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Abstract—Saccharomyces yeasts have been used for millennia for the production of beer, wine, bread, and other fermented
products. Long-term “unconscious” selection and domestication led to the selection of hundreds of strains with desired
production traits having significant phenotypic and genetic differences from their wild ancestors. This review summarizes
the results of recent research in deciphering the genomes of wine Saccharomyces strains, the use of comparative genomics
methods to study the mechanisms of yeast genome evolution under conditions of artificial selection, and the use of genom-
ic and postgenomic approaches to identify the molecular nature of the important characteristics of commercial wine strains
of Saccharomyces. Succinctly, data concerning metagenomics of microbial communities of grapes and wine and the dynam-
ics of yeast and bacterial flora in the course of winemaking is provided. A separate section is devoted to an overview of the
physiological, genetic, and biochemical features of sherry yeast strains used to produce biologically aged wines. The goal of
the review is to convince the reader of the efficacy of new genomic and postgenomic technologies as tools for developing
strategies for targeted selection and creation of new strains using “classical” and modern techniques for improving wine-

making technology.
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Bread, wine, and beer are some of the oldest prod-
ucts known to man. Their preparation is impossible with-
out the use of Saccharomyces yeast. The history of viticul-
ture and winemaking roots back millennia and is inextri-
cably linked with the history of mankind. The earliest
archaeological evidence of the rise of fermented beverage
production technology based on rice, honey, and fruit was
found in China in antiquity tombs dating back more than
7000 years BC [1]. Chemical analysis data confirming the
beginning of winemaking date back to 5400 BC [2], while
data on the use of yeast in wine fermentation processes in
ancient Egypt date as far back as 3150 BC [3]. From

Abbreviations: ARS, autonomously replicating sequence; CNV,
copy number variation; GCR, gross chromosomal rearrange-
ment; HGT, horizontal gene transfer; Indel, insertion/deletion
polymorphism; LTR, long terminal repeat; MLF, malolactic
fermentation; NGS, next-generation sequencing; ORF, open
reading frame; QTL, quantitative trait loci; SNP, single-
nucleotide polymorphism.
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Egypt and Mesopotamia, fermented beverage production
technology spread to Europe and then further to the New
World [4].

The role of yeast in alcoholic fermentation was
established by Pasteur in 1860 [5]. In the early 1980s,
Emil Christian Hansen of Carlsberg Laboratory isolated
the first pure yeast culture, which was then used as an
inoculum for the fermentation of wine musts.
Surprisingly, this practice began to spread effectively only
in the middle of the twentieth century, and now almost all
commercial wine production in the world is based on the
use of starter cultures. Using carefully selected commer-
cial yeast strains has significantly improved the controll-
ability and reliability of the wine fermentation process,
limited variability in wine microbial composition, and
made a significant contribution into the improvement of
wine quality in recent decades.

The widespread application of yeast in winemaking
and other fields of traditional biotechnology had soon
pushed these microorganisms to the forefront of genetic,
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biochemical, and cell biology research and advanced
studies in the fields of physiology, genomics, and evolu-
tionary biology. Methods of yeast cultivation and genetic
manipulations are simple and convenient. These factors
together with other advantages soon converted yeast into
one of the most popular model eukaryotes.

Elucidation of the genomic sequence of the labora-
tory strain of baker’s yeast Saccharomyces cerevisiae in
1996 became a turning point in genomics, for the first
time opening the opportunity for the global study of the
expression and functioning of the eukaryotic genome [5]
and creating opportunities for further studies in compar-
ative, functional, and evolutionary genomics [6]. The
rapid progress in the development of next-generation
sequencing methods markedly increased the number of
sequenced genomes of natural, industrial, and clinical S.
cerevisiae isolates and greatly expanded our understand-
ing of the diversity, origin, and natural history of S. cere-
visiae and related yeasts.

This review summarizes some recent advances in
sequencing of the genomes of wine yeast strains, the use
of comparative genomics to study the mechanisms of evo-
lution of the yeast genome under artificial selection, and
the application of genomic and post-genomic approaches
to identify the molecular nature of important winemaking
properties of commercial S. cerevisiae wine strains. A sep-
arate section is devoted to the physiological, genetic, and
biochemical features of sherry yeast strains used to pro-
duce biologically aged wines.

PHYLOGENY AND BIOCHEMISTRY
OF S. cerevisiae WINE YEAST

Origin of wine yeast strains. Saccharomyces cerevisiae
wine yeast strains are characterized by a mixed haplo-
diploid life cycle and predominantly vegetative prolifera-
tion mode. Most natural isolates are diploid with signifi-
cant degree of heterozygosity [6]. The frequency of het-
erozygous single-nucleotide polymorphisms (SNPs) is
from 1000 to 18,000 SNP per genome [7, 8], reflecting
frequent crossing and meiosis events under conditions of
artificial selection [9].

Numerous recent studies [10-15] have contributed to
in-depth understanding of S. cerevisiae population struc-
ture and evolutionary history. It was shown that industri-
al S. cerevisiae strains emerged for natural ancestors from
independent “domestication” events [12, 16]. Notably,
the clear majority (95%) of wine strains belong to a single
phylogenetic cluster [12, 15], thus assuming their unique
origin and subsequent population expansion due to
human activity.

Whole-genome analysis of S. cerevisiae isolates from
various geographic areas all over the world has revealed
five major phylogenetic groups differing both in place of
origin and in technological properties (Fig. 1). Many
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strains with mosaic genomes were also identified that
emerged from crossing between strains belonging to these
groups [14]. It is important that stable correlations were
found between strain genotypes and experimentally
determined phenotypic properties.

The genetic studies of yeast within small populations
had shown that their population structure generally
reflects adaptation to different ecological niches. Wine
yeast strains constitute a separate phylogenetic group
having low variability [13, 14].

Genotyping data obtained with microsatellite mark-
ers suggests Mesopotamian origin of European wine
strains [12, 17] and their subsequent migration to Europe
via the Mediterranean Sea or the Danube, together with
grape varieties [17].

The center for the origin and diversity of .S. cerevisiae
might be primeval forests in China, as indicated by the
analysis of a large sample of data on isolates from geo-
graphically and ecologically different habitats [11].

Biochemical peculiarities of wine yeast strains. The
process of wine fermentation is accompanied by various
types of stress — osmotic stress, resulting from high con-
centrations of sugar, stress related to acidification of the
medium, high sulfite content, anaerobic conditions,
insufficient sources of nitrogen, lipids, and vitamins, high
ethanol concentrations, and temperature fluctuations.
Good wine strains should be resistant to the combined
action of these abiotic factors in all the major phases of
wine fermentation (Fig. 2) and possess several other
important technological characteristics (Table 1).

Extremely important for wine sensory and organolep-
tic properties is the content of numerous fermentation
byproducts, among which are glycerol, carboxylic acids,
aldehydes, higher alcohols, esters and sulfides, etc., formed
during the degradation of grape sugars, amino acids, fatty
acids, terpenes, and thiols, which is also largely dependent
on the peculiarities of the strains used [18, 19].

The outcome of fermentation depends on many fac-
tors — in particular, the content and the quality of the
grape must. Essentially these are sugars (glucose and fruc-
tose in equimolar high concentrations of 180-300 g/liter),
organic acids (tartaric and malic), inorganic cations
(potassium), nitrogen compounds, and lipids (phyto-
sterols). Since fructose metabolism is subject to glucose
repression, at farther stages of fermentation the relative
fructose content can reach significant values. Wine yeasts
must ferment these sugars in conditions of long starvation
periods and in the presence of high ethanol concentra-
tions. The ability of wine strains to ferment fructose effi-
ciently is critical to maintaining a high rate of fermenta-
tion at advanced stages of alcohol formation.

Nitrogen is another essential nutrient influencing the
fermentation rate and volatile matter content. The nitro-
gen content in the musts is limited, while the lack of
nitrogen is the most common cause of slow or arrested
fermentations [20]. Ammonium ions, amino acids,
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Fig. 1. Yeast phylogenomics. Phylogenetic tree of S. cerevisiae isolates from different geographical regions and ecological niches. The “pure”
non-mosaic lineages are outlined in gray. Geographical origin: white circles — Europe, gray circles — America, gray diamonds — Asia, black
diamonds — Africa. Strain origin: (w) — natural (wild) isolate, (c) — clinical isolate (conditional pathogen), (b) — baking, (L) — laboratory,
(F) — fermentative (wine, beer, ethanol). Reproduced with modifications from [14].
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Fig. 2. Main phases of wine fermentation. Evolution of the main
fermentation parameters during winemaking on synthetic medium
containing 200 g/liter glucose/fructose and 330 mg/liter assimila-
ble nitrogen, with the commercial wine strain EC1118. Curves: /)
nitrogen (mg/liter); 2) fermentation rate, dCO,/dt (g/liter per h);
3) sugars (g/liter); 4) cell number (10° cells/ml); 5) ethanol
(g/liter); L, lag phase; G, growth phase; S, stationary phase. Left
ordinate axis is for curve 2, right ordinate axis is for curves 1, 3, 4,
5. Reproduced with modifications from [20].

oligopeptides, proteins, amides, biogenic amines, and
nucleic acids can all be nitrogen sources for yeast. It is
widely accepted that fermentation of 200 g/liter of sugar
requires 140 mg/liter of nitrogen sources [20].

Many other components of the grape must (lipids,
vitamins, various inhibitors) affect the yeast viability and
metabolism. However, the major stress factor and “selec-
tive property” of wine yeast is their resistance to high
ethanol concentrations.

GENOMICS OF . cerevisiae WINE STRAINS

Already in the “pre-genomic” period, it became
clear that natural and industrial yeast strains possess
extensive genetic variability leading to significant differ-
ences in their properties compared to the reference strain
S288C. Evolutionary constraints that were involuntarily
imposed on §. cerevisiae genome during domestication
led to selection of a huge number of yeast strains with
highly specialized phenotypes optimally suited to specif-
ic applications [12]. The number of yeast strains with
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Table 1. Properties of wine yeast strains

Fermentation characteristics

fast start of fermentation

high effectiveness of fermentation
high resistance to ethanol

high osmosis resistance

low temperature optimum

moderate biomass output

Effects on aroma and taste

low output of sulfide and thiols
low production of volatile acids
low output of higher alcohols
ability to free glycosidic bonds
high glycerol production
ability for autolysis

moderate esterase activity

Technological characteristics

genetic stability

high resistance to sulfite
low foam formation
flocculation ability
compact sediment
resistance to drying
proteolytic activity

low nitrogen requirement

Other metabolic properties

low production of biogenic amines

low production of ethylcarbamate

deciphered complete genomes sequenced during the 20
years since the first published sequence of strain S288C
have reached several hundreds, and 237 complete
sequences of various . cerevisiae isolates are deposited at
GenBank. The progress of these studies is due to the
recent revolution in the next-generation sequencing
methods. Yeast are well suited for these tasks. Their
genomes are relatively small (7-12 Mb) and contain
small numbers of repeats. Thus, they are ideal targets for
high throughput next-generation sequencing (NGS)
(Table 2).

Mechanisms of yeast genome variability. The results
of genome sequencing of wine and other yeast strains
confirmed the “pre-genomic” data concerning their sig-
nificant genetic heterogeneity, the presence of multiple
single-nucleotide polymorphisms (SNPs), insertion/
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deletion polymorphisms (Indels), gross chromosomal
rearrangements, and copy number variations (CNVs) [12,
21] compared to the reference genome, variations in open
reading frame (ORF) size and gene sets [22], and pres-
ence of multiple strain-specific ORFs.

Comparison of genomic sequences of 100 natural,
clinical, and industrial isolates with the genome of strain
S288C had shown that mean SNP frequency is 78,140 per
genome, Indel frequency is 7840, and 566 ORFs have sig-
nificant size variations.

The degree of nucleotide sequence variation of wine
yeast genomes determined for 236 strains appeared to be
significantly lower, indicating that these strains represent a
highly inbred population. However, wine yeast genomes
contain tall types of chromosomal polymorphisms as well as
traces of introgression and horizontal gene transfer (HGT)
[23-26] with obvious adaptive significance (see below).

Translocations and amplifications. The main source
of gross chromosomal rearrangements (GCRs) in yeast is
the ectopic recombination between Ty-elements and
other repeats [27]. The most frequent targets for deletions
and amplifications are the subtelomeric genes, genes
encoding ion, sugar, and metal transporters, transcription
and translation factors, and various adhesion proteins.
These observations confirm the high plasticity of the sub-
telomeric regions and their important role as sources of
variation for rapid adaptation of wine yeast to changing
external conditions [7, 8].

The high GCR frequency in wine strains may be
related to mutagenic effects of high ethanol concentra-
tions, but the adaptive significance of these variations is
not clear.

A well-documented example of chromosomal
rearrangement with an adaptive advantage is the wide-
spread among wine yeast reciprocal translocation between
chromosomes VIII and XVI. This translocation generated
a dominant allele of the sulfite pump, SSUI-R1, which is

Table 2. Basic properties of S. cerevisiae genome*

Nuclear genome size, bp 12,071,326
Mitochondrial genome size, bp 85,779
Total open reading frames (ORFs) 6,604
ORFs with experimentally verified functions 5,152
Small nuclear RNA genes 77
tRNA genes, total 299
Mobile elements 50
Isolated LTRs 383
Autonomously replicating sequences (ARSs) 352
Telomeres 32
Centromeres 16

* Reference strain S288C from the Saccharomyces genome database
(July 23, 2016).
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expressed at much higher levels than SSUI [29] and con-
fers a high level of sulfite resistance [29, 30]. Another
translocation, between chromosomes XV and XVI, was
recently identified in several wine strains, also leading to
increased SSUI gene expression [31]. These translocations
have only been observed in wine yeasts and occur with
high frequency, conferring selective advantage by shorten-
ing the growth lag phase in media containing sulfite. Thus,
the long-lasting practice of using sulfites [32] likely caused
an evolutionary bottleneck favoring convergent evolution-
ary rearrangements that confer a growth advantage to
strains carrying the SSU1 recombinant forms.

Acquisition of resistance to CuSO, is another possi-
bly domestication-related trait. Copper sulfate is widely
used as a fungicide to protect grape yards from powdery
mildew [33]. Copper-resistant European and Sake line-
ages possess a copy number variation (CNV) of CUPI
encoding a copper-binding metallothionein [33, 34].

Another means of enhancing CUPI gene expression,
observed in the EC1118 strain, is related to CUPI pro-
moter variation [35].

Recent genome-wide studies have provided insights
into structural variation, revealing the existence of many
CNVs in wine yeasts that correspond to genes encoding
transporters or dehydrogenases or genes involved in drug
response perhaps having adaptive roles [8, 33, 36].

Gene loss and inactivation. The aquaporin water
transporters (AQYs) are critical for surviving freeze—thaw
stress by preventing intracellular shearing due to water
crystallization [37]. On the other hand, loss of AQY func-
tion is beneficial for utilization of high-sugar substrates by
overcoming the effect of high osmolarity. Laboratory and
industrial strains as well as several vineyard isolates are
known to harbor nonfunctional alleles of AQY2 or AQY]
[38, 39]. Mutational inactivation of these paralogs has
occurred many times [40].

Horizontal gene transfer. Comparative genomics
methods have unexpectedly revealed significant contribu-
tion of HGT to the genome landscape of wine yeasts. The
genome of the EC1118 strain was shown to contain three
large chromosomal segments — A, B, and C — acquired
through independent HGT events from distant yeast
species [7]. Region B originated from Zygosaccharomyces
bailii, a major contaminant of wine fermentations [7, 41].
Multiple copy insertions and different arrangements of
region B have been identified in various wine strains [8,
41]. Recent HGT from Torulaspora microellipsoides yeast
was the source of region C [42].

Thirty-nine genes annotated within these three seg-
ments encode functions potentially important for wine-
making, being related to nitrogen and sugar metabolism
[7]. Some of the region C genes were characterized in
more detail. The high-affinity fructose/H* symporter
encoded by FSYI may help to utilize abundant fructose at
the end of wine fermentation [43]. The XDH1 gene is
necessary for xylose utilization [44]. Tandemly duplicated
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FOT1-2 genes encode oligopeptide transporters, and their
adaptive role was experimentally demonstrated [45].
Strains with increased Fot-protein expression provide for
the transport of a larger set of oligopeptides, including
those rich in glutamate, leading to the increase in growth,
fermentation, and survival rates under winemaking con-
ditions [42]. Moreover, Fot-mediated peptide transport
significantly affected central carbon and nitrogen meta-
bolic pathways, amino acid and peptide synthesis, oxida-
tive stress response, and redox metabolism. Altogether,
this led to decrease in acetic acid production and increase
in ester formation, positively affecting organoleptic bal-
ance of wine. The ability to use various di- and tripeptides
varies significantly among various strains, and the pres-
ence of FOT genes is an important contribution to this
phenotypic variability.

In addition to FOT genes, several genes present in
new regions acquired by wine yeasts have putative func-
tions associated with nitrogen metabolism, including
asparaginase, oxoprolinase, an ammonium transporter,
and allantoate transporter transcription factors associated
with the biosynthesis enzymes involved in lysine and pro-
line utilization [7, 46].

Introgression. Several regions of introgression from
S. paradoxus, S. uvarum, and S. eubayanus strains have
been identified in S. cerevisiae wine yeasts. An extended
S. paradoxus genome segment transferred to commercial
wine yeast strains includes the SUC2 gene for invertase
and the glucan-a-1,4-glucosidase gene, which is impor-
tant for production of white wines [47]. The introgressed
region also contains the AWAI gene, present in . cere-
visiae sake strains but absent from S288C, encoding a
putative GPI-anchored protein localized to the cell wall
and conferring hydrophobicity to the cell surface.

A recent study was devoted to experimental verifica-
tion of evolutionary advantages of interspecies hybridiza-
tion. An experimental S. cerevisiae x S. uvarum hybrid was
obtained and subjected to artificial selection under nitrogen
starvation conditions. The authors [48] selected a strain
with a modified chimeric MEP2 gene encoding a high-
affinity ammonium permease. This translocation occurred
by introgression of a small fragment of the S. uvarum
genome into chromosome XIV of S. cerevisiae [48].

Interspecific hybrids. Interspecific hybrids of
Saccharomyces are widely used in both brewing and wine-
making. Lager yeasts, S. pastorianus (S. cerevisiae x S.
eubayanus), are the most famous example [54]. Some
commercial wine strains are also hybrids and polyploids —
VINT7 (S. cerevisiae x S. kudriavzevii [57]), S6U (S. cere-
visiae x S. uvarum [53, 541), EP2 (S. cerevisiae x S. kudri-
avzevii [55]), and NT50 (S. cerevisiae x S. kudriavzevii
[51, 55]).

Under wine fermentation conditions, hybrids may
have certain advantages, including higher tolerance to
various kinds of stress [56]. For example, S. kudriavzevii
and S. bayanus are better adapted to growth at lower tem-
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peratures, while S. cerevisiae is more resistant to ethanol.
Natural hybrids of these strains are better adapted to grow
under temperature and ethanol stress conditions, having
benefitted from the competitive advantages of each of the
parents [57]. Such hybrids can be quite valuable in white
wine production, where reduced fermentation tempera-
ture is used to prevent the loss of aromatic compounds.

The genetic characteristics of hybrids can also direct-
ly affect the organoleptic characteristics of wine. Hybrids
of S. cerevisiae x S. kudriavzevii have been described that
are characterized by increased production of esters and
higher alcohols during fermentation of musts from certain
grape varieties [58, 59]. Under wine fermentation condi-
tions, such hybrids produce more thiol-4-mercapto-4-
methylpentandione — an aromatic compound with a
strong fruity aroma [60]. The frequent occurrence of such
hybrids may result from their adaptive advantages,
although we cannot exclude that stress conditions them-
selves stimulate the hybridization processes [61].

Genetic instability of hybrids results in considerable
variability in their chromosome sets and other chromoso-
mal rearrangements and modifications [52, 56, 62].
Molecular analysis of 24 natural hybrids of S. cerevisiae x
S. kudriavzevii revealed significant variations in their
ploidy (from 2n to 4n) and in the S. kudriavzevii genetic
material content [63].

As repeatedly cited, the genomes of 212 sequenced
wine strains have been analyzed for the presence of genet-
ic material from other strains of the Saccharomyces sensu
stricto clade [15].

In general, the contribution of sequences of strains
other than S. cerevisiae has been rather insignificant.
However, 17 strains possess extensive arecas (more than
10% of a single chromosome) that was transferred from S.
paradoxus, S. uvarum, S. eubayanus, S. mikitae, or S.
kudriavzevii genomes. However, 12 out of these 17 strains
contain a practically complete second genome. Five
hybrids were obtained under laboratory conditions from
rare occurrences of crosses between wine strains and
other strains of non-Saccharomyces to create new indus-
trial lines [64, 65]. Other strains were distinguished by
highly variable degree of polyploidy. For example, the
NT50 strain contained the tetraploid genome of S. cere-
visiae and one copy of chromosome 13 of S. kudriavzevii.
The S6U and WLP862 strains contain a significant share
of the genetic material from three different species.

MICROBIAL ECOLOGY OF WINE

Before the widespread introduction of starter cul-
tures of Saccharomyces, wine production was based on
spontaneous fermentation by microorganisms naturally
present on the surface of the grapes, harvesting and wine-
making equipment, etc. A detailed picture of the micro-
bial community of wine has become available only
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recently, thanks to the introduction of modern methods
of metagenomic analysis. It was found that wine must and
wine form a complex ecosystem, mainly represented by
yeast, bacteria, and filamentous fungi [66]. Intermicro-
bial interaction starts on the surface of grape berries and
continues in wineries as the process of alcoholic fermen-
tation by yeasts and malolactic fermentation by lactic
acid bacteria.

According to literature data, 93 different yeast
species have been detected on the surface of 49 grape vari-
eties grown in 22 countries [67].

At least 15 of these yeast species are involved in the
winemaking process. Kloeckera and Hanseniaspora are
most widely represented on the surface of grapes (up to
50% of the microflora) [68]. Other yeasts inhabiting the
surface of the grapes, such as C. stellata, C. pulcherrima,
B. intermedius, B. lambicus, B. custeri, Cryptococcus,
Kluyveromyces spp., Metschnikowia spp., P. membranae-
faciens, and H. anomalae [66] are also involved in the
process of winemaking.

The bacterial community of grapes is comprised of
more than 50 species belonging mainly to the firmicutes
and proteobacteria. The firmicutes are represented by
gram-positive families of Lactobacillaceae and Leucono-
stocaceae related to industrial strains of Bacillaceae and
Enterococcaceae lactic acid bacteria [69].

The ratio between the yeast and bacterial microflora
and Saccharomyces and non-Saccharomyces yeasts
depends on biotic and abiotic factors, and it is important
for the chemical and sensory changes that occur in the fer-
mentation process and affect the quality of the produced
wine. The presence of filamentous fungi from the genera
Aspergillus and Penicillium and grape pathogens (oidium,
gray mold) is undesirable as they can produce mycotoxins
and compounds with unpleasant odor and taste [70].

At the beginning of the fermentation process, the
wine must microflora is represented mainly by the natu-
rally occurring species that are characterized by low
resistance to ethanol, such as Hanseniaspora/Kloeckera,
Hansenula, Metschnikowia, Candida, and some strains of
S. cerevisiae [71]. At the end of the fermentation process,
the composition of the wine microflora changes dramati-
cally — the ethanol sensitive yeasts, bacteria, and fungi are
almost completely displaced by S. cerevisiae. The key role
in this process is played by such adaptive advantages of
Saccharomyces as high speed of fermentation, alcohol
endurance, anaerobic growth properties, etc. One of the
most remarkable characteristics of S. cerevisiae, impor-
tant from the point of view of understanding their evolu-
tion and ecology as well as for practical winemaking, is
their ability for alcoholic fermentation under aerobic
conditions (Crabtree effect).

For “Crabtree-positive” yeast species, the ability to
effectively catabolize the previously accumulated ethanol
underlies the adaptive strategy of “make-accumulate-
consume” (MAC) [72]. In line with the MAC strategy,
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the yeasts first rapidly ferment the sugars with the release
of ethanol, thus suppressing the growth of other species.
Then, after the expulsion of competitors from the given
ecological niche, the accumulated ethanol is used by
ethanol-resistant yeast as a carbon source [73]. It is
believed that the biochemical mechanisms underlying the
Crabtree effect emerged in the evolutionary history of
Saccharomyces about 125-150 million years ago as a result
of ancestral genome-duplication [74]; their formation has
paralleled the evolution of angiosperms and the appear-
ance of their fruit that is juicy and rich in easily fer-
mentable sugars (125 million years ago). Duplication
resulted in increased copy number of the genes responsi-
ble for glucose transport and catabolism, improved the
efficiency of anaerobic energy metabolism, and allowed
division of ethanol production and consumption func-
tions facilitated by two isoforms of alcohol dehydrogenas-
es [75]. Another important factor for the emergence of
the MAC strategy was genome-wide genetic effect,
apparently, engaged global change in respiratory metabo-
lism gene transcription regulation mechanisms due to the
loss of cis-regulatory elements [74].

Some yeast strains can secrete protein toxins charac-
terized by lethal effect on sensitive strains [76]. These
killer strains, or “killers”, are widespread not only among
S. cerevisiae, but also among Pichia, Kluyveromyces,
Candida, and other yeast genera. There are also neutral
strains unable to secrete their own toxins, but resistant to
the toxins of other strains. The “killer” phenomenon has
a double effect on winemaking. The presence of a killer
factor in the starter cultures can contribute to the sup-
pression of endogenous yeast flora to ensure a more stable
fermentation process and prevent contamination with
“spoiler” yeast species (e.g. Brettanomyces). On the other
hand, “killers” of foreign yeast species may prevent full
fermentation by killing or inhibiting the starter or
endogenous cultures. There are occasional reports on
negative impact of killer strains on the fermentation
process, but in general, this impact is rather insignificant.
The impact might result from relatively high incidence of
“neutral” strains among the endogenous and the starter
winemaking microflora, and inactivation of the killer fac-
tor in winemaking conditions under the influence of tan-
nins, ethanol, sulfite, etc. [23].

The molecular nature of the “killer” and “neutrali-
ty” phenomena in yeasts is diverse and not fully under-
stood. Several useful reviews can be recommended for
more detailed acquaintance with the results of the latest
research in this field [77, 78].

MECHANISMS CONTROLLING
WINE FERMENTATION

In addition to comparative genomics methods, vari-
ous “omics” approaches (transcriptomics, proteomics,
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metabolomics, functional genomics, etc.) may be used
efficiently for identification of biochemical mechanisms
controlling important winemaking properties — ethanol
production, nitrogen uptake, residual sugar content,
volatile acids content, ability to produce aroma com-
pounds, etc. The “top-down” approach is exemplified by
quantitative trait loci (QTL) mapping. The “bottom-up”
strategy is related to high-throughput screening of yeast
strain knockout collections. Such collections are not
developed for wine yeast yet, but some parameters of wine
fermentation can be modeled using laboratory strains. The
degree and rate of wine fermentation can be controlled by
epigenetic mechanisms that are modulated by bacterial
chemical signalization. More detailed description of
applied approaches and their results is provided below.

Quantitative trait loci (QTL). Winemaking properties
of yeasts are complex and quantitative in nature, as con-
vincingly shown recently during comparison of 72 strains
of varying origin under experimental winemaking condi-
tions [79]. QTL mapping is performed by crossing of phe-
notypically distant species and searching for statistically
significant associations between phenotypes and genetic
markers in hybrid progeny [80]. Knowledge of genomic
sequence then allows narrowing QTL regions to separate
genes and separate polymorphisms of these genes. Several
yeast QTL, for instance degree of heat shock resistance,
telomere length, and efficiency of DNA repair were
mapped using this approach [33, 81].

To search for QTL specific for winemaking, special
tester strains and many hybrids were created that, togeth-
er with the development of methods for high-throughput
screening, revealed more than 80 loci important for wine-
making [82].

A recent study [83] applied of this approach to iden-
tifying the polymorphism of separate genes controlling
important winemaking properties — production of malic,
acetic, and succinic acids and characteristics of ethanol,
glycerol, residual sugar content, and nitrogen assimila-
tion. The genetic analysis enabled identification of 18
QTL, some of which had pleiotropic effects. Further
analysis revealed specific polymorphic sites in genes
responsible for transport of sugars, mitochondrial respira-
tion, and nitrogen metabolism that were key to determin-
ing observed phenotypic variation in winemaking proper-
ties.

A polymorphic variant of the ALD6 gene promoter
provided five-fold increase in the level of aldehyde dehy-
drogenase expression and acetic acid production.
Alterations in a conserved region of Hap4 transcription
factor and linked Mbrl ORF reduced the level of respira-
tory gene expression and increased the concentration of
residual sugars, and more complex epistatic interrelations
were observed between the FLXT and MDH?2 genes con-
trolling succinic acid levels.

Screening of a knockout gene collection. Recently, for
identification of genes important for efficient wine fer-
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mentation, an approach based on high-throughput
screening of a yeast deletion mutant collection was
described [84]. The authors used a collection of 5100
knockout mutants of the laboratory strain S. cerevisiae
BY4741 developed during the “functional yeast genome
analysis project”. Cells were grown under conditions of
microfermentation in 96-well plates on media that mim-
icked wine must in nitrogen and glucose content. Strains
with defects in fermentation rate were selected (slow or
“arrested” fermentation) and subjected to additional tests
under conditions of experimental winemaking. Even
though laboratory strain BY4741 is phenotypically distant
from wine strains, the developed strategy identified a
group of 93 genes forming a “fermentome”, i.e. coding
proteins important for fast and complete fermentation.

Analysis of “fermentome” gene function in gene
ontology terms showed that their products are involved in
adaptation and response to different stress conditions,
regulation of autophagy, signaling pathways to carbon
source availability, cation transport, etc. Nine mutants
with complete fermentation arrest were inactivated in
diverse genes involved in trehalose synthesis, ion and pH
homeostasis, and other functions (Table 3). However, all
these genes were united by the earlier proven role in com-
bined resistance to different types of stresses — ethanol,
osmotic, cold and heat-shock, desiccation, strong media
acidification, etc.

Eighteen “fermentome” genes were related to vac-
uolar function (components of vacuolar H*-ATPase
complex and other proteins). Vacuoles are important for
many cellular processes, such as proteolysis and protein
recycling, calcium and phosphorus homeostasis, detoxifi-
cation of heavy metal ions, osmoregulation, amino acid
storage, and membrane protein transport. It is not sur-
prising that inactivation of these functions, especially of
the V-ATPase as the main ion transporter between the
vacuole and cytoplasm, calamitously affects the resist-
ance of yeast strains to stressful winemaking conditions.

Epigenetic control of fermentation -efficiency.
Sluggish or arrested fermentations are widespread wine-
making problems, leading to wine spoilage, oxidation,
and contamination with extraneous microflora. With this
outcome, yeasts go into “latent state”, fermentation
retardation results in reduction of ethanol concentration,
and increase in residual sugar forms conditions for micro-
bial spoilage. The main reasons for arrested fermenta-
tions include nitrogen shortage, inappropriate tempera-
ture regimen, and low-quality raw materials with excess
sugar content [85].

However, recently yet another mechanism leading to
arrested fermentation was identified; it relates to epige-
netic regulation of glucose repression in yeast and its
modulation under the control of a specific chemical sig-
naling system between yeast and bacterial cells [86, 87].
The basis of this effect is the ability to overcome glucose
repression of genes responsible for utilization of non-fer-
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mented carbon sources under the control of an unusual
epigenetic mechanism. The authors explain this mecha-
nism by the existence of a nonamyloid form of a yeast
prion named as [GAR+] (resistant to Glucose-
Associated Repression) [86]. Formation of this prion is
mediated by interaction between the plasma membrane
ATPase Pmal with Std1 transcription factor and Hsp70
heat shock protein. An important consequence of
[GAR+] induction is a 40-fold decrease in transcription
of high capacity sugar transporter HXT3, leading to
reduction in ethanol fermentation [86]. The adaptive role
of [GAR+] as a mechanism enabling yeast to simultane-
ously utilize a broad range of carbon sources was proved
by its widespread occurrence in natural and wine S. cere-
visiae strains, as well as phylogenetically distant represen-
tatives of other yeast clades [88]. For winemaking prac-
tice, another aspect of [GAR+] formation is important,
the mediating symbiotic relations between yeast and bac-
teria inhabiting a particular ecological niche. It was
shown that bacteria from phylogenetically diverse species
can generate a yet unidentified chemical signal that sig-
nificantly enhances the frequency of [GAR+] formation
in neighboring yeast cells [87].

Of course, [GAR+] strains cannot use the “MAC”
strategy, but due to enlargement of their metabolic reper-
toire they can survive longer during growth on mixed car-
bon substrates. The benefits for bacteria are obvious — the
concentration of deleterious ethanol is reduced and the
concentration of easily accessible sugars is increased.

How should one tackle these effects in winemaking
practice? One way to reduce [GAR+] induction frequen-
cy by microbes is just to add sulfite to inhibit bacterial
growth [89]. Other ways to control bacterial contamina-
tion of wine must to detect strains capable of [GAR+]
induction is use of starter strains with low frequency of
[GAR+] induction. Such strains may be created through
transgenesis establishing a “species” barrier for [GAR+]
induction through expression of heterologous Pmal and
Std1 from related yeast species [86].

Transcriptome analysis. Advances in yeast genomics
have created the premises for intensive use of microchips
and RNAseq technology for analysis of gene expression in
yeast.

In one of the first studies, significant alterations in
the expression of more than 2000 genes were detected
during adaption of wine yeast strain EC118 to changing
physiological and biochemical conditions of wine fer-
mentation. Genes involved in many metabolic and sig-
naling pathways underwent strictly coordinated regula-
tion, including genes associated with wine fermentation,
genes involved in nitrogen catabolism, and others [90,
91]. Under conditions of low-temperature fermentation,
genes important to improve wine quality (cold shock
genes) involved in cell cycle progression and cell prolifer-
ation are upregulated. These and other transcriptional
changes correlated with increased cell viability, improved
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Table 3. Key “fermentome” genes
Gene Protein Function Role in wine fermentation
TPS1 trehalose-6-phosphate synthase biosynthesis of tre- protection against oxidative and ethanol stress, pre-
(YBR126C) halose, a “storage dis- vention of lipid oxidation and protein carbonyla-
accharide” and chemi- | tion, stabilization of cellular membranes, mito-
TPS2 trehalose-6-phosphate phosphatase | cal chaperone chondria, and glycolytic enzymes function
(YDRO74W)
SIN3 component of Rpd3L complex histone-deacetylase, protection against combined action of different
(YOL004W) | regulating transcription of heat- pleiotropic positive types of stress, regulation of expression of oxidative
shock genes and negative regulatory | phosphorylation genes
effects
ZAPI transcription factor induction and repres- protection against oxidative and ethanol stress —
(YGR285C) sion of Zn-dependent inhibition of sulfite oxidation, upregulation of
genes NADPH levels, peroxiredoxin and glutathione
regeneration, cell wall and phospholipid synthesis,
substance storage in vacuole
SS01 hsp70-like mitochondrial chaperon | assembly of Fe-S clus- | prevention of surplus mitochondrial iron transfer,
(YLR369W) ters in proteins (aconi- | protection against oxidative stress
tase, mitochondrial
DNA repair proteins)
PLCI phospholipase C synthesis of inositol signal transduction in Gprlp—Gpa2p GPCR sys-
(YPL268W) 1,4,5 triphosphate tem, coupling of nitrogen and carbon-source regu-
(IP3) and 1,2 diacyl- lation, activation of protein kinase C-dependent
glycerol (DAG) MAP-kinase cascade, adaptation to osmotic shock
conditions and cell wall damage
TRK1 high affinity potassium transporter | ion homeostasis resistance to high glucose and low pH
(YJL129C)
PTK2 serine-threonine protein kinase glucose activation of regulation of ion transport through plasma
(YJRO59W) H*-ATPase membrane, maintenance of pH homeostasis
in cytosol
GPR1 G-protein coupled receptor sensor for nutrient together with GPA2 (G-protein) regulates fast
(YDLO035C) availability adaptation to high glucose concentration through
activation of cAMP-PKA signal transduction
pathway
SLM4 component of the vacuolar mem- microautophagy induc- | blocks fermentation arrest due to activation of
(YBR0O77C) | brane EGO—GSE complex tion through TORC1 TORC1-dependent processes for amino acid
complex activation in uptake, early glycolytic steps;
response to leucine and | microautophagy induction, enocytosis of damaged
glutamine availability Gaplp amino acid permease molecules

ethanol tolerance, and increased production of short
chain fatty acids and esters [92]. Significant interstrain
differences in the expression patterns of about 30% of
genes responsible for aroma formation were detected in
three yeast strains during wine fermentation at normal
(28°C) and low (12°C) temperatures. Notably, altered
expression was observed for many genes important for
winemaking, those encoding proteins of amino acid
transport and metabolism, acyl acetyltransferases, decar-
boxylases, aldehyde dehydrogenases, and alcohol dehy-
drogenases [93]. This and many other studies, in particu-
lar for the analysis of gene expression in wine yeast strains
depending on the availability of nitrogen sources [94, 95],

clearly show that variations in gene expression are closely
associated with phenotypic variation of wine strains.

The most significant changes in wine yeast transcrip-
tome occur during the transition to the stationary phase
[96]. Thus, 223 genes dramatically induced at different
stages of fermentation have been allocated to a specific
group of “fermentation stress response (FSR)” genes
[91], and more than 60% of these genes are novel, with
previously undescribed functions.

Thus, in-depth understanding of the global dynamics
of gene expression in wine yeast strains seems to be crucial
for establishing the functions of previously uncharacter-
ized yeast genes, for improving the technology of wine
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fermentation, and for finding target genes for subsequent
strain improvement programs.

Metabolic engineering of wine yeast. Saccharomyces
yeasts are easily subjected to various genetic manipula-
tions, and many genetic engineering techniques devel-
oped for laboratory yeast strains can be used to modify the
genome of wine strains to improve their winemaking
characteristics.

These characteristics include genetic stability, high
efficiency of fermentation, sulfite and ethanol tolerance,
high osmotolerance, resistance to drying, high level of
glycerol production, low level of ethyl carbamate produc-
tion, etc. [23].

Examples of successful application of genetic engi-
neering approaches to create superior wine yeast strains
are numerous.

Thus, through constitutive overexpression of the
GPDI and FPSI genes encoding glycerol-3-phosphate
dehydrogenase and glycerol channel, respectively, it was
possible to increase 2-4-fold the production level of
extracellular glycerol in the recombinant wine yeast
strains [97]. Increasing the glycerol to ethanol ratio is
important for the production of low alcohol wines and to
improve the “body” of the wine [98].

The speed of fermentation of Palomino grape by
wine yeast strains can be substantially improved through
the expression of the FSY1 gene encoding fructose trans-
porter, which leads to a significant decrease in the amount
of residual sugar in the must [99].

The transgenic VIN 13 wine yeast strain that improves
the flavor of Sauvignon wines was constructed by constitu-
tive expression of the gene encoding FE. coli carbon sul-
furylase [100]. Two transgenic yeast strains are approved
for use in USA, Canada, and Moldova. The MLO1 strain
is capable of malolactic fermentation (MLF), which usu-
ally takes place under the action of the lactic acid bacteri-
um QOenococcus oeni. These bacteria are quite whimsical,
and therefore the effectiveness of MLF is quite variable,
thus affecting wine quality. The MLO1 strain contains two
foreign genes — the mael gene encoding malate trans-
porter from Schizosaccharomyces pombe and the O. oeni
mleA gene encoding the MLF enzyme [101].

Strain 522 was created to reduce the risk of ethylcar-
bamate formation, which is a potential carcinogen. The
strain contains the DURI,2 genes for carbamate metabol-
ic enzyme under the control of the strong constitutive
PGK1 gene promoter [102], does not contain foreign
DNA (only yeast genes), and thus is not subject to regu-
lations and restrictions typical for transgenic strains (it is
considered a “cis-genic” strain).

Despite the obvious benefits of genetically modified
(GM) yeast strains in winemaking, they are not wide-
spread and are generally rejected by the international
community [110]. This is largely due to the peculiarities
of existing legislation on the use of genetically modified
organisms (GMOs) in food in different countries.
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BIOLOGY AND BIOTECHNOLOGY
OF SHERRY YEAST

Sherry is a wine produced under a film of sherry
yeasts cultivated on the surface of dry wine, fortified to a
strength of 16.5% vol. in vessels filled not to their full
capacity, or by the bottom fermentation method [105].
Due to the prolonged biological aging, this wine acquires
unique bouquet and taste. Techniques for biological aging
of sherry wine are traditional for several European coun-
tries (Hungary, France, Spain, and Italy) and are used to
produce world-famous brands like yellow wines from the
Jura Region (France), Vernaccia di Oristano (Sardinia,
Italy), dry Tokay (Hungary), different types of Jerez
(Spain and, in particular the “Sherry triangle”) [106].
Methods of producing biologically aged wines differ from
country to country. In Sardinia, at the end of fermenta-
tion the wine is placed into oak and chestnut butts com-
pleted up to 9/10 of the volume, where biological aging
takes place under a layer of sherry yeasts, followed by
oxidative aging. In France (Jura Region), the wine fer-
mentation is first carried out in separate tanks, after
which the wine undergoes biological aging that involves
yeast starter cultures. In Spain, a different technology is
used, the one that combines the “sobretablas” and “sol-
eras” systems. Sobretablas is the first phase that compris-
es must fermentation in 500-600-liter oak barrels to pro-
duce a young wine, which is then fortified to 15-16%
alcohol. In the second phase the oak butts are used, which
are stacked on top of each other to form what is known as
a scale and contain wine at different fermentation stages
aged under a film of sherry yeast. The bottom row is
called the “solera” and contains the oldest wine. Above
the “solera” row the 1st, 2nd, and 3rd criaderas are placed
containing successively younger wines. The wine for sale
is taken from the “solera” row, and it is replaced with an
equal volume of wine from the row above (1/3 of the total
volume). This occurs successively up through the rows
until the turn comes to the young wine at the top row
[106].

Thus, wines are mixed to guarantee a final product
with consistent organoleptic properties within a certain
row. Reserve sherry wines are some of the most precious,
and the cost of one bottle can amount to tens of thou-
sands of dollars.

In Russia and then in the USSR, work on microbiol-
ogy of sherry wines was started in 1909 by A. M. Frolov-
Bagreev and was continued by N. E Saenko at the
Magarach enochemical laboratory. The sherry yeasts were
selected based on their tolerance to alcohol and intensity
of aldehyde production, which produced strains that
quickly form a film on the wine at 16.5% vol. alcohol. In
his experiments, N. E Saenko also identified the opti-
mum concentrations of ethanol, sulfite, iron, residual
sugar, and temperature and pH values that are important
for sherry fermentation and formation of a stable flor
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film. By combining selected races of yeasts with optimal
winemaking techniques, an accelerated technology of
producing biologically aged sherry wines was developed at
the “Magarach” Research Institute of Viticulture and
Winemaking (Yalta). From this point on, local races of
sherry yeasts characterized by high tolerance to alcohol
and high biochemical activity have been isolated in vari-
ous wine regions of the former Soviet Union (Armenia,
Uzbekistan, and Dagestan) and used in the production of
local sherry-like wines.

Technological peculiarities of biological aging. Wine
fermentation and biological aging are two fundamentally
different processes that occur in a different biochemical
environment using strains with different biochemical and
physiological characteristics.

First, the location of the sherry and wine yeast cells
in the vessel with wine material is different. In the process
of wine fermentation, the yeasts are spread evenly
throughout the whole volume, as a suspension, while dur-
ing biological aging of the wine the yeast cells form mul-
ticellular aggregates that rise to the surface of the wine to
form a biofilm (vellum, flor). This biofilm can form both
immediately after the end of the fermentation and at sub-
sequent stages.

To grow, the yeasts require carbon and nitrogen
sources, microelements and vitamins, in which the wine
must is rich, containing high concentrations of glucose
and fructose (from 150 to 260 g/liter) and sufficient con-
centrations of nitrogenous substances (from 50 up to
400 mg/liter).

During biological aging, glucose and fructose are
almost completely absent and are replaced by ethanol and
byproducts — glycerol, organic acids, higher alcohols,
and their acetates. Ethanol concentrations reach 16%,
and those of glycerol come up to 6-10 g/liter.

Deficient glucose and fructose levels in the presence
of oxygen cause switching of sherry yeast metabolism
from fermentative to oxidative (diauxic growth) using
nonfermentable carbon sources [107].

Sufficient content of nitrogen sources is important
not only to support the growth and metabolism of the
yeast, but also as a factor determining the completeness
and the speed of the fermentation [108]. During biological
aging, proline becomes the main source of nitrogen [124].

Aerobic growth on available carbon and nitrogen
sources results in significant changes in the overall com-
position of the wine and its organoleptic properties. One
of the main reactions of biological aging of wine is oxida-
tion of ethanol to acetaldehyde occurring under the influ-
ence of alcohol dehydrogenase.

For the development of characteristic sherry flavor,
the acetaldehyde content should be at the level of 200-
350 mg/dm’. During biological aging, its content may
amount to 1000 mg/dm?, while the amount of acetyls,
diethylacetal in particular, can come up to 50-
60 mg/dm®. The influence of acetaldehyde is mainly
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manifested in the appearance of fruity notes in the aroma
of the wine materials.

During aging, the content of glycerol, volatile acids
(especially acetate), malic acid, and amino acids in sher-
ry wines goes significantly down (from 9-7 to 3-2 g/dm?).
At the same time, under the sherry flor film some organ-
ic acids (oxalic, fumaric, glycolic, glutaric, etc.) are pro-
duced, which were not present in the original wine mate-
rial.

In the process of sherry yeast oxidative metabolism,
the major flavor-building substances are produced
including: aliphatic acetals (1,1-diethoxyethane); cyclic
acetals (dioxanes and dioxolanes), which are formed from
glycerol and acetaldehyde; ketones (diacetyl and acetoin)
that enrich the sherry aroma with milky cheese shades
[111].

Special attention is paid to research on ketones of
the furan series, sotolon, which is responsible for the
manifestation of nutty range in the aroma and flavor of
the wine. Research data [112] showed that sotolon is
formed by aldol condensation between acetaldehyde and
a-oxobutyric acid by threonine degradation. It is thought
that this process can take place only under the influence
of sherry yeasts. Lactones are other components specific
for sherry obtained under a film of yeast.

Genetic diversity and origin of sherry yeast. The yeast
used to produce biologically aged wines (wines aged
under a film of yeast known as flor) should be alcohol-tol-
erant and able to proliferate quickly to form a film on the
surface of wine with an alcohol content of 16.5% vol.
They should also be able to actively oxidize ethanol to
aldehydes and acetals under conditions of low pH and
high sulfite content. Unlike other film yeasts (non-
Saccharomyces), these yeasts cannot spoil wine by deep
oxidation of alcohols to water and carbon dioxide. The
high alcohol content in wine ensures the purity of fer-
mentation, inhibiting the development of acetic acid bac-
teria and foreign yeast species.

Thus, stringent conditions of biological aging are an
important factor for the genetic selection of the sherry
yeast that forms them into different groups.

The film yeasts isolated from the flor on the surface
of sherry wines have long been considered specific S.
cerevisiae races due to their unique physiology; however,
until recently we had no idea about the extent of their
relationship with each other.

The first attempt to classify sherry yeasts based on
their ability to ferment various sugars (galactose, dex-
trose, lactose, maltose, melibiose, raffinose, sucrose) led
to the isolation of four races: Saccharomyces cerevisiae
var. beticus, Saccharomyces cerevisiae var. cheresiensis,
Saccharomyces cerevisiae var. montuliensis, and
Saccharomyces cerevisiae var. rouxii [113]. These strains
were also found among the flor yeast from the Jura
Region [114]. Subsequent studies revealed that, despite
the high degree of mtDNA polymorphism, all Spanish
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sherry yeast are characterized by a 24-bp deletion in the
ITS1 region, suggesting their close phylogenetic kinship
[115]. French yeasts have a different ITS1 allele [114].

The variability of the sherry yeast mtDNA pattern
and significant aneuploidy of certain strain groups is
believed to be a consequence of the mutagenic effect of
high ethanol and acetaldehyde concentrations [116, 117].

Genotyping of sherry yeasts from different geograph-
ical regions using microsatellite markers has revealed that,
oddly enough, most of their representatives from Spain,
Italy, France, and Hungary belong to the same genetic
group [118], which breaks easily into subclusters specific
for strains of each country. Some of the strains of the Jura
group differ in the size of the coding sequence of the
FLO1I1 gene and the presence of a 111-bp deletion in the
promoter. The strains from the Jura Region with this dele-
tion form a thicker, more solid film; the film produced by
strains with an extended FLO11 ORF and promoter of the
“wild-type” is thinner [118]. Interestingly, some of the
Hungarian strains are heterozygous for this deletion.
Suggesting a common origin of the sherry strains and their
migration within Europe, the phylogeny data thus illus-
trate their evolutionary success in adaptation to an ecolog-
ical niche mediated by the presence of certain genetic
characteristics (FLO11 polymorphism, etc.).

Mechanisms of film formation and physiology of sher-
ry yeast. The ability to float on the surface of the wine and
form a velum is a key property of flor yeast, tightly linked
to a high cell surface hydrophobicity and, in turn, with
specific cell wall mannoprotein content and lipid content
modification [134]. A classical genetic analysis conclud-
ed that the FLO11 gene is key for velum formation [121],
and its role in yeast biofilm formation has since been con-
firmed by other studies [122-124]. FLO11 encodes one of
the yeast surface adhesins and is a GPI-anchored protein
with extended central part rich in Ser and Thr residues.
Deletion of FLO11 prevents velum formation, but not all
S. cerevisiae strains that possess the gene can sherry wine
production. Comparisons of the FLOI11 gene sequence
have revealed numerous differences in promoter and cod-
ing regions [118, 124, 125].

Some flor yeast strains contain a specific 111-bp
deletion in the FLO11 gene promoter [124], as well as
other deletions and rearrangements. The 111-bp deletion
was shown later to be responsible for inactivation of ICR1
ncRNA coded by the (—) strand of the FLO11 gene pro-
moter, stimulating in this way Flol1p synthesis [126].
Variation in the FLOI1 coding sequence size (from 3 to
6 kb) is determined mainly by the number of repeats
within the central domain. Initially, it was shown that flor
strains encode extended Flol1p variants with enhanced
hydrophobicity. However, subsequent studies showed that
the central domain of Flo11 is unstable under nonselec-
tive conditions, and that other repeats and direct FLO1]
expression level are also important for film formation
[127].
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Mechanisms of FLO11 gene regulation are extreme-
ly complex. The FLO11 promoter is one of the longest in
the yeast genome, containing cis-elements for four known
positive regulators and nine negative ones [128]. The
majority of these regulatory elements are targets for the
MAPK-dependent kinase pathway, the cCAMP dependent
cascade, and the Gcndp-dependent pathway [129].
Regulation of FLO11 is also controlled by pH-dependent
pathways and chromatin remodeling complexes [130].
The scheme presented in Fig. 3 of course is not intended
to clarify how all these numerous factors interact
(detailed description is beyond current review), but to
show the complex network and interplay of different
pathways and mechanisms controlled by more than 50
genes involved in FLO11 regulation.

Another important yet insufficiently studied factor
affecting sherry wine aging is the degree of Flo11p glyco-
sylation. Velum formation is lost in mutants with Flo11p
glycosylation defects [131].

Other genes besides FLOI11, e.g. HSP12 and NRG1
[132, 133] also contribute to velum formation. HSPI12
deletion mutants loose film-forming capability, while
mutants deleted in the Nrgl C-terminal domain activate
this process [133]. Film formation is indirectly affected by
Btn2 protein that encodes one of the components of
intracellular protein sorting [134].

A distinct role in film formation was ascribed to
Ccw7/Pir2/Hsp150 cell wall glycoprotein. The size of this
protein varies between sherry (87 kDa) and lab (117 kDa)
strains [135] due to deletion of distinct repeat-containing
motifs. Besides flotation capability, ethanol and acetalde-
hyde resistance are other important properties of flor
yeast. Resistance to ethanol and acetaldehyde stress is
mediated to a large extent by heat-shock proteins —
Hspl12, Hsp82, Hsp104, Hsp26 [136]. It is important to
note differential expression of aldehyde dehydrogenases
(ALD2/3, ALD4, ALD6) in wine and flor yeast [137]. In
flor yeast, levels of these enzymes are higher, providing
their ability to use ethanol as the main carbon source.
Resistance to enhanced aldehyde levels is determined by
general mechanisms mediated by the Msn2/4 and Hsfl
transcription factors [137].

Aerobic ethanol oxidation leads to increased ROS
generation in mitochondria, potentially leading to
enhanced mtDNA damage [116]. To protect from this
stress, flor yeasts have elaborated an efficient antioxidant
system based also on elevated expression of SOD1 super-
oxide dismutase [138]. Forced overexpression of antioxi-
dant genes (HSP12, SOD1, SOD?2) in sherry yeast leads to
several positive effects — it accelerates film formation,
elevates intracellular glutathione concentration, reduces
peroxy lipid concentration, enhances survival, etc., clear-
ly showing the importance of antioxidant defense for
physiological and winemaking properties [139].

Genomics, proteomics, metabolomics of sherry yeast.
Comparative genome hybridization (CGH) was the first
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Fig. 3. Levels of FLO11 promoter regulation. Complex character of FLO1 regulation under the control of molecular genetic and epigenetic
mechanisms. Arrows indicate positive regulation and inhibition is shown by bars. Different stimuli and corresponding signaling pathways tar-
geting FLO11 are indicated at the top (IAA — indole acetic acid; ? — unknown pathway). Light-gray squares — signal transduction pathway,
black ovals — kinases involved in regulatory cascades, black pentagons — chromatin-remodeling complexes. Transcription factors targeting the
FLO11 promoter are shown in gray ovals. The input of the different transcription factors is only shown schematically and does not correspond
to the positions of known binding sites. Regulatory ncRNA and mRNA affecting FLO11 expression are shown as dashed and waved lines.

Reproduced with modifications from [128].

instrument applied for understanding the mechanisms of
adaptation of wine and sherry yeast to specific winemak-
ing environments [131]. CGH is very precise in CNV
detection. Initial karyotype data obtained with pulsed-
field electrophoresis assumed a high level of aneuploidy
for flor yeasts. However, subsequent studies showed that
they are true diploids. The CGH data for six strains con-
firmed this observation. Extended amplified or deleted
regions compared to reference S288C strain were not
found [118]. Moderate gene loss was detected in sub-
telomeric regions, and only three genes — FRE2, MCH?2,
and YKL222C — were subjected to amplification [118].
MCH?2 codes for monocarboxylic acid transporter and is
important for yeast survival at the second stage of ethanol
fermentation [141]. The role of another two genes is not
clear. It is obvious that in-depth analysis of genetic fea-
tures of sherry yeast requires application of novel methods
of whole-genome sequencing, and postgenomic methods
(transcriptomics, proteomics, etc.) should be fruitful.

In recent years, proteomics and metabolomics have
been applied to the study of flor yeast metabolism and
their responses to environmental conditions. Proteome
analysis of mitochondrion-localized proteins of flor yeast
strains [142] has revealed groups of differentially
expressed proteins involved in carbohydrate oxidative
metabolism, biofilm formation, apoptosis, and responses

to stresses typical of biological aging, e.g. ethanol,
acetaldehyde, and reactive oxygen species. In addition,
proteins associated with nonfermentable carbon uptake,
glyoxylate, and the TCA cycle, cellular respiration, and
inositol metabolism are more expressed in yeast growing
under biofilms than under fermentative conditions [143].
For example, the level of Inolp, which participates in
inositol biosynthesis, was five-fold elevated under biofilm
conditions. The presence of proteins involved in cell wall
biosynthesis and protein glycosylation, which are impor-
tant for cell—cell adhesion and hence for biofilm forma-
tion, was also reported in this study.

Through the combination of proteomics and innova-
tive metabolomics techniques that were aimed at quanti-
fying minor volatile compounds under exhaustively con-
trolled biofilm conditions, 33 proteins were shown to be
directly involved in the metabolism of glycerol, ethanol,
and 17 aroma compounds [144].

Production of specific aroma compounds has an
important impact on organoleptic properties of sherry
wines. Biological wine aging is accompanied by acetalde-
hyde accumulation and reduction of volatile acid and
glycerol content [145-148]. Among 35 aroma compounds
quantified [147], acetaldehyde, 1,1-diethoxyethane, 2,3-
butanediol, isoamyl alcohols, ethyl and isoamyl acetates,
butanoic acid, 2,3-methylbutanoic acids, and 4-butyro-
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lactone were defined as the most active odorant com-
pounds. The concentrations of all these compounds
showed significant variation after biological aging com-
pared to control non-aerated wine material [146, 149].

These data were confirmed and extended in a study
devoted to effects of periodic aeration on the content of
acetaldehyde and its derivatives, higher alcohols, their
acetic acid esters [147]. In contrast, the acids of 4, 5, and
6 carbon atoms showed lower concentrations in aged
wines, and levels close to zero were obtained for 2-
butanol, various lactones, 3-ethoxy-1-propanol, and
neral.

The link between intracellular proteins and metabo-
lites excreted by yeast that are strongly related to sensori-
al properties constitutes new and useful information for
development of future fermentative winemaking tech-
nologies.

Dynamics of wine microflora in the production of
sherry. The microflora dynamics during biological aging
of wine is determined by the peculiarities of its different
stages. The indigenous microflora present on grapes is
reduced to just a few yeast species present in the compo-
sition of the sherry film by increasing the alcohol content,
reducing the pH level, and adding sulfur. However, the
indigenous microflora has a significant impact on the
final organoleptic characteristics of wine. The effect of
this flora is ambiguous — on one hand, the presence of
Pichia yeast strains is undesirable because they produce
ethyl acetate, and strains from the genera Hanseniaspora
and Kloeckera have been found to produce high, undesir-
able levels of acetate, acetaldehyde, and acetoin. On the
other hand, these strains can synthesize various enzymes —
proteases, lipases, esterases, and pectinases having favor-
able effect on wine aroma. Other species from the genera
Kluyveromyces, Torulaspora, and Saccharomyces have a
significant influence on the final aroma of wine due to
their ability to convert monoterpene alcohols during fer-
mentation [52].

The ratio between different races of sherry yeasts
along with lactic acid bacteria in the composition of the
flor films on the surface of sherry musts produced in
Spain, France, Italy, and Hungary is quite different and
largely determines the difference in wine organoleptic
characteristics. In-depth understanding of the impact of
the presence of certain yeast species on the final
organoleptic characteristics of the wine will help create
mixed starter cultures of yeasts of a certain composition
that would yield wine with desired characteristics of bou-
quet and aroma [46].

The rapid progress in yeast genomics have provided
deep insights into the population structure and evolution-
ary history of Saccharomyces. The provided evidence of
yeast strain adaptation showed that wine yeast use various
genetic mechanisms to adapt to winemaking environ-
ments. Expansion of the dataset of sequenced strains
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form wine niches and other anthropic environments pro-
vides better understanding of the evolutionary history of
Saccharomyces and relative contribution of different
mechanisms of genome plasticity. The availability of a
higher number of genome sequences might facilitate the
identification of allelic variants and other divergent
regions responsible for winemaking properties. For exam-
ple, flor and wine strains belonging to closely related
groups with contrasting lifestyles might constitute a rele-
vant model to identify divergent regions that might
explain the adaptation to these niches. New important
insights concerning the origin of cellular functions at the
basis of yeast strain response and adaptation to winemak-
ing environments were obtained using genetic, proteom-
ic, transcriptomic approaches.

Thus, the use of modern genomic and postgenomic
instruments has significantly enhanced our knowledge
about the nature of molecular differences underpinning
the phenotypic diversity of wine strains, interrelation
between molecular genetic data, and specific industrial
characteristics. Without doubt, these achievements will
promote the development of novel strategies for targeted
selection and creation of novel strains using classical and
modern approaches for improvement of winemaking
conditions.
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