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YEAST: FLAVOUR

constructs in nine primary categories. 
Underpinning this are the complex 
interactions (synergy/antagonism) 
between compounds, the matrix (light 
beer, stout, strong beer, wheat beer, 
and so on) and the balance between 
concentration and shift from positive 
contribution to off-note.

Some time back, the two of us 
would reflect – aided by a bottle or 
two of Worthington White Shield – on 
why the yeast cell produces com-
pounds like ethyl acetate, diacetyl 
and hydrogen sulphide. As to a unify-
ing hypothesis, the nearest we got 
was that the aforementioned yeast 
does what it does for good meta-
bolic reasons. By way of an obvious 
example, carbohydrate metabolism is 
responsible for ethanol, carbon diox-
ide and, more subtly, glycerol and 
organic acids. Perhaps less obvious 
is the role of amino acid metabolism 
in the formation of higher alcohols, 
sulphur compounds and diacetyl.

The ‘why’ behind the formation 
of (flavour and aroma) compounds 
during fermentation is less clear 
cut. One interesting concept is that 
some compounds are found in beer 
because they have been actively 
removed from the cell because 
they are toxic. Examples include 

sulphur dioxide, short chain fatty 
acids and, intracellularly, the reduc-
tion of keto acids to higher alco-
hols. However, there is a better 
case for a role for some flavour 
and aroma compounds in cellular 
redox control.

In the brewing world, the cofactor 
nicotinamide adenine dinucleotide 
(NAD) and its reduced form NADH 
have yet to achieve the celebra-
tory status of the energy molecule 
adenosine triphosphate (ATP) gained 
through its role in hygiene testing. 
But NAD and NADH are similarly 
universal, playing a central role in the 
management of reduction-oxidation 
(redox) reactions in cells. 

Like in many things, the cell goes 
to great lengths to maintain a bal-
ance between the oxidised NAD and 
the reduced NADH. In the case of 
fermentation, the glycolytic pathway 
that breaks down glucose to ethanol 
generates NADH which in turn is then 
oxidised to NAD. But when the yeast 
is actively growing, the flux from 
pyruvic acid through acetaldehyde 
to ethanol is diminished such that 
the oxidation of NADH to NAD stalls. 
Should this set of events continue 
then NADH would accumulate and 
fermentation would stop.

Whilst bad news for the brewer, 
it’s a disaster for the yeast cell 
and its ambition to gobble up all 
the nutrients in sight! This is where 
glycerol enters the story, as its 
formation involves the consumption 
of NADH which results in maintaining 
the redox balance. The significance 

of this pathway to yeast is born out 
by glycerol being one of the ‘big four’ 
products of brewery fermentation.

All very interesting but where’s the 
(tentative) link with beer flavour and 
aroma? Well, given the cell’s determi-
nation to control its redox balance, 
it is noteworthy that higher alcohols 
together with the diacetyl (to acetoin 
to 2,3-butanediol) reductive pathway 
consume NADH in their formation. 
Whilst by no means proof of the pud-
ding, this interlinked idea is reinforced 
by laboratory ‘feeding’ experiments 
with precursors of 2,3-butanediol and 
3-methyl butanol resulting in less 
glycerol being formed. 

TRACking what happens
Don’t feel bad if you missed it 

but the sequencing of the (brewing/
baking) yeast genome was big news 
back in April 1996. However, as we 
noted in our book Brewing Yeast and 
Fermentation in 2001 ‘it is telling – 
and a little disappointing – that such a 

major project as sequencing the yeast 
genome has provoked so little com-
ment in the brewing press.’ Although 
directionally true, hindsight can pro-
vide a somewhat black and white view 
of the world. To make amends, in 
recent years the tools and techniques 
that have spun out of the yeast and 
other sequencing projects are finding 
increasing application in asking ques-
tions of yeast and its behaviour during 
brewery fermentation.

Armed with the sequence of the 
yeast genome, the expression of 
genes of interest can be monitored 
with comparative ease. In recent 
years a series of publications from 

Group Example Concentration/contribution

acids pyruvic, acetic, lactic 50 - 300 mg/l – sour flavours 

octanoic,  decanoic, dodecanoic < 5 mg/l - ‘goaty’, ‘fatty’ and ‘soapy’ aromas and flavours 

alcohols ethanol
The major product of fermentation together with carbon dioxide (which contributes 
‘tingle’).  Contributes ‘warming’ and ‘alcoholic’ notes

glycerol
Quantitatively the forgotten man of fermentation!   Concentration 1 - 2 g/l.  
Contributes ‘body’, sweetness.

‘higher’ includes 2 (and 3) methyl butanol, iso-
butanol, propanol

Total higher alcohols are 100 - 200 mg/l.  Contribute ‘warming’ and ‘alcoholic’ notes.

aldehydes acetaldehyde 10 - 20 mg/l – contributes ‘aldehydic’, bruised apples’ or ‘grassy’ flavour and aroma

diketones diacetyl (2,3-butanedione) 8 - 600 µg/l, ‘butterscotch’, ‘buttery’ 

esters ethyl acetate, isoamyl acetate (acetate esters)
Typically about 1 mg/l (ethyl acetate 10 - 20 mg/l).  Contribute floral/fruity flavours 
and aromas e.g. ‘fruity/solvent’, ‘banana’, ‘pear drops’

ethyl decanoate, ethyl hexanoate (ethyl esters) Less than 1 mg/l contribute, ‘floral’, ‘estery’, ‘aniseed’

sulphur compounds sulphur dioxide Typically < 10 mg/l, contributes ‘sulphitic’ ‘striking match’ character

Hydrogen sulphide 1 – 200 µg/l, contributes ‘sulphidic’, ‘rotten eggs’ aroma

Table 1: Key metabolic pathways

Like in many things, the cell goes to great 

lengths to maintain a balance between the 

oxidised NAD and the reduced NADH
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groups around the world have start-
ed to explore gene expression dur-
ing fermentation. A paper from the 
affable John Londesborough and 
colleagues at VTT in Finland (Jari 
Rautio et al., Yeast (2007), 24, 
741-760), have used the ‘TRAC’ 
method to monitor the expression 
of 70 or so selected genes during 
the fermentation of a very high grav-
ity wort (25ºP).

Technologies such as TRAC 
provide new insights into what is 
going on behind the scenes of yeast 
metabolism. As ever things are 
more complicated than at first sight. 
To better capture the rapid (and 
frequently undulating) expression of 
genes, the daily sampling regime 
of earlier studies was replaced by 
sampling at 2-3 hour intervals over 
the first 54 hours of fermentation. 
During the early hours of fermen-
tation several genes involved in 
maltose metabolism, glycolysis and 
sterol synthesis were ‘upregulated’. 
By the mid point of fermentation (72 
hours), yeast growth had stopped 

and the majority of the 70 genes 
have passed the peak of maximum 
expression.

Other genes monitored that are 
relevant to flavour and aroma include 
the gene (GPD1) coding for the key 
enzyme in glycerol synthesis (NAD-
dependent glycerol-3-phosphate 
dehydrogenase), ATF1 coding for 
the key enzyme in acetate ester syn-
thesis (alcohol acetyltransferase), 
ADH1 for alcohol dehydrogenase, 
and ILV2 (Acetolactate synthase) 
responsible for the diacetyl precur-
sor acetolactate.

Whilst beyond the scope of this 
article to detail distinct responses of 
the genes, we anticipate that tech-
nologies like TRAC will provide fresh 
insight to unravel what is happening 
at a genetic level during fermenta-
tion. This, together with process 
and physiological understanding, will 
start to provide a more holistic 
understanding of why yeast does 
what it does during fermentation, 
particularly with regard to beer fla-
vour and aroma.

Process complexity
The process and all it vagaries 

have a major say in yeast behav-
iour and ensuing beer quality. During 
fermentation (and propagation) yeast 
takes full advantage of its nutrient rich 
environment growing through cell divi-
sion and accumulating biomass. Post 
cropping from fermentation, the yeast 
effectively enters a survival mode dur-
ing storage. The responses of yeast 
to these diverse process conditions 
are many and complex and not always 
the same for all strains. However, if we 
can unravel some of these complexi-
ties and establish some of the ground 
rules it will allow us to give reasoned 
guesses as to how process conditions 
might be manipulated to influence fer-
mentation performance and beer qual-
ity in desired and predictable ways.

The first consideration is that of 
the brewing yeast ‘population’. These 
are always heterogeneous and being 
made up of very large numbers of 
non-identical individuals. Brewing 
yeast cells reproduce by budding with 
the result that parent and offspring 

are not equal, they metabolize at 
different rates and the parental cells 
are always bigger than the daughters. 
Furthermore, like human beings, all 
yeast cells have a finite lifespan and 
eventually they undergo senescence 
and death. In this respect fermenta-
tion performance and beer composi-
tion reflect the mean of the activities 
of all of the participating yeast cells. 
What bearing does this have on proc-
ess management?

It is something of a truism that 
heterogeneous populations of yeast 
in fermenter lead to equally het-
erogeneous cone crops. The old-
est cells either dead, dying or fast 
approaching senescence, are also 
the largest and tend to be the first 
to settle out in the fermenter cone. 
It is prudent to discard the first por-
tion of the crop which contains these 
elderly cells together with trub.

If this step isn’t taken there is 
a possibility that – with subsequent 
serial re-pitchings – the average 
age of the population will gradu-
ally increase. The effect of this is a 
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risk of enrichment of pitching yeast 
with cells whose genomes, both 
nuclear and mitochondrial, contain 
high levels of errors. Consequently 
this leads to an increased likelihood 
of production of batches of product 
whose composition deviates from 
the norm for that particular beer 
quality. Retention of yeast from the 
middle of the cone crop for repitch-
ing reduces these risks. However, 
this approach will only ever be a 
partial remedy and placing an upper 
limit on the maximum permissible 
number of repitchings is essential.

Oxygen and yeast storage

When cropped yeast is held in 
the interval between fermentations, 
its metabolic activity is reduced to 
low levels by the application of chill-
ing. Of course, the key word here 
is ‘reduced’ because it certainly isn’t 
halted. However, even if temperature 
is controlled at the recommended 
2–4ºC, changes in yeast physiological 
condition still occur and these have 
the potential to influence fermentation 
performance and beer flavour.

During storage yeast relies for 
survival on a supply of the reserve 
carbohydrate, glycogen, which is 
accumulated during fermentation. 
It represents a nest egg of car-
bon which is deposited during times 
of plenty to be called upon when 
conditions become less favourable. 
Glycogen can be utilised in different 
ways depending upon the conditions.

Stored pitching yeast comprises 
cells in a resting phase. They are 
depleted in sterols and unsaturated 

fatty acids (UFA) which are essen-
tial components of cell membranes. 
Before pitching yeast can move into 
the growth phase it must synthesise 
a pool of these lipids and insert them 
into cell membranes. This requires 
molecular oxygen. During early fer-
mentation oxygen is provided to 
fulfil this need and because of lack 
of membrane function the carbon 
and energy are supplied by glyco-
gen breakdown. If yeast is exposed 
to oxygen during storage glycogen 
breakdown and sterol and UFA syn-
thesis can proceed. From a yeast 
standpoint this is a sensible strategy 
since it means that should external 
nutrients become available the cells 
will be in a state to utilize them rap-
idly and therefore out-compete other 
not so-well adapted cells.

From a process point of view, 
yeast which has been exposed to 
oxygen during storage will have 
shorter lag time in fermentation. 
Total yeast growth will be higher 
than expected, ethanol yields might 
be reduced and the production of 
beer flavour metabolites whose 
concentrations are influenced by 
growth will also be influenced. 

The remedy is, as far as pos-
sible, to maintain strict anaerobiosis 
during storage and preferably have 
short and consistent storage times. 
The exclusion of oxygen must be 
controlled throughout the entire 
time interval between cropping and 
re-pitching. Particular care should be 
taken when oxygen pick-up is possi-
ble but perhaps not considered, for 
example, during acid washing.

Table 2: Principal fermentation variable relationships

Parameter Effect on fermentation

Temperature
Positive correlation with fermentation rate
Neutral effect on yeast growth extent
Positive correlation with esters and higher alcohols

Wort concentration
Negative correlation with fermentation cycle time
Positive correlation with esters and higher alcohols
Low FAN associated with increased VDK standtimes

Pitching rate
Positive correlation with yeast growth extent 
(at moderate rates) 
Negative correlation with esters

Initial oxygen 
concentration

Positive correlation with yeast growth extent
Negative correlation with esters

Pressure Negative correlation with esters and higher alcohols

A Belgian wheat beer
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Open to interpretation?
The relationships between the 

principal fermentation variables, tem-
perature, pitching rate, pressure, 
oxygen concentration and wort con-
centration and the formation of the 
major classes of beer flavour com-
pounds are well known. Developed 
over the last 40 years or so in what 
were frequently laboratory or pilot 
plant fermentations, these ‘rules’ are 
summarized in Table 2.

Manipulation of any of proc-
ess variable should influence the 
extent of yeast growth and beer fla-
vour in predictable ways. However, 
many of these relationships can be 
demonstrated with certainty only 
in laboratory model fermentations 
where the levels of control are 
high but volumes are small (2 – 10 
l)! At production scale, other fac-
tors intervene and things tend to 
become less clear.

No doubt this is why there are 
many conflicting reports in the brew-
ing literature on the influence of proc-
ess conditions on beer flavour and 
aroma. The key element of fermen-
tation control is the requirement to 
establish defined initial conditions. It is 
perhaps here that there is the great-
est opportunity for unsuspected vari-
ability. With laboratory fermentations 
it is possible to pitch and disperse all 
the yeast, more or less instantly, into 
wort and in consequence provide a 
very obvious start point. 

Of course, this luxury is not 
afforded at production scale. Indeed, 

the greatest opportunity for process 
conditions to influence yeast growth 
and beer composition in perhaps 
unexpected ways is the manage-
ment of fermentation; in particular, 
the filling procedures used for large 
capacity conical vessels. With very 
large vessels there is a blurring 
between filling and the actual start 
point. This is particularly the case 
where multiple wort batches are 
used. Here there are obvious choic-
es to be made in terms of when to 
pitch and when to provide oxygen. 
Differences in practice at this point 
will have very far-reaching effects on 
the outcome of fermentation. 

Let us consider an example in 
which a 2000hl conical is required to 
be filled with 4 x 500hl brew lengths. 
Assume that the vessel takes 12h to 
fill and that the oxygen concentration 
is set at 8 mg/l. Typically it might be 
decided to pitch all the yeast with 
the first brew length and dose in oxy-
gen throughout all of wort collection. 
The results of this procedure would 
be that the yeast would be exposed 
to oxygen for something like 12 to 
24h (12h collection time plus time 
for the yeast to utilise oxygen added 
towards the end of collection).

Several other options are pos-
sible. It might be decided to add all of 
the oxygen with the first brew length 
(32 mg/l) and none with the remaining 
three. It might be that all the yeast 
could be pitched towards the end 
of collection or indeed as separate 
aliquots with each brew length. 

Clearly many other variations 
are possible and ostensibly any of 
these would apparently establish 
identical conditions at the comple-
tion of collection and the supposed 
start point of the fermentation. The 
actuality is that the real starting 
conditions and the effect on fer-
mentation and beer analysis would 
be very different.

Why should this be? As soon as 
yeast is exposed to (warm) wort and 
oxygen it begins the transition from 
resting state to active growth. One 
of the readily apparent markers of 
this is an increase in the rate of oxy-
gen uptake which corresponds with 
lipid synthesis. If yeast is pitched 
throughout wort collection the effect 
is that there is a continuum of yeast 
physiologies where that pitched first 
is able to compete for the available 
oxygen much more efficiently than 
that added later in the process. The 
practical outcome is under-pitching. 
Rapid and early pitching is strongly 
recommended with the caveat that 
steps to ensure good dispersal 
should also be taken.

Oxygen and esters

In terms of beer flavour, it is not 
always recognized that oxygen also 
has a molecular signalling function in 
yeast. For example, the transcription 
of the gene (ATF1) for the enzyme 
responsible for ester synthesis – 
alcohol acetyltransferase (AATase) 
- is subject to repression by oxy-
gen (and unsaturated fatty acids). 

Provided oxygen is present, this 
enzyme is not produced because 
the transcription of the gene is 
repressed. In practice, therefore it 
is possible to delay ester synthesis 
by controlling the time that yeast is 
exposed to oxygen.

This is demonstrated in Figure 
1, where the formation of iso-
amyl acetate during fermentation 
is shown where all the oxygen is 
added at the time of pitching or 
during a period of 8h during col-
lection. The explanation being that 
the wort amino acids and sugars 
(which provide the precursors) are 
prevented from forming esters by 
the repression of the necessary 
enzymes. This allows these same 
precursors to be used in other path-
ways such that when the repression 
of the enzyme is lifted by the disap-
pearance of oxygen they are no 
longer available. It may be readily 
appreciated that these effects can 
be mimicked at production scale by 
selection of an appropriate pitching 
and oxygenation regime.

Of course, this is merely a sin-
gle example and many other effects 
are both possible and likely. The 
timing of pitching and oxygenation 
in relation to collection, as well as 
the type of vessel and its location in 
the wort supply system will almost 
certainly influence how much of the 
oxygen is actually used by yeast, 
as opposed to being consumed in 
wort oxidation reactions or simply 
lost to atmosphere. Some of these 
wasteful and potentially deleteri-
ous effects are probably inevitable 
and as with most aspects of fer-
mentation management the watch-
word must be informed selection 
of appropriate procedures coupled 
with an absolutely rigid consistency 
of approach. 
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at the Brewing Science Group, 
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is a visiting professor of brew-
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0 10050 150 200

0

0.5

1

1.5

2

2.5

co
n

c.
(m

g
/l

)

Time (h)

26ppm Oxygen at pitch

26ppm Oxygen supplied
over 8h post, pitching

Figure 1: The effect of time exposure to oxygen on the formulation of iso-amyl acetate during fermentation of a 15ºP 
all malt lager wort




