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Yeast Physiology and Biotechnology

INTRODUCTION TO YEASTS 9 

Even S .  cerevisiae has been implicated in human 
pathogenesis in certain compromised individuals 
(McCusker et al., 1994). 

1.3 YEAST PHYSIOLOGY AND 
BIOTECHNOLOGY 

Yeast physiology may be defined as the under- 
standing of growth and metabolism of yeast cells. 
In general terms, this relates to how yeasts interact 
with their biotic and abiotic environment; in speci- 
fic terms, yeast physiology relates to how yeast 
cells feed, metabolize, grow, reproduce (sexually 
and asexually), survive and ultimately die. 

Yeast biotechnology may be defined as the ex- 
ploitation of yeast physiology (the late Professor 
Tony Rose, personal communication, 1984). 

Yeast physiology and yeast biotechnology are 
therefore inextricably linked and it is only 
through a thorough understanding of yeast 
growth and metabolic processes that the full 
industrial potential of yeast cells will materialize. 
Unfortunately, there is a considerable gap 
between the body of scientific knowledge on 
yeasts and practical knowledge of yeast bio- 
technology. This statement is particularly evident 
when one considers the current wealth of infor- 
mation on genetics and molecular biology of 
‘scientific’ yeasts, compared with the relative 
paucity of information on the physiology of 
‘industrial’ yeasts. It should be emphasized in 
this respect that in yeast recombinant DNA tech- 
nology, successful commercial exploitation of 
transformed cells can only be realized following 
complete analysis of the physiological factors 
which regulate growth, cell division, metabolism 
and genetic stability of yeast populations in bio- 
reactors. 

The following chapters aim to cover salient 
aspects of yeast physiology that pertain to the 
exploitation of yeasts in traditional and modern 
biotechnologies. The aspects in question include: 
yeast cytology (ultrastructural form and function 
of yeast cells and organelles); yeast nutrition 
(translocation and assimilation of essential yeast 
nutrients); yeast growth (modes of reproduction, 

A 

Figure 1.2. Integration of chapters in this book. 

growth and coordination of growth with cell 
division and factors influencing survival of yeast 
cells in culture); yeast metabolism (major cata- 
bolic and anabolic routes for nutrients in yeast 
cells and the regulation of principal metabolic 
pathways) and, finally, how these aspects of yeast 
cell physiology impact on yeast technology (the 
industrialization and commercialization of Sac- 
charomyces and non-Saccharomyces yeasts, 
including recombinant strains). The overall ‘flow’ 
of this book is outlined in Figure 1.2. 
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Yeast metabolism!

So how does yeast
make

alcohol?



Overview of yeast carbon metabolism

Energy source
(nutrient carbon)

Oxidation

Energy production

Carbon intermediates

Reduction

Fermentation products

Energy consumption

Reduction

Biomass
(yeast cell carbon)

Redox coupling

Energy coupling



2 Key players in metabolism
ATP                                NAD

adenosine tri-phosphate                        nicotinamide adenine dinucleotide
(Biologically useful energy)                               (Co-enzyme transferring electrons – cellular oxidation-reduction reactions)



ENERGY COUPLING: facilitated by high-energy phosphate
compounds (ATP)

ADP + Pi                                       ATP

REDOX COUPLING: facilitated by co-enzymes (NAD)
REDUCTION = gain of electrons (H- ions)         OXIDATION = loss of electrons

Yeast cells need to maintain a balance between the two, 
called the REDOX balance, and NAD participates in achieving this

NAD+ +  2H NADH  +  H+



Summary of electron transfer by yeast
Energy source (glucose)

Electrons
ATP

Electron carriers
(NAD)

ATP

Final      electron      acceptors

Oxygen                   Organic compound
(respiration)                             (fermentation)



the degradation of sugar  
with production of energy 

(ATP) for cell growth

End 
products

Substrates

Thousands      
of other 

enzymes are 
also located in 

the cell.

ATP

2X

Glycolysis 
in yeast:

12 Enzymes convert ~90% of glucose
to ethanol and CO2 as yeast controls 

its oxidation/reduction balance.

Yeast needs NAD to keep glycolysis going
- cells do this by producing alcohol in fermentation



Glycolysis (EMP Pathway):
overall equation

Glucose + 2ADP + 2Pi + 2NAD+

2Pyruvate + 2ATP + 2NADH+ + 2H+



GLYCOLYSIS & FERMENTATION
2 Key players: NAD (electron-accepting coenzyme) + ATP (biological energy)

Glucose

PYRUVATE

2ADP

2ATP

2NAD+

2NADH

Acetaldehyde + CO2

Ethanol

2NADH

2NAD+



YEAST is the (Bio)CATALYST!

Ethanol CO2, energy production,
yeast growth are all COUPLED
- proportional to metabolic rate

q As sugar is used, energy (ATP) and pyruvic acid are made (1 glucose->2  pyruvate) 

q ATP is used for yeast growth, but is limiting in anaerobic fermentors

q Pyruvic acid is used as a sink for the reduced enzyme cofactor made 
in glycolysis (NADH) 

q Pyruvic acid is converted through acetaldehyde to ethanol using reduced
NADH + H+ and regenerating  cofactor NAD+

q Basically, yeast makes alcohol as it tries to balance its electrons!



Yeast Alcoholic Fermentation

CH3COCOOH CH3CHO + CO2 CH3CH2OH

Pyruvate Acetaldehyde + CO2 Ethanol

1. 2.

Enzyme 1. Pyruvate decarboxylase
Enzyme 2. Alcohol dehydrogenase - regenerates NAD+

SUGARS



Metabolic biodiversity in yeast 
Vast range of substrates, metabolic pathways and products

– Saccharides hexoses, pentoses, oligosaccharides

– Polysaccharides starch, pectin, inulin, (cellulose?)

– Hydrocarbons n-alkanes

– Alcohols ethanol, methanol, glycerol, glucitol

– Organic acids acetate, citrate, lactate, malate

– Fatty acids oleate, palmitate

– Aromatics phenol, cresol, quinol, catechol, benzoate



(C6H10O5)n + (n-1)H2O      n C6H12O6        2n CH3CH2OH + 2n CO2
Starch Water                Glucose Ethanol        CO2

Taking glucose as 100 parts by weight, reactant weights would be
90 10 100 51.1                   48.9

The theoretical maximum yield of ethanol from 100 parts of 
substrate is therefore 56.7% from starch and 51.1% from glucose

Industrial alcohol producers should aim for >90% of this theoretical yield
Can never get 100% because:

new cells are made (the yeast’s objective)
glycerol, organic acids, higher alcohols, esters and other end products are made
some losses occur in factory operation
some sugar is retrograded or reacts in the Maillard reaction
contamination by bacteria, wild yeasts
stuck and sluggish fermentations/stress on the yeast

Industrial 
enzymes

Yeast  
enzymes (12)

Ethanol from starch



Note!
In addition to the PRIMARY fermentation metabolites 

(ethanol & carbon dioxide), 
S. cerevisiae also produces SECONDARY fermentation 
metabolites which are very important in governing 
flavour characteristics of alcoholic beverages (beer, 
whisky, cachaça, wine etc).

Many secondary metabolites are produced by yeast NAD-
regeneration reactions:

Ø Fusel alcohols (isopentanol, phenyl ethanol, n-propanol, isobutanol, 2-methyl butanol) 
Ø Vicinal diketones (diacetyl, pentane 2,3-dione)
Ø Esters (ethyl acetate, isoamylacetate) 
Ø Sulphur compounds (H2S, dimethyl sulphide)
Ø Phenolics (4-vinyl guaiacol) etc…



Fermentation
nutrients

(Sugars, amino acids, etc.)

Acids (organic & fatty)

Alcohols (ethanol
& fusel oils)

Glycerol
Esters

Aldehydes & ketones

Sulphur compounds

Phenols

Yeast autolytic
compounds

CO2

More yeast!



Yeast also makes Glycerol
q Glycerol is made due to the accumulation of 

excess NADH + H+

- used to convert dihydroxyacetone phosphate to glycerol

q Stressed cells also accumulate glycerol (protectant)

(eg. Caused by osmostress, acids – increased pH inside yeast leads to 
excess NADH which diverts glycolysis to glycerol)

q Glycerol over-production means less ethanol
X bad news for fuel alcohol companies: glycerol can be as high as 10% of ethanol 

q Reduce glycerol! 
Minimise yeast (osmo)stress. Use GM yeasts (eg. Pronk et al) 



Regeneration of NAD+ by fermenting yeast

NADH

dehydrogenases

NAD+

Aldehydes Alcohols

Oxaloacetate Malate

Fumarate Succinate

Diacetyl 2,3-butanediol

Dimethyl sulphoxide Dimethyl sulphide

Dihydroxyacetone
phosphate Glycerol



à RESPIRATION (uptake of oxygen to generate energy)

Under aerobic conditions, pyruvate is oxidized to CO2  and 
water by specific metabolic routes (TCA cycle). This 
uptake of O2 generates large amount of energy (38ATP).

à FERMENTATION (conversion of sugar to alcohol in absence of oxygen)

Under anaerobic conditions, pyruvate is converted to CO2
and acetaldehyde which in turn will form ethanol. Only 2 
ATP generated.

Respiration & Fermentation



The citric acid cycle is referred to as amphibolic since 
the pathway performs both catabolic and anabolic 

functions.
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Figure 5.7. The glyoxylate cycle. 

oxygen as terminal electron acceptor to yield 
much more ATP. 

The electron transport chain (as depicted in 
Figure 5.8) pumps protons out of the mitochon- 
drial matrix across the inner mitochondria1 mem- 
brane to create a transmembrane proton gradient 
(ApH) and a membrane potential difference 
(A”), which together comprise the proton-motive 
force (Am+) .  This is the driving force used to 
synthesize ATP (by H+-transporting ATP 
synthase). The total yield of ATP for complete 
oxidation of glucose by yeast cells is around 30. 
This is because each pair of electrons in NADH 
generates about 2.5 ATP while succinate oxida- 
tion yields about 1.5 ATP (Hinkle et al., 1991; 
Alberts et al., 1994; Fell, 1997). The proportion 
of energy not retained for use by the yeast cell as 
ATP is largely dissipated as metabolic heat. This 
is one reason why industrial fermenters require 
cooling to maintain optimum conditions for 
yeast metabolism. 

NADH produced in glycolysis cannot be oxi- 
dized directly within yeast mitochondria due to 
the impermeability of these organelles to NADH. 
Cytoplasmic ‘shuttle’ processes enable reduced 
cofactors to enter mitochondria. For example, 
the glycerophosphate shuttle utilizes NADH to 
reduce dihydroxyacetone phosphate to glycerol 3- 
phosphate and the malate shuttle utilizes NADH 
to reduce oxaloacetate to malate (Gancedo et al., 
1968). These molecules then enter the mitochon- 
drion where enzymes oxidize them to yield 
reduced cofactors which in turn are oxidized by 
the electron transport chain. 

The manner by which yeast cells utilize mole- 
cular oxygen as terminal electron acceptor in 
aerobic respiratory metabolism appears to be 
species-dependent. For example, some yeasts, 
including S. cerevisiae, exhibit alternative respira- 
tion distinct from the cytochrome path which is 
insensitive to cyanide but sensitive to azide. 
Table 5.1 summarizes three types of respiration 
in yeasts and fungi. 

The azide-sensitive pathway lacks proton 
transport capability and accepts electrons from 
NADH but not from succinate. The SHAM-sen- 
sitive pathway transports electrons to . oxygen 
also without proton transport, and therefore 
does not phosphorylate ADP. 

Mitochondria also play vital roles in the ana- 
bolic metabolism of anaerobically growing yeast 
cells (Visser et al., 1995). During anaerobic yeast 
fermentations, for example in brewing, mitochon- 
dria are not irrelevant to S.  cerevisiae physiology 
even though no respiration is taking place. 
O’Connor-Cox et al. (1 996) have discussed the 
roles of brewing yeast mitochondria and have 
highlighted several essential cellular functions 
which are not linked with aerobic respiration, but 
which are critical to fermentation performance and 
end product quality (see Table 2.12, Chapter 2). 

5.2. 1.2 Regulation of Sugar Catabolism 

Control of carbohydrate metabolism in S.  cerevi- 
siae and other yeasts is of both fundamental and 
practical significance and has been the subject of 
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m v i c  

CO+ Acrtyl CoA 

NAw 

acid NADH+H+ 

Citric acid 

Oxaloacetic / r \  acid 

Isocitric acid 
Enzymes 

COz + NADH + H+ 3i- 1 .  Citrate synthase 
2. Aconitase 
3. Isocitrate dehydrogenase 
4. a-Ketoglutarate dehydrogenase 
5. Succinyl CoA synthetase 
6. Succinate dehydrogenase 
7. Fumarase 
8. Malate dehydrogenase 

+I8 NADH + H+ 

Malic acid 

a-Ketoglutaric acid 

I Fumaric acid 

Figure 5.6. The citric acid cycle in yeasts. The net effect of the citric acid cycle is to produce: 2C02, 3 NADH, 
1 FADHS, 4 H+ and 1 GTP from one pyruvate molecule. 

of isocitrate lyase, which is in turn controlled by 
the availability of C3 and C4 compounds (Dawes, 
1986). Galons et al. (1990) have estimated that in 
S. cerevisiae, 58% of acetate is metabolized 
through the glyoxylate cycle, whereas other 
yeasts, notably Scltizosaccharomyces pombe, lack 
glyoxylate cycle enzymes and are unable to utilize 
acetate for cell growth (Tsai et al., 1989). In 
alkane-grown yeasts the enzymes of the glyoxy- 
late cycle are located in the peroxisomes (see 
Chapter 2) and these will be repressed in the pre- 
sence of glucose. 

During the citric acid cycle hydrogens are 
transferred, in processes mediated by dehydrogen- 

ase enzymes, to the redox carriers NAD and 
FAD, which become reduced. The reduced 
carriers are reoxidized and oxygen reduced to 
water via the electron transport chain on the inner 
mitochondria1 membrane. The energy released by 
the transfer of electrons is used to synthesize ATP 
by a process called oxidative phosphorylation and 
chemiosmotic principles describe the linkage 
between oxidation and phosphorylation (see 
below). Glycolysis and the citric acid cycle in 
yeasts therefore encompasses oxidation reactions 
which produce a small amount of ATP by sub- 
strate-level phosphorylation and NADH. The 
latter is then processed by electron transport to 



Not only glucose can be respired by 
yeasts; in fact, a greater array of 
carbon sources can be respired than 
fermented.

Substrates which are respired by yeast cells 
include:
pentoses (e.g. xylose),
sugar alcohols (e.g. glycerol),
organic acids (e.g. acetic acid),
aliphatic alcohols (e.g. methanol, ethanol),
hydrocarbons (e.g. n-alkanes) and
aromatic compounds (e.g. phenol)

Notes



Overview of yeast sugar metabolism
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PYRUVATE

RespirationFermentation

-O2 +O2, low sugar levels

Alcohol,
CO2

Yeast
biomass

C
6 H

12 O
6 = 2C

2 H
5 O

H
 + 2C

O
2  +    2ATP

(glucose)      (ethanol)     (carbon dioxide)    (energy)

C
6 H

12 O
6 + 6O

2
=  6C

O
2 +   6H

2 O
 +  38ATP

(glucose)  (oxygen)   (carbon dioxide)  (w
ater)    (energy)



Regulation of Sugar Catabolism



Fermentation or Respiration?
S. cerevisiae can ferment or respire depending on availability of: 

OXYGEN and GLUCOSE

Reticular mitochondria
FERMENTING CELLS

Vesicular mitochondria

RESPIRING CELLS



Biochemical pathways in yeasts may be regulated at 
various levels:

• enzyme synthesis (e.g. induction, repression and 
derepression of gene expression)

• enzyme activity (e.g. allosteric activation, inhibition or 
interconversion of isoenzymes)

• cellular compartmentalization (e.g. mitochondria1 
localization of respiratory enzymes)

The following discussion will focus primarily on external 
factors (carbon source and oxygen) which influence respiratory 
and fermentative metabolism in yeasts of biotechnological 
significance



ØS. cerevisiae metabolizes fermentatively even in presence 
of oxygen - mainly due to the high level of glucose

ØThe Crabtree effect appears to be correlated with 
suppression of respiration by high glucose

ØIn the presence of large amounts of oxygen (>1 vvm) yeasts 
can obtain energy by respiration

But sugar must be very low  eg. <0.2% glucose

The Crabtree effect



Explanation of the Crabtree Effect?
Glucose acting as repressor/inactivator of yeast respiration

SHORT TERM
Crabtree effect
(seconds)

Glucose-induced INACTIVATION
(degradation of respiratory enzymes)

LONG TERM
Crabtree effect
(hours)

Glucose-induced REPRESSION
(synthesis of respiratory enzymes
repressed)



Glucose

Bottleneck

Pyruvate

Respiration
(yeast biomass)

Fermentation
(ethanol, CO2)

5%

95%

Limited respiratory capacity of S. cerevisiae?
Aerobic metabolism of glucose by yeasts showing the Crabtree effect is termed

Respiro-fermentative



Industrial significance of the 
Crabtree effect?

• If you want to produce as much yeast as possible, 
respiration is desired (e.g. during propagation), 
and alcoholic fermentation is undesired

• Therefore, keep O2 levels high, but keep sugar 
levels low (to avoid Crabtree effect)

• This can be achieved by fed-batch systems to 
control sugar feed to growing yeast



Industrial growth of S. cerevisiae

Fermentation:    BATCH, ANAEROBIC

Propagation:     FED-BATCH, AEROBIC

Alcohol

Yeast

2ATP/molecule glucose - High ethanol yield – No sterol & unsaturated fatty acid synthesis
Cell yield = 0.05-0.1 g/g glucose [Biomass yield of ~50 million cells/ml]

38ATP/molecule glucose - Low (zero) ethanol yield - Sterol & unsaturated fatty acid synthesis
Cell yield = 0.5 g/g glucose [Biomass yield of >200 million cells/ml]



Fed-batch
yeast propagations

-Nutrient fed incrementally
(exponentially increasing rate 
which parallels yeast growth)

-Extends exponential phase
(low µ, but high cell densities)

-Highly aerobic
(oxygen transfer coefficients, KLa of 0.07-0.1sec-1)



Batch      v.     Fed-Batch
Yeast Propagation
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Sugar Ethanol Yeast

Molasses Feed

• Batch propagation
– All nutrients are in fermenter
– Alcohol and little yeast is produced

• Fed Batch
– Carbohydrates and nitrogen are added at a certain flow rate
– Aerobic fermentation => Alcohol decreases, yeast production



Effect of yeast growth rate

Slow Growth: More mature cells
Higher carbohydrate
Higher yield
Lower initial activity
Better stability

Rapid Growth: Less mature cells
Higher protein and enzymes
Lower yield
Higher initial activity
Lower stability



The Pasteur effect

The Pasteur effect relates oxygen with the kinetics 
of yeast sugar catabolism and states that under 
anaerobic conditions, glycolysis proceeds faster than 
it does under aerobic conditions

Only observable when glucose concentrations are 
low (yeast-dependent)



The Custers effect

This may be defined as the transient inhibition of 
fermentation by anaerobiosis and is observed when 
small levels of oxygen abolish this anaerobic 
inhibition of fermentation (Brettanomyces and
Dekkera spp.)

The Custers effect is therefore explained on the basis 
of a disturbed redox balance in the absence of 
oxygen



The Kluyver effect

Several yeasts which can ferment glucose 
anaerobically are able aerobically to assimilate, but 
not ferment, other sugars such as galactose and 
certain disaccharides.

The biotechnological relevance of the Kluyver effect 
lies in the production of yeast biomass or 
heterologous proteins on inexpensive disaccharide-
based growth media (cheese whey or molasses)



SUMMARY
Ø 2 key players in yeast carbon metabolism: ATP & NAD

ØAlcohol is produced in fermentation as yeast cells maintain 
Redox balance

Ø S. cerevisiae can respire and ferment sugars, depending on 
prevailing conditions (O2 & Glucose)

ØThe expression of the Crabtree Effect necessitates fed-batch 
propagation when producing yeast in industry


