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Chapter

Yeast Strain Optimization for
Enological Applications

Dawid Jos¢ Moreira Ferreiva and Jessica Noble

Abstract

In the world of winemaking, tradition and innovation have always been side
by side, on the one hand a culture of several centuries and on the other the need
to constantly improve and answer new challenges. Consumers’ preferences, cli-
mate changes, and fermentation efficiency are some of the modern questions that
winemakers have to consider. Yeast, at the center of the fermentation, has revealed
itself as the perfect platform to answer many of these challenges. By understand-
ing the metabolism and the genetic basis that modulate specific phenotypes of
yeast during fermentation, an era of yeast optimization has surfaced in the last
decades and pushed research even further. In this chapter we will focus the atten-
tion on two of the most successful techniques to that end, quantitative trait locus
(QTL) and evolutionary engineering. QTL relies on a highly precise identification
of the genome regions that control a phenotype of interest. The transfer of these
regions to selected wine yeasts is then possible by a technique called backcrossing.
Evolutionary engineering induces the yeast itself to modify its genetic background
to adapt to a selective pressure and improve its fitness. The right choice of pressure
leads to the improvement of its performances in enological conditions.

Keywords: winemaking, yeast optimization, QTL, backcrossing,
evolutionary engineering

1. Introduction

Nowadays, most of the enological fermentations are performed using selected
wine yeast strains. Historically, and to some extent to this day, the selected wine
yeasts have been found exploring the microbial flora present on the grapes, in the
cellar, or in the vineyards. Next, a long process of characterization and selection is
conducted in order to identify the yeast strain corresponding to a specific demand
[1-5]. Since many years, the knowledge about wine yeasts has exponentially
increased thanks to numerous scientific studies as well as the immense gain in the
understanding of their metabolism. Consumption and requirements in nutrients
(sugars, lipids, nitrogen, sulfur, vitamins, minerals), synthesis and production
of biomass and metabolites (ethanol, glycerol, acids, alcohols, esters, sulfur
compounds), resistance to stresses, and deficiencies have been well characterized.
At the same time, the market trend and consumers’ preference evolution results
in a growing demand for new wine yeast strains combining different properties
of interest or adapted to specific winemaking conditions and to global climate
change. Consequently, meeting those steadily increasing requirements started
to be a challenge. It becomes harder to find a strain combining all the properties
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of interest [3, 6]. The development of wine yeast strain optimization strategies
provided then a possible way out [7-9].

Optimization strategies of wine yeasts can be divided in two categories: the first
exploits the existing diversity inside the Saccharomyces cerevisiae genus that has been
recently demonstrated to be immense [10, 11] and the second allows to go further
creating new phenotypes.

The exploitation of the natural diversity can be done by breeding. Breeding
strategies of wine yeasts to combine properties of the parental strains have been
implemented for many years [12, 13]. This can be done by sexual breeding or
protoplast fusion for strains impaired in sporulation or mating. However, breeding
without prior knowledge of the genetic basis of the properties of interest may lead
to aleatory results, as most of the phenotypes are governed by complex regulations
and often involve interactions. Additionally, a major drawback is that wine yeast
strains are particularly difficult to mate due to the low spore viability and homo-
thallism typical of this group [7]. Nowadays, more rational and powerful methods
supported by the rise of the “omics” (genomic, transcriptomic, metabolomic stud-
ies, etc.), such as directed hybridization, can be carried out. Directed hybridization
takes advantage of the knowledge of gene(s) of interest to follow and direct their
transfer from one wine yeast strain to another [14].

On the other hand, going beyond the existing phenotypes can be performed by
inducing new mutations. Mutagenesis by chemical or physical ways can be used to
induce aleatory mutations inside the genome of wine yeasts [9]. Although simple
to perform, this approach delivers quite random results with potential deleterious
effects and requires massive clone screening, which can be unpractical depending
on the phenotype being tested [15].

Evolutionary engineering also allows to go further the common phenotypes
by continuously applying specific stressful conditions to a population of yeasts
and selecting natural mutants presenting a higher fitness under those conditions
[16-19]. This strategy is particularly powerful when the genetic bases of the pheno-
types are not known.

Finally, the GMO strategy, also called genetic engineering, can be considered.
This strategy exploits a set of molecular tools in order to manipulate the genetic
characteristics of yeasts. In comparison to conventional improvement strategies that
can transfer a large number of both specific and nonspecific genes to the recipi-
ent or may be responsible for some nontargeted variations in the genome, genetic
engineering only transfers a small block of desired genes. Thus, this strategy is less
time-consuming and yields more reliable products. However, the use of GMOs in
food is strictly regulated in the EU and requires a heavy declaration, traceability
procedures, and mandatory labeling even if no trace of the GMO can be found in
the final product [20]. Although in some countries, the use of GMOs in food appli-
cations can be more easily allowed, the lack of background and studies to assess
their impact on food safety, public health, and environment led to the creation of
strict regulations and legislation during the 1990s. Several European regulations
(e.g., EC258/97, EC1829/2003, 65/2004) have been issued to regulate every aspect of
GMO use in the EU [21]. In enology, different strains were genetically modified, for
instance, to obtain better aromatic profiles [22-24] or to overproduce glycerol and
reduce ethanol yield [25, 26]. However their use in the EU and other countries is
far from simple: long and costly administrative procedures, international and local
regulations, consumer distrust, and the desire to keep the process within traditional
boundaries point to a future in the wine industry without GMO [15]. More recently,
the development of a marker-free, high-throughput, and multiplexed genome
editing approach, the clustered regularly interspaced short palindromic repeats and
CRISPR-associated protein 9 (Cas9) (CRISPR-Cas9) immune system, an easier and
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traceless method of genome editing, has also been classified by the European Court
of Justice as a GMO and is subject to the same controls [27]. It becomes clear that
this kind of approaches cannot be reasonably developed for wine applications in the
current context.

In this chapter, we will develop more in depth the two most widely used
approaches for wine yeast improvement, directed hybridization through quantita-
tive trait locus (QTL) mapping combined with backcrossing cycles and evolution-
ary engineering. These approaches currently provide very efficient, GMO-free
strategies that have been greatly contributing for yeast optimization, particularly in
winemaking.

2. QTL mapping and backcrossing

2.11dentification of the molecular basis of technological properties: QTL
mapping

Numerous properties and phenotypes of wine yeasts are quantitative traits.
These present continuous variations among individuals, in opposition to qualita-
tive ones showing discrete variations. Those quantitative traits are due to complex
genetic mechanisms, often linked to interactions between several loci. It is possible
to identify the genetic determinants of such phenotypes using a QTL mapping. A
quantitative trait locus is defined as a region of the genome, often scattered, associ-
ated with the phenotypic variation of a quantitative trait. The first study using
the principles of QTL was done almost 100 years ago [28]. At the time, Sax [28]
performed a genetic analysis correlating the size of beans with the color of pigmen-
tation. Shortly after, the concept was applied to agriculture and since then has been
widely used in many different organisms such as Drosophila melanogaster [29] and
Avrabidopsis thaliana [30], in crops [31], and in yeast [32, 33].

Thanks to those approaches, chromosomic regions, genes, or even mutations,
responsible for several wine yeast properties, have been deciphered. These include
traits like acetic acid production, sporulation, ethanol tolerance, growth at high
temperature, flocculation, wine aroma production, amino acid consumption, nitro-
gen requirement, fermentative performances, and sulfur compound production
[34-45]. These studies have shown some phenotypes to be particularly complex.

The QTL mapping method is divided into three steps. First, a recombinant
population is constituted, second, this population is then phenotyped and geno-
typed, and, lastly, a statistical analysis to link the regions of the genome to the
phenotypes is performed (Figure1).

The recombinant population is usually constituted from a hybrid obtained by
crossing two parental strains, selected based on their phenotypic diversity. We
can note that it is also possible to start directly with a highly heterozygous diploid
parental strain, e.g., selected after evolutionary engineering. The hybrid is induced
to sporulate to generate a population of meiotic segregants. The meiotic segregants
passed through recombination so that each segregant possesses a random distribu-
tion of the alleles of the two parents. As the recombination rate is a crucial point in
the accuracy of the final mapping of the QTL, it is also possible to generate an F2
segregant population to increase the allelic mixing. In that case, the initial meiotic
segregant population, F1, is submitted to random crossing before a second sporula-
tion round to constitute the F2 haploid segregant population [42, 43].

The phenotyping of the segregant population is a crucial step that can be limit-
ing in the QTL approach. Each segregant has to be phenotyped individually for
the trait of interest. The higher the number of segregants that are phenotyped, the
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Figure 1.
Schematic representation of the QTL mapping strategy divided in three steps: (1) constitution of the meiotic
segregants population, (2) phenotypic and genotypic study, and finally (3) linkage analysis.

better the precision will be in the mapping of the QTL. Some phenotypes can be
measured on plates, such as ethanol tolerance; however, numerous phenotypes of
interest for wine yeasts require to perform enological fermentations.

The next step is to create a genetic map constituted by molecular markers dif-
ferentiating the two parental strains. The aim is to obtain the most homogeneous and
dense distribution of the markers throughout the genome. The better the coverage
is, the more accurate and precise the QTL mapping will be. Then, genotyping of the
segregants attributes a parental origin to each marker. Nowadays, the development of
sequencing approaches and the reduction of their costs allow to genotype the strains
using whole-genome re-sequencing implementing next-generation sequencing tech-
nology [46]. This is done for parental strains as well as for the selected segregants.

Different approaches of QTL mapping can be carried out, using individual

genotyping or bulk segregant analysis (BSA). For the individual genotyping, each
segregant is genotyped, and a linkage analysis identifies the regions that are more
likely to be involved in the phenotype. The powerful method of interval mapping
is often used [47]. This method is based on the distances between markers. For
each marker, the probability that this locus is a true QTL is calculated by a model.
A significant threshold can be established by permutation testing. This approach is
based on the hypothesis of a single QTL, but it is possible to identify other QTLs by
a composite interval mapping that will iteratively scan the genome and add known
QTL to the regression model as QTLs are identified.

In the BSA approach, the segregants that present the same phenotype are pooled
together [48, 49]. The aim is to identify the regions of the genome that are common
to all the segregants presenting the same phenotype. The allelic frequency between
the two bulks or with the control is studied and allows detecting gene variants
involved in the phenotype.
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A powerful extension of BSA has also been developed: extreme QTL (X-QTL)
mapping [50]. This approach is based on the generation of segregating populations
of very large size. Those populations composed of large numbers of progeny with
extreme trait values can be constituted using selection for drug or stress resistance
or by cell sorting. Pooled allelic frequencies are then determined.

The genomic regions identified by QTL mapping strategies can vary from few
to 1000 kilobases. Inside those regions, the sequences of the genes are compared,
and non-synonymous mutations between the parental strains are searched in
the coding region and the promotor/terminator regions. A study of the function
of the genes located in this region using databases allows identifying candidate
genes. A functional validation of the candidate genes can then be performed.
Allelic replacement and reciprocal hemizygosity analysis (RHA) are the common
ways to validate the impact of an allele on the phenotype. Allelic replacement
consists in deleting the candidate gene in a parental strain and replacing by the
allele of the opposite parent. Hemizygotes are constructed using the hybrid of
the parental strains and deleting only one copy of the gene. The obtained strains
are tested for their phenotypes. Thanks to those approaches, genes, mutations, or
even translocations have been validated for diverse wine yeast properties, such as
lag phase duration, fermentation capacity under nitrogen starvation, and ester
production [42, 51, 52].

2.2 Transferring properties of interest from one strain to another: backcrossing

Once markers or mutations have been identified thanks to a QTL mapping strat-
egy, it is possible to manage their transfer from one wine yeast strain to another.
Introgression, also called backcrossing, or selection assisted by molecular markers,
consists in recursive hybridization between a strain possessing the allele of interest
and a strain to improve (Figure 2).
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~ 50% genome P1
50% genome P2
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Figure 2.

Schematic vepresentation of backcrossing cycles or vecursive hybridization between the receptor strain (parental
strain 1, in ved) and the donor strain (parental strain 2, in green). The molecular markers (green cvoss) are
followed at each step by PCR. The final strain (in ovange) possesses a major part of its genome coming from the
receptor strain and a small part transferred from the donor and containing the vegion of interest.
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The first step is the selection of a “receptor” strain. This strain possesses a good
genetic background and presents numerous properties of interest, except the one
aimed to be enhanced. This strain will be crossed with a “donor” strain that pos-
sesses the property of interest. A first cross results in a hybrid possessing 50% of the
genome of each parental strain. This hybrid is induced to sporulate, and a popula-
tion of meiotic segregants is constituted. A segregant with the right marker or allele
of interest is selected using a simple identification by PCR. This segregant is crossed
again with the receptor strain. The second hybrid possesses 75% of the genome of
the receptor strain and 25% of the donor strain. Several cycles of breeding/sporula-
tion are performed to regenerate the genome of the receptor strain and to recover its
good properties. Generally, four cycles are sufficient and lead to a strain possessing
more than 93% of the genome of the receptor strain and less than 7% from the
donor, including the genes of interest.

This approach has been implemented in plants for many years [53, 54]. Its
application to the improvement of wine yeasts has started more than 10 years ago
[14] and since then it has been applied to generate numerous wine yeast strains The
production of H,S, lag phase, and POF character [14], volatile thiol release [55], or
SO,, H;,S, and acetaldehyde [56] have been improved using this approach.

3. Evolutionary engineering
3.1 Evolutionary engineering as a simulation of nature

Evolution is one of the most important processes present in nature to which
all living beings are submitted. After traveling around the world collecting much
data, Charles Darwin published the book On the Origin of Species on the mid-
nineteenth century explaining his theory of evolution based on natural selection.
To this day, aside from minor revisions, this theory is the one broadly accepted
within the scientific community to best explain evolution. In short, the theory
bases itself on the fact that genetic variation occurs among individuals of the
same species in a given population leading to phenotypic variations as in mor-
phology, physiology, and behavior traits. In each specific environment, different
traits confer different survival rates and different reproduction chances. Upon
natural selection, advantageous traits can be passed from generation to genera-
tion in a stable heritability. By combining these principles, the progeny of the
fittest (best adapted) in a given environment will gradually replace the members
of a population and take over. In the case of adverse conditions or sudden envi-
ronment change, this is one of the main mechanisms on which species rely to keep
thriving and avoid extinction.

Evolutionary engineering, also designated as adaptive, directed, or experimental
evolution, is an approach where these very same principles of evolution are applied
to a selected population in a known and controlled environment [57]. The main
difference from nature’s evolution is the orientation of the natural selection toward
specific selective pressures, the ones which best represent a given environment
where we look for an evolution. Over time, individuals initially not optimally
adapted may evolve and gain a higher fitness with the accumulation of natural and
positive mutations for that specific environment. As the fittest, these individuals
will be able to better utilize the available resources, grow faster, and multiply faster
in higher number. The natural course is then for their progeny to gradually become
dominant within the population, leading to the evolved individuals initially sought.
Multiple evolutionary engineering experiments have been performed with differ-
ent organisms such as Drosophila [58], domestic mouse [59, 60], the unicellular
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algae Chlamydomonas [61], Pseudomonas fluovescens [62], Escherichia coli [63], and
S. cerevisiae [64] demonstrating how the evolution principles can be successfully
applied to different living beings and contexts.

3.2 Evolutionary engineering applied to yeast: why and how?

Yeast has been the focus of many evolutionary studies due to its potential to
generate academic knowledge as well as its broad range of applications. Its success
in the evolutionary context is related to different advantages such as the high num-
ber of individuals that can be obtained within the same population, the easiness of
maintenance/growth of populations with relatively low costs, and a fast generation
time. Additionally, evolutionary engineering is a non-GMO technique. As explained
before, no direct human manipulation occurs since the yeast itself improves and
evolves its genetic background with natural mutations. Thus, evolved yeasts are
perfectly safe and can be used in any food and/or beverage context without restric-
tions. Finally, another positive feature is the simplicity and empirical way on how
the evolutionary engineering can be performed [21]. Contrary to other approaches,
no genetic characterization or deep knowledge about the selected yeast is required.

Nonetheless, when planning a yeast evolutionary engineering, key parameters need
to be defined.

3.2.1 Selective pressures

During an evolutionary experiment, the mutations and consequently the
diversity generated are completely random and cannot be predicted or controlled
[65]. Therefore, it is crucial to identify the selective pressures that will best conduct
the selection of positive mutations toward the desired phenotype. Once they are
clearly identified, a proper initial experimental characterization should be per-
formed to identify the intensity that these selective pressures should have. If too low
there will be no selection, and if too high, yeast will struggle to continue in culture.
Additionally, if a further industrial application is predicted, evolutionary engineer-
ing should be performed in conditions as close as possible to the actual conditions in
which the yeast will later perform. By doing so, yeasts will not only face the selec-
tive pressures chosen to drive evolution but also all the other constraints naturally
present [66]. For instance, in wine fermentation conditions, yeasts need to cope
with stress factors as diverse as low pH, nutrient deprivation, ethanol, osmotic, and
oxidative stress which are commonly present [67]. Therefore, it is preferable to use
natural or synthetic must as a media that closely mimics realistic conditions while
allowing the control and modification of specific parameters [68].

3.2.2 Strain choice

Depending on the final objective, the choice of a yeast strain can vary. Different
laboratory strains have been used in evolutionary approaches with the main goal of
generating academic knowledge. On the opposite side of the spectrum, industrial
yeast strains have also attracted major interest due to the possibility of improving
their efficiency and resistance [9, 66, 69]. Ploidy can also influence strain choice.
Haploid strains have the advantage of evolving faster, making it easier to later on
identify the mutations that lead to the evolved phenotype [70]. However, they are
more sensitive to deleterious mutations that could easily become lethal, whereas
diploid strains, as most wine yeast strains, have an increased ability to buffer such
mutations. This way diploid strains tend to be more stable and robust when submit-
ted to evolutionary engineering.
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3.2.3 Cultivation

gy

Microbial evolutionary engineering approaches are typically done in one of
the two ways: serial cultivation (batch) and continuous cultivation (chemostat).
Both are equally valid, and the choice will depend on the experimental conditions
and objectives. With serial cultivation, the principle is to aliquot the culture into a
new fresh medium at regular intervals (Figure 3). This is often used to select for
microorganisms with shorter lag phase or higher growth rate, but certain regimes
might also allow the selection for higher biomass formation or a better survival
after nutrient depletion [18, 19, 69, 71]. Due to manipulation easiness and economic
maintenance, this method allows several parallel cultures, often performed in shake
flasks. On the downside, batch cultures are prone to some uncontrolled parameters
and fluctuations in population density, growth rate, or dissolved oxygen [57]. In
continuous cultivations bioreactor vessels are typically used. Here, all experimental
parameters such as medium influx rate, temperature, oxygenation, and pH are
continuously monitored leading to constant growth rates and population densities
(Figure 3). Continuous cultures usually favor selection for higher substrate affinity
[69]. The major disadvantages are the much higher costs and limitation in parallel
experiments, depending on how many chemostats are available [57].

Independent of the cultivation method used, running simultaneous evolu-
tionary engineering approaches of the same condition is advised. Woods et al.
[72], using Escherichia coli in 12 identical and parallel evolutionary engineering
experiments, showed that different random mutations can be fixed in different
populations. As a consequence, the final outcome of each evolutionary process can
vary. Identical phenotypes can be obtained with equivalent or different mutations;
however different phenotypes can also be obtained despite the same exact condi-
tions. Having parallel experiments increases the chances of success.

3.2.4 Duration

How long an evolutionary engineering approach lasts is highly case dependent
and somehow unpredictable due to the randomness of mutations. Rather than
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absolute time, duration is often measured by the number of generations. Natural
mutations mostly occur when microorganisms divide, and since experimental
conditions can modulate cell division from a few hours to several days, measur-
ing the number of generations is a more accurate evolution timescale. If selective
pressures are effective, in yeast a positive evolution is frequently observed between
the 50th and the 200th generation. However, it might be the case that after many
more generations, no evolution is observed. In this scenario, it might be the case
that the approach setup, conditions, or parameters such as the selective pressures
need to be reviewed. The best strategy to optimize duration is to regularly screen
the evolving populations. By early detecting a positive evolution, the approach can
either be stopped at the right moment or pursued if the evolved phenotype is still
not satisfactory.

3.3 From the bench to the cellar

Once a positive evolution is detected in a wine evolutionary approach, a
thorough work of validation needs to be done before an evolved wine yeast can
actually be used in a cellar. The first step, often at laboratory scale, is to submit
evolved yeasts to the evolutionary conditions in direct comparison with the
parental strain, separately or in competition, to evaluate the relative improvement
of the phenotype [73]. If acceptable, this comparison should also be validated in
different realistic conditions where the yeast might perform. Typically, natural
or synthetic musts are used in order to better reproduce enological fermenta-
tion conditions [68]. Aside from the characterization itself, this first screening
allows for the search of possible trade-offs. A trade-off occurs when a particular
phenotypic trait gets improved at the expense of one or more other phenotypic
traits that get worsen. This is well illustrated in a study by Wenger et al. [74] who
successfully evolved S. cerevisiae for a higher fitness in anaerobic glucose-limited
media. Despite this, when in aerobic, carbon-rich environments, the evolved
clones performed less well than their ancestor due to a trade-off. Similarly, yeast
cells evolved for efficient galactose consumption which presented trade-offs when
grown on glucose as a carbon source [75]. In winemaking context it is fundamen-
tal for yeast traits such as aroma production or fermentation efficiency to be kept
at high standards and free of trade-offs. To note that in an evolutionary approach,
the higher the number of generations occurred, the higher the chances of unre-
lated mutation accumulation. This reinforces the fact that the approach should be
stopped as soon as a positive evolution is detected to avoid the accumulation of
potential trade-offs.

Another fundamental test is to propagate and dry the yeast under industrial
conditions, often the method used to produce commercialized wine yeast strains.
Propagation and drying represent as the major sources of stress for yeast includ-
ing oxidative, osmotic, and desiccation stresses which the evolved strains need to
endure at least as well as the parental strains [21, 76-78]. The final stage of valida-
tion is the scale-up to pilot and industrial fermentation volumes, often performed
by cellars with tanks of several hectoliters. If the evolved wine yeast strain perfor-
mance is satisfactory both for the evolved phenotype and the remaining important
traits, the evolutionary engineering process is then a success from an industrial
point of view, and the yeast can be commercialized. From an academic point a view,
new knowledge can also be generated by studying the new genetic profile in correla-
tion to the evolved phenotype and how the evolved strains differ from the parental
one. Approaches to conduct this characterization include genome microarray
hybridization and direct DNA sequencing [75, 79, 80].
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3.4 Successful evolutionary engineering in winemaking

To illustrate the potential of evolutionary engineering approaches in winemak-
ing, few examples can be used where technical or field problematics were success-
fully solved by using this approach with validated evolved strains.

While using a long-term batch culturing on gluconate (a carbon source poorly
assimilated by S. cerevisiae), Cadiere et al. [19] evolved a commercial wine yeast
strain obtaining interesting results. Evolved clones presented a carbon flux through
the pentose phosphate pathway which increased by 6% when compared to the
parental strains. This also resulted in a higher fermentation rate, lower levels of
acetate production, and increased production of aroma compounds. As the process
was carried out at a laboratory scale but in realistic (enological) conditions, the
same phenotypic improvements were verified when the evolved strain was used in
pilot-scale trials [81]. It was identified that the evolved strain produced higher levels
of phenyl ethanol, isobutanol, isoamyl alcohol, ethyl acetate, isoamyl acetate, and
ethyl esters [82].

Other authors were able to obtain a stable wine yeast strain with slightly
enhanced glycerol production. By employing sulfite as a selective agent in an
alkaline pH, Kutyna et al. [83] obtained evolved clones with an increase of 41% in
glycerol production, which can have a benefic impact in wine organoleptic proper-
ties. To reduce the final ethanol content in wine, Tilloy et al. [18] submitted a wine
strain to hyperosmotic stress for 200 generations, which yielded evolved clones that
grew better under osmotic stress and glucose starvation and produced markedly
more glycerol but also succinate and 2,3-butanediol. The approach was then com-
plemented with an intra-strain breeding strategy that further increased the glycerol
yield and reduced ethanol production in wine by up to 1.3% (v/v).

More recently, Lépez-Malo et al. [80] performed an evolutionary process
aiming for a higher performance for low-temperature fermentations (12°C). It
was discovered that inositol and mannoprotein limitations were responsible for an
evolution toward shorter fermentation times and higher final populations. After
genome sequencing, it was discovered that an SNP in the gene GAA1, fundamental
in inositol and mannoprotein synthesis, was at the basis of the improvement.

4, Conclusions

For along time, innovation in yeast applications was mainly based on empirical
observation and selection of natural isolates. In wine fermentation, despite the
hundreds of wine yeast strains well characterized and commercially available, this
diversity started to become insufficient to effectively answer all modern problemat-
ics. Consumers’ preferences (e.g., specific aromas), improvements in fermentation
efficiency, or counterbalance climate change are examples of key challenges that
winemakers currently face and to which they require rapid and viable solutions. The
emergence in the last decades of the different techniques discussed in this chapter
allowed major advances in that sense. QTL mapping/backcrossing and evolution-
ary engineering are particularly two techniques that excel in providing solutions to
specific applied issues.

QTL mapping is relevant as most of the enological traits of interest are governed
by multiple loci and present a continuous variation in a population. Thanks to
recently growing genetic tools, the study of the genetic determinants is becoming
easier, and QTL mapping can be performed using molecular markers or whole-
genome sequencing. Once the alleles of interest are known, they can be transferred
from one strain to another using introgression. This constitutes a powerful natural

10



Yeast Strain Optimization for Enological Applications
DOI: http://dx.doi.org/10.5772/intechopen.86515

approach to combine traits of interest of two wine yeast strains and/or to improve a
strain conferring it a new property. On the other hand, some phenotypes and traits
of interest can be hard to improve due to their complex regulation by different loci
in the genome. If QTL mapping can precisely identify their genetic basis, evolution-
ary engineering is a solid alternative for a direct improvement of a trait to which
low or no knowledge might be available. Often performed in the industrial context
itself, this approach can provide both applied and academic outcomes with a relative
simple and cost-effective methodology. Using this technique, most of the wine yeast
traits of interest can be improved which leaves the future of winemaking with an
immense potential in terms of innovation.

By combining relatively simple principles with high precision in addressing
the problematics at their basis, QTL mapping and evolutionary engineering offer
high rates of success. This justifies their initial success within the academia. In
combination with their non-GMO status, this was quickly transferred to applica-
tion and industry such as winemaking. Despite the precision that these techniques
already offer, it is very likely that in the coming years their efficiency will continue
to increase, while their cost will be reduced. Sequencing and whole-genome
sequencing are following this exact trend and becoming more and more current.
Identifying mutations or DNA regions responsible for specific phenotypic traits
will then be more accessible with even more accurate results. In addition to other
techniques that may emerge in the meantime, this suggests a bright future for wine
yeast optimization and a continuous progress in winemaking.

Acknowledgements

The authors thank Anne Ortiz-Julien and Jose-Maria Heras for their support in
writing this manuscript.
Conflict of interest

The authors declare no conflict of interest.

Author details

David José Moreira Ferreira and Jessica Noble*
Lallemand SAS, Blagnac, France

*Address all correspondence to: jnoble@lallemand.com

IntechOpen

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

11



Advances in Grape and Wine Biotechnology

References

[1] Degre R. Selection and commercial
cultivation of wine yeast and bacteria.
In: Fleet GH, editor. Wine Microbiology

and Biotechnology. Harwood Academic:

Reading; 1993. pp. 421-447

[2] Zagorc T, Mardz A, Cadez N, Jemec
KP, Péter G, Resnik M, et al. Indigenous
wine killer yeasts and their application

as a starter culture in wine fermentation.

Food Microbiology. 2001;18(4):441-451.
DOI: 10.1006/fmic.2001.0422

[3] Mannazzu I, Clementi F, Ciani M.
Strategies and criteria for the isolation
and selection of autochthonous starters.
In: Ciani M, editor. Biodiversity

and Biotechnology of Wine Yeasts.
Trivandrum, India: Research Signpost;
2002. pp. 19-35

[4] Lopes CA, Rodriguez ME, Sangorrin
M, Querol A, Caballero AC. Patagonian
wines: The selection of an indigenous
yeast starter. Journal of Industrial
Microbiology & Biotechnology.
2007;34(8):539-546. DOI: 10.1007/
s10295-007-0227-3

[5] Capece A, Romaniello R, Siesto
G, Pietrafesa R, Massari C, Poeta

C, et al. Selection of indigenous
Saccharomyces cerevisiae strains for
Nero d’Avola wine and evaluation
of selected starter implantation in
pilot fermentation. International
Journal of Food Microbiology.
2010;144(1):187-192. DOI: 10.1016/j.
ijfoodmicro.2010.09.009

[6] Romano P, Fiore C, Paraggio M,
Caruso M, Capece A. Function of
yeast species and strains in wine
flavour. International Journal of Food
Microbiology. 2003;86:169-180

[7] Pretorius IS. Tailoring wine yeast for
the new millennium: Novel approaches

to the ancient art of winemaking. Yeast.
2000;16(8):675-729

12

[8] Pretorius IS, Bauer FF. Meeting the
consumer challenge through genetically
customized wine-yeast strains. Trends
in Biotechnology. 2002;20:426-432

[9] Steensels J, Snoek T, Meersman

E, Picca Nicolino M, Voordeckers K,
Verstrepen KJ. Improving industrial
yeast strains: Exploiting natural and
artificial diversity. FEMS Microbiology
Reviews. 2014;38(5):947-995. DOI:
10.1111/1574-6976.12073

[10] Liti G, Carter DM, Moses AM, et al.
Population genomics of domestic and
wild yeasts. Nature. 2009;458:337-341.
DOI: 10.1038/nature07743

[11] Peter J, De Chiara M, Friedrich A,
et al. Genome evolution across 1,011
Saccharomyces cerevisiae isolates. Nature.
2018;556(7701):339-344. DOI: 10.1038/
s41586-018-0030-5

[12] Thornton R]. New yeast strains from
old—The application of genetics to wine
yeasts. Food Technology in Australia.
1983;35:46-50

[13] Romano P, Soli MG, Suzzi G,
Grazia L, Zambonelli C. Improvement
of a wine Saccharomyces cerevisiae
strain by a breeding program. Applied
and Environmental Microbiology.
1985;50(4):1064-1067

[14] Marullo P, Yvert G, Bely M, Aigle
M, Dubourdieu D. Efficient use of
DNA molecular markers to construct

industrial yeast strains. FEMS Yeast
Research. 2007;7:1295

[15] Cebollero E, Gonzalez-Ramos D,
Tabera L, et al. Transgenic wine yeast
technology comes of age: Is it time for

transgenic wine? Biotechnology Letters.
2007;29:191-200

[16] Sauer U. Evolutionary engineering
of industrially important microbial



Yeast Strain Optimization for Enological Applications

DOI: http://dx.doi.org/10.5772/intechopen.86515

phenotypes. Advances in Biochemical
Engineering/Biotechnology. 2001;73:
129-169

[17] Portnoy VA, Bezdan D, Zengler K.
Adaptive laboratory evolution—
Harnessing the power of biology for
metabolic engineering. Current Opinion
in Biotechnology. 2011;22:590-594

[18] Tilloy V, Ortiz-Julien A, Dequin S.
Reduction of ethanol yield and
improvement of glycerol formation
by adaptive evolution of the wine
yeast Saccharomyces cerevisiae under
hyperosmotic conditions. Applied
and Environmental Microbiology.
2014;80(8):2623. DOI: 10.1128/
AEM.03710-13

[19] Cadiére A, Ortiz-Julien A,
Camarasa C, Dequin S. Evolutionary
engineered Saccharomyces cerevisiae
wine yeast strains with increased in vivo
flux through the pentose phosphate
pathway. Metabolic Engineering.
2011;13:263-271

[20] Schuller D, Casal M. The use of
genetically modified Saccharomyces
cerevisiae strains in the wine

industry. Applied Microbiology and
Biotechnology. 2005;68:292-304. DOI:
10.1007/s00253-005-1994-2

[21] Pérez-Torrado R, Querol A,
Guillamén JM. Genetic improvement
of non-GMO wine yeasts: Strategies,
advantages and safety. Trends in Food
Science and Technology. 2015;45:1-11

[22] Pérez-Gonzalez JA, Gonzdlez R,
Querol A, et al. Construction of
arecombinant wine yeast strain
expressing beta-(1,4)-endoglucanase
and its use in microvinification
processes. Applied and Environmental
Microbiology. 1993;59:2801-2806

[23] Ganga MA, Pifiaga F, Vallés S,

et al. Aroma improving in
microvinification processes by the use
of a recombinant wine yeast strain

13

expressing the Aspergillus nidulans xInA
gene. International Journal of Food
Microbiology. 1999;47:171-178

[24] Manzanares P, Orejas M, Vicente
GilJ, et al. Construction of a genetically
modified wine yeast strain expressing
the Aspergillus aculueatus rhaA gene,
encoding an a-L-Rhamnosidase of
Enological interest. Microbiology.
2003;69:7558-7562

[25] Michnick S, Roustan J, Remize F,
et al. Modulation of glycerol and
ethanol yields during alcoholic
fermentation in Saccharomyces
cerevisiae strains overexpressed or
disrupted for GPD1 encoding glycerol
3-phosphate dehydrogenase. Yeast.
1997;793:783-793

[26] Remize F, Roustan JL, Sablayrolles
JM, et al. Glycerol overproduction by
engineered Saccharomyces cerevisiae
wine yeast strains leads to substantial
changes in by-product formation

and to a stimulation of fermentation
rate in stationary phase. Applied

and Environmental Microbiology.
1999;65:143-149

[27] Callaway E. CRISPR plants now
subject to tough GM laws in European
Union. Nature. 2018;560(7716):16. DOI:
10.1038/d41586-018-05814-6

[28] Sax K. The Association of Size
Differences with seed-coat pattern

and pigmentation in Phaseolus vulgaris.
Genetics. 1923;8:552-560

[29] Mackay TFC. The genetic
architecture of quantitative traits:
Lessons from Drosophila. Current
Opinion in Genetics & Development.

2004;14:253-257

[30] Shindo C, Bernasconi G, Hardtke
CS. Natural genetic variation in
Arabidopsis: Tools, traits and prospects
for evolutionary ecology. Annals of
Botany. 2007;99:1043-1054



Advances in Grape and Wine Biotechnology

[31] Wiirschum T. Mapping QTL

for agronomic traits in breeding
populations. Theoretical and Applied
Genetics. 2012;125:201-210

[32] Steinmetz LM, Sinha H, Richards D,
Spiegelman JI, Oefner PJ, McCusker JH,
et al. Dissecting the architecture of

a quantitative trait locus in yeast.
Nature. 2002;416(6878):326-330. DOI:
10.1038/416326a

[33] Brem RB, Yvert G, Clinton R,
Kruglyak L. Genetic dissection of
transcriptional regulation in budding
yeast. Science. 2002;296(5568):752-755.
DOI: 10.1126/science. 1069516

[34] Ben-Ari G, Zenvirth D, Sherman A,
David L, Klutstein M, Lavi U, et al.
Four linked genes participate in
controlling sporulation efficiency

in budding yeast. PLoS Genetics.
2006;2(11):e195. DOI: 10.1371/journal.
pgen.0020195

[35] Hu XH, Wang MH, Tan T, LiJR,
Yang H, Leach L, et al. Genetic
dissection of ethanol tolerance in the
budding yeast Saccharomyces cerevisiae.
Genetics. 2007;175(3):1479-1487. DOIL:
10.1534/genetics.106.065292

[36] Marullo P, Bely M, Masneuf-
Pomarede I, Aigle M, Dubourdieu D.
Inheritable nature of enological
quantitative traits is demonstrated by
meiotic segregation of industrial wine
yeast strains. FEMS Yeast Research.
2004;4(7):711-719

[37] Marullo P, Yvert G, Bely M,
Masneuf-Pomare I, Durrens P,
Dubourdieu D, et al. Single nucleotide
resolution QTL mapping of an
enological trait from derived wild

Sacchmomyces cerevisiae strains. FEMS
Yeast Research. 2007;7:941-952

[38] Sinha H, Nicholson BP, Steinmetz
LM, McCusker JH. Complex genetic
interactions in a quantitative trait locus.
PLoS Genetics. 2006;2(2):e13. DOI:
10.1371/journal.pgen.0020013

14

[39] Sinha H, David L, Pascon RC,
Clauder-Minster S, Krishnakumar S,
Nguyen M, et al. Sequential elimination
of major-effect contributors identifies
additional quantitative trait loci
conditioning high-temperature growth in
yeast. Genetics. 2008;180(3):1661-1670.
DOI: 10.1534/genetics.108.092932

[40] Steyer D, Ambroset C, Brion C,
Claudel P, Delobel P, Sanchez I, et al.
QTL mapping of the production of
wine aroma compounds by yeast.
BMC Genomics. 2012;13(1):573. DOI:
10.1186/1471-2164-13-573

[41] Ambroset C, Petit M, Brion C,
Sanchez I, Delobel P, Guérin C, et al.
Deciphering the molecular basis of
wine yeast fermentation traits using
a combined genetic and genomic
approach. G3. 2011;1:263-281. DOLI:
10.1534/g3.111.000422

[42] Brice C, Sanchez I, Bigey F, Legras
JL, Blondin B. A genetic approach

of wine yeast fermentation capacity
in nitrogen-starvation reveals the

key role of nitrogen signaling.

BMC Genomics. 2014;15:495. DOI:
10.1186/1471-2164-15-495

[43] Eder M, Sanchez I, Brice C,
Camarasa C, Legras JL, Dequin S.
QTL mapping of volatile compound
production in Saccharomyces cerevisiae
during alcoholic fermentation. BMC
Genomics. 2018;19(1):166. DOI:
10.1186/s12864-018-4562-8

[44] Noble J, Sanchez I, Blondin B.
Identification of new Saccharomyces
cerevisiae variants of the MET?2

and SKP2 genes controlling the
sulfur assimilation pathway and
the production of undesirable
sulfur compounds during alcoholic
fermentation. Microbial Cell
Factories. 2015;14:68. DOI: 10.1186/
s12934-015-0245-1

[45] Trindade de Carvalho BT, Holt
S, Souffriau B, Lopes Brandado R,



Yeast Strain Optimization for Enological Applications

DOI: http://dx.doi.org/10.5772/intechopen.86515

Foulquié-Moreno MR, Thevelein JM.
Identification of novel alleles conferring
superior production of rose flavor
phenylethyl acetate using polygenic
analysis in yeast. Microbiology
2017;8(6):1-21. pii: e01173-17. DOL:
10.1128/mBio.01173-17

[46] Metzker ML. Sequencing
technologies—The next generation.
Nature Reviews Genetics. 2010;11:31-46.
DOI: 10.1038/nrg2626

[47] Lander E, Botstein D. Mapping
Mendelian factors underlying

quantitative traits using RFLP linkage
maps. Genetics. 1989;121:185-199

[48] Michelmore RW, Paran I, Kesseli
RV. Identification of markers linked

to disease-resistance genes by

bulked segregant analysis: A rapid
method to detect markers in specific
genomic regions by using segregating
populations. Proceedings of the National
Academy of Sciences of the United
States of America. 1991;88:9828-9832

[49] Pais TM, Foulquié-Moreno MR,
Thevelein JM. QTL mapping by pooled-
segregant whole-genome sequencing

in yeast. Methods in Molecular

Biology. 2014;1152:251-266. DOI:
10.1007/978-1-4939-0563-8_15

[50] Ehrenreich IM, Torabi N, Jia Y,
Kent J, Martis S, Shapiro JA, et al.
Dissection of genetically complex
traits with extremely large pools
of yeast segregants. Nature.
2010;464(7291):1039-1042. DOL:
10.1038/nature08923

[51] Zimmer A, Durand C, Loira N,
Durrens P, Sherman D], et al. QTL
dissection of lag phase in wine
fermentation reveals a new translocation
responsible for Saccharomyces cerevisiae
adaptation to sulfite. PLoS One.
2014;9(1):e86298. DOI: 10.1371/journal.
pone.0086298

[52] Holt S, Trindade de Carvalho B,
Foulquié-Moreno MR, Thevelein JM.

15

Polygenic analysis in absence of major
effector ATF1 unveils novel components
in yeast flavor ester biosynthesis.
Microbiology. 2018;9(4):e01279-e01218.
DOI: 10.1128/mBio.01279-18

[53] Tanksley SD, Nelson JC. Advanced
backcross QTL analysis: A method for
the simultaneous discovery and transfer
of valuable QTLs from unadapted
germplasm into elite breeding lines.
Theoretical and Applied Genetics.
1996;92:191-203

[54] Hospital F, Charcosset A.
Marker-assisted introgression of

quantitative trait loci. Genetics.
1997;147:1469-1485

[55] Dufour M, Zimmer A, Thibon C,
Marullo P. Enhancement of volatile
thiol release of Saccharomyces

cerevisiae strains using molecular
breeding. Applied Microbiology and
Biotechnology. 2013;97:5893-5905. DOI:
10.1007/s00253-013-4739-7

[56] Berlese-Noble ], Raynal C, Silvano
A, Granes D, Bonnefond C, Ortiz-
Julien A. New research, new yeast,
new selection tool. Australian and New
Zealand Grapegrower and Winemaker.
2014;602:48-53

[57] Dragosits M, Mattanovich D.
Adaptive laboratory evolution—
Principles and applications for
biotechnology TL-12. Microbial Cell
Factories. 2013;(12):VN-r:64

[58] Rose MR, Vu LN, Park SU, et al.
Selection on stress resistance increases
longevity in Drosophila melanogaster.

Experimental Gerontology.
1992;27:241-250

[59] Dohm MR, Richardson CS,
Garland T. Exercise physiology of wild
and random-bred laboratory house
mice and their reciprocal hybrids.

The American Journal of Physiology.
1994;267:1098-1108



Advances in Grape and Wine Biotechnology

[60] Dumke CL, Rhodes JS, Garland

T Jr, et al. Genetic selection of mice
for high voluntary wheel running:
Effect on skeletal muscle glucose
uptake. Journal of Applied Physiology.
2001;91:1289-1297

[61] Colegrave N, Kaltz O, Bell G. The
ecology and genetics of fitness in
Chlamydomonas. Viii. The dynamics
of adaptation to novel environments

after a single episode of sex. Evolution.
2002;56:14-21

[62] Rainey PB, Travisano M. Adaptive
radiation in a heterogeneous
environment. Nature. 1998;394:69-72

[63] Lenski RE, Travisano M. Dynamics
of adaptation and diversification: A
10,000-generation experiment with
bacterial populations. Proceedings

of the National Academy of Sciences.
1994;91:6808-6814

[64] Paquin C, Adams J. Frequency
of fixation of adaptive mutations
is higher in evolving diploid than
haploid yeast populations. Nature.
1983;302:495-500

[65] Luria S, Delbriick M. Mutations of
bacteria from virus sensitivity to virus
resistance. Genetics. 1943;28:491-511

[66] Cakar ZP, Turanli-Yildiz B, Alkim
C, et al. Evolutionary engineering of
Saccharomyces cerevisiae for improved
industrially important properties. FEMS
Yeast Research. 2012;12:171-182

[67] Querol A, Fernandez-Espinar MT,
Del Olmo M, et al. Adaptive evolution

of wine yeast. International Journal of
Food Microbiology. 2003;86:3-10

[68] Bely M, Sablayrolles JM, Barre

P. Automatic detection of assimilable
nitrogen deficiencies during alcoholic
fermentation in oenological conditions.
Journal of Fermentation and
Bioengineering. 1990;70:246-252

16

[69] Bachmann H, Pronk JT,
Kleerebezem M, et al. Evolutionary
engineering to enhance starter culture
performance in food fermentations.
Current Opinion in Biotechnology.
2015;32:1-7

[70] Gerstein AC, Cleathero LA,
Mandegar MA, et al. Haploids adapt
faster than diploids across a range of

environments. Journal of Evolutionary
Biology. 2011;24:531-540

[71] Rabbers I, van Heerden JH,
Nordholt N, et al. Metabolism
at evolutionary optimal states.
Metabolites. 2015;5:311-343

[72] Woods R, Schneider D, Winkworth
CL, et al. Tests of parallel molecular
evolution in a long-term experiment
with Escherichia coli. Proceedings of

the National Academy of Sciences.
2006;103:9107-9112

[73] Elena SF, Lenski RE. Microbial
genetics: Evolution experiments with
microorganisms: The dynamics and

genetic bases of adaptation. Nature
Reviews. Genetics. 2003;4:457-469

[74] Wenger JW, Piotrowski J, Nagarajan
S, et al. Hunger artists: Yeast adapted to
carbon limitation show trade-offs under
carbon sufficiency. PLoS Genetics.
2011;7:1-17. DOI: 10.1371/journal.
pgen.1002202

[75] Hong K-K, Vongsangnak W, Vemuri
GN, et al. Unravelling evolutionary
strategies of yeast for improving
galactose utilization through integrated
systems level analysis. Proceedings

of the National Academy of Sciences.
2011;108:12179-12184

[76] Franga MB, Panek AD, Eleutherio
ECA. The role of cytoplasmic catalase in
dehydration tolerance of Saccharomyces

cerevisiae. Cell Stress & Chaperones.
2005;10:167-170

[77]1 Singh J, Kumar D, Ramakrishnan
N, et al. Transcriptional response



Yeast Strain Optimization for Enological Applications
DOI: http://dx.doi.org/10.5772/intechopen.86515

of Saccharomyces cerevisiae to
desiccation and rehydration. Society.
2005;71:8752-8763

[78] Gomez-Pastor R, Pérez-Torrado R,
Cabiscol E, et al. Transcriptomic and
proteomic insights of the wine yeast
biomass propagation process. FEMS
Yeast Research. 2010;10:870-884

[79] Dunham MJ, Badrane H, Ferea T,
et al. Characteristic genome
rearrangements in experimental
evolution of Saccharomyces cerevisiae.
Proceedings of the National Academy
of Sciences of the United States of
America. 2002;99:16144-16149

[80] Lépez-Malo M, Garcia-Rios

E, Melgar B, et al. Evolutionary
engineering of a wine yeast strain
revealed a key role of inositol and
mannoprotein metabolism during
low-temperature fermentation. BMC
Genomics. 2015;16:537

[81] Cadiére A, Aguera E, Caillé S, et al.
Pilot-scale evaluation the enological
traits of a novel, aromatic wine yeast
strain obtained by adaptive evolution.
Food Microbiology. 2012;32:332-337

[82] Mouret JR, Cadiere A, Aguera

E, et al. Dynamics and quantitative
analysis of the synthesis of fermentative
aromas by an evolved wine strain

of Saccharomyces cerevisiae. Yeast.
2014;32:259-267

[83] Kutyna DR, Varela C, Stanley

GA, et al. Adaptive evolution of
Saccharomyces cerevisiae to generate
strains with enhanced glycerol
production. Applied Microbiology and
Biotechnology. 2012;93:1175-1184

17



