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Fusel alcohols and the esters derived therefrom are important fl avour and aroma constituents in beers. Consistent batch-
to-batch maintenance of the desired concentrations of these compounds is essential. The formation of fusel alcohols is one 
of the longest-studied biochemical processes: investigations having been begun by Ehrlich in 1907. The aims have been (i) 
to defi ne the steps of the biochemical pathway (the ‘Ehrlich pathway’), (ii) to identify the enzymes involved and the ge-
nes which encode them, and (iii) to understand the biochemical and genetic regulation associated with changes in yeast’s 
growth and environmental conditions. 
The methods included the use of amino acids specifi cally labelled with 13C followed by 13C NMR spectroscopy to identify 
the metabolic sequences, specifi c mutants suspected or known to encode particular enzymes/isoenzymes, overexpression of 
structural genes and transcriptome profi ling.
Leucine, isoleucine, valine, phenylalanine, tyrosine, tryptophan and methionine that are present in wort serve as the star-
ting materials for the formation of isoamyl alcohol, ‘active’ amyl alcohol, isobutanol, 2-phenylethanol, tyrosol, tryptophol 
and methionol (respectively). The steps of the Ehrlich pathway are transamination in which the amino acid is converted 
into an α-keto acid, then decarboxylation in which the α-keto acid is converted to an aldehyde. The aldehyde is then redu-
ced resulting in formation of the appropriate fusel alcohol. In aerobic conditions (not found in beer production), the alde-
hyde could be oxidized to the corresponding fusel acid. Four transaminases, 5 TPP-dependent decarboxylases, 16 alcohol 
dehydrogenases, 6 aldehyde dehydrogenases and 2 broad-spectrum reductases have roles in the pathway depending mainly 
upon the amino acid, growth phase of the yeast and other cultivation conditions. Transcriptional regulation of the structu-
ral genes explains most, but not all of the regulation observed. Posttranslational modifi cation(s) of enzymes remain to be 
discovered. Timely use of the Ehrlich Pathway likely offers both metabolic and developmental advantages to a yeast.
Recent work has led to a far more complete understanding of fusel alcohol formation and its regulation. Consequently, the 
development of elite strains dedicated to specifi c processes and with greatly-improved consistency of performance is now a 
realistic possibility.

Descriptors: Amino acid, fusel alcohol, genetics, physiology

1 Introduction

Fusel alcohols (compounds such as isoamyl alcohol, active amyl 
alcohol, isobutanol, 2-phenylethanol, tyrosol, tryptophol and me-
thionol, see Fig. 1) are important fl avour and aroma compounds 
in beers. In addition, a variety of esters derived from them, e.g. 
isoamyl acetate (described as a having a ‘banana’ note) and phe-
nylethyl acetate (variously sensed as ‘roses’ or ‘honey’) are also 

important constituents of all yeast-fermented products. Fusel 
alcohols are all produced via the Ehrlich Pathway (see Fig. 2.) 
Although it was initially proposed by Ehrlich in 1907 [1] and 
modifi ed by Neubauer and Fromherz in 1911 [2], the pathway was 
not formally proven until the late 1990s. Numerous experimental 
results reported between these dates were consistent with it, and 
many more workers assumed it to be correct (reviewed in [3] and 
[4]). The proof came from growing yeast in minimal media with 
individual amino acids specifi cally labelled with 13C as the sole 
nitrogen source; 13C nuclear magnetic resonance (‘NMR’) was 
used to identify the metabolic sequences involved [5-9]. This NMR 
method allows the fate of individual atoms in each intermediate 
from the amino acid to the end product to be monitored. Further 
confi rmation of the Ehrlich Pathway and the non-participation of 
other routes, was obtained by testing specifi c mutants in which 
potential alternative metabolic pathways were blocked [5–9].

2 The Ehrlich Pathway: An Outline

The Ehrlich Pathway (Fig. 2) has three main stages. The fi rst 
is transamination in which the amino acid is converted into an 
α-keto acid; α-ketoglutarate accepts the –NH2 group from the 



September / October 2009 (Vol. 62)          148BrewingScience

amino acid, resulting in the formation of glutamate. In every yeast 
culture in which the preferred nitrogen sources such as glutamine, 
ammonia or asparagine have been depleted or are absent, this is 
an important activity because the glutamate formed can serve as 
the starting material for the formation of nearly every other amino 
acid needed in protein biosynthesis, as well as in the many other 
metabolic pathways that must operate.

The next step is decarboxylation in which the α-keto acid is con-
verted into what we have called a ‘fusel aldehyde’ [11] and carbon 
dioxide is evolved. The fi nal step is reduction of the aldehyde using 
NADH and/or NADPH to yield the fusel alcohol. Thus, for each 
amino acid we can explain the corresponding aldehyde and fusel 
alcohol (Table 1). (The reader will note that Table 1 also refers to 
‘fusel acids’; these are described later.)

In the case of methionine catabolism only, an enhanced version 
of the Ehrlich Pathway operates (Fig. 3). Besides the ‘conventi-
onal’ Ehrlich Pathway in which transamination yields α-keto-γ-
(methylthio)butyrate (‘α-KMBA’) and decarboxylation produces 
β-(methylthio)propionaldehyde (often called ‘methional’) followed 
by reduction into methionol, there is also a demethiolase activity 
acting on both methionine and α-KMBA to produce methanethiol 
(with its accompanying unpleasant smell) and α-ketobutyrate [9]. 
α-ketobutyrate is a carbon skeleton that can be re-utilized by yeast, 
e.g. as a precursor in isoleucine biosynthesis [12]. Hence, methi-
onine catabolism is both more complex and more economical for 
the cell than the other catabolic pathways which use the Ehrlich 
Pathway and result solely in the formation of fusel alcohols whose 
carbon skeletons cannot be recycled.

3 Recent Developments

Much interest in recent years has focussed on identifying the 
structural genes for the relevant enzymes involved. Starting with 
the amino acid aminotransferases (Fig. 4), TWT1 and TWT2 (also 
known as BAT1 and BAT2) encode the mitochondrial and cyto-
solic branched-chain amino acid aminotransferases respectively 
[13–14], i.e. those involved in transamination of leucine, isoleucine 
and valine. The mitochondrial isoenzyme is highly expressed in 
batch cultures during exponential growth and is repressed during 
stationary phase. The cytosolic isoenzyme (Twt2) has the opposite 
expression pattern. Hence, in a batch culture, such as in a beer fer-
mentation, yeast always has an enzyme available for this reaction.  
ARO8 and ARO9 encode broad substrate specifi city amino acid 
aminotransferases [15–16]. Their in vitro activities are mirrored 
by transcriptome profi ling of cells in a glucose-limited chemostat 
when phenylalanine, methionine or leucine were the sole nitrogen 
source, ARO9 and TWT2 were up-regulated compared to growth 
in ammonia, proline or asparagine where catabolism does not use 
the Ehrlich Pathway [17].

For decarboxylation of the α-keto acids the yeast genome apparently 
contains 5 genes encoding thiamine diphosphate-dependent decar-
boxylases. Four of these are shown in fi gure 4: PDC1, PDC5 and 
PDC6 (known as different isoenzymes of pyruvate decarboxylase) 
and the broad substrate specifi city ARO10 [18–21]. Another gene, 
THI3, is not indicated in fi gure 4 because despite the protein’s 

predicted structure looking very like another decarboxylase, it 
is perhaps a regulator that works by controlling in vivo levels of 
thiamine diphosphate which is needed by the other four decarb-
oxylases for activity. Hence, it appears that Pdc1, Pdc5, Pdc6 or 
Aro10 can all function in the decarboxylation of the α-keto acids 
derived from leucine, valine, isoleucine, tryptophan, tyrosine or 
phenylalanine; as long as one of these decarboxylases is present, 
the reaction will occur [11]. However, it appears that in methionine 
catabolism, the decarboxylation of α-keto-γ-(methylthio)butyrate is 
achieved only by Aro10 [9, 21]. Thus, despite their names, Aro10 is 
not specifi c to aromatic amino acid catabolism and Pdc5 is not just 
a pyruvate decarboxylase – both have broad-substrate specifi city 
α-keto acid decarboxylase activity in vitro and in vivo.

The metabolism of aldehyde to alcohol (Fig. 4) is a reduction 
reaction and a wide range of enzymes are available. Whether 
the fusel aldehyde is converted to a fusel alcohol or a fusel acid 
depends on the cultivation conditions. In anaerobic culture (as 
in brewing) there is an almost complete conversion to the fusel 
alcohols. However, in aerobic conditions (not used in brewing) 
the aldehydes are converted predominantly to fusel acids. Fusel 
acids (Table 1) include compounds such as isovaleric acid (derived 
from leucine catabolism) and isobutyric acid (derived from valine 
catabolism). The fusel acids can be transported out of the cell by 
the ATP-dependent transporter Pdr12 [17, 22]. The transcriptional 
induction of PDR12 is well-understood and is mediated by War1 
[23]; however, further consideration of fusel acids is beyond the 
scope of this brief review.

There are 16 alcohol dehydrogenases, 6 aldehyde dehydrogenases 
and at least 2 other broad-spectrum reductases that catalyze the 
pyridine nucleotide-dependent interconversion of aldehydes and 
alcohols (Fig. 4). Adh1 is the main cytosolic alcohol dehydroge-
nase that is chiefl y responsible for the production of ethanol from 
acetaldehyde in cells grown anaerobically or in the presence of 
glucose excess [24]. Adh2 is also cytosolic, it is glucose-repressed 
and is used for growth on ethanol in aerobic conditions (i.e. the 
conversion of ethanol to acetaldehyde) [25]. Adh3 is mitochondrial 
and its role seems to be that of a redox shuttle [26–27] – i.e. shut-
tling mitochondrial NADH to the cytosol, where it is handled by 
other NADH dehydrogenases. Adh4 is present at very low levels 
in laboratory strains but expressed at high levels in brewing strains 
where ethanol production rates are high [28]. The role of Adh5 
is still uncertain [29]. Adh6 is an NADPH-dependent enzyme 
[30–31]. Adh7, as it has recently been named (previously known 
only by its ORF number – YCR105w), is also NADPH-dependent; 
it is 64 % identical to Adh6 [32]. The reductase activity of Adh7 
is about 5-fold greater than its dehydrogenase activity. Hence, the 
specifi city of the substrate and the cofactor support the involvement 
of Adh6 and Adh7 in aldehyde reduction. From the point of view 
of their importance to yeast, we should perhaps regard NADP(H) 
homeostasis as their true role [33]. The 7 AAD genes encode pu-
tative aryl alcohol dehydrogenases [34–35]. No-one knows their 
true purpose but there is speculation that they could be useful 
activities in an environment where lignin, cellulose, and/or their 
breakdown products are abundant (i.e. the natural environment). 
YPL088w is another putative aryl alcohol dehydrogenase – an 
assignment made solely on the basis of sequencing information. 
SFA1 encodes a formaldehyde dehydrogenase [36]. Using strains 
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containing all possible combinations of mutations affecting the 
seven AAD genes, fi ve ADH genes (ADH1–ADH5) and SFA1, we 
showed that the fi nal step of the Ehrlich Pathway can be catalysed 
by any one of the ethanol dehydrogenases Adh1–Adh5 or Sfa1 
[8]. In addition, Ypr1 and Gre2 have been shown to have activity 
towards 2-methylbutanal (in isoleucine degradation) and isova-
leraldehyde (in leucine catabolism) respectively [37–38]. Despite 
what has just been stated, one must always be aware that ascribing 
precise roles to alcohol dehydrogenases and aldo-ketose reductases 
is very problematic because of overlapping specifi cities and the 
presence of other related enzymes.

Of course, there are a plethora of transporters (often called ‘per-
meases’) responsible for the uptake of amino acids into the cell. 
These are described in the excellent review [39], so we mention 
only one here (Fig. 4): BAP2 which encodes the branched-chain 
amino acid permease in Saccharomyces cerevisiae [40]. Lager 
yeast (Saccharomyces pastorianus) has two very different Bap2 
enzymes. One is identical to that of Saccharomyces bayanus, 
the other is very similar to that of Saccharomyces cerevisiae 
[41]. This agrees with the idea that lager yeast is a hybrid of S. 
bayanus and S. cerevisiae. The regulation of these two genes is 
very different. Kodama et al. [41] studied the transcription of 
the two variants in a beer fermentation. They found that addition 
of leucine to the growth medium induced the cer-BAP2 but did 
not induce Lg-BAP2; ethanol or weak acids left expression of 
cer-BAP2 unaffected but Lg-BAP2 was repressed; and early in 
the fermentation Lg-BAP2 was repressed whereas cer-BAP2 was 
highly expressed throughout the fermentation [41]. These results 
suggest that most of the branched-chain amino acid uptake (and 
hence most of the resulting fusel alcohol formation) in lager beers 
is due to the S. cerevisiae parentage.

It should be added that our 13C labelling studies have shown that 
anabolic and catabolic pathways share a common pool of α-keto 
acid [6]. Hence, a molecule of fusel alcohol may have arisen 
from de-novo synthesized rather than catabolically-derived α-
keto acid.

4 The Cellular Purposes Of The Ehrlich Pathway

A yeast cell apparently achieves three distinct advantages from 
operating the Ehrlich Pathway. First, it can salvage NH2 groups 
from less-preferred nitrogen sources to enable the biosynthesis 
of all of the other amino acids needed for protein synthesis and 
growth. Second, is the maintenance of redox balance. It is wide-
ly-known that in yeast excess NADH formed during anaerobic 
growth can be oxidized by glycerol-3-P-dehydrogenase to form 
glycerol [42–43]. The formation of glycerol from glucose requires 
the expenditure of ATP. However, the Ehrlich Pathway may be a 
more energy-effi cient way to do this because it has been reported 
that respiro-fermentative cultures produce less glycerol when 
valine is the nitrogen source instead of ammonia [44]. Third, 
fusel alcohols induce morphological change in yeasts [45–47]. 
For example, isoamyl alcohol induces yeast-form cells to become 
pseudohyphal/fi lamentous [45, 48]. Some workers have sought to 
explain fi lamentation as either a foraging respsonse or an escape 
mechanism [46, 49]. Unlike a motile organism, yeast, upon sen-

sing either a defi ciency in its nutrient supply or the presence of a 
high concentration of toxin or waste product, cannot move-away 
large distances in search of fresh nutrients or to escape its polluted 
environment. Thus, when growing as a colony, fi lament formation 
is a means by which those cells most distal to the original colony 
may encounter better conditions. As stated earlier, fusel alcohols 
are produced via the Ehrlich Pathway when yeast does not have 
access to its preferred nitrogen sources. Thus, the metabolic end 
products are acting as signalling molecules for yeast to undergo 
morphological change [48, 50]. Many brewers have seen these 
forms in ‘stuck’ fermentations or when isoamyl alcohol concen-
trations were high.

5 Conclusions

Viewing the Ehrlich Pathway as a whole, there is decreasing spe-
cifi city as the pathway is traversed. The amino acid transporters 
(which bring the amino acids into the cell) and the amino acid 
aminotransferases are highly specifi c (not so for Aro8 and Aro9). 
The decarboxylases display broad substrate specifi city; this is 
especially true of Aro10. However, this does not mean that the 
cell deploys the enzymes non-specifi cally. Fusel aldehydes can 
be reduced by a very large number of enzymes.

6 Future Perspectives

If we wish to alter fusel alcohol production in a yeast strain or 
process, we should target the earlier parts of the pathway for either 
genetic or physiological manipulation (respectively) because these 
offer the best way of achieving the desired result.
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Table 1 Ehrlich pathway intermediates

Amino  α-keto acid ‘Fusel aldehyde’ Fusel alcohol ‘Fusel acid’
acid systematic traditional systematic traditional systematic traditional systematic traditional

Leu 4-Methyl-2-oxo- α-Keto- 3-Methyl- Isovaleral- 3-Methyl- Isoamyl  3-Methyl- Isovalerate
 pentanoate isocaproate butanal dehyde butanol alcohol butanoate

Val 3-Methyl-2-oxo- α-Keto- 2-Methyl- Isobutanal  2-Methyl- Isobutanol 2-Methyl-  Isobutyrate
 butanoate isovalerate propanal  propanol  propanoate

Ile 3-Methyl-2- α-Ketomethyl- 2-Methyl- Methylvaleral- 2-Methyl- Active amyl  2-Methyl- Methyl
 oxo-pentanoate valerate butanal dehyde butanol alcohol butanoate valerate

Phe 3-Phenyl-2-oxo-  3-Phenyl- 2-Phenyl- 2-Phenylacetal-  2-Phenyl-  2-Phenyl- 2-Phenyl-
 propanoate pyruvate ethanal dehyde ethanol  ethanoate acetate

Tyr 3-(4-Hydroxy-  p-Hydroxy- 2-(4-Hydroxy  p-Hydroxy-  2-(4-Hydroxy- Tyrosol 2-(4-Hydroxy  p-Hydroxy -
 phenyl) 2-oxo- phenyl- phenyl) phenylacetal- phenyl)   phenyl)  phenyl-
 propanoate pyruvate ethanal dehyde ethanol  ethanaoate acetate

Trp 3-(Indol-3-yl) 3-Indole  2-(Indol-3-yl)- 3-Indole   2-(Indol-3-yl)- Tryptophol 2-(Indol-3-yl)-
 2-oxo pyruvate ethanal acetal- ethanol  ethanoate
 propanoate   dehyde

Met 4-Methylthio- α-Keto-γ-   3-Methylthio Methional 3-(Methylthio)  Methionol 3-(Methylthio) 
 2-oxo- (methylthio) propanal  propanol  propanoate
 butanoate butyrate 

‘Fusel aldhyde’ denotes the aldehyde formed after decarboxylation of the indicated amino acid-derived α-keto acid. The table is reproduced from [11 ] with 
corrections.

Appendix

Fig. 1 The chemical structures of the fusel alcohols
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Fig. 2 The Ehrlich Pathway. (Re-drawn from [10])

Fig. 3 The pathways of methionine catabolism. The abbreviations used are: α-KMBA: α-keto-γ-(methylthio)butyrate; 
α-KBA: α-ketobutyrate; ADH: alcohol dehydrogenase. (Reproduced from [9])
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Fig. 4 The Ehrlich Pathway showing the genes encoding all of the enzymes that are potentially involved at each step. 
The fi gure also shows BAP2 which encodes the branched-chain amino acid permease responsible for the uptake 
of leucine, isoleucine and valine. (Many other permeases exist but these are not considered here.) (Re-drawn 
from [11])


