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DEDICATION
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My bellows too have lost their wind
My fire’s extinct, my forge decayed,

And in the dust my vice 1s laid
My coals are spent, my iron’s gone

My nails are drove, my work is done
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A NOTE ON THESIS FORMAT

The work presented 1n this thesis consists of a number of detailed studies of key
elements of brewery yeast management Image analysis techniques have been
developed to provide morphological and physiological information on brewery
yeast stramns 1n order to improve these yeast handling processes The introduction
to the thesis therefore consists of a brief overview of the entire brewing process
and a detailled nsight into all aspects of brewery yeast management The
fundamentals of 1mage analysis are introduced and 1ts applications discussed with

particular reference to yeast

The format of chapters 2 to 6 of the thesis has been chosen as each chapter has
been submutted for publication 1n brewing and non-brewing journals as detailed

below

Chapter 2. Cahill, G, Murray, D M, Walsh, P K and Donnelly, D (1999)
The effect of the concentration of propagation wort on yeast cell
volume and fermentation performance J Am Soc Brew Chem

(1n press)

Chapter3  Cahill, G, WalshP K and Donnelly, D (1999) Improved control
of brewery yeast pitching using image analysis J Am Soc Brew
Chem , 57 76-78

Chapter4  Cahill, G, Walsh, P K and Donnelly, D (1999) Determination of
yeast glycogen content by individual cell spectroscopy using image

analysis Biotechnol Bioeng (submitted July 1999)



Chapter 5  Cahill, G, Walsh, P K and Donnelly, D (1999) A study of
thermal gradient development in yeast crops Proc 27" Congr Eur

Brew Conv, Cannes, (1n press)

Chapter 6. Cahill, G, Walsh, P K and Donrelly, D (1999) A study of the
variation 1n temperature, solids concentration and yeast viability in
agitated stored yeast To be submitted to J Inst Brew (September,
1999)

To ensure clarity and umformity of style, each chapter contains introductory

material and experimental methods
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ABSTRACT

Changes 1n cell volume occur when yeast 1s propagated in worts of increasing
oniginal gravity (OG) 1n the range 7 5 to 17 5°P Using image analysis to measure
cell volume, the mean individual cell volume of ale and lager yeast increased by
up to 30% as OG increased to 17 5°P Propagation of yeast in high-gravity wort
(17 5°P) has a deleterious effect on yeast quality during subsequent high-gravity

fermentations

The mean cell volume of yeast changes during storage and this has been 1dentified
as a contributing factor to over-pitching of fermentations A reduction in mean
cell volume of up to 19% for ale yeast and up to 7% for lager yeast has been
observed Using image analysis, a new pitching regime was developed which

improves fermentation consistency

A rapid technique has been developed to determine the glycogen content of yeast
on an individual cell basis using a combination of image analysis technology and
staining of yeast cells with an I, KI solution Analysis of the distribution of yeast
glycogen during fermentation indicates that a fraction of yeast cells do not
dissimilate glycogen Therefore, conventional glycogen analysis of yeast used to
moculate fermentations 1s of limited use, unless information regarding the

proportion of cells which utilise glycogen is known

X



Thermal gradients in yeast crops of 3 5°C were recorded within 5 hours of
unmixed storage, using a specially designed cooling rig These gradients increased

with increasing yeast metabolic activity to a maximum of 11°C

Using a custom-built yeast storage vessel, 1t was determined that mechanical
agitation achieves better mixing than recirculation of slurry through an external
loop In all trials, a dense biomass layer (up to 75% w/w) developed on the slurry
surface (due to CO; evolution), in which the yeast viability was up to 13% lower

than in the remainder of the vessel



NOMENCLATURE

A Projected area of cell [nm?]

B Cell breadth [pum]

C Circularity [-]

D Impeller, vessel diameter [mm, cm, m]

I Maximum luminence (in grey scale) [-]

I Grey value of pixel (-]

L Cell length [um]

y Cell volume [un’]

t Time [hr]
Abbreviations

Aber&IA Aber instrument and Image Analysis (basis for pitching)
ADY Active Dried Yeast

CER Carbon dioxide Evolution Rate

DO Dissolved Oxygen

EBC European Brewery Convention

FV Fermentation Vessel

ICS Individual Cell Spectroscopy

MB Methylene Blue (basis for pitching)

MB&IA Methylene Blue and Image Analysis (basis for pitching)
MV Maturation Vessel

NIR Near Infra-Red

oD Optical Density

OD-L Optical density of a yeast cell stained with Lugol’s solution
oG Ornginal Gravity

PC Personal Computer

PCR Polymerase Chain Reaction

YSV Yeast Storage Vessel
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CHAPTER 1
GENERAL INTRODUCTION

11 INTRODUCTION

The brewing of beer i1s a traditional craft involving many different processes
ranging from the growing of barley to the packaging of the firushed beer product

Although steeped 1n tradition and craft, there 1s ongoing development of brewing
technology to improve beer quality and plant efficiency The purpose of this
chapter 1s to introduce the fundamentals of brewing and in particular the aspects of
brewing associated with the handling of yeast Many detailed descriptions of the
entire brewing process are available (Briggs ef al , 1996, Hardwick, 1995, Kunze,

1996, Hough et al , 1995, Pollock, 1979, Pollock, 1981 and Pollock, 1987)

Image analysis has been recogmised as a powerful tool for the examination of yeast
and other micro-orgamisms The technology has been applied to some aspects of
brewery yeast management throughout this work The fundamentals of image
analysis are introduced and discussed 1n this chapter with particular reference to

yeast

1.2 FUNDAMENTALS OF THE BREWING PROCESS

Brewing of alcoholic beverages has been practised by mankind for millenma Beer
has been a popular choice throughout the ages and the essential elements of its

production include barley, malt, hops, water and yeast A basic outhne of the



process of modern beer production is illustrated in Figure 11 Barley 1s the
primary ingredient of brewing, although other cereals may be included depending
on the desirable flavour charactenstics of the beer, for example, rice and wheat
The process of malting partially germinates the barley grams through a series of
wetting and aeration phases Malting activates a number of hydrolytic enzymes mn
the grain including amylases and proteases The germunation process 1s arrested by
drying (kilming) of the malt The final drying or roasting temperature used in the
kilning process influences the colour and flavour of the beer Lager malts are kilned

at lower temperatures than ale malts

Mashing 1s essentially an enzymatic hydrolysis and extraction process in which the
starch content of the malt 1s hydrolysed to fermentable carbohydrates, primanly
consisting of the disaccharide, maltose Malt s milled using roller mills in the
brewery to produce a gnist, which effectively exposes the starchy substrate for
hydrolysis The gnst can consist of a mixture of different malts and barley as
specified 1n the recipe for the specific beer The grnist 1s then mixed with a supply of
hot water (45 — 65°C) The resulting ‘pornidge’ ts held in a mash vessel for 1 — 2
hours to allow enzymatic hydrolysis to take place The mash temperature depends
on the malt used and the beer type Ale 1s traditionally mashed at a single
temperature of 65°C (infusion mashing), while lager 1s mashed at a series of
progressively warmer temperatures 1n the range 45 - 70°C by removing a portion
of the wort, which 1s heated to boilling and added back to the mash (decoction
mashing) When the mashing process 15 complete, husks and other non-hydrolysed

matenal are filtered from the mash to produce sweet wort  Traditionally, filtration
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occurs 1n a lauter tun which has a filter plate in 1ts base The sweet wort drans
down through the bed of spent grains and 1s collected Residual extract 1s washed

from the spent grain by sparging hot water through the bed

Hops are added to sweet wort in the kettle and the wort 1s typically boiled for 90
minutes A number of important processes occur during wort boiling including
stenlisation of wort, extraction of hop bitters (humulones), 1somersation of
humulones to 1so-humulones (more bitter than humulones), concentration of the
wort, precipitation of proteinaceous matenal (trub), development of colour and

removal of unwanted hop volatiles

When boiling 1s complete, the wort 1s sent to a whurlpool for removal of trub and
spent hops from the hopped wort The clanified wort 1s then cooled to fermentation

temperature en route to the fermentation vessel

Wort 1s usually aerated and pitched with yeast in-lhne dunng filing of the
fermentation vessel During the mmitial lag phase (in which the gravity of the wort
does not alter) the dissolved oxygen 1n the wort 1s absorbed by the yeast, enabling
synthesis of important cell membrane components which can only occur 1n the
presence of molecular oxygen (Ares and Kirsop, 1977) The yeast cells increase in
number dunng early fermentation and thereafter continue to metabolise wort

sugars to produce ethanol and CO, The fermentation temperature 1s dependent on



the type of yeast used but is usually in the range 10 — 25°C The duration of

primary fermentation can range from 2 to 10 days depending on the beer type

At the end of primary fermentation the green beer contains a number of undesirable
compounds including diacetyl All green beer must undergo a conditioning phase
after pnimary fermentation to remove these compounds and develop the final beer
flavour Residual yeast in the beer remove the last traces of undesirable
compounds Conditioning of lager can take several days at temperatures typically
below 5°C, while ales and stouts are conditioned at temperatures close to
fermentation temperature A small amount of wort may be added to ale and stout
green beer at the start of conditioming to assist in the conditioning process When
conditioning 1s complete, the beer 1s chilled and finings may be added to clanfy the

beer

The conditioned beer may be clarified by centrifugation and filtration to remove all
yeast, trub and haze particles The resulting bright beer 1s diluted to trade gravity
and stored prior to packaging Bnight beer at trade gravity 1s pasteurised prior to
racking into kegs, whereas beer which 1s packaged into bottles or cans 1s
pasteunised in package after filing The exclusion of oxygen after fermentation 1s
important, as its presence has a deleterious effect on both the flavour and shelf hfe

of the beer



1.3 BREWERY YEAST MANAGEMENT PROCESSES

The ‘biocatalyst’ used for beer manufacture 1s yeast and the manner in which 1t 1s
handled in the brewery plays a central role in determiming the quality and
consistency of the final beer product This work concentrates on studies of the
yeast handling processes used in brewenies to ensure that the highest quality
fermentations are achieved using yeast of high viability and vitality An overview of

the key processes involved in yeast management in the brewery 1s given below

Yeast management essentially controls all processes in the brewery involving yeast,
with the objective of achieving and maintaining the highest quality yeast possible
in terms of viability and witality Effective control 1s central to the consistent
production of beer which meets all of its product specifications A schematic of the
yeast handling processes of two breweries within Guinness Ltd 1s presented in
Figure 12 to illustrate the range of processes associated with a comprehensive
yeast management programme The mamn yeast handling processes in brewing are
propagation, pitching, fermentation, cropping, storage and acid-washing The
manner 1n which yeast 1s handled 1n a brewery 1s based on traditional practices, the

plant available and the type of yeast fermentation

The key differences in the yeast handling processes outlined in Figure 1 2 centre
on the cropping regime, storage vessels and pitching methods used in each
brewery Brewery A centrifuges the beer at fermentation temperature and chlls the

yeast 1n a single step after centnifugation In order to minimuse the thermal shock to
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Figure 12 Schematic of two brewery yeast handling systems Centrifuge (A),
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the yeast, brewery B chills the yeast in two stages, one prior to centrifugation and
the second en route to the storage vessel The storage temperature of brewery A
1s 4°C compared to 2°C for brewery B Both temperatures are acceptable for yeast
storage The mixing regime used in the yeast storage vessels are radically different

Brewery A recirculates the slurry through an external loop to de-carbonate the
yeast slurry dunng storage, while brewery B uses mechanical agitation In-line
biomass probes are used for pitching primary and secondary fermentations in
brewery A Load cells are used in brewery B to measure the mass of yeast shurry
added to fermentations Figure 12 1s used to illustrate the broad scope of
processes involved 1n a yeast management programme and to outhne the diversity
of plant and processes used to achieve good yeast handling practices As breweries
re-use yeast biomass from one fermentation to the next, each element of the yeast
handhing process can have a direct impact on other processes Attention to all
aspects of yeast management 1s therefore a prerequisite to good yeast management

The key elements of brewery yeast management are discussed in detail in the

remainder of this chapter

1.3 1 Brewing yeast cultures

Yeasts are eucaryotic uni-cellular fungt and many species play important roles in
industnial fermentation Saccharomyces cerevisiae 1s predominantly used for
brewing purposes Brewing yeast consist of top fermenting yeast used for ale and
stout productton and bottom fermenting yeasts (previously known as S
carlsbergensis) used for lager production Top fermenting yeast form a yeast head
duning fermentation, as a result of flotation due to CO; evolution in the fermenter

The temperature of ale fermentations 1s typically in the range 18 — 25°C (Hough et



al., 1995). Bottom fermenting yeast do not form a yeast head during fermentation
and towards the end of fermentation flocculate and sediment into the base of the
fermentation vessel to form a dense yeast plug. Typical lager fermentation
temperatures are in the range 5 - 12 °C (Hough et al., 1995). There are significant
differences in yeast strains used for beer production, each imparting its own
characteristic flavour to the beer. It is important that brewers can ensure the
integrity of their yeast stocks by eliminating contamination and cross-infection of

brewing yeast strains.

Differentiation between top and bottom fermenting yeast can be straightforward.
Lager strains of yeast are generally able to metabolise the disaccharide melibiose,
(Hough et al., 1995) unlike ale and stout strains. Furthermore lager strains cannot
grow at temperatures in excess of 37°C (Hough et al., 1995). Differentiation
between different strains of top fermenting yeast and bottom fermenting yeast
strains is possible based on classical microbiological analyses including colony
morphology, carbohydrate utilisation profile, flocculation characteristics and other
analyses (Institute of Brewing Methods of Analysis, 1997). The degree of yeast
strain identification is limited using these traditional techniques. Polymerase chain
reaction (PCR) techniques have been developed to effectively develop a fingerprint
of yeast DNA and allow rapid differentiation of similar yeast strains (Coakley et
al., 1996). Detection of contaminants in stocks of brewery yeast is essential to
maintain the quality of final beer. The presence of wild yeast and bacteria in

pitching yeast (e.g. Pediococcus, Lactobacillus, Acetobacter) can be detected



using a range of selective microbiological media (Institute of Brewing Methods of

Analysis, 1997)

1.3.1.1 Yeast viability and vitality

The quality of yeast used to pitch fermentations 1s of central importance to
brewers In the past, brewers have mainly been concerned with the viability of the
yeast, 1e the percentage of the total yeast cells which are living The are numerous
methods employed to determine the wiability of yeast including standard
procedures such as plate counts, slide culture and vital staimng Other techniques
have also been used to determine yeast viability, for example, the measurement of
the capacitance of wiable yeast cells using radio frequency electrical fields
(Pateman, 1997) Each method has its own ments and indeed has its own nherent
defimtion of wiabiity Plate counts define viability as the abihity of a cell to
reproduce, while vital stains define living cells by the activity of intracellular
enzymes Methylene blue has been commonly used 1n brewenes to determine yeast
viability However, its sensitivity has been questioned in comparison to newly
developed methods including fluorescent vital staining and ATP bioluminesence
(Lentim, 1993) Currently, methylene blue staiming 1s considered accurate when
yeast viabilities are n excess of 90% (O’Connor-Cox et al , 1997) This method is
still commonly used by breweries, as some newer methods require specialised

fluorescent microscope tllumination (King et al , 1981, McCaig, 1990)

There has been increasing awareness of the imited information obtained from the

determination of yeast viability (Imai, 1999) While 1t 1s useful to know the
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percentage of dead cells in a yeast population, 1t 1s equally important to know the
condition of the living cells Vitality 1s a measure of the metabolic activity or
fermentation performance of living yeast cells (Lentii, 1993) Methods used to
determine yeast witality include metabolic activity, concentration of cellular
components (glycogen, trehalose, sterols), fermentatton capacity, acidification
power, CO; evolution rate and oxygen uptake rate The methods used to determine
yeast viability and vitality have been reviewed (Imai, 1999, Lentini, 1993) and new
methods continue to be developed (Hodgson et al , 1994, Smart ef al , 1999) The
environmental conditions of a brewery can subject yeast to a range of physical
stresses including temperature, osmotic, pressure and shear Chemical stress from
ethanol or oxygen can also affect yeast physiology All of these stresses can reduce
yeast viability and vitahty (Walker, 1998) With increased demands placed on yeast
in high-gravity brewing (Stewart et al , 1997), information regarding the vitality of
yeast can prove invaluable in determimng pitching rates for fermentation and in

establishing specifications for the quality of stored yeast

1312 The mmportance of glycogen in brewing yeast

Glycogen 1s a polymer of glucose which 1s an intracellular storage carbohydrate of
yeast and other organisms Dissolved oxygen present in wort 1n the imtial stages of
fermentation acts as a trigger for the dissimilation of cellular reserves of glycogen
(O’Connor-Cox, 1998a) Yeast cells utilise molecular oxygen to synthesise sterols
and fatty acids which are essential cell membrane components (Aries and Kirsop,
1977) These compounds cannot be synthesised later in fermentation due to the

absence of oxygen Therefore, the quantity of sterols synthesised in the smitial
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stages of fermentation must be sufficient to maintain the integrity of the pitching
yeast cells and theirr progeny (Anes and Kirsop, 1977) The degree of wort
oxygenation and glycogen content of the pitching yeast has a direct correlation
with the quantity of sterols synthesised 1n the imtial stages of fermentation (Quain

and Tubb, 1982)

The glycogen reserves in yeast decrease dramatically in the first 24 hours of
fermentation as glycogen 1s used as an energy source and a source of metabolic
intermechates Reserves of this carbohydrate accumulate n the yeast cells later in
fermentation as the sugar concentration of the wort decreases (Murray et al,
1984) This carbohydrate reserve 1s used by yeast under nutnient-limiting
conditions as a source of energy and metabolite intermediaries Glycogen
dissimulation occurs during the latter stages of fermentation and during storage of
yeast The amount of cellular glycogen present in pitching yeast has a direct impact
on fermentation performance Pitching yeast which are glycogen-replete ferment at

a faster rate than glycogen-deficient yeast (O’Connor-Cox ez al , 1996)

A novel pitching technique based on the glycogen content of the pitching yeast has

resulted in significant tmprovements in fermentation consistency and quality (Quamn

and Tubb, 1982) The attainment of pitching yeast with elevated glycogen reserves
1s therefore a combination of the selection of a surtable cropping time (prior to a
significant decrease in cellular glycogen reserves) and storage of yeast without
sigmficant loss of glycogen prior to pitching Cellular glycogen concentrations

have been used as a monitonng tool of the effectiveness of yeast handling regimes
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in major brewertes, highlighting processes which are inappropniate or 1neffective

and result 1n unacceptable losses 1n cellular glycogen (O’Connor-Cox, 1998b)

Conventional analysis of the glycogen content of yeast by cell disruption and
enzymatic hydrolysis of glycogen to glucose 1s laborious and time consuming
(Parrou and Francois, 1997, Quain, 1981) Such methods do not lend themselves
to routine analysis of yeast samples as part a yeast management programme 1n the
brewery Rapid simplified procedures have been developed to measure the
glycogen content of yeast cells, for example, near infra-red (NIR) spectroscopy
(Mochaba ef al, 1994) Quamn and Tubb (1983) reported the development of a
simple and rapid technique for the measurement of glycogen 1n yeast cells Yeast
suspensions were stamned with an 1odine solution and the optical density at 660 nm
was measured using a spectrophotometer Using an unstained yeast suspenston as a
blank, the optical density of the suspension with 10dine solution correlated with the
glycogen content of the yeast suspension Using this method, 1t was possible to
visually distinguish between yeast suspenstons containing high and low amounts of
glycogen As a result, this method has been recommended as a simple and rapid
test for brewers to modify yeast pitching rates based on their glycogen content in

order to achieve improved fermentation consistency (Quain and Tubb, 1983)

132 Propagation

Brewers routinely re-use yeast cropped from one fermentation to pitch subsequent
fermentations This process cannot continue indefinitely due to the spontaneous

occurrence of respiratory-deficient mutants and increased risk of contamination
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(Jones, 1997) Therefore, brewers propagate fresh yeast at regular intervals to
minimise these occurrences Freshly propagated yeast 1s usually introduced into the
brewery after 8 — 20 fermentation cycles (Boulton, 1996, Smart and Whisker,
1996) Fermentations pitched with freshly propagated yeast usually have an
atypical flavour profile compared to fermentations pitched with cropped yeast
(Jones, 1997) Blending of this beer with other batches of beer 1s regularly required

to meet the final beer specifications

1.3.2.1 Wort

Good quality brewer’s wort 1s generally replete with nutrients suitable for yeast
growth and metabolism These nutrients include carbohydrates, amino acids, trace
elements, vitamins and minerals The balance of nutrients 1in wort (as opposed to
synthetic nutnient med:a) 1s biased towards a lgh carbohydrate content (mainly
maltose) Ths 1s the essence of beer production, as the carbohydrate content of the
wort dictates the ethanol content of the final beer Use of wort as a growth
medum for the propagation of yeast 1s necessary as both the fermentation liquor
and the newly propagated yeast biomass are added to the first fermentation
Therefore, to maintain the flavour integnty of the beer, the same wort must be

used

The onignal gravity of wort used for propagation 1s not widely reported However,
for normal gravity brewing, the propagation gravity s similar to the fermentation
gravity (Kunze, 1996) Ths situation 1s acceptable for normal gravity brewing (up

to 12°P) but may not be acceptable for high-gravity brewing, where gravities up to
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25°P may be used Propagation in wort with a lugh sugar concentration does not
allow full respirative yeast metabolism (Jones, 1997) In contrast, fed-batch
systems used for baker’s yeast production maintain the sugar concentration in the
growth medium at a low concentration to ensure that the yeast are maimntained 1n
respirative metabolism (Knstiansen, 1993) Fed-batch systems for brewery yeast
propagation have been studied on laboratory scale (Masschelen ef al, 1994)
Fermentative metabolism 1s even more likely with high-gravity worts due to the
increased sugar content of the wort The ethanol concentration at the end of
propagation increases with increasing wort onginal gravity and therefore puts
freshly propagated yeast under additional stress The tradition of batch yeast
propagation 1n wort emphasises the necessity for the production of yeast capable
of fermenting beer with specific flavour attributes, as opposed to producing

maximal quantities of biomass

1322 Multi-vessel propagation

Traditional yeast propagation regimes consist of a gradual scale-up from laboratory
agar slopes to shake flasks, to 25 L Carisberg flasks and thereafter a 1 5 or 1 10
stepchange 1n volume using two-stage and three-stage propagation vessels
(Schmudt, 1995) The low scale-up factor between propagation vessels ts to
mimmse the nsk of contamuation of the fresh yeast Aeration 1s usually
intermttent or once-off to mimmise foam production and to maintain the yeast in a
metabolic and physiological state which will produce beer close to the required

specification on 1ts first fermentation Brewery propagations are generally oxygen-
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limited due to plant design and the use of intermuttent aeration (Jones, 1997),

resulting 1n low cell counts at the end of propagation

1323 Single vessel propagation

Improvements 1n the design of propagation vessels have resulted ln‘ the
development of single vessel propagation systems Efficient aeration systems have
been reported using an aeration lance positioned in the wort with perforations to
generate small air bubbles (Munday and Dymond, 1998) Alternatively, wort
aeration can be achieved using air injection via a recirculation loop on the
propagation vessel (Geiger, 1993) Both off-centre and centrally-mounted agitation
systems have been developed which improve the degree of wort oxygenation and

mixing during propagation (Cholerton, 1995, Munday and Dymond, 1998)

The scale-up factor for single vessel propagators is significantly greater than for
tradittonal propagation vessels due to improved aeration and mixing Scale-up
factors can be as high as 1 300 (Wackerbauer ef al , 1999) Significant increases n
cell counts with single vessel systems have been achieved, for example 1 5 x 10°
cells/ml for lager yeast and 2 5 x 10° cells/ml for ale yeast (Andersen, 1998) Faster
yeast propagation rates have been achieved by increasing the temperature of
propagation Lager yeast have been propagated at 20°C for subsequent
fermentations at 15°C, with no negative impact on fermentation performance or
beer flavour (Schmudt, 1995) High final cell counts coupled with rapid

propagation times reduce the volume of propagation vessel required by the
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brewery. These factors, in conjunction with a reduction in the number of stages

required for propagation, result in significant cost savings for the brewery.

1.3.2.4 Continuous propagation

Continuous yeast propagation systems are, in effect, repeated batch propagations.
Initially, a propagation vessel is inoculated with a Carlsberg flask as in the
traditional propagation system. When propagation is complete, typically 90% of
the propagation vessel contents is removed to pitch a fermentation (Schmidt,
1995). The remaining 10% of the propagation serves as a seed for the next
propagation. The propagation vessel is topped up with fresh wort and propagation
continues until the required cell numbers are achieved to pitch the next
fermentation. Therefore, a fresh propagation is available for pitching into a
fermentation at regular intervals. Propagation times of 48 hours for lager yeast at
10°C (Brandi, 1996) and 24 hours at 25°C have been reported (Schmidt, 1995).
This so-called ‘pitch and ditch’ system uses freshly propagated yeast to pitch each
fermentation and no yeast is cropped at the end of fermentation. These systems
claim reduced propagation times compared to conventional propagation regimes
and production of beer with a normal taste profile after the first fermentation

(Geiger, 1993).

1.3.3 Fermentation

The success of brewery fermentations is dependent on many variables including

wort quality and original gravity, yeast quality, pitching rate, aeration rate,
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fermentation temperature and reactor configuration In the past, a wide range of
fermentation vessel configurations has been used which played an integral part in
determining the final flavour of the beer, for example, Yorkshire stone squares and
Burton Umon fermentation systems (Hough et a/, 1995) Nowadays, cylindro-
conical fermentation vessels are used widely throughout the brewing industry due
to their efficient mixing duning fermentation and ease of cropping of yeast from the
conical base of the fermenter (Nathan, 1930, Shardlow, 1972, Ulenberg et al,

1972)

1.331 Pitching

In the past, the addition of yeast to fresh wort at the start of fermentation was
achieved by ‘pitching’ a yeast wreath into an open fermentation vessel (Andersen,
1998) This term 1s still used to describe the addition of yeast to wort, although the
mechanism of dosing 1s radically altered In simple terms, pitching of wort involves
the addition of a quantity of yeast to fresh wort However, several important
questions revolve around pitching, which can have a direct impact on the success
of a fermentation The pitching rate used for fermentation 1s dependent on the
oniginal gravity of the wort A pitching rate of one mllion viable cells per degree
Plato per ml of wort 1s used by many brewers as a guideline (Casey ef al | 1984,
Casey and Ingledew, 1983, O’Connor-Cox and Ingledew, 1990) The actual
pitching rate used by the brewer can be strain-dependent In practical terms, the
additton of biomass to wort 1s achieved with pumps, flowmeters, load cells or in-
line biomass probes Therefore, calculated volumes or weights of yeast slurry are

added to the wort Yeast ijection usually occurs in-line as the wort 1s filling mto
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the fermenter to ensure adequate re-suspension of the biomass The correlation
between volume or weight of slurry with cell numbers 1s dependent on the mean
cell size of the yeast and on the quantity of trub present in the yeast slurry Actual
pitching rates can vary due to the presence of trub and due to the non-umformity

of yeast slurry resulting from poor storage conditions (O’Connor-Cox, 1998a)

13311 Proportional pitching

An alternative to pitching of fermentations using propagated or cropped yeast 1s
proportional pitching or gyling Typically, 10% of the fermenter contents 1s
removed after 24 hours fermentation to pitch a new fermentation (Donnelly and
Hurley, 1996) The yeast are actively growing and the lag phase of conventionally-
pitched fermentations 1s effectively eliminated Gyling 1s routinely used in the
production of high-gravity stout (18°P) If the actively fermenting liquor 1s not

required immediately for pitching, 1t must be stored at 4°C

13312 Active dried yeast

The manufacturing process for active drnied yeast (ADY) mnvolves propagation of
the yeast in lughly aerated fermentation vessels, followed by harvesting and drying
of the biomass using centnfugation and fluidised-bed driers (McLaren, 1991)

ADY has a shelf life of years and 1s used world-wide 1n the manufacture of bread
and wine The advantages of using ADY in brewing are significant The use of
ADY to pitch fermentations eliminates the need for a propagation plant in the

brewery Furthermore, production of a wide range of beers (for example, seasonal

19



beers) using a number of different strains 1s considerably simplified The problems
and costs associated with perishability, transportation and storage of yeast are also
reduced Reported use of ADY for beer production demonstrated typical
fermentation profiles and a final beer which was comparable to fresh yeast control

beer (Lawrence, 1986)

1.3 3.2 Aeration

Wort 1s aerated prior to pitching to provide the yeast with sufficient oxygen to
synthesise essential membrane components, 1e sterols and fatty acids Dissolved
oxygen 1n aerated wort stimulates glycogen dissimilation and sterol and fatty acid
synthesis (O’Connor-Cox et al , 1996) Sufficient oxygen must be added to ensure
the synthesis of adequate amounts of these compounds for the pitching yeast and
their subsequent progeny (buds) These compounds cannot be synthesised later in
fermentation due to the absence of molecular oxygen (Anes and Kirsop, 1977)
Under-oxygenation of wort can result in lower cell counts in fermenter, slower
fermentation rates, possible talling of fermentation and reduced cell viability 1n the
yeast crop (Noble, 1997) On the contrary, over-oxygenation can result in
increased biomass yield, faster fermentation rates, excessive fobbing, altered

flavour profile of the beer and excessive beer losses on centrifugation (Edelen et

al , 1996)

The extent of wort aeration 1s dependent on the wort gravity, pitching rate and the
specific oxygen requirements of the yeast stran The pitching rate for high-gravity

fermentations increases on a pro-rata basis according to the aforementioned rule of
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thumb for pitching used by brewers Therefore, the degree of wort aeration
increases accordingly The maximum concentration of dissolved oxygen attainable
in wort using arr as the aeration gas 1s approximately 8 ppm If increased
concentrations of dissolved oxygen are required then pure oxygen or oxygen
enrched air 1s required to aerate the wort Over or under-aeration of the wort can
obviously occur due to incorrect injection rates of air into the wort stream
However, 1if the aeration rate 1s correct and the wort 1s underpitched, then the
specific oxygen supply to each yeast cell 1s increased, leading to increased cell
growth and possible flavour alterations In a simular manner, over-pitching coupled
with normal aeration can result in each cell being under-aerated, which can lead to

reduced cell growth and reduced viability of yeast crops

1.3.3.3 Ongnal gravity

Normal gravity brewing refers to the fermentation and conditioning of beer at the
gravity (and alcohol concentration) at which the beer 1s sold to the consumer
(typically 12°P) However, high-gravity fermentation systems have been developed
which mvolve fermentation at gravites in excess of trade gravity followed by
dilution with de-aerated liquor prior to packaging High-gravity brewing processes
have been 1n operation for the past 25 years and currently more beer in the USA 1s
produced by high-gravity brewing than by so-called conventional brewing (Stewart
et al, 1997) Both ale and lager yeast have been utilised in high-gravity
fermentations However, lager yeast in general are more robust compared to ale
yeast stramns (Borthwick er al , 1997) The benefits of high-gravity brewing include

increased capacity, decreased energy, labour and cleaning costs, improved flavour
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stability, mcreased ethanol yield per degree Plato, smoother beer flavour and the
possibiity of higher adjunct addition rates There are also a number of
disadvantages to high-gravity brewing including decreased brewhouse efficiency,
decreased foam stability, reduced hop utilisation rates and decreased yeast viability
and vitality (Stewart et al, 1997) High-gravity brewing can have deleterious
effects on yeast quality Increased wort gravity in fermentation results in significant
losses 1n yeast viability early in fermentation (Casey and Ingledew, 1983) Acid
washing 1n conjunction with high-gravity brewing also reduces yeast fermentation
performance compared to conventional gravity brewing (Cunningham and Stewart,
1998) The benefits of high-gravity brewing often outweigh any of the associated
problems Therefore, the main objective of the brewer 1s to ensure satisfactory

flavour matching of the beer to that of normal gravity brewing

1.3.4 Cropping

Cropping 1s the term which applies to the harvesting of yeast from a completed
fermentation for storage and subsequent pitching of fermentations The type of
cropping regime used in a brewery 1s dependent on the type of yeast used in the
fermentation (top or bottom fermenting yeast) and on the fermenter configuration

(e g open-topped vessel, cylindro-conical)

The timing of cropping can have a direct impact on the quality of yeast harvested
The quality of yeast cropped from a fermentation which has reached its attenuation
limut rapidly deteriorates with time Furthermore, yeast starts to sediment into the

cone of a fermenter before the attenuation hmut 1s reached, resulting in the
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commencement of ‘yeast storage’ before the fermentation 1s complete The yeast in
such an environment can rapidly deteriorate due to severe nutrient limitations, high
ethanol concentration and increased local temperatures due to metabolic heat
generation (O’Connor-Cox, 1998a) Early cropping involves the removal of yeast
plug before the fermentation has reached its attenuation hmut Early cropping
regimes have been implemented 1n major breweries to overcome this phenomenon
and have resulted 1n improved fermentation performance (Lovenidge et al , 1997,

O’Connor-Cox, 1998a)

1.341 Top fermenting yeast

Traditional ale fermentations are conducted in shallow vessels open to the
environment Such configurations allow the development of a yeast head on the
surface of the fermentation liquor during fermentation The yeast head (in the form
of a dense yeast foam) 1s removed at various stages during the fermentation by
skimmung the yeast head into a small yeast vessel or wagon (Hough et al, 1995)
The yeast 1s typically stored without agitation 1n a refrigeration unit until required
for pitching The traditional difference in cropping regimes between top and
bottom fermenting yeast 1s disappearing with the widespread use of cyhindro-
conical vessels, as both yeast types are cropped from the base of the vessel
(Donnelly and Hurley, 1996) Centrifugation of the yeast from the fermentation

liquor 1s usually associated with cylindro-conical vessels
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1342 Bottom fermenting yeast

The onset of yeast flocculation occurs in fermentation as the sugar concentration
decreases and the ethanol concentration increases Cylindro-conical vessels are
ideally sutted to the development of a yeast plug in the base of the fermenter
(Nathan, 1930) Such a plug can be removed by gravity into a yeast collection

vessel for storage

13.5 Storage

Storage of brewer’s yeast 1s a routine practice in brewernes, as yeast 1s cropped at
the end of one fermentation and stored chilled prior to pitching subsequent
fermentations Yeast quahty should be maintained during storage to ensure that
pitching 1s achieved with yeast of high viability and vitality In the past, yeast has
been stored as a pressed yeast cake or in a slurry However, pressed yeast is prone
to contamination, 1s difficult to re-suspend in fresh wort and 1s difficult to maintain
at a uniform temperature throughout (Pollock, 1981) The preferred method of
storage 1s 1n the form of a yeast slurry in beer or beer and water mixture (Pollock,
1981) The key aspects of yeast storage include the duration of storage,
temperature, metabolic heat generation and the effectiveness of the mixing regime

These topics will be discussed 1n detail as each plays an important role in successful

yeast storage

24



1351 Duration

Ideally, yeast should be stored for as short a period as possible, although storage
times of up to 7 days have been reported (Pagh-Rasmussen, 1978) Yeast quality
deteriorates during storage as a result of starvation conditions and due to the
presence of ethanol and dissolved carbon dioxide Glycogen reserves of yeast
decrease significantly dunng storage and this results in poor fermentation
performance of the yeast (Quain and Tubb, 1982) A number of major breweries
have improved the fermentation performance of their yeast by imposing maximum
time himuts for yeast storage of 48 hours (Lovendge et al, 1997) and 24 hours

(O’Connor-Cox, 1998a)

13.52 Temperature

Stored yeast 1s 1n a catabolic state and therefore increased storage temperature
increases the rate of metabolism which results in glycogen dissimulation and
autofermentation (McCaig and Bendiak, 1985a) The recommended storage
temperature for yeast slurry 1s 1n the range 2 - 5°C (Lenoel ef al , 1987, Martens et
al , 1986) Storage temperatures 1n excess of 10°C result 1n an increased rate of
yeast deterioration compared to 5°C or below (McCaig and Bendiak, 1985a)
Storage temperatures below 0°C may result in ice-damage of the yeast cell
membranes It 1s important that the slurry mamntains a umiform temperature
throughout It 1s common practice to control the temperature of yeast slurry in a
vessel using the output from a single temperature probe close to the vessel wall
The temperature readout for the vessel therefore represents the temperature of

yeast slurry close to the vessel wall (and cooling jacket) It 1s important that the
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temperature of the entire volume of stored yeast slurry be maintained close to the
temperature setpoint of the controller Therefore the storage temperature 1s
important i terms of the setpoint used and also in terms of the umformity of
temperature achieved throughout the yeast crop It has been recogmsed that
storage of pitching yeast in insulated unmixed vessels in a refrigerated coldroom
can lead to the development of hotspots in the yeast slurry due to metabolic heat
generation (O’Connor-Cox, 1998a) Temperature uniformity can be improved

using an appropriate agitation system

1.3.5.3 Metabolic heat generation

At the end of fermentation, brewer’s yeast contains significant reserves of the
storage carbohydrate glycogen (Murray ef al, 1984) This reserve serves as an
energy source for maintenance metabolism during storage Autofermentation by
yeast results in the depletion of internal glycogen reserves, increased ethanol
concentration and the generation of heat (O’Connor-Cox, 1998a) Bemng in a
catabolic state during storage, yeast are strongly influenced by local environmental
temperatures Therefore, if this metabolic heat 1s not removed during storage, the
slurry temperature will increase accordingly, resulting in an increased rate of
glycogen disstmulation and further heat generation Adequate mixing and cooling of
the slurry 1s central to maintamning a low rate of cell metabolism and sufficient

glycogen reserves in the pitching yeast for fermentation
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1.3.5.4 Agtation

Brewery pitching yeast 1s typically stored as a slurry of approximately 40% (w/w)
solids Such slurries are viscous and pseudoplastic (shear-thinming) Mixing of
yeast slurries during storage 1s essential to ensure the umformuty of solids
concentration and temperature throughout the slurry There 1s a diverse range of
agitators used during storage of brewer’s yeast including small diameter impellers
(Cholerton, 1995, Murray et al, 1984), off-centre impellers (Munday and
Dymond, 1998), slow speed, large diameter paddles (Kawamura ef al, 1999) and
mixing by recirculation of yeast slurry from the base of the vessel to the top via an

external pumping loop (O’Connor-Cox, 1998a)

1.3.6 Acid washing

Pitching yeast 1s potentially the greatest source of contamination in a brewery
(Simpson, 1987) Ideally, contaminated pitching yeast should be discarded and
replaced with a contaminant-free yeast crop or freshly propagated yeast As this 1s
not always possible in a brewery, reduction of bactenal contamination of brewer’s
pitching yeast can be achteved by treating the slurry with a concentrated acid
solution, for example, tartanic, phosphoric or sulphuric acids (Hough et al , 1995)

Acid washing 1s effective in the pH range 2 2 — 3 0 but at a pH value of 2 O the
pitching yeast 1s adversely affected (Fernandez ef al , 1993) Most bactera present
m the yeast slurry are mactivated at the low pH values attained However, some
lactic acid bactena are resistant to such low pH values (Cunningham and Stewart,
1998) Acid washing can have a deleterious effect on yeast viability and vitality if

the temperature during washing exceeds 5°C or if the yeast 1s in poor physiological
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condition prior to washing (Simpson and Hammond, 1989) Furthermore, 1t has
little effect on wild yeast or other cross-contaminant yeast strains Therefore, acid
washing should not form a routine part of a brewery’s yeast handling process, but
can be implemented as required to control bactenal contamunation of the pitching

yeast

1.4 FUNDAMENTALS OF IMAGE ANALYSIS

Vision plays a central role mn the hfestyle and understanding of mankind Many
people will tolerate significant hearing loss before opting to use a hearing aid,
while few will go without corrective lenses for relatively minor defects in sight
Expansion of the range of human vision was achieved through the invention of the
first mucroscope mn the 17" century by Antome van Leeuwenhoek The
magnification of 200 to 300 times was sufficient to observe a wide varety of
microorganisms (VanDemark and Batzing, 1987) The invention of the rmcroscoﬁe
has played a significant part in the advancement of our understanding of the
principles of microbiology Photographic tmages of microorganisms have been in
existence for over a century A photograph of Guinness ale yeast strain 1164 1s
presented 1n Figure 13 The quality of the image 1s comparable to images
produced by modern microscopes However, this image dates from 1897 The
original photograph on a glass plate was scanned to produce a digitised image
consisting of hundreds of thousands of picture elements or pixels Enlargement of
the 1mage reveals the presence of these pixels as shown 1n Figure 13 Although

images of high quality have been available for over 100 years, the development of
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Figure 1.3. A digitised 1mage of a photograph of Guinness ale yeast stramn 1164
taken over 100 years ago (30/1/1897)
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image analysis has been totally dependent on the evolution of other technologies.
The advance of camera, video and computer technology in the past decades has led
to the development of image analysis and expanded its applications and
methodologies considerably (Vecht-Lifshitz and Ison, 1992). Image analysis refers
to the digitisation of an image into a grid of pixels which enables the measurement
of the light intensity at each pixel. Eight-bit black and white images are recorded as
an array of pixels with a range of light intensity values ranging from black (0) to
white (255). These digitised images consist of 256 (28 grey levels which surpasses
the sensitivity of the human eye which can only distinguish 30 grey levels in
monochrome images (Russ, 1995). Colour images consist of three separate colour
bands (red, green and blue), each with an intensity range from 0 to 255. Colour
images require even greater resolution to compare to the sensitivity of the human
eye, for example, 12 bit (212 levels of colour) and 16 bit (216 levels of colour)
(Russ, 1995). Image analysis systems can process grey images, colour images or

single bands of colour images as required by the application.

1.4.1 Elements of an image analysis system

An image analysis system consists of five main components, a personal computer
(PC), a framegrabber board, a camera, appropriate magnification lenses and image
analysis software (See Figure 1.4). Depending on the application, the video camera
can be attached to a microscope for the examination of microscopic features, a
macro lens for the observation of larger features or a telescope for the observation

of distant objects. The selection of the type of video camera also depends on the
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Figure 1.4. A schematic of a typical image analysis system incorporating a
video camera (A), PC monitor (B), PC processor and framegrabber

board (C) and microscope (D)

application required The array of video cameras 1s vast and ranges from
monochrome cameras to high-speed colour cameras The framegrabber board
installed 1n the PC converts the signal from the video camera into a digitised format
consisting of hundreds of thousands of pixels Once digitised, the images can be
processed using the unage analysis software The processing power of the PC 1s
dependent on the complexity of image processing required for the application
Modern PC’s are extremely powerful and capable of high speed processing of

images

The mamn elements of image analysis are as follows tmage acquisition, 1mage

enhancement, identification of features of interest, measurement of selected
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features and output of data to an appropnate spreadsheet Each of these elements

18 discussed in further detail in the following sections

1.4.2 Image acquisition

Image analysis can be applied to the examination of images from a wide range of
sources, for example, x-rays, telescopic images, microscopic images, hand-held
cameras, digital scanners and video cameras The 1mage n question must be mn a
digitised format consisting of an array of pixels Video cameras and scanners are
ideally suited to this purpose The data 1s relayed to a computer via a framegrabber
board Once stored in the memory of the computer as an image file, the

appropnate 1mage analysis software can be used to process the image

143 Image enhancement

In many instances, captured images lack sufficient resolution due to camera
vibration, inadequate illumination, electrical interference and the presence of dirt or
contamiation on the camera lens Image analysis techniques have been developed
to enhance image quality by ehiminating or reducing the defects mentioned above
Electronic noise 1n the image, which appears as bright spots throughout an image,
can be reduced 1n intensity by using an averaging filter A 3 x 3 filter, for example,
replaces the intensity of a pixel with the mean of the surrounding 9 pixels (a 3 x 3
square of pixels with the pixel of interest in the centre) Larger filter sizes can be
applied also (5 x 5, 7 x 7, etc) Averaging filters reduce noise but also result in
blurning of edges Median filters are particularly effective in removing extreme

noise from an 1mage, 1 e black pixels in a white region and vice versa In this case,
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the median value of the surrounding pixels replaces the intensity of the centre pixel

Blurring of images 1s less likely to occur with median filters

Depending on the application, sharp edges may be required in order to identify the
features of interest An edge can be defined as a number of pixels which differ in
mntensity from the surrounding pixels Application of a filter which replaces each
pixel value with either the maximum or mmmum value i its neighbourhood

(postenisation) can successfully detect edges in an image

Adjustment of contrast for poorly illuminated images 1s effective in hughlighting
detail otherwise lost in the image Dark images consist of pixel intensities at the
lower end of the range 0 to 255 Assume the intensity range in an image 1s, for
example, 0 to 100 Expansion of this intensity range to the entire range 0 to 255
will result 1n improved resolution within the image The same techmique can be

applied to hght-saturated images

There are many different filters available to enhance image data and 1t 1s beyond the
scope of thts chapter to explore these in detail However, many of these techniques
are discussed 1n detail by Russ (1995) These filters are most effective when used
in conjunction with other filters to enhance the images so as to enable detection of

the features of interest

1.4 4 Feature ident:ification
A fundamental element of image analysis 1s the identification of the features of

nterest by distinguishing them from the image background and from other objects
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which may be present The most widely used method of feature detection 1s
thresholding This method 1s based on the assumption that the features of interest
consist of, or are bounded by, pixels which are significantly different from the
image background by being darker or brighter By setting an approprate threshold
value, the operator selects all pixels in the image with a specific range of intensity
values Once selected, the image 1s converted to a binary image which consists of
black pixels and white pixels only as determuned by the threshold value Features
are then 1dentified as a connected group of black pixels in a binary However, 1t 1s
likely that other objects in the image have been detected which are not of interest
Classification of all detected objects allows the filtering out of all unwanted
objects Objects can be classified based on size and shape so as to capture all
features of interest and ehminate all unwanted objects The features of interest can
then be measured and the data output sent to a spreadsheet for analysis Basic
measurement of features include length, breadth, cross-sectional area, perimeter,
circularity, centroild of object and equivalent mean diameter A plethora of
measurements can be conducted by superimposing the outline of the detected
features back onto the ornginal image, including mean grey value, colour (as
intensities of red, green and blue), maximum grey (or colour band) values,

mimmum grey (or colour) values and optical density

1S APPLICATIONS OF IMAGE ANALYSIS

Image analysis has been used for a wide range of mucrobiological applications
mncluding colony counting on agar plates (Caldwell and Germuda, 1985),
determmation of mmmum ihibitory concentrations of antibiotics using plate

assays (Hammonds and Adenwala, 1990) and the observation of chemotaxis 1n
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amoebae (Fischer et al., 1989). Many reported biotechnological applications of
image analysis concern the morphological and physiological characterisation of

industrially-important microorganisms.

1.5.1 Filamentous organisms

Cultivation of filamentous organisms in submerged fermentations is an essential
part of the production of many industrially-important products including
antibiotics, alcohols and organic acids (Cox and Thomas, 1992). It is
acknowledged that physiological control is of prime importance for secondary
metabolite production by filamentous microorganisms. Cell morphology in many
instances relates to the physiology of the microorganism. Characterisation of the
morphology of filamentous organisms during fermentation is difficult due to the
diversity of forms in which biomass can occur, ranging from filaments to pellets.
Initial characterisation of filaments involved the use of a digitising table with which
the key points of the filaments in an image were manually digitised for further
processing (Metz et al., 1981). This type of approach to morphological
characterisation was extremely labour intensive with an estimated processing time
of 83 hr for each sample of 1000 filamentous cells of Streptomyces clavuligerus
(Adams and Thomas, 1988). Image analysis has superseded this technology and is
capable of rapid processing of images. The degree of complexity of image
processing has a direct impact on the processing time required. However,
improvements in the speed of computer processors has resulted in the decrease in
processing times from 17 hr (Adams and Thomas, 1988) to 4 - 7 hr (Packer et al.,

1992) to 89 min. (O’Shea and Walsh, 1996). With current processing speeds



available, the realisation of real-time or near-real-time morphological analysis of

filamentous microorganisms is imminent.

Morphological examination of filamentous organisms using image analysis is
capable of characterising the microbial population into a series of classes including
mycelia, mycelial aggregates, smooth pellets and rough (or hairy) pellets (Treskatis
et al., 1997). A major advantage of using image analysis in morphological studies
is the ability to measure the mean size of various classes and also the frequency
distribution of classes (for example, hyphal length, pellet density, pellet size).
Cultivation of Streptomyces tendae under different growth conditions results in
either a normal distribution or bimodal distribution of pellet size in the population

(Reichl etal., 1992).

The combination of image analysis technology with classical and modem staining
techniques can provide a valuable insight into the physiology of filamentous
microorganisms. Colour image processing, combined with differential staining
techniques using a combination of methylene blue and Ziehl fiischin, have identified
6 physiological states in Pénicillium chrysogenum during fermentation (Vanhoutte
et al., 1995). Grey level processing was shown to be less sensitive and had
increased incidence of mis-classification compared to colour processing. Image
analysis techniques have been developed to study the physiological state of
filamentous organisms by measuring the degree of vacuolisation which occurs

during fermentation (Packer et al , 1992, Paul eta | 1992).



1.5.2 Dimorphic organisms

The morphology of dimorphic yeast strains has been shown to vary from ellipsotdal
yeast cells to branched filaments as a result of changes in environmental conditions
(Walker and O’Neill, 1990) Image analysis techniques have been developed to
enable the classification of dimorphic yeast into 6 morphological groups including
yeast-like cells, elongated cells, double yeasts, filaments, double filaments and
mycelia (O’Shea and Walsh, 1996) Such techniques have been used to monitor the
distribution of cell morphology during fermentation Measurement of the
distribution of various cell morphologies i fermentation broths using image
analysis has also been successfully used to predict filtration charactenstics

(McCarthy et al , 1998)

1.5.3 Yeast

The image analysis techmques which have been applied to the study of yeast
morphology have mainly related to the dimensions and shape of individual cells,
double cells, clusters and flocs The morphology of yeast cells can be related to its
physiological status For example, 1t 1s known that some yeast strains elongate
when exposed to stress (Shimozaka et al, 1991) Measurement of the size
distribution of yeast flocs enables calculation of the mass transfer limitations which
are likely to occur durning fermentation (Vicente ef al, 1996) Analysis of the
geometric parameters of individual yeast duning fermentation provides near-real-
time information about the frequency distribution of yeast cell size and the
proportion of the population which exist as single cells, budding cells and clusters
(Pons et al, 1993, Zalewski and Buchholz, 1996) Automatic sampling and

dilution systems have been developed using flow-through cells attached to a
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camera system, which allow continuous automatic monitoring of cell counts and

morphology during fermentation (Zalewski and Buchholz, 1996)

Techmques have been developed to determine the actual physiological state of
yeast (as opposed to its morphology) using a combination of staining techmqués
and image analysis Cell viability has been measured using a combination of 1mage
analysis and methylene blue staining (Pons ef al , 1993) Once 1dentified, the yeast
cells are separately classified as living or non-living based on the mean grey value
of the cells A non-destructive method mvolving modern fluorescent staining
techniques combmed with image analysis have been used to measure the
intracellular pH of intact yeast cells (Imat and Ohno, 1995) Using a fluorescent
microscope, yeast cells staned with 5 (and 6)-carboxyfluoroscein are exposed to
excitation wavelengths of 441 nm and 488 nm The ratio of emitted light (at a
wavelength of 518 nm ) from each source 1s proportional to the ntracellular pH of
the yeast cells This techmque illustrates the evolutionary direction of image
analysis Early methods mnvolved the processing of monochrome images to yield
physical measurements of cells (Pons ef al, 1993) Later methods combined
staining techniques to identify cells or regions of interest in images based on
staning or non-staming Currently, imaging techmques have become more

sophusticated, and are capable of estimating physiological parameters such as

ntracellular pH based on the colour intensity measured 1n yeast cells
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16 OBJECTIVES OF THIS WORK

Yeast management encompasses a broad range of processes within the brewery
With increasing pressure on breweries production capacity and the prevalence of
high-gravity brewing, there are increased demands placed on brewery yeast
Increased automation and improved fermentation plant go some of the way
towards meeting the demands placed on breweries However, yeast management
cannot remain unaltered f the goals of maintaining yeast quality and fermentation
performance are to be met mn an ever-changing brewery environment The
objectives of this work are to study some of the key aspects of yeast management
in order to optinuse yeast handling regimes and to gain greater insight into the
effect of handling processes on yeast physiology Image analysis techniques will be
developed and applied to the measurement of yeast geometric parameters and

intracellular components The objectives of this work are detailed below

Yeast propagation

o To mvestigate the effect of propagation wort gravity on yeast

morphology using image analysis

e To determine the optimal gravity in which yeast can be successfully

propagated

¢ To determune the impact of propagation gravity on subsequent

fermentation performance
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Pitching of fermentations using stored yeast

¢ To measure changes 1n cell volume during storage of yeast using image

analysis technology

e To optimuse pitching regimes for fermentations

Glycogen content of yeast

e To develop a near-real-time 1mage analysis technique to determine the

mean glycogen content of yeast

e To use this technmque to indicate the distribution of cellular glycogen

throughout a yeast population

Temperature control in unmixed yeast crops

e To measure the extent of thermal gradient development in un-mixed

yeast crops

e To determine the contribution of metabolic heat generation to the

magnitude of thermal gradients

Temperature control in mixed stored yeast

e To design a 10 hl yeast storage vessel to examine the effect of different
agitation regimes on the distribution of temperature, cell viability and

solids concentration 1n stored yeast slurry

e To determune the best agitation regime for storage of yeast slurry
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CHAPTER 2

THE EFFECT OF THE CONCENTRATION OF
PROPAGATION WORT ON YEAST CELL VOLUME AND
FERMENTATION PERFORMANCE

21 INTRODUCTION

Propagation of yeast 1s an integral part of brewery operations and 1s central to the
maintenance of quality and consistency of fermentations However, the propagated
yeast must be in an approprate physiological state and be capable of producing
standard beer from 1ts first fermentation Brewery yeast propagation is unlike the
biomass propagation systems used in other fermentation industries Baker’s yeast,
for example, has been the focus of much research and 1s normally produced in
highly aerated fed-batch systems, maximising biomass yield and mmnimesing ethanol
production (Pirt, 1975, Rose and Viyayalakshmi, 1993, Van Hoek ef al, 1998)

This process elimmates fermentative metabolism in Saccharomyces cerevisiae

Brewer’s yeast 1s, however, propagated in standard brewery wort with a variety of
aeration regimes (once-off, intermittent or continuous) The degree of aeration and
mixing used in brewery propagations 1s likely to lead to oxygen-limited growth
(Jones, 1997) Likewse, the growth medium itself 1s hugh 1n sugars and due to the
limited oxidative capacity of S cerevisiae, sigmficant quantities of wort sugars are
converted to metabolic end-products by oxido-reductive metabolism (Nielsen and
Villadsen, 1994) To overcome these difficulties some smaller breweries import
yeast from larger breweries as an alternative to yeast propagation (Litzenburger,

1988)
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There are numerous developments reported on efficient propagation systems using
some of the techmques normally employed outside of the brewing industry,
including single-vessel propagators (Andersen, 1998, Cholerton, 1995), continuous
propagation systems (Geiger, 1993, Kunze, 1996) and fed-batch systems
(Masschelein ef al, 1994) Single vessel and fed-batch systems produce yeast of
improved quality in reduced times compared to conventional multi-vessel systems,
with standard beer quality resulting from the first fermentation using propagated
yeast (Masschelein et al | 1994, Wackerbauer ef a/ , 1996) The gravity of wort n
which brewer’s yeast 1s propagated 1s an important process parameter and, in some
instances, standard casting wort 1s used (Kunze, 1996) However, the wort OG
used for brewer’s yeast propagation 1s not widely reported, and as hgh-gravity
brewing continues to become widespread in the brewing industry (O’Connor-Cox,
1998b), 1t 15 likely that high-grawvity propagation will become a normal feature of
brewery operations The use of standard brewhouse wort elimnates the need for
special propagation wort brews and the possible ‘dilution’ of high-gravity
fermentations with low gravity propagation wort High-gravity propagation
eliminates the need for sterile liquor addition or re-sterilisation of brewhouse wort
after hiquor addition i the propagation vessel However, high-gravity brewing puts
brewer’s yeast under additional stress compared to conventional brewing, for
example, osmotic stress, ethanol stress and reduced resistance to acid washing
(Borthwick et al , 1997, Casey and Ingledew, 1983, Schmudt, 1995, Stewart et al ,
1997) It 1s hikely that high-gravity propagation will also impose increased stress on

yeast
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This chapter examines the effect of wort OG on the propagation of ale and lager
yeast strains Propagation of these yeasts in increasing wort gravity alters yeast cell
volume The effects of propagation wort OG on yeast cell volume and on
fermentation performance are examined in order to optimise the wort gravity used

for yeast propagations

2.2 EXPERIMENTAL
2.2.1 Yeast strains

Ale and lager fermentations were conducted using three Guinness brewery strains
of Saccharomyces cerevisiae The yeast strains are 1dentified as ale yeast 1164, ale

yeast 662 and lager yeast 7012

2.2.2 Wort -

A batch of standard brewery ale and lager wort was diluted with deaerated brewing
hquor as required to give wort gravity values in the range 7 5 to 17 5°P for yeast
propagations One htre aliquots of diluted wort were dispensed mmto 2 L
Erlenmeyer flasks and sterihsed in a steam cabinet at 100°C for 2 hours For each
fermentation tnal, a single batch of standard brewery ale (17 5°P) and lager wort
(12 5 and 17 5°P) was used Each batch of wort was dispensed into 12 L aliquots
and sterilised as above This procedure results in microbiologically stable worts

The onignal gravity was determined after steaming
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2.2.3 Yeast propagation

All propagations were carried out using 1 L of wort n 2 L Erlenmeyer flasks and
incubated 1 an orbital shaker (Gallenkamp, model INR 250 010J, Gallenkamp
UK) at 24°C and 120 rpm The standard propagation times were 48 hr for both ale
yeasts and 72 hr for lager yeast The wort OG used for propagation ranged from

7 5°P to 17 5°P as indicated 1n Table 2 1

2.2.4 Pitching regime

Fermentations were undertaken using a top fermenting (ale 1164) yeast and a
bottom fermenting (lager 7012) yeast For all fermentations, the propagated yeast
was centrifuged and pressed to produce a yeast cake in order to avoid dilution of
the fermentation gravity with low grawvity propagation wort Fermentations were
pitched either on a weight per volume basis or on a cell number basis in order to
examine the effect of different cell sizes on pitching rate When pitching on a

weight per volume basis, the appropriate weight of yeast cake was re-suspended n

Table 2 1 Propagation conditions for yeast strains

Yeast Stramn Temperature Duration Wort OG
(°C) (hr) (°P)

Ale Yeast 1164 24 48 75,10,125,15,175

Ale Yeast 662 24 48 75,10,125, 15

Lager Yeast 7012 24 72 75,125,175
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100 ml of wort and then added to the fermentation vessel The pitching rate was
2 5 g/L for top fermenting yeast and 3 75 g/L for bottom fermenting yeast The
percentage viability of the stored yeast was taken into account when used for
pitching, therefore, 25 g/l and 3 75 g/LL of viable yeast were added to each
fermentation When pitching by cell number, the cell count on the pressed yeast
was performed and the weight of yeast required was calculated to ensure a specific
yeast cell number for pitching The pitching rates for top fermenting yeast and

bottom fermenting yeast were 1 x 10’ and 1 5 x 107 wable cells per ml respectively

2.2.5 Fermentation conditions

All fermentations were conducted in duplicate in 2 L European Brewery
Convention (EBC) tall-tube glass fermenters The fermentation conditions are
outlined 1n Table 2 2 The dissolved oxygen concentration was measured prior to
pitching using an Orbisphere DO meter (Model 26131, Orbisphere Laboratories,

Geneva Switzerland)

2.2 6 Determination of spectfic gravity

10 ml samples of fermenting broth were centrifuged to remove yeast using a bench
centrifuge at 2,500 rpm (600 g) (Bawrd & Tatlock Auto Bench Centnfuge Mark
IV, Baird & Tatlock Ltd UK) The supernatant was degassed by shaking in a 50
ml conical flask and analysed for present gravity using a Paar Density meter

(Model DMA46, Anton Paar KG, Austna)
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Table22.  Fermentation operating parameters

Ale Tnal Lager Tnal
Wort Ale Lager
0G (°p) 175 1250r175
Temperature (°C) 24 15
Pitching Rate 25g/Lor 375¢g/Lor
10x10"/ml 15x 107/ ml
Imitial DO (ppm) 8 8

OG Onginal Gravity
DO Dissolved Oxygen

227 Yeast enumeration and measurement of viability

Cell counts were performed in duplicate on all samples using a Thoma counting
chamber In all cases, the viability of yeast was measured using the methylene blue

staiming techmque (Pierce, 1970)

2.2.8 Wet weight determination

Duplicate 10 ml samples were centrifuged and washed twice in 5SM NH,OH to
remove trub (Enan, 1977) Trub removal was required in order to mimimise errors
in wet weight analysis for the range of wort gravities used The washed yeast
suspension was then filtered through a pre-weighed 045 um membrane filter

(Gelman Sciences, Michigan USA) and washed with distilled water The wet
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weight was expressed as g/ A correlation between wet weight and dry weight

yielded an r* value = 0 98

2.29 Image analysis

Microscopic images of the yeast samples were recorded using a JVC KY-F55B
colour video camera (Victor Company of Japan Ltd , Japan) attached to a Nikon
Optiphot microscope (Nikon Corp, Tokyo) at 400X magmification The images
were stored and processed with Optimas 6 1 image analysis software (Media
Cybernetics, Washington, USA) using a Dell Optiplex GX1 (300 Mhz) PC The
system was calibrated using a stage reticle and the resolution obtained was 0 37 x
0 37 um per image pixel The image analyser produced a digitised image of yeast
samples (768 x 572 square pixels) with intensity values assigned to each pixel (0 to
255) To achieve a mean cell volume accuracy of +3%, a mimimum sample size of
600 yeast cells was used for all measurements (Cahill er al, 1999) Twenty

microscope fields were recorded for each sample (approximately 1200 cells)

An algonthm was developed to process the colour images and measure geometric
parameters of individual yeast cells (Figure 2 1) An image 1s mutially converted
from colour to monochrome (Figure 2 2a) Using operator intervention, the image
contrast 1s adjusted and the optimum grey level threshold 1s selected to detect yeast
cells (Figure 22b) Using these values, each of the 20 sample images 1s
automatically processed and converted to a binary image, where the outline of the

yeast 1s detected (Fig 2 2c) The binary outlines of the yeast are then filled (Figure
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2 2d) and touching cells separated (Figure 2 2e) All objects are then assessed
using classifiers to identify each as yeast or as non-yeast (e g trub or debris) The

classification critena for yeast are

Projected area (4) 16 um® <A < 100um®

Circulanty (C) <18

where C = (perimeter length)’ / Projected Area

Note the circulanty of a circle1s 4«

The 1dentified single yeast cells 1in the processed binary images are measured for
individual cell length, breadth and projected area (Figure 2 2f) The processing
time for each sample of approximately 1200 cells 1s typically 80 seconds The
volume of each yeast cell 1s calculated based on the assumption that S cerevisiae

generally conform to the shape of a prolate ellipsoid (Lord and Wheals, 1981)

Cell volume ¥ (um’) 1s defined as
V=LBn/6

where L and B are cell length (xm) and breadth (um) respectively
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2 2.10 Osmotic pressure effects on mean cell volume

Use of worts of increasing OG expose yeast cells to mcreased osmotic pressure m
the itial stages of propagation due to the presence of high concentrations of
sugars (Stewart ef al, 1997) In addition, increased wort OG leads to higher
ethanol concentrations at the end of propagation In studying the effect of wort OG
on yeast cell volume 1t 1s imperative that these parameters are examined The effect
of changes in osmotic pressure on the size of ale yeast 1164 was examined using
ethanol and NaCl Wort sugars were not used to study these effects as this would
mnevitably lead to the development of yeast buds, therefore altering the mean cell
volume NaCl was used as an alternative solute A series of 250 ml Erlenmeyer
flasks was prepared with 100 ml of distilled water containing the following ethanol
concentrations 0, 2, 4, 6 and 8% (v/v) A batch of freshly cropped ale yeast 1164
was pressed and added at a rate of 2 5 g/L to each flask The flasks were incubated
at 24°C for 24 hr at 120 rpm Samples were withdrawn at t =0 5 hr and 24 hr for
measurement of mean cell volume using tmage analysis as described above A
second batch of freshly cropped ale yeast 1164 was studied using NaCl
concentrations of 0, 4, 9, 13, 18 and 36 g/l The flasks were incubated at 24°C

for 24 hr at 120 rpm

2.3 RESULTS & DISCUSSION
2.3.1 Propagation

A study of yeast propagation was undertaken for ale and lager yeast using a range

of wort gravities In all cases, the biomass yield expressed as wet weight (g/L)
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increased with increasing wort OG (Figure 2 3) This 1s not attributable to the
presence of higher levels of trub in high-gravity worts, as the method of wet weight
determination involved dissolution of trub prior to filtration of samples Typical
results for ale yeast 1164 propagated in worts of increasing OG, indicate
corresponding increases 1 biomass yield up to 48 hr (Figure 2 3) This data agrees
with other reports of increased biomass yields with increasing wort strength
(Schmudt, 1995) However, in contrast to these findings, the cell count data for the
ale yeast 1164 propagations (Figure 2 4) do not increase 1n magmtude to the same
extent as the corresponding wet weigh biomass data (Figure 2 3) Propagations
using each yeast strain showed no definite relationship between final yeast cell
counts and wort strength in the range 7 5to 17 5°P These seemingly contradictory

sets of data suggest that cell size alters depending on the propagation OG chosen

Wet Weight (g/1)

Time (hr)

Figure 2.3. The effect of wort OG on biomass concentration during

propagation of ale yeast 1164
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Figure 24  The effect of wort OG on yeast cell numbers during propagation of
ale yeast 1164

This 1s clearly demonstrated for propagations (ale yeast 1164) using mean cell
volume data obtamed from image analysts measurements (Figure 2 5) The results
indicate that yeast mean cell volume increases during propagation with increasing
wort OG This trend was also observed for ale yeast 662 and lager yeast 7012

Mean cell volume data of yeast sampled at the end of propagation for ale yeast 662
and lager yeast 7012 are summarised in Table 2 3 The results indicate that mean
cell volume increases with increasing wort gravity as found for ale yeast 1164

Although the cell volume of yeast 1s significantly altered with increasing wort
gravity, the yeast viability for all propagations remained above 98% Worts of
increasing gravity have different characteristics such as higher osmotic pressure

early in propagation due to the presence of increased concentrations of wort
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Time (hr)

Figure 2.5. The effect of wort OG on yeast mean cell volume during

propagation of ale yeast 1164.

Table 2.3. Summary of data for ale yeast 662 and lager yeast 7012 at the

end of propagation.

Wort 0G Cell Countl Final Final Mean Cell
(°P) (106ml) Wet Weightl Volume2
(/L) (Mki3)

Ale YeaSt 7.5 131 29.3 212
662

10 134 33.0 261

12.5 129 37.1 267

15 137 41.2 270

Lager YeaSt 7.5 180 25.1 171
7012

12.5 239 35.1 187

17.5 249 43.7 195

1 Mean of duplicate analysis

2 An average of 1000 yeast cells analysed resulting in an accuracy of + 3% of the mean value quoted.



sugars In addition, the alcohol concentrations attained at the end of propagation
increase with increasing wort OG despite wort aeration This 1s due to the limited
oxidative capacity of §' cerevisiae and results in oxitdo-reductive metabolism of
wort sugars in the presence of high concentrations of glucose (and other wort
sugars) urespective of the degree of wort aeration (Masschelemn et al, 1994)
These environmental differences may alter the mean cell volume of yeast The
effect of various osmotic pressures on the mean cell volume of ale yeast 1164 was
examined using a range of ethanol and NaCl concentrations The corresponding
mean cell volume measurements at t = 0 5 hr and 24 hr are detailed in Table 2 4

The data indicate that both increasing osmotic pressure using NaCl and increasing

Table 2.4.  Effect of ethanol and osmotic changes on the mean cell

volume of ale yeast 1164

Saline Mean Cell Volume' Ethanol Mean Cell Volume'
Concentration (um*) Concentration (pm®)
g/L t=05hr t=24hr (%oviv) t=0Shr t = 24hr
0 370 337 0 356 300
4 340 325 2 346 258
9 330 292 4 338 249
13 297 270 6 337 244
18 283 246 8 333 241
36 250 216

1 An average of 1000 yeast cells analysed resulting 1n an accuracy of + 3% of the mean value quoted
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alcohol concentration actually decrease mean cell volume However, the trends
which are observed during propagation in increasing wort gravity indicate the
oppostte effect This suggests that the changes in yeast mean cell volume are not a
result of osmotic effects on the yeast, but rather a physiological response by the
yeast to environmental conditions duning propagation brought about by increased

wort OG

For all yeast strains studied, the data suggest that the wort gravity used in
propagation has a profound effect on yeast cell volume The reasons for such
significant changes in mean cell volume are not known However, 1t 1s likely that
increased wort gravity increases the stress which the yeast endures and
consequently affects cell size Changes 1n yeast cell volume have been attributed to
stresses imposed on yeast, for example, increased CO, pressure in fermenter during
fermentation leads to increased yeast cell volume (Knatchbull and Slaughter, 1987)
and temperature stress on yeast can lead to increased cell volume (Walker, 1998)

while ethanol stress can reduce cell volume (Walker, 1998)

Biomass measurement techniques such as wet weights, dry weights, packed
volume and turbidity are routinely used in breweries (Hough ef al , 1995) These
methods overestimate propagation cell numbers as wort gravity increases due to a
corresponding decrease 1in mean cell volume This in turn can lead to altered
pitching rates Overpitching can lead to off-flavours, poor fermenter utilisation and
poor yeast crop viability (Edelen er al , 1996), whereas under-pitching can lead to

taiing fermentations (Noble, 1997) The effect of these cellular changes on
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fermentation performance was examined for top fermenting (ale yeast 662) and
bottom fermenting (lager 7012) yeast strains Such changes may contribute to

atypical fermentations pitched with propagated yeast

2.32 Fermentation® top fermenting yeast

In order to examine the effect of propagation gravity on fermentation performance
it 1s important that changes 1n mean cell volume are taken into account The 1ssue
of pitching was therefore approached in two separate ways Pitching of top
fermenting (ale) and bottom fermenting (lager) fermentations was carried out on a
viable cell number basis (10 and 15 x 10° cells per ml respectively) and on a weight
per volume basis (25 and 375 g/L respectively) There can be no direct
relationship between cell numbers and wet weights when changes in mean cell
volume occur (as observed for yeast propagated in different wort strengths) An
example of the difference that can occur in pitching rates for ale and lager
fermentation 1s 1llustrated 1n Table 2 5 The data clearly demonstrate that pitching
on a weight per volume basis results in sigmificantly different viable cell numbers at
the start of fermentation Simular findings have been reported for weight per
volume pitching of fermentations using stored yeast (Cahill er a/, 1999)
Conversely, sigmficantly different weights of yeast cake must be pitched to ensure
a constant number of viable yeast cells at the start of fermentation The specific
gravity profile of a series of ale fermentations (at 17 5°P) pitched on a cell number
basis with yeast propagated at different wort gravities (75, 125 and 17 5°P)

shows consistency between fermentations despite the apparent physiological
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Table 2.5,  Pitching details for ale (1164) and lager (7012) fermentations

Propagation Pitch Rate = 1 0x107/ml (Ale) Pitch Rate =2 Sg/l (Ale)

Wort =1 5x10"/ml (Lager) =3 75g/l (Lager)
0G °P
Weight Calculated Weight Calculated Count

added (/L)  Count 105m!  added (g/L) 10%/ml
75 (Ale) 135 10 25 185
125 (Ale) 190 10 25 131
175 (Ale) 225 10 25 111
75 (Lager) 209 15 375 268
12 5 (Lager) 220 15 375 255
17 5 (Lager) 263 15 3175 214

differences 1n the yeast (Figure 2 6) However, the profile of fermentations pitched
on a weight per volume basis indicates a difference in fermentation rates (Figure
27) The fermentation profiles for the 7 5°P and 12 5°P propagated yeast are
similar, while the yeast propagated at 17 5°P performs poorly in fermentation and
trails at least 15 hours behind the other fermentations This fermentation was
pitched with approximately half the number of viable yeast cells used to pitch the
other fermentations and ferments slowly from the start of fermentation The
viability profile of ale yeast during fermentation at 17 5°P for both constant number
and constant weight per volume pitching showed similar trends The measurements
during fermentation indicate that cell viability 1s dramatically affected by the wort

gravity used for propagation (Figure 2 8) An increase in propagation wort gravity
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Figure2 6  Fermentation profile (17 5°P) using ale yeast 1164 propagated over

a range of wort gravities Pitching was on a cell number basis
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Figure 2.7, Fermentation profile (17 5°P) using ale yeast 1164 propagated over

a range of wort gravities Pitching was on a weight per volume

basis
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Figure 2.8  Ale yeast 1164 viability profile during fermentation (17 5°P) using

yeast propagated over a range of wort gravities

has a deleterious effect on yeast qualty during fermentation This effect observed
in fermentation 1s not evident during propagation, where the viability of yeast cells
at the end of propagation for all wort gravities did not decrease below 98% This
negative impact on fermentation 1s most hkely a result of increased yeast stress

during propagation in high-gravity wort

2,33 Fermentation: bottom fermenting yeast

The effect of wort propagation gravity on fermentations was examined at 12 5°P
and at 17 5°P Lager yeast (7012) was propagated at 7 5, 10 and 12 5°P wort and
subsequently pitched (on both a number and weight basis) into 12 5°P wort for
fermentation In contrast to ale fermentations, the specific gravity profiles of all

lager fermentations were similar, whether pitched on a number or weight per
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volume basts (data not shown) Furthermore, the viability of the yeast at the end of
all fermentations (12 5°P) was greater than 95% There was no direct relationship
between yeast viability at the end of fermentation and the wort OG used for
propagation (data not shown) High-gravity propagation and fermentation trials
were undertaken for the lager yeast (7012) propagated in 7 5, 12 5 and 17 5°P and
subsequently pitched into lager wort at 17 5°P on a number and weight basis

Yeast viability during propagation remained above 98% 1n all cases In contrast to
the findings for high-gravity ale fermentations, the specific gravity profiles were
simlar for all lager fermentations (data not shown) This 1s 1n agreement with
previously reported data indicating that lager yeast are generally more robust than
ale yeast in high-gravity fermentations (Stewart ez al, 1997) Yeast viability was
monitored throughout each fermentation to examine the effect of wort propagation
OG on yeast viability The results indicate that high gravity wort used for
propagation has a negative effect on yeast wviability during high-gravity
fermentation Yeast propagated in wort gravities of 75, 12 5 and 17 5°P resulted
in viabilities of 98, 95 and 89% respectively at the end of fermentation (230 hr)

The observed decrease in yeast viability during high-gravity fermentations s similar
for both ale and lager yeast and 1s related to increasing wort gravity durnng
propagation The deleterious effect of high wort OG duning propagation on yeast 1s

mantfested during high-gravity fermentation (17 5°P)

Propagation of ale and lager yeast in wort gravity in the range 75 to 17 5°P
consistently produces yeast with a wviability in excess of 98% However, the

biomass yield (expressed as wet weight g/L) and yeast mean cell volume increase
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with increasing wort gravity The viability of ale and lager yeast propagated in
17 5°P wort decreases during high-gravity fermentation The fermentation rate 1s
also reduced when pitching on a weight per volume basis, as this results in
underpitching of viable yeast cell numbers at the start of fermentation Conversely,
the reduction of the mean cell volume of ale yeast dunng storage results in the
over-pitching of fermentations pitched on a weight per volume basis (Catull et af |
1999) High-gravity wort 1s not optimal for propagation of yeast used in high-
gravity fermentations The data presented suggest that the optimal propagation
gravity 1s 1n the range 7 5 to 12 5°P for both top and bottom fermenting yeast

strains

Altered fermentation charactenstics have been reported for yeast subjected to
stress prior to pitching (stored aerobically at 25°C for 18 hr) (O’Connor-Cox et
al, 1996) This observation has been attributed to the decreased production of
sterols for cell membrane synthesis compared to fresh yeast and also reduced
regeneration of glycogen reserves towards the end of fermentation (O’Connor-Cox
et al , 1996) The observations reported in this work for both ale and lager yeast

support these findings, mnsofar as the wiability of yeast during fermentation

decreases as the stress before pitching increases

In practical terms, the findings presented in this chapter are of sigrificance to
brewenes engaged m high-gravity brewing It 1s imperative that the yeast crop
from the first generation fermentation 1s of the highest quality In general, all of the

yeast collected from the first generation fermentation must be used for re-pitching
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in order to ehminate the old yeast stock from the brewery The viability of the first
generation yeast in high-gravity fermentations 1s adversely affected by increasing
propagation wort OG Therefore, the recommended best practice 1s to propagate
yeast 1n wort with an OG 1n the range 7 5 to 12 5°P For brewernes engaged in

high-gravity brewing, this requires dilution of casting worts for propagation

24 CONCLUSIONS

Propagation of yeast in various wort gravities has a sigmficant effect on cell
volume For all yeast examined, the mean cell volume increases with increasing
wort gravity Pitching of fermentations based on cell numbers can produce similar
fermentation profiles for yeast propagated in worts of 7 5 to 17 5°P Optimal wort
gravity for yeast propagation 1s in the range 75 to 12 5°P Pitching of
fermentations on a weight per volume basis results m underpitching of
fermentations when high-gravity wort 1s used for yeast propagation Sigmficant
decreases 1n yeast viability have been observed during high-gravity ale and lager
fermentations (17 5°P ) using yeast propagated in high-gravity wort Therefore,
high-gravity wort used for yeast propagation alters cell volume and has a

deleterious effect on the quality of first generation cropped yeast

Having quantified changes in cell volume during propagation and its impact on
fermentation performance, the application of the image analysis techmques to
measure yeast morphology in other brewing processes could prove beneficial, for
example, yeast storage and fermentation Bearing in mind that most fermentations

are pitched with yeast stored from a previous fermentation (as opposed to
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propagated yeast) it would be useful to establish 1f changes in cell volume occur
dunng the storage of pitching yeast and what impact (if any) these changes have on

fermentation performance
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CHAPTER 3

IMPROVED CONTROL OF BREWERY YEAST PITCHING
USING IMAGE ANALYSIS

3.1 INTRODUCTION

Yeast management in breweries 1s continuously being studied and improved
(Noble, 1997, O’Connor-Cox, 1997, O’Connor-Cox et al, 1996, Quain, 1988,
Smart and Whisker, 1996), and recent research on yeast handling has ied to a re-
assessment of yeast cropping regimes (Deans ef al, 1997, Quilliam, 1997)
Recommendations for storage of pitching yeast include simple handling

mechanisms and short holding times (O’Connor-Cox, 1997)

Incremental improvements in beer production technology are ongoing and the
brewing industry endeavours to increase output with mumimal capital expenditure
High-gravity brewing 1s widespread n the industry and this undoubtedly has some
deleterious effects on the brewing yeast (Casey and Ingledew, 1983) Central to
maintaimng consistent fermentations in any brewery 1s the quality of its yeast and
the way 1 which 1t 1s handled Brewery yeast management requires both process
momtoning and control simlar to that typically achieved in other parts of the
brewery, which now benefit from on-line analysers for dissolved oxygen, carbon
dioxide and mtrogen The introduction of an on-line biomass probe (Pateman,
1997) into many brewenes world-wide has improved monitoring and control of

yeast pttching rates
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Image analysis technology 1s being used extensively for (non-brewing) fermentation
monitoring and control (Vecht-Lifshitz and Ison, 1992) Systems are rapidly
becoming faster and more sophisticated due to improvements in computer
processor speeds Image analysis techmques have been applied to yeast (Huls et
al, 1992, O’Shea and Walsh, 1996, Pons et al, 1993, Vicente et al, 1996,
Zalewski and Buchholz, 1996), fungal (Adams and Thomas, 1988, Cox and
Thomas, 1992, Guterman and Shabtai, 1996, Reichl ef al , 1992, Thomas, 1992,
Vanhoutte e al , 1995) and bacterial (James et al , 1995, Mueller et al, 1992)
systems 1n order to provide information regarding the physiological condition of
these microorgamisms Systems have further developed as on-hine momitorning
systems for free-cell (Suhr et al, 1995) and immobilised (Muller et al, 1988)
fermentation systems Image analysis has the potential to improve brewery yeast
management by providing near real-time information regarding yeast quality On-
line 1maging systems are in common use 1n industry, for example, in the Guinness

Brewery at St James’s Gate, for the inspection of beer kegs prior to filling

Yeast storage begins in the cone of a fermentation vessel (FV) when the yeast first
starts to sediment from pnimary fermentation The yeast can remain 1n the cone for
several days as the fermentation proceeds and during the final cooling of the
fermenter ‘Storage’ in an FV cone 1s far from ideal and cannot be compared with
‘normal’ chilled storage in a yeast storage vessel (O’Connor-Cox, 1997)
Temperature control cannot be maintained n an FV plug and the problem 1s further
exacerbated by heat generation by the yeast Yeast plug temperatures of up to

18°C have been reported duning lagering at 0°C, even with cooling of the cone
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(Crabb and Maule, 1978) Information regarding the quality of the yeast being
cropped and stored for subsequent fermentations 1s central to an effective yeast

management program

In this study, changes in yeast cell morphology are reported during storage using
image analysis These cellular changes affect fermentation performance but can be

accounted for 1n a novel pitching regime based on image analysis data

32 EXPERIMENTAL
3 2.1 Yeast strains

Ale and lager fermentations were conducted using two brewery strains of
Saccharomyces cerevisiae The yeast strains are identified as ale yeast 1164 and

lager yeast 7012

3.2.2 Yeast storage

The method of storage was based on standard practices in Guinness brewery, St
James’s Gate, Dublin Both yeast strains were stored as a yeast slurry (30% w/w
wet solids) at 4°C 1n an enclosed stainless steel vessel (D = 21 cm) The batch of
yeast slurry was continuously mixed using a propeller mixer (D = 5 c¢m) at 200
rpm The purpose of mixing was to keep the yeast from sedimenting and to ensure
an even temperature distribution within the slurry The mixing regime was gentle

and no vortexing or entramnment of air occurred during storage The yeast was
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stored with an air headspace at atmospheric pressure with no active air changes in

the headspace

3 2.3 Image analysis

Samples of yeast were observed using a Nikon Optiphot muicroscope (Nikon,
Japan) at 400X magnification The system was calibrated using a stage reticle The
resolution obtained was 0 26 um x 0 26 um per image pixel Microscopic images
of the yeast samples were recorded using a Panasomc F15 colour video camera and
processed using a Leica Q500MC image analyser (Leica, Cambnidge, England)
The 1mage analyser produces a digitised 1mage (720 x 512 square pixels) with grey
scale values assigned to each pixel (0 to 255) The system was programmed to
enhance the grey images to enable detection of all yeast in samples Once detected,
the resulting binary images were enhanced using erosion and dilation steps, hole
filing and finally segmentation to separate touching and budding cells The single
yeast cells in processed binary images were measured for individual cell length,

breadth and cross sectional area

3.2.4 Pitching regime

Prior to pitchung, a sample of stored yeast slurry was pressed to produce a yeast
cake The pitching weight of yeast cake was added to wort to resuspend the yeast
and the cream was then added to the fermentation vessel The pitching rate
(expressed as pressed weight) was 25 g/L for ale and 3 g/L for lager The

percentage viability of the stored yeast was taken into account when used for
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pitching, therefore, 2 5 g/ and 3 g/L respectively of viable yeast were added to

each fermentation

The pitching rate of ale fermentations was modified where indicated, based on the
reduction 1n mean cell volume of the stored yeast The mean cell volume on day 0
of storage was measured using image analysis and this value was used as a
reference for subsequent pitchings The modified pitching rate incorporating image
analysis data was equal to the normal pitching rate multiplied by the 1mtial mean
cell volume divided by the mean cell volume after storage Pitching by weight
rather than volume can be used as yeast cell density 1s not a strong function of cell
size or condition (Burkhardt and Annemuller, 1998, McCarthy et al , 1998) The
above procedure ensured that the pitching rate was based on constant viable cell
numbers This modified pitching regime was then compared to the conventional

pitching regime described above

The Aber™ biomass probe (Aber Instruments Ltd Aberystwyth, UK) was used to
pitch some ale fermentations as indicated Thus instrument operates on the principle
that live yeast have an inherent capacitance when exposed to a radio frequency
electrical field, while dead yeast have no significant capacitance (Pateman, 1997)
The mstrument was calibrated for ale yeast slurry and the units of measurement
were % viable solids (w/w) The mnstrument does not count individual cells but
estimates cell numbers by measurement of the capacitance of a sample Separate
cahbrations are required for different yeast strains due to differences in cell size,

cell membrane capacitance and internal conductivity The extent of the effect of
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changes mn cell size on measurement accuracy using the Aber ™ nstrument 1s not
known, although capacitance generally increases with cell size Changes 1n cell size
were used to modify the pitching rate for Aber™™ pitched fermentations n a manner

as detailed above

3.25 Yeast enumeration and measurement of viability

Cell counts were performed in duplicate on all samples using a Thoma counting
chamber In all cases, the viability of yeast was measured using the methylene blue

staining techmque (Pierce, 1970)

3.2.6 Glycogen measurement

Glycogen was determmned by measurement of the optical density of
1odme/potassium 1odide stained yeast cells using a newly developed image analysis

techmque as described 1n Chapter 4

3.2.7 Wort

A single batch of erther standard production ale or lager wort at 10°P was used for
each pitching trial using ale yeast and lager yeast, respectively Each batch of wort
was dispensed mnto 5 L aliquots and stenlised by steaming for two hours Further
fermentations were undertaken using 10, 12 5 and 15°P ale wort prepared in the
above manner The present gravity of the wort was measured using a Paar Density

meter (Model DMA46, Anton Paar KG, Austria)
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3.2.8 Fermentation conditions

Fermentations were conducted in 5 L Braun Biostat bench scale fermenters (B
Braun, Melsungen, Germany) The fermentation conditions are outlined in Table
31 The dissolved oxygen concentration was measured prior to pitching using an
Orbisphere DO meter (Model 26131, Orbisphere Laboratories, Geneva
Switzerland) The agitation rate was set at 50 rpm to maintain all yeast
suspension Additional ale fermentations as indicated 1n the text were conducted 1n

2 L EBC tall tube glass fermenters using 10°P, 12 5°P and 15°P ale wort at 24°C

329 CO; evolution rate (CER) measurement

The fermentation performance of the stored yeast was assessed by momtoring the

CER of the yeast in 10°P wort for 40 hr for ale fermentations and for 70 hr for

Table 3.1.  Fermentation operating parameters

Ale Tral Lager Tral
Wort Ale Lager
OG (°P) 10 10
Temperature (°C) 24 13
Volume (L) 4 4
Pitching Rate (g/L) 25 3
Initial D O (ppm) 5-6 7-8
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lager fermentations The CER was measured using an in-house constructed
instrument incorporating a Brooks 58601 mass flow meter (Brooks Instrument b v
Veenendaal, The Netherlands) The mstrument measured CER and cumulative
volume The meter was calibrated in the range O to 250 ml/mun for CO, The

accuracy was within 0 5% throughout the range of the meter

3.3 RESULTS AND DISCUSSION
3.31 Effect of sample size on mean cell volume measurement

Image analysis techniques were used to calculate the mean cell volume of ale and
lager yeast strains during storage at 4°C It was assumed that the yeast cell
generally conforms to the shape of a prolate ellipsoid (Lord and Wheals, 1981) To
confirm this, the measured cross-sectional area of yeast cells was compared to the
cross-sectional area of an ellipse calculated from the cell length and width In all
samples tested, the results agreed to within 3% or better It was necessary to
determine the mmnimum sample size required to yield a statistically significant
measurement of mean cell volume Figure 3 1 presents data from a sample of 4500
cells where the sample data was randomised before sub-sampling populations of 50
cells, 100 cells, 200 cells etc In order to achieve an accuracy of + 3%, a minimum
sample size of 600 cells 1s required The typical analysis time for a sample of
greater than 600 cells was less than 10 minutes using a PC powered by an Intel 486
DX2 (66MHz) processor This compares favourably to other systems studying
filamentous orgamsms with processing times of 1 5 hr (O’Shea and Walsh, 1996)
and 24 hr (Adams and Thomas, 1988) per sample Near real-time processing 1s

possible using the latest processors on the market
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Figure 3.1. Effect of sample size on the accuracy of mean cell volume

measurements

3.32 Effect of prolonged storage on fermentation performance

A 30% (w/v wet sohds) slurry of ale yeast 1164 was stored as described and its
fermentation activity was measured at regular intervals The pitchung rates, yeast
viability and mean cell volume are presented in Table 3 2 During prolonged
storage the quality of the yeast detenorates and the percentage viability decreases
accordingly The total pitching rates are correspondingly increased as wiability
decreases (the viable pitching rates remain constant, 1e 2 5 g/L) Interestingly, the
mean cell volume also decreases The decrease in cell volume was observed across
the entire range of cell sizes The results, presented in Figure 3 2, indicate the
changes 1n the cell volume distnbution during storage The modal value for the

yeast cell population decreases with storage time The overall shape of the curves

73



Table 3 2 Storage data for ale yeast 1164
Days % Viabiity  Total Pitching Mean Cell  Normahsed
Stored Rate Volume Volume
(g/L) (um’)
0 97 258 302 100
4 90 278 278 092
7 85 294 265 0 88
14 75 333 244 081
35
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Figure 3.2.  Changes i cell volume distnibution of ale yeast during storage
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remains unchanged indicating that all cells, whether large or small, decrease n size
during storage The stored yeast was sampled, pressed and used to pitch
fermentations (taking methylene blue viability into account) The cumulative CO,

evolution profiles of the yeast during storage are 1llustrated in Figure 3 3

Viability data for lager yeast are presented in Table 33 The mean cell volume
decreases with prolonged storage in a manner similar to ale yeast The
fermentation activity of stored ale and lager yeast was unexpected, as reduced
fermentation activity was expected with deteriorating yeast quality However, the
rates of fermentation increased significantly for ale yeast compared to the normal
day 0 profile The fermentation profiles for lager yeast presented in Figure 3 4 were

not significantly altered during the entire storage period Both the ale and lager
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Figure 33  Fermentation activity of stored ale yeast re-pitched into 10°P wort
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Table 3.3.  Storage data for lager yeast 7012

Days % Viability Mean Cell Volume Normahsed
Stored (um’) Volume
0 95 208 100
4 94 200 096
8 93 181 087
12 91 198 095
17 90 194 093

60
—— Day0
Day 4
07 —— pays

Total CO ,evolved (L)

Time (hr)

Figure 3.4.  Fermentation activity of stored lager yeast re-pitched into 10°P

wort
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yeast strains used in this study showed reductions in mean cell volume during
storage, although the decrease in mean cell volume for the top fermenting yeast
strain was more pronounced than that of the bottom fermenting strain (19% versus
7%). However, it was only in the case of the ale strain that a significant effect on
fermentation performance was observed. This is surprising as a decrease in
fermentation performance would be expected for all brewing strains, as storage
time increases. The different fermentation performance results may reflect the
significant genetic differences between ale and lager strains (Coakley et al., 1996).
It is also possible that the differences are associated with differing physiological
responses of these particular strains to the general differences in fermentation
conditions between ale and lager fermentations such as temperature and wort
composition. Further storage and pitching trials were not undertaken for lager

yeast.

Increased rates of fermentation, caused by overpitching, are not always beneficial
as this can lead to lower viability yeast crops, loss of bitterness, off flavours,
filtration problems, oxygen limitations, reduced hop aroma, increased risk of
autolysis, excessive fobbing and poor vessel utilisation in FV (Aries and Kirsop,
1977; Edelen et a | 1996; Pagh-Rasmussen, 1978). Pitching of an FV entails the
addition of a known weight, volume or number of yeast cells into a known volume
of wort. Standard pitching regimes in Guinness breweries are based on either
Aber™ biomass probe measurements or on laboratory analysis of stored yeast for
wet solids content and percentage viability. However, if the yeast mean cell volume

decreases during storage (as detailed in Tables 3.2 and 3.3) then pitching on a w/v
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or v/v basis will lead to overpitching of FV’s 1n terms of number of yeast per ml

The density of yeast cells does not alter significantly even with changes in its
physiological state or condition (Burkhardt and Annemuller, 1998, McCarthy e?
al , 1998) This implies that pitching on a w/v or v/v basis can result in the addition
of excess numbers of yeast cells nto FV as the mean cell volume decreases

Improvement of pitching control was therefore studied using current pitching
regimes m conjunction with image analysis measurement data The degree of
overpitching based on total and viable cell numbers 1s compared to the maximmum
CER 1n Table 3 4 Overpitching results in the excessive fermentation rates noted
early 1n ale fermentations Thus 1s clearly evident in Table 3 4 where there 1s a direct
relationship between maximum CO, evolution rate and the number of viable yeast

added to the fermentation at pitching

3.3.3 Modification of pitching regime using image analysis

Further storage trials using ale yeast were conducted in which image analysis data
were used to determine pitching rates As cell size decreased during storage, the
pitching rate was correspondingly reduced to ensure that the pitching rate based on
cell number was constant The CO, evolution profile of each fermentation was
recorded and compared to the ‘ideal’ profile of the day O fermentation The results
presented in Figure 3 5 outline the ‘1deal’ day O profile based on a number of
fermentations with fresh yeast All of the day O data falls within the upper and

lower lumits presented Over a period of two weeks, four pairs of fermentations
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Table 3.4,

Comparison of pitch numbers and CER for stored ale yeast

1164

Total Cell Viable Cell
Days Stored Numbers® Numbers® Maximum CER
at pitching at pitching (Normahsed)
(Normahssed) (Normalised)

0 100 100 100

4 117 108 103

7 130 114 112

14 160 124 117

a The normalised total cell numbers are calculated by dividing the total pitching rate by the

mean cell volume (See Table 3 2)

b The normalised viable cell numbers are calculated by dividing the viable pitching rate (2 5

g/L 1 all cases) by the mean cell volume (See Table 3 2)

were conducted using the batch of stored yeast At regular intervals, one
fermentation was pitched on a weight basis using methylene blue wviability data
(MB) and the second fermentation was pitched using mean cell volume data (using
image analysis) in conjunction with viability data (MB&IA) All of the data for
each pitching regime duning the two week tnal falls within the maximum and
minmum hmits outhined 1n Figure 3 5 The fermentation profile of the MB pitched
fermentations differed from the day O profile to a greater extent than the MB&IA
pitched fermentations The MB fermentations tended to ferment at a faster rate

than the day O profile while the MB&IA fermentations adhered more closely to the

day O profile
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Figure 3.5 Mimmum and maximum deviation from the fresh ale yeast (day 0)
fermentation profile Pitching of fermentations was on a weight
basis only (MB) and on a weight basis which was modified
according to changes i mean cell volume (MB & IA) All
fermentation data for each pitching regime falls within the maximum

and minimum limits outlined

Further tnals were conducted using the Aber™ biomass probe measurements
(Pateman, 1997) to control the pitching rate used for ale fermentations A slurry of
ale yeast was stored for two weeks as described previously and used to pitch four
pairs of 10°P fermentations at regular intervals Fermentations were pitched using
Aber™ biomass probe data only (Aber) and i parallel fermentations, the pitching
rate was determined using the biomass probe data with corrections for yeast size
from 1mage analysis data (Aber & IA) The percentage viable solids output from
the Aber™ meter was assumed to remain unaffected by changes m mean cell

volume during storage The tnal results are presented in Figure 3 6 The results are
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Figure 3.6. Minimum and maximum dewviation from the fresh ale yeast (day 0)
fermentation profile Pitching of fermentations was based on Aber™
biomass probe measurements (Aber) and Aber™ measurements
which were modified according to changes in mean cell volume
(Aber & TA) All fermentation data for each pitching regime falls

within the maximum and mimmum limits outlined

similar to pitching based on pressed solids insofar as correcting for mean cell
volume ensures that the fermentation profile adheres more closely to the day 0

profile

These results show that pitching of fermentations based on viability data and using
a pitching regime based on yeast mass leads to significant overpitching based on
cell numbers It 1s worth noting that the reliability of methylene blue viability
measurements below 95% 1s questionable (O’Connor-Cox, 1997) However,
irrespective of which method of viability measurement 1s used, overpitching occurs

if yeast size 1s not taken into account Using this method of pitching, 1t has been
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demonstrated that fermentations will adhere more closely to the desired

fermentation profile

Changes 1n yeast mean cell volume were recorded for a senes of ale fermentations
in 2L EBC tall tube fermenters Simular results were obtained for all wort gravities
examined (10, 12 5 and 15°P) A typical time course of mean cell volume during
fermentation 1s presented in Figure 3 7 The pattern of volume change 1s similar to
reported changes in yeast glycogen levels during fermentation (Murray et al
1984) Imtially the yeast mean cell volume 1s large and decreases significantly untit t
= 24 hr As fermentation proceeds, the mean cell volume increases up to a

maximum at 70 hr before decreasing in volume duning the latter stages of
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Figure 3.7  Typical changes i mean cell volume of ale yeast dunng

fermentation
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fermentation Normal fermentation times for this yeast are in the range 70 - 100 hr
However, these fermentations were allowed to proceed for 200 hours 1n order to
examine the effect of holding yeast i fully fermented beer The simulanity in trends
between mean cell volume and reported yeast glycogen content during
fermentation (Murray et al , 1984) prompted an examunation of the relationship
between yeast mean cell volume and glycogen content (expressed as optical density
of 10dine stamned yeast) The data presented in Figure 3 8 clearly indicates a
relationship between mean cell volume and glycogen content for ale yeast, where
larger yeast mean cell volume corresponds to greater concentrations of cellular

glycogen Other factors may have an effect on yeast mean cell volume
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Figure 3.8. Correlation between ale yeast glycogen content (expressed as
optical density) and mean cell volume dunng fermentation Data
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during fermentation including cell bud formation, and changes in osmolarty due to

increasing ethanol concentration or decreasing sugar concentration (See Table 2 4)

It 1s widely reported that the wviabiity and glycogen content of yeast decreases
during storage (McCaig and Bendiak, 1985a, McCaig and Bendiak, 1985b, Murray
et al , 1984, O’Connor-Cox et al , 1996, Quain and Tubb, 1982) The mean cell
volume of both yeast strains used in this study decreased during storage and 1t 1s
likely that this 1s linked to utiisation of internal glycogen reserves by the yeast
Furthermore, a correlation between mean cell volume and viability of stored ale
yeast 1s illustrated in Figure 3 9 Mean cell volume decreases as yeast viability

decreases A lnear relationship has been reported elsewhere (McCaig and Bendiak,
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1985b) for glycogen content versus percentage viability of stored ale yeast slurry
The reported findings indicate that the glycogen content of stored yeast decreased
linearly with percentage viability (McCaig and Bendiak, 1985b) While 1t 1s not
suggested that individual cell size relates to the viable status of the cell, 1t 1s evident
that there exists a relationship between the mean cell volume of a population and

both 1ts viability and glycogen content

Cell size has previously been related to cell age whereby young cells are smaller
and get progressively larger as they produce new generations of buds (Barker and
Smart, 1996) It 1s not inferred that large cells are viable and vital and that small
cells are not However, 1t 1s suggested that for a given population of stored yeast, a
decrease 1n mean cell volume 1s indicative of glycogen depletion and this in turn
increases the likelihood of cell death - hence the relationship observed between
mean cell volume and viabiity Loss mn cell dry weight dunng storage has been

directly associated with glycogen depletion (Martens ef al , 1986)

Cell size reduction 1s not restricted to storage of yeast under cold conditions The
quality of the cropped yeast can be affected by fermentation conditions and factors
associated with yeast flocculation and sedimentation Pitching yeast quality 1s
therefore not a function of storage regime alone and information regarding yeast
quality at cropping 1s valuable to the brewer Storage of yeast 1n a brewery actually
commences 1n the base of a fermentation vessel as soon as yeast starts to form a
yeast plug The profile of yeast age and quality throughout the layers of an FV plug

have been charactenised (Deans ef al, 1997) 1t has been reported that the lower
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layers on an FV plug consists of older yeast cells and the age profile of the yeast
population tends towards younger cells towards the top of the plug It has also
been reported that yeast plug or slurry temperatures cannot be controlled to any
great extent due to poor thermal conductivity of the yeast plug and metabolic heat
generation (Crabb and Maule, 1978, Lenoel et al , 1987, Noble, 1997, O’Connor-
Cox, 1997, O’Connor-Cox, 1998a, O’Connor-Cox, 1998b) Stored yeast (either in
plug or slurry) 1s in a temperature-dependent catabolic state Elevated temperatures
can lead to autofermentation which depletes glycogen reserves and generates heat,
CO, and ethanol Autofermentation 1s considered more harmful than autolysis
(McCaig and Bendiak, 1985a) It 1s therefore suggested that hours of ‘storage’ in
FV plug can correspond to days of chilled storage 1n yeast storage vessel Accurate
mean cell volume measurement using image analysis can serve as an indicator of
yeast quality and can ensure conststent pitching numbers n subsequent

fermentations

3.4 CONCLUSIONS

Yeast mean cell volume has been demonstrated to decrease significantly for ale
yeast during storage at 4°C Thus can lead to overpitching 1n a brewery system if
pitching 1s solely based on percentage wiable solids (w/v or v/v) A novel
development in the control of pitching of wort involves the use of an image
analysis system to accurately measure the mean volume of the stored yeast cells
This information coupled with viability data ensures that consistent pitching rates
are achieved based on cell number This protocol leads to more consistent pitching

and better fermentation control
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CHAPTER 4

DETERMINATION OF YEAST GLYCOGEN CONTENT BY
INDIVIDUAL CELL SPECTROSCOPY USING IMAGE
ANALYSIS

41 INTRODUCTION

Glycogen is a polymer of glucose and serves as an intracellular store of
carbohydrate in yeast cells for energy and metabolic intermediates (Quain and
Tubb, 1982). It has been directly associated with yeast vitality and in the
optimisation of yeast addition rates to commercial fermentations (O’Connor-Cox
et al, 1996; Quain and Tubb, 1982). Reduced reserves of cellular glycogen in
yeast added to commercial alcoholic fermentations result in reduced fermentation
performance (Quain and Tubb, 1982). Glycogen is dissimilated early in alcoholic
fermentations in the presence of dissolved oxygen and serves as the sole carbon
source for sterol and fatty acid synthesis - important cell membrane components in
yeast enabling cell division. (Quain et al, 1981). A decrease in cellular glycogen
reserves is indicative of yeast deterioration, and therefore monitoring of cellular
glycogen during all stages of brewer’s yeast management has been recommended

in order to optimise yeast handling regimes (O’Connor Cox, 1998b).

Brewer’s yeast harvested from a fermentation is stored cold (up to several days)
and added as required at the beginning of subsequent fermentations. Both the
viability and vitality of the yeast harvested at the end of fermentation are central to

the quality of brewery fermentations (Walker, 1998). Significant improvements in
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fermentation consistency and quality have been achieved using yeast addition rates

based on the glycogen content of yeast cells (Quain and Tubb, 1982)

Many methods have been reported for the analysis of cellular glycogen ranging
from NIR spectroscopy to enzymatic hydrolysis techmques (Mochaba et al , 1994,
Parrou and Francoss, 1997, Quain, 1981) Glycogen 1s an 10dophilic polysaccharide
and the absorbance maximum for brewer’s yeast stained with I KI solutton 1s in
the range 430 — 480 nm (Archibald ef al , 1961, Quain and Tubb, 1983) There 1s
considerable difference in the staining intensity of yeast cells with hugh and low
reserves of glycogen, corresponding to dark brown and pale yellow staining
respectively (Murray ez a/, 1984) A rapid spectrophotometric assay for cellular
glycogen has been developed involving measurement of the optical density (at 660
nm) of yeast cell suspensions stained with I, KI solution (Quain and Tubb, 1983)
However, all of these assays determine the mean glycogen content of the yeast

cells

Image analysis techniques have been developed for the morphological examination
of filamentous orgamisms (Cox and Thomas, 1992, McNeil et al , 1998, Reichl ef
al, 1992, Treskatis et al, 1997), dimorphic orgamisms (McCarthy et a/, 1998,
O’Shea and Walsh, 1996) and yeast (Cahill et a/ , 1999, Pons et al , 1993, Vicente
et al, 1996, Zalewski and Buchholz, 1996) Microbial morphology durng
fermentation can have a direct impact on fermentation productivity (Priede ez a/,
1995) Automated systems capable of quantifying the morphological charactenstics

of commercially important fermentation microorgamsms can be used to optimise
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fermentation systems Furthermore, image analysts systems have been coupled to
automatic sampling systems providing near-real-time data throughout the entire
course of fermentations (Zalewsk: and Buchholz, 1996) Characterisation of yeast
during immobilised (Muller et al, 1988) and free-cell (Suhr et al, 1995)
fermentations has been reported using fluorescent probes and cameras installed 1n
the wall of the fermentation vessel Image analysis techmques have also been used
to study the effect of cell morphology on the filtration characterstics of
fermentation broths (McCarthy et al, 1998) Further development of image
analysis includes the colour processing of images which increases the sensitivity of
detection compared to monochrome analysis (Vanhoutte et al, 1995) More
comprehensive information regarding microbial physiology during fermentation can
be obtained from a combination of image analysis and conventional staming
techmques (Drouin et al , 1997, Pons ef al , 1993) and the use of combinations of
stains which requires sophisticated colour image processing (Pons et al, 1998)
These techmques 1dentify sub-cellular regions of interest based on stain uptake
Enhanced image processing coupled with staiming techniques allows the
quantification of staiming intensity as opposed to the identification of staned and
unstained cellular regions Fluorescent staining has been used successfully to
determine the intracellular pH of yeast in batch fermentations by examination of the

fluorescent intensity ratio of cells (Imai and Ohno, 1995)

This chapter reports on the development of a rapid techmque to determine the
{

glycogen content of intact yeast cells by measuring the optical density of I, KI

stained yeast cells Such a system can determine the distribution of glycogen within
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a yeast population as well as the mean glycogen content of the yeast cells Near
real-time measurements of both of these parameters provide valuable information

regarding the quality of the yeast at all stages of the fermentation process

42 EXPERIMENTAL
421 Stram

Ale fermentations were carried out using a Guinness brewery strain of

Saccharomyces cerevisiae \dentified as ale yeast 1164

4.2.2 Culture conditions

A batch of ale wort was diluted to a specific gravity of 125 °P for yeast
propagations One litre aliquots of diluted wort were dispensed mto 2 L
Erlenmeyer flasks and sterihised by steaming for 2 hours Yeast propagations
(aerobic) were conducted out 1n these flasks and incubated n an orbital shaker at
24°C and 120 rpm for 48 hr For all propagations, the moculation rate was 5 x 10°
viable cells per ml Cell counts were performed 1n duplicate on all samples using a
Thoma counting chamber In all cases, the viability of yeast was measured using

the methylene blue staining technique (Pierce, 1970)

For each fermentation tnal, a batch of ale wort (17 5°P) was used Each batch of
wort was dispensed into 2 L aliquots and sterithsed by steaming for 2 hours All
fermentations (anaerobic) were conducted 1n 2 L. European Brewery Convention

tall-tube glass fermenters at 24°C (Institute of Brewing Methods of Analysis,
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1997) The fermentation medium was aerated to 8 ppm dissolved oxygen at the
start of each fermentation The dissolved oxygen concentration was measured prior
to pitching using an Orbisphere DO meter (Model 26131, Orbisphere Laboratories,
Geneva Switzerland) For all fermentions the noculation rate was 1 x 107 viable
cells per ml The present gravity of the wort was measured using a Paar Density

meter (Model DMA46, Anton Paar KG, Austria)

42.3 Glycogen measurement

The glycogen content of yeast was determined using the method of Parrou and
Francois (1997) Fermentation samples, once collected, were stored at ~20°C until
analysed Once thawed, the samples were maintained at 0 - 4°C to munumise the
metabolism of glycogen reserves within the yeast cells Yeast cells (4 — 20 mg dry
weight) were collected by centrifugation at 5000 g for 3 minutes The pellet was
resuspended 1n 025 ml of 0 25M Na,CO; using screw-capped eppendorf tubes
The tubes were incubated at 95°C for 4 hours to disrupt the cells After cell
disruption, the pH was adjusted to 5 2 by the addition of 0 15 ml of 1M acetic acid
and 06 ml of 02M sodum acetate Half of the suspension was incubated
overmight with 12 U/ml amyloglucosidase (Boehringer Mannheim, Germany) at
57°C n an agttated waterbath The suspension was centrnifuged for 3 mun at 5000 g
and 20 pl of the resulting supernatant was analysed for glucose using a glucose
oxidase diagnostic kit (Sigma Diagnostics Inc, St Louis, MO, USA) Samples
were analysed using an ELISA plate reader (Biorad Model 450, Japan) The

glycogen content of yeast was expressed as % glycogen (on a wet weight basis)
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4.2.4 Staming of cellular glycogen

Dilution of yeast cells 1n saline (9 g/L NaCl) has been shown to cause sngmﬁcaht
cell shrinkage (See Chapter 2) Therefore, fermentation samples were diluted as
required with a clanfied portion of the fermentation medum to achieve a
concentration of 100 — 300 cells per field at 400X magnification One ml of
Lugol’s solution (I, KI solution, Sigma-Aldrich Ireland Ltd ) was added to 1 ml
of yeast suspension and mixed thoroughly Samples were exammed under 400X
magnification using a Nikon brightfield microscope and a series of 20 images were
recorded as image files for subsequent processing (typically 1000 cells) The
staimng mntensity of yeast cells varies depending on their glycogen content (Murray
et al , 1984) Glycogen-replete yeast cells stain dark brown, while yeast with low

glycogen reserves stain a pale yellow colour

During this study, the occurrence of intensely stained yeast cells in stored yeast
was associated with the viable status of the cell This phenomenon was investigated
by momtoring the changes in distnbution of Lugol’s stamming intensity of
admixtures of viable and non-viable yeast cells An actively fermenting yeast
culture was re-suspended 1n 9 g/L NaCl (95% viable) and was divided into 3 x 10
ml ahquots One aliquot was stored at 4°C (control), the second aliquot was
steamed for 5 minutes at 100°C and subsequently chilled to 4°C and to the thurd
aliquot CuSO, 5H,0 was added to give a final concentration of 10mM Cu™™ The
yeast strain 1s resistant to 1 SmM Cu”™, but 1s mactivated at 10mM Cu"™" after 1
hour Aliquots of 17 5°P brewer’s ale wort (10 ml in 25 ml Erlenmeyer flasks)

were moculated with 1 x 107 cells per m! of the control suspension, a 50 50
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muxture of control cells and heat-inactivated yeast cells and a 50 50 muxture of
control cells and cysos-inactivated yeast cells (these cells were centrifuged and
washed twice 1n 9 g/ NaCl to remove CuSO, from the yeast suspension) Each
flask was incubated at 20°C at 120 rpm on an orbutal shaker for 4 hours Samples

were then withdrawn and stained using Lugol’s solution

4.2.5 Image analysis — microscopy

Microscopic 1mages of the yeast samples were recorded using a JVC KY-FS55B
colour video camera (Victor Company of Japan Ltd , Japan) attached to a Nikon
Optiphot microscope (Nikon Corp, Tokyo) at 400X magmfication The images
were stored as RGB files (red, green and blue bands with intensity ranges of 0 —
256) and processed with Optimas 6 1 image analysis software (Media Cybernetics,
Washington, USA) using a Dell Optiplex GX1 PC (300 Mhz) The system was
calibrated using a stage reticle and the resolution obtained was 0 37 x 0 37 um per
image pixel The image analyser produced a digitised image of yeast samples (768
x 572 square prxels) with intensity values assigned to each pixel (0 to 255) The

background illumination was maintained at an intensity of 200 (5) for all images

4.2.6 Image analysis — sample illumination

Yeast samples stained with Lugol’s solution were analysed for glycogen content
using 1mage analysis This techmque 1s described as Individual Cell Spectroscopy
(ICS) as 1t measures the optical density (OD-L) of individual yeast cells stained

with Lugol’s solution Conventional spectroscopy utilises a light source of a single
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wavelength In order to fully explore the potential of ICS, a range of hght sources

were examined to improve the resolution and accuracy of the system

Filtered hight sources were evatuated in an attempt to increase the sensitivity of the
assay The absorbance maximum of glycogen occurs at approximately 430 nm
when stained with I, KI solutton The concentration of glycogen found in yeast
during fermentation can be up to 50% of the cell dry weight (Chester, 1963,
Murray et al , 1984, O’Connor-Cox et al , 1996, Quam et al , 1981) Therefore,
use of hight with a wavelength of maximum absorbance is likely to render the assay
insensitive to high concentrations of cellular glycogen due to an oversaturation of
colour intensity A wavelength of 660 nm 1n a conventional spectrophotometer was
recommended to measure the glycogen content of yeast suspensions (Quain and
Tubb, 1983) This wavelength was a compromise between reduced sensitivity to
the stained glycogen while allowing increased concentrations of yeast suspensions
to be analysed It was also suggested that lower wavelengths could be used to
increase the sensitivity of the assay All images for size analysis and ICS
measurements were recorded using tllumination from a 50 W halogen bulb (Philips
Type 7027, Germany) with a neutral density filter (Nikon ND2) (termed white
light) In order to assess the effect of llumination source on OD-L measurement, a
sertes of 1dentical images of yeast stained with Lugol’s solution for ICS were also
recorded 1n red hight using a narrow band filter (620 nm + 10) (Omuga Optical Inc
Brattleboro, USA), and n green hght using a broad band filter (490 — 630 nm)
(Olympus Optical, Tokyo, Japan) Images recorded using red and green light were

processed 1n a similar manner to white light, except that instead of converting the
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images to monochrome, single-band colour processing was conducted on the

1mages as appropriate

The distribution of cell OD-L was similar for white ight and broad band green hight
(data not shown) However, tllumnation using a narrow band red light source
(620 nm) resulted in reduced sensitivity to staiung intensity with a 50% decrease
in the mean OD-L for the sample, emphasising the insensitivity of light at 620 nm
to glycogen 10dine complexes Furthermore, the use of a red light source resulted
1n the detection of a reduced proportion of cells with high OD-L values A red light
source 1s therefore insensitive to high concentrations of glycogen in cells
Consequently, all further microscopic observations were undertaken using white

hight

4 2.7 Image analysis — algorithm

Monochrome digital images have a grey intensity scale ranging from 0 (black) to
255 (white) The llumination intensity of pixels within yeast cells can be expressed

as optical density units by calculating the log inverse grey value for each pixel The

optical density (OD) of a pixel 1s defined as (Russ, 1995)
OD = Log 10 (]/Io)
where I'=Maximum luminance (255)

Iy = Grey value of pixel
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An algonthm was developed to process the images recorded in white hight and
measure geometric parameters and OD-L values of individual yeast cells (Figure
4 1) An image was mmtially converted from colour to monochrome and a copy of
this image stored in the PC memory Using operator intervention, for the first
image only, the image contrast was adjusted and the optimum grey level threshold
selected to detect yeast cells Using these settings, each of the 20 sample 1mages 1n
turn was automatically converted to a binary image where the outline of the yeast
was detected The bmary outhnes of the yeast cells were filled and touching or
budded cells were separated Budded or touching cells were treated as separate
single yeast cells All objects were assessed using classifiers to identify each as

yeast or as non-yeast (e g trub or debris) The classification critera for yeast were

Projected area (4) 16 pm? <4 < 100pm?

Circularnity (C) <18

where C = (penimeter length)’ / projected area (the circulanity of a circle 1s 4 )

The centroid data of each individual yeast cell in the processed binary images were
superimposed on the original monochrome 1mage stored in memory With all yeast
in the image 1dentified, 1t 1s necessary to establish measurement zones in the image

in order to measure the OD-L value of each cell
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Figure 4.1  Process algonthm indicating the key steps involved in Individual

Cell Spectroscopy using image analysis
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Examination of stained yeast cells at pixel level clearly demonstrates that the outer
edge of the yeast cell appears dark whlst the interior of the cell may have various
degrees of staining intensity The OD-L profile of a cross section of two yeast cells
of different staiing intensities 1s presented in Figure 4 2 It 1s clear that the outer
edges of both yeasts appear dark but the difference is more pronounced with cells
of lower OD-L (1e those having less glycogen (A)) compared to cells with lugh
OD-L (B) (glycogen replete cells) Calculation of the OD-L value of the entire area

of the yeast cell results in an over-estimation of the mean value

i
A i B
1 27 12
- ] -
O ()
04 04
00—= 10 15 00— = 10 15
Distance um Distance um

Figure 4.2  Optical density profile of a cross section of yeast cells stained with
Lugol’s solutton Cell A has low glycogen reserves and cell B 1s

glycogen-replete
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In order to overcome this phencl)menon in images of yeast cells, the OD-L of the )
central region of each cell was measured, instead of measuring the OD-L of the
entire cell area The yeast cells 1n an image (Figure 4 3a) were 1itially identified as
outlined in the process algorithm (Figure 4 1) Having superimposed the centrotd
locations for each cell back onto the onginal image, a circular measurement zone
(with a diameter equal to half the cell length) was superimposed on each cell
(Figure 4 3b) The centroid of this measurement zone was the same as that of the
corresponding cell The interior of the yeast cells stained with Lugol’s solution
appears gramy and non-uniform In order to smooth out this variation, a 5 x §
averaging filter was applied to the measurement zone in each cell The OD-L of

each pixel in the measurement zone of the cell was measured and the anthmetic

mean value recorded for each cell in the image

The OD-L values and the geometric parameters of each cell (length, breadth and
projected area) were exported to a spreadsheet The processing time for each
sample of approximately 1000 cells was typically 8 minutes The volume of each
yeast cell was calculated assuming that yeast cells generally conform to the shape

of a prolate ellipsoid (Lord and Wheals, 1981) Cell volume (V) 1s defined as

V=1IRBn6
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where L and B are cell length and breadth respectively The volume of unstaned

yeast cells was measured using a simpler algorithm without measurement of OD-L

values
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Figure 4.3.

Identification of yeast cells and creation of measurement zone 1n the
centre of each cell Onginal image of yeast with enlargement of a
cell highlighting intracellular texture vanation (A) Omnginal image
with outline of measurement zones and enlargement of a cell
highlighting the effect of an 5x5 averaging filter on the cell interior

prior to measurement of OD-L (B)
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4.3 RESULTS AND DISCUSSION
4.3.1 Determination of mmmmum sample size

In order to ensure that the mean cell volume and OD-L measurements of samples
were accurate, 1t was necessary to determine the mmnimum sample size required to
yield a statistically sigmficant result Figure 4 4 presents data from a sample of
3300 yeast cells where the data were randomused prior to sub-sampling populations
of 50 cells, 100 cells, 200 cells etc The data indicate that an accuracy of better
than 3% 1s attamable using a mimmum sample stze of 600 yeast cells In addition,
data from a sample of 4300 yeast cells stamed with Lugol’s solution indicates that
an accuracy of 3% or better for mean cell OD-L 1s attamnable with a sample size of

600 cells Typically, 1000 cells were analysed for each measurement

4.3.2 Cahbration of ICS

The ICS system was calibrated by analysing a series of fermentation samples for
glycogen content using the method of Parrou and Francois (1997) and companing
these values to the mean OD-L of a sample of yeast cells stained with Lugol’s
solution A lnear correlation (r’ = 0 77) was observed as outlined in Figure 4 5
The microscope focus was adjusted prior to 1image acquisition to ensure that the
outer edge of the yeast was in focus However, the degree of focus was dependent
on the size of individual cells and therefore not all cells in an image were in the
focus plane There 1s a trade off between magnification (1mage resolution) and

degree of focus The best compromuse was found using a magmfication of 400 X

101



250 ~
w7 °
5 240 4 o ,
Y 8 : 8 . +5%
E 18 8 g o o °
3 20 g‘é“i’“é“i“a‘@'?‘i“%“&" +3%
2 8g 8 H ° E- Mean
220 2° o o °
go © Q -3%
210 8° -5%
o
200
¢ —/{ﬁ T L T T T {
o] 200 400 600 800 1000
Sample Size
045
044 4
043 4 @
—~ 042 ~
hadd a + 59
a‘ 041+ & 3 . +3;
O 040 - ég Z g a a & A, § M
0% - }‘E‘%"‘é“g“g g e
038-ﬂ°§633°° 8 -3%
s -5%
037 -
a
036
035
Ow/nf T T T T | if
0 200 400 600 800 1000
Sample Size

Figure 4.4. The effect of sample size on the accuracy of mean cell volume
measurement and mean cell OD-L measurement of a yeast cell

population

433 Mean cell OD-L during fermentation
n

|
The techmque was applied to the measurement of mean cell glycogen content

t

during ale fermentations The mean cell OD-L values together with the specific

gravity during fermentation are presented in Figure 46 and follow a typical

4
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Figure45  Calibration curve for mean cell OD-L of yeast stained with Lugol’s
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Figure 4.6  Typical time course of mean cell OD-L during ale fermentation
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glycogen profile as reported elsewhere (Murray ef al , 1984, Quain et al , 1981,
Quamn and Tubb, 1982)) Imtially the yeast cells, in the presence of 8 ppm
dissolved oxygen (added at the start of fermentation), utilise their internal reserves
of glycogen to produce sterols and fatty acids for cell membrane synthesis As
fermentation proceeds and the sugar concentration in the wort (measured in °P)
dimimishes, the yeast cells start to accumulate internal reserves of glycogen This
continues until maxmmal glycogen reserves are acheved mud-way through
fermentation (40 hr) As the nutntional content of the wort decreases towards the

end of fermentation, the yeast cells start to utilise internal glycogen reserves

4 3.4 Distribution of glycogen within yeast populations

There are considerable advantages to using an automated ICS system to measure
cellular glycogen compared to conventional methods The analysis 1s simple and
rapid (20 min) compared to 2 days for the method of Parrou and Francois (1997)
which required great care in order to achieve sufficient accuracy and consistency
Furthermore, this image analysis technique 1s capable of indicating the distribution

of glycogen content within the yeast population

The vaniation 1n staining intensity observed for stored yeast can be quite significant
(Figure 4 7) Cell A appears glycogen-replete in contrast to cell B In the author’s
expertence, there 1s batch to batch vanation 1n the distribution of OD-L of stored
yeast Some batches of stored yeast have a normal OD-L distribution, while others

have a non-normal distribution with a greater proportion of yeast cells with a

104



Figure 4.7.  Stored yeast stained with Lugol’s solution indicating the degree of
variation in glycogen content within a population. Glycogen-replete

cell (A), low glycogen cell (B), debris (C). (Bar indicates 20 @im).

high OD-L value. Conventional analysis yields only a mean glycogen concentration
for yeast samples. This information is of use if the glycogen content of all yeast
cells is similar or is normally distributed throughout the yeast cell population. It is
clear from Figure 4.7 that there is considerable variation in the staining intensity of
individual yeast cells. Using ICS, it is now possible to examine the glycogen
content of a yeast population at an individual cell level and therefore indicate the

distribution of glycogen content within a yeast population.

The viability of propagated yeast typically exceeds 98% while the viability of

stored yeast is usually in excess of 80%. Staining of non-viable cells was examined
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using yeast cells inactivated by heat (100°C for 5 mun) and chemucally (10 mM
CuSO, for 1 hr) The mean OD-L of cells inactivated by steam increased by 25%
on average while the OD-L value of CuSO,-mmactivated yeast cells remamned
unchanged There was a corresponding 20% shrinkage in steamed yeast cells and a
20% 1ncrease 1n the mean volume of CuSO;-treated cells Incubation of chemically
and heat-mnactivated yeast cells for a peniod of 4 hours resulted 1n close to a 2-fold
increase in OD-L values The increase in OD-L values for prevailing non-viable
yeast cells ts possibly due to the detenoration of the cell membrane and cell wall of
the yeast The viability of the yeast samples used for calibration of the system was
in excess of 95% Furthermore, 1t was generally observed that high viability yeast

samples did not contain individual yeast cells with an OD-L value > 0 6

There are obvious differences 11 the distribution of cellular glycogen of yeast
propagated for 48 hours (>98% wviable) compared to yeast harvested at the end of
plant-scale fermentations (80% viable cropped yeast) The OD-L data outlined in
Figure 4 8 indicate a normal distribution for propagated yeast with a reduced mean
OD-L value compared to cropped yeast Propagated yeast may be considered
homogenous due to the mixing charactenstics during propagation However, the
OD-L measurements of cropped yeast cells are not normally distnibuted and there
1s a greater fraction of cells with elevated OD-L values Yeast sedimenting to the
base of a fermentation vessel has been shown to consist of layers of yeast of
different cell ages and physiological condition (Deans et al, 1997) Furthermore,

some yeast cells remain n suspension for longer during fermentation, others ascend
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Figure48  Glycogen distnbution of propagated yeast compared to storage

yeast

mto the foam on top of the fermentation hquor (yeast head) and subsequently

return to the fermentation liquor towards the end of fermentation

The mean OD-L values used in the calibration curve (Figure 4 5) extend to
approximately O 4 and 1t was generally observed that mean OD-L values did not
exceed 0 5 during fermentation In contrast to propagated yeast, the distribution
data for cropped yeast (Figure 4 8) highlight a fraction of the cell population with
OD-L values in excess of 06 The difference in the percentage wiability of
propagated and cropped yeast 1s significant and 1t 1s probable that cells with high
OD-L values (>0 6) are non-viable It 1s worth noting that the percentage of cells
with OD-L values > 0 6 1s simular to the percentage of non-viable cells in the

cropped yeast (1e 20%) In order to nvestigate the effect of yeast wviability on
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OD-L distribution, the dissimilation pattern of admixtures of viable and non-viable
yeast cells was studied under aerobic fermentation conditions The OD-L
distribution of actively-fermenting yeast (with a wviability of 95%) 1s normally
distributed around the mean value (Figure 4 9) The OD-L distribution of the
viable yeast and a S0 50 muxture of viable and non-wiable yeast (heat inactivated)
was measured after 4 hours incubation under aerobic conditions The OD-L
distribution of the viable yeast decreases as expected due to glycogen dissimilation
in the presence of wort nutrients and dissolved oxygen In contrast, the OD-L
distribution of the admxture of viable and non-viable yeast cells 1s bimodal The
first peak at an OD-L value of 0 25 refers to viable yeast cells whilst the second
peak 1s due to the presence of a high proportion of non-viable yeast cells Similar
findings were observed for chemically-inactivated yeast cells (data not shown)
OD-L values 1n excess of 06 are due to prevailing dead cells in the yeast

population where the Lugol’s staining intensity has been altered

The occurrence of a non-normal (as in Figure 4 8) or bi-modal OD-L distribution
(as in Figure 4 9) 1s therefore an indication of the presence of non-viable yeast cells
which contain glycogen but which are incapable of utilising their cellular reserves
Based on several fermentation tnals, 1t has been observed that these cells remain
mntact during the course of the fermentation and therefore the glycogen is

compartmentalised and 1s unavailable to other yeast cells

108



Figure 4.9.
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In order to assess the impact of a non-normal glycogen distribution (measured as
OD-L) on the fermentation performance of yeast, the dissimilation of glycogen
during early fermentation was studied using cropped yeast with a viability of 80%

The findings outlined i Figure 4 10 indicate that glycogen dissimilation 1s not
umform throughout the population Within 3 hr, over 70% of the population has
an OD-L of < 03 The remainder of the cells have OD-L values which extend up
to 1 0 This imphes that a significant proportion of the yeast population has not
utihsed any of its glycogen reserves during the aerobic phase of fermentation This
sub-population consists of intact non-viable yeast cells where the Lugol’s staining
intensity has been increased due to cell death It 1s interesting to note that the
cropped yeast used to inoculate the fermentation comprised of 20% dead cells

Furthermore, the addition of yeast into wort of high specific gravity can lead to the
immediate loss of viability of a fraction of the cell population (Casey and Ingledew,
1983) This non-normal OD-L distribution profile persists until t = 9 hr At 16 hr
there 1s an increase in the mean cell OD-L as cells commence building up internal
reserves of glycogen This trend continues until t = 45 hr and further fermentation
leads to a decrease mn cellular glycogen reserves The glycogen distribution at t =
45 hr 1s simlar to the distmbution of the cropped yeast used for pitching The
occurrence of glycogen-replete yeast cells which do not utilise their glycogen
reserves early in fermentation casts significant doubts on the usefulness of
measuring the mean glycogen content of yeast used to inoculate brewery

fermentations
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The distribution of glycogen (measured as OD-L) n a yeast population serves as a
useful indicator of yeast quality A normal OD-L distribution with uniform staiming
generally indicates high cell viabiity and homogeneous glycogen distribution In
contrast, a non-normal OD-L distnibution 1ndicates reduced wiability and
heterogeneous yeast quality This information may be concealed using conventional

glycogen analysis which determines the mean glycogen content

4 3.5 Cell size and glycogen content

The ICS system simultaneously measures individual cell OD-L values and cell
dimensions Previously it was reported that the mean cell volume of a yeast
population during fermentation and dunng storage of yeast correlated with
expected glycogen concentrations (Cahill ef a/ , 1999) Analysis of 15 fermentation
samples demonstrated that Lugol’s solution causes a 30% reduction 1n mean yeast
cell volume However, the extent of cell shrinkage was consistent and simular
changes m cell volume were observed during fermentation for both stamned and
unstamed yeast cells In order to study the effect of glycogen content on individual
cell volume, mdividual cell OD-L was compared to the corresponding (stained) cell
volume for yeast growing aerobically in propagations and during (anaerobic)
fermentation Typical data of OD-L versus cell size for 100 cells sampled at
random 1s presented mn Figure 4 11 for aerobically growmng (r* = 020) (A) and
anaerobically fermenting (* = 0 56) (B) yeast cells This data refers to yeast
samples of high viability (> 95%) and individual yeast cells with an OD-L value of

in excess of 06 were not observed There 1s no direct relationship between
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individual yeast cell volume and the corresponding glycogen content during
propagation Simular results were observed 1n the early stages of fermentation Cell
proliferation and glycogen utilisation occur during propagation and early
fermentation due to the presence of dissolved oxygen and readily available
nutrients Oxygen 1s known to act as a trigger for glycogen dissimulation 1n yeast
cells (Pickerell er al, 1991) However, a more direct correlation between cell
glycogen content and cell size was observed later than 48 hours in fermentation As

the sugar content of the wort decreases, cells build up internal reserves of
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glycogen Previous findings indicate that the mean cell volume of a yeast cell
population 1s related to 1ts mean glycogen content (Cahill er a/, 1999) However, 1t
1s further suggested that the volume of individual yeast cells during anaerobic
fermentation, correlates with the cellular glycogen content Glycogen can account
for 40 — 50% of the cell dry matter during fermentation (Chester, 1963, Murray e?
al, 1984, O’Connor-Cox et al, 1996, Quain et al, 1981) and this appears to

directly affect the volume of yeast cells

The glycogen content of yeast cells 1s indicative of yeast wvitality and viability
However, there has been a mixed response to using glycogen content as an
indicator of yeast vitality and to control the yeast addition rates to brewery
fermentations (Slaughter and Nomura, 1992) The findings 1n this study indicate
that data on the mean glycogen content of a yeast sample 1s of hmited use The
dissimilation of glycogen reserves by yeast can be non-uniform, resulting mn
quantities of glycogen remaining un-metabolised by some yeast and this glycogen 1s
unavailable to other metabolcally active yeast cells However, ICS provides near-
real-time detailed information regarding the distribution of glycogen within the

yeast population and the dissimulation pattern of glycogen during fermentation

4.4 CONCLUSIONS

This rapid and simple method provides information on both the mean glycogen
content and the distribution of glycogen within the yeast population The glycogen
content of propagated yeast (measured as OD-L) 1s normally distributed, but the

distnibution 1n stored yeast can vary from batch to batch  Analysis of the
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distrbution of glycogen during fermentation indicates that a portion of the
population does not dissimilate any glycogen due to reduced vitality or cell death
Furthermore, the pattern of glycogen distnibution within a population serves as a
useful indicator of yeast quality Determunation of mean cell glycogen content
using conventional assays 1s of limited use as an indicator of yeast vitality if the
yeast viability 1s reduced or if the yeast 1s used to pitch high-gravity fermentations

where cell death may occur upon inoculation
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CHAPTER 5

A STUDY OF THERMAL GRADIENT DEVELOPMENT IN
YEAST CROPS

5.1 INTRODUCTION

Breweries routinely crop yeast from the cone of fermentation vessels (FV) and
store the yeast cold until 1t 1s used to pitch subsequent fermentations Yeast
handhing procedures have a direct impact on fermentation quality and consistency
All aspects of brewery yeast management have been reviewed extensively
(O’Connor-Cox, 1997, O’Connor-Cox, 1998a, O’Connor-Cox, 1998b) Yeast
storage essentially commences as soon as yeast starts to sediment from
fermentation nto the cone of an FV However, sigmficant thermal gradients occur
In yeast slurry or yeast plugs due to poor thermal conductivity and metabolic heat
generation (Noble, 1997) Yeast plug temperatures of 14°C have been reported
duning lagering at 0°C (Crabb and Maule, 1978), mghlighting the magnitude of the
problem Elevated temperatures 1n stored yeast can lead to significant deterioration
n yeast quality, resulting in reduced wviability and witality Poor quality pitching
yeast can adversely affect fermentations (O’Connor-Cox, 1997), resulting in
extended fermentation times and off-flavours This chapter examines the thermal
gradients which develop in un-mixed yeast slurry during chilled storage An
examunation of the effect of yeast metabolic activity on the development and
magmitude of thermal gradients was undertaken using freshly cropped, acid-washed

and CuSO;-treated yeast slurries
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52 EXPERIMENTAL
5.2.1 Cooling apparatus

In order to mimic the thermal gradients in yeast plugs, a stainless steel cooling tube

(D =150 mm) was fabricated as outlined 1n Figure 51 The tube consisted of two
separate sections 1) a small chamber with glycol recirculating to a refrigeration
umit and 2) a large chamber containing 23 L of yeast slurry The temperature of the
refigerant was held at 15°C mn all experiments The storage section was
maintained at a pressure of 0 S bar (g) for all experiments using CO, Three Pt100
temperature probes were fixed to the base of the yeast chamber at distances of 0 1,
06 and 12 m from the cooling surface These probes are nomnally 1dentified as
0 1m,06mand 12 m respectively and the temperature reading from these probes
was continuously logged The tube was msulated with 50 mm of insulation suitable

for cold applications

0lm
06m 4

VV$

12m <4

_> Coolant
Out

Insulation

1 ) t
(Depth = 50 mm) Stainless Steel Yeas

Chamber (D = 150 mm)

3 S

Figure S1.  Schematic of yeast cooling apparatus
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5.2.2 Yeast slurry

Tnals were conducted using Guinness ale yeast (strain 1164) Yeast of three
different qualities was used 1) freshly cropped yeast, 2) acid-washed yeast and 3)
fresh yeast inactivated with 10mM CuSO, The yeast strain used 1n these studies 1s
normally resistant to 1 SmM CuSO, The wet solids content of the yeast slurry was

30% (w/w) 1n all cases

5§23 Sohds determmation

-

Duplicate 100 g samples of yeast slurry were vacuum filtered using a Buchner flask
and filter funnel through 3 sheets of filter paper (1 x Whatman No 113 followed
by 2 x Whatman No 2, Whatman International Ltd UK) The solids content was

expressed on a % w/w basis

5.2.4 Yeast viability measurement

Yeast viability was measured using methylene blue staining (Pierce, 1970)

53 RESULTS AND DISCUSSION

A senes of storage tnals was conducted using the cooling apparatus described n
Figure 51 The temperature profile at each distance from the cooling surface 1s
presented in Figures 52 to 56 The maximum thermal gradient measured dunng
the cooling of water was 0 5°C (Figure 5 2) The convection currents, which occur

in water dunng cooling, provided sufficient mixing to mimimuse thermal gradients

118



20

18
—O0—01m

16 - 06m
—— 12m

14 ~

12

Temperature (°C)

0 10 20 30 40 50
Time (hr}

Figure §2  Temperature data for water

In contrast, the cooling profile of freshly cropped yeast was signficantly different
(Figure 5 3) The temperature of the yeast slurry at 0 1m dropped from 8°C to 7°C
in the first 45 hr Dunng this period, temperatures as high as 14°C were recorded
at 06 m and 12 m Further temperature increases up to 15°C and 17°C were
recorded at 0 6 m and 1 2 m respectively and the temperature at 0 1 m increased to
a maximum of 9°C Yeast sampled after 110 hr storage from 0 1 m and 1 2 m had
a viability of 80% and 70% respectively This illustrates the damaging effect of
elevated local temperatures on yeast viability Yeast storage at O - 5°C has been
reported as satisfactory, but as the storage temperature reaches 10°C and above,

rapid yeast detenoration occurs (Lenoel et al , 1987)
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Figure 53  Temperature data for freshly cropped yeast

The magnitude of thermal gradients in acid-washed yeast slurry (Figure 5 4) was
not as great as for freshly cropped yeast The temperature measured at 0 1 m
remaned below 6°C while the temperature increased to > 9°C within 10 hr at 0 6
mand 12 m A gradual nise 1n temperature was recorded at 0 6 m and 1 2 m for
the duration of the trial up to a maximum of 10°C and 12°C respectively The
thermal gradients observed during storage of CuSO,-treated yeast (Figure 5 5)
were almost as great as those for freshly cropped yeast up to 40 hr However, after
40 hr, the temperatures at 06 m and 12 m decreased from 12 - 14°C to
approximately 10°C at 110 hr Thus 1s the only observed decrease in temperature at
06 mand 12 m It s likely that the yeast has been mactivated to a great extent
by the CuSOs after 40 hr and that, in the absence of significant metabolic heat

generation, the slurry started to cool
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Figure 5.4.

Figure S.5.
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Development of thermal gradients 1n freshly cropped yeast 1s more clearly observed
by expressing the thermal data versus the distance from the cooling surface (Figure
56) Inttially, the slurry close to the cooling surface starts to cool but within 5 hr
there 15 a 3 5°C temperature difference between the yeast at 0 1 mand at 12 m
This thermal gradient increases with time and 1s greatest between 0 1 m and 0 6 m,
with the gradient levelling off between 0 6 m and 1 2 m The maximum thermal
gradients recorded between 0 1 m and 1 2 m are histed in Table 51 The results
indicate a correlation between the maximum measured thermal gradients and yeast
activity These findings emphasise the signuficance of metabolic heat generation by

yeast and how 1t can result in temperature increases in yeast plugs

Temperature readings from probes fitted close to the vessel wall suggest adequate

temperature control of un-mixed yeast slurry However, jacket cooling has little

Table S.1 Maximum thermal gradients recorded during each cooling

tnal
Maximum Thermal Gradient
(°C)
Water 05
Freshly cropped yeast 11
Acid-washed yeast 7
CuSO, treated yeast at 40 hr 8

(decreasing to 5°C at 110 hr )
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Figure 56  Thermal gradient development in freshly cropped yeast

effect on the internal temperature of un-mixed yeast slurry and sigmficant thermal
gradients rapidly develop Yeast in an un-mixed system rapidly becomes a
heterogeneous mixture of sub-elements with different viability and vitality due to
temperature differences It has been reported previously that there 1s an axial
gradient throughout FV yeast plugs in terms of cell age and fermentation
performance (Deans et al, 1997) The findings reported above outline a second
gradient of heterogeneity A radial gradient of yeast quality exists in un-mixed
yeast slurry, consisting of higher quality yeast in a cool zone close to the vessel
jacket and poorer quality yeast in a warmer local environment towards the interior
of the vessel When water is cooled, convection currents are generated thus
ensuring uniform temperatures However, heat transfer by convection does not

occur 1n yeast slurry to any great extent due to its high viscosity (Lenoel et a/,

1987)
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The rapid development of temperature gradients suggests that yeast cropping from
FV should occur as soon as the yeast plug develops or that cropping should occur
in stages if plug development 1s slow Yeast quality deteriorates during storage and
therefore 1t 1s necessary to ensure adequate storage conditions to mimmuise losses 1n
viability (Martens et al , 1986, McCaig and Bendiak, 1985a, McCaig and Bendiak,
1985b, O’Connor-Cox, 1998a, Quain, 1988) Lenoel er a/ (1987) reported that
yeast storage at 0 - 5°C was satisfactory but, if the storage temperature reached
10°C or above, then rapid deterioration of yeast was evident It 1s important that
brewers should distinguish between the reading from vessel temperature control
probes and the temperature gradients which occur throughout the entire yeast

crop

These trials were conducted using chilled yeast It 1s reasonable to suggest that
temperature gradients in FV plugs are more damaging as temperatures increase
above fermentation temperature Stored yeast 1s 1n a catabolic state and as the local
temperature increases, the rate of metabolism of the yeast increases accordingly
{McCaig and Bendiak, 1985a, McCaig and Bendiak, 1985b) The findings in these
trials support the notion that a yeast crop 1s a collection of separate portions of
yeast rather than a homogeneous umt It 1s the objective of the brewer to obtain the
highest proportion of these elements in the best condition for pitching subsequent
fermentations In major brewernes, early cropping from FV has been 1dentified as a
major contributor to improved yeast quality, resulting in improved fermentation

consistency and beer quality (Lovenidge ez al , 1997, O’Connor-Cox, 1997)
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5.4 CONCLUSIONS

The temperature of un-mixed yeast slurry cannot be controlled at distances of 0 1
to 0 6 m (and greater) from a cooling surfaée The magnitude of thermal gradients
which occur in un-mixed yeast slurry 1s proportional to the metabolic activity of the
yeast Rapid development of thermal gradients 1s likely 1n yeast plugs in FV and in
un-mixed stored yeast Temperature probes fitted close to the wall of yeast storage
vessels or FV cones are of imited use Such probes indicate the local temperature
of the un-mixed yeast plug or slurry close to the cooling surface but give no

indication of yeast temperatures in the intertor of the vessel

The magmtude of thermal gradients mn un-mixed yeast slurry 1s substantial
highhghting an aspect of yeast management which can result 1n sigmificant yeast
deterioration These findings warrant an examination of the thermal gradients

which occur during mixed storage of pitching yeast
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CHAPTER 6

A STUDY OF THE VARIATION IN TEMPERATURE, SOLIDS
CONCENTRATION AND YEAST VIABILITY IN AGITATED
STORED YEAST

6.1 INTRODUCTION

In order to ensure consistent quality of fermentation, a storage regime for pitching
yeast must maintain yeast viability and vitality for a period of days. Low storage
temperatures ensure that yeast metabolism is kept to a minimum and a uniform
distribution of solids improves the accuracy of pitching of fermentations
(O’Connor-Cox, 1998a). The exclusion of oxygen is also considered beneficial as
its presence triggers glycogen dissimilation (O’Connor-Cox, 1998a), resulting in
pitching yeast with reduced glycogen reserves and subsequent poor fermentation

performance (Quain and Tubb, 1982).

There are a number of problems associated with trying to maintain the viability
and vitality of pitching yeast during storage. These are mainly due to the fact that
yeast slurry is a viscous, pseudoplastic (shear-thinning) fluid of high solids
concentration (typically > 40% w/w). Due to the high viscosity, heat transfer by
convection does not occur (Leonel et al., 1987). Therefore, cooling in the absence
of mixing can only occur by conduction, which is ineffective. Consequently,
mixing of yeast slurry is required in some form to enable heat transfer by forced
convection. Difficulties in temperature control are compounded by the fact that

significant heat generation occurs in yeast slurries and plugs due to yeast



metabolism (Boughton, 1983, Crabb and Maule, 1978, Noble, 1997)
Temperature control of yeast slurry 1s therefore hindered by its high viscosity and

exothermic nature

Mechantcal agttation of stored yeast has been reported using a diverse range of
agitator systems, including large diameter, slow speed mixers (Kawamura ef al |
1999), small diameter impellers (Cholerton, 1995, Murray ef al, 1984) and off-
centre mixers (Munday and Dymond, 1998) Interestingly, intermittent agitation
of yeast slurry has been reported to be more effective for cooling yeast slurries
than continuous agitation (Andersen, 1998) Yeast 1s also stored unmixed in
insulated vessels 1n coldrooms prior to pitching (O’Connor-Cox, 1998a), which
can result 1n gradients of solids concentration and temperature throughout the
stored yeast Recirculation of yeast slurry using an external loop has also been
used both as a mixing mechanism and to effectively de-carbonate the slurry
during storage This 1s achieved by recirculating the slurry over a flat conical disc
which spreads the slurry out into a thin film, allowing the release of dissolved
carbon dioxide (O’Connor-Cox, 1998a) Increased levels of dissolved CO,, either
in fermenter or in yeast storage vessel, have a deletenous effect on yeast cells
(Arcay-Ledezma and Slaughter, 1984, Knatchbull and Slaughter, 1987,

O’Connor-Cox, 1998a)

The recommended temperature of storage for yeast slurry 1s n the range 2 — 5°C
(Lenoel et al, 1987, Martens ef al, 1986, McCaig and Bendiak, 1985a,

O’Connor-Cox, 1998a) Determination of the precise storage temperature of the
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entire storage vessel contents 1s difficult Based on a single temperature probe
situated close to the vessel wall, the temperature of a yeast slurry may be within
specification However, significant increases in slurry temperature have been
measured at distances from the cooling surface for un-mixed yeast slurry (See

Chapter 5 and Lenoel et al , 1987)

]

For this work, a customised 10 hL yeast storage vessel was commissioned to
study the gradients of temperature, yeast viability and solids concentration which
occur during yeast storage Measured differences in temperature, viability and
solids concentration of yeast slurries are reported for pitching yeast stored with
different modes of mixing including mechanical agitation and recirculation using

an external pump

6.2 EXPERIMENTAL
6.2 1 Yeast stramn

All storage trials were conducted using a brewery ale strain of Saccharomyces
cerevisiae (strain 1164) Yeast was harvested by centrifugation from FV at the
end of fermentation and 8 hL. of yeast slurry (approximately 40 % w/w) was used
for each trial unless otherwise stated The slurry was collected after in-line

chilling using a plate heat exchanger
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6.2.2 Solids determination

Duplicate 100 g samples of yeast slurry were vacuum filtered using a Buchner
flask and filter funnel through 3 sheets of filter paper (1 x Whatman No. 113
followed by 2 x Whatman No. 2, Whatman International Ltd. UK). The solids

content was expressed on a % w/w basis.

6.2.3 Viability determination

Yeast viability was determined using methylene blue staining (Pierce, 1970).

6.2.4 Yeast storage vessel (YSV)
6.2.4.1 Rationale of design

Yeast slurry with a wet solids content above 40% pressed solids exhibits non-
Newtonian (shear-thinning) rheological behaviour (Lenoel et al., 1987).
Therefore, agitation using a small diameter impeller can result in a reduction in
the apparent viscosity of the slurry close to the agitator, with little effect on the
slurry viscosity close to the vessel wall. The effectiveness of mixing using
impellers can be improved using baffles (installed on the base of the vessel or on
the vessel wall), or by using an off-centre mixer (Coulson et al., 1983). The
installation of baffles in the vessel was considered inappropriate from a hygiene
point of view, as the slurry would prove difficult to remove completely using a
normal cleaning-in-place (CIP) regime. Similarly, large paddles were not
considered due to the difficulty of cleaning and also the increased power

consumption compared to smaller diameter impellers.



Traditionally, yeast was screened upon harvesting to remove lumps and reduce the
amount of dissolved CO; (Andersen, 1998) Decarbonation can have beneficial
effects on the yeast and therefore mixing by recirculation was evaluated
However, the slurry was not decarbonated using a Chinese hat diffuser as
described by O’Connor-Cox (1998a), 1n order to compare the recirculation regime

to mechanical agitation, which does not decarbonate the slurry to the same extent

6.2.4.2 Vessel specifications

A customised 10 hl pilot-scale Yeast Storage Vessel (YSV) was fabricated as
outlined 1n Figure 6 1, to study the temperature distribution of yeast slurry during
storage The vessel details are summarised in Table 6 1 Temperature control was
achieved using a proportional integral and derivative (PID) temperature controller
(Datalogtc ND Sertes, Datalogic SRL, Bologna, Italy) linked to a single, surface
mounted Pt100 temperature sensor on the vessel wall (See Figure 6 1) The
coolant was recirculated through the full length dimple jacket to a heat exchanger
system using a recirculation pump with a capacity of 2000 L / hr (Grundflos
Model CR2-20, Grundflos (Ir]) Ltd Dublin) The heat exchanger system
consisted of a plate heat exchanger supplied with glycol (at -3°C) followed by an
in-line electrical heating element Heating or cooling was activated as required by
the temperature controller The vessel was equipped with an off-centre, variable
speed agitator with an agitation range of 50 to 250 rpm (Lightnin Modet No
LC37VH, Lightnin Mixers Ltd Cheshire, UK) Two triple blade impellers (D =
325 mm) were fitted to the agitator shaft as outlined i Figure 6 1 Mixing by

recirculation was achieved using a vaniable speed, positive displacement lobe
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Table 6 1 Technical specifications of YSV

Specification
Working Volume 10 hl
Diameter 1000 mm
Height 1500 mm
Agitator Vanable speed, 2 x triple blade mmpellers, 50 — 250 rpm
Recirculation Pump Vanable speed, Lobe Pump, 200 — 1950 L/hr
Cooling Jacket Full dimpled jacket
Mimimum Coolant -3°C
Temperature
Temperature Control PID with surface mounted Pt100 fitted to vessel wall
Temperature Probes 4 x customused probes with 4 Pt100 sensors in each

pump (SSP Pump Model No SR/2/013/LS/3A, Alfa Laval Pumps Ltd UK),with
a pumping range of 200 to 1950 L/hr The slurry was pumped from the base of the
vessel and returned via a tangential inlet towards the top of the vessel (See Figure
6 1) The rate of recirculation 1s expressed as the time taken to pump the contents
of the vessel through the loop (vessel turnover time) Sample probes were fitted at
the top and bottom of the vessel allowing sampling of yeast 50 mm from the

vessel wall and n the centre of the vessel (500 mm from the vessel wall)

The vessel was fitted with 4 custom-built probes accommodating 4 x Pt100

temperature sensors tn each Each probe consisted of 4 separate Pt100 sensors at
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Figure 6 1.
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Schematic of the 10 hl customised YSV with the following
features vanable speed agitator (A), triple blade impellers (B),
sample points (C), recirculation loop (D), variable speed positive
displacement recirculation pump (E), customised temperature
probes each with 4 measurement points (F), manway (G) and

surface mounted Pt100 temperature control probe for vessel (H)
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distances of 50, 200, 350 and 500 mm from the vessel wall The 4 x 4 array of
temperature sensors covered half of the cross-section of the vessel The accuracy
of each Pt100 sensor was + 0 1°C The temperature setpoint for all storage trials

was 4°C and the vessel was maintained at a top pressure of 0 S bar using N

6.2 5 Calculation of 1sotherms

Using the data from the 16 measurement points within the vessel, a map of
1sothermal contours was prepared at various storage times A grid reference point
was calculated for each temperature sensor location consisting of an x-value
(distance (1n mm) of the sensor from the vessel wall) and a y-value (distance (in
mm) of the sensor from the base of the vessel) Using Sigmaplot™ Version 5 0
(SPSS ASC GmbH, Erkrath, Germany), XYZ triplet data, consisting of measured
temperature values (Z data (°C)) and their corresponding horizontal (X data
(mm)) and vertical (Y data (mm)) co-ordinates within the vessel, were used to
calculate interpolated mesh data SigmaPlot™ uses an mverse distance method to
generate Z values for an evenly spaced XY grid from XYZ tnplet data The
weighting used for these calculations sets the effect of distant points in the
interpolation of values The effect of changing the weight value depends on the
differences 1n the Z values, the ratio of the number of onginal data points to the
number of interpolated data points, and the number of grid lines (X and Y values)
Using a smaller weight places a degree of emphasis on distant data points and
results 1n a mesh that passes further away from the onginal data A larger weight
places greater emphasis on the nearest data points, resulting in a mesh passing
closer to the data For the number of data points measured in this study, a

weighting value of 3 produced the optimal contour profile An off-centre agitator
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was used during the study, which results in different degrees of mixing across the
horizontal plane of the vessel However, for 1illustration purposes, the temperature
data was murror-imaged to reflect the temperature distribution across the entire

vessel

63 RESULTS
631 Cooling of water

A senes of trnials were conducted using the 10 hL pilot scale YSV as outlined in
Table 6 2 Tnals using water were conducted 1mitially to establish a baseline for
agitated and un-agitated systems Thermal gradients of approximately 1 5°C were

measured during the cooling of water from 24°C to 4°C without agitation A

Table 6.2.  Description of YSV tnals

Tnal Flud Agitation Type Agitation Rate Volume (hL)’
1 Water None N/A 10
2 Water Twin Impeller 50 rpm 10
3 Yeast Slurry None N/A 8
4 Yeast Slurry Recirculation 2 hr vessel turnover 8
5 Yeast Slurry Recirculation 0 5 hr vessel turnover 5
6 Yeast Slurry Twin Impeller 50 rpm 7
7 Yeast Slurry Twin Impeller 200 rpm 8

* The volume of yeast slurry collected vaned due to fobbing during collection
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thermal profile after 15 hours of cooling indicates the temperature distribution 1n
the YSV (Figure 6 2) Layers of water at different temperatures occurred 1n the
vessel The coldest areas were at the top of the vessel and water at 4°C
(maximum density) remained in the bottom section In contrast, the maximum
thermal difference measured in water under mild agitation conditions (50 rpm)
was considerably reduced throughout the cooling period A maximum thermal

gradient of 0 3°C was observed (data not shown)

6 32 Storage of yeast without agitation

Storage of yeast without agitation demonstrates the extent to which yeast slurry
can become heterogeneous in terms of temperature and consistency The

temperature distribution throughout the YSV at t = 24, 48 and 72 hr 1s illustrated
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Figure 6.2. Temperature distribution profile for water without agitation after

15 hours cooling
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in Figure 6 3 The inmitial mean temperature of the slurry was 5 9°C However,
after 24 hours of cooling, the temperature of the slurry increased, ranging from 7 5
- 95°C The warmest regions were in the lower sections of the vessel with
horizontal layers as indicated by the isotherms Surpnisingly, the solids
distribution 1n the vessel changed from a mean value of 40 6 % (w/w) initially to
58% 1n the upper levels of the vessel and 35% 1n the base of the vessel within 24
hr This change 1n solids distribution was accompanied by a 25% increase 1n the
observed volume of slurry in the vessel due to CO, evolution from yeast
metabolism The evolution of CO; caused a flotation of biomass to form a dense
layer on the surface of the yeast slurry which persisted for the duration of the trial
The temperature distribution measured at 48 hr indicates cool zones at 4°C close
to the jacket However, temperatures in excess of 7 S°C were observed in the

dense yeast layer
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Figure 6.3. Temperature distribution profile for yeast slurry without agitation at
t=24,48 and 72 hr
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at the top of the vessel The 1mtial solids content of the slurry was 40% However,
after 72 hr of chilled storage, the sampled solids concentration at the base of the
vessel was 34% and at the surface of the slurry was 73% solids The

corresponding yeast slurry temperature ranged from 2 5 - 3 5°C

6 3.3 Storage of yeast with mixing by recirculation

Recirculation of the vessel contents using an external loop as a mixing mechanism
was evaluated using a vessel turnover time of 2 hr The temperature distribution at
t =24, 48 and 72 hr 1s illustrated in Figure 6 4 The mmtial slurry temperature was
5 8°C and cooling was improved using a vessel turnover time of 2 hr compared to
un-mixed vyeast slurry While the arithmetic mean of all temperature

measurements at 24 hr was 2 6°C, the slurry temperatures ranged from
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Figure 6.4. Temperature distnibution profile for yeast slurry with a vessel

turnover time of 2 hr at t =24, 48 and 72 hr
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1 - 4°C The coldest area was 1n the base of the YSV with increasing temperature
towards the centre and also towards the top of the vessel As observed during un-
agitated storage, a dense layer of yeast formed on the surface of the vessel
contents durning storage The solids content of this layer at 72 hr was 65%
compared to 28% 1in the bottom of the vessel The temperature distribution data
after 48 and 72 hr indicates a warm zone 1n the centre of the vessel with the
coldest yeast slurry at the top of the vessel This 1s because the lower section of
the vessel 1s being mixed due to recirculation while the upper region of the vessel
(with 1increased solids content due to flotation of biomass) remains almost
stagnant No significant heat generation was recorded 1n this poorly-mixed region
In contrast to the un-mixed tnal, the yeast slurry remained chilled from the start
However, the range of temperatures and solids concentrations measured in the

vessel are indicative of poor homogeneity of the slurry

Decreasing the vessel turnover time to 0 5 hr did not improve the temperature
control or homogeneity of the slurry The temperature distribution data at t = 24,
48 and 72 hr 1s 1llustrated 1n Figure 6 5 At 24 hr the slurry temperature ranged
from less than 1 5°C to 5°C This profile indicates that the lower region of the
vessel was mixed by recirculation and was, 1n fact, being over chilled as stagnant
regions 1 the upper regions of the vessel remained above 3°C Overcooling may
have occurred as a result of stagnation of the yeast slurry n the vicinity of the
temperature probe used to control the vessel temperature As observed with the
previous trals, the solids content of the upper layer of the slurry increased to 65 %

at 72 hr, while the corresponding solids concentration in the base of the YSV
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Figure 6.5.  Temperature distribution profile for yeast slurry with a vessel

turnover time of 0.5 hratt= 24, 48 and 72 hr.

decreased to 23%. Recirculation as a mixing mechanism does not result in

homogeneous slurry in terms of both temperature and solids content.

6.3.4 Storage of yeast with mechanical agitation

Mixing of yeast slurry using the described twin impeller at 50 rpm was studied.
The initial mean slurry temperature was 5.8°C and the temperature distribution
data att= 24, 48 and 72 hr is illustrated in Figure 6.6. The slurry temperature was
maintained at approximately 4°C with 50 rpm agitation after 24 hr, but the range
of temperatures measured was 3.5 - 5.5°C. The warmest region was at the top of
the vessel where a dense layer of yeast formed as observed in all previous trials.
The maximum solids content of this layer was 75%. The overall temperature of

the slurry at 48 hr decreased compared to 24 hr but the upper stagnant region of



N

Slurry surface
FESEENNCSaEEEEERREEDRD

5 s.V.8 ° z ——3—/—3-\3—¥~3‘: J L
NN = = N T

24 hr 48 hr 72 hr

Slurry surface

Slurry surface
NEENEEESESEEEREESSERR

A__A
3

6600
NeReRe
5660

Figure 6.6. Temperature distribution profile for yeast slurry with an agitation
rate of 50 rpm at t = 24, 48 and 72 hr

the vessel remained the warmest with the lower mixed region becoming over-
chilled The temperature range at 48 hr storage was 1 5 - 4°C The temperature
distribution at 72 hr indicates a warmer region at the top of the vessel but the inner
core of the vessel had also developed a warm region due to metabolic heat

generation and inadequate mixing at 50 rpm

A further trnal using an agitation rate of 200 rpm indicated improved temperature
control 1n the vessel The temperature range at 24 hr was 2 - 2 3°C and at 48 hr
was 2 7 - 2 9°C (Figure 6 7) The thermal gradient remained constant for 72 hr of
chilled storagete 2 0 -2 3°C Despite the improved agitation rate and a reduction

mn temperature gradients, the solids distribution i1n the vessel was not
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Figure 6.7, Temperature distribution profile for yeast slurry with an agitation

rate of 200 rpm at t =24, 48 and 72 hr

homogeneous The bulk contents of the vessel remained at approximately 40%

solids, while the solids content of the upper surface of the slurry reached 59%

The maximum thermal gradients measured during the course of each storage trial
are summarised in Table 6 3 The maximum thermal gradient measured for stored
yeast without mixing (3 9°C) occurred after 48 hr of storage The gradient
subsequently decreased to less than 2°C at 72 hr The effectiveness of
recirculation as a mixing mechanism 1s poor, with thermal gradients 1n excess of
3°C measured at 24 and 72 hr An improvement in mixing, with a corresponding
reduction 1n measured thermal gradients, was not observed with a decrease in
vessel turnover ttme from 2 hr to 0 5§ hr Thermal gradients of stmilar magnrtude

were measured for yeast stored with an agitation rate of 50 rpm The thermal
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Table 6.3.  Summary of temperature distribution 1n stored yeast

Inmihal Maximum Maximum Maximum
temperature  temperature temperature temperature
©0) difference at  difference at difference at
t=24 hr t=48 hr t=72hr
Water (unmxed) 24 5 19 ND ND
Water (50 rpm) 265 03 ND ND
Yeast (Unmxed) 59 25 39 18
Yeast (2 hr vessel 58 37 26 33
turnover)
Yeast (05 hr 70 41 36 31
vessel turnover)
Yeast (50 rpm) 58 23 31 44
Yeast (200 rpm) 55 03 03 04

ND Not determined

gradients increased during storage from 2 3°C at 24 hr to 44 at 72 hr The
formation of a dense stagnant layer of yeast at the surface of the slurry was
primanly responsible for such thermal gradients The greatest degree of
temperature control was achieved with an agitation rate of 200 rpm The
maximum thermal gradients observed throughout the trial did not exceed 0 4°C,

which compares favourably with the thermal data for water at SO rpm (0 3°C)

6.4 DISCUSSION

Yeast viability and the concentration of solids 1n the slurry were determined for

samples taken from 4 separate locations in the vessel during each trial (Figure
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6 1) The sample locations were at the top of the vessel 50 mm from the cooling
jacket, at the top of the vessel in the centre, at the bottom of the vessel 50 mm
from the cooling jacket and at the bottom of the vessel in the centre The
maximum differences 1n solids distnibution are summarised 1n Table 64 The
minimum solids content measured 1n the base of the slurry can serve as an
indication of the size of the dense upper layer of yeast As the dense upper layer
increases 1n size, the solids concentration of the bulk contents of the vessel will
correspondingly decrease The greatest decrease in solids concentration in the
lower section of the vessel was observed for un-mixed yeast slurry and vessel
turnover times of 2 hr and 05 hr Mechamcal agitation resulted 1n smproved
umformity of solids content with greater umformity at the higher agitation rate
The maximum difference in yeast viability for each trial follows similar trends
The largest difference in yeast cell viability during storage corresponds to the
largest differences in solids content, which re-emphasises the poor degree of
mixing and homogeneity achieved with recirculation In general, yeast with the
lowest measured viability was 1n the dense layer at the surface of the yeast slurry
Poor temperature control due to inadequate mixing of this yeast layer 1s the most
probable cause of the wiability decrease An improvement in overall storage
conditions can therefore be achieved by mmmmsing or elimmating the

development of such a layer by adequate agitation

In all storage tnals, a dense layer of yeast biomass formed in the upper layer of

the slurry irrespective of the agitation regime used The dense layer consisted of a
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Table 6.4.  Summary of solids and viability differences during yeast

storage using different mixing regimes

Imtt1al Maximum Mimmum Maxinum Maximum
solids sohds sohds content  difference difference m
content 1 sohds viability
(% wiw) (% wiw) (% wiw) (% wiw) (%)
Yeast 406 734 286 44 8 13
(Unmixed)
Yeast 439 690 286 40 4 12
(2 hr vessel
turnover)
Yeast 294 656 231 425 12
(0 S hr vessel
turnover)
Yeast 396 74 6 354 392 4
(S0 rpm)
Yeast 407 595 378 217 3
(200 rpm)

mixture of solids and entrapped CO, (with a heavy, mousse-like consistency) The
solids concentration was measured on a w/w basis, thus eliminating any entrapped
CO; from the sample Although the solids concentration on a w/v basis would be
less than on a w/w basis, the data demonstrates a transfer of solids from the bulk

slurry to a layer at the surface

The volume of slurry 1n the vessel increased as a result of CO, evolution by the
stored yeast, which resulted 1n foaming at the slurry surface The yeast used for all

of these trials was a top fermenting ale yeast, and 1t 1s reasonable to assume that

144



the evolution of CO, during storage has a flotation effect on the yeast solids, thus
forming a dense yeast layer on the surface of the slurry It 1s unlikely that such a
phenomenon would occur with bottom fermenting yeast However, due to therr
flocculation charactenistics, 1t 1s possible that bottom fermenting yeast would
develop gradients of solids concentration, with the greatest concentration 1n the
base of the YSV The increase in volume of the yeast slurry during storage was
recorded and expressed 1n terms of relative volume increase compared to the
mitial volume of yeast slurry This data 1s presented in Table 6 5 The magnitude
of volume increase 1s proportional to the metabolic activity of the stored yeast
which results in the production of CO, The observed increase 1n slurry volume 1s
greatest for un-mixed yeast slurry and yeast mixed by recirculation (vessel
turnover time of 2 hr) These storage regimes allow the greatest degree of yeast
metabolism during storage, which will decrease the yeast glycogen reserves and
result 1n yeast with reduced viability and wvitality A small improvement 1s
observed with a decrease 1n vessel turnover time to 0 5 hr Mechanical agitation,
both at 50 and 200 rpm, resulted 1n little change 1n the volume of stored yeast

Evolution of CO; and foaming by the yeast slurry was kept to a mmmimum which
serves to indicate reduced metabolism by the yeast as a result of improved
temperature control throughout the bulk of the slurry Mechanical agitation has
been demonstrated to be more effective than recirculation alone in maintaining a
greater degree of uniformity throughout the slurry of temperature, yeast viability,
and solids concentration This level of control results 1n a reduction in the rate of

yeast metabolism and subsequent CO; evolution during storage
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Table 6.5.  Percentage increase 1n volume of slurry during storage due to
CO; evolution and foaming,
Relative volume (% of mitial volume)
t=0hr t=24 hr t=48 hr t=72hr
Yeast 100 125 150 162
(Unmixed)
Yeast 100 100 125 162
(2 hr vessel
turnover)
Yeast 100 100 130 150
(0.5 hr vessel
turnover)
Yeast 100 100 100 107
(50 rpm)
Yeast 100 102 106 106
(200 rpm)

Yeast storage plays a central role in any brewery yeast management programme

The storage of yeast can extend from hours to several days and therefore the

quality of yeast must be maintained as high as possible It 1s clear from this work

that stored yeast exists as a collection of portions of yeast in a YSV and that

different portions are, 1n effect, stored under different local conditions if the

mixing regime 1s mnadequate It is important that the environmental conditions of

these locahised intra-vessel portions should be within the acceptable storage

conditions for pitching yeast (as defined by the brewer) Temperature readings

from probes fitted close to the vessel wall can mislead the brewer into believing

that the yeast crop 1s at a uniform temperature This phenomenon has been
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reported for un-mixed systems previously (See Chapter 5 and Leonel et al , 1987)
Variations 1n storage temperature can indirectly have an adverse affect on the
quality of the stored yeast For example, ethanol tolerance 1s known to decrease
with increasing temperature (O’Connor-Cox, 1997) Therefore, with high gravity
fermentation systems, small elevations in storage temperature can result in
increased ethanol stress on the yeast Representative sampling of a YSV to enable
determination of the concentration of stored pitching yeast can also prove
difficult It 1s impossible to determine the solids concentration of a YSV if the
degree of mixing during storage 1s 1nadequate An estimation of a yeast
concentration based on a single sampling location 1n a batch of stored yeast can
result 1n 1naccurate pitching rates (O’Connor-Cox, 1998a) The estimated weight
(or volume) of slurry based on a ‘mean value’ for the YSV can consist of a range
of values of yeast solids and wiability Accurate pitching control can only be
achieved 1n such circumstances based on measurement of wort biomass
concentration during filling of the FV It 1s essential that brewers challenge the
validity of temperature probe readings from yeast storage vessels and determine
the actual effectiveness of their yeast storage regimes in maintaining uniform

yeast quality throughout the entire stored yeast crop

6.5 CONCLUSIONS

The mode and degree of mixing employed during the storage of pitching yeast has
a direct impact on the distnibution of temperature, wviability and solids
concentration within the slurry Recirculation of the slurry from the base to the top
of the YSV using an external pumping loop 1s least effective tn maintaining

uniform temperature within the vessel In addition, the solids distribution using
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this regime 1s more heterogeneous than compared to the use of a mechanical
agitator A high agitation rate of 200 rpm was required to ensure uniformity of
temperature and solids content throughout the slurry Gradients of yeast slurry
temperature can exist in YSV’s even though the vessel temperature probe reading

1s within specification
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CHAPTER 7

SUMMARY

71 CONCLUSIONS

The mean cell volume of brewing yeast strains increases when propagated in
worts of increasing oniginal gravity This phenomenon can result in 1naccurate
pitching rates when using indirect biomass measurements such as wet weight
analysis Furthermore, propagation of yeast in wort gravities mn excess of 12 5°P
results 1n a deterioration of yeast quality in subsequent high-gravity fermentations
Therefore, propagation of brewer’s yeast 1s recommended 1in wort gravities of

12 5°P or below

During storage of pitching yeast, the mean cell volume of top and bottom
fermenting yeast decreases with time The decrease in cell volume may be
attnbutable to utilisation of cellular reserves of glycogen for maintenance
metabolism during prolonged storage A decrease in mean cell volume during
storage can result in over-pitching of fermentations when indirect biomass
measurements are used, for example, wet weight analysis and an Aber’ " biomass
probe The pitching rates can be corrected using image analysis data to determine
the decrease 1n cell volume during storage This novel pitching regime results n
fermentation profiles which match the ideal fermentation profile more closely

than conventional pitching
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Image analysis technology, combined with staining of yeast cells for intracellular
glycogen (using Lugol’s solution), has enabled the development of a rapid assay
for the determination of yeast glycogen content (20 minutes versus 2 days)
Unlike conventional glycogen assays, the newly developed technique can measure
both the mean glycogen content and the frequency distribution of cellular
glycogen throughout the yeast population The overall shape of the frequency
distribution profile serves as a useful indicator of yeast quality Furthermore, the
disstmilation of glycogen during the early stages of fermentation 1s not uniform,
which can hmit the usefulness of mean glycogen analysis as an indicator of yeast

vitality

Significant thermal gradients occur 1n un-mixed yeast crops due to metabolic heat
generation by yeast The magnitude of these gradients is directly linked to the
metabolic activity of the yeast The potential for yeast deterioration in yeast plugs
1s significant and short residence times in FV are recommended Cone cooling has
little effect on yeast crop temperatures at a distance of 0 6 m from the cooling

surface

Inadequate mixing during storage of pitching yeast can result in significant
gradients of temperature, viability and solids concentration throughout the batch
Mechanical agitation resulted in improved uniformuty throughout the vessel
compared to mixing using an external recirculation loop Single temperature

probes and sampling points do not give a good indication of the storage conditions
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and slurry consistency, unless the mixing regime 1s effective in achieving a

homogeneous suspension throughout the yeast batch

7.2 RECOMMENDATIONS FOR FUTURE WORK

(1) The combination of image analysis and Lugotl staining has proved most useful
in determining yeast quality Other vital staining techniques could be combined
with 1maging techniques to develop rapid wiability and witality assays The
advantage of such a system would include speed of analysis and the ability to look

at the frequency distribution of results throughout the yeast population

(1) Using the developed rapid technique for yeast glycogen content, 1t would be
useful to survey the entire yeast handling process within breweries to identify
areas where significant losses in vitality occur, for example, plate heat

exchangers, centrifuges and pumps

(1) Image analysis techniques have been developed and applied to brewer’s
yeast Exploration of other applications for image analysis in other processes
within the brewery could prove useful, for example, determination of raw matenial
quality (gramn size and shape, contamination), control of malt milling with

feedback systems to adjust mill settings to achieve a uniform grist consistency
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(=v) Examination of the distnibution of solids concentration during storage of a
slurry of a top fermenting yeast strain indicated significant transfer of solids to the
surface of the slurry due to CO; flotation It would be interesting to observe what
mass transfer occurs (if any) during the storage of a bottom fermenting yeast
strain It 1s likely that the transfer of solids with inadequate mixing would occur n

the opposite direction 1 e , sedimentation as opposed to flotation

(v) The mixing regime used for storage of pitching yeast has a dramatic effect on
the uniformity of the slurry Further studies of the heterogeneity of yeast slurry
during acid washing would be useful 1n terms of pH, temperature, yeast viability

and levels of contamination
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