such
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as ultrasonicadon and as such is a possible candidate for industnal scale applicaton(Save ez af, 1994,
19973,

P -P

Pk (2.35)
ove /
2

where P, = pressure upstream of an ornifice (Pa)
P, = pressure at the point of maximum fluid velociry (Pa)

v = velocity upstream of the orifice (m.s)

2.5.5 Correlating Cell Damage to an Engineering Variable

Correlating the biological response of a cell to an engineering variable will assist in the understanding
of the conditons which result in cell damage across flow repimes. All cell damage caused by
hydrodynamic effects must be mediated by a force acung on the cell surface. Forces which can act
are either shear stress or normal (pressure) forces. It is intuidvely correct that the higher the force,
,

the greater the damage while a certain critical force event must be exceeded 1o overcome the cells

natural swength,

McQueen ¢ al (1987) studied mammalian cell lysis as a result of rurbulent flow and found that the
probability of cell lysis increased with increasing wall shear stress as expected. They also found that
the dme period for which the cells were subjected to the shear influenced cell lysis. Increasing the
residence time from 0.33 t0 0.99 ms in a capillary resulted in an increase in the specific cell lysis rate.
This suggests that cell fatgue may weaken the cell, allowing lysis 1o occur at a reduced force evenr,
This hypothesis was contradicted by Zhang ¢f 4/ (1993) who measured similar specific cell lysis rates
with different residence tmes in capillary flow and found that the specific cell lysis rate was
independent of the residence tume for residence times in the range 2.2 to 4.3 ms. These residence
umes are significantly longer that those used by McQueen e a/ (1987}, hence the constant lysis rate

may result if these times exceed the time required to weaken the cell.

The ume period to which the cells are exposed, and possibly frequency with which the stress acts on
the cell plays an important role in determining the response of the cell. A small force may not have
an effect on a cell if applied once but upon repeated exposure to this force, the cell may be weakened
and daraged. Hence, total energy dissipated on the cells 1s a useful parameter against which damage
can be correlated, where the energy is supplied with a force exceeding the minimum required to
effect damage on the cells. Dunlop e/ af (1994) used the total energy dissipaton approach to

correlate cell death rates of carrot cells across the various experimental conditions. They observed






Chapter 3: Materials and Methods

This chapter is subdivided into 4 sections, each dealing with an aspect of the materials or methods
used in this investigative study on yeast handling. Section 3.1 introduces the yeast strains used, their
propagation and the fermentation protocol used to evaluate fermentation performance. Section 3.2
details the complete set of analyses used to identify and quantify yeast and beer quality. Section 3.3
covers the range of mechanical handling and flow conditions to which the yeast was subjected in
both the brewery and laboratory situations. Section 3.4 details analysis of zeta potential and XPS

results to provide information on the surface composition of the yeast.

3.1 Yeast Growth and Fermentation Methods

3.1.1 Yeast Strains

The four strains of commercial brewers’ yeast, supplied by South African Breweries (SAB) for trial
purposes in this study are detailed in Table 3.1. They were all classed as Saccharomyces cerevisiae
according to the classification system used by Hammond (1986). Strains SAB1 and SAB5 were used
in brewery system testing, conducted at SAB Newlands Brewery as well as at the laboratory scale.
The other two strains were studied at the laboratory scale only to provide useful insight into yeast

handling effects across a broader sample of yeast strains.
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Table 3.1.  The strains of Saccharomyces cerevisiae studied.

Strain No. Characteristics

SAB1 Highly flocculent, bottom fermenting at fermentation temperatures.

SAB1/96 A re-isolation of strain SAB1, isolation for reduced flocculence.

SAB2 Non-flocculent yeast strain.

SAB5 An internationally used bottom fermenting strain, less flocculent than
SAB1 and SAB1/96.

3.1.2 Yeast Propagation Procedure

Reactor system and conditions: The yeast was propagated under full aerobic and near anaerobic conditions
at the laboratory scale. Propagation was conducted in 2 litre, autoclaveable glass vessels, with 16°P
brewery wort (Castle brand unless stated otherwise in the results) at 18°C. Agitation was provided
with a 6 bladed Rushton impeller operated at 400 rpm equating to a tip speed of 1.7 m.si.
Temperature control of the bioreactor was achieved by circulating water at the desired temperature
through a cooling coil. The propagation system is shown schematically in Figure 3.1. For near
anaerobic propagation, the wort was saturated with oxygen at a partial pressure of 0.21 atm prior to
inoculation, thereafter no further aeration occurred. The aerobic propagations were sparged
continually at 2.2 Lmin-t (1.5 vvm) with air. No pH control was used which caused an increase in the

acidity of the medium with a starting pH of approximately 5.5 to a final pH of 4.0.

Pre-inoculum: A scraping of yeast cells was removed from a slant, inoculated into 50 ml of MYPG and
grown in a 30°C shaker incubator (120 rpm) for 24 hours. MYPG media consists of malt extract (3
g/1), yeast extract (3 g/1), bacteriological peptone (5 g/1) and glucose (10 g/1).

Inoculym: 10 ml of 24 hour pre-inoculum was transferred aseptically into 100 ml of MYPG media and
incubated at 30°C for 12 hours with shaking at 120 rpm.

Wort media: 16°P cold brewers wort was collected from the brewery and filtered to remove any

residual trub, A 1.51aliquot of clear wort was added to the bioreactor. This was steamed inside an

open autoclave for 40 minutes to sterilise the media.






3.4 Malterials and Methods

3.1.3 Small Scale Fermentation Method

To assess the overall fermentaton performance of the yeast, small scale fermentations were
conducted under conditions which mimicked brewery conditions closely, allowing investigation of
aspects of yeast quality during fermentation. These include the fermentation rate, extent of
attenuation, beer quality indicators, cell growth and sedimentation. Small scale fermentations were
performed on two scales using either 21 EBC tubes (EBC Analytica Microbiologica, 1977) or 500 ml
measuring cylinders,  Apart from the differing volumes in the two systems, identical set-up

procedures were followed.

Wort media: Cold wort collected from the brewery was filtered to remove residual wub. A 21 aliquot
of wort was placed inside a 5 | round bottom flask (EBC system) or 500 ml into a 1 1 Schott bottle

(measuring cylinder system) and steam sterilised for 30 minutes in an open autoclave.

Inoculation procedure: For the 2 1 EBC system, 0.16 g of pre-sterilised Nuttomix (yeast food) was added
to the cooled wort {room temperature) in the round bottom flask (5 ). The veast was added at the
desired pitching rate. The standard pitching rate of yeast in the brewery is 14 g of 100 % viable wet
yeast per litre of wort, Equation 3.1. In order to detect more subtle changes in yeast performance,
lower pitching rates were used in this work. Yeast slurries with lower viabilities were pitched so as to
give an inoculaton rate of 3.5 g of 100 % viable wet yeast per lire wort (1/4 the standard rate),
unless stated otherwise in the results. The flasks were sealed with rubber stoppers and shaken
through a 2 foot arc, 30 times after which the rubber stopper was removed and replaced with a sterile
cotton wool bung to allow for the escape of produced COz The flasks were allowed to stand at
room temperature for 4 hours before the bung was again replaced with the rubber stopper and
shaken a further 30 times. The evolved gas was released and the flasks shaken another 30 dmes
before pitching of the wort/yeast mixture into the tall EBC tubes where fermentation took place at

11°C for 10 - 12 days. (Kruger et 4/, 1982)

14*60  viability
consistency 100

pitching rate (!cgﬁi" )x (3.1

In the 500 ml measuring cylinder system, 0.04 g of pre-sterilised Nutromix was added to 500 ml of
wort in 11 Schott bottles. These bottles were inoculated at the same pitching rate used for the tubes

and aerated as described above, prior to wansfer into the 500 ml measuring cylinders where

fermentation took place at 11°C for 10 days.

Data on cell counts, density and beer quality from the reproducibility study of 5 replicate

fermentations are provided in Appendix B.8.
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3.2 Yeast Quality Assay Methods

As outlined in Section 2.2.1, various assays can be used to identify the nature of change of yeast
quality as well as to quantify the biological response induced. The assays chosen as indicators of
yeast quality of each physiological state illustrated in Figure 2.2 are summarised in Table 3.2. The
principle of each assay is discussed while the detailed methods are provided in Appendix B.

Table 3.2. Summary of yeast quality assays for the different physiological states of
damaged yeast.

Physiological State Yeast Quality Indicator

Minor envelope damage  Hydrophobicity
(wall) - latex microbead attachment
- solvent partitioning
Surface Charge
- dye adsorption
- zeta potential
Surface composition
- X-ray photoelectron spectroscopy
Flocculation

- rate & extent of sedimentation

Haze
- particle size
- dye staining

- mannan release

Minor envelope damage  Protease release

(membrane)
Replicative ability Methylene blue viability stain
Metabolic activity Fermentation

3.2.1 Hydrophobicity

Several methods exist to measure the hydrophobicity of micro-organisms. These include contact
angle measurement (Gerson et al., 1980a, b, ¢), partitioning between aqueous and hydrocarbon phases
(Rosenberg et 4l., 1980), hydrophobic affinity chromatography (Smart et 4/, 1995) and polystyrene
bead attachment (Hazen and Hazen, 1987). The two methods evaluated here are the solvent

partitioning and bead attachment methods.
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removed from the aqueous phase. The more hydrophobic the cells, the greater their concentration
in the hydrophobic phase. Results obtained are reported as a hydrophobicity index, i.e. the
percentage of the total cells that partition into the hydrophobic phase. The method of Smart et al.
(1995) is used in this study is detailed in Appendix B.1.2.

It should be noted that the aqueous environment may affect the apparent hydrophobicity of the cells.
In the brewing situation, yeast is in an environment of fermented wort containing variable
concentrations of compounds including ethanol, sugars, amino acids and inorganic salts. It is
especially important that a defined medium be used when measuring the cells’ hydrophobicity to
enable comparison between different treatments or different yeast. Hence, hydrophobicity 1s

measured in buffer solutions.

The reproducibility study conducted to determine the cells’ hydrophobicity (Appendix B.1.3)
indicates that the solvent partitioning method is the most reproducible with a coefficient of variance
of 3.9%.

3.2.2 Surface Charge

The surface charge on a cell can be investigated by either measuring the zeta potential through
electrophoretic mobility studies or measuring the affinity of a charged molecule for the cell surface
by detecting its adsorbed concentration. The adsorption of a charged dye is particularly easy to
perform, requiring only a spectrophotometer. Zeta potential measurement requires specialist
equipment (not currently available for routine use in the brewery) but provides more quantifiable
results. For these reasons both methods have been examined: the dye adsorption for a routine

brewery assay and the zeta potential measurement for more detailed analysis of the cell surface.

In the dye adsorption technique, Alcian blue 8GX (Sigma, Cat no. A 3157), a dye containing four
positively charged isothiuron groups (Figure 3.2), is used. The dye adsorbs preferentially onto the
negatively charged sites on the yeast surface. The initial and residual dye concentrations are
measured spectrophotometrically and the cell concentration determined by either dry weight or
microscopic cell counts, allowing the concentration of dye adsorbed per unit cell surface areato be
determined. The detailed procedure of performing the dye retention technique is found in Appendix
B.2.1.
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Figure 3.2. Structure of Alcian Blue dye molecule.

Zeta potential is determined from the measured electrophoretic mobility of a charged particle in an
electric field. When a charged particle 1s placed in an electric field, it accelerates to its terminal
velocity which is limited by the opposing viscous drag on the particle. A charged particle gathers
ions of opposite charge (counter-ions). Close to the particle the ions will be strongly adsorbed
making them immobile. Further away from the particle, hydrated counter-ions form a diffuse layer.
These two layers are called the electrical double layer. The plane of shear is where these two layers
meet. The potential caused by the ionic distribution increases from zero in the bulk fluid to the
surface potential (o) at the surface. The zeta potential (£) is the potential at the plane of shear and s
therefore not the true surface potential. It is dependent on the nature of the adsorbed 10ns as well as
the ionic strength of the electrolyte. Theionic strength determines the thickness of the ionic cloud
surrounding the particle, thereby shielding the surface charge from the applied electric field and
lowering the particle’s mobility. The solution pH is also important when measuring electrophoretic
mobility. The pH determines the extent of ionisation of surface groups responsible for surface
charge. In the case of yeast cells the most important groups are the weak acid (carboxyl and
phosphate) and weak base (amine) groups. The pH at which the surface of the particle is neutral is

called the point of zero charge (pI) or isoelectric point.

The surface charge of yeast cells can influence the flocculation potential in strains of yeast which do
not flocculate by the lectin mechanism as described in Section 2.4.3. (i.e. strains belonging to the MI
group according to sugar classification). Higher surface charge results in increased repulsion between
cells and hence decreases the likelihood of van der Waals forces causing flocculation. In this study,
use was made of a Malvern Zetasizer 4 to measure electrophoretic mobility. Particles are accelerated

by an applied potential difference, pass through the intersection point of two, in phase, laser beams.
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3.2.5 Haze Analysis

The presence of sub-micron particles in the yeast slurry or beer can contribute to the occurrence of
haze in beer, resulting in compromised beer quality. Lewis and Poerwantaro (1991) demonstrated
the release of haze material from the cell walls of yeast on agitation. Siebert ez al. (1987) found
reduced filtration performance follows yeast removal by centrifugation. It is therefore reasonable to
hypothesise the release of sub-micron particles from the yeast surface when it is handled
mechanically. To investigate this, the size distribution of particles over a broad range as well as the
origin of the particles must be determined. It is particularly important to determine whether the haze

material originates from the cell wall of yeast, indicating damage to the yeast.

As mannan forms the outer layer on the surface of the yeast, it is reasonable to expect a high
proportion of mannan in haze originating from yeast damage. Glucan is associated with the mannan,
in the cell wall material and may arise in haze. However, the husks of barley also contain glucan,
hence its presence does not necessarily confirm yeast damage. Mannan is not found in the wort,
hence its presence is attributed solely to the presence of cell wall material in the haze. Three
approaches to the determination and analysis of beer haze have been taken. Firstly, the particle size
distribution can be measured to confirm its presence. The nature of the haze, proteinaceous or
carbohydrate can be determined using dye staining techniques and finally the carbohydrate can be

identified and quantified using enzyme assay procedures.

The size of yeast and haze particles was determined using a Malvern Mastersizer (long bed version 2),
based on laser light scattering, Smaller particles scatter the light at greater angles while larger particles
allow the light to pass through almost undeflected. By detecting the angle and intensity of the
scattered light the size and concentration of particles in a given size range can be calculated.
Equipped with a 300 mm lens, the particle sizer is able to detect particles in the size range from 0.05
to 850um. This range is suitable for detection of yeast as well as smaller haze particles. Data is
collected as volume percent of particles falling within defined size ranges. This can be converted to

either surface area or number of particles based on the assumption that the particles are spherical.

Before haze samples can be analysed, the proportion of yeast particles must be decreased so that the
larger yeast particles do not obscure the smaller haze particles. Care must be taken when removing
the yeast not to generate haze. Yeast was removed by centrifuging the sample for 3 minutes at 200 g
in a Beckman TJ-6 refrigerated centrifuge. The supernatant was recovered and a portion analysed for
haze (termed Haze 1 in Figure 3.6). The process was repeated a second time on the remainder of the
supernatant with the resultant supernatant labelled Haze 2 in Figure 3.6. The resultant supernatant
consists mainly of the smaller haze particles with a small amount of yeast still present. A size analysis

of these suspended haze particles was conducted following dilution in physiologically buffered saline
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the cell being reduced enzymically to a colourless compound in viable cells. Viable cells appear
unstained while dead cells are stained blue. Errors in the overestimation of viability in cell
populations of low replicative ability have been linked to impurities in commercial dyes which result
in blue stains with vartable intensities (Smart et 4/, 1999). From this study the use of a purer and
more stable vitality dye (methylene violet 3 RAX) is proposed to counter the problems associated
with methylene blue. The methylene blue stain developed by Lee et /. (1981) was, however, chosen
as the viability indicator in this work because of the expected high viabilities of yeast. The detailed
method of methylene blue viability is provided in Appendix B.6. The standard deviation for replicate

samples was calculated to be 0.95%.

3.2.7 The Protease Assay

Proteases are a class of intracellular enzymes used by the cell to degrade proteins to amino acids
available for the formation of new proteins. Protease is released from yeast cells if the membrane is
damaged. The release of protease has also been observed under conditions of nitrogen limitation
(Slaughter and Nomura, 1992), where the released protease aids the extracellular breakdown of
proteins to alleviate the limitation. With the use of appropriate blank samples which are not
subjected to hydrodynamic stress but processed after the same length of time, the protease release
can be divided into that released as a result of nitrogen limitation and that as a result of

hydrodynamic damage to the cell membrane.

The method is based on the work of Mochaba et al. (1993) to determine quality of cropped yeast. A
resorufin labelled casein substrate is incubated in the presence of sample to allow any protease
present to cleave the dye marker from the casein. Following precipitation of undigested protein, the
dye concentration is determined spectrophotometrically. The indicated incubation times suitable to
effect an absorbance change for the detection of protease range from 15 minutes to 18 hours. To
enable comparison between samples with different levels of protease, a linear response between
absorbance and protease concentration is required. With samples of low protease concentration,
longer incubation times are favourable to increase the sensitivity of the assay. When high protease
concentrations are present, these long incubation times cause the casein substrate to become limiting,
hence absorbance as a function of protease activity deviates from linearity. Under these conditions,
shorter incubation times are required. The loss of linearity as a result of substrate limitation is
illustrated in Figure 3.8. The range of absorbance over which a linear response is observed is
between 0.0 and 0.6. Using an incubation time of 1 hour, the range of protease concentrations
corresponding to a linear increase in absorbance was found to be successfully increased over an 18
hour incubation time as illustrated in Figure 3.9. The absorbance range where linearity was observed

remained approximately the same as in the 18 hour incubation study with the maximurn absorbance






3-18 Matersals and Methods

3.2.8 Fermentation Performance

Good fermentation performance is characterised by a rapid rate of attennation with a low residual
sugar concentration. This is best achieved by yeast cells which remain freely suspended throughout
fermentation and flocculate rapidiy upon sugar exhausdon. Towards the end of fermentaton, the
temperature is generally increased by 3 to 4 degrees firstly to improve yeast metabolic rate and so
speed up the consumption of the remaining sugars and secondiy to aide the cells reabsorptdon of
excess aromatic compounds such as diacetyl. The temperature increase at the end of fermentadon
did not form part of the experimental methodology for this study. Once the yeast has setled it is
removed so that cell lysis does not occur 1o any grear degree. The unflocculated yeast remains in
suspension at such a concentranon that its presence will satisfactorily reabsorb the remaining diacetyl
but low enough to minimise cell lysis which would harm the beer flavour. During this tdme the
temperature is usually reduced so thar lysis is minimised and the green beer is marured at sub-zero

temperatures untl the bouquet of flavour compounds have reached the required concenrrations.

The pH of the final beer is an indicator of both yeast quality and beer quality. To within reasonable
limits the lower the pH of the final product the better since it would have a preservatve effect on the
beer as fewer organisms are able to grow at the lower pH values, The pH of the green beer is also an
indicator of yeast quality and fermentation performance as lysed yeast causes an increase in the pH of
the beer. A good fermentation is one in which the sugars are converted rapidly and to completion
followed by flocculatdon and removal of the Vyeast before cell lysis sets in. A poor fermentadon is
characterised by a slow rate of attenuation with the yeast starting to settle out before the sugars are
consumed. The sertled yeast in the cone of the fermenter remains metabolically actdve in this case
and generates heat. Poor heat transfer in the stagnant zone at the base of the vessel accelerates cell
metabolism with the rapid depletion of nutrients and accumulation of ethanol. This unfavourable
environment results in significant cell lysis before the required degree of attenuadon has been
reached. Slow attenuaton is often accompanied by high veast slurry pH values and indicates the

unsuitability of the yeast for reuse.

Small quanddes of sulphur dioxide in the green beer are advantageous as it has a role as a
preservatve. The required concentration to achieve this effect is lower than thar normally produced
in fermentation with high SO2 concentratons resuling in beer with a sulphurous taste. For this

reason, lower SO, concentrations are generally accepted as being indicators of good beer quality.

Diacetyl is a flavour compound that is produced by the yeast as a by-product of ethanol formatdon.
In the metabolic pathway, ethanol is produced from acetaldehyde. When this pathway is inhibited,
the accumulated acetaldehyde can be converted into diacetyl. During normal cell growth the diaceryl

produced is excreted from the cells. Towards the end of fermentadon, however, diacetyl is
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reabsorbed by the cells and converted via acetaldehyde to produce further ethanol. For this reason a
maximum diacetyl concentration 15 reached duning acdve fermentation and the concentration
gradually decreases towards the end of fermentation. Diacetyl as a flavour compound imparts a
buttery aroma to the beer, reducing its quality. A good fermentation is characterised by low diaceryl
production and the reabsorption of diacetyl produced by the yeast leaving a low residual diacertyl
concentration. High diacetyl concentrations are also reported to be an indicator of infection by
certain organisms. Elevated temperatures during fermentation also cause more diacetyl to be

produced by the yeast.

Data on cell counts, density, biomass growth factor and the beer quality indicators SO», diacetyl,
acetaldehyde and pH from the reproducibility study of 5 replicate fermentations are provided in
Appendix B.8.

3.3 Yeast Handling Methods

Various yeast handling processes occur within the brewery environment which pose hazards to the
yeast quality (viability and vitality). These include equipment where the flow is constricted (e.g. plate
and frame heat exchangers and partially throtded valves), high shear equipment (e.g. rotating disc
centrifuges) and equipment generating large pressure fluctuations (e.g. pumps). All these equipment
units exert high fluid shear rates on the suspended cells, To investigate the general phenomena of
high shear rates on yeast slurries, a laboratory yeast handling unit was chosen to produce high shear
rates (high pressure homogeniser, the French Press) as well as shear rates typical within brewery
equipment (online brewery yeast handling circuir and disc stack centrifuge). Hence, mechanical yeast
handling was investigated across a range of conditions at laboratory scale as well as within the

brewery yeast handling circuit,

3.3.1 French Press Apparatus

The French Press (SLM Instruments Inc., Urbana linois) is a small scale high pressure homogeniser
with a working volume of 40 ml {exploded view depicted in Figure 3.10), conventionally used to
cause microbial disruption. The pressure is produced by a manually operated hydraulic pump
mounted above the pressure cell. Once the desired operating pressure has been obtained, the flow
valve is opened and the pressure allowed to decrease by 2 Mpa before the valve is closed and the cell
repressurised. This operation is repeated until the complete sample volume has been processed. The
flow rate is estimated from the time during which the valve is opened to process the sample. The
pressurised yeast suspension is allowed to escape through a narrow orifice. This rapid release of

pressure causes the formation of high shear environments through the orifice resulting in damage to
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energy dissipation on yeast quality over periods of 2 and 6 hours. A trial was conducted on the total
yeast ctop being pumped out of a fermentaton vessel en route to a spent yeast storage vessel to
monitor the conditdon of yeast as a functon of ume and positon in the fermentation vessel during
cropping. Two online wials were conducted on yeast during the cropping procedure under the
standard pumping conditons used in the brewery for strains SAB1 and SAB5. The trial with SABI
included the effect of storage and acid washing procedure while the tral with SABS5 includes only the
effect of mechanical handling. A schematc representation of the yeast pumping circuit used for the
scrapping, high flow rate and recirculaton trials is presented in Figure 3.11. The flow/pump ng
consists of three parts: A — recirculaton tank, B — pump wolley and C — holding tubes. There are
three sampling points on the rig: before the pump, between the pump and holding tubes, after the
holding rubes. The yeast can be routed to either leave the test rig before or after the holding tubes,
or the recirculation tank can be filled for later reuse. The holding rubes (13.5 m in length) could be

interchanged to provide piping with diameters of 25, 50 or 65 mm.

N

i Connectons to
i scrap yeast cellar

Fermentation ISR
vessel

Figure 3.11. Schematic of the pump test rig.

The effect of high flow rates was investigated using the Scandi Brew gear pump because of its high
pumping capaciry and low pulsation fluid delivery. In a study on the effect of pump design on
brewers’ yeast quality, Basson (1996} observed no adverse effects in terms of cell viability, protease
release, oxygen utilisation rate or fermentation performance when using the Scandi Brew gear pump
at flow rates of 99 and 193 Lmin''. The 25 mm diameter holding tubes were used since higher

velocites and shear stress could be obtained. Fifth generation yeast was used. Samples were taken at
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posigons two (after pump) and three (after holding tubes). The flow condidons of the trial are

summansed in Table 3.4,

Table 3.4,  Operating conditions for brewery high flow rate trials,

Yeast/Gen. Flow Rate  Reynolds  Tube Diam. Linear Velocity

Number {(kg.mim?y  Number! {mm) {(m.sh)
SAB1 5th Gen 187.1 3568 25 6.0
SAB1 5th Gen 178.1 3396 25 5.7
SAB1 5th Gen 67.5 1287 25 2.2

3.3.2.1 Recirculation

Two recirculaton trials (one lasting 2 hours and the second lasting 6 hours) were conducted by first
filling the holding rank with veast slurry from the botom of the fermentadon vessel. The yeast was
then circulated through the 25 mm holding rubes ar a flow rate of 70 Lmin! using a NDE lobe pump
with samnpling raken at position 2 (after the pump) as indicated in Figure 3.11. The flow condidons
and sampling times are summarised in Table 3.5. After the six hour trial, one of the butterfly valves
on the rig was throtted to the 45° positdon and recirculation continued for another 30 minutes to
quantify the effect of a flow constriction. In the first trial 500 litres of a second generation yeast was

used while 400 litres of a seventh generation yeast was used in the second trial,

Table 3.5. Recirculation trials.

Yeast/Gen.  Recirculation  Flow Rate Temp. Sampling Tube diameter
MNumber Time (h) {kg.min?) (°C) Times {min) {rm}
SAB1 2nd Gen 2 74.4 16-20  15,45,75,90, 25
110,130
SAB1 7th Gen 6 74.3 15-23 0,50, 110,170, 25
230, 330

3.3.2.2 Remowal of spent yeast from a fermentation vessel

The aim of this trial was to determine the variability of yeast quality in the fermentadon cone. This
information was used to identify suitable sampling dmes for the online trials. The Bredal SP/40 hose

pump was operated at a flow rate of 60 kg.min"! with flow through the 65 mm diameter piping to the

! Reynolds numbers calculated according to method described in Secaon 7.2.1
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3.3.3 Pilot Plant Centrifugation

In this study two models of the Westphalia disc stack centrifuge were used, both supplied by GEA
Process Technology SA (Pty) Lid: Model SA 1-02-175 and model OSC 4-91-006. Their technical
specificatons are summarised in Table 3.6. The conditdons under which the centrifuges were tested
are sﬁmmarised in Table 3.7 for the SAT and Table 3.8 for the OSC4. As indicated in Table 3.7, a
number of trials were conducted by using a gravity feed scheme whereby the feed hold-up vessel was
placed above the centrifuge and the feed rate controlled by limiting the flow through a valve, The
trials on model SA1 where a pump was used were conducted using a2 Warson Marlow 5015 peristaltc
pump. The tnals with the OSC4 model centrifuge were all performed using a feed pump set-up as

itlustrated in Figure 3.13 with positve displacement type pumps.

Table 3.6 Technical specifications of the Westphalia disc stack centrifuges.

Details SA 1-02-175 (SA 1) 0SC 4-91-006 (OSC 4)
Bowl volume ) 0.9 1.5

Solids hold-up volume (1) 0.25 0.9
Rotational Speed (rpm) 4 000, 6875 & 9 800 9 000
Number of discs [n] 23 69

Disc inner radius (m) 0.0374 0.06

Disc outer radius (m) 0.0861 0.124

Disc spacing {mm) 0.5 0.5

Half included disc angle [6] 38° 38°

2 (m?) 618, 1 826 & 3 862 28 315

Table 3.7.  Experimental conditions used in centrifuge trial using SA 1-02-175 and strain
SABI1.

Trial Yeast Used Yeast Feed Conc. Mode and Rate of Rotation

Gen. # {vol. %) Feed (Lh1) Speed (rpm)
T Cropped 1 74-293 Pomped @ 7.2 10 000
2 Cropped 4 22733 Gravity @ 25.2-30.0 10 000
3 Deflocculated 3 2.4-67 Gravity @ 25.2-30.0 10 000
4 Cropped 4 20 Gravity @ 21.6 4 000, 6 875,
10 000
5 Budding (6 h) 7 2.0 Gravity @ 24.0 10 000
6  Growing (40 h) 5 2.2 Gravity @ 32.4 10 000

7 Cropped 5 29.6 Pumped @ 9.6 10 000 -
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the electrokinetc properties of 5. cerevssiae during fermentation. The number and ratio of carboxyl to
phosphate groups as well as the number of amine groups were determined by this method. Bowen ¢
al. (1992) interpreted their data according ro the second ionisation of phosphate at pH 6.2. Due 1o
the structure of phosphomannan reviewed in the literature, the first ionisation of phosphare at pH
2.2 is a berter esumarte of phosphate content at the surface. Bowen e 4l (1992) were not able to
detecr this first ionisation as they only made measurements above pH 3.25. The analysis used in this

study assigns the jump in charge occurring at pH 2.2 to phosphate and that at pH 4.5 to carboxyl.

The major charge forming groups ar the surface of yeast cells are phosphate arising from the mannan
component, and carboxyl and amine groups occurring in the protein fraction of the cell wall. Based
on the assumption that these are the chargeable groups the following equilibria can be used to

explain the charge — pH profile of the cells:

pK, =22 H,PO,« X5 H,PO; +H"
pK, =72 H,PO; « X5 HPOY +H”
pK, =124 HPOY « 525 PO} + H”
pK, =44 RCOOH «** 5 RCOO™ +H*
pK =110 RNH; « 25 RNH, + H*

The three ionisaton pHs for phosphate are the experimentally determined values for phosphoric
acid (Ebbing and Wrighron, 1990). The ionisavon pH for carboxyl and amine are the mean values
for the acidic (aspartic and glutamic acid) and basic (lysine and arginine) amino acids {Stryer, 1988).
Due to the local environment in which the groups are found within the cell wall, these ionisadon pH
values can vary. Since the zera potennal measurements were all made ar values below pH 8, all the

amine groups can be assumed to be in the positive (+) charge srate.

The rwo dimensional site dissociaton model couples the Gouy — Chapman model of the electrical
double layer with the assumed point charges occurring at the solid surface. Equating the surface

charge density to the space charge in the diffuse part of the double layer (using the Poisson —
Boltzmann distribution), one derives for an aqueous buffer at 25 °C in a 1:1 clectrolyte, the

expression for surface charge density in Equation 3.2.(See Appendix C.1 for its derivation):

l
o, =0.117 ¢’ sinh (19.45 ¥, 3.2
where ¢ = electrolyte concentratdon (mole.dm)
Yy = potental at plane of shear (V)

04 = charge density at shear plane (Coulombs.m-%)
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where e = charge on an electron = 1.6028x10-9 C
r = Nun/Nc
q = Np/N¢
[Hs*] = surface hydrogen ion concentraton = [Hy*Jexp(eyo/ksT)
{Hy*] = bulk hydrogen ion concentration

ks = Boltzmann constant (J.K1)

The rwo expressions (Equations 3.2 and 3.6) for the surface charge density can be equated if one
assumes that the charge density at the plane of shear equals that on the cell surface and solves for the
unknowns (Ns and q) with a knowledge of the values of Ky, Kz and 1. £ is taken to be 0.63 based on

the amino acid compositon of the typical surface proteins found in §. cerevisiae by Amni ef a/. (1982).

The soluton method to derermine N; and q used Sratistica for Windows, version 5.1 distributed by
StatSoft, Inc. Using the package, first estimates were obtained for the wtwo pK values at
approximately 2.2 and 4.5 as well as estimates for N, and q for each different yeast strain and
experimental data ser. Obtaining values for pKi and pKs were needed because slight differences in
the local environments occurrir\xg at the surfaces of the yeast cause differences in the two values of
pK. With the estimated values, their weighted average was calculated and used to resolve each
individual set of zeta potential sertes and obtain values and confidences of N; and q. The procedure

is described in more derail in Appendix C.3.

342 Major Com pound Analysis From XPS

X-Ray Photoelectron Spectroscopy provides a tool for analysing the outer surface of an object. It
provides both the bulk chemical composition as well as bonding information of the elements by
detecting small shifts in binding energies about the mean for the pure element. Because bond shifts
are dependent on the type of bond and the narure of the sample (roughness, chargeability, etc. }, the
positon of the peaks produced by the true bonds first need to be identified. Thereafter various
sensibility tests can be conducted to determine the reliability of the data obtained from the various
peak decomposidons. With the verified bond concentration data the compounds present can be

calculated by knowing their bond composition.
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Table 3.10.  Surface composition of yeast strain MUCL 28285, Rouxhet et al. (1995).

Element
Component Average Standard Deviation
Total C 671 1
C-(CH) 25.6 18
C-(ON) 32.4 12
C=0 7.9 0.5
0=C-OH 13 02
Total O 315 21
C-Of 29.2 4
2=c 23 1.0
Total N 1.2 01
N-C 12 01

To further test the reliability and consistency of the dara a balance based on independently measured
bond concentrations can be used as a comparison. The first is that the sum of the toral atomic
concentraton ratios of oxygen and nitrogen with respect to carbon (O/C + N/C) should
correspond to the fraction of carbon bound to oxygen or nitrogen ((C-(O,N))/C) obtained from the
carbon peak decomposition data. If there is more ((C-(O,N))/C) then it would indicate appreciable
concentradons of ether and aceral funcdons. Conversely if the amount of (O/C + N/C) is higher
then this would indicate higher concentradons of carboxyl groups at the surface. The data for this
test is presented in Figure 3.17 which indicates the close similarity of the darta to the parity line. The

scatter of the data abour the line is an indicator of the varability of the analysis technique.
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The logistic equation predicts the exponennal and stationary phases of biomass growth for batch

fermentation systems. In integrated form the logistic equation can be written as:

X, e*
le_ﬁ‘yo(l—eh)

where: X = cell mass concentrarion (gl

(3.10)

X, = inidal cell concentraton (g.I'")

B=1/Xx (g

k = rate constant (h'!)

The logistic equaton (Equaton 3.10) is routnely used to describe the sigmoidal shape of the biomass
profile in batch microbial processes. It is based on the decreasing growth rate as the biomass
concentration approaches a maximum value {Xwx). The substrate utlisanon curve can be viewed as

an inverted biomass growth curve and as such is amenable to fitdng to the logistic equation.

To do this the gravity profile must be converted into a biomass concentration by use of the apparent
vield coefficienr ie. aerobic growth of biomass produced to substrate consumed. In this swudy, the
wet weight yield values provided in Appendix A.2 were used to predict biomass during fermentation
as the inital biomass concentradon used to pitch the fermentations is always known. The
assumptons used here is that the water content of the yeast remains constant throughout the
fermentation and that the vield coefficient remains the same throughout fermentadon. While the
vield coefficient decreases from an ininal high value during aerobic growth o a lower value
corresponding to anaerobic prowth, the use of the overall yield coefficient is justfied in this
application as the logistic equation is not being used to predict the biomass concentration directly but
rather as an intermediate to predict the attenuadon profile. The attenuation profile are made up of a
substrate udlisation component and an ethanol producton component, both serve to decrease the
overall wort density. In brewing situations, it is this combined artenuaton profile which is used as in

indicator of fermentation performance.

Using this approach, the theoretcal biomass producton can be calculated from the known decrease
in wort density. The logistdc equaton can be fitted to the biomass curve. The only unknown
parameter is the rate constant (k} as the value of beta is the inverse of the final theoredcal biomass
concenwration. A typical rable of data describing the fir of the logistic equation to the attenuation
profile is provided in Table 3.11. As the logistic equadon does not acesunt for a lag phase, the data
can only be used to predict the data after the end of lag phase, usually after the first 24 hour period.
In the example provided in the table, the initial biomass concentradon was 0.706 g.l'. Since the lag

phase is not predicted by the modelling equatdon, the starr of fermentatdon was taken to be at 25









Chapter 4: Brewers’ Yeast Propagation

4.1 Introduction

The yeast cycle in breweries involves its propagaton from laboratory size shake flasks to
fermentadon sized quanddes (I — 3 tons) via a predominantly aerobic route. Although this is an
aerobic process, ethanol is also produced which during the propagaton process represents an
unwanted product and lowers the biomass producton efficiency. The efficiency of sugar udlisation
is therefore an important parameter during propagation. The aerobically propagated yeast is then
added to aerated wort and wansferred to vessels where fermentation begins. During fermentadon an
approximate three fold increase in biomass occurs during which time the oxygen is rapidly consumed
and the cells produce ethanol in the resultant anaerobic environment. At the end of fermentarion the
yeast 18 removed, stored for reuse in subsequent fermentations up to berween 8 and 20 pmes
depending on the specific brewery, wort gravity and beer type. Each transfer of the yeast during its
propagaton and also between fermentations involves the mechanical pumping and handling of the
yeast which exposes it to potenually damaging hydrodynamic swress. Since the handling of yeast
occurs after periods of both aerobic and anaerobic condidons, the extent to which oxygen availability
affects yeast has 1o be determined. The possibility exists that the two variants of yeast (aerobic and
anaerobic) will have different handling resiliences which necessitates a better understanding of

‘healthy’ yeast in each of these forms.

In this chapter, the propagation of the four strains of yeast (SAB1, SAB1/96, SAB2 & SABS5) under
condidons of aerobic and near anaerobic growth are compared in terms of the biomass production
kinetics and biomass yield coefficient. During propagation, the surface properdes of the cells (charge
and hydrophobicity) were also monitored. Different strains of yeast have been shown to have

different surface propertes, chemical compositions and flocculence (Amory and Rouxhet, 1988;
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4.3 Yield Coefficients

The growth kinetics of yeast during aerobic propagation can be quandfied in one of two ways, either
by the rate of biomass increase or by the rate of substrate uidlisadon, both of which are related
through a biomass yield coefficient. Under anaerobic growth conditons, substrate is consumed by
yeast cells to produce ethanol with minimal biomass growth, The effect of this is that the observable
weld of biomass produced to substrate unlised is lowered. In the brewing indusiry, density reducton
is commonly used as an indicator of substrate utlisation. The unit of density is °P which has basic
units of gexmaer/ 100 g of soludon, where extract refers to the toral sugars (fermentable and non-
fermentable) which are extracted from the malt in the brewing process (SAB Analytcal Methods
Manual, 1995). These units are adequate for comparing and monitoring wort production as all of the
fermentable sugars of glucose, maltose, maltotriose, fructose and the unfermentable sugars
contribute nearly equally to the density of the media. However, during both fermentation and
propagation, ethanol is produced. Both the ethanol producton (with an SG of 0.792) and sugar
consumption contribute to the reducton of the density during fermentatdon and propagation.
Owing to the various factors affecting density change, in this study the biomass productdon was used
in Secton 4.2 to determine the propagation kinetics while the rate of fermentadon in the later

chapters was calculated using the rate of density decrease.

By defining the biomass yield coefficient (Yx/s+g) In an approptiate manner, it can be used for
comparnng different propagaton condigons and strains. The yield coefficient (Yyys+p) is defined as
the ratio of biomass produced to the combined density reduction effects of sugar utlisaton and
ethanol production. This is therefore a ‘lumped’ parameter with contributions from the biomass

produced, ethanol produced and sugars consumed.

The density profiles for the strain propagadons under aerobic and near anaerobic condidons are
presented in Figure 4.2. Notceable is that in the anacrobic propagation condition of all strains, the
densiry was sull decreasing despite the tapering off of biomass producton. This is due to the cells
contnuing to consume sugats to produce ethanol. In the cases of the three flocculent strains (SAB1,
SAB1/96 and SAB5) depicted in Figure 4.2 (a, b & d), the aerobic propagation conditon resulted in
a more rapid decrease in wort density. The non-flocculent strain (SAB2), illustrated in Figure 4.2 (c),
performs differently in that the anaerobic density decreases faster than the aerobic. This observation

is combined with the observed biomass producton curves ia the vield coefficient analysis.
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The ratio of phosphate to carboxyl groups (q) of all four strains studied was found to be higher for
the yeast propagated aerobically. SAB1, SAB2 and SABS had q ratios greater than 1 under both
aeration conditions throughout the propagation cycle. SAB1/96 had q values closer to unity
(between 0.61 and 1.57) during the growth cycle although the aerobic yeast still had the higher values.
The general trend for the flocculent strains was for a decreasing g ratio from the mid logarithmic to
stationary phase with the early growth phase showing fluctuating values possibly as a result of non
representative sampling of cells at too low a concentration. Since all aerobically propagated yeast
showed decreasing q values, it is likely that this trend is a result of the change of media causing
different yeast surface compositions. The aerobically propagated yeast of the non-flocculent strain,
SAB2, had higher q ratios than the flocculent strains. The anaerobic growth condition showed an
increasing trend in q during the latter stages in the cell growth cycle although not as great a trend as
in the aerobic propagation. Bowen ez al. (1992) reported an initial decrease in q value early in the
aerobic fermentation of yeast followed by its increase during the latter stages. They found q values
to range between 0.91 (at start of fermentation) to 0.70 (midway through fermentation) to 0.94 (at

the end of fermentation) for lager yeast and q values between 1.26 and .56 for ale yeasts.

4.5 Pitching Yeast Properties

Yeast biomass generated during propagation is used to inoculate brewery fermentations t.e. as
pitching yeast. Propagation is typically an aerobic batch process with late exponential or stationary
phase yeast being used for pitching. Between fermentations the yeast is exposed to an initial
oxygenated environment which becomes anaerobic during the later part of fermentation where the
yeast goes into stationary phase before being pumped out of the vessel. The mechanical handling of
yeast can therefore occur following aerobic and anaerobic acclimatisation by the cells. The resilience
of these two yeast cultures to hydrodynamic stress can be different. The surfaces of ‘healthy’
undamaged yeast needs to be well characterised first before studying the surfaces of damaged yeast.
This section summarises the yeast properties viz. hydrophobicity, charge and composition, surface
chemical and molecular composition, and flocculation at the end of aerobic and near anaerobic

propagation.

4.5.1 Hydrophobicity

A summary of the final hydrophobicity indices of the different strains after propagation under both
aerobic and near anaerobic conditions is provided in Table 4.3. Amory and Rouxhet (1988) observed
a difference in hydrophobicity between top and bottom fermenting brewing yeasts with bottom
strains being less hydrophobic than top strains. This could, however, not be generalised to non-

brewing strains of Saccharomyces cerevisiae. In this study the difference in hydrophobicity between the






4-19

4.5.2.2 Charge Group Composition

The final N, and q values obtained for the yeast in the stationary phase were calculated from the zeta
potential profiles provided in Figure 4.15 and are summarised in Table 4.4. The N;values show that
under aerobic growth conditions, the flocculent strains are more chargeable than under anaerobic
conditions (aerobic to anaerobic IN; ratios greater than 1) while the non-flocculent strain is less
chargeable under aerobic than anaerobic conditions with its ratio being less than unity. Allstrains,
except SAB1 have a higher phosphate to carboxyl ratio (q) after aerobic growth. Of these strains,

SAB2 has the highest q values irrespective of the oxygen availability during propagation.

Table 4.4.  Chargeable group composition of yeast in its stationary phase after aerobic or

anaerobic propagation.

Ns (1012.cm??) q = Np/Nc
Strain Aerobic Anaerobic Ratio | Aerobic Anaerobic Ratio
SAB1 6.23 3.68 1.7 1.38 1.55 0.9
SAB1/96 5.14 4.16 1.2 1.24 0.79 1.6
SAB2 2.81 3.38 0.8 9.24 1.98 4.7
SABS 4.34 2.90 1.5 2.23 1.66 1.3

4.5.3 Flocculation

Based on visual observation, flocculation in the propagation vessel occurred towards the end of
exponential phase only. The flocculation may be attributed to either classical colloidal interactions
brought about by low surface charge, hydrophobicity and van der Waal forces, or by specific lectin -
receptor site interactions. In the event of lectin-mediated flocculation, the delayed onset may result
from the delayed expression of FLO genes with lectins only being incorporated into the cell wall and
activated at this time as proposed by Stratford and Carter (1993). Also, should active lectins be
present earlier on, flocculation would be inhibited by the high concentration of sugars causing
blocking of the site. At the end of propagation, the flocculation potential was determined by the
method described in Section 3.2.4. These results are presented in Table 4.5, together with the

hydrophobicity index and zeta potential values at pH 4.5, i.e. the pH of the flocculation buffer.
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The 6th generation production yeast SABS5 is more flocculent than the anaerobically propagated
laboratory yeast. Its flocculence is similar to that of the aerobic yeast, despite being subjected to
anaerobic conditions. This difference may result from serial selection for more flocculent yeast
through the cropping of settled yeast in the previous six transfers. The production yeast did not
illustrate shear sensitivity with respect to flocculence, remaining highly flocculent (> 80 %) across the
range of pressures investigated (5 - 40 MPa). The extent of flocculation of the 6th generation
production yeast is higher (greater than 90 %) than the first generation yeast produced in the small
scale fermenters (40 %). Several factors account for the difference in flocculation behaviour. The
flocculence of the production yeast is that of the settled yeast whereas the laboratory yeast is the
average of settled and suspended cells. The 6th generation yeast is the product of a flocculation
concentration effect resulting from the cropping of settled flocculated yeast over successive
generations with the less flocculent cells staying in suspension at the end of each fermentation. The
time the yeast remains within the laboratory fermentations (10 days) is also longer than the typical
time in the production fermenters {4 - 5 days) which would also exaggerate the selection of highly
flocculent yeast in the production fermenters. Furthermore the geometry and scale of the fermenter

may influence the yeasts’ flocculation potential.

5.4.4 Fermentation Performance of Laboratory Propagated SAB5
Following Exposure to the French Press

The fermentation performance of the yeast exposed to the French Press was analysed with the aim
of determining if hydrodynamic shear damage to yeast cells can alter the fermentation capacity of the
yeast. This was achieved by determining the rate of fermentation (decrease in wort density). The

beer quality indicators of SOz, pH and diacetyl were not considered in this study.

5.4.4.1 Fermentation raie

The rate of decrease in density was used as the primary indicator for rate of fermentation to provide
a measure of sugar utilisation. A rate constant was determined, based on the logistic expression
(Equation 3.10). Fermentations were performed in replicate with 3, 2, 2 and 1 fermentations being
performed for the 0, 3, 6 and 10 MPa experiments respectively. The fermentations were inoculated
to give an initial viable cell concentration of 7.5 x 10¢ cells/ ml. The data are presented in Figure
5.21. The aerobic variant of the freshly propagated yeast had a higher initial fermentation rate than
the anaerobically propagated yeast. This advantage which the aerobic propagation method has over
anaerobic yeast 1s, however, lost upon French Press exposure. Variation in the fermentation
performance following aerobic and anaerobic growth is insignificant following exposure to the

French Press.
















































6-10 Centrifugation

Table 6.3.  Haze composition analysis of centrifuged sample.

Feed Concentrate Clarified Error (%)

Total volume () 4.2 0.9 3.9 -
Solids conc. (wt %) 8.4 37.3 0.0 -
Solids mass (kg) 0.35 0.34 0.00 49
Solids volume (1) 0.30 0.28 0.00 4.9
Liquid volume (}) 3.9 0.6 3.3 0.4
Mannose conc. (g1} 0.00 0.00 0.00 -
Glucose conc. (g.1') 0.01 0.08 0.00 -
Glucan conc. (g.11) 0.13 0.33 0.09 -
Glucose - free (g) 0.04 0.05 0.01 64.8
Glucose - glucan (g 0.52 0.20 0.30 3.3

The error introduced in the inaccuracies of determining the solids concentration result in less than
5% error on the liquid and solid mass balance across the centrifuge. The error associated with the
sugar concentration determination was 0.02 g I'. While the free glucose concentration was very low,
further glucose was liberated by acid digestion of the cell free supernatant of the three streams. The
glucose liberated 1s derived from glucan present as a residue of the wort production process or
glucan released from the yeast cell wall. The mass balance on glucan present in the free supernatant
of each stream yields a low error of 3.3 %. This is within the error of mass balance in the streams.
Hence no glucan was released from the cell walls during centrifugation. The glucan present in the
clarified and concentrate streams was already present in the feed. This glucan originated during wort
production from the malt husks or was released from the cell wall before centrifugation. The former
is hypothesised owing to large amounts of glucan present in malt husks. Furthermore, glucan in the
cell wall lies below alayer of mannan. If the glucan was cell wall derived, a mannan fraction would
also have been detected. From the sugar analysis it is evident that no carbohydrate haze coming
from the cell wall was produced in the centrifuge under these operating conditions. It is therefore
concluded that no haze was formed since there was no fine particulate phase present in the clarified
stream and no carbohydrate haze originating at the cell wall was detected in either the clarified or

concentrate strearns,

6.4.3 Cell Viability

Viability was measured with the modified methylene blue staining assay. Since biomass is only
present in the feed and concentrate streams, the effect of centrifugation on viability is easily
illustrated using a parity chart to compare viability in the feed and concentrate streams. The parity

diagram given in Figure 6.4 includes viability data for all centrifugation tests performed. A loss of
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6.4.5 Hydrophobicity

The hydrophobicity of yeast in the feed and concentrate streams were measured and the results are
presented in Tables 6.4 and 6.5 for the model SA 1and OSC 4 centrifuge respectively. The average
feed and concentrate indices of the different yeast generations are plotted in Figure 6.11 and it is
observed that the hydrophobicity is greater for older generation yeast. The region within the

centrifuge where this loss of hydrophobicity occurs is not identifiable from the available data.

Table 6.4.  Loss of hydrophobicity of 4th generation SAB1 upon centrifugation in SA 1at

9 800 rpm.
Cin (%) QLhrY)  Hlked (%) Hlconcentrare (%)
8.4 67 6.1 26
4.6 &7 7.2 14

Table 6.5.  Loss of hydrophobicity of SAB5 upon centrifugation in OSC 4 at 10 000 rpm.

Gen. No. Q{Lhr!) GCi (%) 1 (min) Heed (%) H oncentrate (%)

1 570 1.14 1.5 1.8 0.3
3.0 35

6.0 2.7

12.0 2.3

2.51 1.5 1.8 1.6

6.0 1.4

3.20 5.0 1.8 3.5

7 950 0.61 1.5 10.5 2.0
6.0 5.1

.81 30 10.5 3.0

9.0 5.8
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Table 6.9.  Effect of feed solids concentration on flocculence of centrifuged SAB5 yeast as

test for disc zone effect.

Gen. No. Q (LbrY) Cout (wt%) Cin (wt%)  Flocculence (%)
570 13.5 1.14 33.6
! 570 14.5 251 19.8
{error = 9.2 %)
5 570 19.4 1.63 396
570 15.0 2.53 28.4

{error = 22.4 %)

Table 6.10.  Effect of feed flow rate on flocculence of centrifuged SABS5 yeast as test for disc

zone effect.
Gen. No. Cin (Wt%) Cout (Wt%} Q (Lhrt)  Flocculence (%)
5 1.63 19.4 570 39.6
1.76 17.4 950 7.6

(error = 7.3 %) (error = 10.0 %)

6.4.8 Fermentation Performance

The possibility exists that a non-flocculent yeast could be used for fermentation thereby requiring the
reuse of yeast collected in the concentrate stream of a centrifuge. For this reason the effect of
centrifugation on the fermentation performance of yeast was investigated. This investigation studied
the effect of feed concentration of SAB1 in its stationary phase in a flocculent form as well asina
deflocculated form (being achieved by the addition of EDTA). Yeast in the active growth phase was
also used as feed to the centrifuge (model SA 1) to investigate the resilience of yeast in the early
budding stage (26 hours after inoculation) and also in the late exponential phase (41 hour after
inoculation). In this study the centrifuge was operated to achieve the maximum concentration effect
by varying the discharge interval. The primary parameter used to evaluate the fermentation
performance of yeast is the rate of decrease of gravity (rate of fermentation) while final beer quality
was used to provide additional indicators. The procedure used to calculate the fermentation rate
constant, based on the logistic equation, is presented in Section 3.4.3. Figure 6.22 represents the
comparison of fermentation rate of the feed and concentrate as a paricy chart. Also shown arethe
lines of standard deviation for the assay. The results indicate that the higher flow rates through the
centrifuge (21.6 - 26.9 Lhr!) do not show any detrimental effect while the lower feed rate (7.2 LhrY)

does show a decreased fermentation rate for the centrifuged yeast. The deflocculated yeast did not
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account for the observed changes in charge group concentration. The reduction of hydrophobicity
index as a result of centrifugation was shown. Since a positive link between hydrophobicity and
surface lipid content was established in Chapter 4, the reduced hydrophobicity could be aresult of
lipid loss. The loss of lipid, which is uncharged, could also be partly responsible for the increase in

N, mentioned above.

Flocculation potential of yeast decreased as a result of centrifugation and this loss of flocculation was
proportional to the discharge interval of the solids. The loss of flocculation is therefore indicated to
occur in the solids discharge zone. In addition, increased feed concentrations also lead to a greater
loss of flocculence. This indicates that there is also a loss of flocculence in the disc stack region.
The loss of flocculation is therefore identified to take place in both the disc stack and solids

discharge zones.

The fermentation rate of flocculated yeast was generally increased by centrifugation with the greatest
increase being found for yeast in its growth phase or early stationary phase as well as for late
stationary phase yeast in a non-flocculated form. The beer quality produced by centrifuged yeast was
generally poorer for yeast in a flocculated form. This manifests itself as elevated sulphur dioxide and
diacetyl concentrations. Like fermentation rate, beer quality was more dependent on physiological
status of the yeast fed to the centrifuge. Cells in the early growth phase (start of cell budding)
produced significantly poorer beer quality while cells in late exponential to stationary phase produced
improved beer qualiry. Thisimplies that the rapid reuse of cropped yeast with minimal storage time

would favour faster fermentation rates and improved beer quality.

Centrifugation therefore affects yeast at the level of surface properties (charge and hydrophobicity),
flocculence, viability, protease release and fermentation performance as well as causing a slight
increase in temperature of both clarified and concentrate streams. Three recommendations for

centrifuge operation are:

1. To operate with the highest allowable feed flow rate that will achieve yeast separation within
the disc stack as this will minimise the increase in temperature in the clarified stream.

2. By operating at a low inlet solids concentration the cell viability will remain high, thus
minimising the potential of protease release into the clarified stream. If the centrifuge is
used for cropping then the concentrate yeast will also maintain a higher fermentation rate.

3. Despite the increased loss of flocculation potential associated with longer solids discharge
intervals, the interval should be set to the maximum which still achieves the required

separation so that excess beer losses can be avoided.
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veast quality indicators of the laminar and rurbulent trials. All fermentatons were conducted in

duplicate with the average values being reported.

Table 7.8.  Yeast quality indicators of the flow rate trials using the Scandi Brew pump and

25 mm holding tubes with standard deviations quoted in brackets.

Viability Protease % Damaged Cells
(%) Absorbance {from protease)
Laminar — inlet 95.0 0.097 4.24
Larninar — outlet 96.1 0.170 7.47
Turbulent — inlet 95.7 (£0.9)  0.101 (£0.009) 4.44
Turbulent — outlet 94.1 (£0.1)  0.106 (£0.013) 4.66
Table 7.9,  Fermentation performance and beer quality on day 12 of fermentation

following the flow rate trials with standard deviations quoted in brackets.

Fermentation Performance Beer Quality
Rate Final  Biomass 8O, Diacetyl
o) Py Guwh T pm)  (opb)
Laminar — inlet 0.0451 1.9 2.9 4.3 14.4 155
Laminar — outlet 0.0380 1.8 2.9 4.3 11.6 119
Turbulent — mlet 0.0402 1.9 3.1 4.3 15.4 169
#0.0002)  (#0.0)  (H0.08) (#0.0) (*1.0)  (+4.4)
Turbulent — outler 0.0405 1.8 2.9 4.3 14.6 147

#0.0017)  (#0.1)  (#0.07) (@0.1)  (#3.8) (4637

The viability of all the yeast samples were idendcal to within the 2% limit of experimental accuracy
and showed that the viability assay is insensitive to this level of damagé to the cell membrane.
Protease was, however, found to be released across the length of the holding rubes under laminar
flow conditons. The increase in protease across the holding rubes under nurbulenr flow conditons
was marginal. This indicates that there was cell damage in the laminar tial and only slight damage to
the cellular membranes in the turbulent trials. The fermentation rate of the laminar flow tral showed
a 16% decrease at the outlet compared to the laminar inlet sample while the turbulent inlet and outlet
sample fermentation rates were similar to each other. The slower rate of fermentaton indicates cell
damage supported by the membrane damage identified by protease release in the laminar trial. To
invesdgate the reason for the cell damage occurring under laminar flow conditons and not under
rurbulent condidons, the relative shear stresses and time period of exposure of the yeast to these

shear stresses needs to be considered. Although the total shear stress is larger in the turbulent flow
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situation, Reynolds stresses dominate in 2 large portion of the flow in the pipe as seen in Figure 7.2.
The smallest eddies that exist in the flow (the Kolmogorov microscale length of 156 pm) were
calculated to be approximately 24 times larger than the average yeast cell size (6.5 pm), indicating that
the energy associated with the rurbulent eddies is unable to be dissipated on the yeast cells.
Therefore it is appropriate to only consider the viscous contribution to the shear under turbulent
conditions and compare that to the laminar shear in the laminar flow situation. From Figure 7.2 it
can be seen that the laminar and viscous shear stresses are equal at a distance of 4 mm from the wall
(68% of the pipe radius). At distances closer to the pipe wall there is more viscous shear in the
turbulent flow than laminar shear stress in the laminar tial. The quantry of flow associated with this
outer region of the pipe equals 28.8 % of the total laminar flow and 48.3 % of the total in the
turbulent flow trial. This indicates that if the shear stress is the only parameter of importance then
the turbulent flow would have resulted in significantly more cell damage than the laminar tmal. It
therefore appears that there is also a2 minimum exposure tme required to cause cell damage since

these in the turbulent trial are shorter than in the laminar tnal.

To determine the extent of cell damage it is assumed for this study that the release of cellular
protease from a damaged cell is complete and that sufficient ime has elapsed for the protease to leak
out through the damaged membrane, i.e. either there is complete release of protease from a damaged
cell or no release from an undamaged cell. Addidonally, it is assumed that all cells have an equal
likelihood of being damaged when exposed to the same forces for the same period of time, ie. all
cells have identcal resilience to stress. Using these assumptons, the quantity of yeast which is
damaged in both the laminar and rarbulent trials can be determined. The specific protease content
of cells of strain SAB1 calculated in Chapter 4 was 0.0013 absorbance units/109 cells/ml and the
cellular concentration of a slurry of 57.7 % consistency was 1750 * 10¢ cells/ml. Based on this, the
fracdon of damaged cells (Table 7.8) at the inlet and outlet of the holding tubes in both trials was
calculated. This indicates that 3.35 % of the undamaged cells entering the holding rubes were
damaged in the holding tbes in the laminar flow trial while only 0.23 % were damaged in the
turbulent trial. Assuming that all these damaged cells were in the region closest to the wall where the
shear stresses and residence times are the greatest then this equates to the outermost 1.2 mm of pipe
from the wall, based on the volumetric flow through this portion for the laminar flow wrial. At this
radius the laminar shear stress is 26.1 Pa and the residence dme is 16.8 seconds. This marks the
position of the pair of critcal shear stress and exposure time, above which cell damage will occur.
There is no radial positon in the turbulent flow where the residence tme exceeds 16.8 seconds,
hence despite the viscous shear stress exceeding the critical shear stress of 26.1 Pa ar radial distances
berween 0.0083 m from the pipe centre line and the pipe wall (r = 0.0125}, little damage to the cells

occurred.
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increasing recirculation in both trials. The final SO; concentration of the fermentations inoculated
with yeast from the commencement of recirculation was higher than the remaining fermentations by
17 % in the 2 hour trial and more than 50% higher than those of the 6 hour trial. This is in
agreement with the reduced levels of SOz produced in the laminar flow trial fermentations in Section
7.3.1.
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Figure 7.8. Fermentation rate of yeast sampled during the recirculation trials.

(A6 hr trial, A 2 hr, — mean value, - - - standard error in assay)

Table 7.10. Beer quality on day 12 of fermentation following 2 hour recirculation trial.
Recirculation Time pH  SO;{ppm) Diacetyl (ppb) Acetaldehyde (ppm)

0:15 4.41 7.8 134 354
0:30 4.40 6.5 142 39.4
G:45 4.45 7.2 135 28.8
1:00 4.41 6.0 136 41.2
1:30 4.43 7.3 134 352

2:10 4.42 6.3 122 26.1
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Table 7.12.  Yeast quality indicators during yeast scrapping trial.

Yeast Mass Cropped  Viability =~ Oxygen Ultilisation Rate Protease

(kg) (%) (mg/1/min/10° viable cells) Absorbance
2000 93.2 0.06 0.24
4 000 93.7 0.06 0.26
6 000 92.0 0.07 0.25
8 000 92.1 0.10 0.25
10 000 94.1 0.09 0.22
12 000 92.9 0.08 0.26

The beer quality indicators (day 10) and fermentation performance of duplicate fermentations
performed at the 500 ml scale are summarised in Table 7.13. The fermentation rate and final
fermentation density did not vary. The yeast towards the end of the crop did show better biomass
growth ability than the yeast which settled earlier as indicated by the increase in biomass growth
factor from 2.9 to 3.2/3.3 umes the initial mass of yeast inoculated with the standard deviation being
0.1. The beer quality indicators are similar and within the experimental error associated with replicate
fermentations. Although the initial yeast activity measured by its oxygen utilisation rate was lower
for the yeast at the bottom of the cone, the yeast may have had sufficient recovery time during the
fermentation for any changes to be observed during fermentation. Along with fermentation rate and
extent, the beer quality of the different fermentations was not a function of the position of the yeast

in the cone.

Table 7.13. Fermentation performance indicators and beer quality on day 10 of

fermentation following yeast scrapping trial.

Scrapped  Fermentation Performance Beer Quality
mass Rate Final  Yeast SO,  Diacetyl Acetaldehyde
G @) (B Growh © Gpm)  Gpb)  (opm)
2 000 0.0455 2.24 2.9 4.6 17 328 27
4000 0.0455 2.25 3.1 4.6 16 339 27
6 000 0.0423 2.28 3.1 4.6 21 329 22
8 000 0.0445 2.23 3.0 4.6 20 320 21
10 000 0.0454 2.24 3.3 4.6 21 326 31

12 000 0.0463 2.23 3.2 4.5 18 321 29
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Table 7.15. Final beer quality indicators (day 10) for online trial with SAB3 yeast.

Biomass Diacetyl  Ethanol
Sample Growth  pH (ppb) g/
Pre-pump 6.0 4.1 113 7.4
Chiller-inlet 5.9 4.1 123 7.3
Chiller-outlet 5.8 4.1 96 7.1
YCV 6.0 4.1 112 7.2

7.4 Summary

The shear stress, energy dissipation rate, total energy dissipated and residence times within the
holding tubes and pipe section of the online trial are summarised in Table 7.16 while the various
biological responses to shear stress in each of the brewery system trials are presented and
summarised in Table 7.17. Protease activity showed an increase in all but the 2 hour recirculation
and turbulent flow trials. The two hour recirculation trial, however, used yeast with a high protease
initial concentration indicating the loss of some cell membrane integrity before the start of
recirculation. Small changes were recorded in the fermentation rate of hydrodynamically stressed
cells in individual trials. The laminar trial showed a reduction in fermentation rate of 16% while the
two online trials, conducted at significantly lower shear rates, showed slight increases in fermentation
rate (3 - 11%). The beer quality indicator, SO; concentration, was found to be reduced by shear

action in the flow trials and was not always accompanied by slower fermentation rates.

While the greatest total shear stress and energy dissipation rates were found in the turbulent flow
trial, the least effect on yeast quality and fermentation indicators resulted. The remainder of the trials
were conducted under laminar conditions and showed varying degrees of damage to the yeast and its
fermentation ability. This indicates that less cell damage occurs in turbulent flow which is explained
by the protective aspect of the turbulent eddies with the smallest eddies of sizes equal to the
Kolmogorov micoscale length being too large to interact with the cell, to cause cell damage resulting
in the yeast cells merely being transported within these eddies. The viscous shear stress is therefore
the only portion of the total shear stress which can cause cell damage. Despite the higher viscous
shear stress present in a large portion of flow in the pipe during the turbulent flow trial compared to
the laminar trial, the shorter residence time to which the cells are exposed to the shear results in lirtle
actual damage to the cells. It is therefore important to consider in combination the magnitude of

shear stress and its exposure time when assessing cell damage.

To prevent cell damage due to hydrodynamic shear stress in pipe flow around the brewery it is

recommended that the yeast is either pumped sufficiently slowly such that the maximum shear stress
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is below the critical stress required to cause damage as illustrated in the online trial with SAB5 where
the wall shear stress was 2.7 Pa. Alternatively it should be possible to pump the slurry sufficiently
fast to ensure turbulent flow in which Kolmogorov microscale lengths larger than the cell size are
ensured to avoid cell damage by Reynolds shear stress and cell damage by viscous shear stress is

minimised by reducing the residence time to which the cells are exposed to the stress.

Table 7.16. Summary of shear stress, energy dissipation and residence time values of the

brewery handling trials.
€ Er TE To Tos% Tavg Tavg
Jkgtsty (s 1)) (Pa) (s) (Pa) )
Turbulent 126.0 887 2047 148.9 3 57.3 2
Laminar 15.6 110 688 289 34 19.3 6
Recirculation 2 hr 315 221.7" 1259" 52.8 300 35.2 6"
Recirculation 6hr 22.4 157.5" 960" 375 33 250 8"
Online SAB1 0.059 19 5499 6.6 1229 2.2 298
Online SABS 0.0085 3 2204 2.7 3066 0.8 733

* - per pass through holding tubes
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Table 7.17. Summary of biological responses during brewery system trials.
Treatment Yeast Quality Yeast Surface Properties Fermentation Performance Beer Quality
Ferm.  Extent of Biomass . )
Trial Viab. OUR  Prot. Floce.  Charge Hydro. SO; Diac. Acet. EtOH
Rate Ferm. Growth
) 1
Laminar flow X / ! / / / ! X X /
(75%) (15%) (19%) (23%)
Turbulent flow X / X / / / X X X X X, / /
Recirculation V
‘ X X X / / / X X X ox o ox y
(2 hour) (17%) g
Recirculation 1 1 3
X X / / X X X X X / ~
(6 hour) (500%) (50%) 8
Online T
X / ! / X ! ! X ! y X X / S
SAB1 277%) 61%)  (11%) (10%) (32%) &
§
Online oo
X / ! X X / f X / X / X &
SAB5 (141%) (3%) §

T (%) - increased response/concentration with increased hydrodynamic shear
L (%) - decreased response/concentration with increased hydrodynamic shear

X - no biological response

/ - not measured







Chapter 8: Conclusions

In this study, a scheme whereby the hydrodynamic stress could affect the yeast by four possible
routes depending on the severity of the stress is hypothesised. Firstly, the loss or rearrangement of
molecules from the outermost layers of the cell wall may occur under mild hydrodynamic shear
conditions. Such alterations at the cell surface may be detected by changes to the surface charge,
hydrophobicity and flocculation potential of the yeast. Secondly, integrity of the cell membrane or
permeabilisation of the cell membrane can also occur at higher shear stress. This damage may be
detected by the loss of viability or release of protease enzymes. More severe stress may cause
damage to the cytoskeleton of the cell altering the yeasts fermentation performance with cell
disruption occurring at extreme stresses. By use of appropriate analysis of the fluid shear forces with
which the cells are in contact as well the time of exposure, the biological response of the cells may be

“predicted.

Changes to the outer cell surface were detected by changes to the hydrophobicity, surface charge and
flocculation potential of the cell. The zeta potential profiles of the cell surface across a range of pH
between 2.2 and 7.5 allowed for the calculation of the relative quantities of the carboxyl and
phosphate groups at the surface as well as the total number of surface charge groups. The surface
elemental composition and molecular composition were also measured and provided an indication of
the quantity of the major compounds present at the surface. The loss of membrane integrity was
determined by a methylene blue viability stain as well as by the extracellular detection of elevated
levels of protease. Overall yeast quality and cytoskeletal function were monitored by fermentations
to quantify fermentation rate and the quality of the produced beer. Cell disruption was monitored by
microscopic cell counts and particle size analysis was used for the detection of cell fragments and

fine haze material.












The repeated exposure to laminar shear stress was examined in the recirculation trials operated under
laminar flow conditions. The only yeast quality indicator atfected was the protease for the 6 hour
trial as seen by its increased release with total energy dissipated. The fermentation rates were
unchanged although again improved beer quality was observed by decreased SO and diaceryl

concentrations (17 % for the 2 hour tial and 50 % for the 6 hour wial).

The yeast quality and fermentation performance did not vary significantly with position in the cone
of the fermentation vessel although the oxygen utilisation rate of the yeast was found to be highest in
the middle portion of the crop. Hence the most appropriate sampling times set for the online trials
were either dusing the middle or art the end of the crop where the yeast was most active. During the
online trials, cell viability was not affected along the cropping route. An increase in protease release
along the route indicated an increase in membrane permeability. Of the surface properties
(hydrophobicity, charge, flocculatnon ability), only hydrophobicity was affected through the plate and
frame hear exchanger (35% decrease for SAB1 and 5 % decrease for SABS). Fermentaton rates of
yeast sampled along the cropping route was found to either unaffected or increased slightly while the
extent of fermentation did not increase. The only change to beer quality was a slight decrease in SO2

concentration,

From the data collected in this study it has been possible to postulate the existence of a critical shear
stress, below which no cell damage occurs despite an infinite exposure time to the stress. This is
supported by the lack of cell damage in the two online trials along the section of pipe leading to the
heat exchanger where the wall shear stress was low (6.6 and 2.7 Pa) while the exposure times were
long (in excess of 1229 and 3066s in the region close to the pipe). As the shear stress is increased
beyond the cntcal value (overstress), the tme required to cause cell damage would be reduced. This
is seen in the recirculation trial where a wall shear stress of 38 Pa and associated exposure time in
excess of 33 seconds per cycle was able to cause more than 5 times the protease release in just 9
exposures (or a total exposure time of 297 seconds) than in the pipe section of the online wials. A
shorter cxposure time of 3 seconds in the wrbulent trial was seen to be too short to cause cell
damage despite the higher wall shear stress of 149 Pa. The extreme case of intense shear stresses of
between 2.8 x 106 and 9.5 x 10° Pa for an instantaneously short exposure time of 104 — 10 seconds
in the French Press was seen to be sufficient to cause a range of cell damage from mild surface
changes to complete cell disruption. The hypothesis has therefore been supported that a crtical
stress is required to cause cell damage and that the rate of cell damage occurring is proportional to

both the magnitude of the overstress and the exposure time.
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Appendix A: Cell Propagation Data

A.1 Biomass Calibration Curves

Data for the four strains of Saccharomyces cerevisiae consisting of dry weights, cell counts (*106/ml) and
absorbances at 660 nm are presented below. The cell dry weights were determined by oven drying
the yeast pellet at 80 °C for 3 days while the cell count was performed by microscopic enumeration
using a haemocytometer. Where only absorbance data was collected, these calibradon curves were
used to obtain corresponding cell count and dry biomass estimates. Values of absorbance were
obrained by linear interpolation between the nearest points while dry weight was obrained by linear

best fit of the points. The values are plotted in the Figure A.1 and A.2 and presented in Table A.1.

Table Al.  Dry weight, cell count and absorbance data for strains SAB1, SAB1/96, SAB2

and SABS5,
SAB1 SAB1/96

Dry Weight | Cell Count | Absorbance | Dry Weight| Cell Count| Absorbance

@) 10°mt") | @s6onm) | (g1 | 0ml") | (@s60nm)
5.0 1618.9 2.79 8.0 2648.3 2.86
2.6 8549 2.41 4.2 1284.0 2.59
1.7 468.9 2.15 2.1 561.8 2.19
0.8 218.8 1.73 1.0 224.9 1.72
0.4 128.8 1.30 0.6 135.6 1.35
0.3 68.9 0.76 0.3 75.6 0.92
0.1 45.3 0.52 0.2 49.8 0.61
0.1 28.3 0.36 0.1 31.5 0.38
0.0 15.8 0.21 0.1 20.7 0.22

SAB5 SAB2
Dry Weight | Cell Count | Absorbance | Dry Weight| Cell Count| Absorbance
&1 10°mt™y | @s60nm) | (1) | @0°.ml") | (@660nm

7.7 2768.6 2.90 4.5 1445.0 2.66
3.8 1297.4 2.63 2.9 861.3 2.43
1.8 604.6 2.23 1.8 484.9 2.13
1.0 304.6 1.84 0.9 287.3 1.74
0.4 133.3 1.23 0.7 187.9 1.33
0.3 59.9 0.71 0.3 114.1 0.84
0.1 34.7 0.40 0.3 64.0 0.46
0.0 18.0 0.21 0.2 35.8 0.27







(A-3)

A.2 Yield Coefficients

Biomass yield coefficients were measured for each of the four strains of yeast, grown under both
near anaerobic and full aerobic conditons. The constants, presented in Table A2, were measured
when the cells had reached the stationary phase i.e. overall biomass yield. Cell density determinations
were performed by air drying pellets of cells which were centrifuged at 3000 g for 5 minutes and air
dried for 12 hours before recording the wet weight of the cells. The pellets were then oven dded at
80 °C for 3 days to remove all water from within the cells and the density determined. From
numerous dry and wet weight determinations, it was found that the water content of the centrifuged

cell pellet was 91 %. The cells’ average diameter and density for the four strains are also given in

Table A2,

Table A2,  Biomass vield coefficients

Wet Weight Yield (Y x/s)

Dy W, DHameter Density
(g/0.01 °P)
Strain (g/10¢%cells) Aerobic Anaerobic (nm) (kg/m?)
SAB1 3.08x10°5 0.127 0.041 6.65 1053
SAB1/96 3.03x10° 0.099 0.031 6.89 1094
SAB2 3.17x10° 0.126 0.045 6.34 1250

SABS 2.77x10°5 0.091 0.021 6.17 1185
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was used over an area of 500 x 500 pm to avoid the sample degradation sometimes associated with
the beam spot mode of older machines. The aluminium anode was powered at 15 kV with a current
of 0.62 mA producing a beam size of 50 pm with a power of 9.4 W. The analyser was placed at an
angle of 45° to the sample normal. Sample stabilisation (to avoid sample charging effects caused by
the continual loss of electrons from the surface} was achieved by a combination of low energy ions
and electron neutralisation. The base vacuum in the analysis chamber was 8 x 109 Torr. All samples
were analysed in the following sequence; first a wide scan from 600 to 0 eV using a constant pass
energy of 117.4 ¢V followed by narrow scans on O, Nis, Cis, P2s and Sy using a pass energy of 29.3
eV. Data from the wide scan was collected for 15 minutes while each of the five narrow scans was
collected for 5 minutes. Sensitivity factors for the elements were taken from the Multipack data base
for the Physical Electronics Quantum 2000. The binding energies of the peaks were determined by
setting the C-(C,H) component of the Ci, peak at 284.7 ¢V and peak decomposition performed.

B.4 Flocculence

Reagents
2mM EDTA

Dissolve 0.83g of EDTA-tetra sodium salt in 1 litre of distilled water
Flocculation buffer: 20mM Na-Acetate - 0.1%CaCl; buffer (pH 4.5) [9 mM]

Add 3.0 g Acetic acid to 500 ml distilled water

Dissolve 4.1g Sodium acetate and 1g CaCl; in 500 ml distilled water

Add the acid solution to the Sodium acetate solution to obtain a final pH of 4.0

Dilute the resultant solution to 1000 ml with distilled water

Method

1. Wash yeast with distilled water and collect by centrifuging for 5 minutes at 500 g in a Beckman
TJ-6 refrigerated centrifuge (4 °C).

2. Resuspend in 2mM EDTA and centrifuge once again.

3. Wash twice with distilled water and leave a small amount of water to resuspend the cells.

4. 22 mlof flocculation buffer was added to the glass U-tube inside the spectrometer and zeroed
against buffer.

5. The air was opened and the flow rate adjusted to give a bubbling rate of 55 to 65 bubbles per
minute.

6. 1- 1.5 ml of washed concentrated cells are added to the U-tube to give an Ao of 2.2- 2.5
without bubbling.

7. The bubbling provided the agitation necessary to initiate flocculation and an acclimatisation

period of 10 minutes was allowed while agitation was maintained.
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8. 'The air supply was stopped and absorbance logging started for 5 minutes using a signal averaging
time of C.1 seconds.

9. The initial and final absorbances were converted into cell concentrations using absorbance/cell
concentration conversion curves provided in Appendix A.

10. The extent of flocculation was calculated as:

Cells (itiaty CeffS(ﬁ ") ¥ 100% B.7)
Cells (initial

Flocculation%s =

B.4.1 Reproducibility

The flocculence method was used to assay the flocculation potential of samples of production yeast,
SABS, to determine the reproducibility of the assay. The summary of the extent of flocculation

measured is provided in Table B.4 which indicates that the coefficient of variance is 0.5 %.

Table B.4. Reproducibility of flocculation assay.

Sample No. Iinitial cell conc.  Final cell conc.  Flocculence
(106cells/ml) (10¢cells/ml) (%)
1 446.7 15.8 96.5
2 476.5 136 97.1
3 396.0 12.5 96.8
4 345.6 131 96.2
5 341.8 131 96,2
Average - - 96.6
Standard deviation - -~ 0.4
Coefficient of variance (%) - - 0.5

B.5 Haze Carbohydrate Analysis

Carbolydrate bydrolysis

1. Centrifuge the yeast suspension at 200 g and 4 °C for 3 minutes (Beckman TJ-6) to remove the
bulk of yeast particles.

2. Filter the supernatant through a Whatman No. 1 filter to remove all traces of yeast.

3. Freeze the filtrate to aid the formation of soluble haze particles by lowering their solubility.

4. Centrifuge a thawed sample at 13 200 g and 4 °C for 40 minutes and resuspend the pellet in the

supernatant such that a 10 fold concentration of haze is obtained. Similarly collect another
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Table B.5.  Sensitivity and limits applicable to the enzymatic sugar assay.

Sample volume (ml) 0.1 2.0

Detection limit {g/] sample) 0.005 0.0002
Max. Total sugars (g/1 sample) 1.137 0.0570

B.6 Methylene Blue Viability

The methylene blue vitality staining method is that of Lee ez al., 1981 where the staining solution
consists of methylene blue (0.25 g/1), NaCl (9 g/1), KCl1 (0.42 g/1), CaCL.6H,O (0.48 g/1), NaHCO,
(0.2 ¢/1) and glucose (10 g/1) dissolved in distilled water giving a final methylene blue concentration
of 0.025% (w/v). Dilute the yeast slurry with phosphate buffered saline(PBS) (pH 7.4) to give a
concentration of 107 cells/ml. Add 0.1 ml of yeast suspension to 0.9 ml of methylene blue staining
solution and swirl mix for 1 minute. Place a drop of this solution onto a haemocytometer and count
the number of blue (Noiue) and total number of cells (Niow)) under a brightfield microscopy at 400 X

magnification. The viability is then expressed as the ratio of clear to total cells:

N

Viability = Nt = Nove v 10004 (B.11)

fotol

B.6.1 Reproducibility

From the standard deviation of the viability measurements used in this study was calculated to be

0.95%.

B.7 Extracellular Protease

Reagents
Incubation Buffer:  Tris-HCl Ruffer

(0.2 mol/1 Tris HCl, pH 7.8, 0.02 mol/m CaCly)
Stop Reagent: Trichloroacetic acid
(5% w/v in deionised, distilled water)
Assay Buffer: Tris-HCl
(0.5 mol/l, pH 8.8)
Substrate Solution: 15mg Casein, resorufin-labelled (Boehringer Mannheim, Universal Protease
substrate Cat. no 1080733)
preparation: add 3.75 ml deionised, distilled water to contents. Batch out 50

ul into Eppendorf tubes. Store in deep freeze.
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Method

S R A

8.
9.

10.
1L
12.
13.
14.
15.

Centrifuge the yeast slurry in an Eppendorf microfuge at 10 000rpm for 5 min.
Decant supernatant.

Recentrifuge supernatant for 5 minutes and decant.

Pipette 50ul substrate into fresh Eppendorf tubes. (Pre-prepared)
Add 50ul Incubation buffer (0.2 mol/l Tris-HCI) to substrate
For sample : add 100ul supernatant

For blank: add 100u! deionised, distilled water.

Mix by tapping gently on bench.

Incubate at 37°C for 60 minutes.

Add 480ul Stop reagent (Trichloroacetic acid) and mix.

Incubate at 37°C for 10 minutes.

Centrifuge for 5 minutes and decant,

Pipette 400u! supernatant into glass microcuvettes.

Add 600ul Assay buffer (0.5 mol/1 Tris-HCI)

Mix by tapping gently on bench.

Immediately measure absorbance at 574 nm using UV / visible spectrophotometer.

Analysis

Protease Absorbance = 4, .. ~ Ay (B.12)

B.7.1 Reproducibility

The reproducibility of the protease assay was tested at the upper limit of the linear detection range

{absorbance of + 0.6). These results are presented in Table B.6.

Table B.6. Reproducibility of the protease assay.

Sample No. Absorbance
1 0.593
2 0.534
3 0.556
4 0.541
5 0.556
Average 0.556
Standard deviation 0.023

Coefficient of variance (%) 4.1










Appendix C: Electrokinetic Analysis of the

Yeast Cell Surface

C.1 Derivation of charge density from the diffuse layer

An electrical double layer is formed around all charged surfaces. It is composed of two layers of
charge, that which forms part of the surface of the particle and a counter charge layer, with the same
magnitude as that at the surface, in the solution. In this way the ions set up an electrical potential
around the particle. In practice this potential charge layer in the solution takes the form of a diffuse
layer which progressively neutralises the surface potential as the distance away from the surface
increases. The decay of the potential layer can be described by the Boltzmann distribution. The ion

concentration close to the surface can then be given by the equation:

[~z
p= Zzienm expk E’Q%BTJ (C.1)

Where e = L6x109[(C]
ks = 1.38x10% [J.K-]
nie = bulk ion concentration [ions.m]
T = temperature [K]

z; = charge on the ion

y = potential [V]

The decay of potential is depicted in Figure C-1 with the surface potential, Stern potential and zeta

potential indicated.












0 = [RPO4] + fRCOO] - [RNH;+] (C.9)
The equilibrium equations for the ionisation of phosphate and carboxyl groups are:

R,HPO, « 55 R, PO; + H* €10
RCOOH « %5 RCOO™ + H*

where
|r,po; ;]
' [r,HPO,]
27 [rCOOH]

and the concentration of H* at the surface is altered due to the surface being charged, causing Hy* to
be higher than the bulk when the surface is negative and lower when the surface is positive H* can

be related to the surface potential according to:

1)<l o - 222 e

An expression for the charged carboxyl group concentration can now be determined by defining the

ratios of phosphate to carboxyl and amine to carboxyl as follows:
q=Np/ Nc and r = Ny / Ne¢ (C.12)

the total number of carboxyl groups is the sum of the charged and uncharged groups;
N¢ =[RCOOH]+ [RCOO"]
Le.

[RCOOH]=N, - [RCOO"] (C.13)

Substituting the above into the equilibrium constant expression and rearranging for the charged

carboxyl group concentration results in:

[RCoO|= (C.14)
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Recalling the ratios of phosphate and amine to carboxyl and that the total number of sites is given by
Neg=N.+N,+N, (C.15)

the total number of carboxyl sites can be expressed as;

N
Ne = A%—q%—r) (C.16)

The charged carboxyl concentration can now be expressed in terms of Ni, q and r:

N 1
[rRcoO|= — — (C.17)
770 4 s
K,
Similarly the charged phosphate concentration can be expressed as:
R, PO; |= (C.18)

(“//( )/}

For amine groups found on protein, the pK. is approximately 11 and since all the zeta potential data

was collected at pH values below 7, all amine groups can be assumed to be positively charged. From

this assumption the charged amine concentration can be expressed as:
r

(l+g+7r)

Substituting these expressions for the charged species concentrations into the theoretical expression

[RNE; |= N, C.19)

for surface charge concentration (Equation C.9) results in:

1
o, =eN
5 s 1+%+% )/ (1+q+r} H/J/ l+q+r)

(C.20)
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C.3 Solution Method for Charge Group Analysis Using

Statistica®

The theoretical expression for surface charge density can be equated to the experimentally
determined values for surface charge and values for the two unknown parameters (Ns, and q) can be
found. The ratio of carboxyl to amine groups was taken to be constant at 0.63, based upon the
amino acid content of surface proteins of Saccharomyces cerevisiae cells (Amri et 2l., 1982). The
approximate values of pK. for phosphate and carboxyl groups are 2 and 4 but due to slight
differences in the local environments within the cell wall, these values can vary slightly between
strains, growth conditions and experimental run. Because of these variations, estimates for K; and
K were found at the same time as those for Nsand q. The values for K, and K; were averaged for
different strains within each experimental run and these were then used to determine the values of
Nsand q. The best fit equation parameters were obtained using the non-linear estimation module of

Statistica® ‘98 Edition for Windows.

The solution method for a sample data set is presented below:
1. Zetapotential vs. pH data with standard deviations for each value 1s entered into Statistica and

estimates for the parameters pKy and pK; obtained with their associated standard errors (SE).

2. The values and standard errors obtained for pK, and pK; were used to calculate the average pK
values for the experiment. The loss function used to calculate the mean pK being 1/¢?
*(pKobserved - pKmena) "2 where 62 = (SE*SN05)2, SE is the standard error and SN is the sample

number, (pH values used in the experiment). Typical weighted average pK values obrained fora
data set of 11 zeta potential vs. pH scans is 2.740 and 4.668.

3. Using the average pK values calculated in step 2, the pH-ZP data is re-analysed using the surface
charge equations with known values for pK; and pK: to give the two parameters Nsand q along
with their standard errors. The R values indicating the goodness of fit between the modelling

equation and the data are calculated.

4. The standard errors found for Ns and q can be converted into confidence limits by using the
number of degrees of freedom (SN-1) and the t-value obtained from tables, taken as 95%in this
experiment. The confidence limits are calculated as

Interval = SE * t-valuegsn.y.








