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Introduction
Saccharomyces cerevisiae and Klyuveromyces lactis, both 
producing fusel alcohols, are phylogenetically distant yeast 
species with a common ancestor in their evolutionary history 
(14). Their phylogenetic distance is comparable to that found 
between Homo sapiens and the fish Takifugu rubripes and 
indicates that the parallel between them is quite a difficult task 
(6). In addition, it is already proved that the entire genome 
of S. cerevisiae has undergone duplication throughout its 
evolutionary history and this event has generated a lot of 
paralogous gene copies and facilitated genome rearrangements 
(14).

At the present state of the art, genome sequencing techniques 
are advancing with a faster pace than the experimental proof 
of predicted genes and their functions (16). This is one of 
the reasons that make comparative genomics a powerful tool 
for the studying of phylogenetically-related species and the 
transfer of knowledge from well-known model organisms to 
less known newly sequenced genomes. In the last decade many 
methods for clustering of annotated genes in protein families 
based on automated or semi-automated approach emerged 
(19, 25). We used some of these methods and genetic database 
resources to identify and verify the orthologs of genes involved 
in the phenylethanol and tryptophol synthesis with the aim to 

facilitate the design of further experiments that can reveal the 
regulation of higher alcohol formation in K. lactis.

Higher alcohols, sometimes referred to as fusel alcohols, 
are, from a biotechnological point of view, one of the most 
important groups of volatile compounds produced by yeast 
during alcoholic fermentation of sugars. They are characterised 
as containing more than two carbon atoms and include the 
branch chained alcohols (isobutanol, amyl alcohol, isoamyl 
alcohol), and the aromatic alcohols 2-phenyethanol, tryptophol 
and tyrosol. According to Rapp and Versini (20) concentrations 
of higher alcohols below 300 mg L-1 add desirable complexity 
of wine, whereas higher concentrations can be detrimental 
to wine quality. Conversely, 2-phenyethanol is generally a 
positive contributor to wine aroma, being characterized by a 
pleasant rose-like aroma (22). Moreover, this compound is 
the most used fragrance chemical in perfume and cosmetics, 
as well as in food industry (4, 7, 8). Many factors can affect 
the quantity of the formed 2-phenylethanol: yeast species and 
strain, carbohydrates concentration, fermentation temperature, 
pH, assimilable nitrogen, aeration and etc. Furthermore, the 
production of 2-phenylethanol in the model microorganism 
Saccharomyces cerevisiae is cell density dependent (3).

In the experimental ground for this analysis are ARO genes 
involved in the Ehrlich pathway and in the biosynthesis of the 
mentioned aromas (Fig. 1). It is known that this pathway is 
also responsible for the degradation of amino acids and their 
use as a source of nitrogen (5). The chemical degradation of 
phenylalanine, tryptophan and tyrosine leads to the synthesis of 
phenylethanol and tryptophol through a three-step biochemical 
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reaction comprising transamination, decarboxylation and 
reduction to the corresponding aromatic alcohol (5, 9) (Fig. 
1). It has been proved that this process is involved in the 
quorum sensing mechanism in Saccharomyces cerevisiae and 
its regulation is dependent on the concentration of ammonia 
in the culture medium and on a feedback signal from the end 
products phenylethanol and tryptophol (3, 26). Both control 
mechanisms are acting on the first two stages of the reactions 
– the transamination and the decarboxylation (26). The 
transamination is catalysed by aromatic aminotransferases I 
and II encoded by the genes ARO8 and ARO9 in S. cerevisiae 
(13). The decarboxylation step in S. cerevisiae is also assured 
by an even greater redundancy – five decarboxylases are 
capable of catalysing this step, encoded by the genes ARO10, 
PDC1, PDC5, PDC6, and tIh3 (24) (Fig. 1). The ARO80 gene 
encodes a transcription factor that is activated by the presence 
of tryptophol and, in turn, enters the nucleus and activates the 
expression of ARO8 and ARO9 genes (12, 26). It is also known 
that high population density expresses production of higher 
amount of 2-phenylethanol and at the same time its biosynthetic 
mechanism overlaps with the nitrogen sensing pathway. Thus, 
the expression of ARO8 and ARO9 strongly depends on the 
ammonium source. the latter is able to repress the filamentous 
growth of Saccharomyces cerevisiae (26). Nevertheless, this 
communication molecule does not seem to affect the elements 
of nitrogen activated protein kinase – protein kinase A (MAPK-
PKA) pathway involved in information transition for nitrogen 
storage in the same microorganism.

Having in mind the importance of 2-phenylethanol for 
the aroma profile of different commercial products and the 
characteristic findings for ARO8 and ARO9 genes in the 
model organism Saccharomyces cerevisiae, a comparative 
investigation of genes involved in the first two stages of the 
2-phenylethanol synthesis of S. cerevisiae and Kluyveromyces 
lactis is shown. Moreover, this investigation was also motivated 
by the phylogenetic distance between the two species, having 
a common ancestor, and the opportunity to look into the 
evolution events of the Ehrlich pathway and their impact on 
the 2-phenylethanol synthesis.
materials and methods
selection of gene sets
Target genes related to the Ehrlich pathway were selected 
through the SGD Pathway tools (http://pathway.yeastgenome.
org) and related publication data (5, 26).

Identification of orthologous genes
Protein sequences of selected genes have been downloaded from 
the site of the Génolevures project (http://www.genolevures.
org) (21). The values of protein identity were downloaded from 
the BLASTp alignment data of the Génolevures database (21) 
and the Yeast Gene Order Browser (YGOB - http://wolfe.gen.
tcd.ie/ygob/) (2). Candidates for orthologous genes of the S. 
cerevisiae set were selected as best identity matches and then 
verified with comparison of the annotation data of each gene.

detection of synteny
The initial set of K. lactis orthologs was verified through 
version 5 of YGOB (http://wolfe.gen.tcd.ie/ygob/) (2). The 
YGOB search tool was launched for each of the S. cerevisiae 
genes with the following parameters: Post WGD species: “S. 
cerevisiae”, Pre WGD species: “K. lactis”, RnA features: 
“On”, Window: “±4”; All searches were executed with 
the Saccharomyces Genome Database (SGD, http://www.
yeastgenome.org) systematic name of the S. cerevisiae gene. 
Only syntenic genes that span through the same chromosomes 
as the genes in the gene pair were considered as valid.

Intracellular localisation
The intracellular localisation of the proteins encoded by the 
orthologous genes in K. lactis were analysed through PSORt 
II Prediction software (http://psort.hgc.jp) (18). the cellular 
targeting data for S. cerevisiae were downloaded from SGD 
(http://www.yeastgenome.org).

results and discussion
aromatic aminotransferases
The ARO8 gene codes for aromatic aminotransferase I 
(Fig. 1). this enzyme catalyses the first step of tryptophan, 
phenylalanine, and tyrosine catabolism (5). ARO8 is situated 
on chromosome VII in S. cerevisiae and its expression is 
regulated by the general control of amino acid biosynthesis 
(13). ARO8 has two orthologous genes in the genome of 
K. lactis – KLLA0A04906g situated on chromosome I and 
KLLA0F10021g on chromosome VI. KLLA0A04906g 
has 40% identity with the protein sequence of ARO8 and 
KLLA0F10021g, 62% (Fig. 2). Both genes are acceptable 
candidates for orthologs but the higher identity as well 
as the conserved synteny (there is a similar position 
of other neighbouring orthologs in both species) make 
KLLA0F10021g a better candidate. As for KLLA0A04906g, 
it could be a duplicated paralogous copy of KLLA0F10021g 
that has emerged in the evolutionary path of K. lactis after the 
separation from the common ancestor and the S. cerevisiae 
linage. The hypothesis is supported by the fact that these genes 
had syntenic orthologs in other species that have not undergone 
whole genome duplication – Kluyveromyces thermotolerans, 
Eremothecium (Ashbya) gossypii, Saccharomyces kluyveri, 
and Kluyveromyces waltii (10). The product of ARO8 in S. 
cerevisiae is localised in the cytosol (11) and from the two 
candidate orthologs PSORt II predicted unambiguous cytosol 
localisation only for the product of KLLA0A04906g (table 1). 
the better ortholog candidate KLLA0F10021g is the only one 
in the set that showed an ambiguous result in the localisation 
prediction different from the annotation in S. cerevisiae – 
extracellular and cell wall localisation, cytoplasmic, and 
nucleic (table 1).

The ARO9 gene codes for another aminotransferase – 
aromatic aminotransferase II (Fig. 1), which also catalyses 
the first step of tryptophan, phenylalanine, and tyrosine 
catabolism. In S. cerevisiae it is localised on chromosome 
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table 1
Comparison of the cellular localisation of S. cerevisiae genes and their K. lactis best orthologs. the localisation of K. lactis 
genes is predicted by the in silico analysis. The percentage of probability of the prediction is indicated when more than one 
possible localisations with difference less than 20% was returned. The values of localisation for S. cerevisiae genes are displayed 
according to the annotation on the SDG website

systematic names in  
the genome of K. lactis

systematic names in  
the genome of s. cerevisiae

orthologue standard 
names

predicted localisation in 
K. lactis

localisation in  
s. cerevisiae

KLLA0A04906g

YGL202W

ARO8 cytoplasm

cytoplasm
KLLA0F10021g ARO8

33.3%: extracellular, 
including cell wall
22.2%: cytoplasm
22.2%: nucleus

KLLA0D11110g YHR137W ARO9 cytoplasm cytoplasm
nucleus

KLLA0E02707g YDR380W ARO10 cytoplasm cytoplasm
KLLA0A01804g YDR421W ARO80 nucleus nucleus

Fig. 1. Schematic representation of the three stages of 2-phenylethanol synthesis and the genes involved in them: (a) Aminotransferase reaction, (b) 
Decarboxylation, (c) Reduction to aromatic alcohol. Standard names of genes coding for the enzymes are shown on the inner side next to each reaction. The 
Génolevures families of the genes involved in each reaction are shown on the outer side (family names start with “GL3”).
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VIII. ARO9 expression is induced when aromatic amino acids 
are present in the growth medium and also in aro8 mutants 
grown on minimal ammonia medium (13). In the genome of 
K. lactis KLLA0D11110g is situated on chromosome IV and 
was identified as an ARO9 ortholog with 44% identity (Fig. 2). 
these genes also had conserved synteny. PSORtII predicted 
the same localisation for the product of KLLA0D11110g as for 
ARO9 in S. cerevisiae (table 1).

Fig. 2. Protein sequence identity of orthologous ARO genes between S. 
cerevisiae and K. lactis. The histograms are grouped by the function of the 
protein encoded by the gene. Columns connected with “◄” denote genes in K. 
lactis that have the same ortholog in S. cerevisiae; “*” denotes genes that do not 
have a conserved synteny in K. lactis according to the YGOB web application. 
Systematic names of K. lactis orthologs are displayed in the columns.

As a whole it seems that the first step in the phenylalanine 
and tryptophan degradation in K. lactis is assured at least by 
one aromatic aminotransferase I encoded by KLLA0F10021g 
because its percentage of identity was close to the mean 
evolutionary distance between the orthologs of these two 
species (6). In addition, it was the most conserved gene in 
the aromatic aminotransferase group and showed a partially 
conserved synteny. The hypothetical paralogous copy of 
ARO8 – KLLA0A04906g, was also found and suggested the 
possibility for production of couple isozymes, functioning 
under different environmental and physiological conditions, 
thus ensuring increased cellular robustness of this yeast 
species. However, further experimental proof of its function 
and regulation mechanisms is recommended as a second 
paralogous copy of ARO8 which lacks in the model strain. 
this finding could predict robustness against deletion (1, 15), 
higher expression, and increased production of 2-phenyethanol 
by analogy with the result from the overexpression of BAT1 
and BAT2 genes leading to increased synthesis of odorous 
compounds (17).

phenylpyruvate decarboxylases
Another ARO gene, ARO10, is also involved in the process 
of regulation of phenylethanol biosynthesis. It represents a 
phenylpyruvate decarboxylase catalysing the decarboxylation 
of phenylpyruvate to phenylacetaldehyde, which is the first 
specific step in the Ehrlich pathway (Fig. 1). Its function is 

coupled with that of the ARO9 gene product, but its product 
catalyses a decarboxylation reaction. The decarboxylation step 
in S. cerevisiae is assured by a more redundant set of genes 
coding for isoenzymes with decarboxylase function – ARO10, 
PDC1, PDC5, PDC6, and tIh3 that is active only in the presence 
of the product of one of the PDC genes (23). this specific 
“burst” of gene paralogs is most probably also a consequence 
of the whole genome duplication event (14) and is not observed 
in K. lactis. Transcript level analysis revealed that among 
the five thiamine-pyrophospate-dependent decarboxylases 
(ARO10, PDC1, PDC5, PDC6, and tIh3), only ARO10 was 
transcriptionally up-regulated when phenylalanine, leucine, or 
methionine was used as a nitrogen source compared to growth 
on ammonia, proline, and asparagines (23). In the genome of S. 
cerevisiae ARO10 is situated on chromosome X. Its ortholog 
in K. lactis, KLLA0E02707g, is situated on chromosome V 
and shows conserved synteny with the neighbouring region of 
ARO10 in S. cerevisiae. The protein sequences of the orthologs 
have 42% identity (Fig. 2) and the cellular localisation for the 
product of KLLA0E02707g predicted by PSORt II is the same 
as that of the ARO10 product (table 1).

transcription factors
The expression of ARO9 and ARO10 in S. cerevisiae is 
regulated by the transcription factor Aro80 (12). Thus the 
expression of ARO80, in turn, is positively regulated by 
tryptophol, which is the end product of tryptophan degradation 
in the Ehrlich pathway. ARO10 is located on chromosome 
IV in the genome of S. cerevisiae. Its ortholog in K. lactis, 
KLLA0A01804g, is on chromosome I and has relatively 
conserved synteny. The identity of their protein sequences 
is 42% (Fig. 2). the prediction of PSORt II for the cellular 
localisation of the protein encoded by KLLA0A01804g is 
coherent with that of the S. cerevisiae product (table 1).

Regarding the lower identity percentage (Fig. 2) and 
the more complicated regulatory relation between ARO9, 
ARO10 and ARO80 orthologs, an experimental proof of their 
function in K. lactis is required. The conserved synteny for the 
orthologs of these genes in K. lactis strongly suggests common 
expression patterns and regulation mechanisms.

conclusions
Prediction, control and profiling of yeast metabolic routes 
responsible for flavour formation is of particular interest. 
Moreover, the availability of the sequence of the Saccharomyces 
genome as well as those of several other ascomycetous yeasts 
in combination with the development of chemical analytical 
technologies with dynamic ranges sensitive enough to detect 
volatile aromatic compounds has generated renewed interest 
in defining the role of yeast in the biosynthesis of different 
aroma and flavour. Genetic differences among aroma-
producing strains are well documented and aroma profiles 
also appear to vary, implying that specific allelic alterations 
may exist and impact the production of compounds associated 
with flavour. In this respect the performed in silico analysis of 
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the transaminases’ gene family represented by ARO8, ARO9 
genes as well as of the decarboxylase coding ARO10 gene 
in fermentative Sacchoromyces cerevisiae and respiratory 
Kluyveromyces lactis strains suggested the same initial steps 
for the biosynthesis of biotechnologically important aroma 
compound 2-phenylethanol. These genes are present in both 
yeasts and are generally conserved. However, some differences 
have appeared. In K. lactis yeasts two putative paralogs of the 
ARO8 gene were detected with different cellular localisation 
(table 1). Thus, on the basis of the already discussed data 
about the branched-chain amino acid transaminase genes, 
the role of gene duplication, as well as the in silico results 
for the second ARO8 gene copy in the genome of K. lactis, 
it could be suggested that there is enhanced expression of 
aromatic aminotransferase I and hence higher production of 
2-phenylethanol. The established differences between the 
ARO genes of S. cerevisiae and K. lactis yeasts constitute 
new promising research fields and applied biotechnological 
implications could be also envisaged.
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