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ABSTRACT

The brewing industry is experiencing a period of change and experimentation largely driven by customer demand for
product diversity. This has coincided with a greater appreciation of the role of yeast in determining the character of beer
and the widespread availability of powerful tools for yeast research. Genome analysis in particular has helped clarify the
processes leading to domestication of brewing yeast and has identified domestication signatures that may be exploited for
further yeast development. The functional properties of non-conventional yeast (both Saccharomyces and non-
Saccharomyces) are being assessed with a view to creating beers with new flavours as well as producing flavoursome
non-alcoholic beers. The discovery of the psychrotolerant S. eubayanus has stimulated research on de novo S. cerevisiae × S.
eubayanus hybrids for low-temperature lager brewing and has led to renewed interest in the functional importance of
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hybrid organisms and the mechanisms that determine hybrid genome function and stability. The greater diversity of yeast
that can be applied in brewing, along with an improved understanding of yeasts’ evolutionary history and biology, is
expected to have a significant and direct impact on the brewing industry, with potential for improved brewing efficiency,
product diversity and, above all, customer satisfaction.
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INTRODUCTION

Saccharomyces cerevisiae may be considered the perfect model of
a model organism. Its short replication time, simple cultivation,
sporulation efficiency, rare pathogenicity and small genome size
(6000 genes) havemade it an ideal research organism and placed
it at the forefront of many scientific advances. The species has
been used to study medicine (Mager and Winderickx 2005), evo-
lution (Voordeckers and Verstrepen 2015) and population ge-
nomics (Liti et al. 2009). Engineered strains are also being used in
the production of pharmaceuticals and other important chem-
icals (Borodina and Nielsen 2014). The S. cerevisiae curriculum
vitae includes an impressive list of firsts: first eukaryotic organ-
ism to have its genome sequenced (Goffeau et al. 1996), first ge-
netically modified organism (GMO) approved for a food applica-
tion (Aldhous 1990), and first synthetic eukaryotic chromosome
(Annaluru et al. 2014). The species is also on its way to being
the first eukaryote to have its genome recreated synthetically
(Richardson et al. 2017).

In themidst of such credentials, it is easy to overlook the pri-
mary biotechnological function of S. cerevisiae and its close rel-
atives: food and beverage production. Products resulting from
yeast metabolic activity include not only bread and fermented
beverages like beer and wine but also chocolate, coffee and var-
ious other foods (Avallone et al. 2001; Ardhana and Fleet 2003;
Batista et al. 2015). These products would not exist, or would
exist in an inferior form, without yeasts being involved in the
production process. It must also be pointed out that S. cere-
visiae would not enjoy its elevated status as a model organ-
ism if not for its primary role in food production. Pasteur and
his contemporaries in the 19th century significantly advanced
our understanding of microbiology, fermentation and biochem-
istry through their studies of yeasts (Barnett and Lichtenthaler
2001). However, the initial impetus for such research was more
prosaic: how to prevent the spoilage of wine and beer (Pasteur
1866, 1876). Indeed, for some time many fundamental scientific
breakthroughs were made in the course of applied research on
industrial yeasts. The brewing industry, in particular, was an
early supporter and benefactor of such research. Important ad-
vances in yeast taxonomy, biochemistry and genetics, as well
as in the development of practical techniques, such as prepara-
tion of single-cell cultures, were made in brewery laboratories
(Barnett and Lichtenthaler 2001). Given the brewing industry’s
enthusiasm for yeast research, it is perhaps surprising to note
that most yeast strains currently used in the production of beer
have not undergone any form of intentional development to im-
prove their performance. Strains that possess superior proper-
ties likely acquired them in the preceding centuries as they were
domesticated.

The brewing industry is a traditional one, and despite indus-
trialisation and modernisation, the process of producing beer is
not fundamentally different to that practised prior to industrial-
isation. The retention of particular strains to produce particular
beers is one aspect of this respect for traditional brewing prac-
tises. The industry has also had to be sensitive to the wishes of
consumers, especially with regard to the use of GMO. The pub-

lic’s scepticism regarding GMO use in food is complex and re-
lated to a number of factors, including mistrust of big business,
fear of possible health implications, and perception of GMO as
being unnatural (Lusk, Roosen and Bieberstein 2014). Since beer
is a natural product, many consumers feel less comfortable with
the application of GM technology in brewing than in the produc-
tion of other processed foods (Tenbült et al. 2008). Despite con-
siderable optimism in the early years, and real potential for im-
provement of fermentation efficiency and product quality, GM
yeasts have never been used in commercial brewing (Boulton
2015), though they have been used in the wine industry in the
US following approval (Volschenk et al. 2004).

However, in the age of accessible and affordable genome
analysis, we now have a greater insight into brewing yeast bi-
ology and evolution than at any time in the past. New tools
have provided us with an improved understanding of the bio-
logical processes occurring in brewing yeasts and during brew-
ery fermentation, enabling researchers and developers to make
improvements without compromising the ‘natural’ state of the
yeasts. Such approaches include the selection of appropriate
brewing strains; the use of alternative yeasts, including non-
Saccharomyces yeasts; the generation of new intra- and inter-
species hybrids; and harnessing the adaptability of genomes to
maximise pre-existing traits. Such approaches are expected to
offer real benefits to both the brewer and the customer in the fu-
ture through improved resource efficiency and greater product
diversity. We provide here an overview of recent brewing yeast
developments and the technologies that have facilitated these
advances.

ALE YEAST GENOME ANALYSIS AS A TOOL TO
AID SELECTION AND DEVELOPMENT

Ale and lager yeasts, also known as the top-fermenting and
bottom-fermenting yeasts, respectively, are the two main types
of brewing yeasts used. Ale yeasts give rise to diverse beers
but, in spite of the differences of the final product, most ale-
brewing strains belong to Saccharomyces cerevisiae. Lager yeasts
are assigned to S. pastorianus and are allopolyploid hybrids of
S. cerevisiae and S. eubayanus (Dunn and Sherlock 2008; Nakao
et al. 2009; Libkind et al. 2011). Given that lager yeasts are re-
sponsible for more than 90% of the beer produced worldwide,
much more attention has been given to them. Until recently, lit-
tle was known about the phylogenetic relationships of the ale
yeast strains used to ferment different types of beers, as well as
their relationships with non-brewing strains of S. cerevisiae.

A first indication that wine and ale beer strains were genet-
ically distinct was provided by microsatellite markers (Legras
et al. 2007). Using complete genome sequences, Gallone et al.
(2016) and Gonçalves et al. (2016) investigated a comprehensive
collection of ale-type beer yeasts and showed that they were
fundamentally distinct from other industrially relevant strains
of S. cerevisiae. Ale-type strains were grouped in a main clus-
ter that included various types of German, British, Belgian and
American beers. However, beer strainswere also found to cluster
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in the wine, bread and sake clades, as well as in an independent
clade sister to the wine clade. Those studies also showed that
beer yeasts have a high incidence of polyploidy and aneuploidy
and, probably as a consequence of this, limited or no sporula-
tion ability. Genome analyses and large-scale phenotyping of
industry-specific traits revealed domestication signatures of ale-
brewing yeasts. For example, ale-type strains show a signifi-
cantly greater capacity to metabolise maltotriose (Gallone et al.
2016). Another characteristic that appears to have been selected
during brewing yeast domestication is for reduced production of
phenolic off flavours (POF). Population genomics showed the ac-
quisition of distinct inactivating mutations through convergent
evolution during domestication (Gallone et al. 2016; Gonçalves
et al. 2016), giving rise to the POF-negative phenotype. Since,
POFs are desired flavour components for some beer styles, such
as the Bavarianwheat beers and some Belgian beers, strains that
ferment these beer types have functional PAD1 and FDC1 genes,
which represents the ancestral state seen in wild strains and
other industrial lineages, such as wine yeasts (Gonçalves et al.
2016).

Marker-assisted breeding is a strategy of molecularly track-
ing genes known to control traits. The organisms themselves
are not GM; instead, molecular methods are merely used to help
breeders predict which progeny will have desired traits. Breed-
ers can then limit the resources for detailed phenotypic charac-
terisations to strains already known to contain desired genetic
variants. This strategy is frequently used in crop and livestock
breeding, and Gallone et al. (2016) recently demonstrated that
it is possible to efficiently select superior segregants from in-
traspecific hybrids in large-scale yeast breeding schemes.

ALTERNATIVE YEAST FOR ALTERNATIVE
BEERS

Saccharomyces eubayanus

Saccharomyces eubayanus, the latest addition to the genus Sac-
charomyces, was originally found in South America, Argentina
(Libkind et al. 2011). Since then, there have been a number of
isolations elsewhere, including North America (Peris et al. 2014,
2016), East Asia (Bing et al. 2014) andNewZealand (Gayevskiy and
Goddard 2016) but, interestingly, not yet from Europe. So far, five
genetic populations have been detected, two in South America
(Peris et al. 2014, 2016) and three in Asia, in Tibet, Sichuan and
western China (Bing et al. 2014), although the latter have enough
genetic differences to be potentially considered a subspecies or
a different variety. Interestingly, one population from the Ti-
betan plateau and a few strains from USA show the closest ge-
netic similarity to the S. eubayanus portion of S. pastorianus (with
ca. 99.8% sequence similarity based on comparative genomics)
(Peris et al. 2016). However, no known extant strain seems to be
the direct ancestor of lager-brewing yeasts. Given that no natural
populations of S. eubayanus have been detected hitherto in Eu-
rope, it has been suggested that the non-S. cerevisiae subgenome
of lager yeast is of Asian origin (Bing et al. 2014). However, ge-
nomic studies have shed new light on this issue, suggesting that
a primary dispersal from South America into the Holarctic may
be more likely based on the relative diversities of the Holarc-
tic and one of the two Patagonian subpopulations and the con-
finement of a signature of recent demographic expansion to the
Tibetan subpopulation (Peris et al. 2016). A yet-undiscovered Eu-
ropean population of S. eubayanus is likely to exist andwas prob-
ably involved in the original hybridisation event (or events) that
gave rise to the lager yeast. Ongoing efforts to reveal S. eubayanus

distribution and occurrence in Patagonia (Argentina and Chile)
have yielded over 200 isolates sorted in at least five local lin-
eages, and the region is characterised by the highest (by 10-fold)
natural occurrence of this yeast when compared to other geo-
graphic areas (unpublished results).

The discovery of S. eubayanus, the non-S. cerevisiae parent
of the lager-brewing yeasts, occurred at a time when there ex-
isted in the beer market a growing demand for innovative prod-
ucts and a need to deliver to the customer more complex, or
at least different, beer flavours. Thus, almost immediately af-
ter the strains of S. eubayanus became available, studies aimed
at elucidating their brewing potential were initiated. The brew-
ing properties of S. eubayanus have been so far only studied in
the type strain of the species. For example, Gibson et al. (2013)
found it to outperform most lager strains when cultured at low
temperatures (10◦C) in 2% glucose or maltose laboratory me-
dia. Similarly, Walther, Hesselbart and Wendland (2014) showed
that, even in synthetic media at 20◦, S. eubayanus was still com-
petitive with respect to growth rates when compared to sev-
eral brewing strains. In line with the psychrotolerant nature of
S. eubayanus, its performance in lab conditions significantly di-
minished when it was grown at temperatures ≥25◦C (Walther,
Hesselbart and Wendland 2014; Mertens et al. 2015). In brew-
ing wort, regardless of the fermenting temperature, S. eubayanus
performed poorly, producing less ethanol than lager strains
(Gibson et al. 2013; Krogerus et al. 2015; Mertens et al. 2015).

Sugar uptake is one of the major bottlenecks limiting the ap-
plication of S. eubayanus to beer production; specifically, it is un-
able to ferment maltotriose (Gibson et al. 2013; Krogerus et al.
2015). Maltotriose uptake is a common and desirable trait of
most lager yeasts because it is one of the major carbon sources
inwort (Hough et al. 1982). The origin ofmaltotriose transporters
in S. pastorianus is, however, still not clear.MAL11/AGT1 has been
proposed to encode the transporter responsible for maltotriose
uptake in S. cerevisiae, although in S. pastorianus, these genes
are not functional (Vidgren, Ruohonen and Londesborough 2005;
Vidgren and Londesborough 2012; Cousseau et al. 2013). This ob-
servation led to the belief that the lager-AGT1 (SbAGT1 or SeAGT1
in some references) and MTT1/MTY1 were transmitted to the
hybrid genome by the psychrotolerant parent. Both genes have
higher similarity to genes from S. cerevisiae than from the S.
eubayanus-type strain, although not high enough to allow for
definitive conclusions (Baker et al. 2015). MTT1 has already been
found in distiller’s and ale yeast and will likely be found to be
of S. cerevisiae origin (Vidgren et al. 2010; Magalhães et al. 2016),
while fragmentary sequences representing relatively close hits
to lager-AGT1 can be found in short reads deposited from a Ti-
betan and North American isolate of S. eubayanus (Bing et al.
2014; Hebly et al. 2015; Peris et al. 2016).

With regard to flavour production, S. eubayanus is charac-
terised by a relatively modest production of acetate and ethyl
esters and higher concentrations of fusel alcohols (Mertens et al.
2015), the latter of which are often described as having alcoholic
and solvent-like aromas and, when present in high concen-
trations, are generally considered unpleasant in beer (Harrison
1970; Meilgaard 1982). Additionally, sensorial analysis of beers
from S. eubayanus fermentations shows that they are charac-
terised by the presence of strong sulphur-like flavours (Mertens
et al. 2015), which normally reduce with maturation (lagering).
Maybe the most characteristic flavour associated to S. eubayanus
beers is the clove-like and/or smoky flavour derivedmostly from
4-vinyl-guaiacol (4VG) (Mertens et al. 2015), occurring as a result
of the decarboxylation of wort ferulic acid (Vanbeneden et al.
2008). Unlike most brewing strains, S. eubayanus has retained
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functional forms of the FDC1 and PAD1 genes responsible for this
conversion (Baker et al. 2015; Gallone et al. 2016; Gonçalves et al.
2016).

There are no studies yet on the mechanisms behind cold tol-
erance in S. eubayanus; however, this feature is likely to be gov-
erned by similar mechanisms as in other cold tolerant Saccha-
romyces species. In S. uvarum, groups of genes associated with
cell wall mannoproteins, ribosomal stalk, translation elonga-
tion factors, and glycolysis underwent ‘accelerated’ evolution
relative to S. cerevisiae (Gonçalves et al. 2011). In S. kudriavzevii,
genes associated with glycerol and acetaldehyde metabolism
were found to be involved in cold tolerance of this species, as
well as a more efficient protein translation (Paget, Schwartz and
Delneri 2014; Garcı́a-Rı́os, Querol and Guillamón 2016). These
findings also hold to some extent for cold-adapted S. cerevisiae
strains (Salvadó et al. 2016). Although the mechanisms for yeast
tolerance to cold are still poorly understood, cold fermentation
is the main feature that determines the sensorial properties of
lager beer (Gibson and Liti 2015) and thus warrants further in-
vestigation.

Despite the weaker performance of S. eubayanus in wort fer-
mentations, it does possess many traits advantageous for lager
brewing, such as low-temperature growth (down to 4◦C), ef-
ficient maltose use and production of desirable aroma com-
pounds, which can be exploited for brewing innovation or can
also be inherited when novel hybrids are created (Gibson et al.
2013; Hebly et al. 2015; Krogerus et al. 2015, 2016; Mertens et al.
2015). The first commercial product exclusively brewed with S.
eubayanus has been recently released by Heineken in several
countries. A strain collected close to San Carlos de Bariloche,
Patagonia, Argentina (Libkind et al. 2011) was employed to brew
a limited edition beer, the style of which has been referred as to
‘wild lager’.

The brewing potential of othermembers of the Saccharomyces
genus has yet to be explored. It may be that these species have
limited ability to tolerate the stresses imposed during brewery
fermentation or an inability to use wort sugars. Alternatively,
the absence of certain species may be due to their geographi-
cal separation from traditional brewing areas. The discovery that
S. eubayanus has the ability to ferment brewer’s wort sets an in-
teresting precedent, and it is likely that reports on the brewing
potential of all members of the genus will soon be available.
It is likely that these species, most of which have not under-
gone domestication, will possess traits similar to S. eubayanus,
such as POF production and limited ability to utilise maltotriose.
The Saccharomyces genus as a whole has received relatively little
scientific attention compared to S. cerevisiae. This deficiency is
likely to be redressed in the future with the growing realisation
of its significance as a model genus (Hittinger 2013).

Non-Saccharomyces yeasts in brewing

Unlike the wine industry, which values product variability aris-
ing from vintage, terroir and other factors, the brewing industry
has traditionally placed a greater emphasis on consistency and
stability. This is deemed essential for brand image and customer
loyalty. Critical in this regard is brewery hygiene and the use
of specific, pure starter cultures for fermentation. With few ex-
ceptions, non-Saccharomyces yeasts in beer fermentations have
been seen as detrimental to the brewing process due to as-
sociated problems related to beer turbidity, filterability, viscos-
ity, POF, sourness and other flavour profile changes (Campbell
1996). However, attitudes in the industry may be changing,
principally due to changing consumer tastes (Kellershohn and

Russell 2015). Increasing demand for traditional beer styles,
alternative flavours and low-alcohol beers has stimulated re-
search into the potential benefits of alternative yeasts (Saerens
and Swiegers 2014b).

Volatile aroma compounds, in particular higher alcohols and
esters, have a direct influence on beer quality. These compounds
produced by yeasts during fermentation impart characteristic
fruit and floral flavours to beer, and different aroma profiles can
define particular beer styles and brands. The aromatic complex-
ity of alcoholic beverages produced by spontaneous fermenta-
tion has been attributed to the presence of various yeast species,
all of which may contribute to the final flavour profile. The
functional potential of species belonging to the Candida, Hanse-
niaspora, Issatchenkia, Kazachstania, Lachancea, Pichia, Schizosac-
charomyces, Torulaspora,Wickerhamomyces,Williopsis and Zygosac-
charomyces genera, as well as Saccharomyces species other than
S. cerevisiae has been demonstrated for wine (Jolly, Varela and
Pretorius 2014; Pérez-Torrado, Barrio andQuerol 2017; Varela and
Borneman 2017). Individual species often produce high concen-
trations of particular flavour compounds, enabling them to add
specific flavours to the product. Kluyveromyces marxianus, for ex-
ample, produces relatively high levels of the rose-like flavours
phenylethanol and 2-phenylethyl acetate (Carlquist et al. 2015).
Other species, such asHanseniaspora spp. and Brettanomyces spp.,
which are often found as contaminants in the brewing system,
also produce high concentrations of these compounds (Fabre
et al. 1995; Moreira et al. 2005; Garavaglia et al. 2007). Controlled
use of these yeasts during wort fermentation may be a viable
optionwhen specific target flavours are required. Torulaspora del-
brueckii, another common contaminant in the brewing environ-
ment has, for example, been shown to be capable of produc-
ing high levels of fruity amyl alcohol flavours (Michel et al. 2016)
and is often associated with wheat beer, a style typically asso-
ciated with pronounced fruit notes. Torulaspora delbrueckii has
the added advantage of being resistant to the various stresses
encountered during brewing, though individual strains vary in
their ability to ferment wort sugars—a trait that may explain
the variable performance observed in different studies (Tataridis
et al. 2013; Canonico et al. 2016; Michel et al. 2016).

Many other non-Saccharomyces yeasts are unable to utilise all
fermentable sugars in wort, and several studies have suggested
the use of these yeasts as bioflavouring agents in co-culture fer-
mentations with standard brewing yeast strains (Saerens and
Swiegers 2014a; Canonico et al. 2016), with the objective of pro-
ducing a full-strength beer with enhanced flavour. The validity
of this approach has previously been demonstrated in the wine
industry (Ciani et al. 2010; Viana et al. 2011; Ye, Yue and Yuan
2014; Dashko et al. 2015), including for T. delbrueckii, commercial
preparations of which are available for this purpose. In the brew-
ing industry, reluctance to utilise non-conventional yeasts is at
least partly related to the limited control the brewer has over
the organisms’ fermentation performances. However, adding a
yeast with only a limited ability to ferment the available sugars
naturally ensures that said yeast does not dominate the process.
Maintaining a complex community would be particularly impor-
tant and challenging in the brewing industry where the same
yeast batch is often repitched in subsequent fermentations.

Yeasts with limited abilities to utilise wort sugars but
that produce typical concentrations of aroma compounds are
particularly desirable for the production of low-alcohol and
non-alcoholic beers. Indeed, the non-Saccharomyces species Sac-
charomycodes ludwigii has been used commercially for this pur-
pose for many years (Haehn and Glaubitz 1933; Huige, Sanchez
and Leidig 1990). Other species considered for this purpose
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include Scheffersomyces shehatae (formerly Candida shehatae) (Li,
Liu and Zhang 2011), Wickerhamomyces anomalus (formerly Pichia
anomala) (Walker 2011); Pichia kluyveri (Saerens and Swiegers
2014b) and Zygosaccharomyces rouxii (De Francesco et al. 2015).
Typically, production of alcohol-free beers involves either physi-
cal removal of alcohol from the beer or an arrested fermentation
with the normal production yeast. In both cases, aroma com-
pounds are low or absent due to their evaporation with the alco-
hol fraction in the former case and their lack of formation in the
latter case (Brányik et al. 2012). The use of alternative, maltose-
negative yeasts is therefore a useful way to produce low-alcohol
beers that still retain some of the aromatic complexity of stan-
dard beers. Such yeasts will also reduce wort aldehydes, thereby
removing the ‘worty’ taste that is often found in low-alcohol
beers produced by arrested fermentation (Saison et al. 2010).

Increased demand for low-alcohol beers is one aspect of a
general customer demand formore diversity in the beer market.
This includes interest in beer styles that deviate from the stan-
dard flavour profile of mainstream lager beer. One such trend is
a taste for sour beers. Acidic beer styles include the lambic group
of beers from Belgium and the related coolship ales of North
America, as well as the Berliner Weisse style found in north-
ern Germany. Acidity in these beers is primarily due to lactic
acid production by lactic acid bacteria (LAB), as well as in some
cases acetic acid production by Brettanomyces/Dekkera spp. The
complication of using mixed cultures in the brewery, especially
where potential contaminants, such as LAB, can be avoided by
using fermentative yeast species that naturally produce acids.
One such species is Lachancea thermotolerans, a yeast that is used
commercially in the wine industry to add acidity and freshness
to the product. A recent report has suggested that this yeast
is suitable for production of sour beers without the necessity
of LAB inoculation (Domizio et al. 2016). Tested strains did not
have the ability to utilise maltotriose, the second most abun-
dant sugar in wort, but they were otherwise found to be suitable
for single-culture beer fermentation. In particular, L. thermotol-
erans did not produce off flavours that would be expected with
Brettanomyces/Dekkera spp., for example. Hanseniaspora uvarum is
another yeast with acidifying power (in this case through the
production of acetic acid) (Cabranes, Mangas and Blanco 1996).
As the species is a common contaminant in brewery fermenta-
tions, it may be assumed that it is tolerant of the typical stresses
encountered in the system and may also have potential for sour
beer production.

Arguably, the most successful non-Saccharomyces yeasts
involved in beer fermentation are the Brettanomyces/Dekkera
species. These yeasts, particularly Brettanomyces bruxellensis and
B. anomala, are essential in the production of lambic-style beers,
where they contribute flavours that are not normally produced
by Saccharomyces. In particular, volatile phenolic compounds
and organic acids produced by Brettanomyces spp. can impart
smoky, barnyard, spicy and medicinal flavours, collectively de-
scribed as ‘Brett’ character and with the pleasantness deter-
mined by the concentration and consumer tastes (Steensels et al.
2015). Interestingly, the Brettanomyces spp. also have the abil-
ity to reveal masked flavours through their production of β-
glucosidases. The primary function of these enzymes is hydrol-
ysis of cellobiose, a feature that may explain the ability of these
yeasts to survive for extended periods in the oak barrels used
for lambic beer fermentation. These enzymes also have the ef-
fect of liberating glycosidically bound flavour compounds, thus
adding complexity to the flavour profile of wines and beers (Dae-
nen et al. 2008). Such changes have been seen in wines and
lambic beers, but as they can act on hop glycosides, they are

potentially relevant to the majority of beer styles. Such reac-
tions can enhance the levels of linalool (imparting citrus, floral
and aniseed flavours) and methyl salicylate (imparting winter-
green, mint and spice flavours) (Winterhalter and Skouroumou-
nis 1997). A number of other species are known to have this ac-
tivity, including some Saccharomyces yeast (Sharp, Steensels and
Shellhammer 2017) and several non-Saccharomyces yeast includ-
ing Debaryomyces spp., Hanseniaspora spp. and Pichia terricola
(formerly Issatchenkia terricola) (Steensels and Verstrepen 2014).
Thus far, these reactions have mainly been studied in relation
to their impact on wine, and it remains to be seen if the hop gly-
coside content of beer is high enough for this activity to have
a significant impact on flavour (Sharp, Steensels and Shellham-
mer 2017).

The use of non-Saccharomyces yeasts is a natural way to in-
troduce diversity to beers on themarket. Themainstream brew-
ing industry has, however, been slow to take advantage of the
increased functionality offered by alternative yeasts. These or-
ganisms have been more enthusiastically embraced in the wine
industry where non-Saccharomyces yeasts are a normal part of
themicroflora during fermentation. Modern breweries maintain
high levels of hygiene, and brewers are understandably reluctant
to introduce foreign strains with the potential to cause contam-
ination. Another issue is how these new yeasts can be handled
in a controlled manner to achieve desired beer characteristics.
However, in certain cases, the use of alternative yeast strains
may be the simpler option: for example, using L. thermotolerans
to produce sour beer may be simpler than maintaining a co-
fermentation with yeasts and bacteria.

The successful application of non-conventional yeasts in
brewing may, in some cases, require important changes to pro-
cess conditions. One such condition is oxygen availability. In
standard brewing, wort is aerated before or at the time of pitch-
ing to support initial growth of the yeast population. There-
after, fermentation proceeds without additional oxygen. This
may not be an option when certain non-conventional yeasts
are employed. Torulaspora delbrueckii, for example, is dependent
on a low level of oxygen to support fermentation (Alves-Araújo
et al. 2007), and Brettanomyces spp., despite being able to ferment
anaerobically, are more efficient when low levels of oxygen are
introduced (Aguilar-Uscanga, Délia and Strehaiano 2003). In the
case of co-cultivation of Saccharomyces-brewing yeasts and non-
conventional yeasts for the purpose of bioflavouring, this de-
pendence on oxygen may have a positive role in controlling the
growth of the latter, thereby ensuring successful completion of
fermentation by the former.

A further complication is that the list of yeasts that are un-
equivocally and generally recognised as safe (GRAS/QPS) for use
in food production is a short one (Ricci et al. 2017), and fur-
ther testing may be necessary to allay fears regarding consumer
safety.

GENERATION OF NEW ALE AND LAGER YEAST
THROUGH HYBRIDISATION

In addition to the traditional yeast hybrids that have been used
extensively by the brewing industry since their isolation by
Hansen and Elion in the 1880s, there is an increasing interest
in new brewing yeast hybrids generated by de novo hybridisa-
tion. The breeding of brewing yeasts has been carried out for
decades in attempts to generate unique strains and improve fer-
mentation performance (Johnston 1965; Spencer and Spencer
1977; Russell, Hancock and Stewart 1983). However, because

Downloaded from https://academic.oup.com/femsyr/article-abstract/17/4/fox038/3861261
by guest
on 22 August 2018



6 FEMS Yeast Research, 2017, Vol. 17, No. 4

most industrial brewing yeasts have been domesticated (Gallone
et al. 2016; Gonçalves et al. 2016), many have characteristically
lost the ability to sporulate and sexually reproduce (Bilinski,
Russell and Stewart 1986; Gallone et al. 2016). This restricts the
use of certain classical breeding techniques, where haploid cells
of opposite mating type derived from spores are brought to-
gether and allowed to fuse. Nevertheless, the spore-to-spore
mating approach has been successfully applied to a wide range
of strains and species. Garcia Sanchez and co-workers (2012) de-
scribe how crossing rare viable spores of a Saccharomyces pasto-
rianus strain with those of an S. cerevisiae ale strain yielded hy-
brids with improved growth at higher temperatures and greater
tolerance to higher ethanol concentrations. The availability of
S. eubayanus from 2011 onwards permitted the recreation of the
S. cerevisiae × S. eubayanus interspecies hybrid, which until then
had only existed in the form of the traditional lager yeast strains
used for centuries in the brewing industry. Hebly et al. (2015)
showed how the psychrotolerant phenotype could be inherited
by hybrids of the S. eubayanus-type strain and a laboratory strain
of S. cerevisiae after spore-to-spore mating. In the same year,
Mertens and co-workers (2015), also by mating spores, produced
a set of 31 hybrids by crossing spores of six different ale strains
with S. eubayanus. Many of these hybrids possessed a broader
temperature tolerance and produced amore diverse aroma com-
pound profile than their parent strains. In a preceding study,
Steensels and co-workers (2014) had used a variant of spore-to-
spore mating of three genetically diverse S. cerevisiae strains to
generate 46 hybrids, many of which produced increased levels
of 3-methylbutyl acetate (banana/pear aroma) compared to the
parent strains. Here, the parent strains were first screened for
heterothallism, and spore clones exhibiting stable mating types
were used for hybridisation.

Various strategies have been developed to overcome the lim-
itation of low fertility in traditional brewing yeasts, the most
extensively used of which are rare mating and protoplast fu-
sion. During rare mating, one exploits the fact that sponta-
neous loss of heterozygosity at the mating type locus can occur
at low frequencies (10−4), resulting in the formation of diploid
(or potentially higher ploidy) cells with a single mating type
(Hiraoka et al. 2000). This procedure can also enable mating
among yeast strains that are unable to sporulate. This approach
has been used by Choi and co-workers (2002) to generate a
dextrin-fermenting brewing yeast by rare mating a strain of S.
cerevisiae (‘var. diastaticus’) with an S. cerevisiae ale strain, while
Sato and co-workers (2002) used rare mating to cross an ‘S.
bayanus’ strainwith an S. cerevisiae ale strain to yield amore cold-
tolerant hybrid. More recently, Krogerus and co-workers (2015,
2016) used rare mating to generate hybrids between an S. cere-
visiae ale strain and S. eubayanus with improved fermentation
performance and higher aroma formation. While rare mating
allows for the hybridisation of strains with low fertility, the hy-
bridisation frequencies are typically low and the parent strains
require selection markers (e.g. auxotrophies) so that hybrids
can be isolated from the population of parent cells. In an at-
tempt to increase the hybridisation frequency of rare matings,
Alexander and co-workers (2016) described a Hybrid Production
(HyPr) technique that can be used to force mating-type change
in diploid cells by transformation with a plasmid carrying the
HO gene under the control of an inducible promoter, hence by-
passing the need for spontaneous loss of heterozygosity prior
to hybridisation. Techniques that leave no trace of foreign DNA
in the genome, such as HyPr and CRISPR/Cas9 genome edit-
ing, seem to have been given a boost by recent decisions by the
US Department of Agriculture to not regulate such organisms

(Ledford 2016; Waltz 2016; Lee 2017), but it is likely that they
would still be viewed sceptically by industry, consumers and
other jurisdictions.

De novo yeast hybrids have been used to successfully improve
beer fermentation in a number of respects, including faster fer-
mentation rates, increased aroma formation and higher stress
tolerance. These results have been seen in both experimental-
scale (150 mL–2 L) and pilot-scale (50 L) fermentations using
wort strengths of 12◦P –15◦P (Krogerus et al. 2015; Mertens et al.
2015). The improvement in fermentation performance observed
in interspecies yeast hybrids relative to their parents can be
justified based on improvements on sugar utilisation rate and
temperature tolerance. Although it is likely that maltose trans-
porters were inherited from both parent strains in lager yeast
hybrids, the origin of the transporters able to carry maltotriose
is still a matter for debate (Baker et al. 2015). In de novo hy-
brids, it is likely that maltotriose utilisation is a property trans-
ferred by the S. cerevisiae parent, considering that none of the
S. eubayanus strains characterised so far have the ability to use
this sugar (Hebly et al. 2015; Krogerus et al. 2015, 2016; Mertens
et al. 2015). However, newly found S. eubayanus strains (Bing et al.
2014; Peris et al. 2014; Gayevskiy and Goddard 2016) remain to
be tested for maltotriose utilisation. The main contribution of
S. eubayanus for the fermentation performance of artificial hy-
brids seems to be cold tolerance (Hebly et al. 2015; Krogerus et
al. 2015, 2016; Mertens et al. 2015). The combination of supe-
rior sugar transport with cold tolerance likely enabled the hy-
brids to outperform the parents at the low temperatures used
for lager brewing (8◦C–15◦C; Krogerus et al. 2015, 2016; Mertens
et al. 2015). De novo interspecific hybrids have even displayed
similar fermentation efficiencies to S. pastorianus strains cur-
rently used for commercial beer production (Krogerus et al. 2015;
Mertens et al. 2015).

Krogerus et al. (2016) further revealed that the ploidy level
influences fermentation performance, as hybrid strains with
higher DNA content were superior to lower ploidy hybrids in
the fermentation of wort at 15◦C. These 1.5 L fermentations
were conducted in both standard (15◦P) and very high gravity
(25◦P) wort, and the relative improvement in fermentation per-
formance was seen throughout the fermentations, with the ex-
ception of the first 24 h when fermentation is driven largely
by monosaccharide utilisation. Furthermore, a link between
the fermentation performance of hybrids and their sugar con-
sumption abilities was observed, as strains fermenting fastest
also consumed maltose and maltotriose fastest. Since the up-
take of maltose and maltotriose tends to limit fermentation ca-
pacity during brewing (Rautio and Londesborough 2003; Alves,
Herberts and Hollatz 2007), higher ploidy hybrids would result
in a greater number of maltose/maltotriose transporter genes
in hybrid genomes, which could account for improved uptake
of these sugars. Similarly, the allotetraploid lager yeast strains
from group II tend to perform better than the allotriploid ones
from group I, although exceptions can be found (Gibson et al.
2013; Magalhães et al. 2016).

In addition to attempting to increase fermentation perfor-
mance, many studies on yeast hybrids have focused on attempt-
ing to increase the formation and diversity of aroma-active com-
pounds (Mukai et al. 2001; Bellon et al. 2011, 2013; Steensels et al.
2014; Krogerus et al. 2015, 2016; Mertens et al. 2015). Studies on
intraspecific S. cerevisiae hybrids have demonstrated the possi-
bility of increasing the formation of both ethyl and acetate esters
in comparison to the parent strains (Mukai et al. 2001; Steensels
et al. 2014). Steensels and co-workers (2014) revealed that an in-
crease in 3-methylbutyl acetate formation of up to 45% could be
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obtained by hybridisation, and that heterosis was particularly
prevalent in outbred hybrids. The aroma spectrum of natural
lager yeast hybrids is rather limited (Gibson et al. 2013; Mertens
et al. 2015). However, interspecies hybridisation has shown to
have potential for increasing the aromatic diversity in 50 L pilot-
scale fermentations (Mertens et al. 2015). In artificial hybrids,
the aroma profiles ranged from worst- to best-parent levels,
with several of the hybrids producing higher concentrations of
aroma compounds than either of their parents (Krogerus et al.
2015; Mertens et al. 2015). Similarly to temperature tolerance,
aroma profile can be controlled based on the relative contribu-
tion of parental DNA (Krogerus et al. 2016). Tetraploid hybrids
produced higher concentrations of ethyl and acetate esters than
the triploid and diploid hybrids, likely due to increased copy
number and transcription of several key genes related to the
synthesis of ethyl and acetate esters (Krogerus et al. 2016). Some
compounds produced by yeasts are not necessarily desirable,
and hybridisation strategies may accentuate their synthesis. In-
creased production of compounds such as ethyl acetate, which
is unpleasant at high concentrations (Steensels et al. 2014), and
vicinal diketones (Krogerus et al. 2016) by hybrid strains have
been reported. However, hybridisation or hybridisation followed
by sporulation and isolation of spore clones has been used in
efforts to remove unpleasant flavours. Such approaches proved
efficient for the removal of 4VG (Tubb et al. 1981; Gallone et al.
2016; Krogerus et al. 2017), H2S (Bizaj et al. 2012) and ethanethiol
(Magalhães et al. 2017). While much remains to be learned, the
knowledge obtained so far can be applied for the design of new
hybrid strains by careful selection of parents. Before they may
be utilised at industrial scale, further characterisation of de novo
hybrid yeast performance at pilot scale will be necessary. To
date, only one such study has been carried out (Mertens et al.
2015). Further sensory analysis of the resultant beers will also
be necessary to identify any flavour attributes, either positive or
negative, that might differentiate the beers from standard lager
beers.

Research on de novo hybrids for brewing purposes has been
triggered by the discovery of S. eubayanus. As research advances,
it has become evident that the main contribution of the cur-
rently available S. eubayanus strains to the hybrid phenotypes is
the cold tolerance. Due to the limited genetic diversity and the
restricted geographical ranges of available S. eubayanus strains,
one may consider the use of other cold-tolerant Saccharomyces
species in hybridisation experiments for brewing purposes. The
feasibility of this approach is supported by the fact that a sec-
ond Saccharomyces species, which also expresses a cold-tolerant
phenotype, is associated with beer fermentation but, such as
S. eubayanus, is only found as a hybrid in partnership with S.
cerevisiae. Saccharomyces kudriavzevii, a yeast species frequently
associated with oak forests mainly in Europe and Eurasia, has
little history of domestication in association with the beer fer-
mentation process. This is probably due to the relatively low
ethanol tolerance of S. kudriavzevii in comparisonwith other Sac-
charomyces species. Saccharomyces kudriavzevii shows weak or no
growth above 5% ethanol (Belloch et al. 2008). Competitive exclu-
sion of S. kudriavzevii by other mesophilic and/or more ethanol-
tolerant Saccharomyces species has been experimentally demon-
strated in laboratory-mixed cultures (Sampaio and Gonçalves
2008; Arroyo-López et al. 2011). However, as already mentioned
for S. eubayanus, S. kudriavzevii contributes to some hybrid brew-
ing strains, rather than as a pure lineage. Hybrid strains combin-
ing the genomes of S. cerevisiae and S. kudriavzevii have been iso-
lated and characterised from fermenting environments related
to beer and seem to be common in Belgian-style beers (González,

Barrio andQuerol 2008).With the implementation of genome se-
quencing studies, many strains originally assumed to be S. cere-
visiae are now being recognised as S. cerevisiae × S. kudriavzevii
hybrids. At least one quarter of 24 brewing strains regarded as
S. cerevisiae were found to be in fact S. cerevisiae × S. kudriavze-
vii hybrids (González, Barrio and Querol 2008). Half of these hy-
brids were recovered from Belgian speciality beers from Trappist
monasteries (Trappist beers). Bottle re-fermentation or condi-
tioning is a common practice in the production of these types of
beers (van Landschoot et al. 2005), which allows adjusting and/or
modifying the final flavour of beer, also known as bioflavour-
ing (Vanderhaegen et al. 2003). These results suggest that a large
fraction of brewing strains may correspond to S. cerevisiae × S.
kudriavzevii hybrids.

The potential of de novo S. cerevisiae interspecific hybrids with
S. kudriavzevii, S. mikatae, S. paradoxus and S. uvarum has been
demonstrated inwinemaking conditions (Bellon et al. 2011, 2013,
2015; Lopandic et al. 2016) and also recently for bioethanol pro-
duction (Peris et al. 2017b). Species such as S. kudriavzevii and
S. uvarum have been shown to possess tolerance towards low
fermentation temperatures (Gonçalves et al. 2011; López-Malo,
Querol and Guillamon 2013), and they could feasibly act as alter-
natives to S. eubayanus. Indeed, which lineages of Saccharomyces
were historically tapped by European brewers for domestication
may be an accident of biogeography, rather than a lack of brew-
ing potential: considerable lineage- and population-level diver-
sity remains unexplored in each of these species (Hittinger et al.
2010; Almeida et al. 2014; Leducq et al. 2016; Peris et al. 2016;
Flores et al. 2017). Future research into these new species and
lineages may unlock traits and flavours inaccessible in current
industrial brewing strains.

THE HYBRID GENOME

Hybrid sterility and fertility

Hybrids can clearly exhibit improvements of desired traits over
the parents, as described above, but the issue of hybrid steril-
ity impedes our understanding of the genetics of such im-
provements, as well as the genetics of interactions between
the genomes. As mentioned above, there have been several ap-
proaches towards dealing with existing hybrids using rare vi-
able spores (Gjermansen and Sigsgaard 1981), or creating new
hybrids with various mating schemes using spore to spore mat-
ing (Naumov 1987; Steensels et al. 2014), complementation of
auxotrophies (Naumov et al. 1995; Naumov, Naumova and Louis
1995), or stable heterothallic derivatives (Greig et al. 2002). Diver-
sity could be generated in the parental strains prior to hybridis-
ation and effects on phenotypes in the hybrid inferred but this is
like selecting desired traits in mules by phenotype choice in the
horse and donkey parents. Any genetic interactions in the hy-
brid may not be predictable or determinable. Nevertheless, this
has been a successful approach in creating new brewing hybrids
(Steensels et al. 2014).

Hybrid sterility in Saccharomyces is the basis of the biological
species definition (Naumov 1987; Greig 2009; Louis 2011). There
are translocations between species and populations that have
been demonstrated to be involved in sterility in some cases. Al-
though no dominant B-D-M (Bateson–Dobszhansy–Muller) in-
compatibilities have been found between species (Greig et al.
2002) and there is little evidence of recessive nuclear incompat-
ibilities (Greig 2007), there are known incompatibilities between
nuclear gene variants and mitochondrial variants between
species (Lee et al. 2008; Chou et al. 2010). Condition-specific
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B-D-M incompatibilities have been found between different S.
cerevisiae strains that affect fitness (Hou et al. 2015), and there-
fore, there are likely to be some between species. The final cause
of sterility is simply sequence divergence preventing proper
meiotic recombination and chromosome segregation (Chambers
et al. 1996; Hunter et al. 1996; Greig et al. 2003; Liti et al. 2006;
Louis 2011; Hittinger 2013). The sterility due to sequence di-
vergence can be overcome by providing homologous chromo-
some partners in meiosis, which can be accomplished by in-
creasing ploidy. Tetraploid hybrids are fertile and exhibit high
spore viability (Greig et al. 2002). If variation is incorporated
into the two parental diploid species, then the resulting diploid
hybrids from the tetraploid spores will each have a unique com-
bination of recombinant parental species genomes. This ap-
proach could then allow genetic mapping to be performed, even
on complex traits. With the appropriate manipulations already
in use to create the hybrids and tetraploids, further crosses and
backcrosses can be made, opening up sterile hybrids to classical
genetic analysis. The future of new hybrid strain development
will likely use breeding genetics in this way.

Interaction between subgenomes of interspecies
hybrids

It is possible that many of the traits of hybrids are simply combi-
nations of independent traits of each parent, such as cryotoler-
ance coming from S. eubayanus and maltotriose utilisation from
S. cerevisiae. However, some traits are better than the combina-
tion of the two parents, and clearly there must be interactions
occurring between the genomes. One of the most severe is the
nuclear–mitochondrial incompatibilities that are involved in re-
productive isolation, as described above. In a study of protein
complexes in newly generated S. cerevisiae × S. uvarum and S.
cerevisiae × S. mikatae (Piatkowska et al. 2013), chimeric com-
plexes were found in several cases that exhibited different phe-
notypes in different conditions. They also demonstrated an ad-
vantage of the chimeric complex of the hybrid in at least one
case.With regard to aroma formation, studies of both traditional
and de novo-generated lager yeast hybrids have indicated that
the dosage and expression levels of genes involved in the syn-
thesis of these compounds seem to correlate with the amounts
produced (Van den Broek et al. 2015; Krogerus et al. 2016). This
is a phenomenon that can be taken advantage of when choos-
ing a particular hybridisation approach for a particular hybrid
phenotype (Krogerus et al. 2016). However, little is still known
about transregulation and subgenome cooperation in brewing
yeast hybrids. With classical and quantitative genetic analysis
available for those hybrids that can go through a tetraploid in-
termediate, the interactions between the subgenomes will be
amenable to dissection. Asmore knowledge on the link between
genotype and phenotype of hybrids becomes available, it will al-
low for targeted selection of parental strains for breeding and
hybrid screening.

Mitochondrial inheritance

The powerhouse of the cell contains its own genome that en-
codes a handful of genes in Saccharomyces that have not been
transferred to the nuclear genome. Mitochondrial genome sizes
range from below 65 kb in S. eubayanus to above 85 kb in S. cere-
visiae (Foury et al. 1998; Baker et al. 2015). They have low GC con-
tent (below 20%), have low protein-coding potential and are lit-
tered with selfish elements and introns. Even so, the fact that
all mapped incompatibilities preventing the meiotic fertility of

Saccharomyces interspecies hybrids involve at least one mito-
chondrial gene implies that mitochondrial genomes are func-
tionally important (Lee et al. 2008; Chou et al. 2010). The inheri-
tance of the mitochondrial genome in industrial and synthetic
hybrids also appears non-random. In synthetic hybrids, the mi-
tochondrial genome rapidly stabilises to a single, sometimes re-
combinant, haplotype (Marinoni et al. 1999; Peris et al. 2017b).
Environmental conditions can dramatically influencewhich par-
ent’s mitochondrial genome is retained, further suggesting an
important functional role (Hsu and Chou 2017). Lager yeasts in-
herited S. eubayanusmitochondrial genomes that contain a snip-
pet of introgression from S. uvarum at a known recombination
hotspot in COX2 (Peris et al. 2014). Nearly all known S. cerevisiae ×
S. kudriavzevii hybrids have retained the mitochondrial genome
of S. kudriavzevii (or a recombinant derivative), even though
they tend to have lost several S. kudriavzevii nuclear chromo-
somes (Peris et al. 2017a). Thus, retention of the mitochondrial
genomes from the non-S. cerevisiae parent may confer a selec-
tive advantage or desirable properties in industrial fermentation
conditions.

Hybrid genome stability

De novo hybrids tend to display genetic instability post-
hybridisation (Pérez-Través et al. 2012; Kumaran, Yang and Leu
2013; Selmecki et al. 2015; Peris et al. 2017b), and this could
pose a problem for the brewing industry, where yeast is often
reusedmultiple times and consistency is required. However, tra-
ditional lager yeast genomes have also been shown to contain
chromosome losses and intrachromosomal translocations, se-
quence divergence and chromosome copy number variations
(van den Broek et al. 2015). This instability of newly formed brew-
ing hybrids could also be taken advantage of in adaptive evolu-
tion experiments (Piotrowski et al. 2012; Dunn et al. 2013; Peris
et al. 2017b), as the natural lager yeast genome has been shown
amenable to change via evolutionary engineering (Blieck et al.
2007; Ekberg et al. 2013). By subjecting hybrids to different envi-
ronmental conditions, it could be possible to target and improve
on specific phenotypes.

CONCLUSION

Recent years have seen a greater customer demand for diver-
sity in commercially available beers. The beer-drinking public
now has a greater interest in the brewing process and in the
many styles of beers that are available or have been available
in the past. There is also a growing appreciation of the role that
yeasts play in determining these styles. This interest in brew-
ing yeasts has coincided with the greater availability of tech-
niques for their study. Genome analysis in particular is improv-
ing our understanding of howale- and lager-brewing yeasts have
evolved to exploit their respective fermentation environments,
while promising to simultaneously satisfy the brewer’s demands
for quality beer. Our improved understanding of brewing yeast
biology allows for better selection of strains for particular pro-
cesses and the selection of appropriate traits for development.
The emergence of liquid- and colony-handling robots further al-
lows the possibility of performing high-throughput phenotyping
assays on hundreds of strains simultaneously, as done in a num-
ber of recent large-scale breeding-related studies (Steensels et al.
2014; Mertens et al. 2015; Snoek et al. 2015; Gallone et al. 2016).

The discovery of S. eubayanus has clarified the development
of the interspecies hybrid S. pastorianus (though much remains
to be discovered about this unique organism), and it has inspired
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a number of successful attempts to recreate the S. cerevisiae ×
S. eubayanus hybridisation event. These efforts are expected to
increase the genetic diversity of strains available for lager brew-
ing, thereby creating further diversity in the beer market. Many
hybridisation approaches, whether for ale or lager yeasts, can
satisfy the market demand for diversity, while respecting cus-
tomers’ scepticism of GM technology applied to brewing as well
as local legislation regarding the use of GMOs.

Brewing yeast research has, in the past, made a direct con-
tribution to our fundamental understanding of biology (Barnett
and Lichtenthaler 2001). It may be expected that the recent
resurgence of interest in brewing yeasts could similarly con-
tribute to our general understanding of the natural world. There
is, for example, a growing realisation that many species, includ-
ing our own (Simontti et al. 2016), have been influenced by hy-
bridisation, and S. pastorianus could serve as a model organism
for the study of hybrid genome function. Also, the search for al-
ternative brewing yeasts (S. eubayanus, L. thermotolerans and oth-
ers) in nature will greatly improve our understanding of the bio-
geography and ecology of yeast species andmay inspire a greater
appreciation of the potential importance of yeast diversity for
the biotechnological processes of the future.
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Brányik T, Silva DP, Baszczyňski M et al. A review of methods
of low alcohol and alcohol-free beer production. J Food Eng
2012;108:493–506

Cabranes C, Mangas JJ, Blanco D. Controlled production of cider
by induction of alcoholic fermentation and malolactic con-
version. J Inst Brew 1996;102:103–9

Campbell I. Wild yeasts in brewing and distilling. In: Priest FG,
Campbell I (eds). Brewing Microbiology. London, UK: Chapman
& Hall, 1996, 193–208.

Canonico L, Agarbati A, Comitini F et al. Torulaspora delbrueckii in
the brewing process: a new approach to enhance bioflavour
and to reduce ethanol content. Food Microbiol 2016;56:45–51.

Carlquist M, Gibson B, Karagul Y et al. Process engineering for
bioflavour production with metabolically active yeast – a
minireview. Yeast 2015;32:123–43.

Chambers SR, Hunter N, Louis EJ et al. The mismatch repair sys-
tem reduces meiotic homeologous recombination and stim-
ulates recombination-dependent chromosome loss. Mol Cell
Biol 1996;16:6110–20.

Choi B, Jang K, Kim K. Fermentation characteristics of brewing
yeast HCS with glucoamylase expression by rare mating and
beer analysis. Food Sci Biotechnol 2002;11:34–9.

Chou JY, Hung YS, Lin KH et al. Multiple molecular mechanisms
cause reproductive isolation between three yeast species.
PLoS Biol 2010;8:e1000432.

Ciani M, Comitini F, Mannazzu I et al. Controlled mixed
culture fermentation: a new perspective on the use of
non-Saccharomyces yeasts in winemaking. FEMS Yeast Res
2010;10:123–33.

Cousseau FE, Alves SL, Trichez D et al. Characterization of
maltotriose transporters from the Saccharomyces eubayanus
subgenome of the hybrid Saccharomyces pastorianus lager
brewing yeast strain Weihenstephen 34/70. Lett Appl Micro-
biol 2013;56:21–9.

Daenen L, Saison D, Sterckx F et al. Screening and evaluation
of the glucoside hydrolase activity in Saccharomyces and Bret-
tanomyces brewing yeasts. J Appl Microbiol 2008;104:478–88.

Dashko S, Zhou N, Tinta T et al. Use of non-conventional yeast
improves the wine aroma profile of Ribolla Gialla. J Ind Micro-
biol Biot 2015;42:997–1010.

De Francesco G, Turchetti B, Sileoni V et al. Screening of new
strains of Saccharomycodes ludwigii and Zygosaccharomyces
rouxii to produce low-alcohol beer. J Inst Brew 2015;121:
113–21.

Domizio P, House JF, Joseph CML et al. Lachancea thermotolerans
as an alternative yeast for the production of beer. J Inst Brew
2016;122:599–604.

Dunn B, Sherlock G. Reconstruction of the genome origins and
evolution of the hybrid lager yeast Saccharomyces pastorianus.
Genome Res 2008;18:1610–23

Dunn B, Paulish T, Stanbery A et al. Recurrent rearrange-
ment during adaptive evolution in an interspecific yeast hy-
brid suggests a model for rapid introgression. PLoS Genet
2013;9:e1003366.

Ekberg J, Rautio J, Mattinen L et al. Adaptive evolution of
the lager brewing yeast Saccharomyces pastorianus for im-
proved growth under hyperosmotic conditions and its influ-
ence on fermentation performance. FEMS Yeast Res 2013;13:
335–49.

Fabre CE, Duviau VJ, Blanc PJ et al. Identification of volatile
flavour compounds obtained in culture of Kluveromyces marx-
ianus. Biotechnol Lett 1995;17:1207–12.

FloresMG, Rodrı́guezME, Oteiza JM et al. Physiological character-
ization of Saccharomyces uvarum and Saccharomyces eubayanus

from Patagonia and their potential for cidermaking. Int J Food
Microbiol 2017;249:9–17.

Foury F, Roganti T, Lecrenier N et al. The complete sequence of
the mitochondrial genome of Saccharomyces cerevisiae. FEBS
Lett 1998;440:325–31.

Gallone B, Steensels J, Prahl T et al. Domestication and
divergence of Saccharomyces cerevisiae beer yeasts. Cell
2016;166:1397–410.
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Gonçalves M, Pontes A, Almeida P et al. Distinct domestication
trajectories in top-fermenting beer yeasts and wine yeasts.
Curr Biol 2016;26:2750–61.
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Michel M, Kopecká J, Meier-Dörnberg T et al. Screening for new
brewing yeasts in the non-Saccharomyces sector with Torulas-
pora delbrueckii as model. Yeast 2016;33:129–44.

Moreira N, Mendes F, Hogg T et al. Alcohols, esters and heavy
sulphur compounds production by pure and mixed cul-
tures of apiculate wine yeasts. Int J Food Microbiol 2005;103:
285–94.

Mukai N, Nishimori C, Fujishige I et al. Beer brewing using a fu-
sant between a sake yeast and a brewer’s yeast. J Biosci Bioeng
2001;91:482–6.

Nakao Y, Kanamori T, Itoh T et al. Genome sequence of the
lager brewing yeast, an interspecies hybrid. DNA Res 2009;16:
115–29.

Naumov GI. Genetic basis for classification and identification of
the ascomycetes yeasts. Stud Mycol 1987;30:469–75.

Naumov GI, Naumova ES, Hagler AN et al. A new genetically iso-
lated population of the Saccharomyces sensu stricto complex
from Brazil. Anton Van Leeuw 1995;67:351–5.

Naumov GI, Naumova ES, Louis EJ. Two new genetically isolated
populations of the Saccharomyces sensu stricto complex from
Japan. J Gen Appl Microbiol 1995;41:499–505.

Paget C, Schwartz J, Delneri D. Environmental systems biology
of cold-tolerant phenotype in Saccharomyces species adapted
to grow at different temperatures. Mol Ecol 2014;23:5241–57.

Pasteur L. Études sur le vin, ses maladies, causes qui les provo-
quent, procédés nouveaux pour le conserver et pour le vieillir. Paris,
France: Gauthier-Villars. 1866.

Downloaded from https://academic.oup.com/femsyr/article-abstract/17/4/fox038/3861261
by guest
on 22 August 2018

http://blog.luxresearchinc.com/blog/2017/05/will-crispr-be-gmo/?utm_campaignprotect $elax =$Lux%20Spotlight%20-%20May%207%2C%202017&utmprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore sourceprotect $elax =$hsprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore email&utmprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore mediumprotect $elax =$email&utmprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore contentprotect $elax =$51586796&protect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore hsencprotect $elax =$p2ANqtz-8By1Mt1bbh-Ey4Il0zyeRGgZUlprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore C0TDe2RYbOaIqWi-GdCtx-protect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore 3-uS21Sq8cSMoaHz15goIQz8OnNZJU6d8lSjhnypdxUKKlvalZZprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore pgt3VVSWE6E&protect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore hsmiprotect $elax =$51612276
http://blog.luxresearchinc.com/blog/2017/05/will-crispr-be-gmo/?utm_campaignprotect $elax =$Lux%20Spotlight%20-%20May%207%2C%202017&utmprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore sourceprotect $elax =$hsprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore email&utmprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore mediumprotect $elax =$email&utmprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore contentprotect $elax =$51586796&protect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore hsencprotect $elax =$p2ANqtz-8By1Mt1bbh-Ey4Il0zyeRGgZUlprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore C0TDe2RYbOaIqWi-GdCtx-protect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore 3-uS21Sq8cSMoaHz15goIQz8OnNZJU6d8lSjhnypdxUKKlvalZZprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore pgt3VVSWE6E&protect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore hsmiprotect $elax =$51612276
http://blog.luxresearchinc.com/blog/2017/05/will-crispr-be-gmo/?utm_campaignprotect $elax =$Lux%20Spotlight%20-%20May%207%2C%202017&utmprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore sourceprotect $elax =$hsprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore email&utmprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore mediumprotect $elax =$email&utmprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore contentprotect $elax =$51586796&protect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore hsencprotect $elax =$p2ANqtz-8By1Mt1bbh-Ey4Il0zyeRGgZUlprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore C0TDe2RYbOaIqWi-GdCtx-protect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore 3-uS21Sq8cSMoaHz15goIQz8OnNZJU6d8lSjhnypdxUKKlvalZZprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore pgt3VVSWE6E&protect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore hsmiprotect $elax =$51612276
http://blog.luxresearchinc.com/blog/2017/05/will-crispr-be-gmo/?utm_campaignprotect $elax =$Lux%20Spotlight%20-%20May%207%2C%202017&utmprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore sourceprotect $elax =$hsprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore email&utmprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore mediumprotect $elax =$email&utmprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore contentprotect $elax =$51586796&protect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore hsencprotect $elax =$p2ANqtz-8By1Mt1bbh-Ey4Il0zyeRGgZUlprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore C0TDe2RYbOaIqWi-GdCtx-protect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore 3-uS21Sq8cSMoaHz15goIQz8OnNZJU6d8lSjhnypdxUKKlvalZZprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore pgt3VVSWE6E&protect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore hsmiprotect $elax =$51612276
http://blog.luxresearchinc.com/blog/2017/05/will-crispr-be-gmo/?utm_campaignprotect $elax =$Lux%20Spotlight%20-%20May%207%2C%202017&utmprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore sourceprotect $elax =$hsprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore email&utmprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore mediumprotect $elax =$email&utmprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore contentprotect $elax =$51586796&protect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore hsencprotect $elax =$p2ANqtz-8By1Mt1bbh-Ey4Il0zyeRGgZUlprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore C0TDe2RYbOaIqWi-GdCtx-protect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore 3-uS21Sq8cSMoaHz15goIQz8OnNZJU6d8lSjhnypdxUKKlvalZZprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore pgt3VVSWE6E&protect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore hsmiprotect $elax =$51612276
http://blog.luxresearchinc.com/blog/2017/05/will-crispr-be-gmo/?utm_campaignprotect $elax =$Lux%20Spotlight%20-%20May%207%2C%202017&utmprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore sourceprotect $elax =$hsprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore email&utmprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore mediumprotect $elax =$email&utmprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore contentprotect $elax =$51586796&protect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore hsencprotect $elax =$p2ANqtz-8By1Mt1bbh-Ey4Il0zyeRGgZUlprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore C0TDe2RYbOaIqWi-GdCtx-protect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore 3-uS21Sq8cSMoaHz15goIQz8OnNZJU6d8lSjhnypdxUKKlvalZZprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore pgt3VVSWE6E&protect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore hsmiprotect $elax =$51612276
http://blog.luxresearchinc.com/blog/2017/05/will-crispr-be-gmo/?utm_campaignprotect $elax =$Lux%20Spotlight%20-%20May%207%2C%202017&utmprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore sourceprotect $elax =$hsprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore email&utmprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore mediumprotect $elax =$email&utmprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore contentprotect $elax =$51586796&protect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore hsencprotect $elax =$p2ANqtz-8By1Mt1bbh-Ey4Il0zyeRGgZUlprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore C0TDe2RYbOaIqWi-GdCtx-protect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore 3-uS21Sq8cSMoaHz15goIQz8OnNZJU6d8lSjhnypdxUKKlvalZZprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore pgt3VVSWE6E&protect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore hsmiprotect $elax =$51612276
http://blog.luxresearchinc.com/blog/2017/05/will-crispr-be-gmo/?utm_campaignprotect $elax =$Lux%20Spotlight%20-%20May%207%2C%202017&utmprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore sourceprotect $elax =$hsprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore email&utmprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore mediumprotect $elax =$email&utmprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore contentprotect $elax =$51586796&protect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore hsencprotect $elax =$p2ANqtz-8By1Mt1bbh-Ey4Il0zyeRGgZUlprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore C0TDe2RYbOaIqWi-GdCtx-protect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore 3-uS21Sq8cSMoaHz15goIQz8OnNZJU6d8lSjhnypdxUKKlvalZZprotect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore pgt3VVSWE6E&protect global let OT1	extunderscore unhbox voidb@x kern .06emvbox {hrule width.3em}OT1	extunderscore hsmiprotect $elax =$51612276


12 FEMS Yeast Research, 2017, Vol. 17, No. 4

Pasteur L. Études sur la bière. Paris, France: Gauthier-Villars, 1876.
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