
 

 

ABSTRACT 

LAYFIELD, JOHNATHON. Characterization of Synchronous Cultures of Saccharomyces 

cerevisiae for use in Brewery Fermentation. (Under the direction of Dr. John D. Sheppard). 

 

In conventional fermentation, at any one time individual yeast cells are randomly distributed 

with respect to the stage of their growth and division cycle. The observed metabolic 

performance is, therefore, the result of an average of the entire population.  In contrast, a 

synchronous population is characterized by cells that are aligned with respect to their 

metabolic processes, traversing the cell cycle and dividing mostly in unison.  The rate of 

progression through the cell cycle is affected by the environment, which is constantly 

changing through nutrient consumption and the production of metabolic byproducts resulting 

in a dynamic coupling of cellular metabolism to environmental conditions.  Synchronized 

populations of cells can be used as an effective tool to reveal more precisely how an 

individual cell reacts under varied environmental conditions.   

With the surge in the craft brewing industry there is a wide gap between knowledge 

from brewery to brewery.   A mini-review was published; seeking to differentiate between 

viability and vitality, it discusses influencing factors and details current best methods and 

means of analysis, all in the context of the brewing industry.  We also sought to clarify 

differences between cell age, re-pitch number, and the affect of these yeast attributes on 

overall brewing fitness and fermentation performance.  This paper served as a bridge to 

introduce the concept increasing control over microbial populations in an accessible manner.  

In the first study a novel method for inducing and retaining cell cycle synchronization 

in yeast cultures (diploid and polyploidy-type) was developed.  This method is well suited for 

brewing applications, such as seed expansion, due to its relative simplicity and effectiveness 

in producing a yeast population with a high degree of metabolic uniformity.   In the second 



 

 

study, conventional and synchronous yeast management strategies were examined for their 

effects on fermentation performance and flavor formation over the course of six consecutive 

fermentations.   Results indicate that use of a synchronous yeast management strategy 

produces higher levels of batch to batch consistency in regards to specific gravity, pH, 

capacitance, ethanol concentration and flavor formation.  Thus, implementation of such a 

strategy has the potential for increasing final product quality and consistency compared to 

traditional (asynchronous) handling strategies.    

In summary, these studies clearly demonstrate the reason, approach and capabilities 

of utilizing synchronous cultures for brewing fermentation.  This work should help guide 

future discussion over yeast management strategies throughout the brewing industry.    
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INTRODUCTION 

The word beer stems from the Latin infinitive ‘bibere’ meaning “to drink”.  The production 

of beer can be traced back to ~6000 B.C. in ancient Babylonia.  Brewing began at small scale 

and quickly spread across the world; transforming into a large industry as technology 

advanced.  In modern times the industry is highly consolidated into large brewing 

conglomerates which produce much of the worldwide volume (approximately 1.7 billion 

BBL*) (Hardwick, 1999, Wehring, 2016).  Beer is the leading alcoholic beverage of choice 

(by volume) and is the third-most popular beverage of choice after water and tea.  The top 

three producing countries (by volume) are China, United States & Brazil (Statista, 2016). 

Starting in the 1980’s the United States has heralded the re-emergence of small, traditional, 

craft-oriented breweries.  The number of U.S. craft breweries has risen from 92 in 1980 to 

3,464 in 2014.  These breweries now account for ~11% volume share (21.7M BBL) in the 

overall US market (197.1M BBL) (Brewers Association, 2016).  The beer industry 

(production, distribution and sale) contributes about 252.6 billion USD (~1.5% U.S. GDP) to 

the U.S. economy (The Beer Institute, 2016).   

*1 BBL (beer barrel) is equivalent to 31USG or 117L. 

 

Traditional brewing process (Fig 1.) utilizes 4 main ingredients: water, cereal grain(s) 

(typically malt barely), hops and yeast.  Although the basic ingredient list is fairly small, each 

ingredient plays a crucial role in the production and final quality of beer.  In the broadest 

sense quality is the sum of all characteristics which all a product to meet market 

requirements.  More narrowly, quality can be described as objective (in relation to adherence 
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to specifications) or subjective (in relation to flavor) (Schmidt et al., 1999).  In this sense, 

quality is overwhelming related to environmental and microbiological factors in the brewery.  

Environmental components are related to the raw materials and processing conditions used 

during wort production, whereas microbiological components are related to the 

characteristics of the yeast (&/or bacteria) used during fermentation and maturation.  In most 

breweries a robust quality system exists in order to minimize variability and control the 

components.  However, brewers often face sudden, unexplainable changes in flavor, aroma, 

and fermentation performance.  These include, among others: fermentation time, attenuation 

and pH profiles with time, flavor profile, yeast crop, yeast in suspension, and foam 

development (Knudsen, 1985; Knudsen, 1999).  Deviations in objective or subjective quality 

can have severe ramifications on the brewer in terms of material loss (economic), delayed 

production (time), volume loss (product dumping), or negative press (brand impact).    

 

Raw materials, a natural commodity, have inherent seasonal/annual variability; however, 

brewers generally impose tight quality specifications on incoming materials.  Modern 

brewing analyses (ASBC, 2004) allow for rapid determination of critical brewing variables in 

the mashing step (Fig 1), to ensure that a brewer can make adjustments in the mash, such that 

the composition of the wort is consistent and is composed of all necessary components for a 

successful fermentation.  The primary difficulty most breweries face is with the 

microbiological component.  Mainly, the interpretation of the data produced from many of 

the methods assessing purity, cell number/pitching rate, and viability/vitality. A portion of 

this literature review was published (Layfield et al., 2015) to identify, discuss and clarify this 
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area.  The objectives of this chapter are to review yeast, common yeast management 

strategies and the cell cycle.  In order to effectively achieve this goal, understanding of the 

basics of brewing yeast, alcoholic fermentation, re-pitching, and purchased yeast 

storage/handling is required.  We will also cover cell synchrony, both principal and potential 

methods, as an alternative to traditional yeast management strategies. 

 

BREWING YEAST 

There are two genera of yeast that are commonly used in the brewing industry, each 

responsible for one of the two major categories of beer: ale and lager.  Ale is produced with 

the top-fermenting yeast (Saccharomyces cerevisiae) (Sc) at warm temperatures (18-25oC), 

while lager beer is produced with the bottom-fermenting yeast (Saccharomyces pastorianus) 

(Sp) (also known as S. uvarum or S. carlsbergensis), typically at lower temperatures (8-

15oC). These two types differ physiologically, biochemically, and genetically; which has a 

significant impact on beer fermentation (Table 1) (Dowhanick, 1999).  It was proposed that 

Sp is an interspecific hybrid resulting from a cross between Sc and the cryophilic yeast S. 

bayanus (Kodoma et al., 2005; Rainieri et al., 2006; Tamai et al., 1998).  The minimum total 

size of the lager brewing genome is 23.2 Mbp, which is approximately twice the size of the 

Sc genome (Kellis et al., 2003).  The presence of cryophilic genes, from S. bayanus, likely 

gives Sp the ability to carry out cold fermentation better than Sc (Sato et al., 2002).  The 

same cryophilic genes likely make Sp less tolerant to heat, which can result in poor 

performance if purchased in dry form (Layfield et al., 2011).  Post-fermentation cryophilic 
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fermentation is critical for lager, as exposure to a very low-temperature (-1-6oC) maturating 

step (“lagering”) for several weeks is common practice (Knudsen, 1999).    

 

YEAST & ALCOHOLIC FERMENTATION 

Yeast are unicellular, eukaryotic organisms that are typically spherical, or oval in shape, and 

4-10 m in diameter (Fig 2).  The cell wall of yeast provide it both structure and protection 

from external stressors.  The cell wall constitutes 19-20% of the fresh weight of yeast and is 

only permeable to low molecular weight substances and impermeable to complex proteins 

(Clerck, 1957).  The inner surface of the cell wall is the cell membrane, ~8nm thick, which 

controls the inflow of nutrients that are wanted by the yeast & excretion of waste materials 

(Fig 3).  If the cell membrane is broken, the integrity of the cell is destroyed, the internal 

contents leak into the environment and the cell will die (Madigan et al., 2003).  In the 

instance of cell death, damage to the cell membrane is ‘irreparable’, in other instances 

damage is not catastrophic and is reparable, allowing the yeast to recover and continue with 

normal growth/development (Beker et al., 1984; Beker et al., 1987).       

 

Alcoholic fermentation is defined as the breakdown of sugars by microorganisms to produce 

ethyl alcohol, carbon dioxide (CO2) and small amounts of other products.  The fundamental 

physiological characteristic of beer-brewing yeast is their ability to degrade carbohydrates, 

usually monosaccharides (six-carbon) and some disaccharides (such as glucose and maltose), 

into two-carbon components (like ethanol), even in the presence of oxygen (Lodolo et al, 

2008).  Normal aerobic respiration yield 674 kcal per gram glucose, whereas anaerobic 
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fermentation only yields 66 kcal, of which a large part is lost to heat.  Thus, the amount of 

energy available to yeast for growth and development is much higher in aerobic conditions 

versus anaerobic conditions (Clerck, 1957).  Yeast which produce or accumulate ethanol in 

the presence of oxygen are called Crabtree-positive yeast.  Crabtree-positive yeast possess 

the ability to repress growth & division in the presence of oxygen (although this has a higher 

energy yield) in favor of ethanol production which is toxic to most other organisms.  This is a 

“make-accumulate-consume” strategy of ethanol production in which glucose is rapidly 

fermented to ethanol, inhibiting other microbes, where yeast can later consume ethanol 

(alcohol dehydrogenase) as an energy source (Piskur et al., 2006). The next section of the 

dissertation, Manuscript 1 (MBAA TQ), extensively covers yeast nutrition and the impact of 

environmental variables on overall brewing fitness. 

 

COMMON YEAST MANAGEMENT STRATEGIES  

Current brewery yeast management can be captured in three categories: pitch and ditch; re-

pitching/backslopping; natural.  The pitch and ditch strategy entails a starter culture, which is 

purchased and/or propagated, utilized once and then discarded.  This strategy is applied by 

some larger breweries to minimize the potential for deviations in microbiological variability, 

ensuring consistent yeast physiological/phenotypic quality.  Despite the availability of excess 

yeast, these breweries invest (substantially) in large propagation plants, because serial re-

pitching and cropping can result in the deterioration of yeast (See manuscript 1).  The 

quantity of yeast required for industrial/large-scale fermentation (typically >850 BBL) 

necessitate in-house yeast propagation (typically >85 BBL yeast slurry) from seed cultures 
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versus purchasing yeast externally (Gibson et al., 2007).  Generally, aerobic propagation 

takes place is a series of scale-up steps, actively re-introducing growing cells to a fresh 

supply of nutrients, such that the culture never becomes sluggish due to nutrient deprivation, 

also maintaining a minimum cell concentration of 106 cells mL-1 (Dowhanick, 1999).  Large 

propagation facilities have a relatively high cost for installation and maintenance, and 

therefore alternative approaches (purchasing & re-pitching yeast) are advocated (Lodolo et 

al., 2008).   

 

Re-pitching (also known as backslopping) is commonly used in breweries large and small 

due to the simplicity.  Breweries can choose to manage strains in-house, with the storage of 

master cultures OR they can purchase yeast from a third party.  Yeast companies can provide 

yeast in three forms (Table 2); with most brewers utilizing dried yeast.  Dried yeast is ideal 

due to long shelf life and ease of handling.  The only disadvantage is the initial cost of 

purchase and the fact that yeast should be rehydrated prior to the start of fermentation (Cyr et 

al., 2007; Layfield et al., 2011).  Upon fermentation completion, brewers collect yeast via 

flocculation (Fig. 4) or centrifugation (most larger breweries) and re-inoculate the next batch.  

Due to concerns of genetic drift, contamination, selection of variants, or drift in culture age 

(Powell et al., 2000) most brewers will revert to newly propagated yeast at intervals; 

typically 10-15 ‘generations’ (Bokulich et al., 2013; Dowhanick, 1999); though some 

breweries may refresh yeast on a quarterly or yearly basis (Thompson et al, 1999).  Serial re-

pitching subjects a yeast population to repeated stressors that may cause reversible or 

irreversible damage, depending on the hardiness of the strain and the handling practices of 
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the brewery (Jenkins et al., 2003; Smart et al., 1996).  Yeast handling in-between re-pitching 

intervals varies greatly, the response of yeast to these stressors is well summarized (Gibson et 

al., 2007), but commonly contains several scale-up steps.  Many craft brewers are equipped 

with the tools to propagate in-house, and may choose to maintain master cultures at local 

universities.  Ultimately, the size of the operation, knowledge of the brewer, and equipment 

available dictate batch-to-batch handling (Thompson et al., 1999).    In general, re-pitching is 

a cost effective method, employed heavily by the booming U.S. craft brewing industry.           

 

Natural fermentation is initiated by endogenous flora or by re-pitching to yield unique or 

singular quality attributes.  A brewery may select this approach as part of brand strategy; due 

to low cost (no yeast grown/purchased); found to be reasonably reliable; &/or product is 

thought to have good flavor (IBD, 2014).  This strategy is sparingly utilized as it exposes the 

brewer to an end product of variable quality.  Incoming raw materials, which have inherent 

seasonable variability, may also contain many microorganisms, some more favorable than 

others that can affect end product quality (Lodolo et al., 2008; Bokulich et al., 2013).  This 

strategy is not common in the brewing industry and is primarily utilized in small scale or 

limited-time-only batches.       

 

YEAST CELL CYCLE 

Regardless of strategy, traditional propagation is the stepwise, aerobic process where the 

brewing strain of choice is to be grown to sufficient cell numbers, free of contaminants and 

of desired physiological condition (Lodolo et al, 2008).  When brewing yeast cells reproduce, 
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they do so by budding (Fig. 5).  As a cell progresses through the cell cycle (G0/G1, S, G2, 

M), the DNA content increases.  DNA synthesis takes place in the S-phase, while 

chromosomal segregation occurs during the M-phase (mitosis).  Gap stages, G0/G1 and G2, 

are variable length cellular processes in which normal growth and division occur (Powell et 

al., 2003; Sheppard et al., 1999).  Essentially, the cell nucleus divides as the bud is produced 

and some of the cytoplasm and its constituents move into the new cell, which then separates 

from the mother cell.  A bud scar is left on the mother cell and the new cell has a small birth 

scar (Herskowitz, 1988).  The number of bed scars present on the cell surface is directly 

correlated to the number of times the cell has divided (Powell et al., 2000; Powell et al., 

2003).  A bud scar is rich in chitin, which is a long-chain polysaccharide which can be 

stained, with high specificity, by using the fluorescent dye Calcofluor.  Thus, bud scars are 

the primary method of identifying cells of differing replicative age (Pringle, 1991).  

Depending on the audience, discussion of cell age can have a different meaning.  To a 

microbiologist, cell age is derived from the number of times an individual cell (in a 

population) has divided; the entire population of a given culture is comprised of cells of 

varying replicative age.  Cell wall analysis has shown that, in general, a stationary culture 

consists of 50% virgin cells, 25% first-generation mothers, and 12.5% second-generation 

mothers (Powell et al., 2003).  The replicative capacity of a given yeast strain is called the 

Hayflick limit (Hayflick, 1965; Hayflick, 1961), and this limit is influenced by both genetic 

(Austriaco, 1996) and environmental factors (Barker et al., 1996; Maskell et al., 2003).   
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CELL CYCLE SYNCHRONY 

The underlying basis for how a population of cells behaves is related to the growth and 

division cycles of the individual cells that comprise the population.  The rate of progression 

through the cell cycle is affected by the environment, which is in turn modified by the yeast 

metabolism, as reflected by the consumption of nutrients and the production of metabolic 

products (Sheppard et al., 1999).  In conventional batch fermentation, the growth and 

division cycles of the individual yeast cells are randomized (asynchronous) within the 

population, and the observed metabolic performance of the population is the result of an 

averaging effect (Fig. 6, 7).  In contrast, a synchronous population is characterized by cells 

that are aligned with respect to their metabolic processes, traversing the cell cycle and 

dividing mostly in unison (Fig. 8, 9) (Dawson, 1965; Sheppard et al., 1999; Walker, 1999).   

 

Standard brewery yeast management practice utilizes asynchronous culture, which persists 

through re-pitching (Miller et al., 2012).  Information gathered on asynchronous culture, as 

mentioned above is average of the individual cells, where the distribution of individual cell 

status in the population is hidden, and thus can only be surmised based on batch-to-batch 

variability or the study of selected ‘sub’ populations.  In comparison, synchronous culture 

narrows the variation within the cell population allowing observed information to represent a 

much larger segment of the population (Sheppard et al., 2013).  The advantage is that 

individual cell is amplified by the size of the total cell population, which and can be 

examined and exploited as it progresses through the cell cycle (Dawson, 1988).  Of note, 

perfect synchrony is not attainable due to variation between individuals in which any 
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deviation from continuous exponential growth in cell number is evidence of partial 

synchrony.  Thus, the degree of synchrony is important to monitor when interpreting data 

from the overall population. Additionally, yeast management for most breweries is a batch 

process, though some continuous processes exist, meaning that the nutrient environment 

changes for each successive cell generation (Sheppard et al., 1999).    

 

METHODS OF SYNCHRONIZATION 

There are two primary methods for producing synchronized/synchronous cultures: Induction 

and Selection (Table 3).  Synchronized cultures are produced artificially, with an inducing 

agent in the environment (active) which serves arrest or entrain cell metabolism.  Block-and 

release is the primary method for generating synchronized cells; where cells are initially 

synchronized by blocking them at some particular point in the cell cycle, then releasing the 

block under conditions suitable for growth.  Samples can then be taken at different times, 

after release, to examine culture performance at different cell cycle stages (Futcher, 1999).    

Ultimately, non-synchronous variation in the sub-population will randomize the entire 

population within a few generations making it impossible to retain a synchronized culture 

without reinforcement of the artificial agent (Breeden, 1997; Sheppard et al., 1999).  

Artificial methods of handling yeast would not be utilized in the brewing industry due to 

public perception & the sheer volume of yeast required for brewery fermentations.        

Synchronous cultures are those produced naturally, without external control over the cell 

cycle (passive).  Centrifugation can physically differentiate and separate cells from a random 

population into sub-populations based on size, which corresponds to the cell cycle.  This will 
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produce a briefly synchronous culture which will become perturbed after a few generations 

due to unbalance in nutrient levels, individual variations in cell metabolism and overall 

biomass levels (Walker, 1999).  In order to produce an indefinitely synchronous culture the 

link between environment and position in cycle must be established.  Feed-starve is the 

primary method for generating synchronous cultures; where cells are alternatively exposed to 

excess nutrients then periodically starved to hold back cell division.  Continuous phasing 

(induction), was pioneered by Dawson (Dawson, 1965; Dawson, 1972), where the periodic 

replenishment of nutrients sufficient for only one cell doubling resulted in the growth and 

division of a single generation of cells prior to the beginning of the next cycle.  After four to 

six such cycles, the cells became aligned with respect to their growth and division cycles and 

began to divide synchronously (Dawson, 1965).  Dawson’s original method is covered in 

manuscript 2 (ASBC), however, of note this method is not suitable for large-scale brewing 

operations.  An adaption to this method would be needed in order to for indefinite cell cycle 

synchrony to be applicable for industrial use.                

      

CONCLUSION & HYPOTHESIS 

Propagation capabilities and general knowledge vary greatly from brewery to brewery 

resulting in many different types of yeast management strategies.  All current management 

strategies utilize asynchronous cultures, and are limited to the ‘average cell’.  High metabolic 

variability may be the cause in of sudden, unexplainable changes in objective or subjective 

beer quality from batch-to-batch.  Synchronous behavior, while never complete, may better 

reveal the dynamic interaction between the cell and environment, leading to an improved 
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understanding of microbiological ‘variability’.  Unfortunately, no current method exists that 

is applicable for the needs of the brewing industry.  This purpose of this study is to challenge 

the ‘average cell’ and propose a simple, natural, and effective improvement that can be 

utilized by breweries large and small.  We seek to show the effectiveness and promise for 

this method to be applied at larger scale in order to contribute to improvements in overall 

beer quality. 
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TABLES 

Table 1.  Differences between ale and lager strains (Hutkins, 2006) 

 

Table 2.  Types of yeast for purchase and usage in brewery/distillery fermentation (IBD, 

2014) 

Type % Yeast by weight Storage 

Creamed 18 Store refrigerated 

(<40oF).   

Use within 7 days 

Pressed 28 Store refrigerated.  

Use within 2-3 weeks 

Dried 95 Store ambient. 

Use within 1 year 

 

 

 

 

 



 

20 

Table 3. Summary of yeast synchronization methods (Walker, 1999).   

Induction Methods Selection Methods 

Feed-starving of key nutrients in batch 

culture, or periodic nutrient feeding in 

chemostat culture 

Velocity separation by density gradient 

centrifugation 

Heat-shock cycles, spaced a generation apart Equilibrium separation by high-speed 

gradient separation 

Block and release using S or M phase 

inhibitors 

Zonal centrifugation 

Mating pheromone synchronization by 

imposing GI arrest 

Continuous-flow centrifugation 

Releasing cdc mutants from their restrictive 

growth temperature 

Centrifugal elutriation 
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FIGURES 

 

Figure 1.  Typical beer manufacture flow diagram (Hutkins, 2006) 

 

Figure 2.  Main features of a typical yeast cell (Priest et. al, 2006) 
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Figure 3.  Yeast cytoplasmic (plasma) membrane (Priest et. al, 2006) 

 

Figure 4.  Schematic illustrating the stratification of yeast during sedimentation.  A. indicates 

the youngest cell fraction, D the predominantly aged fraction.  A, B, and C represent the 

fractions reused for successive fermentations with traditional cropping techniques.  Fractions 

B and C represent yeast removed from the vessel during warm cropping (Powell et al., 2000). 
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Figure 5.  Representation of the four phases in the cell cycle of the budding yeast 

Saccharomyces (Adapted from Sheppard et al., 1999). 

 

 

Figure 6.  Theoretical observed response of asynchronous culture (Sheppard et al., 2003) 

 

Figure 7.  Theoretical observed response of a synchronous culture (Sheppard et al., 2003). 
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Figure 8.  Growth pattern of asynchronous batch culture (closed system) (Walker, 1999) 

 

Figure 9. Growth pattern of synchronous batch culture (closed system) (Walker, 1999) 
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What Brewers Should Know About Viability, Vitality and 

Overall Brewing Fitness: A Mini-Review 

J. Blake Layfield and John D. Sheppard,1  Department of Food, Bioprocessing and 

Nutrition Sciences, North Carolina State University, Raleigh, NC 

ABSTRACT  

This mini-review, takes a current look at the numerous factors that affect overall 

brewing fitness in brewing yeast strains.  Fermentation is a complex interaction between 

environmental and microbiological factors.   Environmental factors are related to the raw 

materials and processing conditions used during wort production, while microbiological 

factors are related to the characteristics of the yeast used for fermentation and maturation. 

Quality systems are in place, in most breweries, to control these factors and thus direct the 

fermentation; however, the skill, experience and information available to the brewer 

ultimately determines the final quality of the beer and allows the brewer to face sudden, 

unexplainable changes in flavor, aroma, and/or fermentation performance.  Environmental 

components are generally fixed, and tightly controlled, however, variations arise as a 

function of raw ingredient quality, which like most raw agricultural commodities, may have 

some inherent, uncontrolled variability.  Generally, microbiological components are related 

to yeast strain, purity, propagation/handling conditions, number of times re-pitched, cell 

number/pitching rate, viability and vitality.  The difficulty with these components is that data 

produced, from many of the methods for assessing purity, cell number/pitching rate, and 

viability and vitality, can be problematic.  The presentation of the data can also be 



 

27 

challenging as some of the words and terms used to describe microbiological attributes may 

have different meanings depending on the audience.  This mini-review seeks to differentiate 

between viability and vitality, it discusses influencing factors and details current best 

methods and means of analysis, all in the context of the brewing industry.  We also seek to 

clarify differences between cell age, re-pitch number, and the affect of these yeast attributes 

on overall brewing fitness and fermentation performance.    

Key Words: Viability, Vitality, Fermentation Performance, Brewing, Yeast 

1Corresponding author address: NC State University, Campus Box 7624, Raleigh NC 27695 

john.sheppard@ncsu.edu; 919-513-0802 

INTRODUCTION 

 Fermentation is the heart of beer production for all breweries: big or small.  In 

essence, this process converts the fermentable carbohydrates in the wort into ethanol, CO2 

and various flavors and aromas. But fermentation is a complex interaction between 

environmental and microbiological components.   Environmental components are related to 

the raw materials and processing conditions used during wort production, while 

microbiological components are related to the characteristics of the yeast used during 

fermentation and maturation. In most breweries quality systems are in place , in an attempt to 

control these components and thus control the fermentation; however, the skill, experience 

and information available to the brewer ultimately determines the final outcome of the beer 

and allows the brewer to face sudden, unexplainable changes in flavor, aroma, &/or 

fermentation performance (31,32). 

mailto:john.sheppard@ncsu.edu
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The quality of raw materials is generally fixed, and tightly controlled.  However, 

variations do arise as most raw agricultural commodities typically have some inherent, 

uncontrolled variability.  Despite this, modern brewing analyses allow for rapid 

determination of critical brewing variables (such as carbohydrate composition, pH, free 

amino nitrogen, and other critical variables) to ensure that a brewer can make adjustments in 

the mash, such that the composition of the wort is consistent and is comprised of all 

necessary components for a successful fermentation (2).  Microbiological components 

include the yeast strain, purity, propagation/handling conditions, cell age, cell number and 

pitching rate. These can be more difficult to control, especially those related to viability and 

vitality of the population (19,31,32).   

The main difficulty with control over the microbiological factors is the interpretation 

of the data produced, from many of the methods for assessing purity, cell number/pitching 

rate, and viability/vitality.  The presentation of the data can also be challenging as some of 

the words and terms used to describe microbiological attributes may have different meanings 

depending on the audience.  This mini-review seeks to differentiate between viability and 

vitality, and will discuss the influencing factors, detail methods for analysis, while 

considering those members of the brewing industry on a smaller budget.  We also seek to 

clarify differences between cell age, re-pitch number, and the affect these yeast attributes 

have on overall brewing yeast fitness and fermentation performance.     

VIABILITY, VITALITY & BREWING FITNESS 

Brewers commonly utilize one or more analyses in order to ascertain the quantity, 

purity, and metabolic status of yeast populations before and after fermentation.  The purpose 
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of these tests is to try to predict the condition of a yeast population, such that their subsequent 

fermentation performance can be predicted and optimized.  As accurately noted by Boulton 

(7) most methods for analyzing the physiological or metabolic status of yeast, usually called 

viability tests, are in fact measures of vitality.  Despite the frequent use of the terms viability 

and vitality in brewing literature the use of these terms in application are often muddled.  The 

Oxford English Dictionary defines viable as “capable of surviving or living successfully; 

especially under particular environmental conditions”; whereas vitality is defined as “the 

state of being strong and active; energy”, which in context to living organisms is the “power 

giving continuance to life”.  While the results of many brewing analyses do in fact show that 

a yeast population is feasibly alive, they may or may not show that the yeast population is 

also active.  Thus data generated, describing yeast viability and vitality, are often intertwined.  

Ideally, when more than one method is employed, the resulting data should be used to 

describe the “overall brewing fitness” (Fig. 1), which more adequately summarizes the 

complex and dynamic relationship between cell metabolism, its environment and the 

methods employed for cultivation.     

MEASURING VIABILITY & VITALITY 

There is currently no absolute best method for determining the viability or vitality of 

a yeast population (see Table 1).  Many cellular parameters can be examined, such as 

replicative capacity, levels of cellular components, and metabolic activity.  Unfortunately, 

each method for assessing viability/vitality/fitness is based on one parameter, or aspect, of 

cell composition or metabolic activity and the other critical parameters that contribute to 

fermentation performance are ignored.  As a result, one technique is limited in its usefulness 
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in determining overall brewing fitness (Fig. 2). For assessing viability/vitality such that a 

comprehensive picture of overall brewing fitness of a culture can be established, it is 

necessary to utilize multiple methods to properly anticipate the reaction a population will 

have in a given environment.  That being said, there are many (relatively) quick, inexpensive 

tests that both big and small breweries can utilize to quickly and accurately determine the 

relative fitness of their cultures for fermentation.   

Cell Count 

The cell count is one of the most important tools for a brewer.  Amongst brewers, big 

or small, the need to determine viable yeast concentration for control of pitching rates is 

paramount.  Consistent, viable pitching rates are critical to consistent fermentation 

performance (31,32) as population size is a critical driver of alcoholic fermentations in 

various strains and industries (1).  As a rule of thumb brewers inoculate about 1 X 106 viable 

cells mL-1 in low gravity (9o Plato) wort, increasing the pitch rate by 2 X 106 cells mL-1 for 

each increase in degree Plato to a maximum of ~3 X 107 cells mL-1 in very high gravity 

brews (>21oP)  (31).  Correct yeast pitching is especially important in higher gravity brewing 

(anything >16o Plato) in order to avoid slow or stuck fermentations (11). 

The most commonly used method in the brewing industry to enumerate cell number, 

enshrined in the ASBC Methods of Analysis (2), relates to yeast staining with methylene 

blue and counting by microscopic examination on a glass slide.  Methylene blue staining is a 

bright-field staining procedure in which dead or non-viable cells are stained blue, where as 

viable cells are able to exclude (or reduce) the dye and remain colorless.  This method is a 

simple, rapid and an inexpensive way to quantify total and viable cells in a population (2).  
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While, cost efficient, this method must be used with caution.  Since the stain relies on 

inclusion or exclusion of the membrane-permeable dye to differentiate between viable or 

non-viable cells the results can be influenced by the physical state of the cell membrane or 

the physiological state of individual cells, which varies depending upon its age, culturing 

conditions and position in the cell cycle (44,63).  The ASBC notes that this method is 

valuable with yeast in “good” condition, given reports that in cell populations with low 

viability (<95%) this method is less accurate and may lead to overestimation of the number 

of viable cells in a population (2,48,51).   

Methylene blue staining also has a degree of personal interpretation, due to variations 

in a person’s ability to judge color intensity and errors in counting.  Thus, the use of 

automated machines for quantifying viable cell number could be beneficial, due to the 

removal of human variability.  There are several companies (Millipore, Chemometec, Orflo, 

etc…) that offer such automated products.  We have used, with success, an automated-

fluorescence based cytometer (Nexcelom BioScience, USA) (Fig. 3).    The system captures 

bright-field (morphological information such as cell size, circularity) and fluorescent images 

at 4 locations within the chamber, while the software analyzes each image to count and 

measure the fluorescence signals within individual yeast cells in a population.   The system is 

well described by Laverty and colleagues (34), and has been used previously for fluorescence 

based cell analysis (36).  In general the methylene blue staining method is best used as a 

rough indicator of yeast viability, to be complemented with other methods of assessing 

viability/vitality. 
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pH 

pH is an easy, inexpensive tool to assess the overall fitness of a yeast for 

fermentation.  Measurement of pH in yeast slurries, for re-pitching, can give a brewer an 

indication of yeast viability as well as provide an indicator of yeast autolysis.  Mochaba and 

colleagues (44) noted that there is a relationship between yeast autolysis, protease 

excretion/activity and yeast slurry pH.  Yeast slurries that were stored too long (>20hrs at 

4oC) saw an increase in pH, free amino nitrogen (FAN), and other ions.  Cell autolysis, 

releasing basic cellular components, could cause a rise in pH.   Inoculation with 

chronologically aged yeast slurries negatively impacted the organoleptic qualities of finished 

beer by increasing levels of fusel alcohols, diacetyl and acetate.  In general, given a final beer 

pH ~4.0, yeast slurries above pH 4.9 should be rejected due to likelihood of autolysis 

occurring in the cell population (44).  The final pH of beer is dependent on wort composition, 

buffering capacity as well as yeast strain and growth (19,59). 

pH can also be used as a tool to monitor yeast fitness during an on-going 

fermentation.  Wort acidification, or pH downshift, occurs as a result of the consumption of 

wort carbohydrates and buffering compounds (generally FAN) and the production of 

carbonic acid (from CO2 generation) and some organic acids.  The pH of wort falls rapidly 

early in the fermentation (<24 hr) and very slowly in the later stages; though slight increases 

in pH may be seen at the end of fermentation if yeast remains in contact with beer after all 

fermentable carbohydrates are consumed (12).  The average initial pH of wort (20oC) is ~5.3, 

ranging from 5.0-6.0 (43); ale wort is generally lower (pH 5.1), lager beer slightly higher (pH 

5.4-5.7) (3).  Fermentation of worts with higher pH can influence yeast flavor production; 
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dimethyl sulfide (DMS) [sweet-corn/black-current flavor] levels are reduced as initial wort 

pH is reduced (3). 

As mentioned above, the final pH of beer is depended on several factors, but in 

general brewing yeast can tolerate a 1.5-2.0 downshift in pH over the course of a 

fermentation yielding an average final pH of 4.2~4.4 (19,28).  Extreme final pH levels, 

typically seen in yeast after undergoing acid washing (pH 2.1~2.8) before repitching, can 

cause several physiological & genetic changes in the yeast (reviewed by Simpson and 

Hammond, 1989).  Very low final pH values (<4.0) can increase beer staling (59) by 

accelerating the oxidation reactions that occur during beer storage and distribution (28).  It’s 

clear that monitoring and controlling pH in yeast slurries and during fermentation can 

provide another important source of information for evaluating fermentation fitness. 

Capacitance 

A capacitance probe (Fig. 4 a,b,c), a tool often used by larger breweries, can be used 

for on-line or off-line measurement of yeast viability (9,10).  Under the influence of an 

electric field, living microorganisms act as tiny capacitors due to the presence of an intact 

plasma membrane, which isolates the cell content from the surrounding medium (35,40).  

Cells with an intact plasma membrane are non-conducting, and thus will build a charge under 

an electric field (signal impedance); non-viable cells or cells with a damaged membrane, do 

not impede the signal and thus contribute little to the total capacitance detected in the sample 

(9).  One portion of the capacitance probe produces the electrical field, while the other 

portion measures the current (10).  The output signal from a capacitance probe is directly 

proportional to the membrane-enclosed volume fraction of the microbial culture, and this 
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volume depends on the concentration of cells, their viability and the cell radius (4).  It is 

possible that capacitance may under estimate viability as some membrane damage, for 

example from dehydration, can be repaired by the cells (35). 

The major advantage of a capacitance probe and the radio frequency impedance 

method is that it is relatively fast (<1 sec where necessary) and easy to use for determining 

viable cells over a wide concentration range; gas bubbles, trub and other non-yeast solids do 

not interfere with the capacitance signal as they do not have a polarizing membrane (9,10).  

As mentioned above, the capacitance probe can only identify viable cells with an intact 

membrane, and therefore, must be used in conjunction with another method for total cell 

count in order to quantify percent viability.  The sample around the probe must also be 

representative of the system as a whole, and in larger fermentations, it may be difficult to 

obtain a homogeneous sample for accurate capacitance readings, especially if the cells are 

flocculated (40).  Capacitance results also assume constant cell morphology and radius 

distribution (4), which, as we will cover later, is not always a good assumption for brewing 

yeast.  Thus, capacitance measurements are another tool in the practical brewers arsenal for 

assessing yeast fitness, but should be paired with other methods.  

Agar Plating 

Agar pour-plating procedures are routinely used for the quantitative determination of 

microorganisms.  In the traditional spread-plate method, an unknown sample is diluted many 

times, and a known sample of each dilution is spread over an agar plate.  After incubation, 

the plate which has between 30 and 300 colony-forming-units (cfu), is counted, and the 

resultant count is multiplied by the appropriate dilution factor to obtain the microbial 
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concentration in the sample.  For statistical accuracy, samples are often plated, at each 

dilution, in triplicate.  Plated samples that do not fall within the 30-300 cfu range are 

discarded (20).  There are many modern adaptations based on the traditional methodology.  

The spiral plating method uses a machine that deposits a known volume of sample on a 

rotating agar plate in an ever-decreasing amount in the form of an Archimedes spiral.  After 

the sample is incubated, different colony densities are apparent on the surface of the plate.  A 

modified counting-grid relates the area of the plate to the volume of the sample.  By counting 

the appropriate area of the plate, the number of microorganisms in the sample is estimated 

(20).  Another modern adaptation, which we recommend, is the “track-dilution” method, 

which is a simplification of the traditional spread-plate method.  The track-dilution method 

allows for up to six-serial fold dilutions to be applied to a single agar plate, making this 

adaption highly economical in terms of time and resources.  This technique requires 100mm 

x 15mm square plates with 13mm grids (Fig. 5), each plate has six columns, where one 

sample (10L) is spotted on the agar surface.  The plate is then tipped on its side (45~90o 

angle) and the spots migrate, in parallel “tracks”, to the opposite side of the plate.  Plates are 

incubated over night and tracks with 30-300 colonies are selected for counting (26).  This 

method gives statistically similar results compared to spread plating (26) and spiral plating 

(62). Due to the small volume of aliquots, this method may not be very sensitive or accurate 

for dilute cultures (< 100 cfu mL-1), although this is not generally an issue for brewing 

cultures.    

  The plating method can be considered the “gold-standard” for measuring yeast 

viability (i.e., the ability of cells to grow) and will include both vital cells and some cells that 
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other tests may show as being non-vital, but have the capacity to overcome and recover from 

physiological stress.  The primary drawback to plating is the length of time (>24 hrs, longer 

if cells are injured) it takes for a microorganism to grow on the plate.  Another criticism, 

related to brewing, is that the growth of a cell on an agar plate does not necessarily 

correspond to the growth of a cell in brewing wort. Not all cells will form a colony on a 

plate, but may still be metabolically active (13,35).  As is generally the case, this method 

should be used in conjunction with other methods to accurately determine the relative fitness 

of a culture for use in fermentation.        

FACTORS INFLUENCING VIABILITY & VITALITY 

Environmental Composition 

There is a dynamic relationship between yeast metabolism and the environment to 

which the population is being subjected to. While the environment affects the yeast, it is in 

turn modified by the yeast metabolism as reflected by the consumption of nutrients and 

production of metabolic products.  The composition of brewing wort can vary batch-to-batch 

and brewer-to-brewer, from factors related to raw materials and processing conditions (29).  

Raw ingredient quality, malt conditions, malt type, adjuncts (18), water composition, pH 

(60), hop variety, and type of hop product (cones, pellets, extracts) (21,45) as well as 

brewhouse operations such as mash temperature, enzyme usage (17), point of hop additions 

and boiling conditions (58), can all influence the composition of wort and impart 

environmental variability.  Physical conditions such as temperature, pressure and agitation 

can also impart inconsistencies in the brewing environment (31).  The influence of 

physical/chemical conditions, prevalent in the environment, can cause variation in the cell 
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physiology, composition, metabolism, replicative capacity and ultimately its overall fitness 

for fermentation (14,61).      

Carbohydrate Composition 

Carbohydrates are one of the biggest classes of macronutrients for yeast.  The effect 

of carbohydrate composition on a yeast population is often overlooked even though, based on 

the dry material, brewer’s wort is generally comprised of 90~92% carbohydrates [~75% of 

these are fermentable carbohydrates], 3.6% nitrogen compounds, 1.5~2% salts and minerals, 

and 0.5~1.0% free acids (such as lactic acid) with the remaining amounts being small 

amounts of lipids, phenolic substances and hop oils (43).  Although the exact composition of 

brewer’s wort is not fully defined (29), in general it contains a mixture of fermentable 

carbohydrates (monosaccharides: glucose & fructose [~10% total wort carbohydrate content]; 

disaccharides: sucrose [~5%], maltose [45~65%]; trisaccharides: maltotriose [~15%]) and 

non-fermentable carbohydrates (limit dextrins) (19,41).  Brewing yeast strains 

(Saccharomyces cerevisiae and Saccharomyces pastorianus) can typically utilize sucrose, 

glucose, fructose, maltose and maltotriose (preference for that order), while larger sugar 

moieties (dextrins) are usually not metabolized (15,33).  Brewing yeast vary in their ability to 

ferment some sugars (such as maltotriose), thus attenuation limits in a given wort will vary 

by a few points when different yeast strains are used (43).  Lager strains can also fully utilize 

melibiose and raffinose, whereas ale strains cannot utilize melibiose and have a low raffinose 

fermentability (1/3rd that of lager yeast, because raffinose is comprised of 2/3rd melibiose) 

(15,43).  Lager brewing yeast also utilize maltotriose at higher rates than ale brewing yeast, 

though this is strain specific (66).  While attenuation levels vary from strain to strain, the 
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presence of unfermented carbohydrates in beer may allow for the growth of bacteria, brewing 

or wild yeast (provided additional oxygen is supplied) which could in turn affect future 

fermentation fitness as well as the flavor of the finished product (15).   

In brewing, wort is the only nutrient source and thus it has the capacity to greatly 

affect yeast growth, division, lifespan potential and overall fermentation fitness (41).  Wort 

produced with high-glucose adjuncts and that is particularly high in glucose/sucrose (>15%), 

may experience difficulties with excessive yeast growth, attenuation and flavor due to 

“glucose repression” and high ester formation (65), although yeast strains vary greatly in 

their sensitivity to glucose (43).    As mentioned above, maltose is usually the primary 

fermentable carbohydrate in wort, however, yeast will repress the uptake of maltose 

(“glucose repression”) in favor of utilizing glucose.  The rate of maltose/maltotriose 

utilization will remain low until the glucose level falls below 0.4% w v-1 (41).  The uptake of 

maltotriose occurs at the same time as maltose, although at a slower rate (45).  Higher wort 

glucose levels may result in slower maltose/maltotriose uptake, leading to higher levels of 

residual fermentable extract in the final product, which can be detrimental to overall 

fermentation efficiency and product quality (although residual maltose/maltotriose can be 

attacked by proper maturation).  The mechanisms of sugar utilization and transport in 

Saccharomyces cerevisiae have been well covered in other reviews (8,16,33,53). 

Monitoring carbohydrate composition and utilization can be another useful tool to the 

brewer looking for more information on the overall brewing fitness of the yeast population.  

While high performance liquid chromatography (HPLC) analysis was not listed in the 

methods above, it can be a strong tool for monitoring carbohydrate composition of wort 
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(yielding information on initial carbohydrate ratios and strength) and carbohydrate utilization 

(yielding information on the yeast metabolic performance).  HPLC is a great option for 

breweries that have trained personnel (for machine upkeep and data analysis/interpretation), a 

designated lab (the machine should not be exposed to dust or excessive moisture), and a good 

budget in support of quality control (upfront expenses for purchasing and setting up an HPLC 

can be significant).     

Nitrogen Composition 

The other major nutrient class affecting brewing yeast performance is nitrogenous 

compounds.  Nitrogenous constituents of wort influence healthy yeast growth and 

development as well as affect haze formation, head retention and the biological stability of 

beer (27).  Brewer’s wort (no adjuncts, 12oP) is typically comprised of free amino nitrogen 

(FAN) (~30%), peptides containing 2-30 amino acid (AA) units (~30%), wort proteins >30 

AA units (~25%) and other miscellaneous nucleic acid derivatives, amines, etc… (15%) (43).  

The primary sources of wort nitrogen, which can be assimilated by yeast, are amino acids, 

ammonium ions, and di- and tri-peptides (47).  Nitrogen compounds that cannot be 

assimilated by yeast are responsible for beer haze and the foam potential of beer (43).  The 

relative composition of amino nitrogen in wort is affected by barley variety, barley nitrogen, 

malting conditions, grist composition (adjunct levels/types), mashing conditions and 

additives for nitrogen supplementation (47,52).  Although the composition of amino nitrogen 

in wort may be influenced by several factors, the uptake of amino acids by Saccharomyces 

cerevisiae (Sc) is a predictable sequence.  Similar to carbohydrates, amino acids are used 

sequentially in groups.  The traditional model (27)  included four groups: Group A, which 
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includes glutamic acid, aspartic acid, asparagine, glutamine, serine, threonine, lysine, and 

arginine, are reported to be immediately utilized by the yeast and almost fully removed from 

wort after 20 hrs; Group B, which includes valine, methionine, leucine, iso-leucine, and 

histidine, are not removed from the wort rapidly, but gradually during the fermentation; 

Group C, which includes glycine, phenylalanine, tyrosine, tryptophan, alanine, and ammonia, 

are used after a considerable lag phase, coinciding with the full removal of all Group A 

amino acids.  Proline, the only AA in Group D, is a major nitrogen source in wort, 

representing ~1/3 of the total amino nitrogen, but it is not typically utilized by yeast during 

anaerobic fermentation.  This classification of groups for AA uptake depend on the criteria 

used, however, generally AA utilization is irrespective of brewing conditions (temperature, 

vessel type), but may differ slightly from strain to strain (50). 

As is the case with carbohydrates, nitrogen utilization can have an affect on overall 

brewing fitness.  As well summarized by O’Connor-Cox and Ingledew (47), the formation of 

flavor-active compounds in beer, by yeast, is fundamentally affected by their ability to grow 

and utilize nitrogenous compounds in wort. Esters, higher alcohols, vicinal diketones (VDK), 

and H2S formation are all influenced by overall nitrogenous compound levels and amino acid 

metabolism (47,52).  Stimulatory fermentation conditions (high temperature and/or high 

dissolved oxygen levels) lead to high FAN utilization and subsequent flavor changes (39).  A 

major portion of the wort nitrogenous compounds are used to synthesize new structural and 

enzymatic proteins in yeast (52), which is critical for yeast metabolic function, viability and 

flavor production.  Yeast fitness is diminished if the wort FAN drops below 120-150 ppm, 

whereas final beer quality is diminished if FAN levels exceed ~300 ppm, as the yeast become 
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too well nourished and final beer flavor characteristics are altered (43).  Limitation of 

nitrogenous compounds, typically found in high gravity fermentations or fermentations with 

high levels of adjuncts, result in poor yeast viability, an extended lag phase, and overall 

lower attenuation (11,47).   The relative FAN level in wort can be measured by the 

International Ninhydrin Method (2), which measures total FAN level (excluding proline, 

which is not utilized by yeast).  Monitoring FAN levels throughout the fermentation can be 

another tool for the practical brewer to understand the interaction between yeast and its 

environment in order to properly assess overall brewing fitness. 

Dissolved Oxygen Level 

As facultative aerobes brewer’s yeast (both ale and lager) can shift between aerobic 

or anaerobic growth.  Oxygen has a paradoxical and multi-faceted role for yeast in that it can 

be both helpful and harmful for overall yeast viability/vitality. During aerobic growth (yeast 

propagation in early fermentation) energy is generated through oxidative phosphorylation, 

allowing ample energy for which to generate sufficient yeast cells through multiplication 

(67).  Oxygen is also required by brewing yeast in order to synthesize sterols and unsaturated 

fatty acids (UFA), which are essential to the yeast plasma membrane integrity and 

functionality.  The presence/absence of these compounds can have wide ranging effects on: 

transport of molecules in/out of the cell, regulation of membrane-bound enzymes, ethanol 

tolerance, and the levels of active flavor compounds in beer (15,30). While sterols and UFAs 

are abundant in malt, they are normally not transferred to wort, thus they must be produced 

by the yeast under aerobic conditions (15).   
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While oxygen and aerobic respiration are desired for increasing cell number and 

healthy development; oxygen is also a highly reactive molecule which can be reduced into 

numerous reactive oxygen species (ROS).  ROS, such as hydroxyl radicals (HO-), H2O2, and 

superoxide anions (O2
-) are highly damaging forms of oxygen which can target various 

cellular constituents, including DNA lipids and proteins (24).  Yeast generate ROS 

endogenously as a consequence of aerobic respiration and are consequently subjected to 

slow, continuous damage to their cellular components due to free-radical stress.  The free-

radical theory of cell aging is based on a cell’s inherent antioxidant defenses (enzymatic and 

non-enzymatic), which would normally quench ROS or repair damaged molecules, gradually 

being depleted over the course of a cells replicative lifespan (24,56).   In order to efficiently, 

operate in two alternate physiological states (aerobic and anaerobic), there are a large number 

of genes which are expressed in response to oxygen.   The response of genes, coding for 

respiratory function, sterol/UFA synthesis or oxidative damage control, are sensitive to low 

oxygen tension.  A certain class of genes which encode for oxygen-dependent functions, are 

induced at low oxygen tension, presumably allowing a cell to more efficiently utilize limited 

oxygen (67).   

Traditionally wort is oxygenated/aerated to 4~8 mg L-1 (ppm) of dissolved oxygen, 

and pitching yeast is used from an earlier fermentation (30).  Yeast from a previous anaerobic 

fermentation (anaerobic) are generally used to inoculate the wort, and may contain lipid 

levels near growth limiting levels.  Brewing yeast may vary in their requirements for oxygen 

from strain to strain (19), yet if under-oxygenated, all yeast exhibit slower growth and thus 

slower uptake of wort nitrogen and carbohydrates.  Although yeast strains may have differing 
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oxygen requirement levels, each can ferment wort equally well if aeration is supplied at the 

correct time (46).  Generally it is more effective to supply oxygen during growth than to 

aerate the wort before pitching.  The level of wort oxygenation at the time of pitching affects 

lipid metabolism, yeast performance and overall beer flavor.  Too little oxygen results in 

insufficient membrane lipid production, which in turn leads to a decrease in yeast biomass, 

sluggish fermentation rate and associated flavor problems.  Too much oxygen results in 

excessive yeast growth, diverting nutrients to cellular reproduction instead of ethanol 

production (15) and may result in undesirable flavor changes from too rapid a fermentation 

rate.    

     

Microbiological Characteristics  

Viability and vitality are characteristics of an individual cell (13), although most approaches 

provide a global mean value of a sampled bulk population of cells (38).  The global mean 

value generated from most brewing-related methods (discussed earlier), is derived from a 

population of cells, and describes the “average cell” in the population.  When sampled at a 

specific time, the average cell image assumes that cells are homogeneous (synchronous) with 

respect to their structure, composition, and metabolic/developmental status.  However,  at 

any given time a cell population is actually comprised of many heterogeneous 

(asynchronous) individuals, each making their own contributions, which is why most 

methods tell us very little about the status of individual cells in a population (14).  Our lab 

found (36) that synchronizing the culture by the incorporation of periodic feeding provides 

increased metabolic uniformity within the population.  Populations with higher degrees of 
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homogeneity may yield different results than heterogeneous populations, revealing more 

precisely the microbiological characteristics of a population (Fig. 6 and 7).                        

  

Cell Age 

Depending on the audience, discussion of ‘cell age’ can have a different meaning.  To a 

microbiologist cell age is derived from the number of times an individual cell (in a 

population) has divided; the entire population of a given culture is comprised of individual 

cells of varying cell age.  Cell wall analysis has shown that, in general, a stationary culture 

consists of 50% virgin cells, 25% first-generation mothers and 12.5% second-generation 

mothers (54).  The replicative capacity of a given yeast strain is called the ‘Hayflick Limit’ 

(22,23); and this limit is influenced by both genetic (5) and environmental factors (6,42).  

Whereas to a brewer, cell age is derived from the number of times a culture has been re-

pitched or back-slopped in the plant; regardless of the actual cell age composition within the 

population (15).  Serial re-pitching subjects a yeast population to repeated stress that may 

cause reversible or irreversible damage, depending on the hardiness of the strain (25).  

Chronological age is generally only a factor when yeast is stored, for an extended time, in 

stationary phase leading to compromised cellular integrity and ultimately cell death (42)   

As yeast cells age there are several phenotypic and metabolic changes that occur 

(6,42,55,56,63).  Common phenotypic changes associated with aging include increases in cell 

size, bud scar number, cell chitin, vacuole size, and cell surface wrinkling; decreases in cell 

turgor; and overall alterations of cell shape (42,56).  The number of bud scars present on the 

cell surface is directly correlated to the number of times the cell has divided (55).  A bud scar 
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is rich in chitin; which is a long-chain polysaccharide that can be stained, with high 

specificity, using the fluorescent dye Calcofluor.  Thus, bud-scars are the primary method in 

identifying cells of different replicative age (57).   

Metabolic changes that occur due to aging are slightly less predictable from strain & 

environmental variability; but generally include increases in generation time, decreases in 

protein synthesis, ribosomal activity and overall gene expression alterations (42,56).  

Replicatively older cells have been shown to have higher flocculation potential and to 

ferment more efficiently and at a higher rate compared to mix age (50% virgin, 50% mixed 

age cells) and virgin cells (53).  Though in normal brewing practice, older cells have likely 

been exposed to a bevy of physiological &/or chemical stressors during propagation, 

fermentation and storage (19) which may result in yeast of variable condition.  Thus, a 

fermentation comprised of only aged cells is not advised, as they may have lower viability, 

flocculate out to early and have a reduced generation time.  Conversely, a fermentation of all 

virgin cells may see an extended lag phase, off-flavor formation and poor flocculation (6,55).  

The ideal culture has a mix both virgin and mixed aged cells that are all at a uniform 

metabolic (synchronous) state, allowing for the maintenance of cell population dynamics 

throughout current and future fermentations. 

SUMMARY AND CONCLUSIONS 

The brewing fitness of a yeast population is a concept that incorporates multiple factors in its 

assessment. These factors include the percent of viable cells, the vitality of these cells and the 

suitability of the culture to a particular brewing environment based on the chemical 

composition of the wort, oxygen availability and fermentation temperature. Numerous 
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techniques are available to assess brewing fitness, based on both the characteristics of the 

yeast population and the constituents of the wort. Most of these techniques rely on various 

laboratory analyses, however, some on-line or at-line instruments can provide important 

information that, although incomplete, will help the brewer in making informed decisions 

about their yeast management strategy. Consistent batch-to-batch fermentation performance 

can only be achieved by providing a suitably controlled environment and a yeast population 

that is both viable and vital.  
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TABLES 

Table 1.  Manual and automated methods for assessing parameters of brewing fitness. 

Method Type General Output 

Light absorbance (visible spectrum) Manual Total cell count 

Light absorbance (infrared probe) Automatic Total cell count 

Staining + light microscopy Manual Total cell count + vital cell count 

Staining + image analysis Automatic Total cell count + vital cell count 

Plating (semi-solid nutrient agar) Manual Viable count 

Capacitance probe Automatic Viable count 
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FIGURES 

 

Figure 1.  Parameters that contribute to overall brewing fitness (37)   
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Figure 2.  Comparison of methods used to measure various parameters of overall brewing 

fitness of Saccharomyces yeast strains after dehydration and rehydration (35).  Note the 

results from each type of method. 
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Figure 3 a,b,c,d.  (a) The Nexcelom Vision Cellometer; (b) Typical yeast view by the 

Cellometer.  (c) Counting method by software; (d) Fluorescent detection of yeast, by 

propidium iodide, in the Cellometer (Courtesy of Nexcelom Bioscience, USA). 
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Figure 4 a,b,c.  (a) Aber Capacitance Probe/Yeast Monitoring System Model #710; (b) Aber 

Compact Yeast Monitor V350; (c) Aber Biomass Monitor #210  (Courtesy Aber Instruments 

LTD, UK). 

 

Figure 5.  Track dilution plates (square-shaped) compared to a traditional agar plate 

(circular). 



 

58 

 

Figure 6. Typical variation in batch fermentation performance between 2nd and 5th pitch of a 

metabolically heterogeneous population of yeast cells. 

 

Figure 7.  Variation in batch fermentation performance between 2nd and 5th pitch of a 

synchronized population of yeast cells, greater consistency as a result of greater metabolic 

uniformity. 
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Manuscript 1 (MBAA TQ) was a review of the complexities facing the modern brewer and 

the tools used to evaluate overall brewing fitness.  The purpose of manuscript 1 was three-

fold: 

- Explore the relationship between environmental and microbiological components; 

relate this to beer quality. 

- Identify existing practices, methods and challenges modern brewers face when 

assessing yeast readiness. 

- Upon reviewing the numerous factors affecting fermentation performance-utilize the 

platform to discuss the average cell and propose an alternative strategy.  This is the 

theoretical ‘Why’. 

Manuscript 2 (J. ASBC) is the alternative strategy.  We detail the simplicity, effectiveness 

(in cost and efficacy), and implementability by breweries big and small.  This is the practical 

‘How’. 
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A novel method of inducing and retaining cell cycle 

synchronization in cultures of Saccharomyces cerevisiae 

J. Blake Layfield, Lucas R. Vann, and John D. Sheppard,1  Department of Food, 

Bioprocessing and Nutrition Sciences, North Carolina State University, Raleigh, NC 

ABSTRACT 

In conventional fermentation, at any one time individual yeast cells are randomly 

distributed with respect to the stage of their growth and division cycle. The observed 

metabolic performance is, therefore, the result of an average of the entire population.  In 

contrast, a synchronous population is characterized by cells that are aligned with respect to 

their metabolic processes, traversing the cell cycle and dividing mostly in unison.  In this 

study, a novel method for inducing and retaining cell cycle synchronization in yeast cultures 

(diploid and polyploidy-type) was developed using a simple and natural phased expansion 

method, in which the volume of the culture was increased step-wise at time periods equal to 

the cell doubling time.  Results indicate that this method was effective in producing yeast 

cultures with a high degree of synchrony, verified by cell counts and fluorescent cytometry. 

When stored in relatively small volumes, at -80oC in glycerol, the cultures maintained their 

synchrony upon thawing. Experiments were also conducted at the lab-scale to assess the 

potential use of synchronous cultures in brewing applications.  The incorporation of phased 

seed expansion and periodic feeding of the yeast culture provided increased metabolic 

uniformity within the population and reduced variability in fermentation performance.      
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INTRODUCTION 

Despite the relative low number of core ingredients (malt, water, hops and yeast), 

beer production can be fraught with variability.  The causes of this variability can be divided 

into two broad categories: environmental and microbiological.  Environmental variability 

stems from factors related to the raw materials and process conditions used to convert these 

materials into beer, while microbiological variability is a result of the characteristics of the 

yeast used during fermentation and maturation.  The latter can be influenced by raw 

ingredient quality; malting conditions, malt type, adjuncts (8); water composition, pH (22); 

hop variety and type of hop product (cones, pellets, extracts) (11, 18).  Brewhouse operations 

can also add variability: mash temperature and enzyme usage (7), point of addition of hops 

and kettle boiling conditions (21).  Batch to batch variability can also arise from differing 

fermentation conditions such as temperature, pressure, agitation and oxygenation (12, 13).   

While raw ingredient quality will always have some inherent variability due to its nature as a 

raw agricultural commodity, numerous characteristics of the resulting wort can be tightly 

controlled.  Modern brewing analyses allows for rapid determination of critical brewing 

variables such as carbohydrate composition, pH, free amino nitrogen, and other critical 

variables to ensure the wort is consistent and  is comprised of all necessary components for a 

successful fermentation (1).      

Microbiological variability is typically related to yeast strain, purity, viability, 

vitality, pitching rate, number of times re-pitched and propagation/handling conditions.  Each 
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of these factors are regulated or controlled with quality control systems.  However, process 

variability still occurs from time to time in yeast attenuation, crop, foam stability, and flavor 

profile (12, 13).  This may be attributed to inherent phenotypic variability displayed by cell 

populations under limited selective pressures.  Quality programs may also only use singular 

methods for measuring viability and vitality, in which results can vary depending on the 

method used, impacting a company’s view of the health of their yeast population (14).  

Gibson et al. (10) published an excellent review on yeast handling and management for 

breweries. 

The yeast S. cerevisiae (Sc) is a robust model system for eukaryotic cell cycle studies 

(2, 24).  The underlying basis for how a population of cells behaves is related to the growth 

and division cycles of the individual cells that comprise the population.  In conventional 

fermentation, the growth and division cycles of individual yeast cells are randomized within 

the population, and the observed metabolic performance of the population is the result of an 

averaging effect.  In contrast, a synchronous population is characterized by cells that are 

aligned with respect to their metabolic processes, traversing the cell cycle and dividing 

mostly in unison (4, 23, 24).  The rate of progression through the cell cycle is affected by the 

environment, which is, in turn, modified by nutrient consumption and the production of 

metabolic byproducts.  In short, this shows a dynamic coupling of cellular metabolism to 

environmental conditions.  Thus, synchronized populations of cells can be used as a tool to 

reveal more precisely how an individual cell reacts under different environmental conditions 

(5, 23). Furthermore, we suggest that synchronizing a population of cells can reduce much of 

the metabolic variability encountered in beer fermentations, by reducing lag phase duration 
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(17) and generally improving batch to batch consistency. There are multiple methods for 

synchronizing cell populations; most depend on an artificial blocking agent or size separation 

techniques that are not applicable to the brewing industry (9).  Therefore, a method for 

naturally inducing and storing synchronous yeast cultures for rapid use is advantageous to 

both academia and industry. 

In this study, a novel method for inducing and retaining cell cycle synchronization in 

yeast cells (diploid and polyploidy-type cells) was developed.  This technique is derived from 

the continuous phased-culture induction method (3).  Dawson’s original induction method 

was based on a periodic feed-starve process in which after nutrient limitation had occurred, 

one half of the cell culture was harvested and an equal volume of fresh nutrient solution was 

added to replace the harvested volume at a period corresponding to cell doubling.  This 

periodic replenishment of nutrients sufficient for only one cell doubling resulted in the 

growth and division of a single generation of cells prior to the beginning of the next cycle.  

After 4~6 such feed-starve cycles, the cells became aligned with respect to their growth and 

division cycles and began to divide synchronously.  The new method, as described in the 

current work, begins with a small volume of cells, which is doubled with each cycle by 

periodically adding fresh nutrient solution, but without having to remove any cells.  This 

adaptation is better suited for industrial applications, such as seed expansion due to its 

relative simplicity and equivalent effectiveness in producing a synchronous yeast population.      
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EXPERIMENTAL 

Yeast Strains 

Three yeast strains were used in this study: Lab-type (diploid) S. cerevisiae #288C 

(CBS Fungal Biodiversity Center) and brewing types (polyploid) S. cerevisiae London ESB 

#1968 (Wyeast Labs, USA) and S. cerevisiae Nottingham (Lallemand, CA).  Fresh cultures 

of the strains were maintained on plates of YPD media (2% peptone, 1% yeast extract, 2% 

glucose, and 1.5% agarose) at 4oC until needed.  For storage periods longer than a few 

weeks, glycerol stocks of each culture were prepared and kept at -80oC. 

Preparation of Synchronous Cultures 

 Laboratory-scale yeast propagation was carried out aerobically in 1-L baffled 

Erlenmeyer flasks (Pyrex) in an incubator (New Brunswick Scientific- I26).  Propagation 

was carried out at 30oC with shaking at 150 rpm for 24 hours in 500mL of YPD (Fig. 1. Step 

1).  After 24 hours, the sample was well mixed and ½ (250mL) of the volume was removed 

(Fig. 1. Step 2).  The removed volume was replaced with fresh medium (250mL fresh YPD) 

(Fig 1. Step 3).  Steps 2 and 3 (Fig. 1) were repeated until cell cycle synchrony was obtained.  

The removal of spent medium and addition of fresh medium was based on the doubling time 

(td) of the strains.  This procedure is referred to as the continuous phasing method as 

described by Dawson (4).  As depicted in Figure 2, our phased expansion method is better 

suited for practical brewhouse operations in which the volume of yeast is increased in a step-

wise fashion without any wastage.  Furthermore, because the phased expansion method relies 

on the same feed-starve principle, cell synchrony is still achieved within only a few 

generations if the period of nutrient addition corresponds to the strain doubling time.     
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Culture Storage and Synchrony Assessment 

 For the glycerol stock and phased expansion experiments lab-strain Sc 288C and 

brewing strain Sc LESB #1986 were used, with doubling times (td) of 3.5hrs and 3 hrs 

respectively.  Glycerol stocks of synchronous cultures (1.5, 10, or 50mL) were prepared by 

immediately suspending the cultures in 15% glycerol stocks with their spent media and 

frozen at -80oC in either 2, 15, or 50mL centrifuge tubes (USA Scientific).  Control samples 

(1.5mL) of yeast were obtained after growth to stationary phase (Fig. 1. Step 1), stored in 

15% glycerol and spent media and then frozen at -80oC.  Samples were kept frozen for at 

least two weeks.  Frozen cultures were thawed in a warm (30oC) water bath (Iso-Temp 102, 

Fischer Scientific) for various times depending on size: 1.5mL stocks- 5 min, 10mL stocks- 8 

min, 50mL stocks- 18 min.  Upon thawing, stocks were assessed for cell concentration via an 

automated hemacytometer count (Cellometer®- Nexcelom Bioscience).  Strains were then 

inoculated at 8 x 107 cells mL-1 in 2, 25 or 100mL of YPD, with subsequent growth taking 

place in flasks at 30oC and 150rpm.  Fermentations were monitored over 3 to 3.5 hours 

(depending on strain td), with cell counts being performed every 30 minutes.  The yeast 

synchrony index was determined based on the total cell count and observed doubling time 

(Equation 1).  All experiments were performed in triplicate.  

Use of Synchrony in a Brewing Environment 

For use in brewery propagation, the Sc Nottingham ale strain was grown on synthetic 

wort.  This wort (12% dry malt extra (Briess Golden Light), 0.3% yeast extract, and 0.5% 

peptone) is ~11 oPlato, pH ~5.5 and contains approximately 7.5% maltose and 1.8% glucose.  

The pH and relative concentrations of maltose and glucose in this synthetic wort model the 
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typical spectrum of normal gravity brewery wort (16), while also providing ample nitrogen, 

vitamins and minerals which yeast may require for healthy growth and development.  

Synchronous cultures were inoculated into 500mL synthetic wort at ~2 x 107 cells mL-1, and 

fermentations were carried out over 144 hours at 20oC with no agitation.  After 144 hours, 

the cultures were subjected to 2 cycles of phased feeding to determine if synchronous 

behavior could be re-established for typical brewery re-pitching processes. 

HPLC was used in this experiment to provide information about the critical 

components of the fermentation (ethanol generation and carbohydrate consumption).  

Samples taken over the duration of the fermentations for HPLC analysis were filtered 

through a 0.45–m filter and frozen at -20oC.    The HPLC system included a 1515 HPLC 

pump, 717 plus autosampler, external heating module, 2414 RI detector, and Waters-Breeze 

software.  The column (Phenomenex) used was a Rezex RHM-Monosaccharide H+ (8%) 300 

x 7.8-mm column, the precolumn (Phenomenex) was a SecurityGuard, column was at 

temperature of 65oC and a flow rate of 0.5 mL min-1, with a mobile phase of 0.5mM sulfuric 

acid and an injection volume of 10 L. 

Automated Cell Counting and Cell Cycle Staining 

Yeast cell cycle detection was performed using a fluorescence-based image 

cytometer, the Cellometer Vision (Nexcelom Bioscience, Lawrence, MA).  After staining 

with Propidium Iodide (PI), yeast samples are pipetted into a Nexcelom counting chamber 

(20 μl), and the cells are allowed to settle for 30 seconds. The instrument uses a fluorescence 

optics module (VB-660-502) for detection of PI fluorescence and a 10X magnification 

objective for yeast imaging.  The combination of microscope and digital camera allows for 
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optical magnification of 400X with a resolution ~0.65m2 pixel-1.  The system captured 

bright-field (morphological information- cell size, circularity) and PI fluorescent images at 4 

locations within the chamber, and the software analyzed each image to count and measure 

the fluorescence signals within individual yeast cells. The fluorescence intensity of each cell 

is exported into FCS Express 4 Flow (De Novo Software) for cell cycle data analysis and 

presentation.  The system and the staining procedure for cell cycle analysis is well described 

by Laverty and colleagues (15).   

RESULTS AND DISCUSSION 

Storage of Synchronous Cells 

 The results indicate that a culture of synchronized S. cerevisiae cells can be 

stored at -80oC for over two weeks and still maintain their synchronous growth and division 

behavior upon re-inoculation into suitable growth media (Table 1).  Both diploid and 

polyploidy type strains exhibited similar behavior, indicating that this technique would likely 

be applicable to other strains of S. cerevisiae.  Strain Sc #288C exhibits a phenomenon of cell 

synchrony in which the cells maintain synchrony for 2-3 generations in the absence of any 

subsequent reinforcement (Fig. 3) and are able to double twice in the same period of time 

that it would take the unsynchronized control to double once.  The maintenance of cellular 

synchrony in generation #2 in Sc #288C (hour 2-3.5) seems to be less robust as the volume of 

the frozen stock increases.  We hypothesize that this is related to the effect of freezing and 

thawing on the larger cultures.  While freezing rate can be controlled easily, the rate of 

thawing is more difficult, and is significantly longer as the stock volume increases.  The 

doubling effect was seen only once for the polyploid brewing strain (Fig. 4).  The total time 
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of doubling was extended by 30 minutes for the LESB #1986 strain, but only for the larger 

(50mL) volume stock.  This phenomenon was also attributed to the freeze/thaw kinetics.  

Phased Expansion Method of Synchrony Induction 

Results indicate that the novel phased expansion method for synchronizing yeast 

cultures was equally effective in comparison to Dawson’s original continuous phasing 

method (Table 2), achieving equivalent synchrony indices as the continuous phased method 

with yeast cultures, Sc #288C and LESB #1986 (71% and 83% respectively).  Both SC 

#288C and LESB #1986 displayed the same growth profile and divisional time when 

synchronized.   Unlike methods for synchronizing cells that use chemical blockers or 

separation based on cell size (9, 24), the use of the phased expansion method of synchrony 

induction is a simple but effective method for reducing metabolic variability within a cell 

population without interfering with the yeasts’ natural cell cycle progression.               

Re-establishment of Synchronous Cultures  

It is a common practice in the brewing industry to re-pitch active cultures from a 

previous batch into the current batch.  The number of times a culture is re-pitched is largely 

determined by the strain and brewery policy, but is usually between 7~20 times (20).  The 

cell population multiplies 2~3 times during each fermentation, which can eventually result in 

undesirable or unpredictable fermentations due to genetic and/or phenotypic changes within 

the yeast population (6, 10, 19, 20).  Miller and colleagues found that generation 0 yeast 

(freshly propagated) are more asynchronous in nature compared to cultures that have been re-

pitched.  They concluded that this asynchrony may play a part in an extended lag phase, and 



 

70 

techniques to develop synchronous cultures for brewing could have many benefits including 

reduced metabolic variability and lag phase (17). 

The Sc Nottingham ale strain was synchronized (75% population synchrony) and 

pitched into synthetic wort (Fig. 5).  Five consecutive fermentations (in triplicate) were 

carried out, each lasting 144 hrs.  At the end of each fermentation, synchronous cells were 

subjected to two cycles of continuous phased feeding which served as a reinforcing 

environmental stimulus.  Cultures subjected to this reinforcement procedure after 

fermentation, were shown to maintain synchronous behavior (~75% population synchrony) 

for over five consecutive fermentations.  Synchronous cultures showed more consistent 

fermentation performance over the course of the experiments compared to traditionally 

propagated yeast (Fig. 6, Fig. 7).  When the synchronous cells were not reinforced with 

phased feeding between fermentations, the synchrony within the population eventually 

dissipated (Table III).           

Correlation between Cell Count and DNA Content for Synchrony Assessment 

  In order to validate cell count as an indicator for synchrony assessment, changes in 

the DNA content of a synchronous population was observed.  The results are shown in time-

lapse fluorescence intensity histograms and contour plots of both control (batch growth after 

24 hour starvation) and synchronous cells (phased growth after synchronization by five feed-

starve cycles)  as they progress through the cell cycle (Fig. 8, Fig. 9).  Yeast samples were 

collected at 30 minute intervals over the course of the cell cycle and stained with PI for DNA 

analysis.  These 30 minute intervals correspond to the cell counts seen in Fig. 5.   
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 The cell cycle histogram shows the relative fluorescence of each cell in the 

population that was observed within the field of the optical reader.  A high fluorescence 

reading indicates a higher DNA content within the cell.   As a cell progresses through the cell 

cycle (G0/G1, S, G2, M) the DNA content increases.  DNA synthesis takes place in the S-

phase, while chromosomal segregation occurs during the M-phase (Mitosis).  Gap stages, 

G0/G1 and G2, are variable length cellular processes in which normal growth and 

development occur (19, 23).  The control culture (Fig. 8) revealed a broad spectrum of DNA 

content, indicating a high degree of asynchrony from time zero until 3 hours.    After 3 hours 

the nutrients were exhausted, growth stopped and the asynchronous population began to 

become more uniform in DNA content.   Conversely, the synchronous culture (Fig. 9) 

displayed relatively high uniformity in DNA content (~65%) at the start of its cycle (T0), 

followed by a significant increase in DNA between 1.5 and 2 hours.  After DNA replication 

was completed, there was a sharp increase in cell number (Fig. 5) between the 2 and 2.5 hour 

samples.  This shows that the cells underwent mitosis, after which the population returned to 

G0/G1 phase (~65%). 

 The cell cycle contour plot is another way of visualizing the metabolic data.  On the 

right side of Figures 8 and 9 the relative fluorescence of each cell, identified by the 

cellometer imaging system, is plotted as a function of cell size.  As cells proceed through the 

cell cycle their relative size increases during bud formation.  While the typical size of a yeast 

cell under brightfield observation is 5~10m, the figures indicate that the cell size ranges 

between 2-8m. This is due to the observation occurring under fluorescent conditions where 

the cell diameter is measured at the nucleus.  Regardless of the indicated cell size, the time-
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lapse contour plots show clear images of metabolic activity.  Of particular note is the wide 

variation in size and fluorescence of the control culture, versus the much tighter cell size 

distribution and fluorescence in the synchronous culture.  Furthermore, the time of DNA 

replication cannot be observed in the control culture, whereas in the synchronous culture, the 

appearance of a second locus with a higher fluorescence intensity at time points of 1.5 and 2 

hours show that DNA replication has clearly occurred.  Combined with the cell count data, 

these plots confirm that in comparison to the control, the synchronous population of yeast 

demonstrated increased metabolic uniformity.  

CONCLUSIONS 

One of the objectives of this series of studies involving cell cycle synchrony was to 

develop a method in which a synchronized cell population could be stored in such a manner 

that upon thawing and inoculation into fresh media, synchronous growth and division would 

resume.  Results indicate that synchronized populations of yeast cells do maintain their 

synchrony, when stored in relatively small volumes, at -80oC in glycerol.  Thus, if a 

synchronized starter culture is desired for either propagation or metabolic studies freezing 

and subsequent thawing of synchronous cultures does not significantly alter the maintenance 

of synchronous growth and division. 

With regards to brewery practice, it was demonstrated that a synchronous yeast 

culture can be propagated using a simple and natural phased expansion method, in which the 

volume of the culture is increased step-wise at time periods equal to the cell doubling time. 

Furthermore, fermentations based on synchronous yeast demonstrated high levels of 

consistency with regards to lag time, rate of attenuation and relative yield of alcohol and 
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yeast biomass. If harvested yeast is reinforced with 2 or 3 feedings prior to re-pitching, the 

synchronous culture can be maintained indefinitely. 

While it is evident that synchronous cultures reduce metabolic variability, further 

work must be done to elucidate the resulting effects on final product quality and consistency.  

Of particular interest to brewers and consumers alike is the flavor profile of the finished beer.  

Studies evaluating the effect of reduced metabolic variability obtained with synchronous 

cultures on final quality, specifically flavor, must be conducted both at laboratory and larger 

scale fermentations that are more relevant to commercial practice.       

The use of automated cell imaging revealed that a synchronous culture shows a more 

uniform DNA content and narrower cell size distribution than a randomized yeast population. 

In addition, propidium iodide staining of the DNA shows a good correlation between 

progression of the cell cycle and cell counts in a synchronous population. In contrast a 

randomized population shows a broad distribution in DNA content with no correlation to 

growth.   As such, the synchrony index as determined by cell count alone is a reliable 

indicator of metabolic uniformity within a cell population.   Therefore, a brewery that wishes 

to minimize metabolic variability within the population by using a synchronous culture, can 

monitor the success of their yeast management strategy with the use of simple 

hemacytometer counts.   

Finally, it is important to note that the yeast cell cycle is linked to its environment, 

which in turn, is modified by the yeast as it consumes and produces various byproducts (23).  

The dynamic coupling of yeast to its environment with periodic feed-starve cycles represents 

a simple, natural method in which to reduce metabolic variability within a culture.  The 
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image of the asynchronous ‘average cell’ as a basic operational unit should be replaced with 

a metabolically uniform population in order to better understand the individual status of cells 

in a population (5).            
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TABLES 

Table 1.  Doubling time of control and synchronized cultures of S. cerevisiae #288C 

(diploid) and London ESB #1986 (polyploid) from -80oC glycerol stocks    

Strain Type 

Divisional 

Time (h) 

Initial Cell Count 

(mL-1) 

Final Cell Count 

(mL-1)* 

% 

Synchrony 

SC 

288C 

Control 3.5 9.70E+07 + 8.41E+06 1.92E+08 + 1.80E+07 --- 

1.5mL 1 6.96E+07 + 2.25E+06 1.37E+08 + 7.99E+06 71.40 

10mL 1 7.72E+07 + 4.84E+06 1.43E+08 + 1.57E+07 71.40 

50mL 1 6.35E+07 + 2.88E+06 1.16E+08 + 8.43E+06 71.40 

LESB 

#1986 

Control 3 9.38E+07 + 1.50E+07 2.07E+08 + 5.13E+06 --- 

1.5mL 0.5 8.38E+07 + 1.51E+07 1.65E+08 + 1.39E+07 83.33 

10mL 0.5 6.48E+07 + 2.43E+07 1.24E+08 + 2.43E+07 83.33 

50mL 1 6.55E+07 + 5.68E+06 1.42E+08 + 2.33E+07 66.66 

*Final concentration of cells at the end of the initial doubling period 

 

Table 2. Doubling time of control and synchronized cultures of S. cerevisiae #288C (diploid) 

and London ESB #1986 (polyploid) using continuous phased method and phased expansion 

method. 

Strain Type 

Total Cell 

Cycle Time 

(h) 

Divisional 

Time (h) 

Initial Cell 

Count (mL-1) 

Final Cell 

Count (mL-1) 

% 

Synchrony 
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SC 

288C 

Control 3.5 3.5 

9.70E+07 + 

8.41E+06 

1.92E+08 + 

8.41E+06 0.0 

Cont. 

Phasing 3.5 1 

1.81E+08 + 

1.08E+07 

3.59E+08 + 

4.01E+06 71.4 

Phased 

Expansion 3.5 1 

1.40E+08 + 

3.52E+07 

2.81E+08 + 

3.06E+06 71.4 

LESB 

#1986 

Control 3 3 

9.38E+07 + 

1.05E+07 

2.07E+08 + 

5.13E+06 0.0 

Cont. 

Phasing 3 0.5 

1.24E+08 + 

2.74E+06 

2.52E+08 + 

6.89E+06 83.3 

Phased 

Expansion 3 0.5 

5.78E+07 + 

1.94E+06 

1.21E+08 + 

1.15E+07 83.3 

 

 

Table 3.  Synchrony index of cultures, when not subjected to periodic environmental 

reinforcement.    

Sample Synchrony (% ) No. of Generations 

Starter Culture 75 NA 

End of Fermentation 1 67 3 

End of Fermentation 2 <50 6 
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FIGURES 

 

Figure 1.  An illustration of a simple technique for synchronizing cells using the feed-starve 

continuous phasing method pioneered by Dawson (1965).    

 

 

 

Figure 2.  An illustration of a novel approach to synchronizing cells referred to as the 

phased-expansion method.  After growing the yeast to the stationary phase (1V) subsequent 

volume additions of fresh media are performed at intervals based on the doubling time of the 

strain.  
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Figure 3.  Growth of synchronized cultures of S. cerevisiae #288C (diploid) cultured after 

storage in -80oC glycerol stocks, thawed and fed with fresh media. 

 

 

Figure 4.  Growth of synchronized cultures of S. cerevisiae London ESB #1986 (polyploid) 

cultured after storage in -80oC glycerol stocks, thawed and fed with fresh media. 
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Figure 5.  Growth of a control and synchronized culture of S. cerevisiae Nottingham ale 

(polyploid) in synthetic brewing wort (average of triplicate experiments). 

 

 

Figure 6.  Average Maltose (Mal) consumption and ethanol (EtOH) production by 

synchronous culture of S. cerevisiae Nottingham ale yeast from consecutive fermentations 2 

and 5.   
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Figure 7.  Average maltose (Mal) consumption and ethanol (EtOH) production  by 

asynchronous/control cultures of S. cerevisiae Nottingham ale yeast from consecutive 

fermentations 2 and 5. 
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Figure 8.  Fluorescence intensity histograms and contour plots of asynchronous/randomized 

cells as they grow in batch culture.  Yeast samples were collected at 30 minute intervals over 

the period of one doubling and stained with PI for DNA analysis by fluorescence intensity. 
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Figure 9. Fluorescence intensity histograms and contour plots of synchronous cells as they 

progress through the cell cycle.  Yeast samples were collected at 30 minute intervals over the 

course of the cell cycle and stained with PI for DNA analysis by fluorescence intensity. 
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EQUATIONS 

Synchrony Index = 1- (td/ Asynchronous Doubling Time) 

Equation 1.  Equation for determining the synchrony index of a population of cells using 

total time to double cell number (of the asynchronous control) and doubling time of the 

synchronous culture (td). If the cell number doubles instantaneously then td is zero and the 

index = 1 (100% cell population synchrony) 
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Manuscript 2 (J. ASBC) was a how-to-guide for simply, effectively and naturally 

synchronizing cells for use in brewing.  The purpose of manuscript 2 was three-fold: 

- Describe a simple method for producing a synchronous yeast culture that is suited for 

breweries large or small. 

- Describe a simple method or retaining synchronous yeast cultures that is suited for 

various yeast management strategies.  Create a method for ‘pitch and ditch’ (glycerol 

stocks) and a method for re-pitching (periodic reinforcement). 

- Confirm effectiveness.  Show reduction in metabolic variability and correlate to a 

common brewery method of yeast analysis such that breweries (big or small) can both 

implement the strategy and measure success. 

 

Manuscript 3 (J. IBD) measures synchronous yeast management as a strategy against other 

common methods.  We measure success by improvement in objective and subject beer 

quality.  This is the actual ‘payoff’- the potential benefit of implementing this yeast 

management strategy.  
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Use of synchronous cultures of Saccharomyces cerevisiae for re-pitching in beer 
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Use of synchronous cultures of Saccharomyces cerevisiae for re-

pitching in beer fermentations 

Johnathon Blake Layfield and John D. Sheppard,1  Department of Food, Bioprocessing 

and Nutrition Sciences, North Carolina State University, Raleigh, NC 

ABSTRACT 

The underlying basis for how a population of cells behaves is related to the growth and 

division cycles of the individual cells that comprise the population.  Conventional yeast 

management strategies, create a population of cells in which the growth and division cycles 

of individual yeast are randomized (asynchronous) within the population.  In comparison, a 

synchronous yeast management strategy (10, 20) creates a cell population that is 

characterized by cells that are aligned with respect to their metabolic status, traversing the 

cell cycle and dividing mostly in unison.  In this study, conventional and synchronous yeast 

management strategies were examined for their effects on fermentation performance and 

flavor formation over the course of six consecutive fermentations.   Results indicate that use 

of a synchronous yeast management strategy produces higher levels of batch to batch 

consistency in regards to specific gravity, pH, capacitance, ethanol concentration and flavor 

formation.  Thus, implementation of such a strategy has the potential for increasing final 

product quality and consistency compared to traditional (asynchronous) handling strategies.  

Keywords: Beer, Saccharomyces cerevisiae, Yeast Management Strategies, Flavor  
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INTRODUCTION 

Although there are only four core ingredients (Water, Malt, Hops, Yeast) in beer production 

brewer’s often face sudden, unexplainable changes in flavor, aroma, and/or fermentation 

performance (17, 18).  These unexplainable changes can cause deviations in both objective 

and/or subjective quality. Objective quality is adherence to specifications such as pH, 

ethanol, final gravity etc., while more challenging, subjective quality is the management of 

qualitative sensory evaluation in order to assure product consistency (32).   Regardless, this 

impact on overall quality is often generalized to be the result of inherent variability in either 

environmental or microbiological components.  Environmental components are related to the 

raw materials and processing conditions used during wort production, while microbiological 

components are related to the characteristics of the yeast used during fermentation and 

maturation (17, 18).  Once a brand/product has been produced to the quality expectations of 

the brewer, it is critical to maintain both objective and subjective quality with each batch.   

Brewers take great care to limit variability related to raw ingredient quality and process 

conditions.   Raw ingredient quality; malting conditions, malt type, adjuncts (14); water 

composition (31), pH; hop variety and type of hop product (cones, pellets, extracts) (16, 25).  

Brewhouse operations can also add variability: mash temperature and enzyme usage (13), 

point of addition of hops and kettle boiling conditions (29).  Batch to batch variability can 

also arise from differing fermentation conditions such as temperature, pressure, agitation and 

oxygenation (17, 18).   While raw ingredient quality will always have some inherent 

variability due to its nature as a raw agricultural commodity, numerous characteristics of the 

resulting wort are usually tightly controlled.  Modern brewing analyses allows for rapid 
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determination of critical brewing variables such as carbohydrate composition, pH, free amino 

nitrogen, and other critical variables to ensure the wort is consistent and  is comprised of all 

necessary components for a successful fermentation (2).   

The same care is not always applied to microbiological variability; which is commonly 

treated with a type of ‘black box’ approach.  Propagation capabilities and general knowledge 

vary greatly from brewery to brewery resulting in many different types of yeast management 

strategies.    Often the brewer does not fully appreciate that the underlying basis for how the 

yeast behaves is related to the growth and division cycles of the individual cells that 

comprise the population.  In conventional fermentation, the growth and division cycles of 

individual yeast cells are randomized within the population, and therefore the observed 

metabolic performance of the population is the result of an averaging effect.  In contrast, a 

synchronous population is characterized by cells that are aligned with respect to their 

metabolic processes, traversing the cell cycle and dividing mostly in unison (10, 33, 36).  The 

rate of progression through the cell cycle is affected by the cell’s environment, which is, in 

turn, modified by nutrient consumption and the production of metabolic byproducts.  In 

short, this shows a dynamic coupling of cellular metabolism to environmental conditions 

(20).  Thus, synchronized populations, with higher degrees of metabolic and physiological 

uniformity could be used to reduce microbiological variability and increasing final product 

quality and consistency.  

Previously, a novel method for inducing and retaining cell cycle synchronization in yeast 

populations was developed and recommended as a yeast management strategy for breweries 

(20).  Layfield et al., demonstrated that synchronous cultures had high levels of metabolic 
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consistency and that synchronous behavior could be maintained if periodically re-enforced.  

In the present study, multiple yeast management strategies (synchronous-type and 

asynchronous-type) were examined for the effects on fermentation performance and flavor 

formation in brewery-produced wort for the production of six consecutive batches of ale.      

EXPERIMENTAL 

Yeast Strains 

A common commercial brewing yeast strain was used in this study:  S. cerevisiae 

Nottingham (Lallemand, CA).  Fresh cultures of the strains were maintained on plates of 

YPD media (2% peptone, 1% yeast extract, 2% glucose, and 15% agarose) at 4oC until 

needed.  For storage periods longer than a few weeks, glycerol stocks of each culture were 

prepared and kept at -80oC. 

Wort Media 

Yeast cultures were propagated on wort media produced in a 2.5 BBL brewhouse (DME, 

Prince Edward Island, Canada) using 3.2 hL of filtered water, 186 g of CaCl2, 49.9 kg Pilsner 

2-row malt barley (Canada Malting), 9.1 kg Pale 2-row malt barley (Canada Malting) and 6.8 

kg Munich malt barley (Briess Malting).  Boil step was 90 minutes with hop additions 

throughout.  Hop blend was Tettnanger (3.7% Alpha Acid [AA]), Hallertau (4.6% AA) and 

Sazz (3.3% AA).  Original gravity was 1.0565, SRM 4.7, IBU 40.  Wort was immediately 

frozen at -20oC until needed for propagation or fermentation.     

Propagation and Preparation of Synchronous Cultures 

Laboratory-scale yeast propagation was carried out aerobically in 1-L Erlenmeyer flasks 

(Pyrex) with 500mL of wort (1.0565 O.G. ---14oP) in an incubator (New Brunswick 
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Scientific- I26).  Four types of yeast management strategies/propagation techniques were 

used (Table 1).  Asynchronous-type culture propagation was carried out at 25oC with shaking 

at 150 rpm for 48 hr.  Synchronous-type culture propagation was carried out by a continuous 

phasing method described by Dawson and Layfield (10, 20).  The continuous phasing 

method starts with propagation at 25oC with shaking at 150 rpm for 48 hr in 500 mL of wort.  

After 24 hours, the sample was well mixed and ½ (250 mL) of the volume was removed.  

The removal and replacement of fresh media (250 mL fresh wort) was repeated until cell 

cycle synchrony was obtained.  The removal of spent media and addition of fresh media was 

based on the doubling time (td) of the strains.  Brewing-type strain Sc Nottingham has a td of 

4.5 hr in the conditions described above.  The yeast synchrony index was determined based 

on the total cell count as determined microscopically by an automated hemocytometer 

(Cellometer, Nexcelom Bioscience or TC20 Auto-Cell Counter, BioRad) and observed 

doubling time (20).Cultures were exposed to phased feeding until a synchrony index of at 

least 0.77 was obtained.     

Preparation of Aged Cell Fractions 

Aged cell fractions were prepared by sedimentation through sucrose gradients (12, 22, 27).  

Sucrose gradients were prepared in 50-mL skirted centrifuge tubes by layering 22.5 mL of 

10% (w v-1) sucrose onto a base of equal quantity 30% (w v -1) sucrose.  Tubes were inclined 

at 4oC for 48 hr to produce 45 mL linear 10-30% gradients.  Gradients that were not for 

immediate use were frozen at -80oC until needed.  Frozen gradients were thawed at 4oC for 

>12 hr before use.   
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Synchronous (Aged-Type) cells were rinsed twice in phosphate buffer (0.57% NA2HPO4 and 

0.41% KH2PO4 at pH 7.0) and cell concentration was determined by an automated 

hemocytometer count (Cellometer, Nexcelom Bioscience or TC20 Auto-Cell Counter, 

BioRad).  An optimum cell suspension of 5 x 108 cells mL-1 in PBS (4oC) was achieved by 

dilution and 1-mL aliquots were layered onto the surface of sucrose gradients.     

Cell-loaded gradients were immediately centrifuged in a swing-out rotor at 1,200 rpm for 5 

min in a refrigerated centrifuge (Model 5810 R, Eppendorf, Germany) set at 4oC.  This 

resulted in two layers of cells; a less-dense upper layer, containing virgin cells and a lower 

compacted region comprised of aged (non-virgin) cells.  The upper cell band (virgin cells) 

was collected and discarded whereas the target lower compacted region (aged cells) was 

collected from each gradient.  Collected cell pellets were washed twice and re-suspended in 

PBS (4oC).    

Use of Synchrony in a Brewing Environment 

Asynchronous-type and synchronous-type cultures were inoculated into 500 mL of wort at 

~3.5 x 107 cells mL-1 and fermentations were carried out over 72 hours in an incubator at 

20oC with no agitation.  After 72 hours, synchronous-type cultures were harvested and 

subjected to 2~3 cycles of phased feeding to re-establish synchronous behavior.  Each culture 

type was re-pitched five times for a total of six fermentations each. Fermentations were 

monitored for cell count, capacitance (Model 220, Aber Instruments Ltd., Wales), pH (Model 

FE 20, Mettler Toledo, Switzerland) specific gravity (DMA 4500 M, Anton Paar, Germany) 

ethanol concentration and flavor/aroma production (aldehydes, esters & higher alcohols).  All 

experiments were preformed in triplicate.  HPLC was used in this experiment to provide 
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information about the critical components of the fermentation (ethanol generation and sugar 

consumption). Samples taken over the duration of the fermentations for HPLC analysis were 

filtered through a 0.45–m filter and frozen at -20oC.    The HPLC system (Waters) included 

a 1515 HPLC pump, 717 plus autosampler, external heating module, 2414 RI detector, and 

Waters-Breeze software.  The column  used was a Rezex RHM-Monosaccharide H+ (8%) 

300 x 7.8-mm column (Phenomenex, Torrance, CA) with  a SecurityGuard pre-column 

(Phenomenex, Torrance, CA).  Temperature was controlled at 65oC and a flow rate of 0.5 mL 

min-1, with a mobile phase of 0.5mM sulfuric acid and an injection volume of 10 L. 

 Identification and quantification of aldehydes, esters and higher alcohols were performed 

using gas chromatography by an external laboratory service (Brewing and Distilling 

Analytical Services LLC, Lexington, KY).  Samples were free of yeast and frozen prior to 

submission for external lab analysis.  Flavors measured are listed in Table 2 alongside their 

characteristic descriptors.          

RESULTS AND DISCUSSION 

Effects of Synchrony on Fermentation Performance 

The effect of asynchronous-type and synchronous-type yeast management strategies on 

brewery fermentations was determined by monitoring small laboratory fermentations.  

Populations of asynchronous-type and synchronous-type cells were pitched into small scale 

laboratory fermenters containing brewery-produced wort (~14oP).  Cultures were then 

subjected to iterations of common yeast management strategies employed across the brewing 

industry.  These include re-pitching from batch to batch with no fresh nutrients or aeration 

(Asynchronous- No Feed [ANF]); re-pitching with access to fresh wort and aeration 
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(Asynchronous- Check Feed [ACF]).  These two traditional types of yeast management 

strategies produce a yeast culture that is heterogeneous (asynchronous) in respect to 

structure, composition, and metabolic/developmental status (21).   

Our lab proposed a novel yeast management strategy (20) which provides increased 

metabolic uniformity within the cell population (Synchronous- Mixed Age [SM]).  Cell age 

is derived from the number of times an individual cell (in a population) has divided; the 

entire population of a given culture is comprised of cells of varying cell age.  In general, the 

average stationary culture consists of ~50% virgin cells, ~25% first-generation mothers, 

12.5% second generation mothers, and so on (27).   

As yeast cells age there are several phenotypic and metabolic changes that occur (5, 24, 26, 

28, 34).  Phenotypic changes (cell shape, size and density) allow us to separate aged from 

virgin cells within the population.  Metabolic changes are unpredictable from strain to strain; 

however aged cells have been show to ferment more efficiently and at a higher rate compared 

to mixed-age and virgin cells (27).  Aged cells are also subjected to numerous physiological 

&/or chemical stressors during propagation, fermentation and storage (15) that may induce 

negative attributes (low viability, early flocculation). We removed the virgin cells before 

pitching to monitor the effect of age selection on yeast management strategies (Synchronous- 

Aged [SA]).    

The results indicate no significant change (P < 0.05) in the average fermentation profile 

between the four yeast management strategies with respect to the kinetics of carbohydrate 

consumption, alcohol production and wort acidification (Figure 1, 2, 3, 4).  Although, it 

appears that SM cells fermented slightly faster (Figure 4) compared to SA (Figure 3) and 
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ACF (Figure 2); while ANF (Figure 1) was slightly slower than other treatments.    However, 

the average variability over six consecutive batch fermentations is reduced with the SM 

strategy in respect to pH, ABV, capacitance, cell count (Table 3) and flavor/aroma levels 

(Figure 5) compared to all other yeast management strategies.                  

Cell Count & Capacitance 

Cell count is an important tool for brewers, big or small, in order to control pitching rates.  

Consistent pitching rates are critical to consistent fermentation performance (17, 18) because 

population size is a critical driver of alcoholic fermentations in various strains and industries 

(1).  With most commercial breweries producing high gravity wort (>16oP), correct yeast 

pitching is especially important in order to avoid slow or stuck fermentations (6).  The 

average variability in the final cell counts for synchronous-type yeast management strategies 

was only16%, compared to 28% with the ANF and ACF strategies.   

In conjunction with the total cell count we utilized a capacitance probe in order to enumerate 

viable cells.  Under the influence of an electric field living microorganisms act as tiny 

capacitors due to the presence of an intact plasma membrane, which isolates the cell content 

from the surrounding medium (23).  Cells with an intact plasma membrane are non-

conducting, and thus will build a charge under an electric field (signal impedance); non-

viable cells or cells with a damaged membrane, do not impede the signal and thus contribute 

little to the total capacitance detected in the sample (7).  The major advantage of a 

capacitance probe and the radio frequency impedance method is that it is relatively fast (<1 

sec where necessary) and easy to use for determining viable cells over a wide concentration 

range (107-1010); gas bubbles, trub and other non-yeast solids do not interfere with the 
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capacitance signal as they do not have a polarizing membrane (7, 8).  The pros and cons of 

capacitance are well covered by Layfield and Sheppard (21).     

Synchronous-type (SM: 7.81 + 0.71 ; SA: 6.91+ 2.54 ) had significantly different (P < 0.05) 

capacitance readings in comparison to asynchronous-type cultures (ANF: 1.28 + 0.72; ACF: 

1.78 + 1.60 ).  Output from the capacitance probe is dependent on the concentration of cells, 

their viability, and the cell radius thus output readings are interpreted assuming constant cell 

morphology and radius distribution throughout the culture population (4).  This is a poor 

assumption with respect to an asynchronous-type population as individual cells vary in many 

physiological & metabolic aspects. In comparison, synchronous-type populations, with 

higher degrees of homogeneity, show different results than heterogeneous populations, 

revealing more precisely the microbiological characteristics of a population.  In this study 

cell concentration is controlled and viability is likely high due to repeated exposure to fresh 

nutrient and aeration.  The significant differences seen in capacitance reading may be related 

to significant increases in cell radius standardization within synchronous populations.  

Alternatively, asynchronous cultures may have a sub-set of the population with electrically 

‘leaky’ membranes, reducing its capacity to retain charge; whereas synchronous populations 

may have more robust cellular membranes OR a significant reduction in population sub-sets.  

Regardless, capacitance may be one instance in which the true mean of the population is 

greatly different versus the image of the ‘average cell’.  Additionally, this is also 

confirmation that a robust yeast management strategy utilizes one or more methods of 

assessing overall brewing fitness (19, 21).   

 



 

101 

Beer Flavor- Acetaldehyde 

This flavor defect is produced as part of the normal fermentation cycle under anaerobic 

conditions.  This aldehyde is generally found at ~19 ppm in beer and has a threshold of 1.1-

25ppm (8.8 ppm average) (3).  With proper maturation yeast can reduce the overall level to 

2-6ppm (32), however the level should be as low as possible to start.  The flavor is typically 

described as “green”---green apple, grassy, fruity (3)   Synchronous-type cultures produced 

lower amounts of acetaldehyde (SM: 10.31 + 2.91; SA: 12.47 + 2.39) compared to 

asynchronous-type cultures (ANF: 14.36 + 4.79; ACF: 17.33 + 8.28) and had lower 

variability in this off-flavor formation over six fermentations.  We did not mature this beer in 

order to determine the degree of potential reduction capable by the different management 

strategies.  However, average levels of this off-note are 39% and 68% higher (ANF & ACF, 

respectively) with more batch to batch variability compared to SM.   

Beer Flavor- Esters 

Esters are positive/desirable fruity-floral characteristics generated during fermentation.  

There are hundreds of esters that can impact flavor; many are produced well below threshold 

levels, but act synergistically with others to give a beer its typical flavor profile (35).  Ester 

production is a factor of several factors such as strain, pitch rate, wort composition, 

temperature, amino acid content, oxygen, pressure & fermenter design (32, 35, 37).  We 

monitored two key esters: isoamyl acetate and ethyl acetate.   

Isoamyl acetate is generally found at ~4.2 ppm in beer and has a threshold of 0.5-0.7ppm 

with a flavor profile typically described as “banana”---fruity, pear, sweet (3).   Synchronous-

type cultures produced higher, but not significantly higher (P < 0.05), amounts of isoamyl 
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acetate (SM: 79.54  + 4.21; SA: 80.60  + 7.13) compared to asynchronous-type cultures 

(ANF: 74.24  + 17.23; ACF: 74.96  + 4.99).  SM had the lowest variability (≤5.3%) in this 

flavor formation over six fermentations compared to all other strategies.   

Ethyl acetate   is generally found at ~28 ppm in beer and has a threshold of 20-25ppm with a  

flavor profile typically described as “Solvent/fruity”---estery, sweet (3, 32).   Synchronous-

type cultures produced lower, but not significantly lower (P < 0.05), amounts of ethyl acetate 

(SM: 7.62  + 1.16; SA: 7.88  + 0.75) compared to asynchronous-type cultures (ANF: 9.75  + 

3.68; ACF: 9.45  + 3.08) and had significantly (P < 0.05) lower variability (≤15%) in this 

flavor formation over six fermentations. 

Beer Flavor- Fusel Alcohols  

We monitored the formation of two key fusel/higher alcohols (isobutanol & propanol).  Fusel 

alcohol production is related to the active consumption of the amino acid precursors and 

which are then converted to the higher alcohols through the Erlich pathway (30).  Isobutanol 

production is related to the amino acid precursor valine; whereas propanol production is 

related to the amino acid precursor threonine (9).   

Isobutanol is generally found at ~32 ppm in beer and has a threshold of 80-100ppm with a 

flavor profile typically described as “Alcoholic/malty”---solvent (3).   Synchronous-type 

cultures produced slightly higher, but not significant (P < 0.05), amounts of isobutanol (SM: 

29.92  + 2.73; SA: 31.85  + 3.65) compared to asynchronous-type cultures (ANF: 25.16  + 

12.71; ACF: 28.43  + 3.39).  SM had the lowest variability (≤ 9%) in this higher alcohol 

formation over six fermentations compared to all other strategies. 
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n-propanol is generally found at ~10.5 ppm in beer and has a threshold of 600-800ppm with 

a flavor profile typically described as “Alcoholic/solvent” (3).   Synchronous-type cultures 

produced slightly lower, but not significant (P < 0.05), amounts of n-propanol (SM: 28.74  + 

1.78; SA: 30.26  + 4.00) compared to asynchronous-type cultures (ANF: 31.21  + 10.70; 

ACF: 35.07  + 4.67).  Consistent with the other flavors and higher alcohols, the SM strategy 

had the significantly (P < 0.05) lower variability (≤6%) in this parameter over six 

fermentations compared to all other strategies. 

CONCLUSIONS 

In most breweries quality systems are in place in an attempt to control fermentation 

performance; however, the skill, experience and information available to the brewer 

ultimately determines the final outcome of the beer and allows the brewer to face sudden, 

unexplainable changes in beer characteristics including flavor and aroma (17, 18).  We 

proposed a novel (and natural) yeast re-pitching strategy to produce a more uniform yeast 

population with respect to metabolic status and physiological development (20).  The 

objective of this series of experiments was to elucidate the resulting effect this novel 

management strategy would have on overall fermentation performance and flavor production 

when used in a brewery environment.  The results show great promise for increasing overall 

beer quality.    

Over the course of six consecutive fermentations the average performance of a synchronous 

yeast management strategy showed no significant difference versus traditional yeast 

management strategies.  However, it was demonstrated that a synchronous strategy resulted 

in higher levels of consistency in regards to sugar consumption, pH, cell viability 
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(capacitance), ethanol production and flavor formation in comparison to the use of 

conventional asynchronous cultures.  It has been shown that synchronous yeast have reduced 

metabolic variability (20) and this work effectively demonstrates the potential for increased 

final product quality and consistency compared to traditional (asynchronous) handling 

strategies.  The mixed-age population of synchronous cells generally resulted in better 

fermentation performance than the aged population, showing the importance of considering 

cell aging in yeast management. Future work could be done in order to make this work more 

relevant to commercial practice.  Large-scale fermentations and re-pitching for 10-25 cycles 

could show further information on the long-term effects of increasing uniformity within the 

cell population.  Additionally, further work could identify capacitance as a potential tool for 

assessing cell synchrony.   Increased consistency in cell radius, or absence of electrically 

‘weak’ population sub-sets may be related to significant increases in capacitance and thus 

make capacitance a good marker for assessing synchrony.  

It is important to note that a synchronous population will lose synchronous behavior if not re-

enforced with phased feeding 2~3 times before re-pitching.  This reinforces the idea that the 

yeast cell cycle is linked to its environment, which is in turn modified by the yeast as it 

consumes and produces various byproducts (33).  This dynamic coupling of yeast to its 

environment with periodic feed-starve cycles represents a simple, natural method to reduce 

metabolic variability.  The evolution of brewery yeast management is to replace the ‘average 

cell’ as a basic operational unit, replacing it with a more uniform population in order to better 

understand the individual status of cells in a population and improve the quality and 

consistency of beer (11). 
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TABLES 

Table 1.  Four types of yeast management strategies used in this study 

Yeast Propagation Type Initial Propagation Handling between 

fermentations 

Asynchronous No Feed Aeration and Fresh Wort Straight Re-pitch, No 

Aeration OR fresh wort 

Asynchronous Check Feed Aeration and Fresh Wort Fresh wort and Aeration 

overnight before re-pitch 

Synchronous (Virgin + 

Aged) 

Continuous phased method 2~3 cycles of continuous 

phasing 

Synchronous- Aged (No 

Virgin Cells) 

Continuous phased method, 

virgin cells removed prior to 

pitching 

2~3 cycles of continuous 

phasing---virgin cells 

removed prior to re-pitching 

 

Table 2.  Common Flavor Descriptors of Higher Alcohols and Esters  

Compound Common Sensory 

Descriptors 

Avg Conc. in 

Beer* 

Threshold in 

Beer* 

Acetaldehyde Grassy, Green Leaves, Fruity, 

Green Apple, Sweet 

19 ppm 1.1-25 ppm 

Ethyl Acetate Fruity, Sweet, Estery 28 ppm 20-25 ppm 

n-Propanol Alcohol, Solvent 10.5 ppm 600-800 ppm 
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Isobutanol (2-

Methylpropanol) 

Alcoholic, malty, solvent 32 ppm 80-100 ppm 

Isoamyl acetate Fruity, Banana, Pear, Sweet, 

Estery 

4.2 ppm 0.5-0.7 ppm 

NIF= Not in File 

*Referenced from ASBC Beer Flavor Database 2015 (3) 

 

Table 3.  Comparison of overall fermentation performance of asynchronous-type and 

synchronous-type yeast management strategies.  Data taken over 6 sequential fermentations. 

Treatment 

S.G. 

(g cm-

3) 

F.G. (g 

cm-3) 

Final 

% 

ABV 

Final 

pH 

Final 

Capacitance 

(pF cm-1) 

Starting 

Cell 

Count 

(cells mL-

1) 

Final Cell 

Count 

(Cells mL-1) 

Asynch No 

Feed (ANF) 

1.0558 

+ 

0.0009 

1.0117 

+ 

0.0019 

5.94  

+ 0.28 

4.43 

+ 

0.08 1.28 + 0.72 

2.48E+07  

+ 

1.97E+06 

7.52E+07 + 

5.16E+07 

Asnych 

Check Feed 

(ACF) 

1.0556 

+ 

0.0007 

1.0115 

+ 

0.0011 

5.94  

+ 0.16 

4.46 

+ 

0.11 1.78 + 1.60 

4.61E+07 

+ 

1.52E+07 

1.28E+08+ 

7.45E+07 

Synchronous 1.0552 1.0122 5.80  4.43 6.91 + 2.54 4.07E+07 1.02E+08 + 
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Aged (SA) + 

0.0004 

+ 

0.0007 

+ 0.15 + 

0.11 

+ 

1.75E+07 

4.41E+07 

Synchronous- 

Mixed Age 

(SM) 

1.0556 

+ 

0.0004 

1.0117 

+ 

0.0007 

5.91  

+ 0.12 

4.37 

+ 

0.08 7.81 + 0.71 

3.27E+07 

+ 

1.63E+07 

7.65E+07 + 

4.29E+07 
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FIGURES 

 

Figure 1.  Average batch fermentation performance between the third, fourth and fifth, pitch 

of asynchronous-type no feed (ANF) culture.  EtOH= Ethanol, S.G.= Specific Gravity.   

 

 

Figure 2.  Average batch fermentation performance between the third, fourth and fifth, pitch 

of asynchronous-type check feed (ACF) culture. EtOH= Ethanol, S.G.= Specific Gravity. 
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Figure 3.  Average batch fermentation performance between the third, fourth and fifth, pitch 

of synchronous-type aged (SA) culture. EtOH= Ethanol, S.G.= Specific Gravity. 

 

 

Figure 4.  Average batch fermentation performance between the third, fourth and fifth, pitch 

of synchronous-type mixed-age (SM) culture. EtOH= Ethanol, S.G.= Specific Gravity 
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Figure 5.  Effect of Asynchronous-type and Synchronous-type yeast management strategies 

on flavor over 6 sequential fermentations. 
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This study set out to challenge the existing methods of yeast management in the brewing 

industry.  We identified existing practices, implications, motivations and the challenges 

modern brewer’s face.  This study also sought to create a new, natural, and simple strategy 

that could be used by breweries big and small.  The general literature regarding brewery 

fermentations was vast, however, limited to the ‘average cell’ and several vital questions 

arose.  The study sought to answer three of those questions: 

1) How do we propose an alternative to the ‘average cell’?  

2) Can we create a simple and effective method of inducing and retaining cell cycle 

synchronization that is suited for industrial application? 

3) Do synchronous cells show promise for improving subjective/objective beer quality? 

The main empirical findings are manuscript specific and were summarized within the 

respective publications:  Manuscript 1: MBAA Technical Quarterly (2015) What Brewers 

Should Know About Viability, Vitality, and Overall Brewing Fitness: A Mini-Review; 

Manuscript 2: JASBC (2014) A Novel Method of Inducing and Retaining Cell Cycle 

Synchronization in Cultures of Saccharomyces cerevisiae; Manuscript 3: J. IBD (In 

Preparation) Use of Synchronous Cultures of Saccharomyces cerevisiae for re-pitching in 

beer fermentations.  This section serves to synthesize empirical findings to answer the 

study’s main three questions: 

1) How do we propose an alternative to the ‘average cell’? 

a. Environmental and Microbiological:  These two groups are intrinsically linked.  

Environmental conditions influence brewing capacity of microbiological component; 

Microbiological component constantly modifies the environmental component (in 
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traditional batch brewing fermentations).  We explored this relationship to introduce 

and inform brewers of the complex dynamic relationship that comprises a 

fermentation. 

b. Assessing Yeast Fitness:  Measuring yeast viability and vitality are key to predicting 

the condition of yeast, such that subsequent fermentation performance can be 

predicted and optimized.  Most methods measure either viability or vitality, not both.  

We proposed the use of “overall brewing fitness” to describe a yeast population that 

has been subjected to multiple measures of viability or vitality in order to more 

adequately summarize the complex and dynamic relationship between cell 

metabolism, its environment, and the methods employed for cultivation.  This was 

further reinforcement of the idea that a dynamic relationship between yeast 

metabolism and the environment needs to be considered in yeast management 

strategies. 

c.  The Cell:  We reviewed numerous factors that can affect fermentation performance 

while consistently establishing the link between microbiological and environmental 

factors.  In this manner we created a bridge for discussing the ‘average cell’.  In 

counterpoint to the average cell we propose our alternative, synchronous cells. 

 

2) Can we create a simple and effective method of inducing and retaining cell cycle 

synchronization that is suited for industrial application? 

a. Inducing Cell Synchrony:  Pioneered by Dawson in the mid-1960’s the idea of cell 

synchrony has been around for awhile.  Dawson’s method was more suited for 



 

119 

laboratory use not industrial use.  We proposed an adaptation to his method, utilizing 

the same principals, to induce cell synchrony.  This is a simple strategy that requires 

common brewery materials and equipment, and could be easily implemented by most 

breweries.   

b. Effective:  An effective strategy is one that not only produces the intended result but 

also one that fulfills a specific function.  The intended result was to demonstrate that 

the phased-expansion method produced an equivalent degree of cell synchrony to that 

of Dawson’s original strategy.  Of equal importance was providing brewers with a 

reliable way of measuring metabolic uniformity.  We demonstrated that monitoring 

changes in cell count is a good indicator of metabolic uniformity within a cell 

population.  This shows that our strategy is effective in result and also can be readily 

adapted to fulfill the needs of a metabolically synchronous yeast population for 

industrial application.  

c. Synchrony Maintenance (Big and Small):  Larger breweries may choose to only 

use yeast once.  For these larger breweries we established that synchronized cultures 

could be frozen (at -80oC), in various size formats, for long periods of time and once 

thawed exhibit synchronous behavior.  Re-pitching is a common strategy for many 

smaller breweries.  Continuously propagating a culture from scratch would eliminate 

the yeast management strategy for many small breweries.  We showed that 

synchronous behavior could be re-enforced, whether the culture was recently thawed 

from frozen storage or was being re-pitched.  We also confirmed that without periodic 
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re-enforcement, synchronous behavior would be lost and the culture would revert to 

asynchronous growth and division.      

 

3) Do synchronous cells show promise for improved subjective/objective beer quality? 

a. Objective Quality:  Key indicators of objective quality are sugar consumption, 

ethanol generation, wort acidification (pH), and viable cell count.  We demonstrated 

that a synchronous yeast management strategy had higher levels of consistency across 

all of key objective measures over six consecutive fermentations compared to 

asynchronous yeast management strategies.  Objective quality is important to 

maintain a consistent product but also for predicting end-to-end timing for resource 

planning & allocation.  Improvements in production timing may allow for more 

accurate forecasting and improve overall plant efficiency. 

b. Subjective Quality: Subjective quality is related to flavor.  Flavor can be measured 

quantitatively by measuring key flavor-active compounds or qualitatively by sensory 

assessment.  We showed the use of a synchronous yeast management strategy 

resulted in increased consistency in quantitative-flavor formation over the course of 

six consecutive fermentations.  Consistent flavor is paramount to establish brand 

identity and consumer trust.  Results also pointed to a reduction in off-flavor 

formation (Acetaldehyde) with a synchronous management strategy.  Yeast can 

reduce this off-flavor over time (during maturation) but with higher starting levels, 

asynchronous yeast would require more time to reduce flavor levels down into an 
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acceptable range.  This could impact time of maturation required and have an impact 

on production efficiency.   

Fermentation is at the heart of beer production for all breweries, big or small.   Breweries 

generally have tight control in the brewhouse, as related to wort carbohydrate composition, 

pH, FAN, fermentation temperature, and DO; ensuring consistent production leading into the 

fermentation suite.  The skill, experience, resources, and information available to the brewer 

ultimately determine the final outcome of the beer and allow the brewer to face sudden, 

unexplainable changes in flavor, aroma, and fermentation performance (5, 6).  The 

fermentation suite is a common area for quality deviation.  This deviation can be objective 

(high F.G., slow/sluggish fermentation, excessive biomass formation/low ABV) or subjective 

(high off-flavor formation, slow maturation/flavor reduction).  The main difficulty here is the 

assessment and interpretation of the quality of yeast used for fermentation.  Small breweries 

may only use cell count (possibly paired with a viable stain), whereas larger breweries may 

use one or more analyses to determine various aspects of yeast quantity, purity and metabolic 

status.  Regardless of the testing rigor employed, the data generated is derived from a 

population of cells, and is an image of the ‘average cell’.  Brewer’s assume population 

homogeneity yielding, reliable and representative data.  Unfortunately, this is a flawed 

assumption as at any given time a cell population is heterogeneous (3).  Miller and colleagues 

(7) confirmed that freshly propagated and recycled yeast are asynchronous in brewing 

fermentations.  It is noted, in this study, and numerous others (1, 2, 4, 8, 9) that synchronous 

cultures have reduced metabolic variability.  It is this reduction in variability that could 

provide brewer’s with a better ‘image’ for assessing yeast quality.  If provided with a better 
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image, brewers may be able to better predict and control unexpected quality deviations.  This 

study proposes the idea, method and potential for synchronous cultures to become best 

practice for brewery yeast management, regardless of brewery size. 

The scale and complexity of brewing is extensive within the US and worldwide.  To confirm 

our method, fill-in remaining knowledge gaps and further develop/refine our methodology 

future study is needed.  This study also encountered a number of limitations, which also 

merit consideration. 

- Scale:  This study was preformed entirely at laboratory scale with ale yeast (S. 

cerevisiae).  Further research into ale must be performed at larger scale- stepwise at 

8BBL (Small) followed by >300BBL pending repeated success at smaller levels.  

This could be done in conjunction with a local craft/mid-size brewery.   

- Strength:  This study utilized a wort of normal gravity (strength).  Further research 

into this area should examine the performance of synchronous cells at high gravity, 

very high gravity and very, very high gravity.  This could be performed at laboratory 

scale or at larger, brewery scale.    

- Sustainability:  Theoretically the continuous utilization of a synchronous yeast 

management strategy yields an ‘immortal’ culture.  Breweries that chose to re-pitch, 

generally do so between 5-25 times, depending on internal quality parameters.  We 

demonstrated that synchrony can be re-enforced and maintained for at least 6 cycles 

with promising quality results.  Further research could be done with re-pitching over 

10, 20, 30 cycles to quantify how much improvement is possible with synchronous 

strategy.   
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- Lager:  Lager production represents the highest selling (by volume) beer product in 

the world.  This study focused on ale production.  Comparison of fermentation 

performance and flavor production/reduction in synchronous/asynchronous yeast 

would be very important to establishing credibility to a synchronous yeast 

management strategy.  This could be managed at lab-scale in specialized fermentation 

vessels.   

- Neutral Malt Base (NMB): This study utilized an all-malt wort.  In production of 

NMB (for use in flavored malt beverages) the wort is not comprised of all malt and 

may be deficient in several key fermentation components.  Further research 

comparing synchronous/asynchronous performance in supplemented and un-

supplemented NMB wort would be highly interesting to several companies.   

- Flavor:  Enhancement or reduction certain flavor components (maturation) would 

also be a target for examination.  This could be possible with further manipulation of 

environmental/microbiological components and could be managed in-lab.  

- Cell Age Selection:  Active manipulation of cell age profile could still provide 

promising results.  In this study we utilized sucrose-gradients which may not have 

been the most ideal method of separation.  Flow cytometry, centrifugation or an 

apparatus to select cells out of the cone may be a more ideal way of selecting aged, 

synchronous cells.  This would require specialized equipment and would likely be 

managed in a larger brewery setting (to provide access to excess yeast). 

Standard brewery yeast management practice utilizes asynchronous culture (7).  This study 

set out to challenge that practice and provide a simple, natural improvement that could be 
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utilized by breweries large and small.  Our proposed method is novel, simple, effective, and 

shows great promise for improving objective and subjective beer quality.  The benefits of 

maintaining a synchronous yeast management strategy have not been fully elucidated, yet, 

the data presented is promising and represent a significant contribution towards improving 

beer quality in the future.  Core contributions to the field are below. 

- Synchronous cultures can be readily prepared with simple feed-starve strategies.   

- Cell cycle synchrony can be re-enforced prior to re-pitching.    

- Synchronous cultures have less metabolic variability compared to asynchronous 

cultures. 

- Synchrony can be effectively monitored with cell count. 

- Synchronous cultures demonstrate high levels of consistency, in both objective and 

subjective quality measures, over several fermentation cycles. 
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