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SYNOPSIS 

The primary concem of a brewer is to produce beer of a desired flavour and quality, in 

an economic and efficient manner. In large scale brewing operations, process efficiency 

and beer quality rely on consistent fennentations. Stewart (1977) reports that improper 

handling of yeast in the brewing process may result in beer of sub-standard quality. 

Therefore, the maintenance of yeast quality during yeast handling is imperative. A typical 

brewery yeast handling regiment consists of (Basson, 1996): 

• The transfer of yeast from propagation vessels into aerated wort for fennentation.

• Pumping the settled yeast from the bottom of a cylindroconical fennentation vessel.

• The flow of yeast through pipes of specified diameter and length.

• Cooling to ± 3 ° C by passage through a heat exchanger.

• Holding in an agitated storage tank.

• Possible re-circulation through a heat exchanger to maintain temperature.

Study of the current yeast handling system at South African Breweries (SAB)-Newlands 

by Robinson (2001) and work conducted by Fargher and Smith (1995) highlighted cold 

injury sensitivity in brewing yeast. Literature studies indicate that response of yeast to low 

positive temperatures is governed by: 

i) yeast cell condition,

ii) cell growth phase,

iii) growth temperature,

iv) temperature range over which cooling is perfonned,

v) cooling rates employed, and

vi) level of low molecular weight protectants in the yeast.

An alternative process for cooling yeast has been reported by Wittl and Maier (1980). 

This involves the slow cooling of diluted yeast slurries in a jacketed agitated vessel 

Possible stresses on yeast include osmotic stress on dilution, shear stress on agitation and 

cold stress from cooling. 

The objectives of this research project were to investigate the effects of cooling, in tenns 

of both extent of cooling and cooling rates, on stationary phase yeast. Systems examined 

included the cooling of diluted yeast slurries in an agitated jacketed vessel and in a heat 



exchanger. Analytical techniques for the identification and quantification of a loss in 

yeast quality were selected and validated, and the cooling rates (critical) above which cold 

injury will impinge on yeast performance were identified. Because laboratory studies were 

limited in their ability to simulate the brewery circuit, on-line trials were conducted at 

SAB-Newlands to assess the potential for a loss of yeast quality during cooling under 

routine brewery operations. 

The following was demonstrated: 

• The osmotic stress encountered by cropped yeast on dilution had little or no effect 

on yeast cell integrity, growth and fermentative ability. Prolonged storage of yeast at 

14°C in a nutrient depleted media may however lead to a decrease in internal 

glycogen content of the yeast and the release of extracellular protease. 

• The agitation employed in the jacketed agitated vessel, in the absence of cooling, had 

no effect on cell envelope (wall and membrane) integrity. Yeast growth and the 

ability of the yeast to adapt to the fermentation media were also not affected by the 

agitation. 

• Over the range of final cooling temperatures investigated (14 to 4 0c) on cooling 

diluted yeast slurries in a jacketed agitated vessel, there was an increase in the level of 

expression of membrane stress compounds (trehalose and hsp) in the yeast with 

decreasing final cooling temperature. Cellular and membrane desiccation (indicated 

by reduction in cell size and expression of hsp 12) also increased with decreasing 

final cooling temperature. The exposure of yeast to temperature stress at 8-4 °c led 

to cell membrane permeabilisation and a decrease in cell wall strength. Damage to 

the cell envelope was dependent on the intensity of the cold stress. There was also a 

decrease in biomass yield as indicated by small-scale fermentations with decreasing 

final cooling temperature. 

• Over the range of cooling rates that could be achieved in the heat exchange systems 

in the laboratory and on-line at SAB-Newlands (1.03 to 4.03 °C/sec), the amount of 

haze generated and protease released increased with increasing cooling rate (flowrate 

employed). Yeast growth and metabolic activity were similarly affected by increasing 

cooling rate. In laboratory and brewery experiments, yeast growth rate, biomass and 

CO2 yield decreased with increasing cooling rate. Overall, cooling rates above 

2°C/sec (in the brewery, cropping flowrates in excess of 60 Kg/min, where the exit 

temperature of yeast from the heat exchanger is 2.5 0c) aggravated damage to the cell 

ii 



envdope and showed the most detrimental effect on subsequent small-scale 

fermentation performance of the yeast. 

• In general, the exposure of yeast to a 4 °c cold stress led to: 

Increased levds of stress compounds such as trehalose and heat shock 

proteins (hsp 12) in yeast. 

A decrease in yeast cell size due to cellular and membrane desiccation. 

Loss of cell membrane integrity. 

A weakening of the cell wall which resulted in haze formation and, on 

exposure extreme hydrodynamic stress in a French Press, increased cell 

disruption. 

A decrease in biomass yield during subsequent small-scale fermentations. 

From this study, it was shown that cold stress increases the susceptibility of the cell 

envdope to damage. Further work should be carried out to investigate the effects of 

agitation rates and duration of agitation on cooled yeast slurries. As the investigation was 

limited to conditions representative of brewery yeast handling circuits, work should also 

be conducted to identify rates below which cold injury will not occur in yeast. Protease 

release and haze formation were shown to be assay sensitive to the detection of cold 

stress generated in the heat exchanger. It is therefore valuable to conduct regular haze 

and protease analyses after the heat exchanger during routine brewery operations. 
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CHAPTER 

1 

INTRODUCTION 

TIlls chapter serves to provide the reader with a background to the work presented in this 

thesis. The objectives of the research project are given and the importance of optimizing 

post-fennentation handling of yeast discussed. 

1.1 BACKGROUND AND OBJECTIVES OF STUDY 
Yeasts are of major economic, social and health significance in human culture. Their diverse 

and dynamic activities impinge on many areas of science, technology and medicine (Walker, 

1998a). Taxonomists have identified yeasts of the genus Sacchawn:Yces as having crucial roles 

in the production of foods, beverages and phannaceuticals. The species Saccharomyces 

carlsbetgensis and Saccharomyces cerevisiae represent the foundation on which the world's largest 

and oldest biotechnology industry, beer brewing, is built (Oliver, 1991). In beer brewing, 

Sacchawn:Yces convert sugars in cereal based extracts to ethano~ carbon dioxide and 

organoleptic compounds (Basson, 1996). 



Introduction 

The production of beer is both lucrative and competitive. Annually, close to 1011 liters of 

beer are consumed worldwide (Oliver, 1991). As a result, maintenance of a product 

consistent in quality and taste is imperative (McCaig and Bendiak, 1985). Stewart (1977) 

reports that the improper handling of yeast during the brewing process may result in beer of 

sub-standard quality. A close examination of the brewery yeast handling procedure is 

therefore required in order to identify areas in which conditions may be detrimental to yeast. 

In this regard, the Department of Chemical Engineering at the University of Cape Town has 

conducted studies into the effects of mechanical handling on yeast quality. 

Mechanical handling of yeast in a brewery involves the physical process of transfer, 

separation and agitation of yeast slurries (Robinson, 2001). Basson (1996) reports that a 

typical yeast handling regiment consists of: 

• The transfer of yeast from propagation vessels into aerated wort for fermentation. 

• Pumping the settled yeast from the bottom of a cylindroconical fermentation vessel. 

• The flow of yeast through pipes of specified diameter and length. 

• Cooling to ± 3 0 C by passage through a heat exchanger. 

• Holding in an agitated storage tank. 

• Possible re-circulation through a heat exchanger to maintain temperature. 

Deterioration of yeast quality during handling may occur as a result of exposure to several 

stresses. These stresses may be categorized as mechanical and physiological. Mechanical 

stresses are exacted on yeast upon agitation, flow through pumps and flow restrictions such 

as pipe reductions and valves. Physiological stresses may stem from exposure of yeast to low 

temperatures, variations in water potential and the depletion of yeast cellular reserve 

molecules in storage. It is against this background that this study investigates the effects of 

low temperature on yeast and its possible implications on quality and resilience to other 

stresses. 

Much evidence has shown that exposure of yeast to low positive temperatures may cause cell 

membrane fatty acids to undergo a phase transition from fluid to 'gel' states, compromising 

cell integrity. Furthermore, sterol synthesis is reduced, weakening membranes and thereby 
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Reference 

increasing chances of cell disruption. Damage of this sort may cause the release of 

intracellular compounds affecting flavor and foam stability of beer (SAB, 1993). 

The objectives of this research thesis are to investigate the effects of cooling, in terms of 

both extent of cooling and cooling rates, on stationary phase yeast. The investigation 

explores the hypothesis that exposure of yeast to cold stress may have adverse effects on 

quality and on the ability of the yeast to withstand subsequent mechanical handling. Systems 

to be examined include the cooling of diluted yeast slurries in an agitated jacketed vessel and 

in a heat exchanger. Analytical techniques for the identification and quantification of a loss 

in yeast quality are selected and validated, and the cooling rates (critical) above which cold 

injury will impinge on yeast performance are identified. 

1.2 STRUCTURE OF THESIS 

An overview of the brewing process is presented 1ll Chapter 2, together with a 

comprehensive review of the yeast handling circuit. The term 'yeast quality' is defined and a 

literature survey on the potential for loss of yeast quality during mechanical handling of yeast 

in the brewery is given. 

Chapter 3 deals with the potential for loss of yeast quality during cooling. The chapter is 

introduced by discussing yeast cooling systems used by brewers. Thereafter, a review of the 

effects of cooling, cooling rates and osmotic stress during dilution on yeast viability, vitality 

and integrity is presented. Factors affecting yeast tolerance to low temperatures are also 

discussed and further work required is detailed. 

In Chapter 4, methods selected for the identification, characterization and quantification of a 

loss of yeast quality are presented. This includes a discussion of the literature on each 

method and the rationale for the choice of the method. The relationship between yeast 

quality and small-scale fermentation performance is investigated and a scheme for the loss of 

yeast quality in response to cold stress is proposed. 
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Chapter 5 gives a detailed account of the experiments performed to assess the potential for a 

loss of yeast quality as a consequence of cooling diluted yeast slurries in a jacketed agitated 

vessel and in a heat exchanger. These experiments were carried out in order to ascertain the 

effects of osmotic shock, agitation, final cooling temperature and cooling rate on the 

physiological state of yeast and its ability to withstand subsequent mechanical handling. 

Cooling rate experiments were carried out in the laboratory, using laboratory scale copper 

coils, and on-line at SAB-Newlands brewery during routine brewery operations. 

In Chapter 6, results obtained from the experiments are presented and discussed. Efforts are 

also made to establish the critical cooling rates above which extensive cold injury will occur 

in yeast. Based on these findings, conclusions are made and recommendations put forward 

in Chapter 7. 

There are two appendices to the text. Appendix A provides the detailed assay methods 

employed in the study. In Appendix B, calculations used to estimate brewery heat exchanger 

cooling rates are outlined. Calibration curves for the Marlow S40 pump used in laboratory 

scale heat exchanger experiments are also given. 
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CHAPTER 

2 

BEER BREWING AND MECHANICAL 
HANDLING OF YEAST IN A 

BREWERY 

In this Chapter, an overview of the brewing process is presented, together with a 

comprehensive review of the yeast handling circuit. The term 'yeast quality' is defined, and 

the possible implications of mechanical handling on quality are given. Chapter 3 goes on to 

consider physicochemical handling of yeast, with specific reference to cold shock. 

2.1 INTRODUCTION 

Fermentation is the anaerobic process by which yeast cells inoculated into a polysaccharide 

rich medium (wort), convert sugars to carbon dioxide, ethanol, glycerol and biomass (Daude 

and Searle, 1986). The course of a fermentation is influenced by the wort composition and 

the type of yeast pitched (Stewart, 1977). At South African Breweries, beer is brewed in the 

so-called bottom or lager fermentation process (SAB, 1993). On depletion of sugars, the 

yeast Saccharomyces carlsbetgensis aggregates and settles to the bottom of the fermentation vessel 

from where it is removed. Oliver (1991) reports that beers and ales traditionally drunk in the 

United Kingdom are produced using brewing strains of the yeast Saccharomyces cerevisiae. 

These microorganisms rise to the top of the vessel during fermentation and are skimmed off 

when the process is complete (phaff et aI., 1966). Work detailed in this chapter is limited to 

bottom fermenting yeasts. 
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2.2 OVERVIEW OF THE BREWING PROCESS 

The primary concern of a brewer is to produce beer of a desired flavor and quality, in an 

economic and efficient manner. As a result, modem breweries are designed to optimize 

beneficial biological and chemical transformations occurring throughout processing (Daude 

and Searle, 1986). Operations inside a brewery are generally in the following sequence: wort 

preparation, fermentation, and post fermentation treatment. A schematic swrunary of these 

steps is given in Figure 2.1. 

2.2.1 WORT PREPARATION 

Barley is the major raw material in beer production. It serves as the principal source of 

fermentable sugars in brewing (Oliver, 1991). Cereals such as sorghum and wheat are used in 

conventional African beers and are termed adjuncts (SAB, 1993). In wort preparation, 

several varieties of barley are allowed to undergo limited germination in a process known as 

malting. This results in the development of enzymes that convert starch and proteins in 

barley to sugars and amino acids, which may later be utilized by yeast. The malted barley 

(malt) is then kilned (dried) to arrest growth and remove moisture. The temperature 

employed on drying determines the principal characteristics of the malt. If moderate 

temperatures are used, the malt will be pale in color and high in enzyme activity. Kilning at 

high temperature produces dark malt suitable for stouts. 

The next stage in wort preparation involves milling the malt into coarse flour, which is 

steeped in water and incubated at approximately 65°C, continuing the hydrolysis of starch 

and proteins. The aqueous extract formed, wort, is separated from spent grain and other 

solids. Spent-grain residue is a useful by-product, sold as animal feed. 

Hops and other process sundries are added to clarified wort in a brew kettle. The wort is 

boiled to eliminate contaminants, remove undesirable flavor compounds and stop enzymatic 

reactions. After two hours, the hot media is clarified by passing it through a whirlpool tank. 

The resulting solution is cooled in a heat exchanger, and an oxygen/air mixture is injected. 

Yeast is now pitched into the aerated wort and pumped to a fermentation vessel where 

fermentation commences. 

6 



WORT PREPARATION FERMENTATION POST FERMENTATION 
I I Barley grains I 
I 
I 
I 
I 

Package 

W ater 
.. pasteurizing ... ~, 

I Malting I At. 

I 
I 
I 

~, I 
I 

I I 
I Packaging 

Kilning 
I 

I I 
I I 
I I 
I 

Yeast 
I At. 

I I 
I I 

~, I propagation I 

I I 
I 

Milling 
I 
I 
I 
I Bright Beer I 
I 
I 

p- I 
I 

~. 

I I 
I Surplus yeast 

Mashing 
I 
I 
I 
I 
I H. I 
I 

Spent grains 

~, I 
Chilling I 

I ~r 
1 I I ... Wort separation I .... 

~ I Yeast ... 
A~ I 

I 
I 
I 
I ... I 

I 1 
Wort cooling I Tank 

Wort boiling 
I 

" Yeast Lagering or .. & aeration I .. . .. .. .. 
I ... .... 1 F ennentatlon 1 ... ... 

maturation 
... Bottoms 

recovery 
(Waste) 

Hops 
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2.2.2 FERMENTATION 

The fermentation process results in the conversion of wort components to beer and yeast. 

The amount of yeast pitched into a fermentation vessel depends on the starting sugar 

concentration (gravity) of the wort. A rule of thumb is the use of 1 million cells per milliliter 

per degree Plato of wort (O'Connor-Cox, 1995). This initial carbohydrate concentration 

determines the ultimate ethanol content of beer. 

During the early phases of fermentation, yeasts use oxygen to convert their internal 

carbohydrate stores to carbon dioxide and energy. As the dissolved oxygen concentration 

decreases, the yeast begin to respire anaerobically, converting wort sugars to ethanol, carbon 

dioxide and a number of higher alcohols. These may further react to form esters and other 

flavor compounds. The following equation provides a simple representation of the 

fermentation of wort to beer (Hough, 1985): 

Maltose + Amino acids ----...., ..... CO2 + Ethanol + Yeast + Heat (2.1) 

The conversion of wort sugars to ethanol leads to a drop in specific gravity of the medium. 

This process is called attenuation. The sugar concentration at which all fermentable 

carbohydrates are utilized is called the attenuation limit of the wort. Once the desired 

attenuation of the wort is reached, normally after 7-10 days at 10-15 °c, it is cooled to stop 

metabolism and to induce yeast sedimentation into the cone shaped base of the fermentation 

vessel. From here, the yeast is either transferred to storage (cropped) or spent yeast vessels 

(scrapped) through the yeast handling circuit. 

2.2.3 POST-FERMENTATION TREATMENT OF BEER 

Racking is the movement of beer from the fermenting tank to storage. In storage, the young 

beer is held at 14-18 °c for two days to allow the volatilization of undesirable products of 

fermentation. These compounds are purged in a very slow secondary fermentation between 

residual yeast in suspension and residual fermentable matter. The beer may then be chilled 

and carbonated. Any haze formed on chilling and all other solids in the beer are removed by 

filtration. This is normally achieved by passing beer through an inert filter aid 

called kieselguhr. The mature beer is now bottled, ready for consumption (SAB, 1993). 
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2.3 THE YEAST HANDLING CIRCUIT 

Cropping refers to the process of removing yeast from a fermentation vessel (FV) at the end 

of fermentation. On average, there is a three-fold increase in yeast biomass during 

fermentation (SAB, 1993). Avis (1990) reports that handling can be kept to a minimum by 

pitching yeast direcdy from one FV to another, possibly under hydrostatic pressure. 

However, this is seldom done in large breweries. The handling of yeast via a collection vessel 

before re-pitching is important because (SAB, 1993): 

• It allows a hold-up time for the collected yeast so that its quality can be determined. 

• It gives the brewer the opportunity to calculate the amount of yeast to be pitched for a 

subsequent fermentation. 

• It eases the scheduling time between cropping and wort availability. 

• It allows the brewer to eliminate and control microbial infections that may plague yeast. 

A typical yeast handling circuit employed in modem breweries is depicted schematically in 

Figure 2.2. Yeast handling circuits may differ depending on vessel geometry and on the type 

of fermenting yeast used. During handling, yeast is exposed to a variety of mechanical 

equipment including pumps, pipes, valves, bends, fittings and agitators. Firsdy, flocculated 

yeast is pumped using positive displacement pumps from the cone of the FV to a paraflow 

plate and frame heat exchanger. Here, the yeast is cooled from 14°C to temperatures close 

to 0 Dc. It is then transferred to an uninsulated storage tank where it is held for up to 24 

hours. The slurry is agitated to maintain its homogeneity and to avoid compaction of yeast 

(Lewis and Poerwantaro 1991). The amount of yeast required for a subsequent fermentation 

is then determined based upon its quality, concentration and the sugar content of wort. In 

instances where bacterial contamination is to be minimized, acid washing is used. The 

infected yeast is mixed with 1 % phosphoric acid solution prior to pitching and the resulting 

low pH kills any contaminants present. Infections in yeast affect beer flavor and the rate of 

fermentation (Roesler, 1968). Yeast is typically reused 6 to 8 times to minimize poor 

performance resulting from infection, mutation or a deteriorated physiological state 

(Knudsen, 1985). The stresses experienced by yeast during mechanical handling and their 

possible implications on quality are discussed in Section 2.5. 
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2.4 YEAST QUALITY 

The selection of yeast for re-pitching is a crucial process in brewing. The age or generation 

number of the yeast and its previous fermentation performance are two important factors to 

consider (SAB, 1993). Basson (1996) reports that yeast quality is related to fermentation 

performance and the quality of beer produced. The chief parameters used to ascertain yeast 

quality are (Avis, 1990): 

i) stability, 

ii) purity, 

iii) viability, 

iv) vitality and 

v) integrity. 

Stability refers to the occurrence of mutants in yeast Genetic mutations in yeast are not 

discussed here, as it is not within the scope of this study. 

2.4.1 PURITY 

Yeast purity implies the absence of contamination. Contamination of yeast by bacteria and 

wild yeasts is very common. A wild yeast is defined as one that does not produce the same 

desirable product as the brewers strain (Lieberman, 1980). However, unless the infection is 

severe, acid washing can eliminate most bacterial contaminants effectively. Infection can 

cause a host of problems, all of which normally result in off flavors and cloudiness in 

packaged beer. 

2.4.2 VIABILITY 

Cell death and the inability of cells to grow and reproduce are said to constitute a loss of 

viability (Lentini, 1993). Viability is an important aspect of yeast quality as sufficient biomass 

growth is required after inoculation to affect an acceptable rate of attenuation. Furthermore, 

replicative deactivation is a precursor to cell death. Dead or autolysed cells result in the 

introduction of intracellular substances into beer leading to haze formation and flavor 

variations (SAB, 1993). 
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2.4.3 VITALITY 

Detrimental changes in the physiological condition of yeast may be described as a loss of 

"vitality". These changes may manifest themselves as: 

• Changes in partitioning between metabolic pathways influencing flavor compounds; or 

• Changes in metabolic rate and biomass growth. 

The implications of the above factors on yeast quality are now examined. 

2.4.3.1 METABOLIC PATHWAYS 

2NADH + 2H+ 

2 Acetaldehyde 

2 Ethanol (2.2) 

The sequence of enzyme catalyzed reactions that oxidatively convert sugars to pyruvic acid 

and finally ethanol and carbon dioxide is outlined in Equation 2.2 (Walker, 1998a). In order 

to utilize this Embden-Meyerhof-Parnas pathway (EMP), yeast enzymes degrade complex 

wort sugars such as sucrose and maltose to their monosaccharide units. Although ethanol 

and carbon dioxide are the principal products of the EMP pathway, a variety of other 

compounds, including alcohols, sterols, esters, diacetyl and sulphur containing compounds 

are produced by yeast metabolism and by interactions between metabolic products and wort 

constituents (Rose, 1977). These substances contribute to the distinctive flavor of beer. 

Deviations from characteristic flavour or the production of undesirable flavours in final beer 

constitute a loss in yeast quality. Pickerell et til. (1991) report that excess amounts of 
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acetaldehyde and sulphur dioxide are undesirable and that their levels at the end of 

fermentation may reflect stress in yeast. 

Levels of diacetyl in wort may also be indicative of a loss in yeast quality. Yeast produces 

diacetyl from amino acid metabolism. This compound imparts a butterscotch flavor in beer 

and should be present in concentrations less than 0.1 ppm. During the early stages of 

fermentation, up to 0.5 ppm of diacetyl are produced. As fermentation progresses yeast 

assimilates the compound. Warm fermentation temperatures, prolonged storage, the amount 

of yeast cells in suspension and bacterial infections in yeast affect diacetyl metabolism. 

Aspects of yeast quality such as purity, viability and integrity (Section 2.4.4) may therefore 

influence diacetyllevels in the final product (Siebel Institute of Technology, 1978). 

2.4.3.2 METABOLIC RATES AND BIOMASS GROWTH 

The metabolic rate of yeast determines the rate at which wort sugars are utilized and hence 

the rate of attenuation. Yeast metabolic rates vary according to oxygen and nutrient 

availability, as well as product inhibition (ethanol). Ormrod et aL (1991) report that a cell's 

condition, in terms of structural and functional integrity, may also affect the metabolic rate. 

Changes in metabolic rate can be measured by monitoring the oxygen utilization and carbon 

dioxide evolution of yeast. During the lag phase of fermentation, yeasts convert their internal 

stores of glycogen, in the presence of oxygen, to carbon dioxide, sterols, unsaturated fatty 

acids and energy. This energy, acquired by aerobic respiration, is used for growth and 

maintenance. Sterols and unsaturated fatty acids are integral components of the cell 

membrane, and their concentration determines biomass growth. Two factors may limit the 

rate and extent of yeast growth: the amount of glycogen in yeast and the dissolved oxygen 

present in wort (pickerell et aL, 1991). Low levels of glycogen and oxygen on pitching 

correlate with a reduced rate of attenuation and extent of biomass growth (Quain et aL, 

1981). 
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2.4.4 INTEGRITY 

Shear forces acting at the interface between the cell and its fluid environment may cause 

changes in cell integrity. This may result in a rearrangement or loss of surface molecules 

from the cell wall, or in extreme cases, may cause damage to the cell membrane, releasing 

intracellular compounds into beer. Loss in wall and membrane integrity may thus result in 

loss of beer quality, altered flocculation and sedimentation, and replicative deactivation and 

cell death (Dunlop et aI., 1994). 

2.4.4.1 LOSS OF BEER QUALITY 

Partial removal of cell wall glycoproteins represents the least extreme degree of damage to 

yeast. Tbis may contribute to the occurrence of haze in beer (Lewis and Poerwantaro, 1991), 

compromising beer quality. Moreover, the presence of haze material may lead to filtration 

difficulties due to increased fine particle concentration (Siebert et aI., 1987). Damage to the 

cell membrane may result in "leaky" cells. The subsequent release of intracellular material 

into beer may affect flavor profiles, and in the case of protease enzymes, may cause foam 

instability (Ormrod et aI., 1991). 

2.4.4.2 CHANGES IN FLOCCULATION AND SEDIMENTATION 

Flocculation is a phenomenon of particular importance in brewing. Flocculation refers to the 

asexual cellular aggregation that occurs when yeasts adhere to one another reversibly and 

sediment out of suspension. In general, the flocculation of brewing yeast is associated with 

the onset of stationary phase. If flocculation occurs too early in the brewing process, 

fermentation will cease leaving residual sugars in the wort. Conversely, if flocculation is 

delayed causing the yeast cells to settle out of the fermentation slowly, downstream 

processing problems may be encountered (Walker, 1998). Yeast flocculation is genetically 

determined, but wort composition and the physiological state of the yeast control the 

expression of the phenomena (Hohmann and Mager, 1997). In 1982, Miki et al. proposed the 

widely accepted lectin hypothesis for yeast flocculation (Figure 2.3). 
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Figure 2.3 Lectin hypothesis for flocculation of yeast. Adapted from Miki et aL (1982). 

The hypothesis claims that flocculation occurs when surface proteins with lectin properties 

specifically bind to mannose residues in the walls of neighboring yeast cells (Walker, 1998). 

Changes in yeast cell surface topography can therefore be related to loss in flocculation 

ability. Smart et aL (1995) report that physiological stresses such as starvation may affect 

surface properties of yeast. Smart et aL (1995) found that starved yeast cells were less 

flocculent in beer than those that were not starved. Robinson and Harrison (2001) observed 

a change in extent of flocculation of laboratory propagated yeast following French Press 

treatment. Damage to the cell surface was influenced by the magnitude of shear force and 

the growth conditions of the yeast (Figure 2.4). 
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Figure 2.4 Flocculation of laboratory propagated yeast following French Press treatment. 

(II Aerobic propagation 0 anaerobic propagation). Adapted from Robinson and Harrison 

(2001). 
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Aerobically propagated yeasts were more flocculent than the anaerobic equivalent (0 MPa 

value in Figure 2.4). However, on subjection to sublytic shear forces in the French Press, 

the aerobic yeast lost its flocculence more rapidly than the anaerobic yeast. Robinson and 

Harrison (2001) report that surface components most likely affected by shear forces are 

phosphomannan and lectin proteins, both required for flocculation. 

2.4.4.3 REPLICATIVE DEACTIVATION AND CELL DEATH 

Replicatively deactivated cells are unable to reproduce. Jones (1987) reports that cell 

reproduction is dependent on the presence of a functional cell membrane. While this 

condition is a precursor to cell death Ooss of viability), it may be reversible permitting the 

cells to return to a replicating state after a period of adaptation. It is not clear to what extent 

the cell membrane needs to be damaged for replicative deactivation to occur (Basson, 1996). 

2.5 EFFECT OF MECHANICAL HANDLING ON YEAST QUALITY 

Structural and functional deterioration of yeast may occur in the yeast handling circuit. The 

origin of the degeneration is most likely to be found by examining the stresses encountered 

by yeast during mechanical handling. The potential sources of these stresses will now be 

examined and their consequences on yeast quality discussed. 

2.5.1 HYDRODYNAMIC SHEAR 

Pipe fittings, constrictions and expansions as well as other pieces of process equipment 

(pumps, heat exchangers, agitated vessels and centrifuges) which cause changes in the flow 

pattern of yeast slurries generate hydrodynamic shear. Thomas (1993) reports that 'shear' 

refers to the action of a force on, and parallel to, the interface between a cell and its fluid 

environment. Here, it may cause the rearrangement of or loss of surface molecules from the 

cell wall. In addition to these surface effects, the effect of shear could be propagated through 

the cell wall and affect the cell membrane. At this level, the energy dissipated may result in a 

loss of membrane integrity (Basson, 1996). Further, a loss of cell viability and vitality may 

result. Indeed, Engler (1981) states that cell disruption equipment such as high-pressure 

homogenisers, beadmills and sonication devices use severe shear forces to rupture cells. The 

degree of disruption achieved is dependent on the physiological state of the cell, cell growth 
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phase and magnitude of the force applied. Figure 2.5 shows a proposed scheme for loss of 

yeast quality due to hydrodynamic shear stress (Robinson, 2001). 
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Figure 2.5 Loss of yeast quality due to hydrodynamic shear. Adapted from Robinson 

(2001). 

Schur (1990) conducted pilot scale studies to determine the effects of shear forces during 

cropping and pitching on yeast and beer quality. Yeast slurries were throttled through a 

centrifugal pump and the filterability, foam stability and concentration of intracellular 

compounds in the suspension were measured. 

With freshly cropped yeast in young beer, Schur (1990) observed no effects. This suggests 

that shear forces were unable to cause cell disruption or damage the cell wall. A t low and 

high biomass concentrations (0.2 x106 cells/ml beer and 107 cells/ml beer respectively), 

stored yeast suspended in mature beer showed a decrease in filterability but there was no 

change in beer quality. This decrease in filterability was more significant at the higher 

concentration, indicating the increased presence of haze material and therefore wall damaged 

cells. Within large-scale breweries, cell concentrations range from 25 xl 06 to 500 xl 06 

cells/ml beer during pitching to 1000x106 cells/ml beer during cropping. This apparent 

dependence of yeast damage on biomass concentration permits postulation that cell wall 

damage may occur in high shear environments in the brewery. 

Lewis and Poerwantaro (1991) subjected brewers' yeast to mechanical agitation and observed 

the release of a haze-forming colloidal material. Upon analysis, the presence of mannan, 

protein and cell wall enzymes was demonstrated. It was also observed that cells in the 

stationary phase are more susceptible to cell wall damage. The storage of yeast with agitation 
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is frequendy used as a holding phase between cropping and subsequent batching of yeast in 

the brewery. Cropped yeast (stationary phase) is constandy stirred to maintain slurry 

homogeneity in terms of consistency and temperature (McCaig and Bendiak, 1985). This 

agitation causes cell-cell and cell-obstacle interactions which may lead to cell wall damage. 

Cell wall damage results in increased concentrations of haze material in the beer and loss of 

yeast quality. 

In a study to evaluate the effects of mechanical handling on yeast, Basson (1996) reports that 

the transfer of yeast from the base of the fermentation vessel to the heat exchanger oudet in 

routine brewery operations did not affect yeast quality (indicated by membrane integrity, 

vitality and viability analyses). Flow of yeast slurries through several pump types (peristaltic, 

lobe, sine, gear and centrifugal pumps), bends and valves in the brewery, over a range of 

flow rates from 17 to 110 L/min, also had no effect on yeast quality. Robinson (2001) 

investigated the effects of hydrodynamic shear stress during centrifugation of 'green' or 

immature beer and on flow of yeast slurries through the cropping circuit. Centrifuges aid the 

partial removal of suspended yeast at the end of primary fermentation, before lagering 

begins. The hydrodynamic shear generated within the brewery disk stack centrifuge caused: 

• Release of cell wall polymers resulting in haze formation. 

• Release of cell surface polymers resulting in altered cell surface properties 

(hydrophobocity and flocculation). 

• Loss of membrane integrity and viability. 

• Release of protease through permeabilised membrane. 

On-line flow trials conducted by Robinson (2001) confirmed no significant effect on yeast 

quality (measured as changes in viability, vitality, and flocculence), although there was 

increased protease release along the handling circuit and a decrease in surface charge after 

flow through the heat exchanger. In these experiments, higher flow rates (61, 163 and 

172 L min-I) than typically used in the brewery (48 L min-I) were employed to generate 

higher shear rates. Based on these results and laboratory French Press analysis, Robinson 

(2001) postulated that the extent of cell damage due to hydrodynamic stress is determined by 

the magnitude of shear stress and exposure time to the stress. To minimize cell damage in 
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the brewery, Robinson (2001) recommends either operating at flow rates corresponding to 

low shear rates in the laminar flow regime (below 61 L min-1
) or under complete turbulence 

to ensure a reduced exposure time of yeast to wall shear stress. 

2.5.2 HYDRODYNAMIC CAVITATION 

Vapour cavities form in a fluid when a significant reduction in pressure causes the fluid 

vapor pressure to be approached. The cavities oscillate through collapse and rebound cycles 

until they are destroyed by pressure recovery. This occurrence is known as cavitation and is 

cited frequendy for the damage it causes to pumps and pipe work (Coulson and Richardson, 

1990). Pressure fluctuations of the order 1000 MPa are associated with cavitation and may be 

sufficient to compromise cell integrity. In the yeast handling circuit, local increase in linear 

velocity and decreases in pressure may induce hydrodynamic cavitation. This may occur 

during pumping or upon flow through restrictions such as bends, valves and pumps. 

In experiments conducted by Hamson and Pandit (1992) on stationary phase Alcaligenes 

eutrophus and Saccharomyces cerevisiae (Bakers yeast), hydrodynamic cavitation generated on flow 

through a constriction resulted in cell disruption. Operating parameters influenced the 

disruption attained. Increasing the pressure drop across and number of passes through the 

constriction increased extent of disruption. An increase in biomass concentration from 19 to 

140 kg/ m3 decreased the extent of disruption. The authors suggest that the higher viscosity 

and shear-thinning behavior of the suspension at high cell concentrations reduced cavitation 

due to the damping of energy fluctuations. Hence, there is a decrease in cell disruption. It 

should be noted however that the assessment of yeast damage was limited to cell disruption. 

Save et al. (1994) report that growing cells, or the cells which are in the exponential phase cell 

cycle, are more susceptible to disruption by cavitation than cells which are already in the 

stationary phase. 

In a brewery, the dry biomass concentration of yeast on cropping IS approximately 

160 kg/m3 and is expected to be about 80 kg/m3 when re-pitching. Furthermore, cropped 

yeast is in the stationary phase. Basson (1996) postulates that cell disruption due to 

hydrodynamic cavitation is not expected under these conditions. Save et al. (1994) however 

report that temperature has a coupled effect on cell breakage. On decreasing the 
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"o .. :d as Inoculum for a IU1>l«l""0I {.".....,oratlOn. ,\ , a rcsu1t, )-.... " .s ""JX"'allo a nnety 

of o",,,hama! "I"'pmctI • • nd\>o.lJng (lQ"u,,'c <lupbcemw, pum!", p'pes. nh'cs, bends, 

limns, .00 'SIUIO .. ," hlCh m:I)' a(("", ,he liuucrunl aoJ funcnonl! slIle of yeo ... 

,Vork COOOUC' N bt' Ihsson (I?%) mwclues .h:<, pump Jc'1j;11 a.ul 0pcl:lltlon undel b,,,,,',,,}, 

oomlmom do ... 00' .(fccl yail q""bty. f--""" of I'''''' ~!u"'''' .hrough bcnJ~, ,,~Iv ... . nd 

OOflSUlCUO' ''' 10 Ihe h:<nJling oreU1l ~1~ had no ,",&"'(1(>.01 cfr~c!S on ("rm<:llI111011 

pcrronnance. HOIH:"Cf, ~~posurc 10 "'Ot~ cxuc:rnc h)'drod)namlC coodmons g;:ncnol~"<! 10 

,"" CCflUlfugc and hC'lch l' resI' led In cell " .. II and m<:mbnoLl~ d.m,"g~. h",~c. 1rudr b) 

Roouuon {200I) idennfi,:d ,he h"", exclllnger as a cl"I"<;:I1 O"Lt In """nrammg ),""51 qu.bty. 

&i ... , (I,J. (1?'J4) leporf Uul cell b=k.oR" due 10 h)'d,oJ)'Il~n"c ClI\'1!JIl;On o,,'e''''' at 10\1 

'''mpet:llllre. I·ul"lh .. nno,~, fa~h~l and Snmh (1<)<)5) rep<>rI Ih11 10" !cmpc ... rurt:J ,,"cken 

u,., ccU nu:mb ... ru; nnlung the cell more ""ccpnblc '" dJllUge l ienee, a dll"'" "ud) on Ih .. 

effect of low Ictnptnolun $trcU on brewers )",a" ' luaIH)" to l"'lulled 
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POTENTIAL FOR LOSS OF YEAST 
QUALITY DURiNG COOLING 

TIm ,h~rtet IS '"ltoc\UCW by ruseumns )'''''51 cooling :<yst~ms uscd b)' brewc"'. Thcf~after. a 

review of the .:fften of (oohng. ,oo~ng rate, ,nd osmow: SlfCn durmS dilution un )'e"'l 

,',abIlity, "ual"y .nJ II1legnty " pre ... mcd. Factors affecting )'""., tolen",,, to low 

",mpc .. rurcs arc also dIScussed . nd funher work rcqlillOO" dcta~ed. 

3.1 INTRODUCTION 

To m.mt.>lfl )'casl qU'~I)' at the end of ferm=tanon, II IS common practice 10 cool cropped 

ye . s! from ~ ppro:Wll>lcly 101."C 10 a stQn.gc tcn'pcn.rure .pproochmg O"C rn ordcr 10 reduce 

yeast metabolic .cu"lti" However, .he coohng proc,,"scs may h. "" 0" .d,·c,"", c!Teet on 

90.111}" l'nchmg poor quall,y yellS! leads to slow Or lllcomplctc fcrmcm~tion .nd the 

produ,,,,,n of beer \\1th undu!1IctcII'ti<: fl.,·ors, Experlment.l ev,dcnce has shown [lUI 

e.xp<»ure of )""1 10 low po ... ti,·c tempct>.turu rna)' h.,,~ th<: foUowu'8 dk..:rs 00 cdl 

phYSlologr (W. lker, \998.): 

• Cdl membrane faa}' ac.d, may undergo a phase ,,"nsmon. compromismg cell m<:mbunc 

"ucgnry, 

• Stcrol 'ynmcm .s reduced. weokenmg m<:mbl"3ncs and thu. mcrc.sul,l( potcnaal for cell 

ill<rupuon. 



Potential [or Los," o[Yeasl QmJlil)' During Cooling 

• Yeas' cclb shnnk umforn,I)', Inlubltlng budillng. 

The mo.! conunon memod of eoobng yca,! slumco <luang me handling P=~' ,. b)' flow 

through a plale and fr:l.me h ..... t exchanger. The o1"'r:l.ting condition. util.J~cd uc ho~d on 

tndltlon and cxpcncncc of brcwers ramer than ngorous sctcnufic SIU~' (r.ble 3.1). The 

p" ... flow 1'101" hea! cxeh.ngo:r supphcd by APV c.n, for cumpk , achic"c cooling nl". In 

ex"" •• of 2 ·C/<ec. h !us been po,tulated that tlu, ... ptd deere.S<' m tcmpcnlurc nu)' cause 

the J"easllo become mOTe SUKcpublc 1.0 mcclun>e:>land ph)'SlolC>glnl danuge. 

FollOWIng the trend ",'I b)' modem brcwcncs U\ Europe and America (Wnul and "bter, 

]980), an .hcmawre process fot coolrng ycast has !x,en propoS<'d (F'I\ure 3.1). In thi, 

proc" .. , cropped yc.S! II diluled In!O 12 "c deoer:l.~d. nou·urbon>lcd ,,'.Icr. The " ... In 

(40 % of the firul ""wrutcd ,-ulumc) I •• d<kd 10 Ihc YCV I>.,fo,,' cropping commence., The 

(mums mixl\lU is agit:l.tcd 10 en."", homogeneity. y""" required for pnclung IS batched to 

• 'IT\, ,n wluch 11 IS cooled ,'I. coohng Jacket. TO 2·4 "c .t apprOxuiUtc~' 2 "C/hr. Dilullon 

of )'Cl.l slumc. 111 """er haS Ihe added adnlllag<' of lo,,'cnng ~Ih.anol .ttt .. on cropped 

)'c,,, os wdl os redUCIng ~u'pen"on "IKO"ty. 

FV 'J.'CV 

14 'c 

Figure 3. 1 D"grom of propo~cd )"C051 coolrng sys tem. 
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Figure 3.2 Schcmaoc of a p:Il"!1mr. heal exchln&~ r. Ad,p,ed frum Coul.son ~nd Rl(:hnd5()ll 
(19')0). 

Table 3. 1 I'ar:dlc,,,' bt--a, cxdungcr spcofiCluOl1s Iyplcal for yea" harullmg O«:UlIll. 



POlen/in/for lAss O[Yeasl QuulilJ Dlmng Cooling 

3.2 LOSS OF YEAST QUALITY DURING COOLING 

Th" tft1Tl .:oId shock Ii ~ to dncrib.. damage Ofl~1l .~cn Oil ~oohng IlllCrtJ .. )tWIm,m~ 

(\\'Llh:am ... 1m) ~~,U\ m- of ceUs to cold ~hock em be il",h lerh~1 (chng" In ,ltbilill ~ncl 

l11!fKmy) ~nd l .. b,kth~1 (ch~ng"5 til "'~~ty). Lethal lUl"!}' t.".ult$ fmm thc In .. of protem.., ,\11' 

&fld OIher <;dlw"r compon",,!. through leaks III Ihe c"n (pluma) membrane $ .. h,lethal tn/lin' 

r~ull> m ph)'ILOIog..:aI chllge> ... ch a. mlublllon of bud <fe,.·clopm"1)t and ,ac:U(lb: 

r~rnn!temcm (brgha ~nd Snmh. 19'15)_ 

3,2. 1 LETHAL INJ URY: LOSS OF MEMBRANE INTEGRITY 

The nnoctu~1 orgamnuon of rl:t,ma memhf"1ne< t5 Lugdy ..le.mnancd bI , ... ~ak tntcr.lcll<>n5 tn 

the fonn o f \'~n ..let W'.al. fon;;o .00 hydrogen hvnds. eXISllng bClWcrn memb .. ,nc 

"Jml"'n~'TlI~ an.1 b~twcell th",e ron'pot,mU :uJd m= "'lUoC'OU' ~n'"tmnrnnll. lb. .. nabd,u' of 

the~e cle<:uostauc mteractlOOl 15 paruoolarf) ...,..,.U1\"" 10 temf'<'<1lrure .",1 hI dr.lUon (\"\ Illt.:ims, 

1<)')(1)_ R,,>~~d (1??Q) rcport. that el<f'O'Iure to low 1r:mp"":UU'''' (below 5-10 "q l"'Ids 10 

chang'" m membr.me comp"'"ton and nuldn\', :,nd 10 Ih~ we:okcn.ng of memhrane hr~1 

.m~r.tl protem bonds. In tlu. 5U1 t", memb"", ... ~n: rn"le In d~c. -\ dcroll,,'d d'>cu",,,n ,,: 

th~ functIOn, compollllJ(lIl Ind S(NClur~ of rh., )~r ("II m~rnbt::m~ III !;i"en ],(101\' 10 enable 

cold sbock cff«u 10 be bett.,r understood and p,nhc.ed In ye:ost hoodhng. 

3.2.1.1 THE CELI.MEMBKANE 

.-\11 cells ar~ surmu",kd b) I mcmh,.",,, "'bJch S~rO"'('" the functIOnal cell from II. 

ellnronment hUlhert""''', 1TI21l1' .nTernal «1I .. b. fUllcilon. arc pc.fonned w,t1un (OmrutmffilS 

bouotkU b) "...-mu""""" l'la,m. m~mlJr.tn"", •• "dl a. Ihos<: enelos"'g clTl:>pbsml<: "<gontU.." 

au pnnunly hl',d wuctUrQ Wil l. tmheoocd protem (QUUlIl, 1980). The mllonl} oi 

mcmb",,,,,, .. 1!1'1d~ ore rhosl'hohp'.1, of whicb 75R5" '. He ty!"caUt phosphogly<;<:ndes. 'J he 

remauu"g 15·:!5 0. of the pholphohp,d~ are moS/lv pb""l'haud)ledunohmmes (\\ Llh:arm, 

I?'XI) ( )lh". hl"d. oss<'<'.ot(d wllh ullulu mcn,bnnc' .nclude gl,eoltpuh and "crois -lb.e 

hldrophohlC ch.roc rf' " f Ihe pla,;ma membrane 15 due 10 m" ~I'.d (""'ron"OI Ow~ 10 .he .. 

comb",ed h)d""rhohi~ .nd 1,,>101 c"mlllllenl!. pI""'l'hoiJl',d. fonn a nonco.-;dem hi ble. In 

aqueous ""lUll""" as ,1iU$1f:lIeJ In hglUt l.3, 

,. 
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"ob, hod 

~ ~ U lLU ~UP.b'b)" 
HJ'drophoolC 
b!1)' oad 
malO. 

Figure 3.3 Lrpld·bd .. yct of plunu membrone!l. "cbpt~ from rreKO« tI til. (1996). 

The hpld-bllaj'~r IJ • SdCClll'dj penna-hie blm«. II usmca tile 1)'(lC of mc.J«uIcs \lUOI ""ill 

dJff,,!e =dlll' (rotn one .. de of the n,emlmlnc 10 the other Subsm!"!! carryutg a ch.u~ for 

u.mplc: ~ug:ar.l ,uld IflOrgalUc IOn.! .... ·ill nOI diffuse: tl' MglUf1Cllnl [lIle btcousc: of thell auracuon 

to "'':Iter and exdu'>IOn b)' the h)"<.lropbobK pomon of Ihe IIpKl mcmbnnc. l'rnrellls. held III thc 

rIlCIubnne b,. ckcUOlltaOC Inler."'oons ... ' ll.Il phospt.,.nd)'lttbanobnun"s, faoluaI<' Ihe mn ... emeOl 

of these: molecules ellh« by- formmg dtffu,lOn ,h.nnd, or pro\'ldtUg an aCOl'C mmpon 

mech~ruWl (l)rc~1 .1 a1., 1996). These prO!CU1J1 al" da.Slfi~d on Iii" In ... , of 1M n1ag<'UCI: 

u..ro m Innsportmg Ipcacl (ftb!. .. 32). l'Utlh". f"ncoons of mcmbnnc prolem_ mdude 

""" .. Iroc a,,{Wlly Rnd ligAnd bmdJng. 

Table 3.2 Clt'5'(ICaUon of membnlne protan {llIru1oaouoo 'f>lem (prtnOlttta1., I9%). 

Sm-er (198.8) ropo"! ThaI The ""o.wel of th .. bila)"er au different. hOlh m lip,d coonpoSlllon 

and IfI placemrnt an.I OI'",nl2.uon ,)f pr<>teu ... (Figure 3.4). AI • "'iult of 11111 'UUCllll1! 

•• pnmtUf. !h" outer lnd lf1l"l<', turn""" of aU blologtcal mcmb~no. ha"e different funcuons 

and en:zymanc ~en'"ll~ . Gl),,:oilp,d, ~nd glr<:OProu:"u on the GUier IUrf~ce of the ccU 

" 



Paln/llU}fOr LOSJ a/ f rosl Quolity Dun/ll! CooIwg 

nlCmb", .... oonsunu~ Lmf1'O"~m c.,lI-sur&~ .nlJ~1U "'luch lel ~. ~f'<'cific ''''''pIO,", for "x r~rn"\ 

sumuh (Qumfl. 1980). 1'bcsc conrro\ rhe /low of ,nforn» I"'n bo:'".ecn the cdl and ,u 

3.2..1.2. MEMB RAt"lE FLUIDITY 

The an"ngo:menl of bpKh and profem, '" nlCmbf~"ct Was ong,na lly conceIVed as a sta!1C ani ) 

of fTlCubobcalN onert molccule. (Q""III. 1980). ilowe,-c., with ,he .. h·cnt of ,he dew -on 

ml('~Ql'c and Imprm-cffi<n" ,n blOCh"m,cal U , \(J" I"'t~n<hnl!. '""mhr. .. ",. Ire 1>0'0\- though! to 

COMlSI of lughh- mob~e t-nolecuk~ """",cung """ h each o!""r and WI!h !h~ In IIIe ..... roundmg 

em"ronment 1111' IS ,d ened to u lh" ' fl u,d ,no.a,c· "..,.kl 10 lIl,b~":II( I"" 1TIQ\·"nk!m of both 

hp!d' and prote,n. III ,he ffi<mbraoe (hgure 3.4)_ :.uch nl(Wcmcnt pron,).,. mcmbr:a .... 

I'ropcrllU such u flelublh!y ~nd fluiwl"\', "h,d, P<'nnl1 c.,11s to dun/<:<, . IuP<' and form (J'f1.'1COIt 

fl "I., 199(0). I'unhcrmo..., . the fluldin- of ull ""'mb",,...,. Iu. IlCcn cor.dued """h "u"",ro ... 

bIOJOWCI\ procesk' Inc\uwng WO"-th. mcmhn"" Inn'port and ef17} "'" .Ctn·OUt" 

Figure J,4 Flu,d mosaIc modd of the plaslN mcmb ... nu_ \wplt·d from PrCS«ltl fl uJ. :191)(;/ 

rile InICfllCfJon< among dl ffe.ent hplds Inti bet"''''''' bptd. and protein. m mo;mbr.II'I" ~ t", 

complu ond dplllmlc. Ph, "al lIudlel of pl1ospho~pKl dtipcniofll han sho..-n thaI bpld 

"'olt-cuk~ rud.il j" wffusr lfl I late"'] dll"t.'CilOn ror-Ilcllo III<' pbnt of tht bi!.le. (Qumn, 1?80) 



POlentjalfor LOM ofYNtl'1 QualilY Durmg Cooling 

The." h)'drourbon dum. of the hp;d" ha,'c ~ mouon, ",luch proouces flwdlty IfI the hydrophobic 

core Thill centrlll arn of the bila)·e. '" OCCUPIOO by ,he enoJs of fan}' acid chWlll and .. m()fC 

flwd th~n arcas closer ,0 ,he ,"'0 iutr~Ccs, ",b"e tbere are more constrallll'l due to soffa pans 

of the hydrocubon cham •. It 10 "".umed thO! pocket:< uf SpKC beN'cen mW,'1dual CbaUlI a.e 

filloo wnh Water molcculn and snull IOns, co.ntnbuang .0 the ""erall flwdJr)' (l' • .,sc:ou ,I aJ., 

19(6). 'nuenng If "I (1998) demuruU':ltro lo ,eriI mO"~m of mcmbf'Hl<: ptOCCUlS Inlh., btla)'ct 

and found n to be .Iuwet Ih~n thaI uf hp,ds, possIbly due 10 rettOcaon. h)' cellular SUUClUnJ 

ckmcruJ such a! m'~fOlubwC!l . BIUIogw:almembrancs arc thus If! a coonalllly changmg ' '''IC, 

with nm only pEmeltlS and IIpaJ, mO\'1Ilg but ... "h molc:cula plSSltlg 1010 and out of the 

"lCmb.one In )'ca$t, .I~rnls, pUI"ubrir crplerol, "'" a key r<gW>lor of m~br:u:lc fhndlly. 

Sterol. eODralO a bulky s,elOld n .. deus ... ,th • hplmxyl group U one w.J and • fIc:1lllk 

h)drtx'a,bon rall.l the other end (Frgu.., 3.5). Sterol. w.c:rU 1010 the bilay"" " l th thell long .~1lI 

p(l'~ntbculaf 10 the pb"" of the rucmb~ High coocc:nrnwons of sterols may "coolly block 

large mOllom of fany aclll chalOS, makrng mc:mbf";l=s blllwd. 

'-y .A 
,~ 

~ 
---

I 
"-/ ~ 

Oil 

Figure 3 ,5 Sd~ .... nc of the: compound crgoft~'fol ,\dapted frorn Sr')' ... ( 1988), 

The dcgn.~ of Ilwdlry of a membnn .. '" de~nd""t 00 b<:>Ur t<·ntptnlurc and CompmlllOO olf the 

ntormbllll1C. Farghc. ,nd Snuth (1995) '~p<>n that, under.ll f!:.owlh f;ond",onl, cellt attempt 10 

prcsa.-c plasma memllf111lt' flUJ<hf't· 111 ord", to mal1lf2lIl fllncuoo.ohry. t knee, " ..... y be 

npcclcd that the cdl ... ·rJl. for eltamplc:, t:ulor liS memb",nc compm>non to handle chan), .... In 

" 
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3.2. 1.3 EFFECT OF COOLING O N MEM8RANE FLUIDITY AND COMPOSITION 

The r<'<.jw,..,mem of memb.....,., flUldur 10 IlUUllllll funellOllahl'\' ""lIh ITspca co aD grov.-"th, 

n-producuon :rnd ~cnnry of m"mbr:rnt' bound ert7.)"lIJC1 " n'ported br '~ ,f ill. (1998), 

ProcOlt 'f al. (I9%), Fughc:r .nd Smith (1995) , and Wl1lwn$ {199O> AI optunwn g,a..-dl 

InIlpcnru,e, '*>IogocaI membnncs are III ~ bqwJ aplaJhne phuc. allo. .... ng b..,nJ d1f~ of 

bplds.rod proteins (Qwnn. 1980). The rn~ of W n..,mbnnt 10 any change III t .. mpcnNn' 

., • funcoon ",f lis composJllon. 

On eJlposun: 10. dO'CI~'" III lemptntun" r=mbnnc hp'" Ul I t'<tllld (f>,'slaUmc Slate cool and 

undC'rgo a InClllOOO 10 a gel ph~ SIal" (Iru.;.nng,I aJ., 1998). The l .. mpcnllulT at ",iuch tlus 

losJ of fh"dny OCCUR I!i ... nw tilt D'lItlSlOOn tCffipcr::uure (1'..). T .. fot. parurut~r membnne 

lipid dcpcnd~ 00 ,he lengtb of liS fatly aCId CMUU, th .. U' d .. W .... of .. l\Itano<>, lind th .. spoof,.. 

contrnt of ",at .. r In tb .. Olernbnne (Stryer. 1986). Long I1lunl1ed bydroclrbon challis h ...... 

lugb~r l",n511000 lemp<'raIl1tn\ tlu" do ,hon ones. l'h ... pbohplds ""'Ib un'Uura'rd flltty acids 

have gruler n=lnlHY than those conllUmng nlut'O l .. d fmy .ads. ThUl. 10 m:unl1un IOITIt' 

mov<'mem w"lun an mcrcl.MIlglr ,·oscou. membrane. cells alter d.e lco.·cJ of I1lut'Ooon md 

lbonen the ICllgth of pbolJlbohptd h)'d:oarbon choms. Addmorul ....,d,ool of prflSCt\'mg 

flUldu}' al ~ lemp",,"IUlcl IlIvoh·c m., rMt>ccd 5)·mbesos of slerois and the marn,f.elUfi' of """. 

mokeum " ·<'Igbl prot<'allll1 ,ud! lOll Il'I'ba~. glycerol and ~u shock prot .. "". I'rnurmbl) 

,hesc C(lmpnund, fonn hrdrogom bonm wnh protnIls :mel glycohpldo III !he ....,mbon~. 

pm.'mung membrane fu,oon lIoo pm.·,dcng a hydrophilic ReI 10 redIK .. ",·al .. r IoN from 1M 

meminnr JlIow Innpcrsntr .. (SaIl" " 111.,2(00), 

G~nertlly. cdh t<'gUh1~ ,helt m<'fI100lnc' COfnJ>OlllllOll SO as to Iretp T .. beJov,' tbnr 

ennrOllrnc'lllal t""'p"to tUIT. Moo' rnt'tnbtoJll' hp,d! fonn a ngcd gcl ph~ a1 lempcnNIt'$ ...... n 
brio", 10 "C. Figuu 3.6 sbov," the f)'P"'al phaS(' ]xb,,·ool of mcmU<2fle lip,d extra" ... The 

diffelent regions III 1M dillgfl!l1 ", fer to rcglollf of p""se.~epa"'I")lI raIher Ih"", Ufl1{oon plta"" 

and the bou,,,bnrs mwca'c 1M om .. , of such phaS<' II<:p:trtnOl1l totber than tht- fomuuOIl of 

w sc:rele phast.'!. The 10\0' tCmp"ruu~ (bela'" 5-10 "q gcl-ltUTldb regIOn corresponds 10 a regton 

III "Iueh Itp .. l. "1th hIgh T .. 'end to ... paratc 0111 .. gcol-pha,., potdll, ... The g<:1·hquid IIltMCc:I 

fonned are luscepuhk to kaluge (\X'illu.ms. 1?90) .... , ! .. mP<' .... tunl elow to:rnd Odov. O'C,' 

phenomenon knO\l.'1l ti fr~~e ~b)",ltauon II oUK" ... d (Qwnn.198O), In. lU'pcnSIOIl of cells, 

" 
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ICC tends to fmm pref"",ntl:l.lIy in the extracelluw. medIUm. n,,, o>motic strength of ",at<·r 111 

the edl membrane and "'SIde the cell impo..:·s a gradoem of water potential on the cell. Los.~ of 

'elluh, water III response to till' gradient l~.ds to membrane dch)'Or:otlon and cell shnnkage. 

Subsequcnt mcrease. ut electrolyte con""ntraoon w""ken electro,tatlc ,meractlOm beN.'""n IipKi 

group, 1"""Plg the cell m~mbr.mc ,'Uln~,.,.blc to [""clure (\XlIlh .. , ... 1990). \X'.lkcr (1998.:0) 

,epu'IS lbar ,C<. fO'mlItion within the cell may aloo occur, au.lllg ceU Ipis due to the expan$ion 

of Water upon frcc~~ng. 

~lcmbranc dchy&l!\on 

I.KJUld--cryslallamdla 

Gcllamdb 

Freeze dchydrallon 

Hydranon 

Figure 3.6 Diag""n dlu,tn.ting the type. of phase tnn.;!lons that m'ght l>c am;c'p"u:d on 

subl<"Cl1llg mcmbran", of diffcnng kvel, of hydration 10 lempcto.tUl"C str,,-•• (\XlilkI.m •. 1990). 

If .. cell IS 10 acdtmatJ;/;c su"",,,fully to moder-lie low Icmpcnmuc >I'C''':', I[ mUSt have 

suffiCIent time 10 nu.k~ the I[CCC$~.l)· change.; to US m"mbone compo.lllun. "Ilu. rcqum::s that 

the rotc "' wluch h"at IS extracted from the cell be such th.t it illows all n",es,.'Y m~mbrane 

and cclluL., ad3pt~non' 10 tah· pL.cc. 

" 
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3.2.1.4 EFFECf OF COOLING RATE ON MEM8RANE INTEGRITY 

l·oJlowmg A npld dccr~asr III Icmp"llItur~, pl:mlU mcmb<:aru:s 1.,.., h.,al (FughN and Smith, 

1995). If Ihe 1lI1~ of cooJ.ng IS grnl"" lhan th" .. Ie al .... hICh the c.,1ls c~n modtfy lhel: 

membr~nt compotiluon. then the cell ITK'mblllne ""ill paOfi through a tempe .. tul~ zone HI wluch 

KImi' .ncmhnne ~ptd~ m~) undergo a phas<: 1 .. ...,10011 !O gr-1<rp"lIone <<:ale b"fore others. The 

m"nlbl~nC IS Ihw fIXed III • !lIndom dIsorganized form, comprOmISing UHcgrlty, S<,,·.,ral 

e~pLn,tlmu ha,'" b"cn pUI fo,w",d 10 ~xpL1m thl5 pha~ 5~p1,auon of otl.erwl$c nUSClbl., 

compom'''''' \'(rllh .. m~ and Qwnn (1987) pl>$lublC Ih~1 s:alunlcd nUllot ltpld componentS fouoo 

III t cU memh.anes h,,·c . I'd"u>'d)· lugh gel trnnSlUOII iCIllI,cratu!e, . Uowlng hrruted p",elpu~uon 

of bulk I'ptd coml>onents al rempcllIlu!C, ""ell .txr.." T .. of m051 ",cmblllllc lipids. On !lipid 

coohng. <;dht '''''ply do nOI hIve enough wnc to ungtuUlre or .hollen the,"" coII'pound •. 

\X'i[lI",m "nd Qumn (1987) 'epon ,h.,! I,,~ks m Ihe ,,,U membrane mal .Iso OCCUr dli<' 10 ,h" 

tn.b.lny of pho~phadrl"th . nohmllteS 10 ~. I mcmb r:tne protelIls it low t~mpcn.lu", Clusmg 

Jubgc ~I prolcm-ltpKlllllcrf.o;n. 

3.2.2 SU O-LETHAL INJ URY: YEAST VITALITY 

IJp«j 1"1l.«d-cry5Ial to gd-I'ha~ tnn5tl>ons observed on coolmg cells are nO! urnquc 10 the 

p[.~"'~ ",cmblllnc Willumi (1990) ohsc, ...... d phose ...,porauon III 101~1 IIpKi ,XtnCIS of 

ehlotopb5t Illcmbron('ll at k",' t~mp<:rallllc Thus, II an lie' postula tcd th.1 ITIC'mbllln~ bound 

C)10pbsmlc organeUcs tlt ' l ph)" tmporront roles III yU~1 ph),IOIog)' ""ill, to some: Ul<nt, be, 

dfe<:ted by cold .. rHO. SIf}"~I (198S) !Cpom that the Internal ~mbnn« of nulochondru., 

,,-lueh ar., U1\'ol1-OO In c""'KI' tnto.due""n, rut"c the !ugh,,!! Co"'e'" of I"ou,m (on. 75 .'. t.,. 
nuss) of .n hIo1ogtnl n>co,bnt""" Th"se preM'tni ate "",kd In the ~mblllnc by 

I'hooph.d)'lclhanobmIllCll_ Wi.ll.otms .nd Qumn (1987) "cpo" lrut! I'reMno-IIp><l mlcrf~c", arc 

P"""" to kili >t Iov.· I<:mPCr::lture. Such tbn .. gc m.y hu'" ~ dct"""'lIul "fftCt 011 cen 

tnc12.boobsm. \Vorl< conduaed br Forghc,.nd Snuth (1995) .nd K:.ul ., III (1992) on the efftCII 

o f cokl shock on l U,! furthe. IughLgbls cold tnJury to ceUulu Ul\lCtu'n, 000 " ' l"'I"'ct on 

"'!:lIlly. 



Potentiallor Lcm o(rcast Q,mIIlY Durmg Coolins 

htghct wd Smllh (1995) sub,eeled ale )'CASt gr(tvm al 25 ·C .(t cold shock by dccrenmg tl$ 

leml"'ra= 104 · C at 2 coolmg rale of 8·C / mm. Tho.: yeaS! sho .... ed, prolonged ~ phase: aDd 

gt.'·e a gro ... ·m pdd 10 o/.Io ... er mw da, of ('011uo1 yeas, (lillcookd) on lRC>cuJ.uon Into growth 

mcd.uo. 11m appuc", 10M UI vn~hty IS upWncd b)' the U1rublnon of the fomullOl1 of aCWI 

IillImcnts essential for buddIng 2i\d gm .. m by ~ .hock. -IbIS gro",th arres. may only be 

tempollU}" u the :lnUI cytoskeleton IS rdormcd "',\h,,, ""'0 hoon or rctunung tht: )'CAS( 10 

sUlIable cornhoons (T'arghcr and Stmth. 1995). The ulendcd bg ph:asc corrcoponds 10 tlns 

pcnnd of ,"ovcry Exporu:nnal ph1K )ellSt II mon: prone 10 (hIS I}"(>C of U1lury man )'ea" UI (he 

SlaUOnary ph;tse.. The ablh.y of ~'e2'!' '0 gr""" and reproduce" dcpcnd.:n\ on (he prcsenc<: of. 

("nctlOnal ccil membrane (J..cOtltU, 1993), Irn:venihk ,ol,crauo,,, of Ihe functIonal pmpcrl1cs of 

me cdl n><:mbnnc dUllng coohng may have Cllu!lCd the 10l>'cn:<I blOtltau )',c1ds, 

In work COIH.luclcd by KauJ ,1 nI. (1992) and hrghcr ~ml Snmh (1995), cxpo!un: of )'CUI (0 

condlU(tru cau$ lUg • cold shock ""]'On-'<: rcsuhcd In Hcuobr tOJrro"gemellT In )'oast, the 

v~cu(llc It a ke)' organelle U1"olvcd 111 Ihe 1111f:>ccJluiu l1"aff'duug of pr(ttc'm, h IS pnmanly 

n:spon~Ibk for IIoll ·speed;c protcOl)"S1S and romain. a ... Kle nncty of protC~S, Vacuole. also 

acl a$ Slonse companmelll. fot b,aSlc muno acid>: and cauon., and ate ull'oIl"Cd III n:gubung 

ecllubt pH (',X'alkcr. 19980.). Vacuoles h.,,,, a d)"l1tnlc strucNtc and art boumkd by • single 

membrane called a lonoplul llus membrane hu a wlfen:n! phospholipid. unsarul"iued f.,~ 

acKl ami sterol content compared '0 pbMna mcmbnno, Chmgeo UI ,..,.tuolc $IrucIU.C ou' 

reOeet changes In Inlrllccllul.r U2l"pon or O1mo1ogy of mr cd!, bot:h of "luch .ffect 

mcnbo1u.m. K.III tI "" (1992) ''II;!"Oo-cd .-acuoLa. damage In more mIn 85 ~'o of • )'C1$1 popubuotl 

(hI' recclVC'd cold ,hock (wn:ct ItI"lmCAlOn In bqwd ruttogcn), lbc rcsurehct$ p~d thl 

pha..: SCpaflltlOflS Issoc .. ,ed .. ',m pwma membrants of "'pwily cooled yeulS may occur III 

,""cuol.. tonopluts, ' lblS scenano ouy uusc ,..,.cuoks to .pht Into a scnes of small 

compartments. Regtons of the tOlloplnt III whICh philSC tt2JUUlQllS 11k .. place rna)' be iu.blc to 

IC':Ib. Release (tf proICases from vlcuoles IntO the cyt<:>phsm may n:,uJ, In me destrucuon of 

Imporrant cnzprn:s, "Ir}lllg melllbohc path .. 'ays, and III eXm:mc cues, ~ulol)"!I {Kaul tf {II, 

1992), 

" 



PQ/ell/illl (or Lun u( Yj'tN Quull!)' Dur'lll: Goolilll: 

3.2.3 FACTORS INFLUENC ING COLO INJu nV IN YEAST 

hom up<'nmemll conducted by l'arghCf ~"d ~nuth (1995), It 11 c,·.Jem that the ~ .. Cnn· of 

UlI"'f II> ,..,,,.t cdl, IS dC:p"'nJc,nt upnn Jt~j(C' r.f gnw,th and culture co..moons pno. 10 colt1 

.hock Ittam .. m ("'gu~ J 7) I-~t .nd 3m"h (1'195) cooled lager .U!'t at '''now growth 

ph.S" from 20 C to" C at a CQO~ng rate of II C/nun. I""," of ,",lIbdIlY~' more pronuntm 10 

bmldmg :rn<I <kcItnt phHt cd!. (J .,. 100 6 ~. ~cl~ur III ,".wwt\ ""p"'c","dyJ than 11\ 

S,"OOtlan' phlSC « lis I'ughct and ~"uth 1')')5) also c!.un thaI lhe extent of (ok! inJurY to ,.,..." 

IS Ot-p"'''Jc,,! upon &"",'Ih 1'""'p<'r;arUtt, «I<>L1I1g Ill!" "nY I~ ~m('C'Dtufe DII&"" O"e' "hleb 

wobn8 II ~ppu"d, H",,'c"c:r" 00 d~ra I. &1,'cn 10 suppon tlus claIm. 

, 
? 
<-, , 
:i 
I , , , , 
! 
~ 

" " H 5; 

T,me: (h r , 

Figure: J.7 l.os~ III "I"bWn" of b~r yea!t gro .... " III " .hlke fbsk cultwc:. nrnplt<l .... <1 cokl­

:<hocke<l al WitH IIIdralW : 0 c~ponCJmal.. 0 .llI-DOm" and. dccllnc: ph:ut). 1 Arghn Ind 

Smuh (1995; 

"-omIt". ".J. (1990) repon thaI dama~ to )'dI.\! subleCted to low Icmp"r:ttllrC: 1m' •• t~ .ffec ted 

bl" the: !c:.·d of crioprottctsOlS prac"m In Ihe cdl, Cl)oprotC:Cllllt5 lItC I d,ver.c: group of 

compound~ wb,eh hdp tn prenoung ecl.l d:un~~ undc:r ,':u,,,,u <:tmwt1Oos of cold l'reSI (l.c,,"u 

rI ill., 199~) , The role of hut shock prol~Ul'. ethanoL ~ .-.d lr~halo>c to the ablLny of )'CUI to 

J.2 .. U COLD INJ URY PROTECflON PROVIDED 8V HEAT SHOCK PROTEINS 

Ubuch, "..J. (W) I) o!Hc'.-.'w th ~t the ,"i:lb!~!r or J. ,.,rRw.. dccn::u,c,d b)· 99 .'. ,,",hen rapi<1ly 

cooled to sub-7.cro tCnJp<'rarurH III liqu,d rutfOllCn I lowenr". prIOr hcat sbock (,,,",0 hours .1 



PQIi.'lIIiIJ/ [or um o[ rtIJS( Quu/iry VI/mIg Cooling 

-13 "C) merta,cd c"n .u)'\'I\'l l 20 10 30 foW. l'htv corrtla[td Ih .. merased surnul 10 tn.. 

meTt.lI!W tmlucib,ltt) of h~ll ,hnc.k pTfJl."'11$ (hsp) III Ih .. ctiL Drfr .. n:nualsClnmns o.kmmclrK 

.nall''''' of me cells re",,~lc:d I .... ' thr p'~'cnc .. of ....... , shock protem, {hsp 90, 85, 70} dC'<:n:asro 

rh~ dtrutu .... !IOf1 of toP] c .. nubt pTOlnrl KOm:lIJu rf al (1990) also ob"""ed Ih~1 pnOT hea1 

"t:ltmtfll of Y":'" srgruHc:mrlv IIl1PrQ.-ed cdl "",biIlIY dunng sul>5c'luent r::Ipld coolmg J\fT~ r 

upooun: to 43 C hnl .hock (norIMl gmwth IcmJl"r::Ilu.e ",",ns 30 'C), yeu! ceU. (.\", u",,/i;N1 

"'cfC (.men h)' plungmg thtm <lu .. ed, IntO ir9urd nrrr<'g('n. Cdls frolen "'lIhoUI ~xp()\;ur~ 10 

pnOt hot .hock sh<)'.Oo'w ~ )(,"" of ,·",b.lrty on (rcnmg app' O:Iching 100 .... He2' "xposun: poo: 

10 fr~u,,'K Slgnrfl(2nrly mcn:ased Ih .. cen "ubllll)' 10 12 •.•• , !Zcmu\SU ./ <II. (1990) 2unct:11c ,hIS 

mereu .. m cen Vl:>bwty wllh the hltth .. r r!Iltullup COntCnt of h..", .hock....! cell. (hsp 7t1and 911). 

It .. Pl.>stub lW Iha l Ihese h.p act b)' ."engthcnrng Ih .. bon'" Wlthm nucromokcules Ih"s 

.tducrn/\ dcnalUIOuon, and hI' mc.r:aSlng tht hl'drophobic IlIIenaions "-uh,,, ,h~ ceU .. 

pten'nuns ICc cl)'~,al fntm:luon. f, .. ut dehrdnutOfl .oJ mcmunnc ("'Ion. 'flint counc Uud,t' 

bl' Ohuclu " flI. (1\191) indICate rho. lisp are mduced "-uh,,, to mmll'o of h ...... hock and al"' l/\ 

Ike" n""mnurn amOlJnl ,,'uhrn ""'0 hour. "f Irnrn",nl 

J.2.J.2 REDUCTION OfCOI.D SHOCK SENSITIVIT Y O f YEAST BY ETIIANOL 

1 ...... ,15 tI.l (1994) Slw.hed tn.. CI)'oP<O!<'CIl'·t t fftru of tllunol on brtwlng "r::IU1S of j. nttl'''j~ .. 

un,Jcr ,·~noul f.<'Cz,ng eondinom. They ob.rn·w thor under (oniliuons of .10" eooijng (eQohng 

nle 3 C, mm), tlhanol (O, ! to 2 /1.1) ~cled as a cryosensltl~.er, <c'·crdy d""r ..... ms ,ht , ... ble un 

COWlt com~rtd 10 control ceUs U ..... l cooled at 3 "C/mm In !(To",h mtdu)_ Ho,.;t>·cr, urldtr 

condmons of r:ilpKl (rtrl"'!! (ooohuJ; <lItCS .ho,t 25 "C/lnul), el .... ool gn.'lltl}. IInpto,'cd 

crYOIolernoce of lhe y .. aST At 2 coollllg ""t of 200 ''c/mrn, reUl populauon Rlbmttgcd In 2. M 

(92 gIL) elhaool . howed 61 0' • • u,.,·i>·.1 com!"" .. d "l.k I·'. sU/'I·,,·.1 o f )·eul In gro,.-th mew;'. 

I.e,,", " al. (l994) J"AA""' .hl' th .. m«harmm of p,olccuon .... 1' "'" UwcUlW .. ",h the 

IIlcr .... , .. d pCTmCllblhry , .... , ethanol IS ahle 10 ",duct 10 th~ rl.u .... mcmbnoe. I""ding 10 the 

r3pld .mux (If " .. ,n d"nrIg fl'ttZlJ'lg, and .hen:forc 1" .... ·cntlOll ,,( ",tr::lctUula. ICC c,yoI:II 

fomuuon 11", .... hlnol concentration of croppnl rnSI frQm • ryplClll b.g<t ft'mtfll~uon r::Iogt. 

f,com "I>pM1UUPtn:h· 1 I M (52 gil.) to 1.4 M (67 giL) (Lodolo, 1995). lIrr"·cry h~"'t cxchangeD 

are <>JKr:lIW II coollnlt <lItCS In U(eM of 2S "C/ nun_ Htfltt, dU'IIlS r.lllld cnoll"!! of I't. " '" the 

b",,,·tt)·, tlh3nol" po,rob.,w .0 havc ~ prOlC<:ul'( tf[ecl_ 
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3.2.3.3 COLD INJURY PROTECTION PROVIDED BY TREHALOSE 

SUrvival of J'C.,I al low Icmp""'ruru ha~ been rdaled to trehalose comen! (Walker, 1998a) 

Trehalose If kno" .... 10 prOlect ),ca$1 memll"'n~~ and dCCTCaS¢ cold shock r.cnMtwily of J'east 

Yeasti wuh sub.lantJallevei. of treh..!o"" ha'-e an adlkd ad"anlage al low lemperaruru. Walke, 

(1991:\a) repotts dUI baken' ye,.,t Will, a lrehalose mncenl ... uon of 45 we'llhl ~'. " '",, p'Qlecrcd 

from mjury on "'pid cooling and W:1.5 ,uccc.duUy used m the production of frozen bre.d dough. 

The synthe.1S of treh.IQse IS enhanced by eXposIng )'C:I.51 10 lemp""'''''';:s shghrlr grealer rhan 

optimum {ot growlh (lwaha, ln, ] '.>95). Sab ,/ at (2000) report Ihal 11\, halo.., aid, In "",mlalmng 

membrane "'Iegnl)' upon changes In hpld lu·ja)'er flllldlly. In c~1"'n",ems 10 delermlne ,hc 

dfccti of trehalose on ",alfllaUllflg Integrit)" of dcsicc:ucd membrann uunng reh)·dr.llion, ({ w,,", 

found ,hal UI Ihe presence of trehaJ~, up to 70 0/, of hpow.nai ",emh",ne mlegnl}' w"" 

m.mrained. In Ihe ahsence of trehalose, rch)"dranon led 10 10lal los, of mcmllnn, ,"Iegoly. A, 

wnh hsp, rtehalos<: IS Ihoughl to pre,'em fUSIOn be""cell ad,occn! memb",ne phosphohplds du( 

10 osmOllC or cold sIre .. UlduceJ memll",ne deslccahon (hguT<) 3.8). TbL< rnuho bl llnprOHc 

flUldlly, therefore stabilizing Ihe bilayer 

Absence nf Irebalose 

fu,~d me",bran" 
phospholrpoJ. 

CompromISed lIl"'gnTy 

Presence of trehalose 

S",lIili7.ed momllftlnc 

Figure 3.8 Efker of lreh~los<: on mrmbTllllC fllllWIY al low lemperan,,'C nased On Sale! "at 

(2000). 
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3.3 EFFECT OF OSMOTIC STRESS ON YEAST 

Etlunol .. a ..... 10" metabolic produCI of f~llTJCnr ... uon. h . accumubllon UlSlde and OU~Idc: I~ 

ttll dunng ,..., b"""ng p~~ c",alt'S " potent chermal lira' on )'c:I$~ I bll''''onb "'W 

Nomun (1998) "'plIn ,hal e.hanol KdUCC!l the ".,.ter po'en""] of "'lUCOll:l phase<. Inc rem, 

"""e' po'COlral ('1' •• expre.sed VI MP,,) ",fe .. 10 the potent ... ] (:fIergy of ""'c. and I!I used '0 

'lUllnm3.'C ,be .y:uL:rblLny of waler m the pf~nce of drssolycd .olu,,,,,. Pure ".,.Ie. h ... IJI .. of 

leW. ... b,le Impure ".leT Ius • lower Or O<:K"'l\"C ..... Ille. Ye:r.". able 10 "'IIh',and eonmUOn! of 

low ",,'er po,en"a! ife ",ferred 10 ... 05100,olctllu~ Walker (19?~) <cpnt($ ,h., the yea,. 

S. r(mfJNt II non-osmololcr::r.nr. h!\llre 3.<J . ho ..... u.., OIrdinol .... "'e. porentl.l .ang<' of growth 

fOT J. IY""JI'~. 

'00 

l ~ 

1 w , ~ , , 
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-----, -- -'. 
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Figure l .9 Genen.II7.W gr.r.pb of Inc rela''''e r::r.le of ~UI gro",th m relabOfl '0 IJI. of g.m •• th 

mcdlurn.llllopred from W.Ikr. (1'>98..). 

[n .... tudy '" lR\'cs'>g:l'c th<- lfIf1uo:ncc of ,hc.nul .l1li osmouc SUCSI on u.., viabili!)' of 

S. ((1rRIUJf, Ikner",,}' (2000) found Ihn I<'''''''a1 of Feu, .0.1 low "mer por:cnlLOl .... u dcpcndc:m 

on bo,h ,he rcmpcn.'~ and mlen"U!)' of OImouc: su"" They observed Ura' ICmpcr::r.Nrcs c'j",,1 

10 o. below II "C ... 11o",cd th~ proen1loon of .... b,lity ~r'er .n OSlnOUe .u~ .. .... hcrcas 

"'n>pennr.=; obo\"c 11 "C d.d nOf p",scn-e JUs, lun'.,..1 (Figu.c 3. 10). Bcn~y ~nd co workers 

(2fXlO) aI:so ,hem'cd thai ,he Ulcm of w.m.>gc 10 r~s, due 10 OlmOIlC shock ..... , dClemuned by 

the [3'C of cI ... ng<' of " ... 'ef po'~nrul, \'c~ .. cell "",boltl)' (> 90 ".) ... ~, numla,md ... 1 low w.'ef 

p""'nrul ,,·hen th<- cxmu:cUub. O.tnOIIC pru.sUfC .... , dccrc:ucd Ilowly (by ~ddJUOR of glJ"c~ro1) 

from -1.38 l\!P~ 10 - 100 Mr. al ·16 Ml':l Imm 011 ,he Olbe. lund, ceil vI.bolt!)' .x:c"",..,d 

" 
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"gn,rlC'llntly (to <30 .'.) when ,upt:m .. ~m-fn:t )~~" teU~ wen: resuspended (-(.00 MPa! nun) Ul 

I h)'pcrosmoue gl)'ccrolroluuon (-IOO IIII'll). 
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Figure 3.10 l.effccl of hrpctO$lll(>Ue strc$$ on 'lal.dl1) lIr S. «m'IJJat 11)·pcr(l!l.mOlic .hoek .1 0 

22 "C, . IS ·C, . I I"C tnd x S"c. Adajl(cd from Ikncy d m. 2000. 

TIle £l luoo1 "eh cn'"lronmenl (1.1 M 10 1. .. M) of fio<:cuJ.IW lUSI ( H "q .t the "nd of 

ftrtnl'mat>on hu In o~monc P' CiiUfC nnj.,'ltIg from .ppro~,"uld)" ·2.7 10 -3 MP. (SIenko and 

I'llne, 1974). In expcruncnti uwc'''gatlng the uSC of magncslum ., 0 SlrCSI pr<Xccllm rOI 

mdum",1 mom, of S, ttrrl'tJ1at, Waller (1991!b) oosc,nu llul eXpoIufc of )"OSI 10 emanol 

con<;'rm .... uons exceedmg IM •• 30 "c (In osmone ptcuu .. , of ·2.2 MI'o) led 10. 12 ·. declease 

m <;cU ,-...b,L"y. Walk.·. (1998b) posrul.,cfi thaI elhanol .ltc", Ihe fllfl) lIcld lind slerol 

Con>p<>sUlon of me eell "",ml.",,"(, Itlduang l)'poIrlill of phosPhol.llkh (lrailing 10 lou o f 

membrane mlrgnly) lind u,h,i.>IWl~ Itllf1lCdlula. prot<'uu Ind gll'colluc cnxpnci. DdullO'S Ihe 

)"0" m " .. n". (sec Sccoon J 1) "'ould ,hc,.,fo.c .educe CXIra«llul., e.hanol concc.u .... llOn • 

• u.. .. ·\aung the chenual lIn:sJ. Ho,,·e,·cr, me Ullmer", of ("Us from 0 medium ","h low 1jI •• 0 one 

.. ·,th Iugh~. OlomoOC poIcnuaJ 1M)" mducc hyp<IO'fl'loUC . hock on Ihe cells 



Chapter Summary 

In a higher osmotic potential medium, the osmotically dehydrated cells quickly increase m 
volume due to high water permeability of the plasma membrane. The cells increase their internal 

osmotic potential by the efflux of ethanol, glycerol and K+ ions from the cell through specific 

protein channels in the cell membrane (Stanley and Pamment, 1993). Hohmann and Magtt 

(1997) tenn this expulsion of solutes as 'shock excretion'. The response of yeast to hypoosmotic 

shock is thus highly dependent on a functional cell membrane. Damage to the membrane due to 

handling may affect the operation of channels that transport water, anions and cations (prescott 

et 01., 1996). Inability of cells to respond to changes in osmolarity may lead to cell death and 

complete cell disruption (Stryer, 1988). Furthennore, the loss of glycerol (cryoprotectant) from 

cells under hypoosmotic stress may have a detrimental effect on the ability of the cell membrane 

to withstand subsequent low temperature stress. 

3.4 CHAPTER SUMMARY 

Exposure of yeast to a rapid decrease in temperature may result in a loss of cell viability, vitalir-I 

and integrity. The extent of cold injury to yeast is governed by: 

i) yeast cell condition, 

ii) cell growth phase, 

iii) growth temperature, 

iv) temperature range over which cooling is perfonned, 

v) cooling rates employed, and 

vi) level of low molecular weight protectants in the yeast. 

Thiering et ol (1998), Prescott et oJ. (1996), Fargher and Smith (1995), and Williams (1990) report 

that membrane fluidity is required to maintain functionality with respect to cell growtl:, 

reproduction and activity of membrane bound enzymes. On exposure to low temperature~, 

membrane lipids undergo a transition to a gel phase state. The temperature and extent to which 

this occurs is dependent on the composition of the cell membrane, rate of cooling and de 

presence of low molecular weight protectants such as hsp and trehalose. Membranes in which 

both gel and liquid states exist are prone to fracture. Pitching such yeast may decreas:e 

fennentation perfonnance and quality of beer produced. 
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Chapter Summary 

The most common method of cooling yeast slurries in the brewery is by flow through a plate 

and frame heat exchanger. However, an alternative technique has been proposed. This involves 

diluting cropped yeast in water and slowly cooling the resultant slurry in a jacketed agitated 

vessel In order to gain a clearer understanding of the effects of cold shock on yeast, work 

should be carried out to assess the potential for a loss of yeast quality as a result of flow through 

a heat exchanger. Here both the rate of cooling as well as the subsequent or concomitant ability 

of the yeast to withstand mechanical handling is of importance. Critical cooling rates above 

which cold shock injury will affect brewers' yeast performance should also be quantified An 

evaluation of the effects of dilution, agitation as well as final cooling temperature on cooling 

diluted yeast slurries in a jacketed agitated vessel should also be carried out. 
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CHAPTER 

4 

IDENTIFICATION AND 
CHARACTERISATION OF A LOSS 

IN YEAST QUALITY 

In this chapter, the assays selected to assess yeast quality are reviewed. The review 

includes a discussion of the literature on each method and the rationale for the choice of 

the method. The relationship between yeast physiological condition and small-scale 

fermentation performance is also investigated. Detailed descriptions of the analytical 

procedures performed and their detection limits are given in Appendix A. 

4.1 INTRODUCTION 
This project aims to establish the effect of cold stress on the quality and subsequent 

fermentation performance of pitching yeast. For this study, several assays have been 

selected to assess yeast quality. It is imperative that these assays are sensitive to 

differences in yeast quality brought about by yeast handling, that the mechanism of the 

effect is identified, and that the results of the assays can be used to predict fermentation 

performance accurately. To characterize a loss of yeast quality, knowledge of the nature 

of cell damage is required. Cell death and the inability of cells to grow and reproduce 

constitute a loss of "viability". Detrimental changes in the physiological condition of 

yeast are said to describe a loss in "vitality", and injury to the cell envelope resulting in 

the release of cell material into beer illustrates a loss in "integrity". 
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4.2 POSSIBLE ROUTES LEADING TO THE LOSS OF 

YEAST QUALITY 

Work conducted by Basson (1996) on the effects of mechanical handling on yeast quality 

highlighted the need for a precise method to describe changes in cell condition in 

response to stress. The terms 'viability' and 'vitality' commonly used in the brewing 

industry were found too broad to accurately characterize yeast quality. Basson (1996) 

proposed a scheme for the progression of yeast between various physiological states 

(Figure 4.1). Cells in each of these physiological states can be identified by appropriate 

yeast quality assays. The physiological states are defined as follows: 

• Healthy cells: These cells are alive and able to withstand stress conditions. When 

inoculated into fresh media, they have the ability to grow and reproduce. In addition, 

these cells are sufficiendy intact so that intracellular or wall-associated materials are 

not released into the product. 

• Physiologically stressed cells: They are intact, able to grow and reproduce, but 

show signs of reduced metabolic rates. Fermentation is slower and the flavor profile 

may be different. The cells may also be characterized by altered levels of intracellular 

stress resistance compounds, such as glycogen, trehalose and heat shock proteins 

(hsp). 

• Replicatively deactivated cells: The cells do not have the ability to reproduce due 

to impaired membrane integrity. While this is the first in a number of steps leading 

cell death, it may be reversible permitting cells to return to a replicating state after a 

period of adaptation. These cells also have complete or partial metabolic activity. 

• Cells with minor damage to the cell envelope: Cells with envelope damage 

appear intact and are not necessarily poorer in terms of fermentation performance. 

However, the presence of these cells may negatively affect beer because of haze 

release. 1bis represents the least extreme damage to yeast. 

• Dead yeast cells: These cells are unable to reproduce and show no metabolic 

activity. Given time, these cells will go through autolysis. 

• Disrupted cells: These cells are partially (still visible as cellular entities under the 

microscope) or completely (visible only as fragments) disrupted. 1bis represents the 

most extreme damage to yeast. 
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ONSET OF EXTREME 
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Figure 4.1 Scheme for the loss of yeast quality due applied physiological and 

hydrodynamic stresses. Adapted from Basson (1996). 

1his approach is useful as it illustrates the dependency of yeast damage on nature, 

duration and intensity of stress conditions. In this thesis, the focus is placed on the loss 

of yeast quality following exposure to low temperature stress. The review of the literature 

on the potential for a loss of yeast quality during cooling (Chapter 3) indicated that 

under conditions of cold stress, cell membrane integrity may be compromised, allowing 

the release of intracellular compounds. Jones (1987) reports that compromised 

membrane functionality hampers the ability of the cell to reproduce, and may be a 

precursor to cell death. It was also established that cold injury to yeast may affect its 

metabolic activity (Fargher and Smith, 1995). Furthermore, cell death due to freeze 

dehydration and ice crystal formation has been observed at sub-zero temperatures 
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(Williams, 1990). A proposed scheme for the loss of yeast quality as a result of cold stress 

is presented in Figure 4.2. 

~ 
~ 

Increasing severity of cold stress 

PHYSIOLOGICALLY CELLS WITH 
STRESSED CELLS MINOR 

ENVELOPE 
DAMAGE 

METABOLICALLY 
DEFICIENT CELLS 

Figure 4.2 Proposed scheme for loss of yeast quality due to low temperature stress. 

4.3 ASSAYS FOR IDENTIFYING YEAST QUALITY 

DISRUPTED 
CELLS 

The yeast quality indicators as well as assays selected to detect and quantify the loss of 

yeast quality are summarized in Table 4.1. A more detailed description of each of the 

indicators and assays is presented in the subsequent sections. 

Table 4.1 Analytical methods selected to identify yeast quality. 

Yeast Quality Indicator Selected Assay 

Minor envelope damage (membrane) Protease assay 

Cell reproduction and cell death Methylene blue viability stain 

Direct cell counting 

Minor envelope damage (cell wall) Haze 
- particle size distribution 

Fragility 
- French press analysis 

Metabolic activity indicators Small-scale fermentation 
- Carbon dioxide (COz) evolution 
- Cell growth rate 
- Biomass yield 
- Substrate utilization 

Intracellular reserve compounds 
- Glycogen 

Physiological stress indicators Cold shock 
- Morphology 
- Trehalose content 
- Heat shock protein (hsp) 12 
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4.3.1 MINOR ENVELOPE DAMAGE (MEMBRANE) 

Under conditions leading to cell lysis or the loss of membrane integrity, intracellular 

compounds may escape from the cell. Components released through a permeabilised cell 

membrane include amino adds, RNA and proteins. The intactness of the cell membrane 

has been assessed by the measuring the release of intracellular compounds. The Lowry 

assay (Lowry, 1951) is a well known test for the release of soluble protein. However this 

assay is of little value for the assessment of cell integrity in protein rich beer 

(Basson, 1996). An alternative assay, the protease assay, may provide a more sensitive 

method for assessing cell integrity. 

4.3.1.1 PROTEASE ASSAY 

Yeast possess an extensive range of proteases. The main function of these enzymes is the 

degradation of proteins within the cell and in the surrounding media (Oliver, 1991). 

Partial or complete disruption of the yeast cell membrane results in the release of 

proteases into wort. Mochaba et al. (1993) showed good correlation between yeast cell 

membrane damage and protease activity. Under conditions of nitrogen limitation, 

however, cells tend to release protease without loss of membrane integrity (Slaughter and 

Nomura, 1992). The released protease aids the extracellular breakdown of proteins to 

alleviate the limitation. Therefore protease excretion can only be used as a relative 

indicator of extent of membrane integrity by inclusion of appropriate control samples. 

The presence of protease in beer is undesirable as it leads to foam instability (Mochaba et 

al, 1993). 

Several protease assays are proposed in literature. Ormrod et al. (1991) report the use of 

synthetic substrates dimethylcasein and azocasein to quantify protease activity. The 

method used in this study is based on the work of Mochaba et al. (1993). With this 

method, resorufin-labelled casein is broken up into resorufin-labelled peptides by 

proteases in the supernatant of a centrifuged yeast sample. Un hydrolysed protein is 

precipitated by trichloroacetic acid, while the resorufin-labelled peptides remain in 

solution. Measured spectrophotometrically, this concentration gives an indication of 

proteolytic activity in the supernatant (Mochaba et aI., 1993). Protease release, measured 

as such, can be found in the absence of cell disruption, indicating its ability to quantify 

membrane integrity Qeaky membranes). The method and the reproducibility study are 
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presented in Appendix A,1. The coefficient of variance (percentage error) of replicate 

samples was calculated to be 3.1 %. 

4.3.2 CELL REPRODUCTION AND CELL DEATH 

Cell death or the inability of cells to reproduce both constitute a loss in cell viability 

Gones, 1987). In the brewing industry, staining techniques are commonly used to 

monitor cell viabilities. There are two possible mechanisms for the action of viability 

stains. The first relies on the ability of cell membranes of viable cells to prevent dyes 

from entering the cytoplasm. The other is based on dyes entering the cell being reduced 

enzymatically to a colorless form by viable cells (Smart et 01., 1999). Hence, the condition 

of the cell membrane and the presence of a functional enzyme system are assessed. 

Examples of frequently used stains include methylene blue, aniline blue and eosin yellow 

(Lentini, 1993). Of these, methylene blue remains an industry standard (Smart et 01., 

1999). The use of methylene blue as a viability indicator is discussed. 

4.3.2.1 METHYLENE BLUE STAINING 

Methylene blue is reduced to a colourless compound in the cytoplasm of viable cells 

while dead cells remain stained (blue). Methylene blue results are generally most accurate 

and reproducible above viabilities of 90 % (King et aI. 1981, McCaig 1990). In 

populations of low viability «50%) or when yeast has been rendered non-replicative by 

prolonged storage, methylene blue overestimates the proportion of viable cells 

(parkinnen et 01., 1976). McCaig (1990) reports that at 0 % true viability, methylene blue 

can show a viability of about 30 %. Such errors may be due to impurities in the dye, 

which have the propensity to form variable intensities (from pale to dark blue) in dead 

cells (Smart et 01., 1999). From this study, the use of a more stable stain (methylene violet 

3 RAX) is proposed to counter problems associated with methylene blue. Nonetheless, 

methylene blue stain developed by Lee et 01. (1981) was chosen as the viability indicator 

in this work because of expected high viabilities of yeast (>90%). Details of the 

procedure for this method are given in Appendix A,2 

As fermentation performance depends largely on the concentration of cells inoculated, 

and their ability to grow and reproduce (SAB, 1993), knowledge of the number of cells in 

a population and their replicative competence is necessary in selecting yeast for re­

pitching. To simultaneously determine cell viability and concentration (cells/mL), 
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methylene blue staining was used in conjunction with direct cell counting. The direct cell 

counting method used in this project is outlined in Appendix A.3. The standard deviation 

of replicate cell count viability measurements was calculated to be 0.80 %. 

4.3.3 MINOR ENVELOPE DAMAGE (CELL WALL) 

Prokop and Bajpai (1992) report that the cell wall and plasma membrane act as a first 

barrier of defense against shear. Differences in response of cells to hydrodynamic shear 

can be related to the condition cell envelope. The cell wall is a relatively thick lipid (3-9 % 

of the wall by mass), protein (4 % of the wall by mass) and polysaccharide (80-90 % of 

the wall by mass) structure (Oliver, 1991). Despite the apparent strength offered to cells 

by the cell wall, loss of viability and activity under conditions of hydrodynamic shear well 

below the mechanical strength of cells have been observed (Dunlop et aI., 1994). It is 

postulated that low temperature stress may affect the interactions between the different 

components of yeast cell walls. Deterioration in yeast cell wall resistance to 

hydrodynamic stress was measured by haze and fragility (ease of disruption of the cell 

envelope) analyses. 

4.3.3.1 HAZE ANALYSIS 

The presence of sub-micron particles in the yeast slurry can contribute to the occurrence 

of haze in beer, resulting in compromised beer quality. Lewis and Poerwantaro (1991) 

demonstrated the release of haze material from cell walls of yeast on agitation. Siebert 

et al. (1987) found reduced filtration performance after yeast removal by centrifugation 

owing to haze formation. It is therefore reasonable to hypothesize the release of sub­

micron particles from the yeast surface on mechanical handling. To investigate this, the 

size distribution of particles over a broad range must be determined. In this study, the 

size of haze particles in mechanically handled cold stressed yeast was examined using a 

Malvern Mastersizer (long bed version 2), based on laser light scattering. Smaller particles 

scatter the light at a greater angle while larger particles allow light to pass through almost 

undeflected. By detecting the angle and intensity of the scattered light, the size and 

concentration of particles in the size range from 0.05 to 850 IJlIl is given. This range is 

suitable for the detection of yeast and smaller haze material (Robinson, 2001). Data was 

collected as number percent of particles falling within defined size ranges. The sample 

preparation method for haze analysis is given in Appendix AA. 
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4.3.3.2 FRAGILITY 

Mechanical stress was exacted on cold shocked yeast in a French press. The French press 

is a laboratory scale high-pressure homogenization device (HPH) which is conventionally 

used to cause microbial cell disruption. Depicted schematically in Figure 4.3, the French 

Press (40 mL cell, model number FA-073) uses a flow control valve and a hand driven 

pump to vary the hydraulic pressure within the press. A positive displacement piston 

forces the pressurized suspension through a restricted discharge valve. The disruption of 

cells is a function of the operating temperature, pressure and initial cell concentration 

(Harrison, 1990). In this study, the hydraulic pressure was varied at 5 MFa increments 

from 1(sublytic) to 30 MFa Qytic). The extent of cell disruption of cold stressed yeast at 

specific pressures was measured spectrophotometrically by soluble protein release 

through absorbance at 280 nm. The experimental procedure for the assay is given in 

Appendix A.S. The standard deviation for replicate samples was calculated to be 1.60 %. 

Flow valve 

Closure plug 

Piston 

French press cell 

Sample outlet tube 

Figure 4.3 Exploded view of French press. Adapted from French Press Cells and Press 

Operator's Manual, SLM Instruments, Inc., Urbana, Illinois, USA. 
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4.3.4 YEAST METABOLIC ACTIVITY 

The metabolic activity of yeast is dependent on environmental conditions and on the 

general state of the yeast cell (Walker, 1998a). It is therefore expected that a loss of yeast 

quality as a result of exposure to cold stress will influence yeast growth and substrate 

utilization on inoculation into nutrient media. Accelerated small-scale fermentations were 

selected to monitor changes in yeast vitality due to cooling. 

4.3.4.1 ACCELERATED SMALL SCALE FERMENTATIONS 

Yeast vitality can be assessed most comprehensively by conducting small-scale 

fermentations in which yeast is inoculated into the same medium under the same 

conditions used in brewery fermentations. These, however, take several days to complete 

and are not of use to predict the fermentation performance of pitching yeast in 

commercial brewing situations (Henschke and Eglinton, 1991). Several rapid small-scale 

fermentation techniques have been developed (D'Amore et al 1991, King et al 1981). 

These fermentations are generally conducted with agitation and at higher temperatures in 

order to accelerate the fermentation process. Up to 24 hours may be required before 

reliable and reproducible results are obtained (Lentini, 1993). 

In the rapid fermentation technique selected for this study, the level of CO2 production 

was used as an indicator of the physiological condition and fermentative ability of yeast 

(Lentini, 1993). The rate of CO2 evolution was measured by mass loss during 

fermentation (see Page 52). The equipment required (mass balance, conical flasks and a 

constant temperature incubator) was readily available in the laboratory. Daoude and 

Searle (1986) report that the greatest drawback of CO2 evolution tests is that yeast 

growth and the ability of yeast to adapt to the fermentation medium is neglected. For this 

study, the pre-inoculation glycogen content (Section 4.3.4.2), cell growth rate, substrate 

utilization and biomass yields were also monitored in order to gain a more accurate 

prediction of the effects of handling on yeast physiology. The procedure for the small­

scale fermentations is outlined in Section 4.4.1 and Appendix A,6. 

Substrate utilization was measured using the GOD-Perid kit (Boehringer Mannheimer 

GmbH Diagnostica, Catalogue No. 124036), based on the conversion of glucose to 

gluconate with the production of hydrogen peroxide. Hydrogen peroxide combines with 

di-ammonium 2,2-azino-bis (3-ethylbenzothiazoline-6-sulfonate), referred to as ABTS, to 
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fonn a green complex that is quantified spectrophotometrically at 620 nm 

(Appendix AA). These reactions are represented below: 

GOD -----i... Gluconate + HzOz (4.1) 

POD -----i... Colored complex + HzO (4.2) 

where POD is peroxidase enzyme and GOD is glucose oxidase enzyme. The 

reproducibility study for the method is presented in Appendix A.7. The percentage error 

of samples with an absorbance of 0.7 was 2.8 %. 

4.3.4.2 GLYCOGEN CONTENT 

Glycogen is a polymer of glucose in which sub-units of 10 to 15 glucose molecules are 

linked by glycosidic bonds. It fonns a readily available carbon and energy storage 

compound in yeast which can account for up to 40 % of cell dry mass (Oliver, 1991). 

Quain et al (1981) report that the accumulation of glycogen in brewing yeast shows 3 

distinct phases: rapid depletion during the initial hours of pitching, accumulation during 

the bulk of the fermentation and gradual depletion towards the end of fennentation. 

Decline in glycogen concentration at the end of fennentation is attributed to the 

provision of maintenance energy under conditions of starvation (Quain, 1988). 

The availability of intracellular glycogen has been postulated to influence the initiation 

and subsequent progress of fennentation. Studies of relative rates of oxygen and 

carbohydrate uptake from medium illustrate that intracellular glycogen is the primary 

carbon and energy source during the first 4 hours of fennentation (Quain et ai, 1981). 

Metabolism of glycogen results in generation of A TP and the synthesis of sterols and 

fatty acids. These compounds are critical in maintaining the structure and function of the 

cell membrane and detennining the extent of cell multiplication. Reduced glycogen levels 

on pitching correlate with a reduced rate of attenuation and yeast growth (Murray et aI., 

1984). 

48 



Identification and Characterisation of a Loss of Yeast Quality 

Near-infrared reflectance (NIR) spectroscopy can be used for determining intracellu1ar 

glycogen (Moonsamy et til. 1995). In mid-infrared spectra, peaks in the region 1000 to 

700 cm-1 correspond to carbohydrate compounds. Differences in the second derivative 

of such spectra at 995, 965, 850 and 813 cm-1 have been attributed to variations in the 

mannan and glycogen content of yeast. Correlation between the peak height ratio at 

994/965 cm-1 and 850/813 cm-1 and enzymatically determined glycogen concentrations 

have been shown (1== 0.81-0.83). This correlation is used to establish a calibration curve 

for the infrared spectrometer readings. Advantages of the technique include the 

simplicity of the procedure, the ability to perform the analysis on dried yeast samples that 

can be stored indefinitely and the rapidity with which the results can be generated. 

Sample preparation for this technique is given in Appendix A.8. The co-efficient of 

variance of replicate samples was calculated to be 4.5 %. 

4.3.5 PHYSIOLOGICAL STRESS INDICATORS (COLD SHOCK) 

Exposure of yeast to low temperature is reported to lead to changes in cell structure and 

expression of compounds that help preserve the cell integrity (Chapter 3). The degree of 

change is dependent on the intensity of the stress (Williams, 1990). In this study, cell 

morphology, trehalose and heat shock protein accumulation were used to indicate the 

extent of cold stress in yeast. 

4.3.5.1 MORPHOLOGY 

Two major physical and physico-chemical threats to cell integrity and function are 

postulated at temperatures close to 0 0c. The first is ice formation within the cell which 

may cause cell lysis due to the expansion of water upon freezing. The second is cellu1ar 

desiccation as a result of ice formation outside the cell. Mindock et til. (2001) report that 

ice formation leads to the separation of pure water (ice) from the extracellu1ar 

environment. The corresponding increase in salt concentration imposes an osmotic 

gradient across the cell membrane. Both phenomena (ice formation and extensive cell 

desiccation) can be counteracted by an increase of solute concentration inside the cell 

through the voluntary expulsion of water from the cell (Franks and Mathias, 1990). The 

high solute concentration formed inside the cell lowers the freezing point of the 

remaining water due to colligative effects, thus conferring cryoprotection (Mindock et til., 

2001). 
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In their experiments to evaluate the adaptive strategies for bacteria in sub-freezing 

conditions, Mindock of aL (2001) observed a 24 fold decrease in cell volume when 

comparing cells grown at 4 °c to those grown at 24°C. Walker (1998a) also noted this 

apparent decrease in cell size at low temperatures in his review on the effects of cold 

stress on yeast. It is reported that this decrease in cell size may temporarily inhibit 

budding on returning the yeast to its growth temperature (Walker, 1998a). In this study, 

the size of yeast was determined using a Malvern Mastersizer (long bed version 2), as 

detailed in Section 4.3.3.1. The percentage error in the average yeast cell size of four 

replicate samples of yeast supernatant was found to be 0.74 %. 

4.3.5.2 TREHALOSE 

Trehalose is a non-reducing disaccharide of two glucose molecules (Oliver, 1991). It 

accumulates in the cytosol under conditions of nutrient depletion and was traditionally 

regarded as a reserve carbohydrate. However, Wiemken (1990), found trehalose to 

accumulate in yeast exposed to environmental stresses such as heat shock, low 

temperature and chemical induced desiccation (ethanol and hydrogen peroxide). It is 

hypothesized that trehalose acts as a protecting agent which preserves the structural 

integrity of the cytoplasm (Section 3.2.3.3). 

In this investigation, the trehalose concentration was quantified to ascertain the extent of 

cold stress in yeast. It is postulated that the degree of change in membrane fluidity as a 

result of cold stress is related to trehalose concentration. The greater the change in 

membrane fluidity, the greater the amount of trehalose produced by the cell 

(Section 3.2.3.3). A decrease in fluidity may cause cell membrane to become more 

susceptible to developing leaks. NIR spectroscopy was used to determine trehalose 

content (Moonsamy of aL 1995). The method, together with sample preparation, is 

described in Appendix A.8. The percentage error for replicate samples was calculated to 

be 3.8 %. 
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4.3.5.3 HEAT SHOCK PROTEIN (HSP 12) 

Yeast cells exhibit a rapid molecular response when exposed to elevated temperatures 

(Section 3.2.3.1). This is called the heat-shock response and leads to the induction of 

synthesis of a specific set of proteins, called heat shock proteins (hsp). Several hsp have 

been shown to perform molecular 'chaperoning' functions in yeast cells (hsp 60), while 

others are implicated in conferring thermotolerence (hsp 104, 90 and 70). It has been 

reported, however, that other environmental stresses (for example ethanol) also elicit the 

synthesis ofhsp (Walker, 1998a). 

Until recenciy, the cellular role of the family of small heat shock proteins hsp 12 was 

unknown (Walker, 1998a). Sales et aL (2000) observed that hsp 12 protect yeast 

membranes against desiccation. These proteins, located in the plasma membrane, are 

thought to interact electrostatically with charged groups present on the membrane 

surface. It is postulated that hsp 12 forms hydrogen bonds with proteins and glycolipids 

in the membrane, thereby providing a hydrophilic net that prohibits extensive water loss 

from the membrane under conditions causing desiccation. These water molecules 

contribute to membrane stabilization by preventing membrane phospholipid fusion 

(Sales et aL, 2000). 

As low temperature stress may result in loss of cellular water and altered membrane 

configuration, concentrations of hsp 12 in cold stressed yeast were determined by SDS 

gel-electrophoresis of protein extract This was carried out at room temperature with a 

150-volt direct current The method for preparing SDS gels is detailed in Appendix A.9. 
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4.4 RELATIONSHIP BETWEEN YEAST PHYSIOLOGICAL 

CONDITION AND FERMENTATION PERFORMANCE 

The response of the yeast quality assays to differences in yeast quality resulting from 

physiological damage and their relationship with fermentation performance was 

investigated on healthy and stressed yeast. The yeast was stressed through a 72 hour 

storage period at elevated temperature followed by heat treatment at 80°C. 

4.4.1 EXPERIMENTAL PROCEDURE 

A stationary phase yeast sample taken from a yeast collection vessel in a commercial 

brewery (4th generation) was diluted 1:1 (mass ratio) in phosphate buffered saline (PBS). 

1bis yeast was termed "healthy" and characterized by a methylene blue viability of 94 %. 

A second sample of stationary phase yeast diluted 1:1 in phosphate buffer solution (PBS) 

was incubated in an aerated 30°C shaker for a 72 hour period over which a loss in yeast 

quality as a consequence of starvation was assessed. A sample of the physiologically 

stressed yeast was then placed in an 80 °c oven for a further 30 minutes. The resulting 

yeast had 32 % methylene blue viability and was termed "unhealthy". 1bis, however, may 

have been an over estimation of viability in the heat treated yeast population as 

methylene blue does not correlate well at viabilities below 50 % (Section 4.3.2). Aliquots 

(5 mL) of healthy and unhealthy yeast were inoculated into 60 mL MYPG media of the 

following composition: 3 giL malt extract, 3 giL yeast extract,S giL peptone and 10glL 

glucose. Each flask was stoppered and fitted with a glass tube containing silica gel to 

absorb any moisture evaporating from the flask (Figure 4.4). Further, as an added 

precaution, a flask containing water was also prepared to serve as an evaporation controL 

These flasks were incubated in a 30°C shaker for 24 hours and sampled every two hours 

for the first 8 hours of the 24 hours period, and thereafter at 24 hours. The mass of the 

flasks before and after sampling was recorded. Any mass loss observed between sampling 

was attributed to carbon dioxide evolution. Samples taken were analysed for glucose 

concentration, biomass concentration and methylene blue viability. The cell growth rate 

was determined from a plot of the integrated form of the Monod batch growth equation 

(Equation 4.3), where Cx is cell concentration, f.l is growth rate, and t is the time. 

(4.3) 

52 



GI." rube conr .. ,m'g .tltc. gel 

Srde Inn for •• mphng 

Fig .... e 4.4 A ppaCl.tus uicd In small,s""!e fermentations 10 aSSCS! yeasl ntaltlY. 

4.4.2 EFFECf OF STARVATION AND HEAT TREATM ENT ON 

YEAST 

The re.ull. of (he ),,, .. t qu~!((y ""3)" for th.: phySIOlogIcally stressed )'c~s( (1I",'Caoon, 

Induced by itOt:lb'" ~t }O "C) ~re SNen in Flgurc~ .\,5 and 4.6, FIgUI<: .\.5 show. ,h~1 rhere 

"''Os 00 ,hffcI<:ncc '" r<l!~1 cell numbe r In suspenSIon wnh ,n".easmg phptologlcal ~1tt'S. 

(sta,,'ulOn, !nduccd by SfOf'ge al 30 "C). Hence me phy",ologtcal SIre," !!"posed w.s 

Inad"'lu>te fa call~ cell autolj"ts, There was howe,..,. an ,nerc.se '" Ute external 

rrOle~sc absorbance (Figu.tc 4,6), 5ugge'l'"g l los. of cell memhrnnc 1I1tcgnty (p''''''\ cell 

d,sruptIOn), The ",ete.,e In me.h) lene blue (hlB) stammg show. an U1cre.~ In .he 

numbo:r of membr:Il'lC damaged and mctaboltcally In.em·e cells, os Indicated by (he 

decrease ", ,ciabulty, v.'1Ih l11Cre>oSblg exposure 10 1I.,,'.non suess (Fig~ .\.6). The 

subsequent he .. Uc.lrnenl of the ph)'slOl'1,<\co.ll)' srns..:d ye.st resulted U) furthe. 

'""mhmne dam,,8<' .nd en~}'mc dc;J.cm .. uon (fable 4.2), As rnscusscd '" s.,cuon ~ ,32, 1 , 

me,hylene blue IS .n millator o f both mcmbt:lne In' egmy and the obill!}' of ,he cell 10 

hydrolpe the dye. The lUC .... SlUg prol~o ", absorb:mce obscl'.ed wlIh decrcoslug ,'",b ,h!}' 

(hgur~ 4.5 and T.ble 4, 2), furth~, support'S the hypo,he." th.t methylene blu~ meaSures 

membr:>.nc mtactnc<s, 



7.0010+ 0 8 ., 
6 0010+ 08 - • 

i S.OO1!+ 08 
4 .001! + 08 

! J.OOl!.+ 08 
2.001!. + 08 r ~ 1.00£+08 
O.OOl!. I 00 

• 

0 ., 
" " T Lm e (II< ) 

Figure 4.5 The elUl"l1! of (eU di'fUP!101l on upoI'mc to phl·SH>logoco.l 'u~~ (mduced hy 

100 • 0 .40 
• 0.35 • • 80 .---" • 030 0 

j 60 0.25 ~ 
~ ;; 0.20 

40 • 0. 15 , 
" • • • 0 . 10 § 20 • 0.05 ~ 

0 0.00 

0 20 40 60 80 
Time (br ) 

Figure "' .6 furffir cell memb ... ne cbmagc Ofl U""" ..... to physIOlogical Itn::ol (U1duced 

hI' ",o"'S" 31 WC) <k!emuned by ~Ihl-k .... bl"" IlaIRlng and pmtu5f: .bsorb1nce 

... Mnhyltn<: blue '"J:OLbwty, • pmt.,.", absorlunec. 

YOSt <j"'''''y ass.>}" I1 ClL lthy yns, Ph)'"oIolt"",lIy,irClII,d 1 /eat !rdled l'cUI 
Yea. , rUncallhv vel.l) 

~m ,,,,,biliry ~. " " 32 

I'mlen", ab.mbaner O.o.t6 0.160 0.357 



4.4.3 SMALL-SCALE FERAfENTA"nON OF HEALTHY AND 

UN HEALTHY YEAST 

Small Kale f~nncnt:.tlOn raulrs for he.oJlhy mol unhe •. hhl ($.an'~d and he .. Irn~d) )'cast 

all: pn:"nt~ on F'gurc$ .. 7 to 4,!1 .\ suong co"datlon lUi ull.lltU'l(:d bc:t"'UIl 

fcmv:nt:.UOfl pc:rforrnanc:e (btOl' ..... pdJ, ceU gr<n>.·th "'Ie, ,ub,tta.e u,u,zaoon and CO, 

evoIunon) and the- vlabwty mUtClLI<.>",. In Flgull: 47, unhcalthr }", •• t (,tan'cd fv. 72 

hours at .300 "C follou'cd by 30 nunutco <.>f heat tu.anent at SO "q, exbibned • reduced 

boom .. , ylll'ld compucd t<.> healthy J",nt. 11, ... gr<.>wth rate. obtamed avet the 2 to 8 hour 

gfUwth pc:noJ wen: oliO IOll-cr on unhealthy }-C:l.St. 0.0086 ht' compared WIth 0,OJ43 bi' 

(Ot healthy yeo,t (hgLLIl: 4.1'1 and 4.9). Jone. ( 1987) .cporn that rcphc'Ol'c compc:lence III 

)·c .. t 1:1 depc:ndcnt on Ilfl Utt.c! and fUllClIOnong cell n-,.,mb",ne, Hcn«, Ihe membrane 

damage oblcn'cd on staf'\'mg and hn t treating the yea.! may h,I-c affected Its ablhty 10 

n:prodl,M;c "l"h(' $uhstnte u"I.'2,lIIon prof ties, '}>o",n on Figutt 4.10 .h"",· a ~cn:ascd 

eXlen! of .ugar uptake UI unhealthy yuSt (aml"red to the healthy )'UiI'. The glucose 

concentrations at the: end of fermentation ,,-en: I giL .nd 0.05 giL respc:cu"ci)' 1be 

ob~n'ed n:d"cllon III gh>cos<: ,,!>take may luve been .I"" t(} thc p,ell<:r>« of <hmagcd 

memhr:lI1e, ond enzyme ~actl\"aU(ln ,n unhcahhy yeut (MB Vlabwty, Table 4.2). Donag 

the fanl IW(} ho,," of d~ .mall'Kale fe nnenullo .... healthy )'ca" (','oh-cd J 1IrDe. as 

m.Kh ca,bon dlox"k (CO,) .~ unhcaltl,y yellst (Flgt>rc 4.11 ). Qu:un (1988) "'ports duol 

)'cut uullze ,heir 11It('mal glycogen 510"" on the fin< st:.gcJ of fe'mtnt:.Don. Wal.kcr 

( 199&) "pon, thll )'eut 111 nut"""t depktcd media US<' onu2<xllul ... gI)'cogen to prQ\'Kk 

energy for gr<n>. .h an.d m:untenaoce. Thus. " mal' be <Je<.luttd duol ,he prc·tnOCUI.aoon 

gl)'engen coment o f the huhhy yeas. " .... gn:alCr 1han ttu, of the unhc.oJthy )~as •. lbc­

.u1)JC:qucn' hell lrClImlent 10 the yellS! m.f NH aloo lead 10 <hmagc o f enzyn>CS 

nscnnal fot gluc:O$r ~t2001tom. tnultutg 111 lower (.0, ptoductlOfL .... flCt the 24 h<.>ur 

i~11llCn\ll"on ~O<.>d. the hulth)' )l:"'" ",ooI,-cd appnulInatdy I...-",e as m""h CO, as 

unhealthy)-east Ma» 00 d"" to e"ap<>raoon ".." found to be ncgbgtblc III eon,p:uaon 

ta tlul\wt "11 CO, e"oluuoro. 
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• hea!!h)' ~nd . unheahhl' yea't O"er a 24 I>our pcnod . ... C""P(>t:Ulon cnnlrol, 

4.5 CHAPTE R SUMMARY 

S'X .n~l)llCll l'",:unet"'" 10 ,<knul) :arKI quanllfy I loss of P,Ut qu>llIY h"'r b.,,,,, 

pn:~ntrd. ~ mdudc • ..."n (or tht rrk...., o( mtracdl",l.or compo\mds (protuw 

~liS')")' ccD <ie>lh (_th)" lcnt blue ,..mwry). ceD reproducuon .nd mct..tJ.ol,e ael1HI)' 

(,nuD'5<:lk (cm>entauoou). IDuaccUu[;,r IeSCn'e U>d!cltlln (g1}'Cogen Inay). cold , hock 

n:)po!u"" (ucho.losc, hsp. morphology) .Itd me .blln}, of the ceO en"elopt' to wnhmnd 

h)drodynamlC , UI'II (fr:agiliry and haze .nalr"'), 

The n:buouslup ber ... ·ccu }""asl phrs,ruog,c.l co",luion .nd 'truLll·le.le (cfluem.non 

l",rformallCf "":I, u1\·",us"ed 10 v:ilidote dWlICe of anal)'oc.l method~. Mcrh)'lclle blue 

"L3hdJry a"d prot'~ relea ... asU)"S werc u.cd to .. ,e .. a 10 .. of )"",151 qualLty .. I ""\~I 

of "''''auon Itld hcar li re", The bos of l""~" qu~ILty w.s rel,ncd to memhr,""" d.truLge 

and ""z)""'" duell'''lInn, and ar(ect<-d .ub'C<Juent (",mentauo" p".formancc nf the 

ye",'. Srrcned YU I! ,howed a ",duced ,.~t~ and eXlent o( gtOwth whe" comp".,.;! 10 

lIe~hh)' )'U5', 'n,~ CO, a ... d sul>~lrnte utili~auo" w.la from snuD·seaJc fcn,,,,m:otloru .Iso 

showed , h~( 'he hcohh), YC:OSt ""'s more m(taholtcaUy actn·c man strCJl.ed ),eo"t. Til"" 

TC,uhs sugges, t h~, .cccknued ~ truLU-Kalc f=nenbllOflS an be U«:d cff«t1"cij" '" 

dC1C""""ng the dfC<:fJ of I)h)·,'c.l mes, on )""UI WOVI'th ""d ,,,,,,I.boIL.m. 

j 
• 

• 



CHAPTER 

5 

EXPERIMENTAL PROCEDURES 

This chapter g"'''' ~ detailed ,,,count of lhe experiments p"rfonned to ;t.<;sen the 

potential for . loss uf Y""'" qu.lny as a consequence of coohng In a Jacketed agItated 

v<'Ssd and In I he.! exch.ng<:' 

5.1 INTRODUCTION 

The poTential for a loss In )":0.$\ qUllliry dunng cooling is • function o f (pugher and 

Slmlh,I,),)5): 

i) yeaS! ccll condition, 

u) growth \cmp"nrure. 

ni) ccll growth piw<', 

IV) tcmp"",rurc 1':1IlS" over wruch coolmg" performed, 

v) cooling r:ucs employed and 

"I) level uf low molecul.r ""e.gh. prul.cc.ants on the )"east. 

The system> cum","" In tlu. study ore m:<I.I1I:>.I1.,.,"-, cooling of yeast slum.,. b )' 

dihulOn, ~Iow coolUig III • jacketed .gll.ted "CSS<'~ and r~I'Kl cuohng In a heal exch.ngn. 

P.nmeters ",,·csug'!I.'u IncluJ.: .he cfften of dJJU(lOn, fln.l tempe .. llure .ft<" c<.>Olmg 

and cooling r:u~s on yea,! qu.ln),. Experuncms WCrt carTI<..! out on th~ comrnerci>.l y .... st 

stralll, SIJaWromy" rtmuiolt S,\B 5 Th~ )'c~.t w.s obt:uncd from c...t1c 



U8'-"- }""as! colkction "~s.cls (YC\) at ,..., South Afncon BI"("Jo'cno:s-N"",bmk As • 

result, the rc:.~t gro'A-th tmlpttlNrC (1 -1 "c fcrtnmtlUOf\ tcrnl"'nru,..,) and (eU g.o.nh 

pl",~ (''''''OJUry phasc) ,',e,.., k~l'l cons.a'll. The gmc ... tIO!l nurnbn- of yeuI, defmed)i 

lilt nwnb...'t of w".,,, Ih" )"CSst Ita. been used III brcu'ery f"n""mluons, "'lIgw £'Onl 

th,,,,, 10 " ... 

5.2 COOLI N G \VIT H DILUTION 

In the propoted coolmg sch""", (Chapter 3), cropped )·co.n.1 1-1 t'c" d'iuted with 12 "C 

dUelllt"d. non·a.bon.ted " .. tet The cnsumg nuxrurc III "&,llled and cooled wnh glycol 

vl~ coohn)!: Jackels 10 4 ~C al .pproIDnalcly 2 "C/hr (\Viltl and Ma,er, 1900). n,,, pOl~lb1c 
"'CSSO!I cuct ~-d on the yeast ore: 

• O~n'OtLc .(feU on dJlunoo. 

• Sh~.,,, ,\n:S! due to ~g't~"on 

• Cold SLrct~ f.om coobng 

The c"p~"mcm.1 procw",.." dc.enbcd In !Ius ,"""uon Wen: used 10 ascertain tl,e effects 

of dilution (as ~ funcllOn of OSmOlIC mess), IglUtJon, .... pld cooImg b) d,lutlon, and lin..! 

coolmg tcmpc .... run; on )'Ult q..abty. 

5.2.1 EFFECT OF DILUTION ON YEAST QUALITY 

.\ cropped )"".51 p"'plc "'':15 obt.,ned from • usik Lager YCV .t the South Afncon 

Bs-cwcncs. The, )·co.SI "'':IS cmln£~ ot JOOO II for 5 IlU/IUt"ll III • Bccknun J-25 Annn 

cemnfugc. Thc .el ullUlg lupem.W11 "'~s dJ.sca.rdcd and the ,.., ... 1 tcsuspm<kd (10 

'""XItnlSC .ny OSmotIC Ihock, Sc,coon .l3)'1 • "'ng~ of '""5' I"IlIOI ( \..1, 2:1 and 1:2) III 

each of Sl~riliso:d dcaculcd. dcloruKd "'''Ier, phosplta~e boIfl"er lahne $OIuUOl1 

(PBS)(conuol) and M't'PG nt<du ~I 14 "C. The 250 mL Erlenmeyer Dasks conl;unmg the 

yeaS! s\"mes were sulcd 10 P'''''CTlI o"y8"" mg.us and Ic:fl .1 room le"'pt'l"Iru..,. The, 

flasks w""~ pmpk,d ~vcry :zo m .... u'", fOif -I hours, aoo .nalykd fOif ctD rnr",b"",e 

dH:ugc (Prol~ .d .... -.:) .nd ccD d~-ath :lltoClOtc:d With memb .... nc d",",,8" (mc:th)'1cnc 

bl"" ,·",bduy) • • \flu 60 mmu.Cfo, 5 mL ."""OIS o£ Ihe Y"~SI ""ere ~mpkd, ana)"cd for 

gl)cog<:n conten, and then lIloo:ul"tWm,o r",.h grQ",tll mew,. (MYPG). The lusl",nSloo 

",·~s !hen .... ""baloo III " 30 C Jhakcr for m .... tabohc "em'Lf)' Icsuog (s m21l """Ie 

r".n",ntaoon>, s....cnon 4.3,.4). 



5.2.2 EFFECT OF AGITATION ON YEAST QUALITY 

The pmn"ry f"ncllon of at;u.uon " to ~chl""" homage"e!!}' a f )'eas. slurry "'lIho"t on)' 

dam.ge to i'".St .;:dJS (S«1I00 2,5, I), Jnll1f)' to rIO"'" as • l1'Sult of agnallQf1 IS • function 

of agll.uon rote .IX! £1wcl ""CO:;IIY (L<'nllll1 tI al,. I <}<)2) , 111 ord". 10 u"',,sog.lc the effect 

of aWlaoon on yU8t qwolit),. 11 i. unportant to .rurumi,e ph)'~lologlC:il Slrt:<. on Ihc edl •. 

Th;" Can b., .chlenod by muurrusmg metabobe processes Ul )'U", thus p,e"cnong the 

accurnuiaoon of CO, and ethmol to loxi.;: le"ds .nd the gener:ooon of rnet . bobe he.l. 

Thefic foCI"", make )'c"., cdl< mu'e susccpuhle t" mech .. llI.;::il u.magc (Srnarl " II/., 

1<)')5), 

Yeast was olmuncd from a brt'We.y YCV md centnfuged 31 3000 g for 5 nunUlcs m " 

Ikckman J -25 A"'nn ~mtifugc, lbc .uperu.tm! WaS dtsur<lcd and the ),c;t.S1 

resuspended m 14 "c ",erue <lcaernted, dnomsed water 10 fotm a lluttlcnt depleted 

su,penslon of 30 0,. conSIstency (on " ma .. ba".), A 200 mL aliquot of yea" .lurl} "'., 

Ih"n pl".;:cd III each of two 250 mL beaker., The yea" III olle n",,,d "" .. 'g>tatffi at 

570 rpm (h.sed on ,he .,'c' "S" up .peed of brewer; sto'.g~ "esse] agll~to", "f 

'pp'Olutnatdy 1,5 m/s) uSlltg " pnched.hl~dc Impdler of SO In", In diamcl~t. To fu,th", 

pre,'en, mctabolic acuYlt)', ma~robic condmons were m.mt:>med m lhe vessel. hy 

ctrculatmg JUlfOS= gas through the headsp,ee (Ftgu,e 5,1), 

Ga" out N, g3s lit 

/' L-----'~easl suspension 

Figure 5. 1 EqUipment S<:l-UP fo, agll:tuon apenm.;:m~. 

---
Pitched bbde 

,mpeller 

The experimenT """" co",ed OUI ~t rQ("" rC"'pelOlture 0'·'" , four-hour penod. The 

"""sci. we,e ,.mpIM! evcry 20 m!llutes 3ud ,n3!ysed ro, cell meml>lOlnc damage (prot"ase 

rele.,e) and cell death assOCI.,ed wllh "'"",[n,ne donuS" (m"'h)'len" blue ,·,.bllny), A 



h~~e analp.1lI ""~f c~mw our on ,he j'c,,, a, .he Ixgmmng ~nd ~ •• m, end of Ihe 

c"P"nm<:m Af.e. 60 mUlu ,e., 5 mL a~'1nol:S of le,.., ,,'ere sampled. ,.. .. red for gI)'c~n 

comen, "nd Ihen ",(\Cub,cd ",10 l\{\1'G """dr. frn me,.holK: .eun,}' 'UIU'S. 

5.2.3 EFFECr OF COLD STRESS ON YEAST QUALITY 

Forghc, .nd S'IU,h (11)1)5) I"'por, ,ha, • Iou '" r~"'" <ft.tIbry dlK '0 cold suns ... ff.,."ed 

b), the '~m!,"tat[l"': ,... nK<' <wei whICh coohng IS pcrfor""".;l In tiltS stOO,'. CXpt:nrncIllS 

\\'e"': urned 0\1' to ~laW"h the eff~t or finol eoohng Irmpct>1rure on ye:tsl 'lua~ty. To 

dClcmll!lc the ,nn....,ncc of (oolu'8 ,.,It", on the ex,ent of cold 101til) o:ptlXOCW by mSI 

r>TI co(>~nK by d,l"uon, an cxpenmcm compumg fut cooling (mst.n",nrowo) .nJ slow 

c<loling (2 "C/hr) was performed, 

5.2.3. 1 fiNAL COOLING TEMPERATURE 

Ye." from. b",,,,cry YCV "'os cICmnfugnll'JOOO g for 5 !TWlnt"'" In alk<;kmanJ-25 

:\".m, C(nlnfuS'" The wpcrnal.nr ""f dlll<:udcd 100 lhe j'ras, .... $ re'''spended (30·/. 

conlls,ene},) In 1 ~ "C, 12 ' C, R 'C and ~ -C ileole ~d dcxr.\led "·aler. ' \1,e ),USI 

W05 rruom",,.,.,d ., Ih~ ,empcnru~ fOf ~ houn b)' "'w:' of Ihree progr:o.mmahk 

.. dogen.ed Clfcuiatol'J (lulobo FI2-EC ClIIUcl. FTC-3000 flo .. ' through ChtUcr or lITE­

S Endocol rcfng.enued cucubtot) (I'~urc 5.2). 

N, If\ al1d \'IUt 

o 
~ 

y tnl .luny G1rcol 

Gl)'collcmp 
mt.ltCnlO! 

Figure 5.2 E'I"'P""'nt s~'-up '0 d~,ernune effects of cooling by drhmon on yea .. qu:o.hry 

,HI( r 60 111ll1UICS. 5 ",L abquot. of yeast ",ere UlOCUla,OO mto :\{\-I'G "",dr~ for vlIol,,) 

le'tmg. Furthel .amplts wc~ L:lk~11 ovcr ,he duration of !he el<pct:lrr1tnt ~nd .n~l,..nl for 



C(U membr>n~ [hm"g~. ceU d~ad, n$OClo~«I wuh m~rnbt:Orw: dam,S<'. cell w~U dmtagc 

(f",giIil}'), ph)·siol<>glcal stress rnwcator. (morphology, trehalose, h,p 12), glycogen 

colll,'111 .00.1 ch""~ lfl metobobc acm'[I}' (.m.U-scale fcrmcnt~llo,,). hagibry test.'! W~rc 

done on the r cosl .f'e< 120 nllOul<'S at ,-.nous fm,l cooling lemperatures. 

5.2.3.2 SLOW AND FAST COOUNG WITH DILUTION 

Y~ast Wa5 centnfug<-..J at 3000 g for 5 nunuiC5 ill a Bed:manJ-25 Annn cemnfuge. The 

supernatant wa, dac3fdNl .nd the y""'t W3S r~",u'pcnd.,d (30 0/. con~ls~cncy) in 12 "C 

.tenle dClOOISed dc.e"'~<..J ",,~tCr and cuolc.l ~o 4 "c ., 2 "c pe. hour In • )Ocketed 

.gll.ted ,.,,,,,,1 br .djusnng the glr<:o] tempe",cw-e with a programm.ble Julabo FI2_EC 

Chllle •. The J'cast ,us[","'lCIn WaS II'L'O held at 4 ·C fOJ • fu.d,,! 4 h(>u". S.mpks ,,'efe 

taken o'-cr tim p"nod .nd an . lr""d for edl mcmb"'''e d>m.f,'C. cdl dcolh .s.oc,"tNl WIth 

memb",ne d.mab"', cell waU <brnagc (f"'gduy), phJ'SJologo::.1 stru. uuhcatnu 

(mo'l)hology, treh~lo.." hsp 12) glycogen eotUem and ch~ng<:' Ul metabobc actwII}' 

(~mall-.calc fermcntauon), Small-scale fcrment>tion. we ... conduct~d "n umpl"!' 

c"lIce!eu aflC' 60 mHlU!c' at 4 "C. 

Another batch of cemnfug«l y.,~'t was fast cooled (3 'C!.« eoohng rate ba.ed on an 

cSlJrn,u,d mixIng nme of 3 SN:o"d. Ul the )~ckctcu agualcd vessel) h)' 'dllSl",oslon (to 

JO % con."lcnc)") [n" "c ~Icnlc dcuJIllScd d~ac",cd ...... ter and m""'tameu ot" "C for" 

hours Ul a jackeled 'gl1,tcu "cnd us"'g ~ FrC- 3000 now through Chiller. A. ~ control. 

yu " W 3 5 also dtIutcd Ul 14 ·C stcnk: dClOrn.cd d""c"'ted watcr and kept at that 

tcmp<:ra= WId, an RTE- 8 Emlocal refIlgc"'ted cII<:u1otor for 4 hours. Sample. 

obtaUlcd " 'CfC anal)")C(d III an ,dcnucal manner tn thme of ~hc slow cooled ye2.St. 

5,3 COOLING IN A HEAT EXCHANGER 

Dunng y .... ,{ handling, cropp"'u )'cast IS "'pldl)" cook-d from. {crmt'manon temperature 

of 14 "c to a SiOr.lgc l~mpc:""Ure approachmg 0 ' c hJ' £'l'~S3ge through a heat cl<thanb",f. 

Based on 0peronJ1g coodlllon. 01 South Afncan [i .... ,wcnc.-Ncwlands (110m. 2000), Ih,' 

ycast u cooled u a "'Ie of appmxllnatdy 2.3 "C/S<:.C. (' \ppendix B) . In tru., .tud)', .... ork 

w .. conducted to 1O\'esugole the effect of cooling <ares employed '" ~ hut exchanger on 

yeaS! quabt}'_ 'ibis wos doll<.' In onl.,.. to Identify cooling [lite. (cnncal) ~Ixn'e wluch cold 

Ullury 10 yeast ..... ill unp"'ge on process p"'rfonnancc. \l'o<k was a1.0 conductf"d on-line ., 



r-;""-I;o,,d. b"",-ny ." u~ "'" pore" .... 1 for ~ I"",! of \..,~" qu.ahl\ <luo"1I: co.:,j;ng umkt 

.oullllc b.e ..... en <>pCnltJnru. 

5.3.1 COOLING RATE 

Ye:LSI ,,'U ccnwfugcd at 3OUO g fo~ 5 ..-w1"'''S In a Hccknun J.:!5 ,h~"'t ttu,"fu~ m<l 

rd~pcndcd 00·. co<mSlcncy) m \4- 18 '·c u.::lenltcd de,rnuKJ \n'~r, l'smg a \\ o,son-

7'>brl,,,,' J I JS roUer pwnp. the )'ca~t ~u<p<'nsI011 "':I.S pumpo::d through.:! m COl)po::' rubLIIg 

«, mm Imenu] dJ~m(!(e.) .,.151<:d 11110 cotls (fIgUre 5~)_ T~ cod. "ere iubmcrged III 

lPP",SttnOld) - I 'C lrhd ... "c glrcol Coohng nile. were "aned 1»' .dlll.rm!l; the )'''Ut 

tlownllc, The eoollng nltes achtCH-J "'''8''d from I '0 "' "C/>cc. 'n'e fm.! cooling 

,,,m,",,,nllu.c. obt:uncd.,.n Oow'nlles nrtc<l OC'W'CCll 2 and 5 'CO 

Chiller 

\ Thermom,,! ... 

"1'1, ",mOme!Cr -;=; / I' 
.~ 

~--
0 

0 t- -

~ 
.L., 

Yeast \ ~'\COMX' y"" 
rt:S('f'.·Otr 

]'ump 
""", ... -ou ~O" 

. 

Y""st ~ampl .... werr: collcc:.cd bt-fot'C lud after e"ohng and allal)'scd for teU IIKmbnlne 

.wn.ge, <xU death as..oaalcd .. -"h mc:mbnl"C obITlap:<', <xll ,,-all <brmw (f"'-Kilt'" IInC 

"",,.,n:tI), ph)"Olo\oglcl.l mn~ I1IJICOIOfJ (ttch.k",,), gl)"mK"" oo",et\t a"d ch."W'" 1fl 

""''''oooc :oem HI '.m~U-M:ak fcrmctll:luoll). Snull-KaI ... fcm>Clll.u"u, Were c""dueted 

Wllh .h" uncookd f"an (comr"~, .nd )n" cooled~, l.l.\ ~lld ! C/~c. 



5.3.2 YEAST COOLfNG IN T HE BREWE RY 

Poslu"e '~SpbcC,,' ent p"mp' are u",,! m the brcw~ ry to transfer yeast from L1,e 

fcmlent~tion "esse! to Feast collecnon ,-c ••• ,b. During cwpptOg. the.., pump. may be 

opcmted >1 nass flow mtes rangmg from a nurumwn of 60 kg/nun (57 L/nun) to a 

m.,um"m of 80 kg/min (75 L/m'u) (Theron, 2(00). To . sse •• the potenll"! for !015 of 

yeast qmlit)' on coohng. cropped rca,t (14"q wa s pumpt.><i L1IIOugh a plate And frame 

heat exehan~er at 40 (38 L/min), 60 and 80 kg/min (Figure 5.4). 

/ 
Fcmlcn",tion 
VeMd 

POSJU\'e 

di.placeme", 

Chllicr 

/ 

samphng 
POlIlI' 

ToY" ... 
CollectIOn 
Ve • ..,l 

/ 

Figure 5.4 Expenmem .el·up '0 detemun .. the pol .. nua1 for loss of yeasl <ju~lity durmg 

mpld coo[,ug to l lm:",e. )". 

The fmal (Q<:Ihng tcmp .. mOIre of the yeast was kept con.mnt . f 2.5 "C by . n auronutcd 

control system that nricd the coolatll (e thylene glycol) flow rate. Y ... 1St <jll.lli!} (cell 

memb .... ne <Ian",!>"" cell death .ssoclated w,th rnetnbr:tne dam.ge and ( ell wall danuge 

(haze» was aw.ly..,d pnor to and aft<'r coohng at each f)O"'Tare. Y ... SI W,l< also pumrcJ 

through the heat exchanger wnhout an)' coolmg in order to uses. any hpirodynanuc 

effects on ycaS! quahty. /Iler:.bohc ~cm·tty ttS'" we,"" do ne on uucooled )" ..... t. and y .... st 

puml"'d through tbe hear cxdtangct at 40. GO and SO kg/ mul. 'These f1o,,·rate. 

(of"{espond to coohl1g r:>.t~. approlUIlUtcl)" Ctjual to I, 2 and ,3 "C/ s<--.::. 



CHAPTER 

6 

RESULTS AND DISCUSSION 

In thIS ch"pt~, . th~ results obt:un.,d from ~xperimentl; to ~t.bli"h th~ cffcclll of coolmg 

of diluted reaM .lurnes III • ).cketcd agno,ed ,·en..! and In • heat cxclungcr on )'e~t 

'lUJ.~ty an:: p."..,med and dIscu,sed. 

6.1 INTRODUCTION 

The "xpcnmen!. p<:'form~..:l to .ssess the potc"""] for "- loss", feas. ,{"ali.y as" ,,,wi! of 

C()OIUlg of dduted )''''051 flumes III "- I.ckc • .,.j agn.!ed "else! and", " h"", ""dunge. arc 

detailed on eMpIe,S. These ""penmen,s we,,, camoo nut "'I ",der to •• cctl'lln the 

cff~-ctS (If OSlnotic ,hod, final coolmg tC""(I<'r:lturc .nd coolmg I'Ille 011 the phYSlOlog'o:a] 

.me of y e<lSl and liS .bw\)' to wHhslt<nd subs"<jucm "'<:charucol handhng. CnUC:I.1 cooling 

""': •• b(wc whtch cXICOS1"c cold "'Iury ,,-ill occur Ul yea.! were sought. 



6.2 THE EFFECT OF DILUTION ON YEAST Q UALITY 

'J.:. d~t~nnln~ Ih~ dfe<:l uf d,Junon on feul quality. unwashed ycasl 0.1 14 "c was 

r<"S,,"pendcd III ",'h of'tcnlloed d""cra,,,d, dc'oru."d walel: PBS (con trol); and M\1'G 

nulrlcnl m<:<ha., 14 "c at man "'1105 ofy""~1 10 diJucm of ]:1, 2:1, .od 1:2. S~mpl ... 

WeTC ,oU«ted QYN a 4-ho", peno<l and anah ... ed for cd! membron( danugc (pt<)I~~SC 

,dca,e). cdl d"",h a~'OCIlIled "·,,h oncmb"mc J,nugc (mcthyl~nc blue d1hihty), and 

change! 11l gro,,,;tb ~nJ mct;lb"hc >enrll)' (small·s .... l" fermeni::1UonS 1tI MYI'G med!:> 

"11h mmal gluc~c (onCem",Oon of "pproxlm1leiy 10 giL). 

6.2. 1 RESULTS 

The results of ,he us.p perform"':! on I'eas\ 10 dClcrmme th~ effect of dd"non on cd] 

'nTCllnly Ire gin,n in Table:-; 6.1 106.3, .\ .peCIfic pro(~5" ~b<orba,l(;c, Jcfmw ~ s 

p",lca~c ~b6orbanc~ per cell (M/ceU coum), "':IS okulatw III o,der 10 ~110\\' 

companwn aCrOSS ,hc cxpcruncnt The results In Tables 6.1 to 6.J show [hot ,here " ... , 

I ·J". change In !he h)(al number "f ceU, "LSpc"d.!d lI\ ,,'::nCt ~nd l'flS (control) at a 1:1, 

1:2 and 2: I ..wUt1()fl 1lIt10 wuh Wne. Therefore. the rn;rnOIlC ,tress produced b~' ..wuuon 

d!<.l nOl ,""usc c,U disrupllon. There ,,'as hO"',"er an ;"Ctc:l~C In cell ConCentrallon (12· 

26 ·'0) WIth )·c:.St ..wlltcU In nutnem mcdu ~t the \"anOu.' ma05 llItLcu;. 11m Inct""se was 

<.lue to r""~t growth. The mtegnty of a cell (IOtactlless of d\~ cell membrane) Un bc 

as,essed bv me~$u[lIIg !he rekase of uttracdJulu compounds (Mod.b. t/ "I., 199~). The 

t,,"uhs tn Tabks 6.1 '06.3 ,how thaI the pr01ease excre,cd from )"""" !nc",,: .. ~e<.l at low 

)·e:.Sf to dtillent t:ltJ(>!<. YC)ST dtilllM at a 1:2 "1U0 5ho"'cd ~n ,lmOlit 3 fol<.l lnereltSe In 

specIfic protC:tsc ~k~,c cornp~[ed 10 ye:.St ot 1:1 Or 2;1. suggesuog a decrease In 

intactneSS of fhe edl tnernbnot \\l1h Incret"d O'mj)t1c .tress. On d()!;c r !nspccnon of 

the <.lata howcyer. If Can be.een that there I. nulc dJfi"lencc III prot"".e Idea" uf ,'""Sf 
<.l,lulc<.l III ,,".,er an<.l PBS at the .-ano". dJlllt1('" 1lI11'~. Phpltologica!i)' buffcr~J ... hIle 

(PBS) ,. deSl~,'ned to p",,"eot ",mone stres. h)' 1{! ISOIonle nature, hence Ol'emillng the 

h)"po,hc5ls of!()S!l !.of lnl<"g"'Y due to O;lHO!te >IT", •. Sbughtcr ~nd Nomur:l (1992) ~port 

the cd"",,, of I'rot"".e u"uer condlUonl of mU"!len lun"~ ItOn. Th ... release <if pro!""...,. 

ani. lI\ the extt:lceUuI.or hreakd"wn of pm!"'n' 10 the ,urroundJng me<fu\ TO allen-ote the 

brm.:luon. Further c"ldcncc for thl$ " the con&l<!cntl,.lowcr changes m protasc aC!t\'Jly 

fuunu un .wllung )''''''' 1J\ M\,I'G (35-60 O~). M\1'G has both )"u," exuo,CI (3 g/L) an<.l 

peptone (5 giL) os mtrDgm ",,,recs. Hence prOTease ,dcase In Ihese expcrlments IS 

cvrrci.!c-d to mtr'>gcn linll1.UOIl and nOl os"'oue stress. The ceU YUbiliC)' d",~ In 



T~bk. 6. 1 106.3 (ollfum lhere ""', mm<>r «} .'.) cell dnth assocLated ""th mcmbr:l1lc 

danu&", and <"n~f~ ~tl\"lIon on resuspelKbug ynn LI1 thc dlI....,ms III ,h~ abscn'~ of 

nUlnalts. 

T :lbk: 6.1 Change lIt protnse .bso,Uan'~, lneth)'lcn~ b!u~ "lJLbdiry and tell cOUc~nt"LtlOn 

or )'ClI" dlIuled (I: I) LrI Wlru . PBS and MYPG o\"er • 4.hou. penod (t. = F rnal - IruuaQ. 

"'-, t. 5pt<,roc P"""'" >I ... ,fl ..... ce A '.~ ",,' "1"1 & Cd <oncmtr.non (,,·oJ 

\r .. « '" -15 :11),5 " 
'"' .. , -1Sl05 ... 

MYPG ,~ 10107 ~, 

. -~b.« tho IOlblll 1"''''' Co_o,uQ"" «db/mI.) ... \'( .... , ..... 117 Ii <OR l. 4 '>() Ii <06. PBS 3.1 Ii Hili 

l. J.2Il E+06 •• 00 In MYPG l2<i I'.OR l. I 15 P -07 

Table 6.2 Clung<" In p'Ofea:IC absorbo.oc<". ~rh}'lent bltlC' \·tlb,hq·IOO erO OOIlcrntuUOll 

of y~ • .r dtlurcd (2:1) m ,..lITcr. PHS and MYI>G O,'<"r ' 4·how pcnod ~= FUl:II_ lruual). 

l)d .... "! A Sp«.>6c~ .. ~ & '/, \..w. .. t. Cd e<>nc'''n._ r.) 
w."'. ,~ 20107 0' 

"" '" 15.10.5 " 
M\1'G ,-, 

1l.510~ '" .... " - «it " , ru., m W .... WI'. ' • , 
" • • .6('08:t OE 06. PBS 2.8 Ii OR1 

)0 £+06. ODd ... ~JYl'G 36 E.OR125E+06 

T:lbk 6.3 Change:: m prolea:IC absorbance, ~thyk:ne hi...:: "",b,hq' .nd cdl concenURflon 

of ye", r t1i1urnl (1:2) m " .... 'cr, PIIS .. nd MYPG O\"~T 4-hour perIOd (~'" 1'", .. 1- InIlLlL I). 

"'-, & Spc<,&c: pro ... "" .bo<"b,,,,,, ... ". \'ioWity ... Cd <""«~".a",, (%) 

w •••• ." • 20:1: !J7 " 
'" 507 - 2510.5 ~ 4 

~1YPG '"' 0,7:1:07 121 

• , , • • \"Ott", .......... n.1 )"'" «>,,«ntr,U"" (un./mL) '" 'It.,< • ...., 1 _ Ii OIl 1 70 F. {J}. I'BS 11)6 E 08 

! 1 I~ £+06, • .-..1 u. M\1'G 103 E' OI! 1 1 1 ~ £ +06 



Resulls of sm~lI-sulc rCrme1l1~1I0nS I<:S" OimL-d ()IJI on Ihe j"c"'t .flcr one hour 

",cub.non arc SUl1un.nsed 10 T"b1cs 6.4 to 6.6. Each fennent.llon wos done III llup1i~",e 

"nil the ~"er>ge reslilt .. prcsc,ucd on T.h~ 6.4 to 6.6. Typlcu cell growth and CO, 

L"\'oluuon prorllL'" oht:llilcd 10 the cxperuncnt~ llC illu.tnoted lit hgurc (>.1 anll 6.2 

res)X"Cm·d)\ Ye:>.!1 dtlutcd III W",ef ~nd PBS .howed ,urubr (wnhtn 1_5°,. of each <>ther) 

glycogen 001l1ctlt on Uloculauon whdst yeast dtluled III nUUlenl mcd!. .howed 

co"'p"rnm'd)' lugher gl;'oogen COnCC1l1f>1I0f\S (ij·14 ",'oJ. S~U tt ,,/. (1988) report Iha! yeasl 

cells m sug,,,-nch em·,ronment accumulue mu"ceUul.r glycogen. Glycogen 's ~ source of 

IImh mClaholtc energy and .,.rhon.bosed mltrm".JJ"te5 th.1 c-.n be mobthscd rnpidl)' fot 

boochclJUcal rcocoom. Sal] tl al. (1988) <tim report that under oondltlons ,n wh,eh 

exTem.1 nrOOn " lnruunS. mterrutl gI)'cogcn COneL"fHno(lOIl' decline. The Mn'G mctl,~ 

us.od III the ""P"flffi'"nts h:.d an tnUlal gh«:os<:: Conttntr.>uon of approXlJrultdy 10 gIL "nd 

an ,,"cul malt L""tnCI conccnlfi>OmT of "pprOXlJrultciy 3 giL. Results '" T.bk." 6.4 IU 6.6 

also md,e:"e that thele wos little dlfferencc 10 the CO, pclds «5 %) of the )'east on 

growth foUmnng d1Iuuon III \!l~tCT .nll PBS ~ t the ".nou, dlluuon 1':1005. Y{'~'t diluted 

III MYPC h",\"(,v{'t showed lughcr CO, pdds (7-16 0/0). 1bTS may h.'e be~n due fO lIS 

.upeoor glycogen c<>m~nl on lOocul.uo" ." the end of fermeflUuoo glucose 

cuocentntiom ot c~ch Ilosk we re du"", to '.eto «0.U5 gIL). Y~':I" growth and the .bililJ' 

of the )·e .. f 10 ,0.101'1 10 fcrmcn<~UUfl o",doa WetC mD!lHorcd by !n",,~unng the yeast 

growth r:1fe and bion,ass yield The growth r:lIes of Y""" in w~ tct ~od PBS wete I'Cry 

'mulu « 3 "; • .JJffclcnec) .t uch of the d,lunon rooOS whdst rca,! tCsuspended III 

MYPG sbowed sltghtly lugher growth flll<." (6-13 "!oj. 1)a;lIOn (1996) reports thai 

ph)",ologll'''l ,ue •• , such a. prolunged ex~ure to a rlutrtcm dcplclcd environment, m,,)' 

1c~d 10 n:duced growth pot~mi~1 ill )"~ •• t. On conducnng " !wo·" ded HC51 011 lhe 

bIOmass }"Idds Obtalocd III Ihe expcnmcnt$, {he null hypoth""", bcmg Ih~t Ihere IS no 

"grnficom <bffcrcncc bcN'ct:n !he 'Iu.nuu,,", '( \'~luC5 oorrc.pomlmg 10 the confidL"nce 

t1Ilcl'\'als lisled III T~ble 6.7 were found It was the",rorc concluded that there" no 

sISOIfic,," dtfference III hlOll'Us, pdd obt:>incd from )'e2!l1 dtlutcd m wowr, PBS ur 

MYPG. Osmotic ,u"". e>n dtluo<>n dId not affeci the }"Idol of y~ ... " m the fcrmcnt:mon 

fIK'<.!lum, bUI dod r""uit III ~ SlTull reducoun ill growth H te. 



Table 6.4 :,umrnary or ",tab!)' data of r"",l ditllt~d I: I 1tI waler, PBS .nd MYPG. 

"'-, GIY<"Il<n butut «u FuWaU B..,....n CO, CO, G ........ b 

Con'<n' "" <-onunn.non <OflCcn,,,,n,,,, ~',dd (<<D'/8 "",,h'ed \",tld "" 
"""",~ (<<U./mL) (<<U'/II1IJ """'"I W IY, "" 'J Wad\!/) <,. M ~ 1O' ",;,,,;") 

\"I ..... 19.23iOH 64() ± 8 %0 116 :!'Xl 1 9 0.26 ± O~ I :t o (1.147 ± 

'" "" 0,00(11 

~, 1 8.~$ -'- 0 98 6}{J1 12 941.1.28 291 ±11 0.27 1. OH -'- O.(I.IH ! 

00' , "' "~, 

M\1'G 20.88 1 063 6}8 1 12 ~" 2~! I! O,Ul l 04H . 00-479.1 

"" 0.02 ""'" 

Table 6.5 Summ .. ,y of ",tah!}' data of y,""SI dduled 2:] III "''lller, PBS .. nd M''PG. 

D~, GIy<~ trun..I «U hnal«D Bo .. .,. ... CO, CO, C"""" 
Coment on C<>nCcn,t>,,()Il cnnU u1t>IlO" Yield (cclli/g F\"Olntl Yield "" __ ubi,"" (ceD.lmL) (<<Il./mq giLH:ooe) W "', (lor ') 

(J(h "-,,.) ". ~ 1O' ~IO' ~luco;") 
",un 21.581 0.80 1010 1 X1 1210 t 2~ 191 ± 15 0.2St 038t 00142 1 

"" 001 OOO{-l 

"" 21.94' 0 -40 9OO~12 1200! 28 18<):1: 25 "U . OAO:l: OOHO± 

""' n", Q,tn.1 

MYPG 23 691098 10C(l t-lO 1221.l t 48 189 ± 28 0.28 i 0.44 t O,OI~1 :I: 

""' 00' 00005 

T"b1c 6.6 SUITlIIUl 'J' of ' ·1!.!lllty d:.l~ of \'''''51 JdUltU 1:2 in " 'oter, PSS and MYPG 

DlI"""' c"""~ lrUIu[ «D Fon.! «D Boom ... CO, CO, Gnr>1h 

e:o.""n, "" <on"",""''''''' COD«nlr.o""" y",1d (<c./~ C'<'olved \',cld "" on,,,',,!.oon (cdh /mW (ccU./m1~ gl""" .. ) ~ ~;:'!) ( hr') 
W~d, .. ') x 10' ,,. x\O' 

Wo«r 21.33 i 0.511 ~40i 13 780 i 30 219 :1:9 Q~' 039i OJJ2G2 i 
0", "~ o ((;03 

PBS 224 1t027 5461:24 780 1 18 2181 12 (!.2U : 0.37 :1: (lOU:7 :I: 

'"' '" ".," 
.'1YPG 2·11S.t 0,22 H5 :1: 15 700 :: 27 2.."'1 1: 17 0.27 1 U42 t UO:106 t 

0.01 om Q"", 



Tabl., 6.7 Confidnlc., Ullr:rv.b (":1.) obwoed on compumg blOmau pekl. obwoed 

from )"nsl dIl""ed III WlIlf'. PBS alld MYPG.I 1M diffnml ratio. through the ".ri.rn:..J 

""""", -
W.oa IIIId PBS 

W ..... o4 MYI'C 

I'BS ond MY1'(; 

1 20E+08 
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8.00E+07 
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Figure 6.1 Cr:U g.owlh profilel from d"'l'lica1c smaU .. ole fermrn'"DOm of yeu1 slllrnet 

dilured (I:I) m W .. 1cr 
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• 
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6.2.2 SUMl\lARY 

From thc upc:nmo:ms prcscnte..l m this O«IJOI\, II ""U fQund thaI thc 05mCltIC 11tC'" 

(1\O)Ut\ter~ OIl ddul>O<1 ","d bDY or DO cffect on yu'! cd mlcgnl)', growth alld 

fd1ncmlltl"c .owty_ 'In" PI"OIe>.<c rdcn<: <JUs,:I'\'cd on luspendlng )'cur In MI l" . I lld PBS 

",-as auribul<:d 10 m" absencc of" IlIt:rogt'n source In Ihe two dilucnlJ (Sbughlu and 

Nomura. 1992) and 001 to thc Jos. of mtmbnme IIlICgnty d"" 10 Olmonc wu,. 

ProIung<:d ltor'>gr of )·" .. 1 In I numrnt depicted med ... mlly ho,,"c\'u Iud '0. <kcre a~ 

III tntcm~1 glycogen tOmen! of the )·«>.t. 

6.3 EFFECT OF AG ITATI ON ON YEAST Q UALITY 

[he effect of aguanon on j'USt qw.hty In Ihe expcrunent JeI'UP for final coolmg 

IcmJXf'lwtC' UI'''''nmcn" (s"clion 5.2,).1) Wal\fl"c_ugatc<l U,,"' .... hcd l'c." al 14 ~C "' .... 

"'I"'p"nd<:d In dcacrored delO""c.-d u .. t~ ... at 14 "C ro. JO "I. oonlllttCtK:y (on man b.~,,). 

1\ 200 mL .!J'I1101 of )'''''SI ,Iu...,. W", then "beN In ... eh of tv. ... 250 mL ~akrs. lnc 

yem In one of tbe \'eascls WlIS .gn;oted 0' 5;0 rpm (!»sed on Ihe In:ragc op IpeN of 

b",,,,ery Sto~ "csoc:l IglI"IOr:<, appro:umatd), 1.5 mi.) uSUlg a I'lIchftl.b!ade Irnpclkr 

of 50 mm In d,ameler o'~' a 4 hour p<:ood. So.mpks "'~[C c~ for ",II mc:mbr.onc 

da"'''lIc (ProIU!C rckuc), cd! de.1h U50Ctaled .. ,m membnnc danul,"" (rnr:th)'lc:tw: Wue 

"",b,wy), ull ".,.11 d.. .... f, ... (hau). ""d elunges In cell gro .. -u. HId mceobobc: activity 

(smaU.sal(: ft::rmo::nlanon, III MYPG tnrota, IfllUllI glucose COI\celltnllOn of 

.pproxunmly 10 giL). 

6.J. I It ESU LTS 

The ITSUbl of thr UUfS performed on fCIlIt 10 dc:u:nmne the effec,", or ogl'''oon on cell 

1II1('gnr}' an: , ummaDlt::d III Tobie. 68. ·lbt::t:c ..... 00 dIfference 11\ .he pro.use 

.btorlnncc or )"CUI In both IN aglulw "nd non-agmned sptcms (fable 6 .8) 'In,s 

s",1lI Ihlt rhe cc:U·ecU.lld cdl-ob.t:le!c 1IIu: .... cDom ""used by "gllat>(>n Wd no' ca".c 

mcmbta"" p"......."ablb!tllitxl. The ob$cn'cd prorea.e ITIe.se RIll)' ",",·c bc:cn d~ 10 .hr 

abse:ncc: of. nitrogen .vurce In the P".,I slurnn (Sbugblcr and Nomllrn, 1992), 'Inc 

change: In Viability of agn;t.lcd and nun·agmled l'c~1 w"" also .=11 « 3 0/.) o\'cr the 4-

hour durf,tlOIl of the n~nment, Indicatll\g btde Of 110 cell death asoo.;""cd w,th 

rncmbrf,llc dArnlge and enzytnc dc~cu""tlon, 

" 



RI.'5uil5 and Discussion 

Table 6.8 Ch:lfl~ III protcase ~bsorbo.nCf :lfId mctlwlcl\C bluc \',~btlny of ~g1!~rcd and 

non·"gll~ted Y""51 lInder [Ulrogen (WU ~ 4-hour pcnod ~r 14 'c ( .... .." hn'" - ImOll). 

'"- ... l'rol .... ~ .bsorban~e ... ', V,.bwty 

.~gI .. t.d OOS:tOOl !-S:tIO 

'1on·Agll>I.d Ol.l-4t002 llJ tO' 

Pundc me w.lObllQOl\5 Df the .gll~lcd :lfId non·.gual'cd y~..,t ~n: plesen,ed '" 

Fig..rc 63. 1..c: .. 1S :lfId POC:N'anr"ro (1991) oo$Cf'\'ed the re1c"K Df " hau-forttUng 

collOIdal nUlenol from the ceO wan of hr",,"'crl yeul on meclwlleal ".R"allon. FIscher II 

at. (2001) report tJut pamdellll tM .-anI!" 0.1 [0.) J.Iffi ~rC rc~[ed 10 hue wd prOl~m· 

poI)'l'lKnol rompounw.. Mo", l~Clficanv, 0 I to 2 lllll pamdes .If dass.licd ., hau, 

and 2-,) llm 1""1(1( •• 1 P'OIWl poI)'l'lw:nol compound, In hg"'" 6.}, there .. IKgbgible 

iliffcrtnce III the s.u dmnbuuonl of tlte 1"'0 yetlll '" the lub·.) flm fCgIOn. Thu t ho .. 's 

th>l the Ipp~cd agltouon d.d no! caUK dun"l!" 10 ,he )'e.>61 (cD .. ..u Dr ccD nlcmbranc 

OVel lite 4 hour "l'pbcall()fl Then: '1 al~ no (hange '" the mnn yeul (cD siu 

(preoomrnant yU~1 (eU 5'~C m hg..fC 6,}) 0\'(1 the ''''0 J)'flcms (t 66' llm). 
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Figure 6,') A eompanson Df the parode S12e w.mbunon obramed from yea'l cx(>O'Cd 10 

-4 hou~ (ontinuous agnation . alld non·agltllted (Ooltol yc .. r . , 



The r'<'Sulis o f tht mct ~oolJC :>Cfl"II)' tem (Struln-.calc rennem~non.) conducted on 

agtt:ued and non-agitated )"",,-,t are sunuu:m>ed ill Table 6.9. GI)"cog~'U cometH of the 

twO ),,,,,-.t5 W~$ sirlula.! «3 ·f. dtffcr.:ncc) on mocubuon fon"""lng I hom aglla1lon. 

LC!l!1I1l (1993) repons thot the I,.",·el of CO, prodoction can be used as ~n m.ocator of the 

ph)'slDlogtcal ""Ie aod fcrmcmaID'e abulI:r of Y""-$t. 111~ CO, (\"oluilol\ d..ta shows Ihat 

th~ agn",on "mploy~d h~u 00 df,..:t on the physloIOj!l<,.1 flate or fennent.n\-e ability of 

the yeast. End of fe,mentation gluc~ concentU(lO!l5 of agHatoi and oon"'g!ta,~'lI )'cast 

arp,o .ch~..J lero «0.05 giL), A rn'0-,1<kd Hest w," done on the b,omos. )1eld. 

obtained In the eX(l<'nmems, with the null hypothcsis being there to no SIgnificant 

dtffcrcnce bc""een tlte pelds. A 't' \"a1ue correspondmg to the 90 % confidence ",,,IV.I 

"'as fouod, ind,cauug the null h)"poth~sl$ 10 be true, TheH' was no SIgmficant d,fferenc~ 

lfl yeast growth (~ .. ess~d through fin~1 ccD number or growth rate) m·~t the two systems. 

Therefnre, th~ . gitauon ~mplo)'cd 111 the expcnrnem set-up has no effect on )·e.st gr"",·th 

~nd the ablltt)' of tlte yeast 10 ,d~p( (0 lite fcrmem,nOll mcdta. 

Table 6.9 Sumrrutry of ,·"alit)· dal, of aglt.ted alld non-agitated )"e~",. 

~y"<m Glj":og<n 1",,,01 « U F,n,. <<0 Eli<>nu .. CO, CO, C."""h 
Co",.", on <00'1«"'''100" <""",.,,!<1UOOl Yidd (<<D'h E.oJwd Yitld 0" 
",,,,-wti,,,, (~dI'/ mL) «dl,/m!.) glue"..) W ,I, 0' ) 
(g/gd."'l .,. x l()' ~IQ' gluco':.) 

.~g>,.t<d 1848t ""'" 778 ± I~ 162±}8 """ ij:l8 ± OJJI7:1! 

"~ 001 ""' oro. 
Noo 18.96 ± W,," 768 ± 18 1~8:1! 15 "~, 0.39 :Ie 0017 :I! 

A!I'tat<d 0.8) 001 ""' 
6,3.2 SUMMARY 

The agll ' Uon emplo)'"c lfl the exl"'[lfll~m SCI-UP for fin.l coohng tcmpenture 

cx!",rmH:015 (Se<;:llOn 5.2.3.1) had 00 effect on cen coydopc (w:ill . nd mentbrane) 

lIltegtlty . YcaS! gtQ\o."th .nd the .h!h!)' of tlte )'e35t to ad . pt to the f~rmcnt atton medt. 

,,'l're also not affected by ,Itt- .git:>lion. Hence, any damage to yeas. observed lfl !he 

Jacketed agt~tcd l"CsscJ on cooling cao b-c .tuibut"c to tlte tnflut:nce of cold stress. 

000> 



6.4 EFFECT OF COLO STRESS ON YEAST Q UALITY 

1{(5ul[5 tk,~~cd U\ Stenoos 6.2 and 6J "uk:::uc ,)u., J..luoon (o'mooe mcs'!) und 

agnaoon (,f \'e:I~1 had "u effe"l un "eU C"'-dqx lntqVU~' .nd InO! 8''''' tho 1'«,1"1111",1 

.t(ln~ of yeo" U\ • nutncm deple!cd meru. did bo"'~'''r .... uh III pn"casc "",cue and 

redute..! gl)'wgrn I .. • .. d ... The ,,<>Id stttSS nlc.; .... rlIcn:d (><1 cl.,llng diluted ,'faS! slum" 111 

IlCk",,,d '/.~"l .. d ,ends 1I1:Ix rruh yeas! more suscepuble ro dlnuge_ Tlu. SCCL~'" 

P'C..,' ,U ",sults ",blamed from exp"nm""L, ", ... ".lIgatlng Ihe mllucn« vi flll.1 coob",!; 

,e"'pcr:llure , ,,d cooling nlle un ,uu'Otund .nd ("ncoon.) Uitegnl'- of )eu!_ 

6.4 .1 FI NAL COOLING T EI\II'ERATURE 

LIU"'IIsl",d )C1'll "'as rc,uspcndcd 11110 d".c,..,ro dcl<>mS«i "':IIC, .1 14 C (comn.O. 

11 "C. 8 "c .nd" "c 10. 30 .'~ com1S1cnn (by m.II). lb" d,lmrd )'".51 .. ·.s ~KJ .. red 0...,' 

a 4-huur !",O,..! .1 570 rpm. USIng a pllchcd blade IUlfl'CUcr (,f SO mm Ul dJlm~t~1 The 

\"tnt ... "'. truUluUl~d .t t(mp"".tun! 1»' (OOI.nl 'lrcul.ung ",fng..r:tl(d ,IfUIS. Samp," 

Illken ""~r the dunoo<m (Of Ih" cx£>l!rlmem "'ere .n.l)'~d for ceU n1(mur:tm .:Lt!TU~, ceU 

death U.oo<:laled WIth nxmhntne d3m.~, c~U "",11 dam.!!e (fr.lb"ltI},), pl»,",k>gtcal 'Ins, 

UtdiCltOrs (mOlpholog), lnh.~, h$p 12). gl),OIge1l c"nt~1H .nd chong." Ul grow,h and 

nl('ubohc Ult\·t,,' (,,,,,,U-K.le fenn~n ta!lull tU MYI't, medta ,,,,,h app"'~'m"dy to giL 

gIUCOK). 

6.4.1.1 RESULTS 

The rnultl "f lhe: aSY)-1 pcrfol'lTlC..l ,,,, feast '" ,Jet~nntne Ihe effect< of fin.1 c<>uitng 

tempe"'u", 0" ceU tUlcgnt".~ SWYI!TUnscd III T.ble 6.10. There ""H no Ikcreose Ul thc 

!(IUiI IlUlnbc-r uf cdl! III .... ~pen'.'n ., the ,'an,_ 6nal·coo;.hng lemper:llure •. This 

.uggeltJ ,h., ,hc ,(mpcnl1ure llres. ttl ... hlCh the l·c ... r w:u ~ublCClcd d,d not causc lor.l 

(ell dt>l\IplWll_ ,\ A"n""alm(reasc ul lho: wngt' III prulUSe absorb.ncc of l""" ,,'a~ al!" 

oh,cr'\'cd ""t,lt merca''''s k", tempenllu'c .~ (Table 6.10). n ... I'bscr'\'auo" c,mnol be. 

o.nnb'acd III lhc a~ncc "f. rutro~" Sf"""c "nI) \;nrogC'fl lmuraoon ClIu..e.s ~",ullr 

ch.nges 'n prote",c ab"lrb,n« LrrC!<p<"ctn.., of 6na[ coo["'8 Icmpe .. run: or d~cna.mg 

rdu,;~ wnb decreUUlg lemper:"".c "wing to) reduced mcl~b"lLc oro'·'Iy. Thus, " II 

pOSIUI,,~d ,ilal increasing cdl ",etnbl':lr1C .:Ltn~g .. "''':I.S foWld as the final tempcnlure 

d«reascd. Mo.<:HHr, the re,ult< " f Ihe tnclh)-Icnc blue st;Lmmg r ..... bIb"·. Table 610} 

",du:-a.c ,h~t cdl de.th Ihrough lnembu,,,' d.nugc: and cn7}nx dUCln·,OI.OU " .-.~ m')SI 

p,,,",,n<:,,, m )eaSl c,~-, Ied '" 4 "c. 



T ab le 6.10 Cm"!:" In pTOf~a.M: abwrbancc, vIability and cdl concentration of )'ust 

4 hour$ .f.e, <WUDOn UUO '''ote' to 1 .30 % conSt"ency aCfO~S ternpctllture r<onge 14-4 "e 
(.\ 0: Fin..:J _ lntwI). 

1' ... :01 mnfX"fU~ ("C) A SprcI.tic protc..., .b""mn« ,., '/0 Vi.buuy ,., C.D mo", •• "",.",~ (0"1 

" ,~ _1.0 .!. 09 '" 
" 'U -10 :!: O.S .. 
, 

'" -Ui ;t O.S '" , '" - . 0:1: 09 " '+ • w .... ,c ,he ~"h.l I"'" C<'''''''"WmOh «.lh/nU,) " 14 "C ..... 8.4 E 07 _ J-2 E+il6. 12"C ..... 860 

I' .(1'7 " 7 10 I' >06. 8 "C .... 8 20 H07 f 140 E '(1(i. ",,14 'C ...... 8.-10 1::·07::: 2.\0 E +06. 

The upolu,e of yeu! '0 I"",' !Cmf'C'nlNIC SUes. II "'poned w k-ad ." change< In ..,n 

"",eN'" and lhe manufioCNno of <'.()n,VO'-'nds 001 hdp P",>(:I'\'C c..ll m'egm)' (T1ut:nng (/ 

,d, 1\1')8). 5..1es tI ill (2000) !'Cpon that UThalosr .. one • ..,h compound. Trdulose 

p"l\'~nt~ th~ (us,on k""'ecn .dia~m ""'mb .. ~ pho~phobp,<b a. knr.' ttmpe"'Ilf( thus 

IlU.UU-altl,Jllg lipid bl-blycr f1wdJ1y. In Cmpte, ~. Jt "''OJ poorubtw that I~ <kg= o f 

chan.!."" In rnemb .. m flllI.:!ny as a ..,,,ill of eolJ oUTss eoukl ~ ..,b,ed to UTholosc 

eonuntl'lluon The gT ...... e. the, cold ~t"'"", u,., S"'.cc.r th~ ..,duo:rion In "",mb ... "" f1uidi,y, 

100 tM..,fo.., tm- grt"I.er tIK amount of .rciWoK ~um:d to COUflICt:u:. dus cha~c 

~")",'~"cr. lC 1S.1><l repotlt"d tho. 'R'h.lose may accumula'e under cundmon! of nutnCnt 

<kpknon (Oh>'e" 19'91). 1~ ,,,,haIoce concc.m of ,he y,,~st a. '.anou!I fInal coohng 

'e'''P'''''IUR', IS p",":lUed ttl FIgII'" 6 4 'fht,,,, """ a .30 0;., 6 .'. and,} °i. rncR':lo;e In 

lR'ha1ose COIIICO! of yen. <Wuled ttl 4 C, 8·C.nd 12 "c WIlier 'cspc:cI"·cly o"c. thc firs! 

N 'O hows of.he upc.-unc:nl. co"'pared 10 • 7 % deen:-A": ttl Irchalos.: O\'er the ,.m~ 

pcnod ttl l'call II 14 "C (.he co-eff~nt of nnana obmtnetl from tl,~ ue1uJu>c OSSOr" 

,,'liS l.8 0,.). T"'M"- eomcm of )",,ul hdd ~r 4 "C w,loS >1111 eompanm'dy hIgher after" 

hours. A. ternpc"uurr ....... he: Or1~' p ..... mct". "aned acron the e~pcrLtl,cnt~, Ihe 

ol,rs.e...w eMngo- ttl ueru.1o,e content .ugge,IIi ",,,,,,,">cd ",,;mb ... nc ~U~~i .... lth '''''!'Churg 

<hmr.oon and "llIg.UfU<k o f cold nr~s,. Mcmhrancii WIth rtt.rtlcd flu,d,,)· are rnO", 

'''$Cepublo: .0 de"dopmg leoh (WiUunl$. 19'>O). Fo.m:U,lor1 of t~haloM' IS md"ccd 1!1 

TC5f>On§c .0 eokl_medutcd memhr::l~ "'~ .. to ,o~tncl w:c~a~cii III ,,,,,mb ... nc OUldu)'. 
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Pigure 6.4 Ch.n~"'. In u"halo~" (~on!~~1! of yU~1 dduled In delOmiCd dear.oled .... ler.1 

14 "c D . 12"c a , 8"C 0 aml-l "C . . .nd m.U1umed.1 ~mpe"'I"'" (0' ~ 

ho"". 

Figu.., G.5 show. Ihe dfe<.1 of (mal cOQlmg lenlpe"'ru"" on ..... e illslni.>uuon In yeo..s<. 

l1li:te ,,'as Intlc 0, no change In !he amount of 0.1-3 !-1m p.rud"5 detected ,,~th 

<leeK.smg temperarur" of dilution. '111,..., W>lS ho",,,,'c, a de<:.., • .., In the prcdomiru.m 

partICle $lUI PTescnt wJlh d«reaSlng temper.n .... :· (motphology). FIscher .1 J (2001 ) 

'''!''Or! that th."., nuxlITla correspc.md to) Ilk" nlO" common Yr:lU cdl ~ m the )...,., . 

~urn"s lk t\..,ra~ >r:l1I edl me W'lIS 5.G9 ~ I I " C, G.6} ~ ~I 8 "C, 6.63 !-1m ~I 

12 C. and 6.9 1 ~ al I~"C In th",. e" penmenlJ 10 ...... 1 .... " the ~d.pu\"t l tnltgles for 

inclena (0 nca. f.«:nng COndItlMs.. Mmdock ,I nI. (2001) obsc .... ,ed a 24 fol<l dccn::uc m 

cell \'oIo.tm<: wncn companllJ! cdls grown .1 4 ·C 10 dlOK tf"O'A.." .1 14"C. nus ..... 

anribul"d to the lou of ccUub .... ""lIt.... from the: inctcruo at 10.., Innpcr::llurcs. 

Furrn.,rmo.", Itohndock ,1'" (2001) repon IMI Ih.i~ apparent <k$ICutlon leads 10 I !ugh 

sol",,, CMCMU ... non U1 the crl~ Jo,...mng w (.«Zlng pam o r the renumln/ol .. ""lit". m !he 

C),opb.m d"" 10 coII'g:atl\'e err.",u, I nd Ihu, CQfl(~rI cryop'Ol~cnon It 01 .o-portcd thol 

Ih.n d.",rn"" U1 cell 5IZC nuy remror.onl)· ",rub" budJlng on .crummg the V~$1 10 L~ 

gro .. ·th I<"mpcnrure (W.lker. 1991b) 
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PigulI: 6.S !'arude me dmnbuuon of )'CUI tWuted In <kLomscd d~u"l~ " .. lCr ~I 14 C 

.... 12 "e . , 8"C . and .. "c +, and m .. m-amc:d at le"'p"",run: for " hoo ..... 

Hsp 12 II a compound thaI 15 pr(S<:1U III r~UI (CU, uoo(r (anilinGu, fha! mal' lead to 

Jc'lcc~non. n us pl'OttUl, mnnfiord as ha"lIlg I plasm. mcmbNoM locallon, IS polrubtcd 

to lUlel'llc! d«troi!~ncIU\, wlm clurg~-d grou»!! 1' ... '1<"11 011 the membrane surf.u. II 15 

proPO:'IIW Ihal htp 12 (orm, h)'drogm bond, "11h prot<1lll .nJ girrot.pub III the 

membr:an ... Ihcteb)' pro,-tiling " h)"iroplullC ""I to 1'''';''''"1 m~mb .... ne nwon '" ,...., 

de"cCllcd u:l1c (Sales fI nL, 20(0). Gd d«!rOphon'MJ """s conduned 10 analyse for 

PfnC'OCC of h,p 12 In )"USI n:luspcndo:d III '4 "C, 12 'C, tI "C and .. "c ".'er, followmg ~ 

.. hour ",,,"""non (hgun: 6.G) . To drtcmunt "'MthcT OSmODt:: ItreSS ~ggr~""ICS 

tks.e<;l.uon at low '~""pc~,un:, hsp ul'lftslOn 1,1'111 roml"ucd In )".,.SI diluted III .. "C 

", .. tet and 4 "c tUS" w1uuon f.\IYPG). "l'hc proleID gd obtam~..:I15 lhown III Figure 6.7. 

IJ 
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( I ) (2) (3) (4) ( )') (2') (r) 

Figure 6.6 hsp 12 analysIS b)· gt'l declrOpho""SU of fnst SU"'«l~-d lu unous 

,cmp<rlINrcs. Lane (I) )·L ...... at 12"C, l.n" (2) Ii "C,lonc (3) I" ''C and lane ("') "' 'C .ftc. 

Ih. ( , denolc. anal)'''' . (te ... hours at Icrnpcl:l!ure. 20 ~L of pW",1Il "'U placc:d III 

nch " .. dl 

-----

(I) (2) ( I ') (2') 

Figure 6.7 h>p 12 'naI)'SIf by 8"1 decuopbor~1S of feU! .",uspcndcd III ",",cr and 

MYPG, Lane (\) )'n.5' .rlCI Ihl ,n" ·C ~tn, bTl(' (2) yea'! .ftu 1 Iu- In 4 'c M'l'G " 

d<:noc« .rlc." Iwu:n "I I.,mpc:",,,,utc. 20 ilL of pro.tUl "'ali placed III "ch ""elL 

" 



1M h~p 12 Innd~ m Figuu 66 and 6.7 "'~e quanufied USUlIl T-N Image Version 2.27 

soflWllr~ (eopt'nght T 'l"elson 1995). Th~ amount o f protem Ul a puneula, b. nd on the 

gd 1$ propofUOn.1 tQ the aptlCll dcnmy Q( the band. The user sel",,!> the protem band to 

t,., quanufinl. n.c ""f"'· • .., thrn alcuLuc. th .. apual d~"fl"'tles .Iong the lx:ond. 

l'mtamlMl regtons, such a. thOR Ul-t.m.'ttO adJ:K<1lt buKI', "'" autOm1ucaUy u"gnw 

.n opua.l dm,,"}' of zero. The '"''''' Wl.xmnth the cu,,'e '<"f"esenWlg <>smeal densny U:l 

funcuon of <b,unce along the .... ectlMl tegK>n II C<ju .... :lIem to the amOllnt of pmlcm 

pr~nt. The pe:ik Un, found.re compa....d Ul T.bln 611 and 6.12. 

T :lhk 6.11 Peak He,Of obtJ.Ulcd on SClruung hsp 12 banJs from yeast .hiuIIMI In 1 ~ , 12,8 

and ~ 'c water. 

Tl"flll"'raturl: ("C) Durat"'" of npooure (hr) r..~ l'''''k IlK> 

" , , :m 

• , , 2~8 

" 
, , 

'" ., , , m 

" , ,. 2.\7 , , " '" 
" , " '" , , 

" '" 
Table 6. 12 Pe.k nu. obtOlned on scantling hsp 12 bands from )·"Ut <Wuted tn cold 

MYPG and told ..... t .. r. 

""~, 1)""'''00 or UjlOIur .. (hT) 1..ane l' .. Jk ...... 

\"~t~. , , 172 

'O'PC , , , .. 
W., .. r , 

" '" 
'O'l'G , 

" '" 
[n Table 6. 11 , ,h" lugi>nt amoun! of hsp 12 """ obsc,,· .. d lit )"~':I$t hdd ~I "' 'c. P.rtid .. 

SIl'." wsmootlon .csults also.how. "",rked dccrr:ase m )"eal! cell ",Ze ot tlus tem~r.lIUre. 

It (In lhe",fore t.., argued th., I 4 "c tcmpcraturc streSS may CaUSc membrane 

dch,·dn.Uon [.()'IS of mcmb ... nc bound W.ter ""'Y l ... d to mcmb",nc fUOIUIl, 

compronusmg ceQ tntcglll)"_ 'Ibe u r "'ulOf\ o{ h.p 12 OIl cold shock at 4·C cOlT~spond" 

tu the dCJKCauon oblc,,-~, In :accordance ""h the pubb.hw role of hsp 12 In 



confcrnng dcslcc~tion 101ef~11Cc. The tcSuln< III T.l>l~ 6.12 show ~ m~,&In.1 jnHC">se 111 

Ihe lisp 1 ~ expressIOn 01 }'easl dllulw In Ihe cold 1>1)" I'li th.n III cold W"cr, suggesting a 

po,""l>le grc~lcr ''''' er loss Inlhe lower waler pOlentl.1 medium. Thus oSmOnC sires. m.y 

enhance membr:IlIe dehydration at low letll]>"t:llUtC. A gftalCr thffcrcnce In h.p 121cvd. 

IS expecled should. stronger osmolylC h.,·e been used S.le. t/lll (2000) reporl • 14-fol.1 

mere"." In h,p 12 levels of r .... Sl grnwn m 1.6 /II manrulol contpore...! "~Ih the S.rne ~traln 

grown III 2 .'. (0. 11M) dextro"" media. The loss of ntentbrone hound WOlC' due to cold 

sues. comnbUICS to change. m membrane compOJ;IllOfl .n,J flUlUrt)", 

TI,,, efTec! of fm.l Coohllg IClnpcrarure on the .1.)Jhl)" o f the yca., cell envclOf'" !O 

,,"uhsl.nd mech.mcol ceil Ur,ruptlon (fragility) was IIIcosurcd IrI • French P", ... The 

results oblaUled arc ilIu>uoted in Figure 6.8. Yeo51 cooled 104 "C coru"tcnd)" g,,"e the 

lugh •• t prolem rciea'e, correspo"'hng 10 g.e~tcr cell d.Jsnoptlon, on IrIC1e.s."'g hydraulic 

pressure from 10 MFa 10 .10 MPa. Th."... w.s ho,,"eve. lutie dtfferen(C m the prOlem 

rele>'e of yc~st ~ I 8 "c, 12 "C 3m! 14 IC ovcr dn, noogc.lb" .ug;,<eSt. a wcakcnmg of Ihe 

cell w.1l .t 10" tcmperan"e (4 "q. To Jetemlllle Ihe namre of ".IIl'ge m the high· 

pressure ho",o~lllil~r. the cell concemr.mon and "!Ohit,,y of cooled (4 I,ours.t 4"q .nd 

cOimol ),e'!1 (4 hour! ,I.[ 14 "q we.e mon;toroo before and .f.et subj~..:ung Ihe ye.!! to. 

30 I-IP. hi·dros{.tlC PIessu.., lf1 the French P.ess (f.ble 6.13). The.e w ... 30 '/0 decre.se 

til cell concentration and. 15 0/, decrease m methylene blue vl. bility of 14 "c )"u', .fter 

exposutc to the h cnch prCSJ. ,\ 49 % II,..:" • .., III ceD COIICe1l1"'lJOn ~nd a 35 % decrease 

In methylene hlue viability of 4 "C yeas{ were fOllnd after exposure 10 the french p.es •. 

OWing to the low IDem)"lene blue ,·tabthuc. Incasu",d .ubsequenl 10 the French Prcss, 

dus decrease may be u"dercsum~ tcd. The I1lcrcascU cell dtstupllOU "' .. "c confirms !he 

h)l'0!he~i. of . w""kened y~"asl cell wall.l low tenlp-crarure. The decrMscd "tethylene 

blue VI.bulIy a, 4 "C IndtC3!C~ UICrea,ed susceptll>dlTY of yea.{ ccD, to ceD death 

OSSOCI'led WIth m<"!YIhnme damage ~nd cozyme d ... Ctl"nUOIl "' low tempctamrc. 
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Figure 6.8 Ch~ng~ .. '" rc"~cncc I)f )'caS! cd!s (I'r~!;ihl\') d!luled In dc,on,,~d dcaenucd 

.... ~'~r.' 14 "C CJ. 12 'C 8 ,8"(; 0 and .. "c _ . matmamcd a, ,r:mpcnturc for 

~ hours on c~posurt 10 ,'annu. pussurc. III a French 1"10". 

T~blc: 6.U Ch~ngC!l '" cdl tOllc.."tnlUon Kml "to ,-,.btl",. on subl«""S !'ca§! to 

m«hanou]l,rc'$ III. I' reneh pres. 

Source o f }'c~" C" U .. )rI«n' .... uO<1 (<<U/mt) ,,. "'. V .. bil,'Y 

Coo'<Oi 1"'" bof"". h.nch r"''' 13.80 :t 1&3 8J9t6! 

<:""".,1 mil .f'<l1 """,h p .... 111\1 t 6-1 68.6.i~ I 

Coolod r"'" I>do •• h ench pIC" 1560:t 1'1 8O,U:t 25 

Cook<I )'~'" .r .. , hench p .... .. " t :-0 H S.t1.6 

The gl)'cogtn conlen' o f the )U" a, nnous fin.ol coolIng IC~"'ruUS 1$ prc •• :mnl III 

hgurc 6.9. n,ere ,,'as ~tlJc (I 0.) dJffcff:rte:C III the gI)'COgC:n COIllcnt of )'=0" cooIN 10 

4"C WIth rune 11m ,uggnll Uu.t there " ... no m("bobsm o f the rc5cI'\'c c.rbohyd" .. c 

~, thts 'cmpcnrurc. HO"'C!\'CT, Ih~ .. .,.s ,n O\'e""n decrea$/: on gl)'1::ogcn "om~m or r~251 

hdd Of th~ Iugh~r '("'I""I'S/ur~ on" Ih~ mcuinuon pmod. Y~JI II 8 "c, 12 ·C anJ 

14 ·C sh",,,,,d a 11 ' .. 7·. and 22~. d~,e 1.11 gI)'Cogat COIlt(nt ",'u th.. 4-hour p=od 

rcspecm-dy. 'fit ... unptJ.c,. that )'~" Ir I~mp""'turn or 8 "C and lhoo'( IS III a 

rn .... boba.lk OCII"" .rale. 10 th.. I~IJ(:( of. ,uulblo: Ufban .o<IfC(, gl)'c~ " broken 

00,,'(1 to glUC<)!.C , and {uru.(r me.abolL'e<l.o p!'(W"k <'1l<:fl!Y for growth and nulllt"n:wcc 

(Hohrmnn and ~Iogu, 1')')7), 
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f igurt' 6.9 Ch:III&~ In glycogen 

dnr:u~d ",,,"e, aI I .. ( r:I . 12 ''C E' 

!<,mpc:"""'" fm" hour, 

H O 

T,,,,. (m," ) 

~"d 4 "c _ . and malnt;un~.J at 

SmaU'luk f .. m'<'lU1uol1 'es", pctfonn~d 0" Y""" rcsuopo:nJcd In dc:iomsctl, dc~c ... rcd 

"life. a. 14 'C," C .od -I C, .. flc. 1 hQUr at tcmp ... ",Nrc are SlI1Ilm:lnscd U\ Table 6.1 4 

Ill" arbon <.1 .... '<1<1<' ".-.'IIuuon profil.s of 111<, f ' :1S( are gIVen Ul Figure (" 10 Y ..... 51 111 4 "C 

,110""<.1. 16 ". "'" .. ,""" CO, pdd comp:>.<ed " .. ,Ib 8 "c "ud 14 'c ye,m (hble (14)- llU5 

~l hllH b«n due '" It, 'upeo<:>:r gll'coge" (O<Il~-nt on Ut<>C Ilb.m>n (appro;wnatcl)' li ·' 
higher tlun fI 'C "od H 'C V",,$!) oS the end of (""""OI:lIlOn gllK(>S<' (on<'comur", U\ 

(:lch f)",k ""'. d"" .. [0 2<'ro « 0.05 giL). The CO, ~'olulJOCl promo Ul rlgure 6, IU ore 

11\ ",dlOtlUfl of yc:1" mctabnbs.m '" ". me c<lUfW "f the fcnnnu:olloo. O..-.:T the fmt " 

ho ... ", of fc.mcnmDon, yeasl hdd al 14 'c produced -40 to mo.., CO; !.hall 8 "C and 4 'c 

rUSL nus ""i1eat"" ... Iu ... cr n1cbbolJc ~c"ntl U1 thr coc~~-d In.( O\'C' tlus pmod ~nd 

.ugg~"r. d"';'c::Iscd ~bility to ~<bpt 10 the femKnt.tlOO medAun Ptckert:U rt iii ( I??I ) 

ro:port th~1 gI)-.:ogcn 15 (he motor moog<:n<_ 5t>UKC or CfWrg)' (Of "o:ml and fall) aCId 

pmduclJon, These compound, are Ifllrgnl compnncntll o( the cell m"",bflll'lC, and the,r 

w nccntnuon determines the extent o f )'e:r.n cell growth, Inc resuJr. In hbk 6,101 

ho,,·t!'I·~·r mdlcate llul 01 "c ,. .... '1 Iud a ]S % lo"c. b .. ...,.." pdd than fI C and 14 ·c 
)ea't Lenwn ( ]o/H) .eports llul dom.g<· '" (he cdl rm:mbnne mn' affecl ,he rq>hca""e 

ab'hty of }'et>!, Pro1<'O.sc 'dcase d~t:I (hble 6 ]0) sh ... ", p .. ." bk membra"" 

pcrmC.bL~",non m the 01 "c I'C~". -Inough th~'n: was 00 clo::or trend nn the effec! of fin.l 

eoolrng tcmpct'ltuf<' on grnwth rate. ) .... ~" hd.! ~t 4 C h~d the m-t'S1 gro",th "Ue 

W~lkct {1??Sal report. th .. th~· d~'Cr~"se In cell Sl~.c <tbH'r..-ed a' 1"", lcmper.olllrc. mar 

" 



temporarily ml"bn buddmg on rcturrung the yeaS! TO '" growTh temper.ture. Yea" 

cooled to 4 "c .howed s 14_ 18 0 .', dcctea.'IC In ccD sIze compared to y~ .... st 31 8 "C and 

14 "c. 

T~b le 6.14 Summary of .maU·scolc fennem.(lo(l d3T. of yeaS! m 14 ·C. 8 ·C .(ld 4 'C 

<ktoni..,d deal'llted ",. tcr after 1 hour tncuh>!;on. 

Fm' Glp:ogen I",n.! «D Fuul«D D,,,,,,. .. 
"" 00, G,,,,,,~h 

Temp. 

"" 
" 

• 
, 

:g 

" " " 0 

" ~ 
N 
0 
U 

e"" ,<", on <oncrnIHOoo CQocontn"oo pdJ (<<U./~ ",'Ok"d y",1d "" 
""" .. 100"" (<oIh/mL) (<oD./ m!.) glue_) '" gJ:!.~) (hr') 
Ws J ow) ~ IQ' .W' xlQl 

2LP ->- 19;-+ \U MH2t .j{o 7 t :?O 0.51 :Ie OAR t OO!19 ole 
0.39 0,01 om '.ro> 

22.50 ± HIll .t 25 685.H; .j{o5 ± l' OJl i 0.48:!: ,~, 

0" om "" 0002 

26.49 1 181.i 1 ~ 615i22 -!(IS! 1~ "". o.SH 0.084 ± 

"" om "" " "" 

0 .' 

0.35 

0 .3 

0.25 

0,2 
.... •. ~------------------

o 1 5 

~ . 0.1 ! 

0.05 
if ' 0 

0 8 " TIme (hr) " 24 

Figure 6. 10 C.rbon dioxIde ""olunon dou of )'ca>1 '" <.Ictormc<.l <lcH:llc<.I W'~ter at 14 C 

"'", S"c • on<.l 4 "c • . and lTUmlaloc<.l a t tcmpcnttutc for 4 hou,s, on vitali!)' tcsnug. 

J 



6.4.1.2 SUMMARY 

Expcnment'l p<:rfo~d 10 m"<"IlIgoI~ th~ mflucIl(:e "r fin~1 cooll"l1 l~mf'Cra!\orc (1 4 "c 
«(()fltrol), 12 '"C, 8 'c and 4 "C) on )''':UI 'Iuab,y $hO\l>' ,II" cold ""::" cncounrcrcd on 

coobng dilut.,.j )""2$' ,!urnes 10 "" "c "I JackcTcd ~1I1!~TCd ,·",sc!. m'r m~kc J'UI1 more 

$uKcpuble to dLm3go::. Therc wu an I1lcrea..., LrI pr01""sc ~bwtb~n'c of l'casT wnh 

~,~mg final coohng TCmPCllUW"C at tenll",nturn bdow 12 ''C. Cold stun the,do.e 

nu<.k j"<:u, mo,e \"uincnblc to mo:mbranc danuge. Moreover, mtthylene blue $l"lunulg 

tesults inruule mcrc:>.....:! mcmhnne pctmlbllsaoon ~nd enl)'me dcacu\'nuon 111 J'CUI 

sub)=w 10 ~ C told nrC!6, In CMplet 4. II "'liS pusrublcd IhOl the d~gt« of ch~n~ 111 

mcmbnmc f1wc::hry II a ,e.uh of cold ~1ttn could be ,dalo:.J 10 lrehalOk' eOOh:11I '!ne 

gt"ICr The cold 'lres!., the gtC:>I~' Ihe ch.ngo:: m membrane f1wdLrv, and tllCfdore lhe 

8'"1(1 The .mount of m:h.1oK produced 10 cOUflldllCt lhal chan~c. YUS! hdd at 4 '(: 

shov.·ed the mOlSl .ubor,l~nu21 Inc"",,,,,, m IIcha!ott COOI"m (limOSt 30 'io) lugsCSllng 

LrICtt2Sed tn("mbrant .m:s, (<1= .... Kd f1uldll)") aT low tinal eoolmg Temperatu,e 

McmbralM.'S "'11h tCludcd flwdny arc _ IUKepuLolc 10 de"dop"ltC lC:lks (Will,aml, 

1990). Pa,uelc SIlC dislnb .. non ual~ "f )-.:a'i at Ihe \"anous linal coolIng '''mp''Tature, 

,hoy,cd • dccre."", III .,·crw yetit un SlZt WIth dcc,cslU1g Itnlflc:r.l1\uc. Mmdock tl ai. 

(2001) «'PO" Ih" the decrcuc III ccD lIZ" I' d...., In tht ION or ceDubr " .. rer, ·,n .. 
aPJ>.rent de'lCCIIlOO plan an nnpurnom rnk III ct)Tlftrtlng cryopror"ccoo. 11.1' 12 

an.lySl' of me, )"<:a:ll .Jro...-c:d mc"",!J<:d Ic .... ,k of the pn>1eul ,n )'CUt held or 4 "e. 1\:1 h:lp 

12 'S pr.".,nl m cell, unde. condll1ooru llul may lead I" membrane Llc!:'CUII011 r,;a~. tI al. 

20001. u un "" .tgU«llh.t low 1Cmpc:r.U .. 't SlrCSl may UU5C mcmbnrn: deh,·dnnoo. 

funher rcduclIIg f1l11dl1\·. The cffCC! Qf final coolIng lempera'u,., 011 the 2bi~1) of tht 

"cUI ceD cn"elope 10 ... ~lhsI1Uld mech.rucaI'lrcss """ fflC:I$U«'U Ul a F,.,nch PrCSl. The 

rcs .. h~ ,hn'" Ih2' .1<"" Iin:oJ eoobog {c'"pera.urc (4 ''C) k. .. ds 10 an !Rheum .. · .... kenmg of 

both the ceD membrane 2nU cdl ,,~ SmaU-sotk fen-rocnTaoon ICIi':! performed on thc 

I'cut sho"'cd Ihal )'C:>:il Ihe l'cUI ~torcd 21 4 "c h.d reduced "'onuss )"1C1d 2nd gro .... th 

ralc compa",d "'"h COnTrol \'<::ISI 



6.4.2 SLOW AND FAST COOUNG WIT H DILUTION 

To n.mUl~ ,h~ eff"", of tooling Il.t on thc u'en! of cold "'JUry c~pcncnc..d by dilutw 

)'UI! ,Iumn dunng coohng In ll.ckclCd .gr •• ted I·"n~l.n expcnmem ,,·os pcrfotmoo In 

",-lueh ", .. hed ),e"" " .• , ~U'tpcnd..d In 4 ·c ",,,.er (f ... cooling ., .n ~pproXJm .. e 

coolmg .... 'c of J.O') "q ,0 • 30 '.'. COO'll!tcncy and m.,,,,.,,,ed a • .; "c fot 4 hours . 

• \nolher ba,ch ofyust Wat ~u'pcn.J.,.j (JO ./. con",slcncy) In 12 "C "' .. Cf ."d cooled .o 

4 "C at 2 'C/h, -n,( yeasl w'" then hdd., 4 "c for 4 hour •.• \ •• control. yus, was .Iso 

rcsulp<'ndcd (30 "f conslS,ency) in 14 "C ""Ie •• ",1 held al 14 ''C fo • .; hours_ The )"e:H' 

.Iurnn ,,'ele aJ;II.'ed ,II 570 rpm. u&"'g • pllehcd-bl.de LlllpeUer of 50 mrn ", d,ameler. 

S'lllplcs I.ken o,'cr Ihe dur.non of ,he npe.uncnt were .n.l),sed for cell m~bfllne 

d.m.ge, cell dC11h lS~oc"""d Wllh mcmb .... nc d.mage, cell ",~D dam.ge (f .... gility). 

phYllol08lni SIren ",,11(11011 (morphology, neh.lose. hsp 12). glp;ogen cOnttnl .nd 

ch.nges In growth .nd mCl:ibohc :lCu""y (tm oU-sc.le fermentaaoo " 'Ilh appro><'IlL'OIcly 10 

gil. glucOlc), 

6.4.2, 1 RESU LTS 

11,c ch.ngc "' p"o[use aruorb.ncc obsell'ed on ,low .nd fur coohng of leo", .. 

~umm."s.d '" Table 6.15. Thc chang~ In prote!UC' ~Inorb.nct Lllllncdutd), w dilunw IS 

calculated .. I d,fferencc l.elUeefl me plot~",e al .. orbancc found on Icsuspcrnbng l""t 

111 12 .nd 4 ·C ",-a[cr (I I"" and f);., c()Ohng ,esp«a"tk') "'00 chat on .esu'pt"n<bng \'n51 

In'O 14 'c w • • er (con.rol) llrc clungo In rrolusc .b,orly,mcf IndocetJ 1»' cold strC'Sll 

O\'er the 4-hour mcubouon penod IS clkuu,ed ., the drffC'~e In abrorbancf '<:adIngo; 

ob.atned aflcr holdIng slo .... and fost cooled reasl tt 4 "c for 4 houn .nd tha, of control 

)'eut .f'cI ~ hOUri at 14 ·C No m,/", ..bfference ",-n ohset\'ed m P"O[Us( absorbance of 

control. llou' ~nd fut cooled rea~ t rmnu,ili:ltciy ,(.er wlunon I'rotcu" abso.bll>Cf 

ob$C'II'W)t1 .Iow cooled \'CUt O'o'c, the 4 hour pcnod requued [0 .clu",'e 4 'C"'''U J (old 

grellcr Ihan thu of fut cooled )'ClIII OIl rnclung 4 -c. 'Ilw daft not nKeuanlr crmul 

mcmht:",,, dama8'" III .Iav.. cooled )'f2o$' IS eomrol yea .. ihowm 29 • ... lughe. protUlle 

.cle::ose o"c' ,hc some pcnod. Thus, thc proteUC Idn,e)t1 .1",,' cooled on acbJ""mg 4 "c 

.... y be Lorgc~, dut to the .bJencf of, IUlrogt'n ,ource' (SLo"g/r[cr .nd Nomura, 1,),)2), 

'Ille pro.ease .-.:Ic:uc rnduc:ed In fut cooled )'eut OI'Cr the 4 hour ,ncuballoo .... as aIrnoo, 

f'Io'K't tha[ rnduecd '" sJo,. cookd ) ..... , OI'e, thc ".,mc pcnod. Th.s 1ugg<"'[S ,hll tht 

e"[t<1I of mnnb .... ne dlm.gr on coohng Yelll IS InflUC'nc:ed b)' thc ralC of coolmg. 



·b_bonu .. , 

hg",e 6.11 .ho .... ,h~ chang<' 10 ml!a1o .. content of .1""" ~nd fast cool~d YU" ""I! 
nme, There .... ., • 30 " . mCrnSe (rdot,,"e to control) in the trch.los~ con,em o f f.,. 
cooled )"~as. O"~r 115 lin. 10 mlnul~S al -4 nCo TI". mdLcate. thaI the ceU rt'sponded 10 

COunlCtllCt ch.nltf'! In mCmbrnnf flUlIlll), "'"Ihm Ihl •• hun f><'riod of exposure 10 cold 

~!reu, The m:halOI!e (on len! of Ihe "'.1 cu.,kJ ye •• ! then rem.med con.lOonl ","er the 4-

h"lI! !..:'nod (.pproxumtcly 5AO ± 0,50 g/100 g d .... ), The", wa. no dlffermce 10 

rrch >I,,~e com~m <jf )·eul <Ill dIlutIOn In!O 12 "c ... OIeT (beginrung of the slow coolmg 

PWC(II) and .h.t of control )'nsl 0/1 \.WutlU/1 tntu 14"C ""ter (first 10 ,mnutts, J.~ 

6.11). Ilu"'"c"cr, iii Jlo<>' coahng of tM )'e'S! progren~d. I[J treh.lose com"m al.o 

mc",.sed from 4.60 ± 0,10 g/IOO K d .... fO • nwumum o f 5.30 ± O.OJ g/ 100 g d .... 0/1 

rcachulg 4 "C T1". is poslulated .0 concur ... 'Ih 11K coum,,-mcung of chang<:! 10 

nw:tnbnne flmdlty c.u .. d br dw tkcrtasmg t~p<'ntu", III tM .-usel. The trehalose 

conmll o f control yun Il'tnalned .pproXlllUwly 44O:t 0,05 g1100 g d .... ' Ihroughout 1M 

expenmem. 

, 
6 , ; ! ~ • 28 3 ): - , 

" 

1-1 

, -
0 

'" 60 ". ,., 
T,me (mm) 

Figurcc 6.11 Cha"ge-s Ul trei,.k>'l"- content of )'''''''' dunng ,low cooJulgO , yH!t ~mg 

matntamed at " "C afle. fa .. coolmg " and cumwl j'U~! Cl 



Ch~ngcs in the p:utide sIZe illmihuuon of the comrul yc~ " (after 1 hour at 14 'c). f>st 

cookd (.ftcr 1 hOUt at 4"C) and slow cooled l'""st (~ft", 1 hu", at 4 "q ate illu,mlted In 

Figure 6.12. There was neghgIDle change in the nomber of 0.1-3 !-1m p .. ud~ detected~. 

a fnncUun uf coohng ur cuulIng ""C. Thc p(cd"nullant f'2-rudc <lZe was 6.6} !-1m In 

control yea" (after I hour at 14 'c). 5.70 flm ul ,low cookd )'cast (after I hour at 4'<.). 

and 4.90 !-1m In f.ot coolro ycaS! (after 1 hour . t 4 "C). TIll, rep,~ ... ents a dccrea", m 

=11 )'ta~1 cell sIZe "nth c<>olIng. further aUb'lllented b)" :tn Ulct<:;lscd toulrng r.,c. Th~ 

add1f\onal rroucuon In StU ubscrvro "mh fast cooled yea .. cllher utdlcatcs • greater 

dcgree of dCSlccation o r a gr""tU I.,." o f tdular mat~<L11 due to a mote damaged 

membnnc ( rabl.,. 6.15) . 

] 
E , 
Z 

. A.?~ 
16 +------------.~~~~~._----------~ .. / \ ~ , 

12 +-----------.:-.~--~-.~,~~,----------~ 

8 +--------.-, .i!~7."-----~;,c-~--~~c-------~ 

, t-1--=--.oI~r,-t_I____ . ' • '" ~ --1 
o • ".. . ---d 

o 2 6 8 10 12 

Figu.e 6.12 Parade SIze dJsmbuuOfI of control ),east .... . • Iow cooled )"<'2St • and fast 

couk"u )""" • . 

\ual)"s!s uf h~p 12 III .Iow and f~st cooled )" '01$1 ",15 eondod ed b)· gel ck-ctrophote'lIs, 

I'r~cmed In Figure 6.13. '1'""" samples fo, ano l)"1S were taken ~ iter 1 hour at 4 'c for 

.1011,' coolcd reast, aod .ftcr ] bour at 4 ,·C for £OS! cooled yc.5l. In e~ch cosc. further 

urnpl« ,,·CfC tokcn foU,,,,,,ng a 4 hour tncubaoon .. ", 'c. Thc hsp 12 b.od. on the gel 

Wete 'I""nufil'(] usu'g TN-Imago: .-\n.ly~js <of tv.-ore. The p""k are'~ obt.!rH:d on 

~~anurullg the hop ]2 bands arc !l"'cn in Tabk 6.16. It C:llI bc ,ecn tlut th~ amount of 

hsp 12 cXl'rC'S."" 10 the l"""st ""as .ff,,<,ted by the t;Ue of coohng (r.ble 6.16). Fast cooled 

yeast ptoducro 28 - 37 % mUfe hsp 12 tlun .luI>' coobl reast o\"er thc 4--hour penud.t 

4 "c. Thi. suggest. that the cxtent of destccauon e~pcn~"c<~1 by lhc membrane " ·as 

1Ofi"tlIeed by the nit' of coobng. Lo .. o f ", .. a from the tdl mentbr-anc l""tIs to 



ReSU/IS (Jlld Discussion 

dccreased nUl<lory (S~1c. tlal. 2000). Rel~rdcd flu,,!.ry weakens mcmbuncs, rcduclng rhe 

mcmbnUlC uucgmy (Walker. IYYSa) . 

• 
('J ('J (2') 

Fig",e 6.1J Prolem b",1 used mlup ]2 an.l)· ... of fasl and olow cooled )"nsr(20 flL) 

Lane (I) .low cooled )"UO! .ftcr 1 hour, I1ne (2) fast cooled yea" .frcr 1 hour. (1') slow 

cooled yca ... f'et 4 hOUN a! 4 "e. (2') bSl cooled I·USI ~ [Icr" houN al .. 'c. 

T "hi" 6. 16 Peak a,..,a. <lblamcd On qu.nuf\·mg hsp ] 2 h"nd. from Ihe P!"()ICIII gel of .low 

and fa.! cooled ycaS!. 

;::liC ::Q; 
=l!', 

fhc effecI of coollIlg role On yeas! rcsll,cncc wa, '1u.nnfied by n:,rncl1"" 10 meeh~ruc. 1 

ceO MNpuon through exposure to Ihe Fn:nch P", .. (FIgu", 6. ]4). TI'crc w'! an mc",.,,, 

m cell cnl·dope (membrane and w:tll) rtllgdlfy (merused p!"()lcln release duc 10 cdl 

I.l.ukagc un sudden pre..ure rclc.sc) wllh c<>oling and cooling ",(c. Farghcr lnd Smnb 

(1995) repon thaI If the ... .tte of coolmg IS greater than rhe .. tc "' wruch the ceO. c:ln 

moillfl therr mcml)tllnc composmon, then the cell meml.lronc may become rlXcd III • 

r:m dom illsorgarnscd fOIm, compromISing Inlcgrity. The I.ltcr:Il<.lrc illd not pro,,(\(: 

cxplan3uon for dmurllilhlIlg ccU waU ,uength on low (cmpcrn!uu .u~ss. ~Io<co'·cr, III 

Ihcrr work on lhe usc of h)"dtod)"nam" onlatlon for large SCI!C nucrob,al ~U dIsruption. 

S~'c Ila£ (I '>')7) ol,.e,,·cd Ihot an mcrea.e 111 !eml'cr3lure weakens lho: cdl wall and ,be 



ccU bccomH mor~ ,u,c"l'ubk: 10 breakage. None!hde .... ,he re.ul'5 of the: e~f>C~m 

,"wea,e a decrea." m ",,-U ,,'~ll >!rcIlgth w'Ilh coolmg ~nd .. "h coohng nl~ 

" 
" 
"' , 
" , 

j "' 
, -, " -- I 

, 
" I" -• 
" , " , , " " " " " !' .. .. u •• ( MI" ) 

Figure 6.14 CompanOIoOn of )'""' r"'ll,cnc~ ,0 tnechonJnl men .f'cr slo .. ' cooimg .0 

"' 'C and bcmg held there fot IhID. af.er fASl oooltng .0 4 "r: and bcrng held .here for 

I ht " and aftc. I hour •• 14 "c (ConfrOI)O. 

Gh'c<>gc:n do,. of O"~mrol. ,J.uv,' .nd faSi cooled yeaS! 01.'el a" hUUlIIe.,ud,. p''' ... ·med III 

hgun: 6, 15. The", "·u I 20" . dccrc • .e til g~cogcn (omen! of Ilow cooled and c..,nuo] 

] ........ (n"C' !he fUllI "' houn of ,he ulXrunem. 'ndtcanng ,h., !he yeas, ".,.. 'n 0 

mclJ.boh.:al~· ""u\"c S!ah: $100.0.' cuOlmS therefore prulong<'u !he expOlure: of 

'n<:!.bolKalh· ;oCm'e )"USIIO a nUlmm dcfiacm cn",ron~nt Murrav II dI. (1984) report 

tl1:1t redu,:"d g/)'COSt'n !r:o.·d $ on trlO(ubtKHI cor",I.", Ilmh reduced .. tc o f allonu.non 

~nd I'US! gro".,h. No clu~ III gll'cogen coUle'" of fa" cooled yus. WaS found OI'e. the 

dur-anon of ,he upcnrncm 
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Figure 6. 15 Ch'ngCj in gl)'cogcn <O'''en! of rca" uutUlg .10"" cooltng O. pO'Sf bcmg 

"'''lIn''lIIed" 4 "C .rtcr f.st ((JOhn;; . and comroJ )'~'11" O. 

S",:tU_sc.l" fcrmcnrauons perrotTI,,:d on .10'" cool,·<.l and r:lSl cooled lUSt nc 

summon.ed Ul Table 6.17. The carbon wOJude evolyuan profile. of Ihe yeast ar ... gwen III 

Figure 6.\6. The Tcsull$ ' OJggor Ihat ther., ""as no major difference in btomass yIeld ,mh 

cooling !':Itc. Slow cooleJ )"~"st UI<J howne. exh,blt " 5 ~'. lIle'e'S" m cdl gro,,',b nue 

(Table 6.17). W<llker ( 199&) .cpom dUll deCK..".., In reU SIZe ,''''), tcmpor:arilJ' Ulhibn 

buddmg on ,cturnmg the l'COs, t<> 'I~ gto,,·th tempe""',,",c, The .rcr.ge ceU $'~C of sl"u' 

cool"d ),C';lst was 5.iO tIm ",luis. that of fast cooled yeast wu 4.?O flrn. In .(cordane .... 

the growth .:tlc of sJ"u' conJed )"I::lst \\'", slightly lugher. The CO, c"olunn" profiles III 

hgu,,' 6.1 ( • • how mat fast coolw yeast had a lower rneaboiLc a<:tl\'1ty man slow cookd 

yeo.st duong the carl)" stageS of fCnne!lta110n (firSI 4 hOl1ri). The CO, evoked br fast and 

slow cook"ll reo.st m'er !1m p<:nod of fermcnUll10n were O.ll g amI 0.30 g If's pccm'r~'' 

Hou·e,·ct. after 24 hours of fcnncnflll1on. fosr cook-d rca.t produced \0 ", mOTe CO, 

than slo'" ~ookd rcaSt. TIus nut)" h"'e b~n due to ttll highcr levcls o f glycogen on 

l!Ioculauon (26 .10 ± 0.30 g/loo g d .w) man .1011.' cooled )"l"ast (21.00 ± 0.50 g/loo g 

d.w) a. the end of fermcntaoon glocOS<" conccnOO",nn III .... ch n.., k w::I.. do.e to z~"to 

«0.05 gl1.). 
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T 3ble 6. 17 Srruill-scm fnmau;aooll daD for sto..· cooled and f;iS1 cooled fC'al{ following 

I hour mc"b:ll1Oll on 3nammg 4 "'c. 

""- G ....... Inm.aI <d1 F .... <dI -" co, Co, G.(lWth 

0:)0 .... ' on 
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Fil:ur,· 6. 16 Cuoon "",,,,de ",vol uno" data of faSt • and slO\l: cooled . r""51 00 ' "1laI1l1 

leStlng follo,,"lll8 1 hour Incubanon on at\2Jmng ~ C. 

6.4.2,2 SU MMARY 

T 0 d~t~fI"'n", th., cff""t of coohng rate on extent o f cold In)uf}' e>:pcocnced by yea" 

,ilume$ dunng toohng, ." expommem wu pcrfonncd lf1 w1uch ", .. shed yea't (at 12 "C 

and 14 "C) In •• 1,,\1 (2 "e/ht) and fa.r cooled (3.09 "C(1<:<:) to " "c and held .1 

,,:mpcrature fa. "' hou" m • I~ckcled .gll:llcd I·"' • .,t As a control, y"".1 ...... s 0.10 0 

.dll.pcnded (30 0,0 con . .. tency) In 14 ·c waler ~nd held ~( (crnper~(utt fOI "' hoo". 

\f'a- " hOlll'S ~I 4 "C, fast cooled y""St sho"'«1 ~n ~Imo! ! 200 % 'ntrealc In pro tcue 

absorbanc", compared wlIh oIow cooled yea,r. Th .. ,uggest> (h~r (h~ eXlent o f cold Injury 

10 the cell mnnbnnc IIlCreas.,. "m" IlIcrCl<SltIg coolin!! T;I(e 1'0..' cooled )· ... S( ~bo 

~ho,..w ~ gt",,(a- d"",."..,e til ye",r C.,U .lZe .cl~ti,'c 10 , low cookd ~nd eOlll«l1 rc,~(, TInt 

",wrts g ...... r~f d,,&,"' of deslCunon \I',m coohng 1"1.1(. Th ... ol»erv~"o" wa~ ,'altdauxl 

by rhe lIK • .-ase (app[()X1lru..d)' 17 0,_) III hsp 12 CXP'CUlO" o f f;t:;l cooled )'e.,! co"'pned 
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cooled J""''' .ftct -I hOll1;1; ~t ~ "c. CeO "'all fr .• gilny . 1.0 ",creascd wllh f-~>I coo)'''s yeaSt 

n,c .m. Il·,cale ft ,"lem~li()n tests performed on , 10"- .nd f.sl cooled yuSt how~,-er 

,huwed hute or no <.hffen:nce '" the growth or rer"","'"u,·c . blh!)· of the two },ea" •. 

6.4.3 RAPID COOLI NG IN A H EAT EXCI-IANGER 

H" 'mg ellabhshed Ih . t Ihe exlent of dam.1t<' to yeasl .1 10" ICmpcr.ItUn:s 15 ",nucnccd 

bl' Ihe ",.e o f cool,,,!\. work wos conducted to i"vesug.lc ,he dfcCI of coohng nues 

cmplo}'cd ," hrewer.· heal nch.tlgers on ycast qu.hly. -Ilus waS done m order!O ,denllry 

crlUal ",Ie.< .b",·c wrueh ulen."-,, cold "'JU!)' , ... 11 ocrllt '" ),n'l. The brewuy cooling 

",Ies we.e ,unul. led using 1al>o"' lu.~ .c,lc c001U1g cool •. Thc .esults or the expenmems 

pc.rmmcd 00 unwashed yea>1 «cwsp"mkJ '" 14· 1 R "(:" .. c. 10' 30 ";. "om",~nC)') arc 

p'C-"'lIIed here. 

6.4.3. 1 RESULTS 

Tht ch. nge Itl prute>~c .b.orb.nce observed a •• f"ncuou of coohng .... 1" rIO r-~pid 

coolmg of y.asl 15 5l111un:In •• d 10 Twle 6.18.. '11m change "as calculaud ••• differencc 

b~1" cCll Ihe protease . bsorb. nce of Ih. yeaSI "fIe. JY.lSI . ge Ihro"gh Ihe coo·hnS COli> 

(pOllH,oolmg) .nd tha' btfo •• coolmg (s"CIIO" 5.3). I-o.ghtr and Smith (1995) .eport that 

Ihe exposur~ of ~'ca.' In a ""p,d d..;rus. '" Icmpc""lw:c nul" cauu "u:mb .... n( 

cumpollems to become fIXed 10 .... ndom .nd d.t.organl5cd r..ruon. In this .,. tt, the cell 

Incmb ... n. may d.,·clop Inks ,.,,,llIng ,n the los. of cdlula, 111~I.nal. Tabl. 6.18 sho"" 

Ih.« W:l.' an "'C1U"'" tn p,o.us. ,<leas.; ",,[, ,ncn:aSlng (001"'8 "'le, on,. rd •• s< of 

cellular prOfu.e was howeH' 11\061 prounnem al coo),"g ... In al"',,"e 2.08 C/foJ!c. 

"fable 6. 18 Change In p'III.as. ab"JO,b.nce of )'ea" a~ I funcnon of C<lOllOg .arc on "'p,d 

(oollllg. 



'n,,, palUd" Sill" d~nibunon. of yusl cooled ~ I me '-ano,," cooling rat ... u e prC!!cmed m 

Figure 6.17. To \Salol .. yeasl dam.ge due 1.0 hydrodynamIC effecl. (now through lhe 

pump and me coppe' coils) f.om thaI due to rap.d coohng, j-':.SI wO$ pumped Ihrough 

the coils al the haghesl nov.' Tale .duenb1c u,u<g the 1\I~ .1m.· SOW pump (1.2 L/mm) 

without any cooLing. T1m "hydrodyrulnuc run" was used u a control and mu. any 

chang<" ill parnde 'i!2" ru,tnbullOn obsen'cd ,,"ul> cooling "":1$ a,,';bllled 10 the eff""ts of 

cold stre,~. f"l'Cher ,{ w (2001) report th>1 porodel ill me 0.1·2 fIm .1U nnge eIln be 

clo"Hfied as hope mllterud and ::!.J ).!m parod .. s •• protCill-polypheno\ compounds. In 

order to compare the number of sub-J ).!m parod ... generated I. m ...... riou. cooling 

nues cffeCllvdy (Fig"''' 6. 17), me nno of Ihe a ..... ' undem ... !h each peak ill me 0.1-3 ).!m 

$lze nnge (Area I) 10 !hol 1><:ne, .. h the run'" ill Ihe J.\O fIm nn~ (.\ru ::!) was 

calculated. The rt!Su\!s ob ... ,ucd arc rusploycd m Table 6 \9 hgmc 6.\7 clthlb,u • 

COmmon maxunum cell sIZe at approlWlu,cly 7 fIm .cross.n cooLing r.t .... "lIDs lItdJcates 

that thete wal no cl>:rnge lIt me .venge yea.t ""u sIZe on cooLing and wllh lItcre!l.SU1g 

cooling rate, Ind merefore no ",Uular deslCcanon ob..,n·ed. There ""S' how",-u .n 

Ulcre .... ill me l"OPOmon of sub-J tLm I'arndu g"nerated wnh mcr .... 'illg coolmg nte 

(rable 6.19). Y ...... cooled at n.e, .b<wc 1.28 "e/kc 8""c ~ 6·9 fold 10"""'" U1 sub_ 

} fI m parudu compa",d 1<.> conw! yeast. TIm !)ho"'~ tbat told 5""U made .he ceU 

~m-dop~ mo.~ senslU\'~ to hydrody>Utnic shear on flow through liu: copP'" coils ~"d 

h"X:l.tcd plpmg. lbe ..:".m,,!)· of yeast ro hydrodynamic . bea. Ulcre.,cd "'lib 

in""'sed y ...... coolmg nIt . 
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Figure 6. 17 Effect of r:opld coohng on pntld~ m.e dutnb\loon _ H )"d.odynaml\: run 

(00 Ct><J1Ulg); • l.211 !'C/oc.::; ~ 2.011 "C/scC', & J.09 ·C/seC', . 3.35 "C/".,c; .nd • 4.03 

"C/sct. 

Table 6.19 Effect of coohng r:lt~ on the ",uo <If <ub3 mIcron 10 3· to nutren "" rude. 

Co<:>long ,"lie (,<:/.«) Rot.., (An::I 1/ .... "'. 2) 

l-!ydrodpwTlIc O,O7~ 

128 0'(182-

208 052Z 

,m eo" 
'" 0618 

'" OT'~ 

A further c,;penmem to ~ununc .he mnucllCc of cold 51 ftH on the .bili!), o f ,"'151 10 

"~thu::,,KI .ny .ub~lI~nt h)"drodyrunuc olress .... 1$ conducted A h,-drodyfUrTUC; run " .... 

pcrform~-d "mh. b:ueh of )"""" at the: lughes. Ach.e>'able no.... nte "'illS rhe 1\I1r10l0.' s.4O 

pump (1.2 L/ mm). 1bc )-co. • • , ...... !ben pumped Ihrough the c;oppc. COlli .t 12 L/ nun 

"mh coohng. The cool.::d yea.! "-'S n:c<: ..... cml ~nd pumped .hrough d>e 'upper coil, 

.~If1. ,mho.1t an)" cooling (2"" h,·drodyn: .. nic run). Th~ pUne'" SIZ~ dmnbunons of.!x­

)'as! :In' Sln-n In Figure 6.18. The ntKn of 1111>-1 j.tm 10 1.10 j.tm parllck:s In lhe 

Individual cun-C$ of Figwc 6.18 atl"" 8"..,n m Table 6.20. Th ere " 'al an 18 °0 m~~ 

(..,1:0. ..... " 10 control yetil) 10 lbe proponlOfl of l ub-lj.Im ~Icrul p"-'SCm on "'p,ill) 

chilling rh" )'''251 (coohng run). y", ... p, .sed Ihrough the pump. COlIs and .,SOClO,ro 



tubtng m the 2"" hydrodynonuc run , ho,,'ed ~ 40·. IIlcr<:asc: (r<:u.u,·c 10 comrol )'easl) Ul 

the propornon of 5ub-Jl!m m:l!rnal p«scnL 
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Figure 6. IS Effect of cold .~, 'Uld h)'drodrn~mlC: $un~ on p .. ucLc Size, rustnbunon . 

... I r~ss through cOIls (no coobng) • • 1 pm Ihrough rods (coohng)_ followed by • 

I pass lhrough cod. "~Iho", ""f (ool"'g 

T able 6.20 Effect of coobng fillC on the \':l1lO of .ub2 nUCn::m 10 J.JO nllcron p,uncle. 

Coobn& .lle ~/o«) Rauo (,\ .co t I A .... 2) 

1 h-drod)'fWNC fWl 0626 

Coolmgmo 07:l6 

z..! Hytlrodyru.truc fWl C),B"G 

Effo." "'en: made 10 dClemune the ongm of th., fua3 I!m rnatenol by .t:urung 

Icch,uque" Eosm )'eUow I, ,,:pOtted 10 " ,un deJUUl and prOfcmucou, mItre. 

(mu"cellular compon"nCl). ",luIst laclOphmol blue i5 SpecIfIC foc the ccU \",11 materutl of 

furtgl and )·ca'l (S.cbcn .1 ttl. 1981) .• \1iqu<M:I of rspull) cookd p:asl .. "1: .... ploccd In N,O 

1<'$1 "'lxl " '1Ih ~ual ,-oIum<:5 of Wi'\lD r~lIow and bctophenol bI .... St21JUrlg .., Iunons 

' C'5 p«m'd), After nuJUl1g. the samples "-Crt ,""""'00 •• " -CI p"'pafllllon under Ihe 

follo"."mg comLnom " 'nh • hghl IIDCroscOpc-. {Il Laclophenol III"" ~"'m. lmghtfidd 

illwnuuuon al 1<400 magruflC'llllOn, (2) fum yello,,' jl~,". lmghtficld Il1um"'"Uon 01 

1<400 rnAgmfoauon. The pho{OmlCrogr.>ph. obl~l1Icd ore p.cscmed 111 FL~Un: G,19 and 

6.20. 
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Figure 6.19 Photogr.>ph of hau st",ncd wuh Lacloph~nol Blue Stam. Bnghlfidd 

iUUllllllarion 0.1 x400 m..gruficotion. 

Figure 6.20 I'hotoguph of hne .tamed wnh Eoom r"Uow oWn. Bnghlfid d illumination 

at x400 magnification. 



The poo'onucrognphs In Frgure 6.19 ond 6.20 u>dic .. c ,h., ,he: amorphow m.,enallS 

both flOm the c}"towl :.ml !he cell waU. Tlw findmg IS m .greemcnl "'nh F,schc.r " ,J. 

(ZOOI ) whu ,cpon sub-J ~m m:ncoal At cO!npuncllts from bu!h the eell " ... n InJ ,he 

cytoSOl. F'gure 6.19 and 6.20 .lso confinn !he Obse,,'OUOfl th., ,he: act of coohng leads to 

an mhtrem weakening of ,he cell wall ami the cell memb""ne, !he nlcnt of "'hlO;h IS 

dependent on !he cooling ... te. ThIS marufc~r:. ITself :IS ,he .dcuc of mlt...:cU"I., 

components through leaks m the cell memb .... nc and ,I", .b""SlOO of the cell " ... ll OIl 

exputun:: 10 h)"irod)'n:uruc Sitts •. Furthe r e\"ldente for thu e>n "" ""cn on Table 6.20 

whc!c :addmon.1 danugc 10 lhe cell envelope: ,,'O. obg"'cd on pumpIng chilled yea" 

th,ough the through !he npcnmcnt .pp ..... tu. wlThou, mr codmg (Z'" h)drotlyn.nuo:: 

TUn). In the photOflIlCrog .... phs, there = WlrtC ye a .. cells .... 1uch appc:o: .... to.ct bu, are 

51. mOO , The llIab,llIy nf thcse: "intac," J'C:UI celt. 10 ucludc the "alii' "cnfic, the 

prcKnce of rn(mbl'2flc d:lll1ago:d «lIs. The: prcsc:nce of haze mltenol .nCJ pro,cm. 

pol),phc.nol compounds", thr yeaS! .Iun)" mlJ" compronux beer qUlhly. 

Reluh. of rtench Press cxpc:,,,,",,,ntll to dctcl1nIn<' me effects of ""p,d coohng on )'Cas1 

.esWence to ",(ehame.1 cell WsrupUOll an: gwen In I" b .... 'e 6.21. Tl>c:,e ,,'as I n 'ncrtl$(: In 

ctll cn"elopc: [""gil!!), ""h II1Crl'lsmg oooImg nIt. uU dlsrupuon and 10.;, of memlm.nc 

Inlegory ..:presem the most $(",'CIt f)-pn of '"Iur)' occumng 10 cells '" me french rId'. 
Thu result u In .cwrd~n« wlIh the dna P"'$oentw III Figure 6. 17 Ind 6. 1 !l. 
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Results and Discussion 

Results obtained on conducting small-scale fennentations on the rapidly cooled yeast are 

summarised in Table 6.21 and the carbon dioxide evolution profiles obtained are given in 

Figure 6.22. The results in Table 6.21 show that there was no major difference in the 

biomass yields of control yeast and yeast exposed to 1.28 °C/sec and 2.08 °C/sec cooling 

rates. Yeast cooled at 3.09 °C/ sec and 4.03 °C/ sec however had a 29 % and 23 % lower 

yield respectively compared to control yeast, indicating subde injury to the mechanisms 

that control the cells' ability to replicate with increasing cooling rates (cell membrane 

integrity, Table 6.18). The CO2 evolution profiles in Figure 6.22 are an indication of yeast 

metabolism over the course of the fennentation. Yeast cooled at cooling rates above 

2.08°C/sec showed a 24 % decrease in carbon dioxide evolution compared to control 

yeast over the first 4 hours of the fermentation. This shows a lowered metabolic activity 

of the yeast over this period, indicating a reduced ability of yeast to adapt to the 

fermentation media. Yeast cooled at cooling rates at and above 2.08 °C/ sec showed 8-14 

% reduction in the overall carbon dioxide yields relative to control yeast. This may have 

been due to the 8-9 % lower glycogen content of the yeast on inoculation as the end of 

fermentation glucose concentration in each flask was close to zero «0.05 giL). 

Table 6.21 Summary of vitality data of yeast cooled at various rates. 

Cooling Glycogen Initial cell Final cell Biomass CO2 CO2 Gtowtl: 
rate content on concentration concentration Yield Evolved yield tate 

I('C/sec) inoculation (cells/mL) (cells/mL) (cells/ g (g) (g/g (hrl) 
(g/gd.w) x105 x105 glucose) glucose) 

x107 

No 27.37 ± 0.80 258 ± 10 356 ± 25 64± 3 0.41 ± 0.55± 0.025± 
Cooling 0.01 0.01 0.001 

1.28 27.86± 1.69 279 ± 53 361 ± 22 66±3 0.40± 0.54 ± 0.025 ± 
0.02 0.02 0.001 

2.08 25.22 ± 2.28 270± 8 350 ± 63 65±2 0.38± 0.51 ± 0.025± 
0.01 0.01 0.003 

3.09 24.89 ± 1.69 280 ± 38 340± 35 50±4 0.34± 0.46 ± 0.023 ± 
0.01 0.01 0.002 

4.03 24.93 ± 1.44 269±40 370 ± 11 52±6 0.35± 0.47 ± 0.023 ± 
0.02 0.02 0.001 
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Figure 6.22 Carbon dioxide evolution data of yeast after • Hydrodynamic run (no 

cooling); cooling at. 1.28 °C/sec; tJ. 2.08 °C/sec; ... 3.09 °C/sec; and. 4.03 °C/sec. 

6.4.3.2 SUMMARY 

Work was conducted in the laboratory to investigate the effect of cooling rates employed 

in brewery heat exchangers on yeast quality. This was done in order to identify cooling 

rates above which extensive cold injury occurs in yeast. The cooling rates used in the 

experiments ranged from 1.28 to approximately 4.03 °C/sec. There was an increase in 

membrane damage (protease release) with increasing cooling rate. The release of cellular 

protease was however most significant at cooling rates above 2.08 °C/sec. The yeast cell 

wall also became more susceptible to shear damage (haze formation) with increasing 

cooling rate. This was further confirmed by French Press experiments in which the 

extent of cell disruption (weakening of the cell wall) increased with increasing cooling 

rate. 1b.is apparent weakening of the cell wall was again most prominent at cooling rates 

above 2.08 °C/ sec. Further, small-scale fermentation results conducted on the yeast 

showed lowered biomass yield and reduction in CO2 yield (fermentative ability) with 

increasing cooling rate above 2.08 °C/sec. 
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Results and Discussion 

6.4.4 YEAST COOLING IN THE BREWERY 

Laboratory experiments on the effects of rapid cooling in a heat exchanger on yeast 

indicate an overall weakening of the cell envelope as well as reduced growth and 

fermentative ability with increasing cooling rate. To assess whether similar effects would 

be observed in the brewery, on-line cooling trials were conducted at SAB-Newlands. 

Brewery cropped yeast (14°C) was pumped through a plate and frame heat exchanger at 

cooling rates ranging from approximately 1.4 to 3.0 DC/sec. 

6.4.4.1 RESULTS 

The change in protease absorbance observed on cooling yeast in the brewery was 

calculated as a difference between the protease absorbance of the yeast before and after 

flowing through the plate and frame heat exchanger (fable 6.22). During the 

hydrodynamic run, there was a general increase in the protease release with increasing 

flow rate through the chiller (fable 6.22). This suggests that the shear stress experienced 

by the yeast as it passed through the bends and constrictions of the heat exchanger 

increased with increasing flow rate. This hydrodynamic stress led to cell membrane 

damage. On introducing cooling, there was an overall increase in protease release 

(compared with hydrodynamic run), the most prominent of which was by almost 200 % 

at a mass flow of 80 kg/min. On-line brewery experiments conducted by Robinson 

(2001) showed a 40 % increase in protease release of on passage through the heat 

exchanger (65 Kg/min). Thus, the intactness of the cell membrane showed a decrease on 

cooling in the heat exchanger. Table 6.22 shows that as the flow rate, and therefore 

cooling rate, was increased, so did the protease release from the yeast. Rapid cooling of 

yeast may lead to detrimental changes in cell membrane structure, making it prone to 

damage (Fargher and Smith, 1995). The release of cellular protease was highest at a 

cooling rate of 3.03 DC/sec (the highest rate tested). 

Table 6.22 Change in protease absorbance on cooling yeast in a brewery heat exchanger. 

Mass flow Cooling rate A Protease absorbance A Protease absorbance Combined effect of cooling 
(kg/min) (JC/sec) (hydrodynamic run) (cooling) and hydrodynamic run 

40 1.43 0.017 ± 0.005 0.004 ± 0.003 0.021 ± 0.006 

60 2.31 0.033 ± 0.003 0.044 ± 0.006 0.077 ± 0.007 

80 3.03 0.035 ± 0.003 0.065 ± 0.004 0.100 ± 0.005 
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Results and Discussion 

The effect of cooling rate on the particle size distribution of yeast is presented in Figure 

6.23, 6.24 and 6.25. Figure 6.23 shows that the hydrodynamic effects encountered by the 

yeast on passage through the positive displacement pump and the heat exchanger, in the 

absence of cooling, did not generate haze from the yeast. There was however an increase 

in protein-polyphenol compounds, particles in the 2-3 J.Un size range (Fischer et a/, 2001), 

and a 14 % decrease in average yeast cell size with cooling at 1.4 DC/sec (from 5.70 J.Un in 

the hydrodynamic run to 4.88 J.Un on cooling). The apparent decrease in average yeast 

cell size is postulated to be due to the voluntary expulsion of cellular water at low 

temperatures as reported by Franks and Mathias (1990) or as a result of the loss of 

intracellular material through the damaged cell membrane. The effect of hydrodynamic 

stress on the particle size distribution due to flow through the positive displacement 

pump only, and flow through the pump and heat exchanger with and without cooling 

can be seen in Figure 6.24. There was an increase in 2-3 J.Un particles on passing the 

yeast through the heat exchanger (hydrodynamic run), suggesting some degree of damage 

to the yeast cell membrane. Therefore, the hydrodynamic stress experienced by the yeast, 

at 60 Kg/min, in the heat exchanger is greater than that due to passage through the 

pump. The appearance of 0.1-2 J.Un particles (haze) with the introduction of cooling 

suggests cell wall damage. Comparing Figure 6.24 to 6.23 shows an increase in cell 

envelope fragility with increasing cooling rate. The average cell size (approximately 

6.60 J.Un) of the yeast in Figure 6.24 decreased to 5.75 J.Un on cooling. Figure 6.25 shows 

that increasing the flow rate further leads to an even greater presence of sub-3 micron 

particles. There was an increase in the amount of haze generated suggesting increased 

injury to the yeast cell wall. The yeast cell size also decreased from approximately 6.3 J.Un 

to 5.65 J.1m. This data represents the most significant damage to the yeast cell envelope in 

the brewery trials. 
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Figure 6.23 Particle size distribution of yeast; +Hydrodynamic run at 40 Kg/min, ... 

cooling run at 40 Kg/min (1.43 °C/sec). 
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Figure 6.24 Particle size distribution of yeast; • After passage through pump at 60 

Kg/min, + Hydrodynamic run (passage through pump and heat exchanger) at 60 

Kg/min,'" cooling run at 60 Kg/min (2.31 °C/sec). 
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Figure 6.25 Particle size distribution of yeast; • Hydrodynamic run at 80 Kg/min, A 

cooling run at 80 Kg/min (3.03 DC/sec). 

Results obtamed on conducting vitality tests on the yeast are summarised in Table 6.23. 

Yeast passed through the heat exchanger at 60 kg/min without any cooling was used as a 

control. The carbon dioxide evolution profiles of the yeast are given in Figure 6.26. The 

end of fermentation glucose concentration in each flask was close to zero «0.05 giL). 

The results of the small-scale fermentation suggest that there was a decrease in biomass 

yield on cooling and with increasing cooling rate (Table 6.23). Yeast cooled at 

1.43°C/sec and 3.03 DC/sec showed a 2 % and 12 % decrease in biomass yield 

respectively compared to control yeast (no cooling) where the typical co-efficient of 

variance in biomass data was 4.5 %. There was little or no difference in the growth rate 

of control yeast and yeast cooled at 1.43 DC/sec and 2.31 DC/sec. However, the growth 

rate following cooling at 3.03 °C/ sec was reduced by 14 % with respect to control. The 

amount of CO2 evolved decreased on cooling and with increasing cooling rate. Figure 

6.26 shows that yeast cooled at 1.43 DC/sec and 2.31 DC/sec produced 21 % less CO2 

than control yeast during the first 4 hours of fermentation. Over the same period, yeast 

cooled at 3.03 °C/ sec showed a 33 % decrease in CO2 evolved compared to control 

yeast. These findings agree with those observed in laboratory tests (Section 6.4.3.1). 

Fargher and Smith (1995) report that membrane damage observed on cold shocking 

yeast may result in reduced growth rate and biomass yields. They report vacuole re­

arrangement on fast cooling yeast, which has a detrimental effect on the ability of the 

yeast to metabolise glucose. 
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Table 6.23 Vitality data for brewery cooled yeast. 

Cooling 
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0.47 ± 0.01 0.054 ± 0.003 

20 24 

Figure 6.26 Carbon dioxide evolution data of yeast after _ Hydrodynamic run (no 

cooling); cooling at. 1.43 °C/sec;" 2.31 DC/sec; and. 3.03 DC/sec. 

6.4.4.2 SUMMARY 

Laboratory scale experiments on the effects of brewery cooling rates on yeast quality 

identified cooling rates above 2.08 DC/sec as critical with respect to extent of cold injury 

in yeast. On-line trials were conducted at SAB-Newlands in order to investigate whether 

similar effects would be observed in the brewery. Cropped yeast (14°C) was pumped 

through a plate and frame heat exchanger at cooling rates ranging from 1.4 to 

approximately 3.0 DC/sec. Again, cell membrane (protease release) and cell wall fragility 

(haze formation) increased with increasing cooling rate, the most prominent of which 

was at 3.03 °C/ sec (highest flow rate tested). Biomass yield, yeast growth rate and CO2 

evolution also decreased with increasing cooling rate. 
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6.5 CHAPTER SUMMARY 

The results detailed in the chapter were obtained from experiments performed to assess 

the potential for a loss in yeast quality as a result of cooling of diluted yeast slurries in a 

jacketed agitated vessel and in a heat exchanger. These experiments were carried out in 

order to determine the effects of osmotic shock, agitation, final cooling temperature and 

rate of cooling on the physiological state of yeast and its ability to withstand subsequent 

mechanical handling. Key findings from this work are outlined below. 

6.5.1 THE EFFECf OF OSMOTIC STRESS AND AGITATION IN A 

JACKETED AGITATED VESSEL 

To determine the effect of osmotic stress on yeast quality, washed yeast at 14°C was 

resuspended in each of sterilised deaerated, deionised water; PBS (control); and MYPG 

nutrient media at 14°C at 1:1, 2:1, and 1:2 yeast to diluent mass ratios. Samples were 

collected over a 4-hour period and analysed for cell membrane damage (protease release), 

cell death associated with membrane damage (methylene blue viability), and changes in 

growth and metabolic activity (small-scale fermentations). From the experiments, it was 

found that the osmotic stress encountered on dilution had little or no effect on yeast cell 

integrity, growth and fermentative ability. The protease release observed on suspending 

yeast in water and PBS was attributed to the absence of a nitrogen source in the two 

diluents (Slaughter and Nomura, 1992) and not to the loss of membrane integrity due to 

osmotic stress. Prolonged storage of yeast at 14°C in a nutrient depleted media may 

however lead to a decrease in internal glycogen content of the yeast. 

The effect of agitation in a jacketed agitated vessel on yeast quality was investigated. 

Washed yeast at 14 °c was resuspended in deaerated deionised water at 14°C to a 30 % 

consistency (on mass basis). A 200 mL aliquot of yeast slurry was then placed in each of 

two 250 mL beakers. The yeast in one of the vessels was agitated at 570 rpm (based on 

the average tip speed of brewery storage vessel agitators, approximately 1.5 m/s) using a 

pitched-blade impeller of 50 mm in diameter over a 4-hour period. Samples were 

examined for cell membrane damage (protease release), cell death associated with 

membrane damage (methylene blue viability), cell wall damage (haze), and changes in cell 

growth and metabolic activity (small-scale fermentations). The agitation employed in the 

vessel had no effect on cell envelope (wall and membrane) integrity. Yeast growth and 

the ability of the yeast to adapt to the fermentation media were also not affected by the 
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agitation. Hence, damage to yeast observed on cooling yeast in the jacketed agitated 

vessel can be attributed to the influence of cold stress. 

6.5.2 THE EFFECT OF FINAL COOLING TEMPERATURE ON COOLING 

DILUTED YEAST SLURRIES IN A JACKETED AGITATED VESSEL 

Washed yeast was resuspended into deaerated deionised water at 14°C (control), 12°C, 

8 °c and 4 °c to a 30 % consistency (by mass). The diluted yeast was agitated over a 4-

hour period at 570 rpm, using a pitched-blade impeller of 50 mm in diameter. The yeast 

was maintained at temperature by coolant-circulating refrigerated units. Samples taken 

over the duration of the experiment were analysed for the presence of physiological 

stress indicators (morphology, trehalose, hsp 12), cell membrane damage, cell death 

associated with membrane damage, cell wall damage (fragility), glycogen content and 

changes in growth and metabolic activity (small-scale fermentation). There was an 

increase in the level of expression of membrane stress compounds (trehalose and hsp) in 

the yeast with decreasing final cooling temperature (Figure 6.27). Cellular and membrane 

desiccation (cell size and hsp 12) also increased with final cooling temperature. These 

findings support the hypothesis that membrane composition is altered at low 

temperature, the extent of which is dependent on the magnitude of the low temperature 

stress. 
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Figure 6.27 Effect of final cooling temperature on physiological stress indicators .• 

Yeast cell size (Jlm), ... trehalose content (gIg dw), • Hsp 12 expression (/100). 
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Exposure of yeast to low temperature in the jacketed agitated vessel led cell membrane 

permeabilisation and a decrease in cell wall strength (Figure 6.28). Damage to the cell 

envelope was dependent on the intensity of the cold stress. Lewis (1994) and Fargher and 

Smith (1995) report that loss in membrane fluidity at low temperature may compromise 

membrane integrity. The literature however did not provide explanation for diminishing 

cell wall strength on low temperature stress. 
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Figure 6.28 Effect of final cooling temperature on cell envelope integrity .• Total 

protein release from French Press fragility analysis of yeast incubated for 4 hours at 

temperature in a jacketed agitated vessel and .& protease release after 4 hours at 

temperature in a jacketed agitated vessel. 

Changes in yeast growth and metabolism were also observed with decreasing final 

cooling temperature in the small-scale fermentations (Figure 6.29). The reduction in 

biomass yield may have been due to the increased presence of membrane damaged cells 

at low temperature (protease absorbance in Figure 6.28). Lentini (1993) reports that 

damage to the cell membrane may affect the replicative ability of yeast. The CO2 yield is 

an indicator of yeast metabolic activity throughout the fermentation. The increase in CO2 

yield of yeast held at 4 °c may have been due to its higher glycogen content on 

inoculation as the end of fermentation glucose concentration in the fermentation media 

was close to zero for all yeast «0.05 giL). Storage of yeast in the jacketed agitated vessel 

at temperatures above 8 °c led a decrease in internal glycogen content. 
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Figure 6.29 Effect final cooling temperature on yeast growth and metabolism. • 

Biomass yield (cells/g glucose) and'" CO2 yield (g/g glucose). 

6.5.3 EFFECT OF COOLING RATE ON YEAST QUALITY 

To examine the effect of cooling rate on the extent of cold injury experienced by diluted 

yeast slurries, an experiment was performed in which yeast at 14°C was resuspended in 

12 DC water and slowly cooled to 4 °c at 2 °C/hr in a jacketed agitated vessel. Another 

batch of yeast was fast cooled (approximately 3 DC/sec) from 14°C to 4 °c by 

resuspension into 4 °c water in a jacketed agitated vessel. Yeast in both systems was held 

at 4 °c for 4 hours. Further experiments were also conducted to investigate the effect of 

cooling rates employed in brewery heat exchangers on yeast quality. These experiments 

were performed both in the laboratory, using laboratory scale cooling coils, and under 

routine brewery operations at SAB-Newlands brewery. The cooling rates achieved ranged 

from 1.28 to 4.03 °C/ sec. 

Results across the experiments suggest increased membrane damage with increasing 

cooling rate (Figure 6.30). Fargher and Smith (1995) report that the exposure of yeast to 

a rapid decrease in temperature may cause membrane components to become fixed in a 

random and disorganised fashion. In this state, the cell membrane may develop leaks 

resulting in the loss of cellular material. Minor damage to the cell wall (haze) was 

observed both in brewery and laboratory experiments (Figure 6.31). The amount of haze 

formed increased with increasing cooling rate (flowrate employed). This haze material 

was found to have originated from the cell wall and the cytosol. Thus, rapid cooling of 

yeast in a heat exchanger made the yeast cell envelope more sensitive to hydrodynamic 

shear damage. Cell wall strength also appeared to diminish with increasing cooling rate 
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(French Press fragility analysis). Damage to the cell envelope in both laboratory and 

brewery experiments is amplified at cooling rates in excess of 2°C/sec (Figure 6.30 and 

6.31). 
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Figure 6.30 Effect of cooling rate on yeast cell membrane integrity .• Yeast cooled in 

laboratory scale cooling coils, ... yeast cooled on-line in the brewery and • slow and fast 

cooling in a jacketed agitated vessel. 
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Figure 6.31 Effect of cooling rate on yeast cell wall .• Haze (/5) from yeast cooled in 
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Yeast growth and metabolic activity were also affected by cooling rate. In laboratory and 

brewery experiments, biomass and CO2 yield decreased on increasing cooling rates above 

2 °C/ sec (Figures 6.32 and 6.33). This may have been due to the increased cell membrane 

damage found on exceeding this cooling rate (Figure 6.30) and the possible occurrence 

of lipid phase transitions in membrane bound cytoplasmic organelles (Kau! et aI., 1993, 

Fargher and Smith, 1995). This IS postulated have detrimental effects on yeast 

metabolism. A notable decrease 10 yeast growth rate was observed in brewery 

experiments only. 
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Figure 6.32 Effect of cooling rate on yeast metabolism and growth (Laboratory scale 
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CHAPTER 

7 

CONCLUSIONS 

7.1 CONCLUSIONS 

In brewing, it is common practice to cool cropped yeast from a fermentation 

temperature of approximately 14 0 C to a storage temperature close to 0 0 C prior to re­

pitching. The cooling systems employed by brewers may involve rapid heat transfer in a 

plate and frame heat exchanger or dilution and subsequent slow cooling of yeast in a 

jacketed agitated vessel Walker (1998) reports that the exposure of yeast to low positive 

temperatures may have the following effect on cell physiology (Walker, 1998): 

• Cell membrane fatty acids may undergo a phase transition, compromising cell 

membrane integrity. 

• Sterol synthesis is reduced, weakening membranes and thus increasing potential for 

cell disruption. 

• Yeast cells shrink uniformly, inhibiting budding. 

• Vacuolar membrane damage may occur leading to changes in metabolic activity. 



Conclusions 

Further, Fargher and Smith (1995) and Komatsu et al. (1990) report that cold injury 

experienced by yeast at low temperatures is governed by yeast cell condition, cell growth 

phase, growth temperature, temperature range over which cooling is performed, cooling 

rates employed, and level of low molecular weight protectants in the yeast. In this 

research project, the effect of cooling, in terms of both extent of cooling and cooling 

rate, on stationary phase yeast, was investigated. Experiments were performed to assess 

the potential for a loss in yeast quality as a result of cooling of diluted yeast slurries in a 

jacketed agitated vessel and in a heat exchanger. These experiments were carried out in 

order to ascertain the effects of osmotic shock, agitation, final cooling temperature and 

rate of cooling on the physiological state of yeast and its ability to withstand subsequent 

mechanical handling. Critical cooling rates above which extensive cold injury will occur 

in yeast were also identified. 

As the terms "loss of viability" and "loss of vitality", generally used in brewing to 

characterise a loss of yeast quality, did not provide a detailed description of the nature of 

a loss of yeast quality (Basson, 1996), a scheme whereby cold stress could affect yeast was 

hypothesised. Firstly, changes in cell membrane composition may occur leading to the 

synthesis of low molecular weight cryoprotectants (membrane stress compounds), the 

levels of which are dependent on the magnitude of the cold stress. Such a response may 

be detected by changes in the degree of expression of stress compounds such as 

trehalose and heat shock proteins. Secondly, as cold stress increases, loss of integrity of 

the cell membrane may occur owing to phase transitions within the membrane. Jones 

(1987) reports that replicative competence in yeast relies on the functional and structural 

integrity of the cell membrane. Damage of this sort can be measured through methylene 

blue viability staining or release of protease enzymes. This cold stress may also affect the 

ability of the cell wall to withstand hydrodynamic shear. Loss of cell wall strength can be 

monitored through haze and fragility analyses. More severe cold stress may cause 

damage to intracellular organelles altering the yeast fermentation performance and in 

extreme cases causing cell disruption. Overall yeast quality and cytoskeletal function can 

be monitored by small-scale fermentations (biomass yield, yeast growth rate, substrate 

utilisation and CO2 production) and cell disruption can be monitored through 

microscopic cell counts. 
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The results obtained from experiments to investigate the effects of cooling on yeast 

quality demonstrated the following: 

• The osmotic stress encountered by cropped yeast on dilution had little or no effect 

on yeast cell integrity, growth and fermentative ability. Prolonged storage of yeast at 

14°C in a nutrient depleted media may however lead to a decrease in internal 

glycogen content of the yeast and an increase in protease externally. 

• The agitation employed in the jacketed agitated vessel, in the absence of cooling, had 

no effect on cell envelope (wall and membrane) integrity. Yeast growth and the 

ability of the yeast to adapt to the fermentation media were also not affected by the 

agitation. 

• Over the range of final cooling temperatures investigated (14 to 4 0q on cooling 

diluted yeast slurries in a jacketed agitated vessel, there was an increase in the level of 

expression of membrane stress compounds (trehalose and hsp) in the yeast with 

decreasing final cooling temperature. Cellular and membrane desiccation (indicated 

by reduction in cell size and expression of hsp 12) also increased with decreasing 

final cooling temperature. These findings support the hypothesis that membrane 

composition is altered at low temperature the extent of which is dependent on the 

magnitude of the low temperature stress. The exposure of yeast to a temperature 

stress in the range 8-4 °c led to cell membrane permeabilisation and a decrease in cell 

wall strength. Damage to the cell envelope was dependent on the intensity of the 

cold stress. There was also a decrease in biomass yield as indicated by small-scale 

fermentations with decreasing final cooling temperature. 

• Over the range of cooling rates that could be achieved in the laboratory cooling coils 

and on-line at SAB-Newlands using a plate and frame heat exchanger (1.03 to 

4.03 °C/ sec), the amount of haze generated and protease released increased with 

increasing cooling rate (flow rate employed). Yeast growth and metabolic activity 

were similarly affected by increasing cooling rate. In laboratory and brewery 

experiments, yeast growth rate, biomass and CO2 yield decreased with increasing 

cooling rate. Overall, cooling rates above 2 °C/ sec aggravated damage to the cell 

envelope and showed the most detrimental effect on subsequent small-scale 

fermentation performance of the yeast. 
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7.2 RECOMMENDATIONS 

From the data collected in this study it has been possible to postulate cooling rates above 

which cold injury to yeast may impinge on yeast perfonnance. In the laboratory and in 

the brewery this has been identified as a cooling rate of 2 °C/ sec. As the cooling rate is 

increased beyond this value, damage to the cell envelope is aggravated and yeast 

fennentation performance detrimentally affected. Therefore it is recommended cooling 

rates below 2°C/sec be used during re-circulation. 

This investigation was limited to cooling rates representative of the brewery yeast 

handling circuit. Further work should be conducted to identify rates below which cold 

injury will not occur in yeast. 

From this study it has been shown that cold stress makes the cell envelope more 

susceptible to damage. Further work should be carried out to investigate the effects of 

agitation rates and duration of agitation on cooled yeast slurries. 

Protease release and haze fonnation has been shown to be assay sensitive to the 

detection of cold stress generated in the heat exchanger. It is therefore valuable to 

conduct regular haze and protease analyses after the heat exchanger during routine 

brewery operations. 
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APPENDIX 

A 

ASSAY METHODS 



Assqy Methods 

A.l EXTRACELLULAR PROTEASE 

A.1.1REAGENTS 

Incubation Buffer: Tris-HCI Buffer 

(0.2 mol/L Tris-HCl, pH 7.8, 0.02 mol CaC~ 

Stop Reagent:: Trichloroacetic acid 

(5% w Iv in deionised, distilled water) 

Assay Buffer: Tris-HCI 

(0.5 mol/L, pH 8.8) 

Substrate solution: 15 mg Casein, resorufin-labelled (Boehringer Mannheimer Universal 

Protease substrate, Catalogue No. 108073) 

Preparation: Add 3.75 m1 deionised, distilled water to contents. Batch 

out 50 ~ into eppendorf tubes. Store in deep freeze. 

A.l.2 METHOD 

1. Centrifuge the yeast slurry in an Eppendorf microfuge at 5000 g for 5 minutes 

2. Decant supernatant 

3. Centrifuge supernatant for 5 minutes 

4. Pipette 50 ~ substrate into fresh eppendorf tubes (pre-prepared) 

5. Add 50 ~ incubation buffer 

6. For sample: add 1 00 ~ supernatant 

7. For blank: add 100~ deionised water 

8. Incubate tubes overnight at 37°C 

9. Add 480 ~ of stop reagent and incubate at 37°C for 10 minutes 

10. Centrifuge tubes for 5 minutes and decant supernatant into fresh Eppendorf tubes 

11. Pipette 400 ~ of supernatant into 1mL cuvettes 

12. Add 600 ~ assay buffer and measure absorbance at 574 nm using a spectrophotometer 

The protease absorbance was expressed as 

M sample = Absorbancesample -Absorbanc~lank 
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Ass,?), Methods 

A1.3 REPRODUCIBILITY 

The reproducibility of the protease assay was tested. The results are presented in TableA.1. 

Table A.1 Reproducibility of the protease assay 

Sample Number 

1 

2 

3 

4 

Average 

Standard deviation 

Coefficient of variance (%) 

A.2 METHYLENE BLUE VIABILITY 

A2.1 REAGENTS AND METHODS 

Absorbance 

0.263 

0.255 

0.275 

0.264 

0.264 

0.008 

3.1 

The solution consists of methylene blue (0.25 giL), NaCl (9 giL), KCI (0.42 giL), CaC~ 

(0.48 giL), NaHC03 (0.2 giL) and glucose (10 giL) dissolved in distilled water giving a final 

methylene blue concentration of 0.025% (w/v). Dilute the yeast in PBS (PH 7.4) to give a 

concentration of 107 cells/mL. Add 0.1 mL of yeast suspension to 0.9 mL of methylene blue 

staining solution and swirl mix for 1 minute. Place a drop of the solution onto a 

haemocytometer and count the number of blue(NblJ and the total number of cells(NtotoU 

under a light microscope with brightfield illumination at x400 magnification. 

A2.2 REPRODUCIBILITY 

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

0.80%. 
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A.3 DIRECT CELL COUNTING 

In tIll< ",ethod, ~ stulahl" dllul1nn nf c,· l1. ,n "liS" [,lor ... .! 111 .h" <,mnll,ns "h,m .... •• Or " 

h.cmocytometef wluch " covered With a eo,'er shp. ThiS I~ th"n v'ewcd under" light 

'nIcroscope at .j00 X mag",flc,unn "'"h hl1g11llidd 0p,ic_. The cultnung chambel " 

compnscd of 25 Idcnf1Cal block.. In each block. Ihele ale 16 .mall "'lltar"". Cd\" falling on 

Ih.· lefl and lOp gnd !",<,nmetcr hoes aT<' llIdootd In the cdl cOltn! along With ~ll cells 

enclosed 1»' the P"'tmctcr lIm'S (F'g"''' A.I). Cell~ .IC counted acfO.S 25 1,1<><.:"". co"non& an 

KV"ntilC of 200 cells 10 reduce st:l1l.'ltic.l errol. \X'hen us~d in (onluncoon WIth melhrlcn" 

bh .. ,· Slauung. the cell concrotnlDon (cells/mL) .nd "lab,h,y may he dClcrtnmed 

Slmultaneousl)' ' ll,e." <::In be Cllcul:ucd using E~u;,uo", A.I and A.2 respecuvd)'. 

, 
0 0 A • 

, 0 
, , , 

0 

0 

Figure A. i A CoUll1ll1g block on" hocmoC)'lo!ll<'lcr. 

Cdl cone. (cell'/ mL) :::- cell COllll1 xdilutionx 1 0001 (0.0025x0.1 ) (A.l) 

Vt:lluhn' ("!o) = [(Iolal cell counH,~incd cclls)/(Iotal ccU coum)1 x 100 (A.2) 

A.J. t REPRODUCIBILITY 
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AA I lAZE ANALYSIS 

YCUI ..... 5 removed by centnfugmg Ihe sample {or 5 mlnules al 3000 g o.n • fleclmun J-25 

IWlnll centrifuge. 11110 'upc:rmlant WJ.~ r~-co"crcd nd 0 poroou anoJped for hau usmg • 

MaJnrn Mutcrsizer. TIns COMtSu m.udy of hue mOlerial wuh • sJI'I:Ioll amOUIll of }'caSI snU 

preKnt A Slle anal}"I! of !I.e hue panicles w10S then conducted. The samples Were 

dcfloeend ... tcd III the ululsolLud blth at 50 % power. ond pumped connnuaDy at 50 '. of the 

maxImum now nut through rhe nu:uufUlg clumbo!r Ind sue Intalluremenf$ taken. DUll of 

'. number IS. function of II~C nngc: wu obulIl<:d. 

A.4.1 RE PRODUCI BI LI TY 

lMc ~rcclll~b'i: error;n d.e. .".:rage. }"C'III a:1I SIl4· four replicale umple.o (Figure A.2) of )USI 

''''pemlt.nt "'U found 10 be 0.74 ·i •. 

2. 

I 
~ 

IS .. 
• 
" I .M 10 
§ ( t z 

5 , 
• r .. 
• 2 4 6 , 10 12 

parocle StU (nucromctcr) 
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A.smz Alrfbods 

A.5 FRAGILITY ANALYSIS 

A.S.I METHOD 
1. Resuspend )·USI (n cold buff.,r solution ( IOmM Tn. and 50 mM NaCI ) ~I ~ nl~" .... ,;<.> 

of 1 A I ....... g rea,t '" 16 ml Luffer 

l . Pbce on (e": 

4. I\ .. tmbk pIston chamber ami fill ",th )·e",' ,u'l"'flSlon 

5. Place as",mbkd Ulll! omo funch press 

6. Elurunalc aU" from coll ...... oon pod 

7. rump P'''''"U'"'' 10 1 MI'''. coDect zero 

8. I'ump preuure to 5 Mpa. collect sUl"'malll.m 

'J. Take p"",ure up (n step' of 5 Mpa <0 JO Mp~ 

10. Tak<' 8ampl~ at each pre~.ure and pl.>.ce them on ICC 

11 Rcmove )"c"'t from ,upem,tam by ccntnfugc f<.>r 5 mmuteS It, a ml~rof"gc 

12. Usc PBS solution to zero 'I"'ctrophotornctn at 280 om 

Il. Musur .... bsorbance at 280 ",n <0 dCtenUllle prote", '" sUl"'ma(am. NOIc. absorb.nce 

should be between zero and I, so dtlutc . amples down lJl buffer. 

14. riot ab.orbance versus pfCS5ure 

A.S.2 REPRODUCIBILITY 

lllc. ,,"n(.bru lk'·'aUon for rcpbC"~tc s;unplcs WaS c .. kull1cd to be 1.60 %. 
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A.6 SMALL-SCALE FER~fENTATION 

Ahqun •• ('i m1.) nf )'~'" " .... ,.., 'n' ... "I ..... 1 m.n (Jl rn l MY!'G,..".,..w of th .. (0li0''''''8 

compostoon: .} giL nul! e:un.ct., .} gIL \.,,~.{ a>tn.cl, S giL peptone and 1000L glUCOK' 

I~ch Aask ",.,.5 Sloppc."d lnd fined "~Ur ,. gin. IUIx: oonwrung lJIro. gd 10 a!>forb any 

molSlure ",·apon.tmg from the a .. k (hgurc ~:,). 1br::so:c Auu " 'C re Incuba."d In a JO C 

shoker for 24 hours and sampled C\"Cry tWO hOUri fo. the frnt 8 hou.$ of the 24 houn 

pellod. and thereof[cr at 2~ hours. MUI of the flub bcfo.c and .flc. samplrng ""U 

rewrdcd. Any maIO )0" oUkn'cd bc:",'ecn sampling W15 attributed to carbon ruu:u<k 

(\"olution. s..mples token "·ere. Inal}-xd for glucose COnCfflll'lluon, btoman concromt>!>fl, 

growth rate and methylene blr ... \"labdlly. 

Gbn fUil<' contaIning ,.ho gd 

F.gure A.l ,\ppanlus u..,d 10 smaU _Kale: f"rmcnto non. to asild. yUst nalll)" 
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A.7 GLUCOSE ANALYSIS 

A.7.1 METH OD 

D,!solvc 0.1 g of JcKUose: (glucose) In 100 ml. Ut;lllled """',c, P'p"u~ 0, 0. I, 0.2, o.J, 04, 05. 

0.6 anJ 0.7 mL <)f Ihe ,.bO\·c JOIuooo UIIO 1('51 rube. 10 p«:I"',e me glucose: . ,andard cu",,·,.. 

Each COflccfllrnlton ",'U done In Inpl,ol.l,"" ·n..:: lu,al ... >!un>C <)f.D ,dl ,utJc, "";0. broughl 10 

1 nIL ,..nh J"u1kd ""'er 'Inc GOn.Pend k" (Boo:hwwr Mannhcunc, GmbH D .. gnosuca. 

Cnl~loguc No. 1240J6) com",m, ,he foll""''''K JC)luuons: 

l>h05ph~lc lmffc, 100 mMol/l~ 1'117.0 

l'cft)Kl<laj.e :> ,),8 un,"/mL 

Gluc<»c oxl<luc :> 10 Im",;fml. 

.\1l 1'S l.0 mglmL 

l'Ipcnl' U.12 mL of ueh i,,,,,,,Ia,d glucos<: ."luu<)n 2ftd .... cIt samplc wIn 1"lI1 lube 

2. RapIdly add }.O ml. of the glue,,", k,' .oluUon 2 to each '''''' ,ube ~nJ tnIJ< ,m"""d,a,d), 

The glucose: kll oolUlXm 2 mu.t be 31 25 C. 

.) IncubaIC ,nc !C~, tube, In a <hrk pbce a, temper.ture fot 2S mmulct. Thc CQlorcd 

compkx .cl:un. lIs (0100' fOl .hom 20·25 mllluleS ~flc, ,ncubatlon. 

"' Mes.,u'e the: ab..orbano:c of the: glue,"", ~'3nda.d. and Ihe •• mple, agam!1 lhe bl)nk 

(dutdlcd ""atu) al 620 nm. 

5 IXll'munc a 51:»u.brd glue","", cu''''c frum tI..:: ab.oo.bancc data of $ .. nd ... <1 IIolueOIC 

"..,lunons. i'mm l1us cu,,·~ <.Icll:munc tiM: gluc,*, cone~mn.l l<)nl of samples 

Uncal ..,S'C' •• KIfI 

.'\~banu = Con!!a", + X cocffiacm l< Gluc."., corle. 

GluCQillC (giL) = (,\bs.con .. anl)! X codflOCnl 

1\ .7.1 RE PRODUCIBILITY 

'11M: cocffioc:nl of '~r .. ncc of »mpb "uh an tb$oflnne~ 010.7 wu 2.8 .' .. 
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A.8 TREHALOSE AND GLYCOGEN CONTENT 

A.S.I METHOD 

I. Samplc alx>ul I SO mL ,luCT)' nnO dean "rottlfuge bonle. and keep n on ICe. 

2. Ccmnfugc 5 mmUle. ,I 5000 rpm 10 h,'v~sl Ihe i'~""1 .nd dlS""rd Ihe supernalalll 

(altcmam'dy th.s supernal'llI could also I...: used fot pH. proteas<: lind FAN 

d<"1cmun.uOIl uf the )"ea'l slurry) . 

J Wash tI,~ ccU, t.e. u.~ 150 mL prc-cooled d"uUed ..... atL"\" (-I"e:) w.dd to the ccUs. shake 

ulllll aU the ccll. arc homogen<vusl) ,.ltmibulcd m the ""'lItcr .nd cenmfugc as bdorc. 

Discard tI,e supernatant. 

4 Rcpc:o.t mp (3). 

5. Spread d'e ,,-.shed cclls on!!,) ... pl:atC (e.g. "dep"ue. obtaln.ble from ll.c Iln'c .... ma) ,,'uh 

• 'P.rnla (alx>ut J"5nuJl duck). Work as fasl as pos"ble and do nO! delay drpng of the 

celli '" the "ncrowarC. 

6. PI.(c the plo[c$ In a mtcrow.,-e and dry (alx>m (, mmut". on ... m"dlUm-high setUllg unu! 

the yeast slurry t. dO) .nd crop) . 

7. Scrope the cincd c"U. off OIllO dean p.p .. ' ~u'g . 'p.,ulo. .nd ciecolll" ("'0 a clean. dry 

McCannc)" bonk,f nm prOCttd"'8 UJlmed,.,dy ..... nh ~tep 8). 

8. Mill rhe )'COSI In a coifee "ull unnl'l ~, • rme po ..... der. 5,ft 11 ontO a cka" IlltCt of 1'~1'.:r 

thrQugh a Star Screen Test S,en (5{lOj.un ~penutc 5"'t) and t",n"fet the powder m") a 

d,,~n, dry /IIcC~rtnc)" bonlc. 

9. Reali the umple 0<1 tht- N1 R for glycogt'n and uehalos~ a<:cordmg to the cqu,pment 

manual (B",n & l.uebbto l"rral'",,-cr II). 

A.8.2 REPRODUCIBILITY 

Frum gl)"cogen and Irelul<Jk nl<-">'s Uten",nll'. the I"'t(em ag<' errur for r<:pltcatc ... mpl .... ".. ... 

,.lcuhored to he 3.8 °'-0 0,,11 4.5 % ''''peCti,-tll'. 
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A.9 HEAT 51-lOCK PROTElN ANALYS IS 

.... 9.1 METHOD 

I. Collec. yeu ..... n.plc from ...,,,,,101 ~nd ancnfug.-

2. I:>ccn. supcfll2um ~od pbee )~I cco 111 a .... r"l'k ,'u! on ICC 

1. \'('eogh OUI 4& of f":m (dk Imo round bouom bonk 

>I ,\dd 4 mI.. of 1 M NaOl I (cold) !() It..: ,-CUI. I-"",'c '" "c for 30 nunUICi 

5. Ccmnfu8" s:.mplcilioo coIkocr 'Upem;>1ll1ll 

6_ I'bee "'p"m212n1 1Il10 Sample ApphcotJOll 1I,,((e, (SA ll) " I I nuo (by "oIuo>") 

(I I) 

7. Cbmp logclht-, pl.'IIU 2nd Imps 10 P"'pa'" cb.ambct- for gd 1''''1'2nlDon 

\I. Snllhc bu" 2nd sides "'1m A8"~, and In,'C to st2nd (2Omm) 

9. /l.bk up 20 · 0 ""pl!"lnng gd. N,lIe, add TEMLI) b" 

25 ml. 4U . '. acrylun,Je, 02 .,. b" 

16.7 mL 1.125 M Tns·UCt pH 8.8 

0.5 mi. 10 '1. AMPS 

500 ].11_ 'I1' MIill 

10 Plxc "'p"nllU1g g<'lloOlullOf1 11110 p"-,e, and fill In ' " full 

I I. /l.bkc "I' r",' of\'olwo" .. ~,h ".,"e' 
12 P,ep'lt' ",d""g gd 

11. DiK:ud lb.e ""'lie, nnee Ihe J<tI2nnng gd"!lel 

I 4. _\dil.,~cklllg gd 

2 ml.. .cryb",,&'-

4 ml. 0,375 J\I Tm-HCl.. pH 6.8 

0,3 mL ... MPS 

2fl ~ll.. TE MED (add bst) 

W.,er ,n 12 m1. 

IS. Insc!! eomb$ and allow In "", 

A.9.2 GEl..ANAl..YSIS 

16. Take hwone st~n""rd rrom fndge 



17. R<'1n(Wr bottom cbn'f"l :ond cornl» from pI~tr 

18 I'txt I'l.>le ullo a botlom .uppon W1k eonwrnng Wlk buffe, solunon 

30 gglyCUlC 

6gTns 

2g~DS 

\dd ",'a!~, to 21. 

19 ,\tllch a top support unk filled wuh tank buffer ..,Iunoll to the p!;ole In ~ manne r th . r 

)U" ... ·, the buffer wlu""n 10 complerely ftll tI~ comb u"pruns 

20. !'bce 20 1-11 ofhlJtonc JI.nd.roJ UHQ a ~oml> .mp"'U U'luIj;. Ilanuhon ly=gc 

21. I'I.c.' 20 1-11 ,ample m (llhe, ""prut" 

22. Coullcel the 101' and 001tOm ~UI)pon tanks 10. pou·c. pack at 40 V, .nd Ic,,'c o\'cnught 

23. DISConnect po"'u ,"pply . ntl !lam Kci In coom~ssrc hlue ,tam (3hn) 

I g R250 coom.,~", 

225 ml."'atc' 

225 mL mcth.nol 

,.~ .emunal 

- - - - ,---: 
DOD CI C1 _ ... ,'"'\ 

l 
Gd 

hOIl' VIn!' s .. 1< \,,,,,,,, 

GI.> .. rta.e 

Figure 1\.4 Schcm:;lIIc " f gd·dtcuopbo"'~lJ .PPU;IIU5. Ad3pted f'om P'C5COII.f.H. 19%. 
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APPENDIX 

B 

ESTIMATION OF BREWERY 
COOLING RATES 



Eujmju jw! o r brcwc;!)' heal ",chjmc" '()()UII{' lilU 

Typonl dm",nUOf\! of a bl""'~ry pb.l~ 3M {",n", Mo.I ~:<ChaflgC'l :lIe uluSI"'lcd In 

I'Ig"" B. 1 wnh UI 5pcClficauocu h,t<:d In T able 8.1. The brewery heal cxch.o.ngc. coolmg 

IIllt' "",rr cSWlUlcd II followl; 

"" eng.: )',,-:m !\oWt:IlC employ,d In l.>",,,·cry heAl exchanger::;}4 x 10' IIhr 

\'<.'all fio",·t:llc = 34 x Iii I/h, =0.941/. 
=9.4xIO'",'/, 

'n",. 

I r"~1 exchange. ",leI P'p" d,ameter::: 80 film 

Cr<>u sccuol1 .1 1rr. of mlel = 0.00503 m' 

. 9.4xI0 .... 
l1,e.,(o", IlIpcrfitul "dom), u mk! = 0.00503 

'" 0.19 nu' 

CO!lIU!~ nile 

[.ongc51 p31h yea" U'ln:'[' III r IE::: OJ6 .. 0.68 + 0,38 ::: 1.44 m 

Tm!" 11k .... = 1.44/0.19 =7.S8~ 

ShOflr<1 path =0 68 -i- (OOO} )(4) = 0.70 m (O.()()) It WlllJItc bc.N,.,.,n pb.kl) 

T~ I.ken = 0.70/0.19 =)681," 

,"'c~ lunC In I-IE = {7.S8 -t 3.68)/2::: 563. 

Tcmpct:llu • .-clunge= (lS _])"C= 12 "C 

Coolmg pte = 12/5.63'" 2-D "c /. 



ulimalion o[Coofmg RUles 

'''m 

~038m 

c:::) ,~, 

Figu.e B.1 Schcn.auc of h"' ... ·cf)· pble and ft":lme hCllI ""change" 
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YOO f il.fO(), 8(1 Up 

-Ibe lahoratory ~.up for t:lpW coolmg <"x!"'l'lmcms i. gIVen figure B.2. The c:ilibrauun 

(ul"\'e for thc Marl",,"' 540 p>m'p '5 gtven Ul P,&,-,re B.3. ' Ibe reSIdence Unle of die yeast Ul 

the 2 m long coppcr cod. at ""eh of Ihe {]OU· ... 1CS 'S gwen In T .. bl .. B.2. The cO<">hng n.'~ 

ach,"'·...:1 at • puuculu pUntp .etultg ""AS okul>led as: 

Cooling r~' .. = ( remp. R.nge!Ye." {u!dence ome Ifl cop!"" colis) 

Chiller 

\ l1 ... tmume.er 

Thermometer 

/ 

re$CT\'Olr 

Fi/.: Llrc 8 .2 r-:.xpenmenl f'!1-up UK<! to Junw.tc coolmg In ~ hn.. cxclu"J.";"t. 

1400 

1200 

" 1000 • • '2 • , E "'" • 0 .--~ ~. 
GOO -. - E 

• 0 • ,- 400 .->- »., • 
0 

'" 3(1 50 6t1 70 '0 9<) 

Pump scmng 

Figu.e B.l M.r\Q,,· S40 .... lIb"'''"" cut\·<" 

• 

1()() 



Table B.2 ReSIdence DIne of y~ast ,n th~ copp~r coolmg coIls at each pump s~nUlg. 

I~"""",. (anl/mutj 
p~ ,Nun ('''.j , , A, A""·,..,c(cm'/m,,,) R",d. TIm~(''''') 

'" 2'J<> '" m5 128 

'" m '" 372..5 000 

'" "" 500 500 '5 
SO '" 539 579 65 

'" '''' '", no " " "" "" 81'.1 " .. "'" "'" "" 4.2 
00 '''' 

,,,., 1035 " "'" 1159 11 S8 1158.5 32 




