IntechOpen

New Advances in
Saccharomyces

Edited by Antonio Movata, Carmen Gonzdlez,
Iris Loira and Carlos Escott







New Advances in

Saccharomyces

Edited by Antonio Movata,
Carmen Gongzdlez, Iris Loira
and Carlos Escott

Published in London, United Kingdom




New Advances in Saccharomyces
http:/dx.doi.org/10.5772/intechopen.110980
Edited by Antonio Morata, Carmen Gonzéalez, Iris Loira and Carlos Escott

Contributors

Sachiko Hayashi, Lawrence Sirovich, Dmitry Karpenko, Artem Grishin, José Pérez-Navarro, Adela
Mena-Morales, Sergio Gémez-Alonso, Esteban Garcia-Romero, Pedro Miguel Izquierdo-Caias, Antonio
Morata, Carlos Escott, Juan Manuel del Fresno, Buenaventura Guamis, Irisloira, Maria Antonia
Bafhuelos, Carmen Lépez, Felipe Palomero, Carmen Gonzélez, Julia Crespo, Margarita Garcia,

Teresa Arroyo, Valeria Romero, Juan M. Cabellos, Hervé Alexandre, Maélys Puyo, Raphaélle Tourdot-
Maréchal, KaiChen, Gustavo Cordero-Bueso, Marina Ruiz-Mufoz, Antonio Florido-Barba, Jesus Manuel
Cantoral Fernandez, Duncan Hamm, Bernardo Mufioz Gonzélez, Dagnew Bitew, Berhanu Andualem, Vanesa
Postigo, Margarita Garcia, Teresa Arroyo

© The Editor(s) and the Author(s) 2024

The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright,
Designs and Patents Act 1988 . All rights to the book as a whole are reserved by INTECHOPEN LIMITED .
The book as a whole (compilation) cannot be reproduced, distributed or used for commercial or
non-commercial purposes without INTECHOPEN LIMITED’s written permission. Enquiries concerning
the use of the book should be directed to INTECHOPEN LIMITED rights and permissions department
(permissions@intechopen.com).

Violations are liable to prosecution under the governing Copyright Law.
@)y |

Individual chapters of this publication are distributed under the terms of the Creative Commons
Attribution 3.0 Unported License which permits commercial use, distribution and reproduction of
the individual chapters, provided the original author(s) and source publication are appropriately
acknowledged . If soindicated, certain images may not be included under the Creative Commons
license. Insuch cases users will need to obtain permission from the license holder to reproduce
the material. More details and guidelines concerning content reuse and adaptation can be found at
http: /www . intechopen.com/copyright-policy. html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not
necessarily those of the editors or publisher. No responsibility is accepted for the accuracy of
information contained in the published chapters. The publisher assumes no responsibility for any
damage or injury to persons or property arising out of the use of any materials, instructions, methods
or ideas contained in the book.

First published in London, United Kingdom, 2024 by IntechOpen
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales,
registration number: 11086078, 5 Princes Gate Court, London, SW7 2QJ, United Kingdom

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Additional hard and PDF copies can be obtained from orders@intechopen.com

New Advances in Saccharomyces

Edited by Antonio Morata, Carmen Gonzédlez, Iris Loira and Carlos Escott
p.cm.

Print ISBN 978-0-85466-128-2

Online ISBN 978-0-85466-127-5

eBook (PDF) ISBN 978-0-85466-129-9



We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

68(D®+ 183,000+ 19oM+

ailable International authors and editor Downloads

Our author: among the

156 Top 1% 12. 2%

Countries deliv most cited s Contributors from top 500 universities

J ook *
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

1






Meet the editors

Antonio Morata is a Professor of Food Science and Technology
at the Universidad Politécnica de Madrid (UPM), Spain, spe-
cialized in wine technology. He is a coordinator of the module of
enology and winemaking in the master’s program in viticulture
and enology and a coordinator of the master’s program in food
engineering at UPM. Dr. Morata is also a Professor of Enology
and Wine Technology at the European Master of Viticulture and
Enology, Euromaster Vinifera-Erasmus+. He is a Spanish delegate to the group of
experts in wine technology and the president of wine microbiology for the Interna-
tional Organizations of Vine and Wine (OIV). He has authored more than eighty-
five research articles, seven books, six journal special issues, and twenty-three
book chapters. Dr. Morata was listed among the top 2% of scientists worldwide by
Stanford University, USA, in 2022-2023.

Professor Carmen Gonzalez-Chamorro has worked as a pro-
fessor at the Universidad Politécnica de Madrid (UPM), Spain,
since 1993. She has dedicated her teaching work to food tech-
nology and applications in the fruit and vegetable industries
and fermented meat products. From 2004 to 2016 she held
management positions at the university, including Ombudsman
and Deputy Director of University Extension and International
Relations). Her research activity has focused on oenological biotechnology and
the selection of microorganisms (yeasts and BAL) that are of special interest in
wine-making processes. She has extensive experience in the use of instrumental
and sensory tests to assess the quality of alcoholic beverages (wine and beer) and
meat products. She has participated in different educational innovation projects
and coordinated three of them. These projects have made it possible to coordinate
working groups for the implementation of degrees in the United States and apply
new teaching methodologies that allow the acquisition of horizontal competen-
cies by students. Dr. Gonzalez-Chamorro has also evaluated research projects and
national and international degrees.

Carlos Escott graduated with a degree in chemistry from the
Instituto Tecnolégico y de Estudios Superiores de Monterrey
(ITESM), Mexico. He also obtained a master’s degree in Food
Engineering Applied to Health from the Universidad Politécnica
de Madrid (UPM), Spain, and a Ph.D. in Agro-environmental
Technology for Sustainable Agriculture from UPM. He isan R2
food technology researcher and professor of the enology and
vinification module at UPM. He is the author of forty-three papers, including thir-
ty-six research articles and seven book chapters.




Iris Loira is an Associate Professor of Food Science and Technology
atthe Universidad Politécnica de Madrid (UPM), Spain, where she
teaches the enology and winemaking module. She is the Academic
Secretary of the master’s program in food engineering at UPM. She is
also a Professor of Wine Analysis at the European Master of Viticul-
ture and Enology, Euromaster Vinifera-Erasmus+. She is the author
of fifty-five research articles, four books, and twenty book chapters.



Contents

Preface

Section 1
Saccharomyces Genetics and Biotechnology

Chapter1

Multiple Layers of Gene-Expression Regulatory Mechanisms during
Fermentation and Respiration

by Sachiko Hayashi

Chapter2
Coherent Gene Assemblies: Example, Yeast Cell Division Cycle, CDC
by Lawrence Sirovich

Chapter 3
Yeast Activation Methods Used in Fermentation Industries
by Dmitry Karpenko and Artem Grishin

Section 2
Wine Biotechnology

Chapter 4

Distinctive Role of Yeast Strain on Aromatic Profile of Wines Made
from Minority Grape Cultivars: Chemical and Sensory Characterization
of Aroma Components

by José Pérez-Navarro, Adela Mena-Morales, Sergio Gomez-Alonso,
Esteban Garcia-Romero and Pedro Miguel Izquierdo-Caiias

Chapter5

Use of UHPH to Sterilize Grape Juices and to Facilitate the Implantation
of Saccharomyces and Other Emerging Fermentation Biotechnologies in
Wines

by Antonio Morata, Carlos Escott, Juan Manuel del Fresno,

Buenaventura Guamis, Iris Loiva, Maria Antonia Baniuelos,

Carmen Lopez, Felipe Palomero and Carmen Gonzdlez

XI

33

51

77

79

101



Chapter 6

Effect of Aging on Lees on the Volatile Profile of Malvasia aromatica Wines
Fermented with Saccharomyces Native Yeasts in PDO “Vinos de Madrid” by
Julia Crespo, Margarita Garcia, Teresa Arroyo, Valeria Romero

and Juan M. Cabellos

Chapter7
Bioprotection in Winemaking
by Hervé Alexandre, Maélys Puyo and Raphaélle Tourdot-Mavréchal

Chapter 8

Characteristic Metabolites Drive the Self-Assembly of Microeukaryotic
Communities during Spontaneous Fermentation of Icewine

by Kai Chen

Chapter 9

Update on the Role of Saccharomyces cerevisiae in Sherry Wines

by Gustavo Cordero-Bueso, Marina Ruiz-Mufioz, Antonio Flovrido-Barba
and Jesiis Manuel Cantoral Ferndndez

Chapter 10

Use of Other Species in Winemaking, and Their Interaction with
Saccharomyces cerevisiae

by Duncan Hamm and Bernardo Murioz Gonzdlez

Section 3
Beer Biotechnology

Chapter11

Diacetyl Production during Brewing and Its Management through
Process Optimization and Molecular Evolution of Yeast

by Dagnew Bitew and Berhanu Andualem

Chapter12

Non-Conventional Saccharomyces Yeasts for Beer Production
by Vanesa Postigo, Margarita Garcia and Tevesa Arroyo

XII

115

135

159

183

201

223

225

241



Preface

New Advances in Saccharomyces includes current information about yeast genetics,
physiology, metabolism, and biotechnological applications. It is structured in three
parts. The first part focuses on general contents about genetics, regulation of gene
expression, and activation methods. The second part is dedicated to the biotech-
nology of wine fermentation, including the assembly of yeast communities in the
production of ice wines and the effect on the metabolomic profile, the applications
of bioprotection as a tool to produce optimal fermentation by increasing quality

and reducing the use of sulfites, the use of emerging non-thermal technologies to
improve the implantation of selected starters, the effect of yeast metabolites on the
sensory profile of minority cultivars, the biological aging and the control of the yeast
film in Sherry wines, and the effect of aging on lees to improve the sensory quality of
wines. The third and final part reviews applications of beer biotechnology, such as
the control of diacetyl content to avoid off-flavors and the use of non-conventional
yeasts to improve beer quality.

The book includes innovative review works by knowledgeable professors and research-
ers from the United States, Japan, New Zealand, China, Spain, France, and Ethiopia.

It is a useful resource for researchers, professors, advanced students, and professionals
from different fermentation industries. We hope this work will clarify and incorporate
new information on specific applications of Saccharomyces yeasts, especially in the
food industry and beverage fermentations.

We are grateful to our families for their understanding during the time required
to prepare and edit this book. We would also like to acknowledge the contributing
authors and the staff at IntechOpen.

Antonio Morata, Iris Loira, Carmen Gonzdlez and Carlos Escott
Polytechnic University of Madrid,
Madrid, Spain
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Chapter1

Multiple Layers of Gene-Expression
Regulatory Mechanisms during
Fermentation and Respiration

Sachiko Hayashi

Abstract

Saccharomyces cerevisiae is widely used as a model organism for eukaryotic cells
and generally prefers fermentation rather than respiration even under an aerobic
environment. Only when glucose is exhausted, S. cerevisiae switches to aerobic
respiration via massive reprogramming of gene expression accompanying that.
These gene-expression changes are not simply achieved by the transcriptional level,
rather multiple post-transcriptional regulatory steps are also involved. This chapter
outlines how budding yeast cells coordinate energy metabolisms based on gene
expression, with a focus on the intricate interplay of multiple post-transcriptional
regulatory mechanisms. Especially, it includes the roles of RNA-binding proteins as
well as non-coding RNAs for post-transcriptional regulations.

Keywords: gene expression, glucose, fermentation, respiration, mitochondria,
post-transcription, signaling, RNA-binding protein, non-coding RNA

1. Introduction

Saccharomyces cerevisiae, commonly known as baker’s yeast (referred to hereafter
as yeast), is among the earliest eukaryotic organisms to be domesticated by humans.
This unicellular microorganism serves as an excellent eukaryotic model for the eluci-
dation of fundamental cellular processes, gene expression, and plays a pivotal role in
various biotechnological applications [1].

A fermentable sugar, glucose, is the preferred carbon and energy source, while
concurrently serving as a signaling molecule [2, 3]. When yeasts are cultured in
glucose-rich media under aerobic conditions, they predominantly employ glucose
metabolism through glycolysis, yielding pyruvate as the primary product. Following
glucose depletion, the fermented ethanol emerges as a carbon source, initiating a
transition to respiration. This transformative metabolic process, known as a diauxic
shift, unfolds in tandem with a substantial reconfiguration of gene expression, lead-
ing to dynamic upregulation including mitochondrial biogenesis and its functional
capacities [4-6].

Glucose fermentation has superior catalytic efficiency compared to respiration
in terms of adenosine triphosphate (ATP) production per unit of protein mass [7].
Conversely, respiration yields a tenfold increase in ATP per glucose molecule [8].
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The equilibrium between respiration and fermentation is a pivotal determinant for
unicellular survival [9]. Further, the oxidative fermentation or the Crabtree effect
[10, 11], grants yeast an ecological advantage by allowing it to swiftly use glucose and
produce ethanol, which possesses antiseptic properties [12].

This chapter overviews yeast metabolic systems, which are meticulously regulated
through multiple steps at transcriptional and post-translational levels. It encompasses
well-established signaling cascades and the regulation of nuclear-encoded mitochon-
drial gene expression, which interact with and are regulated by RNA-binding proteins
and/or non-coding RNAs.

2. Metabolic arrangements: transitions between fermentation
and respiration

Yeast has evolved efficient glucose utilization, employing both respiration and
fermentation pathways to generate ATP from glucose. Both processes start with
glycolysis, producing two molecules of pyruvate and ATP per glucose molecule. In
the fermentation process, pyruvate is subsequently metabolized into ethanol. While
this process does not yield additional ATP, it recycles nicotinamide adenine dinucleo-
tide (NAD") consumed during glycolysis, producing oxygen-independent ATP. In
contrast, respiration involves the complete oxidation of pyruvate to CO, through
the tricarboxylic acid (TCA) cycle and oxidative phosphorylation (OXPHOS),
yielding additional ATP in the presence of oxygen. Crabtree-positive yeasts, such
as S. cerevisiae, favor fermentation over respiration when glucose levels are high,
producing ethanol as a byproduct. This metabolic strategy allows them to simultane-
ously engage in both fermentation and respiration when oxygen and glucose levels
are abundant [9, 11]. Although the ethanol accumulating in the environment can
be reutilized for ATP generation once glucose is depleted [13], it yields fewer ATP
molecules than the direct oxidation of pyruvate due to the energy requirement for
synthesizing acetyl-CoA from ethanol, which consumes ATP. As the rate of ATP
production increases, ATP-consuming processes, such as ribosome and protein syn-
thesis, to some extent, increasingly impose constraints on growth [14, 15]. Metabolic
systems and shifts in the utilization of metabolic pathways can be considered as an
array of constraints that depend on the conditions within the framework of cellular
economics [9]. Transitions between energy metabolic pathways are observed in vari-
ous metabolic systems, including tumor cells and bacteria, as well as yeast [9, 11, 16].
Sustaining an optimal metabolic system is a crucial point for the survival or demise
of many living organisms.

3. Molecular and signaling aspects of yeast energy metabolic pathways

Glucose serves as a fundamental messenger molecule, playing a dual role as both
an energy source and a signal for optimal growth conditions in cellular machinery.
Yeasts, in particular, utilize glucose for this purpose. When the external glucose
concentration exceeds 0.8 mM, yeast undergoes a transition into a mixed respiro-
fermentative metabolism, resulting in ethanol production [17]. This shift underscores
that the regulation between fermentation and respiration primarily corresponds to
the sugar level [4]. Therefore, it is unsurprising that glucose plays a key element in
shaping growth rate, fermentation capacity, and stress resistance [2, 18].
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Multiple distinct pathways participate in responses to glucose. Some involve glu-
cose interactions with cell surface receptors, while others require glucose import into
the cell. These frequently utilized cascades can be classified into the following five
signaling pathways: Ras-protein kinase A (PKA), Gprlp-Gpa2p-PKA, the target of
rapamycin (TOR)-Sch9p, Snflp-Miglp, or Snf3p-Rgt2p [3, 5, 19]. Among these, Ras
and TOR, major global nutrient-sensing signal transduction cascades, serve pivotal
roles in regulating cell growth in response to nutrient availability [18, 20]. Global
glucose repression depends on an intracellular surge of cyclic adenosine monophos-
phate (cAMP), which activates PKA. Transcription rates significantly decrease upon
Ras2p activation, which can occur independently of glucose presence and relies on a
cAMP-responsive protein kinase [3, 21].

3.1 Ras-PKA and Gprlp-Gpa2p-PKA

Ras, a guanine nucleotide-binding protein with seven transmembrane domains,
activates adenylyl cyclase in its GTP-bound state. The addition of glucose to cells
increases the level of GTP-bound Ras, resulting in an elevation of intracellular cAMP
and subsequent activation of PKA [3, 21]. The PKA catalytic subunits, encoded by
TPK1, TPK2, and TPK3, phosphorylate various proteins involved in metabolism and
transcription. Consequently, a significant number of genes exhibit a reduction in
transcription rate upon Ras2p activation [21, 22]. However, glucose-repressed genes
do not uniformly respond to Ras2p and PKA activation [3]. Genes involved in treha-
lose or glycogen metabolism, glucose utilization, or ubiquitination exhibit weak or
absent responses to Ras2p activation [3].

Gprlp, a plasma membrane protein (Figure 1), can sense the presence of glucose
and/or sucrose and is coupled to Ga protein Gpa2p [23, 24]. This leads to the activa-
tion of adenylyl cyclase, resulting in an increase in cAMP concentration [2, 25, 26].
Subsequently, cAMP activates PKA. Therefore, it eventually controls the transcrip-
tion of genes related to ribosome biogenesis and stress-responsive genes like RIM15,
MSN2, and MSN4. It also exerts post-translational regulation on proteins involved
in storage carbohydrate synthesis, the glycolytic pathway, and gluconeogenesis
[18, 27-33]. PKA directly phosphorylates and activates glycolytic enzymes Pfk2p and
Pyklp, enhancing glycolysis and showing a positive correlation between PKA activity
and glycolytic flux.

3.2 TOR-Sch9p

TOR is a Ser/Thr kinase that was initially identified through yeast’s genetic screen-
ing [34]. The TOR proteins assemble into two structurally and functionally distinct
complexes known as TOR complex 1 (TORC1) and TOR complex 2 (TORC2), of
which only TORC1 is sensitive to rapamycin [35, 36]. The central components of the
TOR consist of two TOR kinases paralogs, Torlp, and Tor2p, along with a phosphate
switch composed of the type 2A-related phosphatase Sit4p, TOR kinase phosphory-
lates Tap42p, and its inhibitor Tip41p [37, 38]. TORC1-dependent signals are medi-
ated via various effector kinases [39].

The vacuolar surface primarily serves as the location for the TORC1 signaling
pathway [40]. TORC1 is involved in respiration-induced mitophagy [41, 42]. This
type of mitophagy is particularly important in cells that rely on OXPHOS for energy
production, as disruptions in mitochondrial respiration can have significant conse-
quences for cellular energy balance and overall cell function [43, 44].
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Figure 1.

Gl%cose signaling, facilitated by the small G-proteins Ras and Gpazp, converges through PKA to stimulate
ribosome biogenesis while concurrently suppressing the general stress vesponse. Concurrently, within the TORC1
pathway, the kinase Schop plays a crucial role in strengthening the response of the PKA pathway. Dashed lines in
the diagram symbolize regulatory intevactions, which might not always be divect. See text for details.

An AGC family Ser/Thr kinase Sch9p is best characterized as the direct substrate
of TORC1 [45]. Sch9p is a master regulator of ribosome biogenesis [45-47]. TORC1
controls all three RNA polymerase (Pol) systems via Sch9p (Figure 1). Pol I is stimu-
lated in a Sch9p-dependent and -independent manner, partly through regulation of
the transcription initiation factor Rrn3p [48-50]. Regarding Pol II, at the large cohort
of the ribosome biogenesis and ribosomal protein (RP) genes, at least in part via
Sch9p [45, 51]. Further, Sch9p regulates Pol III by phosphorylating and inactivating
Maflp, a conserved repressor of Pol III activity [50, 52-56]. Consequently, when
yeasts grow logarithmically on glucose, ribosome biogenesis proceeds at maximal
speed driven by the positive control of TORC1.

In contrast, gradual glucose exhaustion or abrupt withdrawal of glucose triggers a
reduction in TORC1-dependent phosphorylation of five residues within the Sch9p C
terminus [45, 57], leading to TORC1 inactivity. Inhibition of TORC1 provokes exten-
sive transcriptome changes, reducing ribosomal particles by blocking the transcrip-
tion of Pol I-dependent rRNA genes, Pol II-dependent RP genes, Pol III-dependent 5S
rRNA, and the processing of 35S rRNA [18, 46, 47, 58]. Diminished phosphorylation
of Sch9p transforms the Pol III repressor Maflp from an inactivated to an active
state [46, 59, 60]. This, in turn, leads to the suppression of Pol III transcriptome,
including various small non-coding RNAs such as transfer RNA (tRNA). Consistent
with TORC1’s functions, the absence of Torlp results in an increase in mitochondrial
respiration during glucose-based growth, primarily due to the enhanced translation
of mitochondrial DNA (mtDNA)-encoded subunits of the OXPHOS complex. This
effect is not observed in cells growing on glycerol [3, 61].

6



Multiple Layers of Gene-Expression Regulatory Mechanisms during Fermentation and Respiration
DOI: http://dx.doi.org/10.5772/intechopen.1003912

Recent research has shed light on the role of Snflp~AMPK in fine-tuning TORC1
signaling during glucose starvation. Snflp temporarily inhibits TORC1 activity by
interacting with the phosphatidylinositol-3-phosphate (PI3P) and Koglp-binding
protein Pib2p [62]. This discovery highlights the mutual interaction between TOR and
Snflp, emphasizing their significance in metabolic adaptation.

3.3 Snflp-Miglp

The sucrose non-fermenting (Snf1) protein kinase, the yeast ortholog of mamma-
lian AMP-activated S/T protein kinase (AMPK)), is a central component of the primary
glucose repression pathway responsible for adapting to glucose limitation [63, 64]. It
forms a heterotrimeric complex with Snf4p (the regulatory y-subunit) and one of the
three p-subunits, Siplp, Sip2p, or Gal83p, alongside the catalytic a-subunit, Snflp [65].
Snflp is activated under glucose limitation, assisting in energy homeostasis by pro-
moting catabolic processes and inhibiting anabolic ones related to ATP generation and
consumption [66]. This Snflp complex regulates cellular processes through different
transcription factors and enzymes [65]. For instance, Miglp, a transcriptional repres-
sor, controls the expression of genes involved in the metabolism and transportation of
alternative carbon sources (e.g., maltose, galactose, sucrose) [67, 68]. Under glucose-
rich conditions, Miglp undergoes dephosphorylation and translocases to the nucleus
(Figure 2). Together with the Ssn6p-Tuplp corepressor, it binds to target gene promot-
ers [67, 69, 70]. Concurrently, Snflp also undergoes dephosphorylation to prevent
its nuclear localization in glucose-rich environments [71]. This dephosphorylation
process involves protein phosphatase 1 (PP1), Glc7p—Regl/2p, and possibly Sit4p, in
collaboration with the phosphatase Ptclp [72-77].

Glucose (g‘.lucosg
! A |
Cytoplasm Yck1/2p
Glucose :
Hxic1/2p| Glk1p s @
Glu-6-P :
-L Nucleus :
Tos3p/Sak1p/Eim1p | T n‘i,'gf sz
Rgtip — Rgt1
v PoL
Migip > Migip ! STD1
GIngp : -
Regi/2p ...... | SUC2, HXTs, MTH1, CATS

Figure 2.

Th%f interconnected Snf and Rgt glucose signaling networks play a vital role in cellular regulation. The glucose
sensor protein Snf3p, working alongside hexose transporters (Hxt), contributes to the yeast cell’s ability to sense
extracellular glucose levels. Rgt1p, a transcription factor, governs glucose repression by controlling the expression
of genes involved in glucose sensing and metabolism. Meanwhile, the Snfip kinase and a transcriptional repressor
Mig1p also respond to glucose availability. These components form a complex interplay in the yeast glucose
signaling network, revealing the sophisticated regulatory mechanisms that govern cellular responses to glucose
fluctuations.
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3.4 Snf3p-Rgt2p

Two plasma membrane proteins, each composed of 12 transmembrane domains
and featuring putative glucose-sensing capabilities, are Snf3p and Rgt2p (Figure 2).
They share a resemblance to the Hxt glucose transporter [78], although they lack the
capacity for glucose transport [79]. Their primarily role is regulating the expression of
the seven main hexose transporters (HXT) genes [78].

Snf3p and Rgt2p act as glucose sensors, modulating the activity of Rgtlp, the
transcription factor, in response to low and high glucose levels, respectively [80]. In
the absence of glucose, Rgtlp, along with Ssn6p, Tuplp, Mthlp, and Stdlp forms a
repressor complex that inhibits HXT gene expression by binding to their promoter
regions [81-86]. In high glucose conditions, Std1lp and Mthlp relocate to the plasma
membrane and undergo phosphorylated by Yck1/2p [87]. These phosphorylations
trigger their inactivation and subsequent degradation through the SCF-Grrlp
ubiquitin ligase complex [88, 89]. Consequently, Rgtlp becomes hyperphosphory-
lated and dissociates from HXT promoters, activating HXT gene expression [88].
Microarray data demonstrates fluctuations in HXT gene expression in response to
the presence of glucose and/or other carbon sources, emphasizing the efficiency
and sensitivity of the pathway [79, 90].

For more in-depth information on each cascade, comprehensive reviews are
available [3, 18, 27, 79, 91].

4. Mitochondria: the central organelle of energy metabolism

Mitochondria, often referred to as the “powerhouses” of the cell, are essential
organelles for both fermentation and respiration. At the diauxic shift, the mito-
chondrial volume expands concomitantly with the upregulation of Krebs cycle
enzymes and respiratory complexes replete with abundant heme and Fe-S centers.
Mitochondria are not discrete or autonomous entities; instead, they form highly
dynamic and interconnected networks, and their biogenesis and structure are
strongly influenced by the cell’s requirements [92, 93]. A classical targeting pathway
for nuclear-encoded mitochondrial proteins uses mitochondrial targeting sequences
(MTS) mainly located on their N-terminus [94-96], whereas approximately one-
half of mRNAs for nuclear-encoded mitochondrial mRNAs are transported to the
mitochondrial surface, and translated locally [97-100]. Proximity-specific ribosome
profiling targeting the tagged ribosomes on the mitochondrial surface showed highly
enrichment of nuclear-encoded mitochondrial mRNAs, especially those encoding
proteins in the mitochondrial inner membrane [101]. Cryo-electron cryotomography
(CryoET) revealed active cytosolic ribosomes attach to the mitochondrial outer
membrane and interact with the TOM complex [102]. The cytosolic translation of
nuclear-encoded mitochondrial mRNAs and mitochondria indeed closely interact
with each other.

4.1 Gene expression strategies for mitochondrial proteins
Mitochondria originated through the permanent integration of purple non-sulfur

bacteria [103]. Throughout evolution, the majority of genes originally present in
ancient bacteria have been transferred to nuclear DNA. Simultaneously, the genetic
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code within mitochondria has diverged from the conventional genetic code, resulting
in significant differences in codon utilization between these two systems [104, 105].
In yeast today, mtDNA encodes only eight proteins, primarily associated with the
OXPHOS system. Over 99% of mitochondrial proteins are instead encoded by the
nuclear genome.

Under fermentable conditions, it is often assumed that nuclear-encoded mito-
chondrial genes are completely inactive due to subdued mitochondrial biogenesis and
function. However, in reality, these nuclear-encoded mitochondrial genes remain
transcriptionally active but subsequently undergo translational repression and/or
rapid mRNA degradation [106-108]. Conversely, when exposed to respiratory condi-
tions, there is a substantial upregulation of nuclear-encoded mitochondrial mRNAs,
followed by increased translation to support mitochondrial biogenesis and enhance
oxidative catabolism of carbon substrates. This orchestrated coordination between
genomic and mitochondrial gene expression, along with the accurate sorting of
nuclear-encoded mitochondrial proteins, is essential for maintaining optimal mito-
chondrial function [95, 109-111]. Disruptions in this process, such as the abnormal
buildup of mitochondrial precursors in the cytosol leading to mitochondrial precur-
sor over-accumulation stress (mPOS), or mitochondrial dysfunction, can activate a
cytosolic proteostasis system [112, 113].

4.2 Iron: a vital element for mitochondrial function

Mitochondria continuously synthesize heme and Fe/S clusters while also facili-
tating amino acid and lipid metabolism [114-116]. Iron availability is essential for
mitochondrial function and significantly impacts cellular metabolic responses to
changes in carbon availability. Interestingly, yeast can survive OXPHOS defects and
even complete loss of mtDNA but not disruption of mitochondrial Fe/S assembly,
which proves to be fatal [114, 116, 117]. This is because the mitochondrial iron-
sulfur cluster (ISC) assembly machinery is essential for the biogenesis of all cellular
Fe/S proteins, including those in the cytosol and nucleus, which are involved in
DNA maintenance and protein translation [114, 118].

Because iron is essential for cellular processes, when it is scarce, yeast employs
Cth2p, an RNA-binding protein induced during iron starvation, to manage iron
resources efficiently. Cth2p has a dual role: it suppresses non-essential iron con-
sumption while promoting critical iron-dependent activities, including the assem-
bly of ribonucleotide reductase (RNR) when iron is limited. Cth2p also inhibits
mRNAs with AU-rich elements (ARE), mainly those related to iron metabolism
and utilization, affecting pathways such as the TCA cycle, lipid biosynthesis,
amino acid synthesis, and cofactor production. Additionally, Cth2p prevents
excess iron accumulation in vacuoles by degrading mRNAs responsible for iron
transport, including CCC1 [119, 120]. CTH2 paralog, CTH1, functions during iron
sufficiency and is regulated by Aft1/2p transcription factors [119, 121]. Aft1/2p
control iron-responsive genes at the transcriptional level, and their activity is
negatively regulated by Cth2p [122-124]. These mechanisms collectively ensure
yeast cells adapt to changing iron conditions and maintain iron homeostasis. A
partial list of genes upregulated or downregulated by Cth2p under iron depletion
is presented in Table 1.

Comprehensive reviews with more in-depth information mitochondrial protein
sorting, iron homeostasis are available [114, 119, 120, 125-127].
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Gene Function

HXK1 Hexokinase isoenzyme 1

HXT7 High-affinity glucose transporter

HXT6 High-affinity glucose transporter

SOL4 6-phosphogluconolactonase

PGM2 Phosphoglucomutase; catalyzes the conversion from glucose-1-phosphate to glucose-6-phosphate

HSP31 Methylglyoxalase that converts methylglyoxal to D-lactate; involved in diauxic shift and stationary
phase survival

HPF1 Haze-protective mannoprotein

GPH1 Glycogen phosphorylase required for the mobilization of glycogen

GSY1 Glycogen synthase; expression induced by glucose limitation

IGD1 Cytoplasmic protein that inhibits Gdblp glycogen debranching activity

ALD3 Cytoplasmic aldehyde dehydrogenase

ARG3 Ornithine carbamoyltransferase

OM45 Mitochondrial outer membrane protein

COX5B Subunit Vb of cytochrome c oxidase

HSP12 Plasma membrane protein involved in maintaining membrane organization

COS8 Endosomal protein involved in turnover of plasma membrane proteins

REC104 Forms a complex with Rec102p and Spollp necessary during the initiation of recombination

MSC1 Mutant is defective in directing meiotic recombination events to homologous chromatids

YHRO87W Involved in RNA metabolism

FIT1 Cell wall mannoprotein involved in siderophore-Fe uptake

FIT2 Cell wall mannoprotein involved in siderophore-Fe uptake

HMX1 Heme binding peroxidase involved in reutilization of heme Fe
CIT1 Citrate synthase

CIT3 Mitochondrial isoform of citrate synthase

ACO1 Mitochondrial aconitase, Fe-S cluster protein

KGD1 Alpha-ketoglutarate dehydrogenase

KGD2 Dihydrolipoyl transsuccinylase

SDH?2 Succinate dehydrogenase (ubiquinone) Fe-S cluster subunit

SDH4 Succinate dehydrogenase membrane anchor heme-binding subunit

COX4/6/8/9  Subunit of cytochrome c oxidase

COoQ6 Flavin-dependent monooxygenase, ubiquinone biosynthesis
RNR2/4 Ribonucleotide-diphosphate reductase
CCc1 Transporter that mediates vacuolar Fe storage
RLII RNase L inhibitor, Fe-S cluster protein
GLT1 NAD*-dependent glutamate synthase (GOGAT)
CCP1 Mitochondrial cytochrome-c peroxidase
FET3 Ferro-O,-oxidoreductase
Table 1.

A subset of genes upregulated or downregulated by Cth2p under ivon depletion. Genes exhibiting upregulation
include HXK1 to YHR087 W, while those undergoing downregulation comprise FIT1 to CCP1. FET3 serves as an
example of a Cthap-independent expression gene.
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5. Post-transcriptional gene expression regulation amid dynamic glucose
changes

Gene expression is a multifaceted process that goes beyond mere transcriptional
regulation, encompassing intricate post-transcriptional control mechanisms. It is not
solely determined by transcriptional status; rather, it involves a complex interplay
of factors. To optimize their growth conditions, cells undergo adaptations by adjust-
ing their energy requirements through the modulation of vital metabolic enzymes,
frequently accomplished via allosteric binding or post-translational modifications
[128-130]. These alterations in protein abundance and interactions significantly impact
cellular phenotypes, as demonstrated in proteome analyzes under various conditions
[131-134]. Stringent regulation of mRNA translation and degradation is also crucial for
eukaryotic cells to manage their diverse protein repertoire. In particular, this regulation
becomes critical in response to glucose depletion or a diauxic shift [135, 136].

Glucose depletion triggers a swift and substantial halt in protein synthesis, which
can be rapidly reversed upon glucose replenishment [137]. Additionally, this glucose
depletion induces the formation of mRNA processing bodies (P-bodies), which act as
central hubs where components of the 5-3' mRNA decay pathway converge [138-140].
This compartmentalization of mRNAs in the cytosol potentially leads to translational
repression and the degradation of specific mRNAs (although it has not been defini-
tively proven). This phenomenon allows for a reduction in energy consumption while,
at the same time, enabling the rapid translation of specific mRNAs. This facilitates
the production of proteins necessary for adaptation [138, 141-143]. P-bodies indeed
exclude translational machineries, including ribosomal components [144]. This
specific response can significantly impact gene expression on a large scale. Further,
during a diauxic shift, essential core components of P-bodies, Dhhlp and Patlp, known
for their roles as mRNA decapping activators and translational repressors, undergo a
change in their intracellular localization. They shift from being excluded from poly-
somes in rapidly growing cells to co-localizing with polysomes [145].

Many aspects regarding P-bodies still remain obscure [143], but cells strategically
employ adaptive mechanisms to dynamically regulate mRNA translation and degrada-
tion to manage the cellular protein repertoire. These processes are particularly impor-
tant during glucose depletion and diauxic shifts. The formation of P-bodies and/or the
dynamic behavior of core components such as Dhhlp and Patlp would ensure the cell’s
survival and growth in response to changing environmental conditions.

6. tRNA: a dynamic player of protein synthesis and cellular adaptation

tRNA is a classical small non-coding RNA present universally in living organisms.
It plays a fundamental role in translation, along with the ribosome [146]. The primary
function of tRNA, transferring amino acids into ribosomes, is to guarantee the precise
integration of amino acids into proteins. Alternations in nutrient availability, such as shifts
in glucose levels, can impact tRNA expression and their modifications, thereby exerting a
profound influence on the efficiency of protein synthesis for a diverse array of proteins.

6.1 tRNA movement

In rapidly growing yeasts, tRNAs account for approximately 15% of the total
cellular RNAs [147]. The availability of tRNAs positively correlates with codon
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utilization, influencing the usage of corresponding codons and vice versa [148].
This reciprocal evolutionary process, linking tRNA abundance and codon usage,
results in variations in tRNA gene copy numbers among organisms and tRNA
species sharing the same anticodon identity [148, 149]. Yeast harbors 275 nucleonic
tRNA genes distributed across 16 chromosomes, representing 42 tRNA species
[149, 150]. All tRNA genes are typically actively transcribed, and they encompass
various types of tRNAs, including modified variants [146, 151]. These tRNAs are
essential for the accurate decoding of the genetic code and maintaining precise
cellular proteostasis [152, 153].

Yeast’s mtDNA encodes a complete set of tRNAs (24 tRNA species) required for
mitochondrial translation within the organelle [105]. However, two cytosolic tRNAs,
tRNAYS .y [154] and tRNA®" [155], are imported into mitochondria, potentially
playing a role in stress response. In the case of tRNA" ¢y, cells use a unique interac-
tion mechanism with the mitochondrial outer membrane-attached glycolytic enzyme
enolase [105]. This interaction induces a conformational change in tRNAY
increasing its affinity for another protein factor, pre-mitochondrial lysyl-tRNA
synthetase (preMsklp), ultimately facilitating its co-import into the mitochondrial
matrix [156]. Since the majority of mitochondrial proteins are encoded by the nuclear
genome, cytosolic translation involving nuclear-encoded tRNAs significantly influ-
ences mitochondrial function. Mutants with impaired function of tRNA®" 6 or
tRNAY*yy exhibit inappropriate activation of various starvation responses during
rapid growth. These responses involve the upregulation of genes related to glucose
and nitrogen catabolism, along with premature and inadequate activation of autoph-
agy. These effects can be alleviated by overexpressing tRNAS" 56 or tRNAY yuu,
which lack specific modifications [157].

6.2 Balancing act: tRNA dynamics in response to cellular stress

tRNAs are very dynamic, continually shuttling between the nucleus and cytosol
throughout their entire life. Approximately one-fifth of total tRNA genes (61 of 275)
in yeast, contain a single intron with variable lengths ranging from 14 to 60 nucleo-
tides [149, 158]. Intriguingly, these introns consistently occupy the canonical position,
precisely one nucleotide 3’ from the anticodon. These intron-containing tRNA genes
transcribe precursor tRNA (pre-tRNA) with the intron sequence forming an A-I pair
with anticodon nucleotides. This A-I interaction disrupts the crucial codon-anticodon
binding during translation [146, 159, 160]. Thus, tRNA splicing is a vital process to
address this issue, for intron-containing pre-tRNAs. However, unlike in mammals,
yeast tRNA splicing occurs at the mitochondrial periphery due to the presence of
the tRNA splicing SEN complex, which is located in the mitochondrial outer mem-
brane [146, 161]. Consequently, intron-containing pre-tRNAs are transported to the
mitochondrial membrane for splicing, and some are subsequently re-imported into
the nucleus post-splicing [146].

In the case of mature tRNA, they also show bidirectional movement between the
cytoplasm and nucleus [146]. This movement is tightly regulated and responsive to
various cellular conditions and signals (Figure 3). In specific instances, mature tRNAs
re-enter the nucleus following their cytoplasmic function. Although the reasons for
this re-import are not always fully elucidated, it is possibly linked to quality control
mechanisms or other regulatory processes [162]. This bidirectional trafficking of
mature tRNAs allows cells to finely tune translation processes in response to changing
conditions and to maintain the precision of protein synthesis. Thus, it emphasizes
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Finge—tuning of tRNA dynamics in response to nutrient stress. tRNAs traverse between the nucleus and cytosol.
This bidirectional movement is particularly crucial during varying cellular states, such as in nutvient-vich (fed)
and nutrient-depleted (starved) conditions. Within the nucleus, tRNAs not only undergo transcription but

also intricate maturation processes, including essential base modifications. Concurrently, in the cytosol, tRNAs
actively engage in translation processes, fulfilling their indispensable vole in protein synthesis. Under specific stress
conditions, such as nutrient or glucose depletion, tRNAs are transported into the nucleus, deviating from cytosolic
translation. This adaptive behavior, where tRNAs modulate both their localization and function in response to
nutrient availability, underscores their critical involvement in cellular processes and protein synthesis.

the dynamic nature of tRNA trafficking, which would contribute to the accurate and
adaptable synthesis of proteins in the cell [146].

Remarkably, under glucose depletion, exposure to non-fermentable carbon
sources such as glycerol, or in response to certain stressors, tRNA may accumulate in
the nucleus [146, 163]. This sequestration of tRNA in the nucleus serves to isolate it
from the cytoplasmic protein synthesis machinery, potentially serving as a mecha-
nism to reduce protein synthesis globally [164, 165]. However, significant nuclear
accumulation of cytoplasmic tRNAs does not necessarily result in a widespread
inhibition of translation [166, 167]. Instead, the decrease in cytoplasmic tRNA levels
during stress may involve the regulation of nuclear-cytoplasmic tRNA shuttling or
changing tRNA transcription [165]. For instance, in mafIA cells, intron-containing
pre-tRNAs can accumulate in the nuclei, regardless of whether these mutant cells
are cultured in glucose-rich or non-fermentative carbon sources. This accumulation
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appears to be due to transcriptional derepression in the absence of Maflp, a general-
negative transcriptional regulator of Pol III [146, 168]. Thus, tRNA’s dynamics, traf-
ficking across cellular compartments, would be a fundamental element in the finely
tuned orchestration of protein synthesis, enabling cells to adapt effectively to shifting
environmental conditions.

Comprehensive reviews with more in-depth information on tRNA are available
(146, 169-172].

7. Multifaceted regulator: rNA-binding protein Puf3p

Puf3p, a Pumilio homolog RNA-binding protein, is a well-known regulator of
nuclear-encoded mitochondrial mRNAs [173-175]. Global analysis showed that Puf3p
physically associates with 220 transcripts at least, and more than 70% of which are
nuclear-encoded mitochondrial mRNAs [176]. Multiple multi-omics studies have
consistently confirmed Puf3p’s binding specificity to nuclear-encoded mitochondrial
mRNAs [177-179]. However, PAR-clip [178] and RIP-seq [179] have also identified
numerous non-mitochondrial mRNAs as targets of Puf3p. Therefore, while Puf3p
significantly influences the regulation of nuclear-encoded mitochondrial mRNAs,
it also exerts a broader influence on gene expression associated with mitochondrial
functions.

7.1 Molecular basis of Puf3p-RNA interaction: Structural analyzes and binding
specificity determinants

Puf3p is comprised of eight Puf repeats, each composed of three a-helices, with
neighboring repeats forming a crescent shape [180-182]. X-ray crystallography
has revealed that three amino acid residues within each Puf repeat directly contact
a single RNA base, determining binding specificity [182-188]. The Puf3p repeat
domain (Puf3-RD) is sufficient to modulate mRNA metabolism and physically
interacts with target mRNAs, exemplified by its binding to the 3'-UTR of COX17
mRNA [189, 190]. The consensus Puf3p binding sequence on target mRNAs has been
identified as an 8-nt UGUANAUA motif [176, 191, 192], which generally follows the
pattern of PUF proteins binding to an 8-nt sequence with UGU(A/G) at the 5’ end
and variable 3’ sequences specific to individual Puf proteins [176, 186, 193, 194].
The presence of cytosine at the second position from the Puf3p binding sequence is
crucial for Puf3p-RNA-binding iz vitro and biological activity in vivo [182]. Further,
the N-terminal part of a PUF domain, responsible for recognizing the 3’ region of the
Puf3p site, appears to be more flexible in accommodating target-nucleotide muta-
tions compared to the C-terminal part [195, 196]. Indeed, some PUF proteins exhibit
broader specificity by excluding certain undesirable nucleotides [188, 197]. Achieving
an equilibrium between the individual binding specificity of each repeat and the total
binding affinity to target mRNAs is a determinant for PUF proteins [196]. Three-
hybrid analysis revealed that the N-terminal part of the PUF domain is more tolerant
of combinatorial mutations in target nucleotides than the C-terminal part [196].

7.2 Multifaceted role of Puf3p in yeast physiology

Yeast Puf3p deletion mutants result in slow growth in respiratory media [176, 198],
impair mitochondrial motility and biogenesis [198, 199], alter cellular oxidative stress
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tolerance and the glutathione redox state [200], and increase cellular oxygen consump-
tion in a growth-dependent manner [201]. Under fermentation, Puf3p destabilizes its
target mRNAs by promoting deadenylation and negatively regulates mitochondrial
biogenesis [107, 108, 176, 190, 191, 201-203]. In agreement with its repressive roles in
glucose-rich media, Puf3p’s abundance drastically decreases during the diauxic shift
[199]. However, Puf3p associates with actively translating polysomes upon glucose
depletion and promotes mitochondrial biogenesis [198, 204], indicating its bidirec-
tional functions. These dual functions of Puf3p are regulated by phosphorylation via
casein kinase Hrr25p [198, 205]. Mutations in the PUF3 gene, such as PUF3(24A), act
dominantly negative and even more strongly inhibit cell growth upon the diauxic shift
than the complete deletion of PUF3 [198]. Moreover, phosphorylation of Puf3p poten-
tially influences its activity, and Puf3p-driven regulation at the translational level could
enable a more rapid response of mitochondrial biogenesis to fluctuations in glucose
availability compared to transcriptional regulation [9]. Remarkably, despite not being a
canonical transcription factor, Puf3p has also been implicated in the regulation of genes
involved in respiration, along with the HAP2/3/4/5 DNA-binding complex [176, 206].

8. Conclusions

With its remarkable adaptability in metabolism and precision in gene regulation,
yeast serves as a captivating model organism that holds significant implications for
biotechnology and deepens our understanding of fundamental cellular intricacies.

Its ability to expertly navigate the delicate equilibrium between glucose utilization,
fermentation, and respiration underscores the core principles of cellular economics,
which are vital for the survival and prosperity of all living organisms.

Furthermore, yeast’ intricate mechanisms for controlling post-transcriptional
gene expression, involving processes such as mRNA processing, the dynamic behavior
of tRNA, and the influence of RNA-binding proteins like Puf3p, exemplify an evolved
strategy that enables cells to adapt to ever-changing environmental challenges rapidly.
These dynamic processes serve as the linchpin for preserving cellular proteostasis,
ensuring the precise and adaptable synthesis of proteins that play a pivotal role in
sustaining and nurturing the growth of life.

Acknowledgements

This work was supported by JSPS KAKENHI Grant number JP20K06491 to S. H.

Abbreviations

ATP adenosine triphosphate

NAD* nicotinamide adenine dinucleotide
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Chapter 2

Coherent Gene Assemblies:
Example, Yeast Cell Division

Cycle, CDC

Lawrence Sirovich

Abstract

A novel approach to the dynamics of gene assemblies is presented. Central con-
cepts are high-value genes; correlated activity; orderly unfolding of gene dynamics;
dynamic mode decomposition; DMD unraveling dynamics. This is carried out for the
Orlando et al. yeast database. It is shown that the yeast cell division cycle, CDC, only
requires a six-dimensional space, formed by three complex temporal modal pairs: (1)
a fast clock mother cohort; (2) a slower clock daughter cell cohort; and (3) an
unrelated inherent gene expression. A derived set of sixty high-value genes serves as a
model for the correlated unfolding of gene activity. Confirmation of this choice comes
from an independent database and other considerations. The present analysis leads to
a Fourier description, for the very sparsely sampled laboratory data. From this,
resolved peak times of gene expression are obtained. This in turn leads to precise times
of expression in the unfolding of the CDC genes. The activation of each gene appears
as uncoupled dynamics originating in the mother and daughter cohorts, and of differ-
ent durations. This leads to estimates of the composition of the original laboratory
data. A theory-based yeast modeling framework is proposed, and additionally new
experiments are suggested.

Keywords: cell division cycle, co-regulated genes, high-value genes,
dynamic mode decomposition, low dimensional models

1. Introduction

The blueprint of a life form is contained in its DNA genome, as formed from the
four bases, [A, C, G, T], as assembled in the double helix [1]. The genome contains
instructions for decoding itself, constructing itself, duplicating itself, and inserting
these instructions in the duplicate. This instruction set conforms to the Von Neumann
[2] vision of an automaton, an imitation of life, also see [3]. The genetic code [4] codes
base triplet codons for amino acids, the molecular building blocks of polypeptides.
Embedded genes, under transcription, synthesize mRNA from DNA, followed by
translation, the synthesis of protein from mRNA, regarded as the central dogma of
molecular biology [5].
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Budding yeast, (Saccharomyces) S. cerevisiae, a single cell eukaryote, has been well
studied using gene arrays [6-8]. Recently, the use of some novel mathematical
methods has been applied in the analysis of the yeast CDC [9]. The present paper
significantly refines and extends the previous results. In particular “co-regulated”
genes of [8] are considered.

To avoid misunderstanding, the present goal is the dynamic unfolding of gene
dynamics in contrast to the dynamics of individual genes, as for example in [10].

2. Yeast

The fate of a budding yeast cell is to divide asymmetrically into a mother and
daughter cell. The cell period is in the range of an hour or two. In their pioneering
paper Spellman et al. [8] describe several different means by which to assemble a
population of quasi-identical daughter cells, for purposes of tracking the dynamics of
the CDC. As in [6] elutriation will be used here to assemble a population of mother
and daughter cells. Laboratory data monitors 5716 genes by sampling, at 16-min
intervals, 15 times, covering roughly 2 cycles of the CDC. The database contains two
wild type sets, WT1 and WT?2 (referred to here as G1 and G2, and two mutant sets).
Each experimental dataset is thus represented by a matrix of 5716 rows and
15 columns, that describes the temporal expression of all genes, denoted by,

G= G(gj,t) —G(j,t),j=1, .., M, 1)

where M = 5716, that specifies the expression levels of each gene, gj, uniformly
sampled,

t = [dt,2dt, ..., Ndt], )

where N = 15 x dt = 16 min. = 240 min. Presently, there is no generally accepted set
of CDC genes, nor is there an accepted framework for describing the mechanics of the
CDC. In [8] the concept of co-regulated genes is proposed as a framework by which to
explore related genes of the CDC. One goal of the present study is to shed light on
these concepts, solely based on data.

For our purposes, instead of (1) the mean subtracted form,

Gs=G-G,G = (G),, (3)

is an effective beginning. Gs is also composed of 15 time snapshots of the 5716
genes. (Since (Gs), = 0, 14 is the correct figure.) The method of snapshots [11] demon-
strates that an exact treatment of Gg requires no more than 15 dimensions, as demon-
strated by the SVD [12], of Gs, (3),

Gs = UAVT, 4)

where U = 556 Ubv = 5716V15 , and A is the 15 x 15 diagonal matrix of singular
values. Note that (4) is exact. (The 15 x 15 matrix G;Gs generatesA and V, from
which U follows by elementary considerations. The plot below is a log-log plot of the
spectrum of variances (squares of singular values).)

34



Coherent Gene Assemblies: Example, Yeast Cell Division Cycle, CDC
DOI: http://dx.doi.org/10.5772 /intechopen.1003730

10" T
t‘\\\ \\
““\\? ’
o \\\\*\‘\ ]
N / - \
g Signal i N
s w0 - E
s ~—
N Ty T
- .
Noise ————>
aL -
10
¥
\ I‘
107 '
10° 107

Index

Figure 1.
Log-log plots of the variances reveal that these follow two different power laws, which by routine arguments can be
associated with signal or noise.
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Figure 2.

The six time histovies of V. ave shown in (A). The true underlying dynamics of the data is shown in (B), as
obtained by dynamic mode decomposition, DMD [13], also see [14] and Section 8. This is composed of three
complex modes, the real and imaginary parts of which, are depicted by the three coloved pairs in (B). Further
details are given below.

One can reasonably conclude from Figure 1, that the analysis can be reduced to the
six modes, ahead of the knee, or intersection. Henceforth, we consider the induced six-
dimensional representation,

Gs = UAV,, )
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where V; refer to the 6 x 15 time courses that result from SVD as plotted in
Figure 2(A).

The plots of Figure 2(A) may be regarded as artifactual consequences of SVD,
that only hint at the true dynamics. The goal of DMD is to recast the data in terms of
the true exponential frequencies that are latent in the data. Thus, the curves of
Figure 2(A) are entangled versions of the true dynamics, shown in Figure 2(B).

In Section 8 we obtain the 6 x 6 matrix, E, that disentangles V,, into the three
complex modes shown in Figure 2(B). For the present, note that the decomposition

Gs = (UAE)(E"'VT), (6)

provides a generalization of SVD, (4), that is appropriate for data that have a
rational dynamic ordering of columns.

3. High value genes

One can reasonably anticipate two limiting forms of gene expression; steady
expression, as might be the case, for the proteins that form the cell wall and
membrane; and a briefer activation and later inactivation on a shorter timescale, as
might be the case for formation of the cell nucleus and its components. As a criterion
for distinguishing these two limits consider the coefficient of variation,

Cv = 06/G, )

where o¢ denotes the standard deviation of the time history of G, and G, the mean
value. For example, there are more than 1500 genes for which Cy < 0.1 and over 1100
for Cy > 0.25. In Table 1, the second line specifies six known CDC genes [6], with
their coefficient of variation in the line above. Large Cy suggests that gene expression
is due to transitory mechanisms, as will be explained below.

Co-regulation implies correlated activity. The fourth line of the table shows genes
highly correlated to those of the second row, shown on the third line, to the genes of
the second line. The implication of the Table is that the genes of the fourth line are
better gene representatives. Peak times of two like genes are virtually identical.

In general, any gene can be well correlated to many genes. This is illustrated in the
next figure the for genes correlated with GR108W, with gene names and coefficients
of variation in the legend. YGL021W with a Cy = 0.7222 the best exemplar of this set
of highly correlated genes.

Cy 0.1845 0.7216 0.3936 0.2337 0.6861 0.2903

Gene YDL155W YGR108W YGR109C YLR210W YPR119W YPR120C

CorrCoef 0.9843 0.9878 1 1 0.9950 0.9864

Gene YMR144W YGL021W YGR109C YLR210W YGL021W YJL181W

Cy 0.3475 0.7222 0.3936 0.2337 0.7222 0.3128
Table 1.

Six known CDC genes [6], line 2. Their coefficients of variation, shown on line 1. Each are highly corvelated, line
3, to the genes of line 4; each of which have the higher coefficients of variation, shown on line 5.
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Figure 3.
Time courses of genes highly correlated to YGR108W, see legend. Note that each of these has a peak at t = 112,
based on the experimental sampling.

As is clear from Figure 3, peak locations, ipso facto, must occur at sampling
locations, but would be better resolved by interpolation.

3.1 Gene selection

As mentioned above there are 1192 genes for which Cy > 0.25. These will be
regarded as a starting point for selecting high value genes. A large number of traces
exhibit pure exponential decay, starting at extremely high expression values, and are
regarded as artefactual. Thus, a second criterion is restriction to time traces that start
with relatively small expression, as is the case in Figure 3. For example, a restriction to
initial value of a gene at 16 min, of <450, results in a well-correlated set of 109 genes.
Figure 4 shows the correlation image based on the correlation criterion, p > .85 for the
chosen set of 109 genes, in given order.

The above figure is based on » = 6 and the 109 high-value genes. The SVD of the
derived Gg for this case has the form,

G*s=U"A"V,", (8)

where U* is109 x 6, A* = 6 x 6 and V" = 6 x 15. A straightforward calculation
shows that this captures more than 99% of the variance of Ggs. Figure 2 is also based on
these choices.

4. Analysis of the high value genes

The DMD analysis of G* produces three complex modes with complex
frequencies,
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Figure 4.
Correlation coefficient of the 109 selected genes, with corvelation coefficient, p, greater than .85 shown as white pixels.

[Q1, R, Q3]~[-.018 £ .032i;-.022 £ 0.090 6i;-.013 £ .069i]. )

Q3 is identified with daughter cells, with period T3 = 27/Q3~ 92 min; €, is
identified with mother cells, with period T, = 27/Q;~71min . (Smaller daughter
cells are well known to take longer to mature.) Depending upon the complexion of the
gene sets chosen, there is a range of values for these two periods, however the big
picture remains the same. The first period, T, is roughly 200 min, close to the duration
of the experiment. The time courses following from DMD, and take the form,

V,~E exp(Qt)E~ 'V, (10)

where V, is the initial value, and E is derived from the data, and ¢ is given by (2).
The exponential matrix in (10) is given by

exp(Qit) 0 0
exp(Qt) = 0 exp(€t) 0 . (11)
0 0 exp(Qs3t)

This form speaks volumes. Since each exp(Q¢) is a diagonal matrix, these entries

are pure exponentials, and thus from (10) E'V, disentangles the modes into expo-
nentials. Support for this assertion is shown in Figure 2. On this basis, for data sets of
a dynamical type, SVD is generalized by

G —G=Gs = (UAE) x (ET'V,) (12)

where (E~'V,), produces un-entangled temporal modes, with amplitudes, (UAE).
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And enduring puzzle of SVD analysis has been the origin of the time courses of V.
This was solved by Schmid [13] with his discovery of DMD, as discussed above.
This observation applies, generally, to data of dynamical type, and in particular for
our data with the result,

G, = (UAE) (exp(€)E™'V,.) (13)

4.1 Unfolding the CDC

The goal is acquisition of a data-based model of the CDC, under the assumption
that CDC is a temporal unfolding of genes, with defined activation times. As is clear
from Figure 3, time resolution is limited by course sample times. The exponential
representation of (13) induces a natural Fourier representation that overcomes this
limitation. From the calculated frequencies, (9), we can sample every minute, includ-
ing the first 16 min. In Figure 5, the smooth version of the indicated gene is shown as a
dashed curve, and compared with the disentangled experimental modes, (12), in
order to convey a sense of the Fourier form, as well as the improved peak locations.

Inspection of the 109 highly sampled genes reveals that 43 take on negative values,
and 8 have a peak at ¢ = 1. Both conditions are regarded as unacceptable and the
corresponding genes will be dropped from consideration. The result is a set of 60
genes that have peak expression times, {T}}, shown in Figure 6.

In Figure 7, the left image shows the trajectory of gene expression for peak times
arranged in ascending order. This compares favorably with the phase plots that appear
in [6]. At the right is the comparable plot for WT2 under the same gene ordering.
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Figure 5.

The dashed curve vepresents the Fourier interpolated version of the original polygonal data of the gene YNL126W,
and is the first of the 109 genes. Note the interpolation covers the initial 16 min, and also runs over the second
attenuated cycle.
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Figure 7.
Track of mRNA expression of the 60 selected genes, G2, arranged in ascending ovder of peak activation time. As in
Orlando et al. [6], a log transformation has been applied to enhance the image.

It should be noted that the Orlando et al. plots are based on their 440 consensus genes.
That set contains seven of the present high-value 60 genes, while the co-regulated set
of 800 genes in [8], contain 42 of the 60 high-value genes. The table of 60 high-value
genes, and their properties appear in the Supplement.

5. Coherent gene sets

Here, co-regulated implies well-correlated, and we next construct the temporal
correlation coefficients. For this purpose, the genes will be ordered as they unfold.
This arrangement will be denoted by G,. The correlation coefficients of GS9, are
shown at the left of Figure 8.

The figure on the right is the result of the same calculation, based on the selected
ordering applied to WT2. This provides a compelling demonstration that the 60 choice
genes are “strongly co-regulated”, in general. A much larger set, 413 genes, similarly
constructed, produces an intersection of 204 genes with the Spellman co-regulated set
of 800.
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Wi

Figure 8.
Correlation coefficients, p, of G, as time ovdered, for WT1 and WT2.

Unfolding times is regarded as a reasonable hypothesis for gene ordering; though
other possibilities may be considered. For example, ordering the genes in terms of
descending correlations, p, or equivalently increasing temporal distance of time
histories. This leads to heat plots and dendrograms, none of which were deemed
productive.

6. The single yeast cell

Figure 3, exhibits a typical gene time course, and displays single gene expression
duration over many tens of minutes. However, the accepted estimate for the duration
of gene transcription and translation is 1-2 min [15], and for convenience this value is
taken to be 1 min in the calculations performed below. To explain what might
appear to be an inconsistency, we review the data acquisition procedure, and as will be
seen is due to the different maturation periods of mother and daughter cells, and
randomness.

In experiments, after assembly of a suitable pool of yeast cells, aliquot removals
along with genetic snapshots are obtained at 16 min intervals, and repeated 15 times.
The result is the report of mRNA expression for each gene at each sampling instant.
According to [6] each sampling, contains more than 200 yeast cells. To obtain a sense
of the process consider gene YGR174-A, the earliest activated gene, of the 60 gene set,
as deconstructed in Figure 9.

The mean subtracted form of this genes is denoted by gs; DMD produces the four
traces related by,

gs—i=m+d, (14)

where i, m, d represent the inherent, mother, daughter time courses.

The mother cohort, m, has a peak of 90 att = 1, of period 71 min; and daughter
cohort, d, a peak of 45 at 16 min and has period 92 min. The two entries in the left-
hand side of (14) are defined over the full interval, and their difference has a peak of
115 at 5 min. If we denote by Ny and Np the unknown number of mother and
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Figure 9.

The dynamical composition of gene YGR174W-A, the earliest activated gene. See text.

daughter cells that are participating in the signal, then straightforward back of the
envelope calculation, based on peak quantities and locations, shows that Ny,/

Np ~ 285, from which the population fraction,

f = Nu/(Np + Np)=.22, (15)

follows. Thus, there are more than three times as many daughter cells as mother
cells in an average aliquot.

For formal purposes the inherent signal and the mean will be divided into 2 parts,
as follows,

Da=d+(1-f)x (i+g,)

so that the total signal is equals Mo + Da.

where mother, daughter, inherent and mean our shown in Figure 9. As shown in
Figure 10, the full signal this gene equals Mo + Da.

To summarize, genes are expressed both in a background manner, inherent
expression, and in a scheduled manner, to peak at some specific time. It is also clear
from this analysis that the activities of mother and daughter cells are not coupled.

6.1 A yeast model

Next, we consider a proposed computational model of the yeast cell. For this we
focus on the gene traces displayed in Figure 10. While additional genes might be
included in the model, the uncertainties in experimental results [15, 16] do not justify
such generalizations. Our purpose in this exercise is merely to demonstrates that a
practical framework can be created.

To start, it is noted that estimates of protein molecules per yeast cell are in the
range of ~5 x 107 [15]. Since there are roughly 6000 genes in the yeast cell under
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Figure 10.
Mother cell dynamics are initiated at roughly t = 0, and daughter cell dynamics at roughly 10 min, with each being
responsible for a steady production at large t. The two add to yield the overall gene activity shown in the heavy curve.

consideration, the estimated number of such molecules per gene is

~5 x 107 /6000~8.3 x 10°. This is a ballpark figure, and in this spirit other consider-
ations such as protein degradation will be ignored. Further, the duration of proteins
expression will be taken as 1 min. If we denote the mother and daughter dynamics of
Figure 10 by m(t)&d(t), respectively, the number of proteins at maturation for
mother and daughter cells is estimated from by,

71
Py =Y Mo(t;)~4.53 x 10%,
o (17)
Pp= ZDa(ti)w1.75 x 10*.

i=1

The ratio pp/pMm = .26 is remarkably close to the above mentioned Ny,/Np ~ .285.
Since these estimates are in the range of the ballpark gene estimate of 8.3 x 103, it is
surmised that the Orlando et al. [6] data was normalized by the estimated number of
cells in an aliquots, >200. These considerations also suggest that cell size differences
of mother and daughter cells plays little or no role in protein content at maturation.

On the basis of these deliberations one might contemplate creating an algorithmic
model of the CDC. Randomization can be introduced through variations in mother
and daughter CDC periods, and variations in the number of mother and daughter
cells, say adding up to roughly 200. This is a future project, which can useful only with
better knowledge and precision of the quantities involved.

7. Additional comments

The high degree of correlation, seen in Figure 6 tells little beyond timing. For
example, it does not imply anything certain about gene interactions, nor is there any
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information about the activation and deactivation times of genes. The mechanism by
which budding yeast cell assembles itself, is an open question. Since no outside inter-
vention is in play, it is noncontroversial to presume, that the cell self-assembles. Just how
this self-assembly takes place is another open question, it might e.g. only be a matter of
proteins falling into their proper place, based on the timing of gene expression. In this
case the cell model is an assembly line for proteins that arrive in an orderly fashion.

In an effort to introduce some additional theory it is noted activation and inacti-
vation of gene expression may be likened to an equilibrium disturbance, followed by
restoration, (suggestive of wave phenomena.). In this connection it is noted that the
mother and daughter modes that describe the CDC each follow oscillator dynamics [9]

dg .4

—S 422+ (P +a’)g=0, 18

T2 Uyt (e’ (18)
which has solutions in the form,

gxexp[(—1 tiw)t]. (19)

In this connection, we can define a new variable, v, by,

g o
a2 (20)
which since 27/w gives the period of mRNA, might be reasonably associated with
rate of protein production, and from (18) v is governed by
@+nwwf+#ﬂg=o (21)
ot 0]

The pair of Egs. (20) and (21) may be viewed as a coarse-grained version of the
central dogma.mentioned the dynamics of transcription and translation occurs on a
scale of ~1 min, or so. As dictated by the experiments, our deliberations are based on
timescales large compared to 1 min, and thus, only genes and their proteins can figure
in the description. This is consistent with “one gene-one polypeptide” view of [17].
Impressionistically, this Beadle-Tatum view is a macroscopic description.

A key result of the present investigation is the remarkable ability of DMD, to
distinguish dynamic characteristics of the mother and daughter cohorts. Gene exper-
iments typically attempt to sequester daughter cohorts, and it is natural on the basis of
the methods pursued here to consider what the outcome would have been of consid-
ering complementary populations, and furthermore to monitor the base population,
without any form of sequestering. Given the remarkable ability of DMD to parse
dynamic activity more complicated population yeast populations might be considered.
Hopefully, this ability to distinguish yeast subpopulations will lead to new ways to
probe into the yeast life form. Another future goal, is that the algorithmic model
touched on here can be further advanced, since a falsifiable model is always desirable.

8. Methods
8.1 Dynamic mode decomposition

Traditional signal analysis is based on the hypothesis that a signal is an admixture
of sinusoids, and therefore that Fourier analysis can decompose the signal into his
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Fourier components. DMD may be regarded as an extension of this idea. Suppose for
real A & w, we define a complex frequency,

z=1+iw, (22)
with corresponding complex signal,
s ~ aexp(zt) = aexp(it) - [cos wt + i sin wt]. (23)

DMD can be regarded as a method for extracting such a signal, and more generally,
admixtures of such signals. In this respect Fourier analysis is a subset of DMD.

Typically, a laboratory signal is a uniformly sampled version of the continuous
case. Suppose for example the uniformly sampled times are,

t = [dt, 2dt, ---, Ndt]; (24)
in which case (23) becomes the geometric sequence.
S = [s1, . SN] = [61, ,6N]a (25)
where
5= exp(4-dt), (26)

which is therefore the generator of the sampled signal. Reciprocally, if {s;} is
(noisy) data, we can seek a generator, A, such that

5]‘+1 = ASj,j = 1, ,N — 1, (27)

which can be viewed as a case of many equations for the one unknown, A. Least
squares is the suggested approach in this case. The error in applying (27) is

N-1
Er = llses1 — Asel, (28)
k=1

and the (least-squares) minimization of (28) produces the solution
N-1 N-1
A= Zsk+16k39k = Sk/ ZS% (29)
k=1 k=1
A more compact form is obtained by defining the vectors,
S1= [51, ,SNfl]&SZ = [52, ,SN} (30)
in which terms (29) can be written as

6 = S1/||S1|]>.A = (S2,6). (31)

for later purposes observe that if the problem is posed as,
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A xS1 =82, (32)
then it is solved by
A=82x81", (33)

where S17 is referred to as the Moore-Penrose inverse [18]. Clearly, S1* = 6, and
(33) is equivalent to minimizing (28). Briefly stated, the Moore Penrose inverse has
the smallest norm of the many solutions that solve (32).

In the general case, of multiple complex signals, we are confronted by a matrix V

(),
Vi,i=1,..,M;j =1, ..,N, (34)
with M time histories, each sampled uniformly N times. For example V,;* (8) is

6 x 15. Under the hypothesis that the data is composed of complex exponentials, one
can seek the generator matrix, A by defining

V1=V(i,1<j<N 1)

V2=V(,2<j<N) (35)
so that
AV1=V2 (36)
which is solved by the Moore-Penrose inverse, V1.
A=V2x Vit (37)
The spectral decomposition of the generator matrix, A,
A =EX(t)EY, (38)

produce complex frequencies as eigenvalues of the diagonal matrix X, and that the
corresponding eigenvectors in E disentangle the time courses produced by SVD.
Evidence supporting both assertions appear in the data analysis. The construction (38)
permits generalization of SVD, (6). If we write

o1 (t) 0 0
o= o - o |, (39)
0 0 o,(t)

where 7 = 6 in the yeast application, then it proves to be convenient to transform to
the hypothesized exponential form

Q = —logo/dt, (40)

which is just the inverse of (26). dt is the sampling interval (2) and (39) transforms
to (11).

In the interest of brevity, we forgo examples. Consideration of synthetic data
generated by,
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D(Q,M) = zm: exp(At) (ay cos(yt) + B sin(wt) )si = 1,2..., M, (41)
=

with each of the M trials an admixture of m complex signals and randomly chosen
coefficients shows a remarkable accuracy in recovering the frequency content after
relatively few trials.

9. Conclusions

This paper represents a substantial extension of an earlier preliminary analysis [9]
of the high quality yeast database assembled by Orlando et al. [6].

The principal focus of this paper is the introduction of advanced mathematical
methods that should be useful under a wider set of circumstances. For example, for
general dynamical molecular biological data sets, and for when better resolved data
becomes available for S. cerevisiae studies. Since the Orlando data is sampled at a large
fraction of the CDC cycle, and near the Nyquist limit [19], the data is broadly speak-
ing, and out of necessity, under-sampled. For this reason and for purposes of exposi-
tion the Orlando data has been converted to interpolated version, by Fourier methods
to get a grip on what might potentially t be achieved with better sampled data, see
Figure 5. This leads to a description of the CDC in terms of precise times of gene
activation and deactivation, which are likely only a semblance of the true times.
Another focus has been on the concept of co-regulation, as introduced by Spellman
et al. [8], which in the present analysis is reformulated as obtaining gene collections
that are highly correlated with one another. Within this very approximate framework
a set of roughly 100 genes is proposed as being central to the CDC, and which again is
only a semblance of what truly are the co-regulated genes.

The Singular Value Decomposition, SVD, is the chosen mathematical framework
for dealing with the dynamical structure of the yeast data and is believed likely to play
an important role in examining dynamical biological data of a general nature. A
shortcoming of SVD is that the dynamics generated by SVD is severely constrained by
the underlying methodology of SVD. This shortcoming was repaired by Schmidt [13],
by a method that is termed dynamic mode decomposition, DMD. This is fully treated
in Section 8 of this paper, in particular see (13). In brief, the result is that the CDC is
well approximated by a single mode that depicts the dynamics in terms of timescales
representative of mother cells, and daughter cells.

It is an opinion that future more highly sampled data lead to the same qualitative
description that is more refined, and accurate.
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Chapter 3

Yeast Activation Methods Used in
Fermentation Industries

Dmitry Karpenko and Artem Grishin

Abstract

The reasons why it is practically impossible to maintain optimal conditions for
the development of cultural yeast populations under production conditions are
briefly substantiated. A simplified classification of yeast activation methods is given:
chemical, physical, and combined. In each of the mentioned groups, the varieties
of the proposed technological methods and the modes of their implementation are
considered. Experimental data obtained in recent years on the influence of the sound
in the audible range (20-20,000 Hz) and light in the visible range on the development
of Saccharomyces cerevisiae yeast used in brewing are presented. An attempt made
to compare the effectiveness of various ways to improve technological indicators: the
increase in the total titer of cells, the percentage of nonviable cells, the accumulation

of ethyl alcohol.

Keywords: Saccharomyces cerevisiae, fermentation industries, chemical, physical and
combined activation methods, effectiveness of activation methods

1. Introduction

A wide range of productions, including food production, are based on the growth
of microbial populations, such as yeast, among others. A technologist in a produc-
tion of this nature should be seeking to culture a yeast population as intensively as
possible. The aim is to obtain biomass or metabolism products within the shortest
possible period of time with the maximum possible utilization of nutrients within the
cultivation medium.

The most logical approach to address this issue would be to maintain ideal
conditions for microorganisms, specifically for cultivating yeast of a particular
genus and species [1]. However, achieving this objective is often unfeasible for
various reasons. One clear example is the production of bottom-fermentated beer.
In traditional brewing techniques, brewers cultivate a yeast population at the
stage of fermentation under highly unfavorable conditions for this yeast type [2].
The process begins with a high osmotic pressure and ends with a relatively high
ethanol concentration. The temperature remains too low, and the physiological
condition of the inoculated yeast is suboptimal, especially in the case of pure-
culture yeast or late-generations seed yeast. Furthermore, despite the technologist’s
effort, the composition of the growth medium can quite often be unbalanced,
with low-molecular nitrogenous compounds typically being a limiting factor.
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In contemporary conditions, the growth medium may also contain abiotic substances
such as heavy metals, pesticides, and radionuclides that have entered the process
flow from the raw materials, although their content in the latter is restricted and
monitored. These factors, either individually or collectively, create suboptimal
conditions for yeast population growth. Consequently, the activation of the pro-
cess through additional processing methods becomes desirable or even necessary.
Considerable attention has been directed toward the development of such methods.
This chapter aims to provide a concise overview of these techniques (addition of
activators of various natures; removal of undesirable components from a nutrient
medium; physical processing of inoculum yeast, wort, or fermentation medium;

or a combination of these methods) and, if possible, to compare their efficacy.

It should be noted that we have intentionally excluded from the discussion any
approach that relies based on enhancing the characteristics of yeast through genetic
manipulation [3].

A comprehensive classification system [4, 5] for methods aimed at enhancing
yeast activity has been proposed. This classification is based on various criteria,
including teleological, genetic, and technological aspects. Additionally, it was
suggested distinguishing activating agents based on their chemical properties,
composition, origin, production stage, and intended final objectives. Nevertheless,
we believe that even a complex classification fails to take into account every dif-
ference. Therefore, we find it more reasonable to categorize all yeast activation
methods, whether proposed or implemented on an industrial scale, into three main
groups:

* Chemical methods: These involve the addition of specific agents and substances
to the food medium, or conversely, the removal of unwanted components from
the food medium.

* Physical methods: These rely on the utilization of specialized equipment, which
does not form a part of the traditional hardware circuit typically used for the
given process.

* Combination of the above (combined methods).

The information presented in this chapter is organized in accordance with this
subdivision.

2. Chemical methods of activation

Agents employed as chemical yeast activators can be categorized based on their
intended functions. These categories encompass the following:

Deficient (limiting) compounds: These agents are employed to supplement the
medium with essential compounds that may be lacking for yeast growth.

Biostimulators promoting yeast activity.

Extraction of unwanted components: Specific agents are used to remove undesir-
able components from the medium that could hinder yeast development.

Stressors.

Antibacterial agents: These agents are introduced to create an environment
conductive to the growth of the main yeast culture.
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Biopolymer degraders: Certain agents are employed to break down biopolymers
found in raw and semifinished products.

Adjustments to the medium composition can be made at various stages - from the
preparation of the nutrient medium to the stage of cultivation of the yeast population.
These additions or agents may vary in terms of their chemical nature, falling into
categories such as organic, nonorganic, or mixed (complex). They can be obtained
through chemical synthesis, microbiological processes, or have a natural origin. The
proposed classification system enables a targeted approach in selecting agents capable
of altering yeast culture metabolic activity by adjusting the composition of the culture
media [4]. Below, we provide examples of agents belonging to the discussed groups.

In order to fulfill the yeast’s requirements for microelements and vitamins,
various specialized preparations are currently in widespread use (“yeast feedings”,
“yeast nutrition”). These preparations came in both single-component and mul-
ticomponent forms, containing amino acids, vitamins, and minerals: zinc sulfate,
“Istex,” “Eastfield,” “Hi Vit,” “Eastfood,” “Alkoten,” “Rhodium Zumesit,” and others
[6]. The utilization of these compounds accelerates the start of wort fermentation,
prevents fermentation from slowing down and halting, reduces fermentation dura-
tion, fosters thorough fermentation of wort sugars, increases yeast growth and
resistance to autolysis, and, in some instances, assists in reducing diacetyl content in
beer. Typically, these feedings are added to the wort before fermentation. However,
it is important to note that the composition of these feedings includes inorganic
substances as mineral components (such as diammonium phosphate, manganese and
zinc sulfates, and potassium metabisulfite), which are foreign to the food product and
considered undesirable from a hygiene standpoint.

A study of the chemical composition of sweet potatoes revealed the presence of a
complex of biologically active substances. In order to increase their yield, the use of
enzyme preparations became necessary. A biologically active additive, derived from
sweet potatoes, was employed as a fermentation activator, exhibiting a positive impact
on brewer’s yeast and beer quality [7]. These dietary supplements were added to the
wort during the fermentation stage, at concentration of 1% and 2%. Fermentation
was carried out at temperatures ranging from 5 to 8° C. The research findings indi-
cate that the use of dietary supplements in beer production positively influences
several parameters of young beer, including the degree of fermentation (increased
by 5.8%) and ethanol content (elevated by 3.6%). Furthermore, it was observed that
the experimental sample, utilizing the sweet potato preparation, outperformed the
control sample by 44% in terms of yeast biomass growth. The experiment results
demonstrated that the introduction of the sweet potato preparation into the wort
accelerates the fermentation process by 2-3 days compared to the control sample.
Moreover, the use of this biologically active sweet potato additive during fermentation
led to a more significant reduction of diacetyl, with the control and experimental beer
samples having diacetyl content of 0.14 and 0.09 mg/dm’, respectively.

The organs of the Far Eastern wild plant Aralia mandshurica were chosen as a
biostimulant for Saccharomyces cerevisiae yeast 34/70 [8]. Alcohol-containing extracts
of aralia (derived from roots, branches, or leaves) were introduced after the main
fermentation, before the start of 16 days post-fermentation period. This increased the
physiological activity of the yeast, as assessed by the number of physiologically active
yeast cells containing glycogen. In the control sample, there was a gradual decline in
the number of physiologically active cells containing glycogen (from 47 to 15%). This
decline is explaining by the natural, modest reduction in the functional (fermenta-
tion) activity of yeast during the beer fermentation process. In the experimental
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samples with Aralia extracts, the initial number of glycogen-containing cells was
lower compared to that in the control sample, averaging around 33%. According to
the authors, this can be attributed to a certain “shock” experienced by microorgan-
isms due to the ethanol content in Aralia extracts. However, in the days following
fermentation, the number of viable cells in all experimental samples increased by
the 8th to 10th day, surpassing the control sample by an average of 10% by the end
of the experiment. The most significant impact in terms of the number of glycogen-
containing microorganisms was observed in the experiment using an extract from
Aralia leaves.

The study examined the results of using S. cerevisiae yeast strains 11 and 8a (M)
in the production of kvass—a traditional low-alcohol fermentation beverage in the
Russian Federation. The authors propose methods to enhance the accumulation of
physiologically active yeast biomass using succinic acid and yeast autolysate obtained
through their developed technology [9].

The impact of succinic acid at concentrations ranging from 0.01% to 0.2% on the
metabolism of the pure culture of alcohol yeast S. cerevisiae (strain XII) is dem-
onstrated. Changes were established in the consumption of dry substances, yeast
biomass accumulation, active and titrated acidity values, CO, production, concentra-
tion of dry substances, and yeast cells titer during alcohol yeast reproduction. After
24 hours of cultivation with the introduction of 0.1% succinic acid, the number of
yeast cells increased by 14%, budding cells by 71%, and cells with glycogen by 11.5%
compared to the control sample [10].

The results [11] of applying an amino acid-vitamin activator (AVA), a natural
stimulant obtained from residual brewer’s yeast cells of the first-generation strain
Saflager S-189, were also studied. AVA serves as a source of amino acids, vitamins, and
other essential compounds required for cell development. The addition of the activa-
tor to a 12% wort in quantities of 0.2 and 0.5% stimulated the growth and accumula-
tion of reserve nutrients by yeast cells. After 5 days of fermentation, the increase in
cell count in the control sample was 2.46 million/cm’, whereas in samples with 0.2%
AVA, it reached 4.6 million/cm>, and with 0.5%, it was 1.9 million/cm’. After 7 days
of fermentation, the percentage of budding cells in the aforementioned samples was
52%, 74%, and 57%, respectively. Additionally, the proportion of cells containing
glycogen was 62%, 83%, and 70%, respectively. However, it was observed that an
excessive amount of AVA in a dosage of 1.0% somewhat suppressed yeast growth and
activity. During testing in a small-scale brewery, the activator was found to be more
effective as the generation number of seed yeast increased. When fermenting 12%
wort with seed yeast of the third generation, the experimental sample with 0.2% AVA
achieved a visible extract of 3.8% and a visible degree of fermentation of 68.3% after
6 days. In contrast, the control sample reached similar values of 4.3% and 64.1%,
respectively, but only after 7 days. Similar results were obtained when assessing the
effectiveness of using the AVA activator in combination with a preparation derived
from the microalgae Spirulina platensis [12].

A method has been developed to increase the viability of brewing yeast using
exclusively preparations derived from Spirulina platensis algae. Yeast activated with
these preparations exhibit an increased reproduction rate. They also demonstrate
efficient flocculation, resulting in the formation of a dense precipitate by the conclu-
sion of the main fermentation. The use of this preparation enables yeast to maintain
their activity over an extended period. The incorporation of this preparation into the
wort is recommended not only as a routine practice but also as a means of providing
“first aid” to reactivate yeast that may have been weakened during technological
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processes or have been reused multiple times. This approach also serves to stabilize
their fermentation characteristics [13].

The impact of baking yeast hydrolysate on fermentation and the physiological
state of Saccharomyces cerevisiae yeast strains 34, 776, 8Am was investigated [14]. In
order to assess the influence of hydrolysate on the extent of wort fermentation, it was
added in quantities of 50, 100, and 150 mg per 100 cm® of wort. The fermentation
process employed sterile hopped wort with varying concentrations of dry substances,
specifically 8%, 10%, 11%, 12%, and 14%. Fermentation was conducted within a
temperature range of 7 to 9° C for a duration of 7 days, with daily measurements of
the visible extract. The experiment revealed that the hydrolysate did not significantly
impact the extent of wort fermentation when the initial dry substances concentra-
tion was 8% and 10%. However, in wort with an initial dry matter concentration of
11%, 12%, and 14% and containing 100-150 mg per 100 cm® of hydrolysate, a more
profound fermentation occurred, resulting in the degree of attenuation enhancement
of 20-30%. This allowed for a reduction in the fermentation duration by 1 to 1.5 day.
Beer produced with the inclusion of hydrolysate exhibited deeper attenuation, higher
alcohol content, lower diacetyl levels, and superior organoleptic characteristics
compared to the control sample.

Yeast extracts also exhibit effectiveness in fermentation high-gravity beer wort
with dry substances concentration ranging from 16.2% to 20.3%. The addition
of 1% of the extract, on average, reduced the fermentation duration by 1.5 days.
Furthermore, it was found to stimulate yeast flocculation ability, fermentation activ-
ity, and the number of budding cells [15].

Yeast extracts have proven to be efficient in activating Saccharomyces cerevisiae
yeast, commonly used in alcohol production [16, 17]. As a result, they contribute to
the intensification of alcohol wort fermentation [16].

Complex yeast feeding (CYF) was developed, and its impact on the wort fermen-
tation process and beer quality using dry yeast of the Saflager strain W-34/70 was
evaluated. CYF can be added to yeast or to the wort before yeast introduction. CYF
consists of a mixture of coarsely ground natural zeolite-containing tuffs and yeast.
The use of CYF was found to significantly increase the activity of yeast cell enzymes
compared to the control sample: a-glucosidase increased by 1.7-2.7 times, zymase by
1.6-2.4 times, and invertase by 9-30%. The positive impact of CYF on the physiologi-
cal state of the yeast culture was observed even at a dosage of 0.05 g per 100 cm”® and
further improved with higher doses. The number of budding cells increases by 1.5-2.0
times compared to the control sample, and cells containing glycogen increased by
1.6-1.7 times. Additionally, there was a reduction in the concentration of dead cells,
ranging from 8 to 30%. In order to study the wort fermentation process, yeast was
added to the wort at a rate of 20 million cells/cm’. The fermentation was conducted
at a temperature of 12° C for 7-8 days, followed by secondary fermentation lasting
30 days at a temperature of 2-3° C. The following samples were compared: experi-
ment sample 1—fermentation of wort with yeast pre-activated using CYF at a dose
of 0.1 g/100 cm?; experiment sample 2—fermentation of wort into which CYF was
previously introduced at a rate of 0.05 g/100 cm®, with reactivated yeast without
prior treatment; control sample - wort fermented with yeast starter without prior
activation and without CYF application. In the experiment samples, the processes of
yeast propagation and consumption of extract and amino nitrogen were notably more
vigorous. In the experiment samples of young beer, the concentration of yeast cells
in the suspended state by the end of fermentation was significantly lower than in the
control sample. This is expected to have a positive impact on the beer clarification
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process during secondary fermentation and filtration and potentially enhance the
colloidal stability of the finished drink. In the samples initially enriched with the
yeast feeding, several favorable outcomes were observed. These include a higher
degree of attenuation and increased volume fraction of alcohol, a reduced content of
polyphenolic compounds, and a lower presence of high-molecular-weight proteins. In
addition, in the samples where CYF was applied, the beer exhibited a harmonious and
full flavor profile, accompanied by a gentle hop bitterness [18].

Many small beer production enterprises employ active dry brewing yeast for
pitching the wort, but in most cases, the viability of the yeast is reduced. Therefore,
yeast activation is necessary before fermentation. The effectiveness of increasing the
activity of brewing dry yeast [19] Saflager W-34/70 was established through the use
of preparations of natural organic and inorganic origin. Yeast activation involved
the utilization of antler-containing raw materials in the form of a dry preparation
as a source of various biologically active organic substances. The antler-containing
preparation composes lipids, nitrogenous compounds, calcium, phosphorus, and
other components. The lipid complex includes phospholipids; mono-, di-, and
triglycerides; sterols; fatty acids; and sterol esters. The medium for processing the
yeast culture, as well as for fermentation, was industrial hopped beer wort with an
extra activity of 12%. Biochemical parameters of the culture were assessed both in
the initial yeast and during its activation, focusing on the activity of a-glucosidase
(maltase), invertase (B-fructofuronosidase), and the zymase complex. The results
indicate that adding the antler preparation to the yeast starter during its preparation
for wort fermentation leads to a significant increase in the activity of the yeast cell
enzymes under investigation when compared to the control sample: a-glucosidase
(maltase) by 2.0-6.8 times, zymase by 1.5-2.5 times, and invertase by 4.5-6.2 times.
The introduction of the antler-containing preparation, either separately or in com-
bination with CYF, during both yeast preparation for fermentation and directly into
the wort before yeast pitching, ensures high yeast viability and high biochemical and
physiological activity of the culture. The effectiveness of these feedings is further
enhanced when applied under aeration conditions during the dry yeast preparation
stage for wort fermentation. Recommended doses of the antlers-containing prepara-
tion (% by volume of the medium) are (0.10-0.75) x 1073, and CYF should be in the
range of 0.05-0.075.

The study presents the results demonstrating the positive impact of multifunc-
tional components of geothermal water in the yeast culture medium on ethanol
biosynthesis [20]. It was observed that an increase in carbohydrate content and the
fermentation duration in a nutrient medium with geothermal water resulted in a
20% increase in alcohol synthesis compared to the previously established technology.
Morphophysiological parameters of the cells further validate the active state of the
experimental yeast.

The positive effects of silicon on the carbohydrate and nitrogen metabolism of
Saccharomyces yeast were revealed. Silicon dioxide was sourced from natural quartz
sand found in the Sarykum dune and industrial quartz glass. This led to an increase
in the biological activity of the yeast population impacting growth, vital activity,
generative activity, and adaptive variability in the shape and size of cells [21].

The research also explored the potential for activating dry brewing yeast using an
energy exchange regulator: a mixture of organic acids from the Krebs cycle, includ-
ing succinic, malic, fumaric, citric, and oxalic acid in a 1:1:1:1:1 ratio, at concentra-
tions ranging from 10~° to 10 ° mol/dm?®). The influence of various concentrations
of this acid mixture was evaluated, demonstrating a positive effect on yeast cell
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enzymes activity and the physiological state of the yeast culture due to increased cell
membranes permeability. The use of yeast activated in the acids solution at a concen-
tration of 1x10'° mol/dm’ positively impacted the beer wort fermentation process,
as evidenced by production tests. This resulted in a reduction of the fermentation
process duration by 1 day and improved physiological parameters of the yeast culture
compared to the control sample without special treatment. Additionally, the quality
indicators and organoleptic characteristics of the beer met the standard require-
ments [22].

The utilization of milk whey as an activator of brewer’s yeast was investigated [23].
The efficacy of yeast treatment through exposure in a medium consisting of whey, as
well as a mixture of whey and beer wort, at a temperature of 4-6° C, was also defined.
During the exposure, the number of budding cells was shown to increase twofold,
cells with glycogen by 1.3 times, the zymase activity of yeast by over 2-fold, and malt-
ase activity by 21-42.4%. This led to a reduction in the main fermentation duration by
1 day. At the same time, in experimental beer samples, higher degree of attenuation
and alcohol content were achieved, with reduced diacetyl formation. An additional
effect is achieved through a joint rotary-pulsation process, as described in the section
on combined processing methods.

Furthermore, the optimization of the nutrient medium composition for yeast
cultivation can be achieved not only by introducing components with a positive
impact but also by eliminating those with a negative influence [24]. This task can be
addressed, in part, by employing sorbents.

A proposal is made to employed oyster mushroom mycelium (Pleurotos ostreatus),
a food additive, for the removal of undesirable components from the wort, thereby
optimizing the fermentation process. The sorbent was added to the 12% beer wort
before commencing the primary fermentation stage. After 7 days of fermentation, the
alcohol concentration in the experimental samples, compared to the control sample,
exhibited a significant increase of 145.0% and 152.95% when using biosorbent dosage
of 0.5 and 0.3 wt. %/wort volume, respectively [25].

Biosorbent “OD-2,” derived from initiated autolysis of sedimentary brewer’ yeast,
when added to the wort before pitching at dosages ranging from 0.1% to 0.5% by
weight/vol., led to a significant increase in the concentration of ethanol in young beer
by 17-46% compared to the control sample [26].

While baking may not be directly related to the fermentation industry, one of the
crucial stages in bread production involves fermenting dough using Saccharomyces
cerevisiae yeast. Therefore, the findings of studies on the activation of baking yeast
with fruit and berry extracts are of interest.

Biologically active components and acids found in fruit and berry extracts can
either inhibit or activate Saccharomyces cerevisiae yeast. The impact of various berry
extracts on the activity of S. cerevisiae baking yeast has been investigated. These
experiments were conducted using “Extra” baking yeast and dry extracts of rasp-
berry, chokeberry, sea buckthorn, and rosehip. Raspberry extract (3-4%) suppressed
the growth and propagation of yeast. After 1 hour of exposure, the number of yeast
cells decreased by 1.5-2 times, when compared to the control sample. Sea buckthorn
extract had a stimulating effect: the growth rate of yeast cells increased up to 40%
when compared to the control sample. Chokeberry and rosehip extracts had minimal
effect on yeast cell growth rate. However, 2-3% chokeberry extract enhanced dough
fermentation. The extracts of fruit and berries naturally increased the dough’s acidity,
which influenced the growth rate of yeast cells. Sea buckthorn extracts significantly
elevated the acidity (up to 4.24 pH units), resembling acid stress, leading to increased
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Figure 1.
Increase in ethyl alcohol content and decrease in apparent extvact (%) in test samples of finished beer compared to
similar values in control samples.

yeast cell growth rate of (1.53 x 10°-1.55 x 10° compared t0 1.10 x 10 ¢ in 1 cm® of the
control sample). On the other hand, samples with raspberry extract exhibited the
slowest growth rate, as raspberry extract is known for its pronounced fungistatic
effect, resulting in a 1.5-2 times decrease in the number of yeast cells after an hour of
fermentation [27].

A method [28] has been proposed for the preliminary activation of baking yeast to
enhance their resistance to acid stress. It was observed that yeast treated with solu-
tions of hydrogen peroxide in concentrations ranging from 0.5 to 3.0 mM retained
higher fermentation activity when subjected to stressful conditions (such as a 2%
lactic acid solution) compared to the control sample.

The effectiveness of several chemical activation methods was compared by
increasing in the concentration of ethyl alcohol and decreasing in the content of the
apparent extract (Figure1).

3. Physical activation methods

Activation methods in this group are primarily based on direct or indirect wave/
field effects, with the exception of the use of mechanical vibrations (rotary pulsation
action). This will be discussed below when examining the combined yeast processing
method [23].

Based on the analysis of the literature, it can be concluded that the greatest interest
is in the study of the effectiveness of ultrasonic treatment. Examples of such an
approach are provided at the beginning of this section.
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3.1 Ultrasound and audible range sound processing

Ultrasonic treatment is widely employed for the destruction or inactivation of
treated objects, including yeast cells [29]. However, altering the parameters of such
treatment can yield the opposite effect and activate yeast cell population, as con-
firmed by the data presented below.

The same physical and mechanical effects utilized in sonochemistry, such as
strong shear forces, particle fragmentation, and increased mass and heat transfer, are
also applied in the food industry. Powerful ultrasound is employed to influence the
development of living cells, aiming to boost sterilization efficiency, impact enzyme
activity [30], and enhance the overall quality of food products [31].

Fermentation processes involve enzymes produced by microorganisms’ cells to
carry out chemical transformations. Ultrasound can be employed in such processes
for monitoring the course of fermentation or influencing its. High-frequency
ultrasound (>2 mHz) is well-known as a tool for measuring changes in chemical
composition during the fermentation process, offering real-time insights into
the reaction’s progress. Low-frequency ultrasound (20-50 kHz) can affect the
fermentation process by improving mass transfer and cell permeability. This leads
to increased process efficiency and productivity. Additionally, this type of ultra-
sound can be used to eliminate microorganisms that may disrupt the fermentation
process [32].

The activation method of Safale T-58 brewer’s top fermentation yeast
Saccharomyces cerevisiae was examined, employing ultrasound at an oscillation
frequency of 44 kHz. Ultrasonic treatment significantly intensified the fermenta-
tion process and improved the quality of final products. The yeast suspension was
placed in an ultrasound machine and processed at the oscillation frequency of
44 kHz. During the exposure, the temperature was measured every minute from
the 1st to 20th, as well as at the 25th, 30th, 35th minutes. The survival of yeast cells
was recorded by defining the percentage of dead cells. It was found that under the
influence of ultrasound, the medium was heated by 1° C for 1 min, and by the 40th
minute of treatment, the temperature of the medium reached 57° C. The yeast treated
with ultrasound served as an inoculum at the stage of the fermentation of beer
wort. The fermentation was carried out at a temperature of 22° C. The fermentation
activity increased by 36% in the sample after treating seed yeast with ultrasound for
2 min. The remaining samples differed slightly from the control sample during the
first 72 hours of fermentation and lost their fermentation activity after 80 hours of
fermentation [33].

In their later work, the same group of authors [34] researched the activating and
disintegrating effect of ultrasound at a frequency of 44 kHz and intensity of 1.0 W/
cm’ on brewer’s yeast. It was found that a 10-minute ultrasonic treatment of yeast is
sufficient to achieve a stimulating effect. Further ultrasound treatment is impractical,
since the percentage of dead cells in the yeast suspension exceeds the permissible level
(more than 10%). The experiment showed that two-minute ultrasound treatment
improved the physiological activity of the seed yeast. The beer obtained using this
technique had a higher quality.

The effect of ultrasound on the results of fermentation of beer wort from Korean
six-row barley was also studied. Beer samples were processed in an ultrasonic bath for
4 days during the primary fermentation. The ultrasound frequency was 40 kHz, and
the input power was 120, 160 and 200 watts. The ultrasound treatment was carried
out for 2, 6, and 12 hours for each input power. The physicochemical and organoleptic
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properties were measured, and the quality of the beer was evaluated. Ultrasound with
a power of 160 W increased the yield of ethanol by 13.18% [35].

The study examined the impact of ultrasound at a frequency of 22 kHz and an
intensity of 1.0 W/cm? on the outcomes of water—heat treatment of wort derived
from winter triticale grain [36]. It was established that ultrasonic exposure results
in increased activity of grain a-amylases enzymes. The wort obtained was used for
cultivating seed yeast with simultaneous ultrasound treatment. It was also observed
that such treatment leads to an augmentation of biomass and intensification of the
seed yeast growth process. The processed wort was then fermented with activated
yeast to produce alcohol with a yield of 67.3 dal/t of conditional starch and a reduced
content of toxic impurities.

The potential for increasing ethanol yield in alcohol production through the
treatment of Saccharomyces cerevisiae yeast using low-intensity ultrasonic irradiation
at fixed frequencies of 20, 23, 25, 25, 28, 33, and 40 kHz was considered [37]. Under
optimal ultrasonic treatment conditions (ultrasound frequency - 28 kHz, power
density - 180 W/I, processing time - 24 h), the maximum ethanol yield increased by
34.87% compared to the control sample. Transcriptome sequencing revealed that
ultrasound treatment regulated the expression of genes involved in pyruvate metabo-
lism, glycolysis, the pentose phosphate pathway, and glucose transport. Quantitative
polymerase chain reaction in real time also confirmed changes in gene expression.
Metabolomics showed that ultrasound treatment increased the intracellular glucose
and nicotinamide adenine dinucleotide (NADH) content, crucial metabolites for
ethanol synthesis. Additionally, ultrasound treatment reduced the levels of acetate
and its derivatives, leading to a decrease in the reverse consumption of pyruvate,
thereby facilitating ethanol synthesis. These alterations in gene expression and
metabolite content are likely the primary reasons for the increase in ethanol yield in
Saccharomyces cerevisiae after ultrasound irradiation [37].

The study investigated the impact of ultrasonic treatment with different operat-
ing modes and different frequencies on the accumulation of cells and metabolites
of Saccharomyces cerevisiae yeast. The results demonstrated that iz situ ultrasound
treatment can enhance the controlled parameters, and the effect of ultrasound with a
fixed frequency was greater than that of wide-frequency ultrasound. When exposed
to ultrasound with a fixed frequency, the concentration of metabolites in the culture
medium increased, whereas it decreased after treatment with wide-frequency ultra-
sound. Conversely, when the ultrasound frequency exceeded 33 kHz, the accumula-
tion of S. cerevisiae biomass weakened, accompanied by an increase in the proportion
of nonviable cells in the culture medium. At a frequency of 23 kHz and a fermentation
duration of 48 hours, the ethanol content increased by 19.33%, as well the content of
p-phenylethanol and other volatile metabolites, such as esters [38].

Another study examined the effect of ultrasound treatment on the growth of
S. cerevisiae yeast, utilizing ultrasonic frequencies of 20, 25, 45, and 130 kHz, with
processing duration ranging from of 2 to 30 min. The kinetics of yeast biomass accu-
mulation following ultrasonic treatment was assessed using modeling techniques and
scanning electron microscopy (SEM). It was revealed that ultrasound at frequencies
of 45 and 130 kHz had no adverse impact on the lag phase and growth rate of yeast
populations, unlike the 20 kHz frequency. Ultrasound treatment at 20 kHz resulted
in a significant reduction in yeast concentration (by 1.3 log CFU/cm’) and caused
significant damage to the external structures of S. cerevisiae cells [39].

The effect of low-intensity ultrasound, varying in frequencies, processing time,
and ultrasound power, on Saccharomyces cerevisiae in different growth phases was
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assessed by measuring biomass growth. Additionally, the permeability of cell
membranes and the ethanol tolerance of ultrasound-treated Saccharomyces cerevi-
siae cells were studied. It was discovered that under optimal processing conditions
during cultivation (ultrasound frequency: 28 kHz, power: 140 W/dm’, treatment
duration: 1 hour), yeast biomass increased by 127.03%. Ultrasound exposure
improved the permeability of cell membranes, resulting in increased extracellular
protein, nucleic acid, and fructose-1.6-diphosphate content. Furthermore, ultra-
sound treatment could increase damage to yeast cells when exposed to high concen-
tration of alcohol. However, this effect did not significantly impact yeast tolerance
to ethanol [40].

It was also observed that the fermentation process could be activated due to the
indirect impact of ultrasound: it does not process the yeast biomass at one stage or
another, but the fermentation medium before pitching with yeast.

Consequently, the influence of ultrasound and thermal pretreatment on ethanol
yield from cassava chips was investigated. Cassava suspensions were treated with
ultrasound for 10 and 30 seconds at amplitudes of 80, 160, and 320 microns/s,
corresponding to low, medium, and high power levels, respectively. Processed and
untreated (control) ultrasound samples were then subjected to simultaneous liquefac-
tion-saccharification and fermentation. Based on the efficiency of converting cassava
starch into ethanol, it was concluded that higher ethanol yields are directly related to
the duration of ultrasound treatment, rather than to its power level. The ethanol yield
from the ultrasound-treated sample was 2.7 times higher than that from the control
sample. The fermentation rate was also significantly higher, with the fermentation
duration being shortened by nearly 24 hours for samples treated with ultrasound to
achieve the same ethanol yield as in control samples. Thus, ultrasound pretreatment
increased both the total ethanol yield and the fermentation rate. Compared to the
heat-treated samples, the ethanol yield in ultrasound-treated samples was almost 29%
higher. The combined heat and ultrasound treatment did not significantly affect the
overall ethanol yield from cassava chips. Ultrasound was also preferred over preheat
treatment due to its lower energy requirements [41].

Similar findings were reported in a study [42] where pretreatment with ultrasound
during the liquefaction stage was tested in the subsequent combined saccharifica-
tion/fermentation of corn flour using Saccharomyces cerevisiae var. ellipsoideus for
bioethanol production through a periodic method. Preliminary ultrasonic treat-
ment (at a frequency of 40 kHz) was conducted for various durations at different
temperatures before adding a liquefying enzyme. Based on glucose concentration,
the optimal duration of ultrasound treatment was determined to be 5 minutes at a
treatment temperature of 60° C. This resulted in an increase in glucose concentration
by 6.82% compared to the untreated control sample. Additionally, the kinetics of
combined saccharification/fermentation was evaluated, and the impact of ultrasound
pretreatment on increasing ethanol yield was studied. Ultrasound pretreatment led to
an 11.15% increase in ethanol concentration (compared to the control sample) after
32 hours of saccharification/fermentation. The study found that ultrasound’s effect,
driven by cavitation and acoustic flow, stimulated the breakdown of starch granules
and the release of glucose, thereby accelerating starch hydrolysis.

Furthermore, research conducted at our university has focused on the acoustic
effects on raw materials and intermediates in brewing production over several years.
Saccharomyces cerevisiae yeast from various strains was subjected to audible sound
exposure at fixed frequencies. It has been established that sound processing could
either enhance or impair the technological characteristics of brewer’s yeast [43].
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This depends primarily on the processing parameters and the frequency of the sound.
The following parameters were applied: sound frequency of 2765 Hz, duration of expo-
sure - 30 min, oscillation amplitude - 100%, source power - 2 W, and distance from the
source to the treated object - 5 cm. Such preliminary acoustic treatment of dry seeded
yeast that were applied to the fermentation of the model nutrient medium (5% sucrose
solution) led to a utilization rate increase in nutrient compared to the control sample
by 66%, along with a 5% reduction in the proportion of nonviable cells [44].

3.2 Exposure to pulsed electromagnetic field

There is an opinion [45] that a pulsed electromagnetic field (PEMF) has a positive
impact on yeast metabolism, cell biomass growth, and ethanol production, especially
with low-frequency electromagnetic waves, which are known to have biological
effects. An electromagnetic pulsed generator was used to investigate the influence of
electromagnetic pulsed fields on yeast cell reproduction and ethanol accumulation
in a fermenting medium, with a focus on intensifying the technological process. The
fermentation of wort was carried out in a two-stage mode with treatment using a
pulsed electromagnetic field (frequency - 4 Hz, power - 1 uT). The study employed
beer wort with a density of 15-35% (15% unmalted raw material) and Saccharomyces
cerevisiae top fermenting yeast. A positive effect of the pulsed electromagnetic field
was shown on yeast cell proliferation and the fermentation process. This approach
also revealed the potential for accelerating alcoholic fermentation and increasing
ethanol yield by 15%. The physicochemical evaluation of fermented materials showed
a significant increase in foaming and foam resistance. The fermented wort underwent
distillation; gas chromatography analysis of the distillate indicated variations in the
content of trace impurities, such as higher alcohols (n-butyl, isobutyl, and isoamyl).
The proposed technology has the potential to optimize the fermentation process,
adjust the quality of volatile components, and improve the sensory characteristics of
fermented materials and distillates for alcoholic beverage production (beer, whiskey
wort, brandy, alcoholic beverages, etc.).

The impact of extremely low-frequency magnetic fields on ethanol accumulation
by Saccharomyces cerevisiae yeast during the fermentation of sugarcane molasses in a
periodic fermentation process was explored. The cell suspension from the fermenter
was directed through two magnetic field generators in recirculation mode. The recir-
culation rate and magnetic field strength varied within the range of 0.6-1.4 mes™ and
5-20 pT, respectively. The best results were achieved when treated with a magnetic
field of 20 pT at a recirculation rate of 0.9-1.2 me s, resulting in a yield of ethanol
approximately 17% higher than in the control sample. Moreover, the fermentation
duration was reduced by 2 hours [46].

3.3 Electron-ion processing (EIP)

The potential for activating brewer’s yeast through EIP to enhance membrane
permeability and increase nutrient and oxygen availability for cells has been con-
firmed. These activated cells were found to maintain their viability for 3-5 cycles
after EIP, attributed to the activation of the permease system. A correlation was
established between the EIP modes and glycogen content of yeast cells. When
using yeast that has undergone EIP, the main fermentation cycle of beer can be
shortened by 15-40%. These activated cells facilitate vigorous wort fermenta-
tion without the need for additional fermentation activators. Implementing the
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proposed EIP method for brewer’s yeast activation prior to its introduction into the
fermentation apparatus results in beer with a fermentation degree exceeding 80%,
enhancing the stability of the final product. EIP-treated yeast can be utilized for
10-11 generations, extending their operational lifespan by 1.5 times compared to
untreated yeast. This also reduces the cost associated with maintaining a pure yeast
culture. Production tests confirmed the effectiveness of EIP, showing that process-
ing low-quality yeast led to a 10-60% increase in viability and a 3-8% boost in the
final fermentation degree while maintaining high beer quality standards. The beer
produced using EIP-treated yeast met all standards and exhibited superior physi-
cochemical and organoleptic properties compared to beer samples produced using
traditional methods [47, 48].

Glushhenko [49] provides a description of the equipment used for electron-ion
processing of yeast. The impact of electron-ion treatment on yeast cells viability was
investigated, revealing a reduction in nonviable yeast cells numbers The most pro-
nounced effect was observed when yeast was processed in a “yeast + wort” medium.
The efficiency of electron-ion processing is contingent on the intensity of the non-
uniform electric field and the exposure time. Implementing electron-ion processing
results in a significant enhancement of the yeast’s physiological state.

3.4 Processing with visible light and laser radiation in the infrared range

Another approach for yeast-saccharomycete activation is based on exposure to
visible spectrum light wavelengths.

The earliest publication we found on this subject dates back to 1984 [50]. This doc-
toral dissertation research demonstrates that exposure to shortwave optical radiation
(410-520 nm) with an intensity of 0.12-0.20 W/ m? leads to a substantial activation of
metabolite transformations within the glycolytic system. Visible light exposure trig-
gers the decarboxylation of pyruvate, facilitating the generation of a substrate for the
operation of the di- and tricarboxylic acid cycle, thus alleviating substrate deficien-
cies in the Krebs cycle. In addition, it increases the activity of alcohol dehydrogenase,
the final enzyme of alcoholic fermentation, and some respiratory enzymes. It also
enhances the activity of isocitrate dehydrogenase, succinate dehydrogenase, aldehyde
dehydrogenase, and the pyruvate dehydrogenase complex. Research also revealed
that exposure to 410 nm light wavelength increases the rate of protein biosynthesis
by 1.6 times compared to the control sample. Furthermore, an optimal parameter for
applying optical radiation to influence the technological characteristics of beer seed-
ing yeast was established. Exposure to 410 nm light at an intensity of 0.12-0.20 W/m”
for 6 hours prior to inoculation into the wort was found to boost yeast fermentation
activity by 20-25%. This lead to a reduction of 1 day in the main fermentation dura-
tion without compromising the quality of the final product. Additionally, beer pro-
duced with photoactivated yeast displayed enhanced resistance to colloidal turbidity,
attributed to a significant reduction in the concentration of high-molecular-weight
protein substances compared to the control sample. Regrettably, in our view, this
research, although promising, did not receive further attention at that time and was
only resumed three decades later.

Thus Kobelev and Bagaeva [51], Saccharomyces cerevisiae baker’s yeast was used.
The initial yeast was grown on a solid nutrient Reader medium until the beginning of
the stationary phase of population growth (72 hours). Then, they were transferred to
aliquid medium, where the cells were exposed to light of various spectra. The experi-
ments were carried out in three light-isolated blocks: 1st - white light (the source of
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illumination is fluorescent lamps LDS-40); 2nd - blue light (the source is fluorescent
lamps LG-40, the transmission area is 420-460 nm); and 3rd - red light (the source is
fluorescent lamps LC-40, the transmission area is 620-640 nm). The exposure time
was 6 hours. The control was a yeast culture grown in the dark. The research results
indicated a notable enhancement in yeast biomass when exposed to both blue and
red light. Specifically, the biomass increase under blue light exposure was found to
be 10% higher compared to the control sample, while under red light, this increase
amounted to 5%. The rise in yeast biomass under white light conditions was consis-
tent with the growth observed in the dark. This suggests that the effect of blue light
is associated with the direct absorption of blue light quanta by components of the
mitochondrial energy system, leading to an increased synthesis of high-energy com-
pounds. Red light also affects yeast cells, but unlike blue light, its impact appears to
influence a broader spectrum of cellular systems associated with overall metabolism.

For several years, our university has also been engaged in researching the effects of
monochromatic light exposure within the visible spectrum, as well as near-ultraviolet
and infrared spectra, on brewer’ yeast. Previously, a positive impact of such treat-
ment on top-fermentation yeast [52] was demonstrated. This research is currently
ongoing, utilizing bottom fermentation Saccharomyces cerevisiae Saflager S-189 yeast.
Light with a certain wavelength is applied to dry yeast for 60 minutes, after which
seeding is performed. Cultivation is carried out for 3 days at 28° C in a model nutrient
medium, which is a sterilized 5% sucrose solution. The controlled parameters and
their values (expressed as a percentage relative to the control samples) after 3 days of
cultivation are presented in Figure 2.

Based on this data, it can be concluded that light with such wavelengths has a mul-
tidirectional effect on the state of the yeast population. The processing effect is less
pronounced than most of the activation methods described earlier. Nevertheless, light
treatment with a wavelength of 650 nm provided a higher degree of utilization of
nutrients, a smaller proportion of nonviable cells, and a significantly lower increase
in biomass than in the control sample. This can be an advantage in the brewing
industry, as it helps in reducing the quantity surplus yeast, which, in compliance with
environmental regulations, must be disposed of in an environmentally responsible
manner. We have decided to continue the research, in order to consider the possibility
of optimizing the processing parameters.

The effectiveness of low-intensity laser radiation (LILR) in the infrared range
on brewer’s yeast of top fermentation was evaluated as a means of intensification of
fermentation processes [53]. A treatment duration equal to 2 minutes was chosen as
rational. The impact of radiation with pulse frequencies was tested at 300, 600, 760,
1200, 1500, and 3000 Hz. The object of treatment was Saccharomyces cerevisiae top
fermentation dry yeast. It was found that when processing experimental samples
with LILR at a frequency of 600 Hz, the number of nonviable yeast decreases by
75% and when processing at a frequency of 300 and 3000 Hz, by 48% compared to
the control sample. In all samples, with the exception of treatment at a frequency
of 3000 Hz, an increase in the number of cells with glycogen was observed. The
greatest extent was observed in the case of treatment at frequencies of 300 and
600 Hz—by 42%—compared to the control sample. The maximum accumulation of
biomass was revealed in the experimental sample after treatment at 600 Hz. In the
same sample, on the 7th day of fermentation of 12% beer wort, the visible extract
was 4.6%, while in the control sample only on the 9th day, it was 5.8%. This proves
the possibility of reducing the duration of the main fermentation stage by 2 days. In
the given sample, the amount of diacetyl and 2-butanol (0.6 and 0.2 mg/dm?®) was

64



Yeast Activation Methods Used in Fermentation Industries
DOI: http://dx.doi.org/10.5772/intechopen.1003283

The value of the
indicator in the
experimental
sample, % of the
control sample

105

95 -

85 -

75 4

65 -

55 -

315 364 490 540 590 670 750 870 980
Wavelength, nm
m Decrease in the weight of the nutrient medium
M Yeast biomass growth
® Proportion of non-viable cells
W Proportion of cells with glycogen
Figure 2.

The effect of fixed wavelength light treatment on the indicators of bottom fermenting brewer’ yeast population.

lower than in the control sample (0.9 and 0.4 mg/dm?). The beer obtained with the
use of top fermentation yeast treated with low frequencies (300, 600, 760 Hz) has
amild full taste and floral aroma. At the same time, it was found that processing by
LILR at frequencies of 1500 and 3000 Hz led to a deterioration in most of the indica-
tors monitored.

3.5 Other physical methods of yeast activation

The effect of a magnetic field on alcoholic fermentation using Saccharomyces
cerevisiae yeast strain DAUFPE-1012 was studied. The yeast culture was exposed
to a constant magnetic field of 220 microTesla generated by NdFeB (Neodymium-
Iron-Boron) rod magnets for 24 hours at a temperature of - 23 +/—1°C. The magnets
were placed diametrically opposite (N to S) on a cylindrical tubular reactor. Biomass
growth in the culture medium of the reactor (yeast extract + glucose of 2%) was
monitored over 24 hours by measuring changes in optical density, which correlated
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with the dry mass of cells. Ethanol and glucose concentrations were measured every
2 hours. As a result of this treatment, the biomass (g/dm3) increased by 2.5 times,
and the ethanol concentration increased by 3.4 times compared to the control sample.
Glucose consumption was higher in the magnetized cultures, which was in line with
increased ethanol production [54].

However, an opposite viewpoint was also published, suggesting that constant
or variable magnetic fields have no influence on cellular processes in Saccharomyces
cerevisiae yeast [55].

The impact of electric current on yeast characteristics has also been studied. When
a direct current of 10 mA or alternating current of 100 mA was applied to the culture
medium, a significant increase in the rate of cell growth and accumulation of ethyl
alcohol was observed. The content of higher alcohols, esters, and organic acids in
culture media treated with direct and alternating current differed from that in the
untreated sample. Several compounds, such as acetaldehyde and acetic acid, were
formed from ethanol as a result of the electrode reaction [56].

Pulsating electromagnetic-induced currents (PEMIC, PEMF, PMF), simple
alternating currents, and direct currents have been explored for their effects on cells,
tissues, and organisms, stimulating membrane permeability and various metabolic
processes [57].

4. Combined processing methods

A method for activating brewer’s yeast was investigated [5] and patented [58].
This method provides for the treatment of a suspension of yeast cells with an
activation medium (whey, beer wort, or a mixture of whey and beer wort) in a ratio
of 1:0.5 through acoustic exposure to low-frequency vibrations (20-2:10* Hz) in a
rotary pulsating machine for 2 minutes. The rotor speed and the inter-cylinder clear-
ance were 2000 min ™" (209.33 ¢ ™) and 0.2-0.3 mm, respectively. The processing
parameters were selected to avoid an excessive number of dead cells, which should
be kept under 10%. This processing method significantly improved the quality of
brewer’s yeast. Compared to the control sample, the total concentration of cells
increased by 3.9-8.1%, the percentage of dead cells decreased by 1.7-2.3 times, and
the number of budding cells increased almost twofold. After 7 days of fermentation
of 11% wort in the control sample, the actual extract was 4.9%, while in the experi-
mental samples, similar concentrations of dry substances (4.6-4.5) were achieved
after 5-6 days of the main fermentation. The volume fraction of ethyl alcohol in the
finished beer of the control sample was 4.58%, whereas in the experimental vari-
ants, it ranged from 5.27 to 5.37% of the volume, with the actual extract at 3.5% and
2.3-2.4%, respectively.

A patent [59] was obtained for a yeast activation method designed for the alcohol
industry. In this method, a suspension of alcoholic yeast in the production grain
wort is subjected to an acoustic field with an oscillation frequency of 22 kHz and an
oscillation intensity of 1.0 W/cm” for 3.5-4.5 minutes at a temperature of 28-34°C.

A fraction of 5-10% of the total volume of the processed yeast suspension is then
selected and undergoes a secondary treatment with an acoustic field at an oscillation
frequency of 22 kHz and an oscillation intensity of 1.0 W/cm? for 35-45 minutes at

a temperature of 48-52°C. This secondary treatment is aimed at destroying yeast
shells and obtaining yeast extract. The resulting extract is subsequently mixed with
the suspension of processed yeast. This process leads to a significant increase in yeast
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biomass by 2-3 times, faster start of wort fermentation at the first day of fermenta-
tion, and a reduced fermentation duration by 10-12 hours.

5. Comparing the effectiveness of various methods of activation of
Saccharomyces cerevisiae yeast

From the information provided, it is evident that various methods are employed
for different types of yeast, and their effectiveness is evaluated using diverse criteria.
Nevertheless, we have chosen to conduct a comparative analysis of the effectiveness
of selected methods by consolidating the data from in the literature into a single table
(Table1).

6. Conclusion

It can be seen that the proposed methods for improving the technological char-
acteristics of Saccharomyces cerevisiae yeast are very diverse and aim at improving
various properties of the cells of the population. At the same time, different authors
recommend various parameters of the same type of exposure, in order to ensure an
activating effect. Separate groups of researchers express sometimes opposing opin-
ions about the effect of one and the same type of treatment. In our perspective, this
suggests that the efficacy of treatment depends not only on the nature and methods of
exposure but also on a large number of other variables, including the initial character-
istics of yeast cells, yeast strain, the environmental conditions in which yeast develops
within the culture medium, and various other factors. Therefore, it is advisable to
continue the research and obtain more detailed information about the effectiveness
of yeast activation methods. A number of the approaches herein discussed seem
promising when applied on an industrial scale in the aims of intensifying the various
technological stages in fermentation industries, ranging from yeast generation to wort
fermentation.
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Chapter 4

Distinctive Role of Yeast Strain
on Aromatic Profile of Wines
Made from Minority Grape
Cultivars: Chemical and Sensory
Characterization of Aroma
Components

José Pérez-Navarro, Adela Mena-Movales, Sevgio Gomez-Alonso,
Esteban Garcia-Romero and Pedro Miguel Izquierdo-Carias

Abstract

This chapter synthetizes the main results that our research group has obtained
about the specific influence of a commercial Saccharomyces cerevisiae strain on the
aromatic profile of fermented musts from four minority grape varieties (Vitis vinifera
L.) cultivated in Castilla-La Mancha (Spain), that is, Moribel, Tinto Fragoso, Albillo
Dorado and Montonera del Casar. In addition, wines made from the grape cultivars
Tempranillo and Airén were evaluated. To determine the main yeast-derived odor rel-
evant in these grape varieties, the aromatic profiles of grape cultivars and the resulting
wines were studied by gas chromatography coupled to mass spectrometry and wines
were subjected to Napping, a rapid sensory evaluation method. The results revealed
wine sensory differences which are consequence of different aromatic profiles of wines
produced with these grape cultivars. The combination of quantitative chemical analy-
sis of volatile compounds together with sensory analysis of wines point out different
patterns of aroma compound formation and release. Thus, the yeast strain used in the
fermentation step is one of the main factors that affect the sensory properties of wines.

Keywords: Saccharomyces cerevisiae, yeast, grape, wine, volatile compounds, aroma,
gas chromatography, sensory analysis

1. Introduction

Wine is a beverage obtained usually from grapes via the alcoholic fermentation
process carried out by yeasts. The use of commercial Saccharomyces cerevisiae strains has
been widespread in wine industry due to its good fermentative properties and the abil-
ity to produce quality wines, particularly through modifications of volatile compound
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profile [1]. The distinctive aroma of wine is determined by several factors such as grape
variety and maturity, viticultural and winemaking practices, and storage conditions
[2]. Several volatile compounds are produced in grapes, increasing their concentration
during the vegetative growing period although this tendency changes during grape
ripening [3]. Among aroma compounds present in grapes, a significant part comes
from specific glycosidically linked forms (odorless precursors) which are transformed
into free forms (odor compounds) during the winemaking process [4]. In wine, a large
number of volatile compounds can be a part of its aromatic profile. However, around
70 odor compounds play major roles in the aromatic characteristics of wines [5]. Most
of these volatile compounds belonging to different chemical classes are formed from
precursors during fermentation by Saccharomyces cerevisiae or grape-derived com-
pounds released and/or modified by the yeast action [6]. Fermentation-derived vola-
tiles including higher alcohols, acids, ethyl esters and acetates are the most abundant in
total aroma composition of wine. The modulation of the levels of these compounds by
the yeast strain in charge of fermentation leads to sensory differences [7].

Spain is the country with the biggest vineyard surface in the world and has a great
varietal biodiversity [8], despite the disappearance of many grape varieties (Vitis
vinifera L.) in Europe was caused by the attack of the phylloxera in the late nineteenth
century [9]. In the last decades, prospecting and recovery works started in the
wine-growing areas of the world due to the great interest of wine sector in recovering
ancient varieties [10], some of which are minoritarian and in danger of disappearing.
In this way, grapevine prospecting work allowed to preserve the old vine heritage of
the Castilla-La Mancha Spanish region, which resulted in the identification of more
than 40 new grape genotypes not previously registered in any database [11]. Notable
among these minority grape varieties are Moribel, Tinto Fragoso, Albillo Dorado and
Montonera del Casar (Figure 1). These grape genotypes are grown in the Collection

Figure 1.
Leaf and bunch morphology in the Vitis vinifera L. grape cultivars: Moribel (a), Tinto Fragoso (b), Albillo
Dorado (c) and Montonera del Casar (d).
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of Grapevine Varieties from Castilla-La Mancha (CGVCLM) created to preserve the
local grape diversity of this winemaking region.

The aim of the chapter is to synthesize the main results that our research group
has obtained on the impact of a commercial Saccharomyces cerevisiae strain on the
volatile composition and aroma profile of wines produced by these minority grape
cultivars to elucidate the chemical changes in the components potentially responsible
for aroma sensory properties. This work was carried out by studying the aromatic
profile of these grape varieties and resulting wines by gas chromatography coupled
to mass spectrometry (GC-MS) and the sensory properties of wines were evaluated
by Napping. These were compared to wines made from Airén and Tempranillo, the
most cultivated grape varieties in this winemaking region. To our knowledge, this is
the first comprehensive study about the aroma components of these minority grape
cultivars and the resulting wines.

2. Materials and methods
2.1 Chemicals

All solvents and reagents were of analytical grade (>99%) and a Milli-Q purification
system (Merck-Millipore, Darmstadt, Germany) was used to obtain the pure water.
Several commercial standards were employed for volatile compound identification and
quantification purposes, which were purchased from Extrasynthese (Genay, France),
Fluka (Buchs, Germany), Merck (Darmstard, Germany), and Sigma-Aldrich Chemie
(Steinheim, Germany). 4-nonanol and 4-methyl-2-pentanol were used as internal
standards and were supplied by Sigma-Aldrich Chemie (Steinheim, Germany).

2.2 Grape samples

Grape samples of four minority varieties (Vitis vinifera L.), two red (Moribel
and Tinto Fragoso), and two white (Albillo Dorado and Montonera del Casar), were
evaluated in this chapter. Grapes were harvested at the optimal ripening stage and
in good sanitary conditions from an experimental vineyard of the Instituto Regional
de Investigacién y Desarrollo Agroalimentario y Forestal from Castilla-La Mancha
(IRIAF) located in Tomelloso (Spain). The minority varieties were compared with
two of the most traditionally cultivated grapes in this winemaking region, that is,
Tempranillo and Airén. For each variety, a total of three batches of grape clusters were
sampled from grapevines in several zones of the vineyard. Sampling was made by
selecting randomly berries from the top, central, and bottom of grape bunches in the
lab, choosing 500 g of grapes from each batch to evaluate the aromatic potential.

2.3 Winemaking process

Winemaking process was carried out in the winery of IRIAF and all produced
wines were dry, i.e. containing less than 5 g/L of residual sugar. White wines were
elaborated from 75 kg of grapes. The grapes were destemmed and crushed, with the
addition of 80 mg/L of SO,. Cold pre-fermentation maceration was developed at 5°C
for 24 h. Subsequently, the resultant grape must was separated from the solid phase
by pressing, and total acidity was adjusted to 4.5 g/L in the case of grape must with
lower values. In addition, ascorbic acid (100 mg/L) and lysozyme (100 mg/L) were
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added to avoid oxidation and malolactic fermentation respectively. Fermentation was
carried out at 17°C in 100 L fermentation vessels using the commercial yeast Uvaferm
VN® (Lallemand Inc., Zug, Switzerland) at 20 g/hL. Alcoholic fermentation was
controlled by measures of the density. When a relative density of 1.010 was reached,
the alcoholic fermentation continued at 20°C. When the glucose + fructose concen-
tration was below 5 g/L, the alcoholic fermentation was terminated. Then, the wines
were racked and sulphited (25 mg/L of free SO,). For 1 month, the fermentation lees
were stirred regularly (Bdtonnage technique). Wines were subjected to cold treatment
at —5°C for 15 days, and the free SO, concentration was corrected up to 25 mg/L.
Wines were then filtered through 0.2 pm membranes, bottled, and stored at 16-18°C.
Red wines were elaborated from 75 kg of grapes in vats of 100 L, with skin
maceration until the alcoholic fermentation ended. After stemming and crushing, a
concentration of 50 mg/L of SO, was added before the inoculation with S. cerevisiae
selected yeast Uvaferm VN® (Lallemand Inc., Zug, Switzerland) at 20 g/hL. The
alcoholic fermentation temperature was maintained at 22°C and its development was
monitored daily by measuring the density until 0.995. After alcoholic fermentation,
the wines were racked and malolactic fermentation was carried out at a temperature
of 22°C using Oenococcus oeni lactic acid bacteria VP41® (Lallemand Inc., Zug,
Switzerland) at 1 g/hL. Malolactic fermentation was monitored by the quantification
of L-malic acid in wines. When the malic acid content reached values below 0.2 g/L,
the wines were sulphited to 25 mg/L of free SO,. Subsequently, wines were left for
30 days in vats at 5°C and then underwent cold treatment at —5°C for 15 days. After,
the wines were racked and sulphited to obtain 25 mg/L of free SO,. Finally, wines
were filtered through 0.2 pm membranes, bottled, and stored in controlled conditions
at 16-18°C. All wines were carried out in duplicate for each grape cultivar.

2.4 Volatile compound extraction

For each variety, an amount of 500 g of grapes was selected and crushed for
3 min with an ULTRA-TURRAX digital T50 crusher and subsequently centrifuged at
3500 rpm for 15 min. The obtained supernatant was then filtered, disregarding the
first wort fraction. A volume of 25 mL was collected and 500 pL of 4-nonanol 0.1 g/L
(internal standard) was added. The extraction of the free fraction of volatile com-
pounds was performed following the procedure described in the literature [12], using
SPE cartridges (LiChrolut EN, Merck, 0.2 g phase for wine, 0.3 g phase for grape must).
A volume of 25 mL of grape must or wine was selected and passed through the SPE resin
with the internal standard. Subsequently, 25 mL of Milli-Q water was added to remove
polar compounds and sugars. The free fraction of volatile compounds was recovered by
passing 15 mL of a pentane-dichloromethane solution (2:1, v/v). The eluate obtained
was concentrated by distillation on a Vigreux column and then under a nitrogen stream
to 150 pL, keeping at —20°C until analysis. The glycosidically bound volatile fraction of
grapes was obtained by passing 25 mL of ethyl acetate-methanol (9:1, v/v) after recov-
ering the aroma-free portion from the SPE resin. Subsequently, the obtained fraction
was evaporated to dryness in a rotary evaporator and reconstituted with 5 mL of 0.2 M
citrate buffer (pH = 5.00). Glycosidic aromatic precursors were released by enzymatic
hydrolysis. The reconstituted sample was thawed and 250 mg of enzyme Lallzyme®
BETA (Lallemand Inc., Zug, Switzerland) was added, remaining tightly covered in an
oven at 40°C for 18 hours. Then it was left to cool and 500 pL of 4-nonanol 0.1 g/L was
added. The process of volatile compound extraction described above was repeated once
again, using SPE cartridges of 0.2 g of phase and 5 mL capacity.
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2.5 GC-MS analysis of volatile compounds

Volatile compound analysis was performed with a Focus GC gas chromatograph
system coupled to a mass spectrometer (ISQ, ThermoQuest, Waltham, MA, USA).
A BP21, polyethylene glycol treated with nitroterephthalic acid, capillary column
(50 m x 0.32 mm i.d.; 0.25 pm thick of Free Fatty Acid Phase (FFAP)) was used. For
major volatile compounds, 0.8 pL of a mix solution (100 pL of wine sample, 100 pL
of 4-methyl-2-pentanol (50 mg/L) as internal standard, and 1 mL of Milli-Q water)
were injected in split mode. The gas chromatographic conditions were as follows:
helium was used as carrier gas with a constant flow of 1.2 mL/min, the injector
temperature was 195°C and oven temperature program was: 32°C (2 min), 5°C/min
to 120°C, 75°C/min to 190°C, and 18 min at 190°C. Minor volatile compounds were
analyzed by injecting 1 pL of sample in splitless mode after solid phase extraction
(SPE). Operating conditions were as follows: carrier gas was helium (1 mL/min);
injector temperature, 220°C; and oven temperature program was: 40°C for 15 min,
2°C/min to 100°C, 1°C/min to 150°C, 4°C/min to 210°C and 55 min at 210°C. The mass
spectrometer operated in the electron impact mode with an electron energy of 70 eV,
ion source temperature 250°C, and the global run time was recoded in full scan mode
(mass scanning range, 40-250 amu). The identification of volatile compounds was
performed by chromatographic retention times and mass spectra using commercial
standards. These compounds were quantified by analyzing the characteristic m/z
fragment for each compound following the internal standard method. When the
commercial standards were not available, the volatile compound concentration was
expressed as internal standard equivalents obtained by normalizing the compound
peak area to that of the internal standard, multiplying by the internal standard
concentration.

2.6 Odor activity values

The Odor Activity Values (OAVs) were determined to evaluate the contribution
of a chemical compound to the wine aroma, providing the importance of a specific
component to the sample odor. OAVs were calculated as the ratio between the indi-
vidual compound concentration and the perception threshold found in literature
[13, 14]. A possible contribution to the aroma of wine was considered when OAV was
higher than 0.1.

2.7 Wine sensory analysis

Wines were sensorial evaluated by a trained panel of 11 experienced tasters
from the IRIAF. The assessment was carried out under ISO standards related to
taster selection and training [15], methodology and vocabulary [16], and tasting
room [17], following the Napping technique [18]. Wine-taster members were asked
to smell and taste the samples and to place them on white sheet of 40 x 60 cm,
according to their similarities and dissimilarities. Samples close together on the
sheet had similar sensory properties but if tasters perceived samples very differ-
ently, they had to place them far from each other. A second session was carried out
providing a list of attributes imposed by the judge-in-chief and previously chosen
by an expert panel. Napping sensory maps were obtained by Multiple Factorial
Analysis (MFA) which provides useful information on the general perception of
evaluated wines.
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2.8 Statistical analysis

The statistical treatments were performed using the SPSS software version 23.0
(SPSS Inc., Chicago, Illinois, USA) and XLSTAT 2017 statistical software (Addinsoft,
Paris, France). To determine statistically significant differences in the concentra-
tion of volatile compounds of wine aroma, a one-way analysis of variance (ANOVA,
Student-Newman-Keuls/Tukey test, p < 0.05) was made. Sensory data were sub-
jected to MFA to obtain the Napping sensory maps of wines.

3. Results and discussion
3.1 Aroma composition of grapes

The study of the aroma composition of these grapes allowed us to identify and
quantify the free and bound volatile fractions usually located in berry skins by
GC-MS (Tables1 and 2).

Different families of volatiles described the varietal composition of these minority
cultivars, that is, C6 compounds, terpenes, norisoprenoids, benzenic compounds,
and alcohols. C6 compounds are derived from linoleic and lignoceric acids via enzy-
matic reactions and are responsible for herbaceous aroma in grapes and wines [20].
Among the free C6 compounds, 1-hexanol, cis-3-hexenol, trans-2-hexenol, hexanal,
and trans-2-hexenal were present at relatively high concentrations in the six grape
varieties, which is in agreement with previous results from V. vinifera grapes [21].

The bound fraction of C6 compounds was dominated by 1-hexanol, hexanal, and
trans-2-hexenal. In all cases, total concentrations of bound C6 compounds were lower
than those found in the free forms. Red grapes were characterized by a higher total
concentration of free C6 compounds than other grape varieties grown in Spain [4].
Montonera del Casar was the grape genotype with a higher content of the free Cé6
compounds, reaching 2.72 g/L. However, the most abundant bound fraction of C6
compounds was determined in Tempranillo grapes (0.54 g/L). Terpenes have char-
acteristic fruity and floral notes and are considered a positive quality factor because
of their contribution to the varietal aroma although they are present at low levels
[22]. Linalool, nerol, and geraniol were the terpenoids identified in these V. vinifera
grapes. Among the terpenoids, geraniol was predominant in the terpene composition,
mainly in Tinto Fragoso genotype. The concentration of these compounds observed
in the glycosidically-bound forms was remarkable. Total concentrations of bound
terpenes were 7-17 times higher than those observed in the free forms of the six grape
cultivars. Similar results were found in a study on Godello and Agudelo grapes [23].
Norisopenoids are formed by carotenoid degradation and have been identified as
potential impact odorants in wine [24]. These compounds were only identified in the
bound form and significant differences were found between grape cultivars, show-
ing the highest values in Tempranillo grapes. Total concentrations of norisoprenoids
ranged from 0.05 to 0.17 mg/L.

Benzaldehyde, benzyl alcohol, 2-phenylethanol, phenylacetaldehyde, vanillin,
and acetovanillone were the benzenic compounds found in the six grape varieties.
Eugenol was only present in bound form. The concentration of each bound benzenic
compound was, in general, higher than those observed in the free one, mainly benzyl
alcohol and 2-phenylethanol which have been described as a floral aroma component
[25]. Eugenol contributes to the spicy and smoky notes and has a low perception
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threshold (6 pg/L) [26], thus may have a significant impact on wine aroma. In all
grapes evaluated, the concentrations of this compound exceeded its odor threshold
with the highest concentration in Tinto Fragoso grapes (26.30 pg/L). In this study,
red grape cultivars were characterized by a higher eugenol concentration than white
ones. Several alcohols in both free and bound forms were identified in the studied
grapes. However, 3-methyl-2-butanol was only detected in the free form. The six
grape cultivars had greater levels of bound alcohols than the free fraction. The higher
amounts of alcohol in the glycosidic form were 5 to 13 times higher than those in the
free forms. These compounds derived from grapes do have not a significant impact
on wine aroma due to the number of alcohols formed during alcoholic fermentation
as secondary yeast metabolites [6]. The total concentration of free volatiles varied
according to grape cultivar, with values between 1.96 and 2.98 mg/L. In general, total
concentration of the bound fraction of volatile compounds was lower than those
observed in the free forms. However, the proportion of glycosylated fraction present
in all grapes may have a relevant role in the aromatic potential of these grapes, with a
concentration ranging from 1.34 to 3.20 mg/L. The bound volatile compounds can be
converted into free form by hydrolysis, modifying the aromatic profile of wines and
enhancing the varietal character [27].

3.2 Aroma composition of wines

Wines fermented by the commercial Saccharomyces cerevisiae strain used were
analyzed by gas chromatography and mass spectrometry to evaluate the influence
of the yeast strain on aromatic profile of wines made from Airén, Tempranillo, and
the minority grape varieties. The results of the GC-MS analysis of wines are given
in Table 3. Differences in the aroma components of wines were noticeable even the
typical varietal aroma was preserved.

Volatile compounds affecting the secondary aroma of wine are produced via yeast
metabolism during alcoholic fermentation and have a significant impact on sensory
properties of wine [30]. Some of these compounds are alcohols and esters which are
present at high concentrations in the evaluated wines. Alcohols are secondary metab-
olites of yeast and optimal levels of them provide fruity odors. However, an excessive
amount of these compounds can have negative impact on aroma and flavor of wine,
resulting in pungent smell and taste [31].

In wine, variations in the alcohol concentration can occur using different yeast
strains during alcoholic fermentation [32]. Total alcohol concentrations ranged
from 284 to 519 mg/L in the evaluated samples, showing greater values in red wines.
Isoamyl alcohol is synthesized in the yeast cell through the Ehrlich pathway [6]. In
all wines, this compound was the most abundant alcohol produced (173-305 mg/L).
Most of ethyl esters of carboxylic acids are biosynthesized by the yeast metabolism
during fermentation. All samples contained ethyl lactate which was produced at high
levels in red wines due to the malolactic fermentation. Ethyl acetate is a compound
related to fruity aromas and was the most abundant ester determined in wines, with
concentration values between 50 and 85 mg/L. Other significant esters are isoamyl
acetate (banana odor) and 2-phenyltehyl acetate (honey, fruity and flowery aromas).

Acetaldehyde is also produced by the metabolism of yeasts and its production is
affected by SO, content of the media [33]. Significant differences in acetaldehyde
content were observed among wines, showing lower levels in red wines due to the
least amount of SO, used in red winemaking. An important group of volatile com-
pounds in wines are carboxylic acids and their lactones which are products of the lipid
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metabolism of yeast and provide fatty and wax-like smell [34]. The concentrations of
these compounds were under the odor threshold and did not influence final aroma of
wines.

Green and grassy odors are important for the final aroma of wines and are repre-
sented by C6 compounds. In all wine samples, 1-hexanol and trans-3-hexenol were
quantified in a concentration below the odor threshold value [35], except for cis-
3-hexenol which is the predominant isomer of 3-hexenol in wines [36].

The production of monoterpenes from different precursors depends on S. cerevisiae
strain, although its hydrolysis action on bonded terpene fraction in the first fermenta-
tion stages is one of the most relevant contributions [37]. Linalool, citronellol, and
geraniol were the terpenes identified and quantified in the evaluated wines, which are
associated with floral odors [38]. In general, geraniol was the most abundant terpene
determined in all samples (4.12-18.12 pg/L). These values were close to those reported
previously in literature [39]. The concentrations of these compounds were under the
odor thresholds so the contribution of terpenes to resulting wine aroma was minimal.

The concentrations of f-damascenone were higher than those of f-ionone in all
wines. The odor threshold of f-damascenone was exceeded, contributing to wine
aroma profile [40]. Among benzenic compounds, benzaldehyde was only deter-
mined in white wines with a concentration that did not exceed the odor threshold
(2000 pg/L) [38] although it could have a synergic effect on wine aroma, providing
fruity notes. Tinto Fragoso wine was characterized by a volatile composition rich in
eugenol. This was also observed in grapes so this compound may be considered as a
varietal market for this grape cultivar. The 2-phenylethanol was determined at signifi-
cantly higher concentration than the odor threshold in red wines, supporting rose
odors of terpenes like geraniol. Red wines showed 2-phenylethanol concentrations
similar to those reported for wines made from Bobal grapes [41].

A large number of volatile compounds were determined in the evaluated wines.
However, the impact of these compounds on the overall aroma character is different.
To evaluate the influence of each volatile compound on wine aroma, Odor Activity
Values (OAVs) were calculated as the ratio between the concentration of the aroma
compound and its odor threshold concentration (Table 4).

The OAVs higher than 0.1 were grouped into several aromatic series to estimate the
overall wine aroma and each compound was assigned to one or several aromatic series
(fruity, floral, green/fresh, sweet, spicy, fatty, and other odors) based on similar odor
descriptors.

A plot of the values obtained for the aromatic series in the wines made from the
six grape cultivars is shown in Figure 2, indicating the mean values of each series.
The main aroma categories were series I (fruity), III (green, fresh), and VII (other
odors) which contributed most to the aroma profile of wines. A great impact of odor
compounds on the aromatic profile was observed in white wines, mainly in series I
and VII. Tinto Fragoso was characterized by higher OAVs in the spicy aromatic series,
which may be explained by its eugenol concentration.

3.3 Sensory profiles

The Napping technique was employed to evaluate the sensory attributes identified
in the produced wines from the grape cultivars studied. Figure 3A shows Napping
data obtained from the sensory analysis of red wines.

A clear separation between red wines was observed in the plot, which indicates that
wines made from Tempranillo, Moribel, and Tinto Fragoso showed a distinctive sensory
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Compounds Odor descriptors Odor threshold (pg/L) Aromatic series
1-Hexanol Flower, green, cut grass 8000 [35] II, 111
trans-3-Hexenol Green 400 [38] 111
cis-3-Hexenol Green, cut grass 400 [35] 111
Linalool Floral 15 [35] I
Citronellol Floral 100 [35] I
Geraniol Roses, geranium 30 [35] I
B-Damascenone Sweet, fruit 0.05 [35] LIV
B-lonone Floral, violet 0.09 [26] 1I
Benzaldehyde Sweet, cherry, almond 2000 [38] LIV
Eugenol Spices, clove, honey 6 [26] IV, V, VII
Guaiacol Medicine, caramel, smoke 10 [26] 1V, VI
2-Phenyletanol Floral, roses 10,000 [35] I
Vanillin Vanilla 60 [42] V, VII
Acetovainillone Vanilla, clove 1000 [42] VI
Methanol Chemical, medicinal 668,000 [38] VI
1-Propanol Ripe fruit, alcohol 830,000 [38] VI
Isoamyl alcohol Solvent, fusel 30,000 [35] VII
3-Ethoxy-propanol Fruity 100 [43] I
3-Methylthio-propanol Cooked, vegetable 500 [35] VI
Isobutanol Bitter, green 40,000 [35] 111, VI
Isobutyric acid Rancid, butter, cheese 2300 [26] VI
Butyric acid Rancid, cheese, sweat 173 [26] VI
Isovaleric acid Acid, rancid 33 [26] IV, VI
Hexanoic acid Sweat 420 [26] VI
Octanoic acid Sweat, cheese 500 [26] VI
Decanoic acid Rancid fat 1000 [26] VI
Acetaldehyde Pungent, ripe apple 500 [35] LVl
Ethyl acetate Fruity, solvent 7500 [35] I, VI
Isoamyl acetate Banana 30 [26] I
2-Phenylethyl acetate Floral, roses 250 [35] I
Ethyl lactate Acid, medicine 154,636 [42] VI
Ethyl butyrate Fruity 20 [35] I
Ethyl hexanoate Green apple 14 [26] I
Ethyl octanoate Sweet, fruity 5 [26] LI, IV
Ethyl decanoate Sweet, fruity 200 [26] LIV
Furaneol Burnt sugar, caramel, maple 5[44] v
y-Butyrolactone Sweet, toast, caramel 35,000 [40] v
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Compounds Odor descriptors Odor threshold (pg/L) Aromatic series
y-Nonalactone Coconut 30 [26] v
8-Dodecalactone Coconut 88 [38] v

Avromatic sevies: I (fruity), II (floral), III (green, fresh), IV (sweet), V (spicy), VI (fatty), and VII (other odors).

Table 4.
Aromatic series, odor descriptors, and thresholds of some volatile compounds in wines.
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Figure 2.

Aromatic sevies in red and white wines (mean value and standard deviation, n = 2). Adapted from Pérez-
Navarro et al. [19, 28, 29].

profile. Tinto Fragoso wine was characterized by its color with more intensity and pur-
plish nuances. This wine had the most aromatic profile of evaluated red wines, providing
spicy notes and persistence in mouth. Wines made from Tempranillo and Moribel grapes
showed different odor descriptors. Tempranillo was characterized by red fruity odors,
while forest berry and ripe fruit notes defined the aromatic profile of Moribel wine.

The sensory evaluation of white wines by a panel of experienced wine tasters is
shown in Figure 3B. Airén wine was characterized by green apple odors that are well-
known for this grape cultivar [39], and it was located close to Albillo Dorado wine in
the plot, which had floral and fruity aromas. More herbaceous odors were determined
in Montonera del Casar wine.

4, Conclusions

This chapter gathers the first comprehensive characterization of the chemical
aroma composition and sensory properties of wines made from several minority
grape cultivars from Castilla-La Mancha (Spain), showing the importance of a proper
yeast stain for the development of the desired aroma components in wine. The strong
impact exerted by the strain of Saccharomyces cerevisiae on wine aroma composition
becomes in many cases only from the presence of aromatic fractions from grapes,
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Sensory characterization of ved (A) and white (B) wines. Adapted from Pérez-Navarvo et al. [19, 28, 29].

having a notable influence on yeast metabolism. Based on the results obtained, two
patterns of aroma formation and release from the yeast employed in the vinification
of the six grape cultivars are the production of ethyl esters and acetates that provide
fruit and fresh attributes and the release of aroma components from grape precursors
which enhance the aromatic complexity of wines.
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Therefore, the yeast strain selection is pivotal in grape must fermentation due to
its significant impact on wine sensory properties, affecting consumer preferences.
In addition, this work displayed that these minority grape varieties present an aroma
profile characteristic and may be considered a viable alternative to well-known grape
varieties used in wine production in this region.
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Chapter 5

Use of UHPH to Sterilize Grape
Juices and to Facilitate the
Implantation of Saccharomyces and
Other Emerging Fermentation
Biotechnologies in Wines
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Abstract

Ultra-High Pressure Homogenization (UHPH) is an emerging non-thermal
technology that uses continuous pumping at 200-600 MPa (generally 300), and then
the fluid is depressurized against a special valve made with highly resistant alleys
and coated with diamond powder. The UHPH process is able to sterilize grape juice
or whatever food fluid and at the same time is extremely efficient in inactivating
oxidative enzymes. The total elimination of wild microorganisms in grape juice allows
the perfect implantation of the selected Saccharomyces cerevisiae starter facilitating the
expression of particular metabolic profiles or the expression of specific extracellular
activities. Furthermore, the use of complex emerging biotechnologies such as the use
of co-inoculations with S. cerevisiae and lactic acid bacteria to perform simultaneously
alcoholic and malolactic fermentations works much better if the initial juice has a very
low load of wild microorganisms. Additionally, the development of spoilage processes
by wild microorganisms that can remain in the wine after fermentation is practically
impossible when the initial juice is treated by UHPH. Thus, UHPH helps to obtain
wines more stable from a microbiological perspective and therefore safer and more

hygienic.

Keywords: UHPH, wine, Saccharomyces cerevisiae, non-Saccharomyces, Lachancea
thermotolerans, Metschnikowia pulcherrima, Hanseniaspora spp., SO, clean labels,
emerging biotechnologies

1. Introduction

Ultra-High Pressure Homogenization (UHPH) is an emerging non-thermal
technology with many interesting advantages in food processing, including: powerful
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antimicrobial effect, high inactivation of oxidative enzymes, nanofragmentation,
formation of stable colloidal dispersions, nanocoating, and nanoencapsulation
[1-4]. The liquid must be pumped at ultra-high pressure (200-600 MPa, normally
300 MPa), reaching a speed of Mach 3 in the capillary pipeline upstream of the valve
and a very high intense kinetic energy that is released against the valve with intense
impact forces and shear stresses. The temperature at the valve can reach 70-80°C
(Figure 1) when the fluid is at room temperature or refrigerated (4-20°C), or even
much higher if the fluid is preheated. Downstream of the valve, subsequent depres-
surization leads to cooling of the liquid that can be also enhanced by the use of heat
exchangers (Figure1).

After passing through the valve, the colloidal particles in the fluid and the micro-
organisms are nanofragmented, resulting in inactivation of the microorganisms. It
can be observed how the initial juice contains a lot of colloidal particles from the cell
walls of the pulp but also tartrate crystals and wild microbial cells (Figure 2a). From
optical microscopic observations, it can be seen that after UHPH treatment, the
colloidal structure is thinner in the juice, which makes it highly stable and difficult
to settle, giving the appearance of a haze in the beaker and of a small granulation
under optical microscopy (Figure 2b). The colloidal particle size of a pressed juice
is usually in the range of a few micrometers and after UHPH processing, is reduced
to nanometric scale. We have measured by AFM and laser light scattering a particle
size range of 0.8-3.2 pm which is decreased by nanofragmentation after UHPH to
235-744 nm [5, 6].

Yeast counts of 6-log cfu/mL can be easily reached within a few hours in fresh
grape must after grape pressing due to the growth and development of wild microor-
ganisms and that population can be completely eliminated with a single pass through
UHPH at 300 MPa [7]. Under the same conditions, 4-log bacteria and even spores can
also be inactivated depending on the in-valve temperature [5, 7].

At the same time, the UHPH process is very gentle and protective of sensitive mol-
ecules with high impact on sensory quality, such as anthocyanins [6], terpenes [5],

UHPH pump Heat
300 MPa exchanger

Heat
exchanger

W——

Refrigeration

Intense shear and

impact forces by expansion
producing B °c a!rtd
nanofragmentation additional
heat
exchanger

Figure 1.
Main components of the UHPH system (not at scale), including the design of the UHPH valve, the
nanofragmentation process, and the temperature change of the colloidal particles.
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Figure 2.
Macroscopical appearance and optical microscopy of the colloids in a white grape juice Vitis vinifera L Verdejo
variety (A) after pressing and settling, (B) processed by UHPH at 300 MPa.

or thiols [8]. Even when high temperatures (75-150°C) can be reached in the valve,
the amount of thermal markers as HMF [5] or furosine [9] is very low or not detect-
able. Furthermore, the formation of the carcinogenic molecule ethyl carbamate

in sake after pasteurization and its absence after UHPH processing has recently been
observed [10].

2. Antimicrobial effect and implantation of Saccharomyces

UHPH is a highly effective technology to eliminate vegetative cells of yeasts and
bacteria working at 300 MPa. Yeasts are particularly sensitive to the effect of UHPH
and can be easily controlled (Table 1), even considering very high populations that
are abnormal in healthy grapes. The same degree of inactivation can be reached with
vegetative cells of aerobic bacteria.

The degree of inactivation can be comparable to HTST (High Temperature Short
Time) pasteurization when processed without thermal assistance at the valve, and
similar to UHT (Ultra-High Temperature) sterilization, but with less thermal dam-
age, when the temperature at the valve reaches 140-160°C to inactivate sporulated
bacteria [1, 3]. A sporulated bacterium that causes significant problems in juices and
especially in concentrated juices is Alicyclobacillus acidoterrestris, but it can be easily
controlled by UHPH at 300 MPa with mild inlet temperatures of 80-90°C. This bacte-
rium is aerobic, acidophilic, thermoresistant, capable of sporulating, and responsible
for the production of off-flavors in juices, such as 2,6-dibromophenol and guaiacol.

The initial yeast population in wine grapes normally ranges between 3 and 4-log
CFU/mL depending on maturity and environmental conditions. It consists mainly
of low fermentative apiculate yeasts, such as Hanseniaspora spp., Metschnikowia spp.,
Candida spp., Pichia spp., Lachancea spp., Kluyveromyces, and Saccharomyces [11-14],
and other yeast-like saprophytic fungi, such as Aureobasidium pullulans. Saccharomyces
cerevisiae is found in very low counts and is, therefore, hardly representative of the
initial grape population, although, due to its peculiar physiology, it will predominate
during alcoholic fermentation.

No clear resistance to UHPH processing has been observed among the different
non-Saccharomyces species, all of them can be easily eliminated at populations rang-
ing from 3 to 5-log CFU/mL (Table 1) [5-7]. Furthermore, we have observed an even
higher inactivation in UHPH processing of yeast biomasses. Therefore, the use of
UHPH is a powerful tool to eliminate initial wild yeast populations from grape juices
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Grape variety UHPH conditions Microorganisms Initial Count Reference
count after
(CFU/ UHPH
mL) (CFU/
mL)
Vitis vinifera 300 + 3 MPa, inlet Total yeasts >5-log nd [7]
L. variety temperature 20°C,
Hondarribi in-valve 98°C Sa ]II:] 3n- >>-log nd
zuri (0.02s), outlet 25°C cenaromyces
yeasts
Total aerobic ~4-log nd
bacteria
Lactic acid ~4-log nd
bacteria
Vitis vinifera L. 307 + 3 MPa, Total yeasts 3.62-log nd [5]
variety Muscat inlet temperature
of Alexandria 23-25°C, in-valve Sacclll\; O;;l;yl ces 352log nd
78-65°C (0.025s), eastsy
outlet 13-15°C ¥
Total aerobic 3.88-log nd
bacteria
Lactic acid 3.26-log nd
bacteria
Vitis vinifera 300 + 3 MPa, inlet Total yeasts ~4-log nd [6]
L. variety temperature 4°C,
Cabernet in-valve 78 + 2 °C Sacdll\z]z (:':;n ces 4.08-log nd
sauvignon (<0.2s), outlet 15°C 4
yeasts
Total aerobic 3.23-log nd
bacteria

nd: not detected.

Table 1.
Effect of UHPH on the control of wild yeast and bacteria.

and to facilitate the implantation of Saccharomyces starters inoculated at even lower
doses that those recommended by yeast producers (often 20-40 g/HI of active dry
yeast). For those Saccharomyces strains with low fermentative power or slower fer-
mentation kinetics, or non-Saccharomyces yeasts that are weak in terms of competition
for nutrients and colonization of the medium, pre-treatment of the juice with UHPH
greatly increases their chances of implantation, growth, and development of their
metabolomic profile [15].

The selection of Saccharomyces cerevisiae strains looks for specific properties that
can help to improve fermentation, to produce low volatile acidity and off-flavors
(some sulfur compounds, volatile acidity, ethyl acetate, and others), to decrease
alcoholic strength, or to develop suitable fermentations under stress conditions such
as high sugar concentrations, low temperature, or limited yeast assimilable nitrogen
[16-18]. Special features with impact on aroma, such as the production of acetate
esters of higher alcohols or ethanol esters of medium chain fatty acids, the expression
of beta-glucosidase enzymes to release volatile terpenes, or carbon lyase activities to
release thiols, are also of interest [16-17]. Similarly, specific properties with effect
on color stability, such as the production of pyruvate and acetaldehyde to form stable
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vitisin pigments or the expression of hydroxy cinnamate decarboxylase activity to
form vinylphenolic pyranoanthocyanins during fermentation or the formation of
polymeric pigments, are also studied for the selection of Saccharomyces cerevisiae
strains [17]. The influence of the yeast on the structure, body, and softening of tan-
nins during fermentation is also considered by selecting appropriate strains that can
produce more glycerol or release cell wall polysaccharides [16-18].

3. Emerging fermentation biotechnologies and UHPH

Currently, several non-Saccharomyces yeasts are widely used in enology to con-
trol pH by acidification with Lachancea thermotolerans [19] or deacidification with
Schizosaccharomyces pombe [20] or japonicus [21], and to improve aroma, flavor, and
structure with Torulaspora delbrueckii [22], Hanseniaspora spp. [23] or Metschnikowia
pulcherrima [24]. All these non-Saccharomyces yeast species are usually less competi-
tive than wild or inoculated Saccharomyces and their implantation and development
are much better in juices processed by UHPH [15, 25]. Lachancea thermotolevans
produces effective acidification during alcoholic fermentation by metabolizing sugars
to lactic acid which can decrease the pH under enological conditions by up to 0.5 units
and, at the same time, slightly reduce the alcohol content. Furthermore, it produces
low volatile acidity and has positive effects on the formation of esters and the release
of volatile thiols [19].

Schizosaccharomyces pombe and S. japonicus have been used for their ability to
degrade malic acid to ethanol by the maloalcoholic fermentation and also have shown
a good impact on wine palatability by releasing high amounts of cell wall polysaccha-
rides [20, 21]. Some strains can reach 13-15% v/v ethanol and can be used for com-
plete fermentation in the absence of S. cerevisiae [20]. Moreover, S. pombe has shown
a high release of pyruvate, which influences the formation of vitisin A-type pigments
[20]. Also, some strains have a positive effect on aroma, but the main problem can be
the excessive production of volatile acidity [20]. Torulaspora delbrueckii was the first
non-Saccharomyces produced at industrial level as dry yeast due to its positive impact
on structure and aroma; juices fermented with this yeast species increase fruitiness
and complexity [22]. Some specific markers of Torulaspora delbrueckii metabolism,
such as 3-ethoxy propanol, have been reported. Hanseniaspora spp. are normally
described as high producers of acetate esters and therefore with a significant impact
on fruity and floral aroma perception. Some of them are especially potent in the for-
mation of bencenoids, such as H. vineae which also has a high fermentative power and
low volatile acidity formation [23]. This species also has a positive role in the release
of free terpenes from non-volatile glycosides. Metschnikowia pulcherrima is another
key non-Saccharomyces in wine biotechnology for its ability to improve the aromatic
complexity, express enzymatic activities and its interesting effects on bioprotection
[24]. Recently, its high compatibility with Lachancea thermotolerans and a synergistic
effect on acidification have also been reported [26].

Most of these non-Saccharomyces species have low fermentative power ranging
from 1 to 10% v/v ethanol [19, 22-24, 27], and are unable to finish alcoholic fermen-
tation in still wines, with a probable alcohol ranging from 12 to 16% v/v ethanol.
Therefore, they must be used together with S. cerevisiae to completely dry the musts
and obtain wines without residual sugars. At industrial level, two typical strategies
are used: sequential fermentations [28] or mixed fermentations (co-inoculations)

[29, 30]. The first option facilitates the control of fermentation and metabolomic
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influence of the non-Saccharomyces species by just deciding the inoculation time of
the Saccharomyces yeast strain. However, it requires two inoculations. The second one
is easier to carry out at industrial level, because a single inoculation is enough, but
the ratio of non-Saccharomyces/Saccharomyces populations in the inoculum must be
carefully evaluated to obtain good implantation and suitable metabolomic expression
of each yeast species. In all situations, the use of juice previously processed by UHPH
increases the possibilities of achieving good implantation without the competitive-
ness of wild yeasts [5-7, 15].

Additionally, most of these non-Saccharomyces yeasts are sensitive or highly sensi-
tive to SO, [19, 22-24, 27]. Actually, in the past, and also now, sulfites are used to con-
trol the development of wild non-Saccharomyces yeasts, to facilitate fermentation by S.
cerevisiae, and to control some parameters, such as volatile acidity or ethyl acetate that
can decrease wine quality and can be promoted by some non-Saccharomyces yeasts.
The use of UHPH avoids the deleterious effects of sulfites on non-Saccharomyces
yeasts while improving their implantation during fermentation.

Currently, it is also frequent to develop alcoholic (AF) and malolactic (MLF)
fermentations, at the same time to reduce the total fermentation time with safer
fermentations [31-35] and often with higher contents of ethyl and acetate esters [31].
For this particular biotechnology, it is important to avoid unsuitable wild yeast and
bacteria species and to achieve a good implantation of the inoculated bacteria-yeast
starter. It is usually recommended to make yeast-bacteria co-inoculations on healthy
grapes with pH equal or lower than 3.5 and with a low wild population, to avoid
undesired developments of wild bacteria and the increase of volatile acidity and other
metabolites that can behave as off-flavors [32].

Therefore, UHPH is a powerful tool to facilitate the use of emerging biotechnolo-
gies in wine fermentation. Nowadays, the use of more complex mixtures of microor-
ganisms with special growth conditions and delicate fermentative metabolisms makes
it more essential to eliminate competitive wild species to better implant these inocu-
lants and favor the expression of their metabolisms to improve the sensory quality of
the wine [26, 36-42]. In this framework, UHPH produces sterilized or pasteurized
juices in which all the competitiveness can be avoided while preserving the sensory
quality of the juice [5-8].

4. Control of polyphenol oxidase enzymes, antioxidant capacity, and SO,
reduction

Oxidative enzymes are very detrimental to wine quality and rapidly affect color,
reducing paleness in white wines and increasing browning in whites (Figure 3),
rosés, and reds. The main oxidative enzymes in white wines are polyphenol oxidase
enzymes (PPOs), among which the most important are tyrosinase in healthy grapes,
and laccase in grapes affected by Botrytis cinerea. PPOs catalyze the oxidation of ortho-
diphenols to quinones that polymerize to relatively insoluble brown melanoidins [43].
This browning decreases the color quality of most wines, usually related to evolution,
oxidation, but also to the degradation of the fruitiness and varietal aroma.

The protection of juice and wine from oxidation by PPOs is done by adding
antioxidants such as SO,, or ascorbic acid. SO, is highly effective, but currently under
discussion due to its toxicity for the general public, but especially for sensitive people.
SO, has a double role: anti-oxidase by inhibiting the effect of PPOs and antioxidant by
protecting ortho-diphenols from oxidation by PPOs [44]. Considering the potential
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Figure 3.
Effect on color of PPOs after a few hours of air exposition in the absence of antioxidants in a control (left) and in
a juice processed by UHPH (right) at 300 MPa.

toxicity of SO,, new molecules, such as glutathione (GSH), are being studied and
used to control oxidation and browning in juices and wines [45, 46].

UHPH causes the fragmentation or unfold and denaturation of several enzymes
by impact and shear efforts, including oxidative PPOs. In white varieties fermented
in the absence of SO,, it can be observed how musts processed by UHPH remain pale
and without browning even under high aeration conditions and with sensitive variet-
ies, such as Muscat (Figure 3). We have also observed that oxidation continues after
fermentation and if we clarify the wines with fining agents, the wines obtained from
the non-processed juices continue to form brown compounds, but this does not occur
with wines obtained from musts treated by UHPH. The effects on PPO inactivation,
antioxidant activity, and anthocyanin contents are summarized (Table 2) for 3 grape
varieties (2 whites and 1 red). UHPH control of PPO is very useful when it is desired
to apply emerging biotechnologies, such as the use of non-Saccharomyces yeasts that
are very sensitive to SO,. By using UHPH, it is possible to preserve the aromatic
quality and prevent oxidation in musts of delicate aromatic white varieties, and at the
same time, maintain suitable conditions for the implantation of non-Saccharomyces
yeasts by the total elimination of wild yeasts and the absence of toxic sulfites.

In addition to the improved sensory quality and stability of the juices processed by
UHPH, higher antioxidant activity was observed, probably due to the inactivation of
oxidative enzymes (Table 2). These effects made the UHPH juices healthier and with
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Grape UHPH Inactivation Antioxidant Anthocyanins Reference
variety conditions of PPOsand activity
browning
Vitis vinifera 300 + 3 MPa, Strong +45% White variety [7]
L. variety inlet temperature inactivation
Hondarribi 20°C, in-valve (>90%)
zuri 98°C (0.02s), Paler juices
outlet 25°C (10%)
Vitis vinifera 307 + 3 MPa, Strong +56% White variety [5]
L. variety inlet temperature inactivation
Muscat of 23-25°C, in-valve (>90%)
Alexandria 78-65°C (0.02s), Paler juices that
outlet 13-15°C remain stable
more than
3 daysin the
absence of SO2
Vitis vinifera 300 + 3 MPa, Strong +6% Protection of [6]
L. variety inlet temperature inactivation anthocyanins
Cabernet 4°C, in-valve Lower especially
sauvignon 78 £2°C (<0.2s), browning of acylated forms
outlet 15°C anthocyanins (+9%)
Table 2.

Effect of UHPH on the control of PPOs and oxidation.

better nutraceutical properties. These characteristics are maintained in the subse-
quent wines after fermentation. The inactivation of enzymes by UHPH probably by
unfold and denaturation could also have a positive effect on protein haze in white
wines [5]. Therefore, UHPH musts can have fewer proteins able to produce turbidity
or even the unfolding produced by the UHPH can facilitate the removal of unstable
proteins by the use of proteases without the need for thermal pre-treatments.

5. Conclusion

UHPH is a powerful emerging non-thermal technology able to eliminate wild
microorganisms facilitating the use of new biotechnologies with non-competitive
non-Saccharomyces yeasts and non-Oenococcus lactic acid bacteria. At the same time,
UHPH is very effective in controlling oxidative enzymes and can therefore be used to
produce fermentations in the absence or with very low levels of SO,, what favors the
development of sensitive yeasts such as many non-Saccharomyces species. Moreover,
UHPH is a gentle technique with a protective effect on sensitive molecules, such as
anthocyanins, terpenes, thiols, and others that are strongly affected by other conven-
tional treatments. Additionally, UHPH can be considered an environmentally sustain-
able technique with low water and energy consumption.
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“Vinos de Madrid”
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Abstract

The loss of aromatic and sensory quality in wines because of climate change in
traditional winemaking areas is a challenge for winemakers. Aging on lees of the
wine fermented with Saccharomyces native yeasts has been tested as a technique
to try to improve the sensory characteristics of Malvasia aromatica white wines in
PDO “Vinos de Madrid.” The grapes were pre-cold macerated and fermented with
S. cerevisiae CLI 271 and CLI 889 (native yeast strains). Then, commercial lees were
used for aging of wines for a five-month at low temperature in order to compare
with the effect of S. cerevisiae CLI 271 and CLI 889 without lees treatment. Aromatic
and organoleptic properties of wines aged on lees were studied using GC-FID and
HS-SPME/GC-MS to quantify volatile compounds and a taster panel to sensorial
analysis. There was a significant decrease in the ester family in wines aged on lees
being more pronounced in CLI 889 wines. The treatment contributed to enhance
the fruity and floral aromatic properties in CLI 271 and CLI 889 wines, respectively
according to tasting panel, which showed a hedonic preference for CLI 271 wines
without lees treatment and CLI 889 wines aged on lees.

Keywords: lees, native yeast, aroma, climate change, Malvasia aromatica

1. Introduction

Aging on lees is a technique used after fermentation associated with the improvement
of the sensory properties of wine through yeast autolysis via enzymatic self-degrada-
tion of cellular constituents that begins after the death of the yeast. It is a technique
used for decades mainly in the production of white wines. Its main objective is to
reduce astringency and bitterness, increase body, structure and roundness in the
mouth and improve aromatic persistence and complexity of wines [1-3] in addition
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to contributing to the reduction of undesirable flavors [4]. The main conditioning
and essential factor to allow cell autolysis is the time. It is estimated that the process
begins as soon as the cell dies and increases significantly after the second month. The
autolysis process is slow and involves risks of microbiological spoilage, reduction and
organoleptic off-flavors [1, 5]. Therefore, aging on lees is combined with battonnages
to improve the contact of lees with the wine and help the faster release of polysac-
charides from the yeasts [6] and compounds such as amino acids and lipids that can
be aroma precursors.

Aroma is one of the main quality attributes of white wines and a very important
aspect for consumers. The volatile compounds provided by the grapes, more recog-
nized as varietal aromas, are responsible for their aromatic typicity and their presence
is influenced by factors such as variety, cultural practices, terroir, geographical loca-
tion and climate [7]. The compounds released in the course of alcoholic fermentation
also have a decisive influence on the volatile composition of wines and their synthesis
depends mainly on the microorganisms involved.

PDO “Vinos de Madrid” is located in the center of the Iberian Peninsula with a
prevalence of hot summers, cold winters and low levels of precipitation. Climate
predictions indicate a gradual increase in temperatures, a decrease in precipitation
and a greater frequency of severe phenomena such as frosts, storms and heat waves
with greater incidence in the center of Spain [8]. These events could compromise
the correct development of the technological and aromatic ripening of the grapes,
preventing the production of intense aromatic white wines. On the other hand, the
loss of aromatic and sensory typicity attached to a particular region is also a challenge
for winemakers. The yeast activity during a spontaneous fermentation could contrib-
ute to fewer desirable attributes to the wine and the quality can be variable between
seasons. Thus, the use of commercial yeasts could be employed to obtain a product
of uniform quality [9, 10]. However, the typical character of the harvest as well as its
aromatic properties could be lost.

In order to adapt to the climate change-related effects, as well as the preservation
of the typical organoleptic characteristics of the Madrid region, our laboratories have
proposed the use of oenological practices such as skin contact treatment and the use
of indigenous yeast strains better adapted to climatic conditions and terroir [11, 12].
As a final step, based on the results of our previous research, this study has focused on
the effect of using lees during the aging period in white wines of Malvasia aromatica
in bottles. This variety was selected for having a great aromatic potential, becoming

Figure 1.
Vitis vinifera L.cv. Malvasia aromatica [13].
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an interesting alternative in the use of new varieties in addition to the traditional ones
that could help to improve the value of the local wines. The objective of this research
was to optimize the combination of aging on lees techniques and the selection of the
adequate native S. cerevisiae yeast strain for Vitis vinifera L.cv. Malvasia aromatica
(Figure 1) winemaking in PDO “Vinos de Madrid”.

2. Material and methods
2.1 Vintage, yeast strains and fermentation procedure

Grapes from the white-berried cv. Malvasia aromatica were collected and pro-
cessed in the Experimental Winery from the IMIDRA Research Institute (Finca
El Encin, Alcald de Henares, Madrid, Spain). The yeast strains of Saccharomyces
cerevisiae selected for this research were CLI 271 and CLI 889 used in this work were
previously isolated from wineries of the PDO “Vinos de Madrid”, and selected due to
their good fermentative and oenological performance [14-16]. Grape must be macer-
ated at 10°C for 18 h before yeast inoculation at a concentration of 10° cells/mL [11].
Fermentations took place in triplicate under a controlled temperature of 16°C and
were monitored on a daily basis by measuring density.

2.2 Aging on lees

After the end of the alcoholic fermentation, samples of each wine were racked
into 5 L screw-capped glass bottles. Commercial lees (Super Bouquet MN from
Agrovin) were used at a concentration of 30 g/hl for a five-month contact period
with wine lees (L) at low temperature (8-11°C). Five liters of each wine (without
lees) were used as a control. Battonnages in wines aging on lees were carried out
twice per week, for 10 minutes per bottle with the aid of a magnetic stirrer. At the
end of this treatment, wines were racked to eliminate lees. Wines were also clarified
and bottled in the same way as those without lees. Prior to bottling, samples were
taken for analysis.

2.3 Wine volatile composition

Wine volatile composition was defined with: major aroma compounds and free
varietal minor volatiles. The first were analyzed using gas chromatography coupled
with a flame ionization detector (GC-FID). The second, by undertaking a headspace-
solid phase microextraction coupled with gas chromatography-mass spectrometry
(HS-SPME/GC-MS).

The analysis of major aromatic compounds included the extraction and detec-
tion of alcohols, acids, lactones, esters, aldehydes and ketones, according to the
method described by Ortega [17], using dichloromethane and a DB-Wax column
(60 m x 0.32 mm x 0.5 pm film thickness) from J&W Scientific (Folsom, CA,
USA). For sample preparation, conical bottom glass tubes were used, adding
3.9 g of ammonium sulfate, 6.3 mL of milli-Q grade deionized water, 2.7 mL of
wine, 20 pL of an internal standard solution (2-Butanol, 4-Methyl-2-pentanol,
4-hydroxy-4-methyl-2-pentanone and 2-Octanol) and 250 pL of dichloromethane.
Chromatography conditions included an oven temperature initially programmed at
40°C for 5 min, and then ramped to 200°C. A constant helium flow of 2 mL/min was

117



New Advances in Saccharomyces

used. Two mL of aroma extract were injected at 250°C in splitless mode. The total
run time was 75 min per sample.

Minor volatiles (terpenoids and C13-norisoprenoids) were determined using
headspace-solid phase microextraction coupled with gas chromatography-mass
spectrometry (HS-SPME/GC-MS), following the method proposed by Yuan and
Qian [18] on an Agilent 6890 gas chromatograph equipped with an Agilent 5973
mass selective detector (Agilent). A volume of two mL of the wine sample was
diluted with 8 mL of citric acid (0.5 g/L citric acid, pH 3 saturated with sodium
chloride) and 20 pL of 4-octanol (100 pg/L), used as internal standard. The extrac-
tion was done by stirring the sample in vials for chromatography (20 mL of volume,
Agilent Technologies) tightly capped with a magnetic stir bar for 10 min at 50°C
in a thermostatic bath and using SPME fiber (50/30 pm DVB/CAR/PDMS fiber
from Supelco Inc., Bellefonte, PA, USA) for 50 min at the same temperature with
stirring (1000 rpm) to capture the volatiles. The fiber was manually inserted into
the injection port of the GC at 230°C to desorb the analytes. A DB-Wax column
from J&W Scientific (Folsom, CA, USA) (60 m x 0.32 mm x 0.5 pm film thickness,
Phenomenex, Torrance, CA, USA) was employed to separate the analytes. Carrier
gas (helium) was set at a constant flow rate of 1 mL/min. The oven temperature was
initially set at 40°C for 2 min, and raised to 230°C at 5°C per min for 15 min. All
samples were analyzed in duplicate.

2.4 Incidence of aroma composition

To estimate the contribution of volatile compounds to wine aroma, the odor
activity value (OAV) was calculated by estimating the ratio between the concentra-
tion of each compound and its perception threshold. A compound was considered to
contribute to wine aroma if OAV > 1. The perception threshold used in this work were
those found in the literature [19-25].

2.5 Sensorial analysis

Wines were tasted at the tasting room of Experimental Winery from IMIDRA
Institute by a sensory panel of eight trained evaluators. Descriptive sensory analyses
and triangle tests were performed following the indications of the ISO 4120:2004 to
assess the effect of experimental treatments (use of lees) on wine aroma. Sensory
descriptive analysis was performed to describe and quantify wine attributes from
1 (low intensity) to 10 (high intensity). The evaluation included a visual phase, an
olfactory phase and a gustatory phase, which was interpreted by graphical representa-
tion. A hedonic classification was also carried out to determine the order of prefer-
ence of the wines. A final score for each wine was obtained as the mean with their
respective standard deviation.

2.6 Statistical analysis

Statistical analyses were performed using SPSS ver. 20.0 (SPSS, Inc., Chicago, IL,
USA). Analysis of variance (ANOVA) was made to examine the differences between
treatments in terms of volatile compounds and sensory attributes of the wines. In
order to assess the significance (p < 0.05) of differences between means, Tukey
honestly significant difference (HSD) post-hoc tests were used to establish the signifi-
cance of differences between means to assess significance (p < 0.05).
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3. Results and discussion
3.1 Wine volatile composition of Malvasia arematica elaborated wines

An analysis of the aroma profile of Malvasia wines elaborated with the indigenous
yeast strains CLI 271 and CLI 889 was made in both conditions, with and without
aging on lees, to determine the effects of aging on lees on the volatile composition.
Figure 2 and Table 1 show the evolution of volatile compounds in wines from the two
yeasts after treatment on lees, grouped into chemical families.

g/l Varietal mg/L Alcohols
200 a
400 b
150
300
100 200
50 100
0 0
CLI 271 aNL 8L CLI 889 CLI 271 aNL 8L CLI 889
mg/L Lactones mg/L Acids
10 15
10
5
5
0 o U
CLI 271 CLI 889 CLI 271 CLI 889
ENL =L ENL =L
mg/L . Esters 0r1'l(_:xc;|/L Carbonyl compounds
‘ a a

CLI 271 ENL BL CLI 889 CLI 271 aNL =L CLI 889

L: Aging on lees

NL: Aging without lees

Values with different letters indicate significant difference between treatments
(estimated by ANOVA, followed by Tukey’s test, p<0.05)

Figure 2.
Effect of aging on lees on the levels of aromatic compounds grouped by families in Malvasia aromatica wines
fermented with S. cerevisiae CLI 271 and CLI 889.
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Thirty-five volatiles were quantified, and distributed in varietal aromas (terpenols
and C13-norisoprenoids), alcohols, acids, lactones, esters, aldehydes and ketones;
their total content is given in pg/L for varietal aromas and mg/L for the rest of the
compounds. Table 1 also shows the results of the analysis of variance (ANOVA) for
each fermentation to determine the compounds that show significant individual dif-
ferences due to the effect of aging on lees.

The effect of lees treatment was significant in 57% of the compounds identified in
wines fermented with CLI 889 strain (20 of 35 compounds identified) and 45% (16 of
35 compounds) in wines from CLI 271 strain (Table 1).

Aging on lees caused a significant decrease in the total content of esters, aldehydes
and carbonyl compounds in the two winemaking processes (Figure 2). The same
behavior for the ester family was reported by Bueno et al. [26] and Del Barrio-Galan
etal. [27] in Macabeo and Verdejo varieties respectively after a period of aging on lees.

The ANOVA analysis in Table 1 shows major differences in the CLI 889 wines, 8
of the 10 esters identified decreased significantly. Some studies have shown how the
interactions between macromolecules released by the lees and aromatic compounds
present in the wine could modify the volatility and aromatic intensity of these com-
pounds; thus, the lower content of some esters compared to the control wine (without
lees) could be explained by their association with mannoproteins and polysaccharides
released, reducing volatility. These results are in agreement with other authors on
model wines [28, 29]. On the other hand, in the esters where there was a notable
decrease in terms of concentration, it was not decisive in terms of aroma contribu-
tion. Despite the loss, they continued to exceed their perception threshold (isoamyl
acetate and ethyl hexanoate) or did not reach the threshold before lees treatment
(hexyl acetate, ethyl lactate, ethyl octanoate, diethyl succinate and ethyl 3-hydroxy
butyrate). Some of these compounds also showed lower concentrations in Tempranillo
wines aged on lees [30]. The authors explained that the lower content of these volatiles
can be due to an interaction between esters, acetates and mannoproteins from yeast
autolysis and/or the sorption phenomenon onto yeast cell walls. This behavior was
also denoted in model wines [28, 29, 31] and in white wines [26]. It could be happened
in Malvasia wines from the present work. Wines fermented with CLI 271 showed a
significant decrease in 4 of the 10 esters quantified. This decrease was not a disadvan-
tage in terms of aroma contribution because ethyl butyrate and ethyl isovalerate still
exceeded their perception threshold despite the loss of concentration and ethyl lactate
and ethyl octanoate did not reach the threshold before lees treatment. It is important
to note the role of 2-phenylethyl acetate in CLI 271 wines. Its concentration increases
significantly with lees treatment. This compound is related to fruity attributes.

Regarding carbonyl compounds, the significant decrease of acetoin (creamy and
buttery aromas) in CLI 889 L wines is noteworthy. Acetoin on its own does not have
a significant aromatic impact due to its high detection threshold, although it does
contribute to the wine bouquet due to its interrelation in the synthesis of diacetyl [32],
a compound that, although it decreased significantly in CLI 889 wines, exceeds its
perception threshold, contributing buttery aromas. Benzaldehyde also decreased sig-
nificantly in CLI 889 wines but in all cases, like acetoin, it was far from its threshold.

The effect of aging on lees was different for the lactone family (only represented
by y-butyrolactone). The treatment resulted in a significant decrease in CLI 271 wines
and no variations were observed in CLI 889 wines. In all cases, the concentrations of
this compound were far from its perception threshold.

The increase of terpenes and norisoprenoids on lees presence is likely related to the
release during autolysis of f-glucosidases. These enzymes are able to break the glycoside
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bound of these volatile compounds releasing the free aromatic form, which has an
influence on final aroma of wine [33]. In wines aged on lees, varietals tended to increase
in agreement with other works [26, 33]. Individually (Table 1), the varietal compounds
p-myrcene, limonene and y-terpinene varied significantly but were found in low
concentrations. As for p-damascenone, a significant increase was only seen in CLI 889
wines with lees treatment always exceeding their olfactory perception threshold.

Regarding to acids content, the decrease in their concentration as a consequence
of contact with lees had no effect on the aroma of the wines. The maximum values
correspond to octanoic acid, and after that, to hexanoic acid in wines aging on lees in
good agreement with other studies in white wines [26, 34].

According to the family of alcohols (Figure 2) only the wines made with strain
CLI 271 aged on lees showed a notable decrease, 5 of the 6 compounds identi-
fied (Table 1) decreased significantly. Methionol and p-phenylethanol seem
to actively contribute to the aroma of these wines with a concentration above
their perception threshold even while decreasing in presence of lees. Isobutanol
decreased significantly and was found at levels below its threshold in CLI 889
wines aged on lees. These changes in alcohol content compounds were similar to
obtained in Macabeo wines [26].

3.2 Odor activity values of Malvasia aromatica wines

In order to estimate the sensory contribution of aromatic compounds to overall
aroma of wine, the odor activity value (OAV) was calculated for all aroma compounds
in study (Table 2). An aromatic compound contributes actively in wine when its
concentration is higher than its olfactory perception threshold (OTH). The concen-
tration/threshold ratio, known as odor activity value (OAV), shows the contribution
of a specific compound to wine aroma properties. Those compounds with an OAV > 1
can be considered active odorants [21].

Sixteen of thirty-five identified compounds presented OAV > 1, contributing
to the aroma of the wines studied (Table 2). The varietal compounds linalool and
p-damascenone had an active contribution to the aroma of all resulting wines provid-
ing floral aromas with citrus and lilac attributes respectively. The OAV was always
higher than 1. f-damascenone also presented concentrations higher than OTH in all
wines showing interesting correlations between the increase in OAVs of wines fer-
mented with CLI 889 yeast strain aged on lees. A study realized by Gallardo-Chacén
etal. [35] in Cava aged in contact with lees, they detected some norisoprenoids as
p-damascenone more retained in lees surface and thus its presence in the volatile
profile of Cava was significant.

The alcohols, characterized by vegetal and bitter aromatic descriptors with the
exception of p-phenylethanol (roses), did not show significant differences according
to aroma contribution. OAVs were higher than 1 in all wines except isobutanol in CLI
889 L wines.

The wine elaborated with S. cerevisiae CLI 271 strain obtained higher concentra-
tions of 2-phenylethyl acetate above its OTH and presented OAV > 1 in traditionally
preserved wines (non lees) increasing significantly after lees treatment. This com-
pound is related to fruity attributes. Previous studies have demonstrated the capacity
of this locally selected yeast strain CLI 271 to influence in the volatile profile of wines,
increasing the concentration of fresh-fruity aroma compounds [15]. In general, esters
decreased in both wines treated with lees but their OAVs remained above unity and
actively contributed to aroma.
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OAVa
Sensory descriptor OTH* CLI271 CLI271L CLI889 CLIS89L
Linalool Floral, citric 25 4.66 5.01 5.24 5.61
p-damascenone Floral, lilac 0.05 24.80 23.27 2213 26.60
Isoamyl alcohol Vegetal/herbaceous 30 9.87 8.74 10.52 10.31
Isobutanol Alcohol 40 <1 <1 1.06 0.94
Methionol Cooked vegetable 1 1.80 1.36 <1 <1
p-Phenylethanol Roses 14 4.02 3.21 245 222
Ethyl butyrate Acid fruit, apple 0.02 13.68 9.97 15.33 13.76
Ethylisovalerate Sweet fruit, orange, 0.003 8717 57.09 8752 74.92
blackberry
Isoamyl acetate Banana 0.03 56.14 46.65 37.07 32.48
Ethyl hexanoate Fruit, green apple 0.01 53.80 38.11 51.90 35.60
2-Phenylethyl Green apple 0.25 1.04 136 <1 <1
acetate
Butyric acid Cheese 017 3.79 2.38 4.30 3.79
Isovaleric acid Blue cheese 0.03 81.04 59.82 69.70 55.59
Hexanoic acid Cheese 0.42 6.95 722 5.51 5.80
Octanoic acid Butter, sour 0.50 8.01 843 6.55 6.46
Diacetyl Butter 0.10 1.62 114 231 114

*OTH: Odor threshold values

“OAV: Odor activity values calculated by dividing concentration by odor threshold value of the compound.

OTH and OAV are given in mg 1" except linalool and p-damascenone which are in ug I'". Sensory descriptor and OTH
values according to the references included in Table 1.

In bold the compounds that seem to have a clear connection with aging on lees treatment.

Table 2.
Odor threshold values and odor activity values of the volatile compounds with the greatest influence on the aroma
of Malvasia wines fermented with S. cerevisiae CLI 271 and CLI 889 with lees treatment (L).

A significant decrease is observed in CLI 889 wines regarding diacetyl during
aging on lees (Table 1). This compound is related to buttery aroma descriptors
although their OAV is still higher than 1 (Table 2).

Finally, butyric, isovaleric, hexanoic and octanoic acids, characterized by their
unpleasant odors (cheese and rancid attributes) influenced all the wines equally, all
wines had OAV > 1. They cannot be considered determinants of the differences in the
overall aromatic quality of the wines.

3.3 Sensory characteristics of Malvasia aromatica wines

A descriptive tasting of wines was performed at visual, olfactory and gustative lev-
els in order to determine the main organoleptic differences among wines after aging
on lees (Figure 3A—C). The sensory characterization of the Malvasia aromatica wines
was obtained from the attributes defined by the tasters. The results were statisti-
cally treated and differences between wine samples with a significance level of 0.1%
(p < 0.001) were considered very significant, of 1% (p < 0.01) considered significant
and of 5% (p < 0.05) considered low significant.
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Figure 3.
Descriptive analysis of Malvasia wines elaborated with S. cerevisiae CLI 271 and CLI 889 with lees treatment
(L). A) Visual phase; B) Olfactory phase; C) Gustative phase.

In the visual phase (Figure 3A), aging on lees (L) resulted in Malvasia aromatica
wines with significantly higher scores in vivacity/brightness descriptor. This could
be related to the improved stability of white wines due to the action of some man-
noproteins released by yeasts that help to reduce the turbidity produced by the
presence of unstable proteins after fermentation [36, 37]. On the other hand, CLI 271
control wines were scored with higher color intensity with statistical significance in
difference that wine treated with lees (CLI 271L). The influence of lees in wine color
has been pointed out by several authors in artificial wines [38, 39], in white wines
[40, 41] and red wines [42]. This fact may be due to capacity of yeast compounds such
as mannoproteins and glucans, to interact with different wine phenolic molecules as
total polyphenols, flavonols and tannins [43]. In accordance with [27] the use of lees
can give rise to a reduction in the color intensity of wines after treatment, so they can
be used as agents for reducing browning in white wines.
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In the olfactory phase (Figure 3B), CLI 889L wines obtained significantly higher
scores on floral aroma attribute. As shown in Table 1, wines elaborated with CLI 889
strain presented higher concentrations of varietals compounds and lees treatment
could have contributed to enhance the floral characteristics of this family of volatiles.
According to the results in Table 2, there was a noticeable increment of linalool
and p-damascenone compounds. Regarding to CLI 271L wines were considered
significantly fruitier than CLI 271 control (non lees). These results are in line with
those obtained by Del Barrio-Galdn et al. [27] in the sensory analysis of the Verdejo
variety where the treatment with lees would have displayed stronger fruity and floral
aromas and higher olfactory intensity than the control wines which could indicate
that these initially retained aromatic compounds are released over time, increasing
aroma intensities. Based on the analysis of Table 2, 2-phenylethyl acetate with fruit
descriptor increased significantly after lees aging. Aging on lees decreased the vegetal
character of Malvasia aromatica wines from both winemaking but without significant
differences. The same behavior for this attribute was reported by other authors in
white wines aged on lees [34]. Some tasters noted the presence of microbiological
aromas in CLI 889 wines without lees, but this character was not detected in wines
aged on lees. There were no significant differences between treatments in the rest of
the parameters.

Finally, in the gustatory phase (Figure 3C), there are almost no differences
between treated wines and their controls. Wines not aged on lees were evaluated as
alcoholic and scored higher in global taste quality without significant differences.
Aging on lees apparently reduced bitterness in Malvasia wines, but the decrease was
only significant in CLI 271. Additionally, there was a tendency for the lees-treated
wines to have greater structure and less acidity, although this was not statistically
significant. This trend toward a bitterness and acidity reduction and an increment
of mouthfeel and balance in wines treated with lees has been described in previous
publications [27, 44].

With the aim of completing the sensory study, triangular tests were done to deter-
mine whether descriptive analysis was determinant to differentiating the samples.
Discriminant triangular tastings were carried out using dark glasses and two series of
tastings were performed by each type of wine: CLI 889 vs. CLI 889 L, CLI 271 vs. CLI
271 L. The panel clearly differentiated CLI 271 and CLI 889 wines aged on lees from
their respective controls with statistical significance levels of 1% and 0.1% in the two
tests performed for CLI 271 wines, and 5% and 1% in the two tests performed for CLI
889 wines. In addition, tasters were asked to assess their hedonic preference for wines
in the tests presented, taking into account the preferences of the taster who answered
correctly. The tasting panel showed preference by CLI 271 wines in 57% of cases in
the first test and 62% in the second. Preferences for the CLI 889 wines were equally
divided. In the first test, 50% of the correct judges chose CLI 889 L samples. In the
second test, 57% of the correct tasters preferred CLI 889 L.

4. Conclusions
According to the results, we can affirm that lees treatment has had an effect on the
result of aroma and sensory composition of Malvasia aromatica wines. Some volatiles

showed significant variations after lees treatment. Esters were the most affected com-
pounds along with carbonyl compounds in wines fermented with CLI 889, decreasing
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in concentration after aging on lees. Wines from strain CLI 271 suffered the greatest
losses in the alcohol family. According to the yeast strains used for winemaking, we
can conclude that aging on lees has caused greater changes in the volatile composition
of CLI 889 strain wines. The results of the sensory analysis indicate that Malvasia
wines aged on lees have more vivacity and brightness than those aged conventionally,
also could reduce acidity, bitter and vegetal character of the wines. The treatment
with lees enhanced the floral character of the Malvasia aromatica wines fermented
with the native yeast strain CLI 889 and the fruity character of the CLI 271. Aging

on lees seems to have a positive effect on wines from the native yeast strains CLI

889, since they were preferred over those conventionally aged. In the case of CLI 271
wines, the similar development of wine with and without lees suggests that factors
determining aroma and flavor development are influenced by S. cerevisiae CLI 271
fermentations. Probably, it could be interesting to test other aging on lees times in CLI
271 wines to find out more differences after lees treatment. Therefore, the employ-
ment of aging on lees in wines fermented with locally-selected S. cerevisiae can be
used to obtain quality wines from the alternative variety Malvasia aromatica on PDO
“Vinos de Madrid”
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Chapter7
Bioprotection in Winemaking

Hervé Alexandre, Maélys Puyo and Raphaélle Tourdot-Marvéchal

Abstract

Bioprotection in the wine sector is a strategy for protecting grape musts that have
been used for a few years now. Bioprotection is intended to be a partial or total alter-
native to the use of sulfites. The principle of bioprotection consists in providing, from
the harvest, on the grapes or on the grape must, yeast biomass, which, by its action,
will limit the development of the native microbial flora and consequently avoid
microbiological alterations at the early stages of the winemaking process. Most often,
the biomasses studied are selected strains of non-Saccharomyces such as Torulaspora
delbrueckii or Metschnikowia pulcherrima, but the Saccharomyces cerevisiae species can
also be used. We propose to present the results of bioprotection used in white and red
wine processes obtained in recent years and to underline the limits of this technique.
Finally, a section will be devoted to describing proven or potential mechanisms that
may explain how the biomass provided limits the development of native flora. Finally,
the perspectives on the use of bioprotection in must and wine will be discussed.

Keywords: bioprotection, must, wine, sulfite alternatives, Brettanomyces bruxellensis,
Torulaspora delbrueckii, Metschnikowia pulcherrima

1. Introduction

Bioprotection in food refers to the use of natural or controlled microorganisms,
enzymes, or antimicrobial compounds to prevent or inhibit the growth of harmful
bacteria, fungi, and other microorganisms in food products [1]. The primary goal of
bioprotection is to enhance the safety and extend the shelf life of food without relying
on synthetic chemical preservatives.

There are several methods of bioprotection in food. In the context of food, certain
probiotic strains can inhibit the growth of pathogenic bacteria and spoilage microor-
ganisms, thus contributing to food safety [1]. Bacteriocins are antimicrobial peptides
or proteins produced by certain bacteria that can inhibit the growth of closely related
bacteria or other pathogens [2]. Some of these natural compounds can be used as
food preservatives to prevent the growth of spoilage and pathogenic bacteria. Certain
strains of lactic acid bacteria and other microorganisms are used as protective cul-
tures in food products like meat, fish, and dairy to outcompete harmful bacteria and
create an acidic or competitive environment that prevents spoilage [2]. Enzymes can
play arole in food preservation by breaking down certain components that promote
microbial growth or spoilage. For example, enzymes like lysozyme can inhibit the
growth of bacteria by disrupting their cell walls [3].
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Bioprotection offers several advantages over traditional chemical preservatives. It
involves the use of natural and generally recognized as safe (GRAS) microorganisms
or compounds, making it more acceptable to consumers seeking clean label products.
Additionally, it can have positive effects on the sensory and nutritional properties of
food.

Bioprotection in wine refers to the use of natural, non-chemical methods to
protect wine from undesirable spoilage microorganisms, primarily spoilage yeasts
and bacteria. The aim of bioprotection is to preserve wine quality, prevent off-flavors,
and reduce the need for the addition of chemical preservatives. The main reason why
winemakers adopt bioprotection is that it reduces or eliminates the need for sulfites in
the pre-fermentation phase.

The main factor that might contribute to the increased success of wine bioprotec-
tion is the consumer demand. With the growing awareness of wine safety and the
desire for natural and clean-label products, consumers are seeking wine products
with fewer synthetic chemical additives. Wine bioprotection offers a natural alterna-
tive to traditional chemical preservatives, making it a more appealing option for
health-conscious consumers.

The main strategy for bioprotection is the use of selected non-Saccharomyces yeasts
(NS yeasts). Non-Saccharomyces yeasts, such as Torulaspora delbrueckii, Metschnikowia
pulcherrima and Lachancea thermotolerans, can be added before or alongside the
primary fermentation with Saccharomyces cerevisiae (traditional yeast). These non-
Saccharomyces yeasts contribute to flavor complexity and can inhibit spoilage microor-
ganisms through competition for nutrients and space.

It is important to note that while bioprotection can be effective in managing
microbial populations and preserving wine quality, they also require careful moni-
toring and control. The success of bioprotection methods may vary depending on
factors such as grape variety, winemaking techniques and environmental conditions.
Winemakers need to strike a balance between promoting natural fermentation and
ensuring stability and consistency in the final product.

In this chapter, we will make a synthesis of the experiments carried out in bioprotec-
tion on white, rosé and red grape musts. In the second part, we will be interested in the
mechanisms that can explain the protective effect, and finally, we will take stock of the
future prospects.

2. Synthesis of bioprotection experiments

The process of bioprotection generally consists of adding one or more microor-
ganisms in sufficient quantity on harvest or at the vatting. Thus, the high proportion
of these microorganisms allows them to colonize quickly the medium preventing
the development of spoilage yeasts and bacteria present in smaller quantities. Non-
Saccharomyces yeasts are the most documented microorganisms today about their
potential bioprotection properties.

The use of bioprotection in the wine industry dates back some 10 years, during
which time experiments were carried out on an empirical basis. Indeed, the choice of
yeast species, the dosage and the timing of addition are all parameters that have been
defined without any scientific basis. Optimal bioprotection conditions then emerged
from various experiments.
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2.1 White must

One of the first experiments carried out and published in a popular journal
reported the use of the Torulaspora delbrueckii species in the pre-fermentation phase
on white grape juice. The Torulaspora delbrueckii species, naturally present but not
in the majority in must, presents interesting characteristics such as low acetic acid
production and cryotolerance. This species can therefore establish itself in musts
placed at low temperatures (>5°C) without suffering significant population loss. On
the other hand, temperatures >15°C are required to trigger alcoholic fermentation.
For example, with inoculation of juice after pressing, without triggering alcoholic
fermentation on grape solid [4] and using 5 g/hl of Torulaspora delbrueckii in white
grape juice just after pressing at 5°C (Table 1), the authors reported a similar effect
compared with the sulfite modality with a maximum Saccharomyces population of
1.4 log/ml, while on the nonsulfited modality, this population reached almost 3 log.
Another study [5] demonstrated that Torulaspora delbrueckii was successful in limit-
ing the development of spoilage microorganisms (Brettanomyces, acetic acid bacteria
and lactic acid bacteria) in Aligoté must. In this experiment, Torulaspora delbrueckii
was added at a dose of 5 g/hl after pressing, and microbiological counts were carried
out after settling on sulfited or bioprotected batches. It is noteworthy that no signifi-
cant difference in populations was observed between either modality.

The two previous studies were carried out with the species Torulaspora delbrueckii,
but bioprotection can be carried out with the species Metschnikowia pulcherrima.
Some Metschnikowia pulcherrima strains have very low fermentation capacity, good
implantation at low temperatures, genetic stability, and a high level of resistance. The
use of Metschnikowia as a bioprotectant agent on Verdicchio during must clarification
during two vintages have shown that without the use of M. pulcherrima, there was
an increase of about one log CFU/mL, while the inoculated trial showed a contain-
ment of the wild yeast population, which remained almost constant [11]. During
another vintage, a significant reduction of indigenous yeast population was shown
in both trials with and without the inoculation of M. pulcherrima. The presence
of Metschnikowia pulcherrima during cold maceration did not affect significantly
the enological parameters. On the other hand, the inoculation of M. pulcherrima at
the start of cold clarification generally led to wine with a different volatile profile.
Indeed, a significant increase in ethyl hexanoate and monoterpene with relevant high
Odor Activity Values in comparison with the control was observed [11]. The sensory
analysis highlighted the influence of the use of M. pulcherrima in cold clarification on
the sensory profile of aroma wine.

In another study, Gerbaux et al. [6] used this species in a bioprotection trial on
Chardonnay; the microbial flora was not determined, the aim of the study is to look at
the protection of wines against oxidation, as it was shown that Metschnikowia pul-
cherima consumed the oxygen in musts and thus prevented oxidation of musts in the
absence of oxygen [6]. The sensorial analysis concluded a higher fruity intensity for
the bioprotection modality despite the lack of statistical analysis.

The problem of must oxidation when bioprotection is used is just as important as
limiting the development of spoilage flora. As we have seen, in white musts, under
certain conditions, bioprotection protects against both microbial development and
oxidation [5, 6]. A study carried out at a lab scale confirmed the oxygen consumption
capacity of Metschnikowia pulcherrima [10]. In this study, it was shown in Muscat
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juice that the addition of Metschnikowia pulcherrima as a bioprotectant increases the
total oxygen consumption capacity.

This problem also exists in rosé musts. In an experiment on rosé must, it was
shown by carrying out colorimetric assays associated with chemical analyses of
anthocyanins and phenolic compounds that the use of bioprotection alone did not
protect the wine from oxidation [9]. An addition of oenological tannins on musts
stabilized the color of bioprotected rosé wine in a similar way that SO, addition did.
Quebracho tannins appeared more efficient than gall nut tannins.

Based on these different experiments, some discrepancies in the results regarding
must oxidation could be observed. These differences could be linked to differences
in the experimental procedure (temperature of must settling, bioprotectant dose,
protection of must from oxygen, etc.). Indeed, controlling these parameters is of
utmost importance for successful bioprotection.

Comparing six different maceration routes before alcoholic fermentation (AF)
of a bioprotected must, varying the duration and temperature parameters, Simonin
et al. [8] have shown that a temperature value <12°C was the main factor independent
of the duration which allowed good implantation of the bioprotectant. An increase
of the maceration duration at 12°C led to browning of the must, without significant
effect on the final color of the wine, which was felt as more “floral,” with more length
in the mouth [8].

Across all the trials, it seems that sulfiting remains the safest practice for sig-
nificantly reducing the pre-fermentative microbial population. Bioprotection can
contain the development of indigenous populations to a non-detrimental level, but on
condition of guaranteeing colonization of the medium by the yeast selected for more
than 90% of the total population [12]. Below this proportion, even if the selected
yeast is mainly established, it does not prevent the development of an indigenous
population at the same level as the sulfite-free modality. The use of non-Saccharomyces
fermentative yeast or Saccharomyces cerevisiae is not recommended for white and Rosé
vinification. The risk of triggering alcoholic fermentation during settling is too high.
It is therefore advisable to use non-fermentative non-Saccharomyces yeasts such as
Metschnikowia pulcherrima or Metschnikowia fructicola [12].

All of the tests published and summarized in Table 1 have made it possible to
provide recommendations to winemakers wishing to use bioprotection as an alterna-
tive to sulfites and to show certain limits of bioprotection. However, many parameters
need to be specified. Indeed, the impact of bioprotection on bacterial populations has
been little studied, as has the sensory impact. Other species that could have interest-
ing properties in bioprotection should also be tested. For example, Pichia kluyveri has
been successfully tested in red must [13], what about white must?

The bioprotection strategy in white or rosé and red is quite different. Indeed, in
white or rosé, bioprotection is used to limit the development of indigenous yeasts
throughout the phase before settling. Since the settling is then carried out at low tem-
perature, it helps to limit the development of native flora, including spoilage yeasts
and bacteria. In red, the bioprotection intervenes early and as there is no settling, the
bioprotectant remains in the tank throughout the fermentation and probably contrib-
utes more to the sensory profile of the wines than in white.

2.2 Red must

In red winemaking, cold pre-fermentative maceration is a widely used technique
throughout the world. The choice of temperature and the dose of sulfite added

139



New Advances in Saccharomyces

strongly influence the microbial flora present. The temperature range generally used
is 10-15°C. This preferential maceration is often used to improve the color and the
fruity aromatic intensity. This increase in fruity character would be linked to the
microbial flora present. However, this microbial flora consists of yeasts belonging

to the species Hanseniaspora uvarum, which is known for its ability to produce ethyl
acetate and acetic acid. Under these conditions, an alternative to sulfites to limit the
development of spoilage yeasts and promote aromatic expression is the use of non-
fermentative yeasts such as Metschnikowia pulcherrima [14].

The use of Metschnikowia pulcherrima as a bioprotectant agent at vatting on
pinot noir at a dose of 5 g/hl (5.10° cell/ml) has been shown to limit the develop-
ment of spoilage microbiota. A slight increase of B. bruxellensis species was
observed in all the wineries and the evolution of acetic bacteria depended on the
experimental site.

It is important to note that bioprotection is not always as effective as sulfites in
limiting the development of indigenous yeasts and that this depends, among other
things, on the initial population level. Trials conducted on Merlot in 2017 and 2018
showed that bioprotection did not limit the growth of Hanseniaspora species com-
pared to sulfites [15]. On the other hand, these authors demonstrate that the use of
bioprotective non-Saccharomyces yeast limited the abundance of filamentous fungi
that are systematically associated with a decline in grape must quality.

2.2.1 Effect of bioprotection on phenolic compounds, volatile composition and
sensoriality

In this study, it was hypothesized that the replacement of sulfites by a bioprotection
strain affects proanthocyanidin and anthocyanin levels and leads to a higher degree
of polymerization. But bioprotection had no influence on the phenolic compounds
protecting musts and wine from oxidation. Wines produced from bioprotected or
sulfited musts had different metabolic signatures, probably reflecting the production
of specific metabolites by M. pulcherrima or the presence of chemical adducts due
to sulfites. The metabolomics approach carried out by FT-ICR-MS analyses revealed
statistical discriminations contrary to analyses of volatile compounds and conven-
tional oenological analyses [16]. Bioprotection with Metschnikowia pulcherrima has no
impact on the volatile compounds of red wines, although and specific sensory differ-
ences were perceived according to the winery. This was probably due to the fact that
the low-temperature value of grape must during pre-fermentative maceration (12°C)
limits the growth of the Metschnikowia pulcherrima yeast added. The bioprotectant
population was 100-fold lower than the Saccharomyces cerevisiae population present in
both modalities. The impact of the bioprotection strain was therefore limited on the
production of volatile compounds during alcoholic fermentation and, therefore, on
the sensory analyses [16].

In a popular science magazine, a synthesis of different experimental assays is
presented. These include experiments with Saccharomyces cerevisiae and Torulaspora
delbrueckii. Of the six trials conducted on Syrah, Cabernet-Sauvigon, Grenache
and Mourvedre, half showed that the indigenous flora was present in quantities
comparable to those of the sulfited modality and in lesser quantities than the non-
sulfited control [17]. The same authors reported trials at an industrial scale. The use
of Saccharomyces cerevisiae in bioprotection at 30 g of yeast/100 kg of grapes did not
reduce the indigenous yeast population compared with the control. However, the
sensory profile is more qualitative [18].
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It should be underlined, that while Simonin et al. [16] reported the absence of
differences in aromatic profile between the bioprotection modality and the control,
Windholtz et al. [19] observed that the use of non-Saccharomyces yeasts as a bioprotec-
tion has a significant impact on the aromatic profile of wines. In a bioprotection trial
with a Lachancea thermotolerans and Lactobacillus plantarum pairing on Tempranillo
grapes, it was shown that anthocyanin composition was barely altered by the use of bio-
protectors. From a sensory point of view, the wines were better evaluated, with fruitier,
stewed, peppery, lactic and fresher aromas, bitter and astringent than the control [20].

The experiments summarized in Table 2 show contradictory results in terms of
bioprotectant implantation, inhibition of indigenous flora development and sensory
profile. However, recommendations can be made to encourage bioprotectant implan-
tation and benefit from bioprotection from both a microbiological and sensory point
of view. Bioprotectors should be added as early as possible, temperatures should be
controlled (particularly during pre-fermentation), and the bioprotection yeast ratio

should be as high as possible.

One study focused specifically on the sensory aspect of sulfite-free wines, includ-
ing wines produced using bioprotection (Table 2) [21]. Sensory evaluation was
carried out after 2 years of bottling. The sensory profiles of Merlot wines without
sulfites, with and without bioprotection, were very similar to and significantly
different from those of wines with sulfites. Four descriptors (“Fresh blackcurrant”,
“Cooked black cherries”, “Mint” and “Coolness”) were significantly more intense in
wine without sulfites and/or wines with bioprotection treatment.

3. Wine bioprotection during aging

Wines can undergo microbial alterations during aging. The most studied alteration
concerns the Brettanomyces bruxellensis yeast responsible for wine depreciation. To
prevent the development of this spoilage yeast, we recommend sulfiting wines after
malolactic fermentation (MLF). However, the resistance of these yeasts to sulfites
is well-known [22]. It has been shown that the use of selected lactic acid bacteria to
conduct malolactic fermentation could act as a bioprotector against Brettanomyces
[23]. In the absence of stabilization after MLF, the lactic acid bacteria here play a pro-
tective role against Brettanomyces contamination. Sensitivity appears to be universal:
when exposed to a given biomass of lactic acid bacteria, genetically distinct strains of
Brettanomyces, which may exhibit distinct characteristics such as sulfite resistance, are
inhibited in a comparable manner. One condition for this protection to be effective
is a high level of Oenococcus oeni, which prevents contamination by Brettanomyces.
Indeed, without this bioprotection, the yeast can develop within a few weeks and
produce volatile phenols. This bioprotection effect is specific to lactic acid bacteria,
at least to O. oeni. No protection is obtained by maintaining a living Saccharomyces
cerevisiae flora after AF. Maintaining the bacterial flora after MLF is therefore a good
way of combating Brettanomyces. This bioprotection phase is favored by good hygiene
and fermentation control, which promote low initial volatile acidity [23].

4. How bioprotection works?

It remains difficult to answer this question today, as the fact that oenological
conditions imply complex microbial ecosystems including yeasts, bacteria and mold.
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Hence, many interactions could be set up within native flora and also with microor-
ganisms inoculated during the winemaking process. The efficacy of bioprotection is
based on the hypothesis that the added bioprotector induces a negative interaction
with the indigenous microbiota, although no mechanism has been clearly identified
yet in field trials. The expected effects are of two kinds: either the metabolism of the
bioprotector significantly slows down the growth of indigenous microorganisms,
allowing them to predominate during pre-fermentation phases, or its metabolism
induces the death of these microorganisms. The implied mechanisms could be
indirect such as nutrient competition or production of antimicrobial compounds or
direct such as cell-cell contact [24, 25], but the main mechanisms put forward to date
to explain bioprotective effects appear to be indirect interactions.

4.1 Oxygen competition

At the beginning of the fermentation process, the dissolved oxygen in must is
about 8 mg/L (at 20°C) and some practices, as crushing, pressing or pumping can add
significative quantities of oxygen into the grape must [26, 27]. Taking as the refer-
ence the alcoholic fermentation yeast S. cerevisiae, Visser et al. had demonstrated a
higher consumption of oxygen by NS yeasts [28]. Among the species recommended
for bioprotection, M. pulcherrima remains one that has the most important oxygen
needs [29]. Recent work by Windholtz et al. determined the rates of dissolved oxygen
consumption (DOC) on grape juice in 47 strains belonging to six different genera
and species [30]. The highest OCR values were obtained for M. pulcherrima strains,
compared to the values obtained for strains of Saccharomyces genus, confirming the
data of Quirds et al. [29]. In contrast, T. delbrueckii and L. thermotolerans strains
showed consumption classified as intermediate, with a high heterogeneity of the
values obtained within both genera and species. These measurements, which were
also carried out on eight strains of Hanseniaspora uvarum, the species most commonly
found on grape must, showed interestingly oxygen consumption rates comparable
to those obtained in L. thermotolerans or T. delbrueckii. Under oenological condi-
tions, the difference in oxygen consumption and fermentative capacity can be partly
explained by the Crabtree effect. In the presence of a high concentration of sugars (as
found in must), the respiratory metabolism of Crabtree-positive yeasts is inhibited
from redirecting the central carbonaceous metabolism to a fermentative metabolism
[31, 32]. The impact of this catabolic repression depends on the yeast species, which
will lead to more or less important oxygen consumption. T. delbrueckii as L. thermo-
tolevans are Crabtree-positive yeasts [33], while M. pulcherrima and H. uvarum are
mainly reported as Crabtree-negative yeasts, with high respiration capacities [34, 35].
These data suggest that there may be strong competition for dissolved oxygen during
the grape must bioprotection, particularly through the application of M. pulcher-
rima strains as bioprotectors. However, the results obtained by Windholtz et al. [30]
and earlier by Visser et al. [28], demonstrating that strains of Hanseniaspora strains
(sp. uvarum and valbyensis) were able to grow in anaerobic conditions, suggest that
competition for oxygen to explain the effectiveness of bioprotection appears to highly
depend on the biodiversity of the Hanseniaspora strains present on the grape must.

4.2 Nitrogen compounds competition

It is well known that the quantity and quality of nitrogen resources are essential
for yeast anabolism including the production of compounds that are inextricably
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linked to wine quality, such as higher alcohols and their esters. In the case of non-
Saccharomyces yeasts, literature data remain still scarce, and few data are available
not only on their minimum nitrogen requirements for growth but also on the nitro-
gen resources preferentially consumed. Preferential amino acid uptakes are found
to be highly variable between yeast species. But, bibliographic data comparison
appears complex due to the wide disparities of experimental conditions including
nitrogen composition of media and growth parameters (temperature, oxygenation,
etc.). The work of Kemsawasd et al. established the specific N-source influence

on growth (in synthetic medium; 25°C) among five wine-related yeast species

[36]. The N-sources that more particularly improved performance parameters
were arginine, asparagine, glutamine and isoleucine for T. delbrueckii, with mainly
same N-source influence profiles as S. cerevisiae. These N-sources were alanine and
asparagine or serine, for M. pulcherrima and L. thermotolerans, respectively. H.
uvarum was characterized by the most different N-sources influence pattern, with
alanine as a booster for its growth.

In comparison with the previous data and focusing on M. pulcherrima, the study
of Gobert et al. realized that grape juice showed preferential assimilation of iso-
leucine, leucine, lysine, methionine, glutamine, and cysteine at 28°C and alanine,
cysteine, glutamine, histidine, lysin and tryptophan at 20°C [37]. The preferential
assimilation of lysine has been confirmed on a wider panel of M. pulcherrima strains,
as the good assimilation of branched-chain amino acids, including leucine and
isoleucine [38-40], hardly suggesting that this assimilation pattern is characteristic
of this species.

Concerning H. uvarum, Roca-Mesa reported that leucine and isoleucine were
among the highest nitrogen sources consumed in synthetic must, with an early deple-
tion of those amino acids (less than 48 h at 22°C) [41].

The highlighting of common N-sources consumed preferentially by both
Hanseniaspora strains and bioprotectors could result from competition phenomena
to the predominance of the bioprotective strain over the indigenous microbiota of a
grape must. Indeed, a comparison of assimilation kinetics on preferential amino acids
would help to confirm this hypothesis. Much broader studies conducted specifically
within the framework of possible interactions between genera and species generated
specifically by the practice of bioprotection (taking into account nitrogen composi-
tion of the grape must, the initial indigenous population level with the biodiversity of
the genera and species, the temperature applied and the duration of pre-fermentative
stage) will implement the data needed to refine the knowledge of the mechanics
behind these nutrients competitions. In addition, the regulatory pathways implied in
nitrogen consumption are still unknown among NS yeasts, unlike S. cerevisiae where,
depending on the concentration of assimilable nitrogen in the medium, two main
systems are involved: Nitrogen Catabolic System (NCR) and regulation involving a
specific sensor of the plasma membrane [42].

4.3 Antimicrobial compounds production
4.3.1 Killer toxins

The production of these antimicrobial proteins was described in T. delbruecki by
Villalba et al. [43]. The toxin Tdkt, presenting a molecular mass of around 30 kDa,
exhibits a broad spectrum against wine spoilage yeasts, more particularly on yeasts
belonging to Brettanomyces and Hanseniaspora genera [44]. Tdkt possesses glucanase
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and chitinase activities, and its putative mode of action includes binding to p 1-6
glucan and chitin with sensitive cells, with a potential degradation of these polysac-
charides, cell wall disruption and finally, cell death initially by necrosis, then by
apoptosis [43]. Most recently, another smaller killer toxin (TK) with a molecular mass
of 15 kDa was purified in T delbrueckii [45].

Among the yeasts used for bioprotection, T. delbrueckii is not the only one with

the potential to produce killer toxins. The work of Biiyiiksirit-Bedir & Kuleagan [46]
have demonstrated the production of a killer toxin by one strain of M. pulcherrima
strain isolated from grapevine. This toxin is a peptide with a molecular weight of

10.3 kDa. The amino-sequence analysis showed that a part of the sequence was similar
to the KHR Kkiller toxin of S. cerevisiae previously characterized by Goto et al. [47].
Antimicrobial peptides production (molecular mass around 10 kDa) has also been
demonstrated in M. pulcherrima by the work of Hicks et al. with strains showing killer
phenotypes against pathogenic bacteria [48].

If, as in the case of the Tdkt toxin where the mode of action involves specific enzy-
matic activities targeting the degradation of parietal compounds of undesirable yeasts
[43], it cannot be ruled out that enzymatic activities highly expressed in M. pulcher-
rima may also be involved. In fact, this species is characterized by a production of a
very diverse range of enzymes, more particularly lipase, chitinase and p-1,3-glucanase
[49-54], which may also be involved in killer phenotypes.

The known modes of action of killer toxins produced by yeast are summarized in
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Figure 1.
Known toxin-killer mechanisms in yeasts. A: Cell wall damage by glucan hydrolysis through enzymatic activity

of killer toxin or by synthesis inhibition of cell wall component. B: Plasmic membrane perturbations leading to
iron and other metabolites leakage or inhibition of calcium uptakes. C: Cell-cycle perturbation by locking up cell
between G1/S phase or inhibiting the completion of G1 phase. D: RNA cleavage especially for 18S and 255 RNA
and tRNA (adapted from Mannazzu et al. [44]).
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4.3.2 Production of pulcherriminic acid and pulcherrimin

Firstly characterized in the bacteria Bacillus [55-57], the pulcherriminic acid
biosynthesis pathway implies two leucyl-tRNA that are cyclized in cyclo-(L-Leu-L-
Leu). This intermediate compound is oxidized in pulcherriminic acid inside the cell and
then excreted to the extracellular medium. Pulcherriminic acid chelates iron ion (Fe**)
by a non-enzymatic reaction to form the red pigment named pulcherrimin [58, 59]
(Figure 2). In Metschnikowia pulcherrima, as well as in other pulcherrimin-producers
Metschnikowia species [60], pulcherriminic acid appears to be the main antimicrobial
compound. Its action is not direct as it is due to the chelation of iron (Fe*"), which
becomes unavailable for yeasts whose growth requires this ionic form of iron.

This mechanism could explain the inhibitory effect of M. pulcherrima observed
on agar plate and in grape juice medium on spoilage yeasts such as apiculate yeast and
Brettanomyces bruxellensis [61]. However, pulcherriminic acid production is depen-
dent of the initial iron concentration in the medium [58]. Studies conducted ix vitro
on agar plates showed that the intensity of the pigmented halo around Metschnikowia,
due to pulcherrimin production, increased with the iron concentration in the medium
in contrast to the zone of inhibition [50, 62-64]. These results suggest that the
chelation of iron by pulcherriminic acid, as an antagonistic mechanism toward target
yeasts such as B. bruxellensis, can only be effective in grape musts containing a very
limited concentration of ferric iron.

4.3.3 Antimicrobial effect of L-lactic acid?

This question may be asked with regard to the negative effects on B. bruxel-
lensis observed during malolactic fermentation by Gerbaux et al. [23]. The study of
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intraspecific diversity among the species B. bruxellensis [64, 65] has enabled to clearly
identify different genetic groups, which may explain the difference in sensitivity

to sulfites observed within this species. The absence of L-lactate dehydrogenase in
some strains of B. bruxellensis (genetic group 1 - data not published) could explain
the inhibitory effect of L-lactate production during MLF on their growth. In the

same vein, when applying L. thermotolerans for grape must acidification thanks to

the production of L-lactate from sugars [66, 67], it cannot be ruled out that this yeast
plays simultaneously a bioprotective role against B. bruxellensis.

5. Future perspectives

Numerous field trials have already demonstrated the effectiveness of bioprotection
in oenological conditions [15, 19, 68]. However, there is still little information on
mechanisms that bioprotection uses to limit the development of indigenous flora.

In literature, numerous interactions have been identified in the oenological context
[24, 25], but none have been studied in the bioprotection context, leaving many
possibilities unexplored.

The main hypothesis on the bioprotection implantation and efficiency are based
on nutrient competition between indigenous microorganisms and bioprotection,
especially nitrogen resources. It has been shown that nitrogen is an essential resource
for yeast’s growth. In the winemaking context, nitrogen deficit could lead to stuck
or sluggish fermentation [69]. Nitrogen needs and mechanisms regulating nitrogen
consumption are well-known for Saccharomyces cerevisiae [42], but still poorly under-
stood for non-Saccharomyces (NS) yeasts.

In the last decades, more studies have started to investigate NS nitrogen require-
ment [36-39, 41], but those studies investigate mainly yeast genera such as Lachancea,
Torulaspora, or Metschnikowia corresponding mainly to NS genera used in winemaking
including in bioprotection strategy. Those results give important information about the
nitrogen requirement of important yeasts used in winemaking, but the temperature
and medium used in those studies were not always close to pre-fermentative conditions.
Nitrogen consumption of yeast is highly impacted by the initial nitrogen concentra-
tion and the temperature, in order to obtain a better characterization of the nitrogen
needs of bioprotective yeasts, it is important to study their consumption on condi-
tions closer to those of winemaking steps where bioprotection is used. However, the
nitrogen requirements on NS yeasts associated with main microbial alteration (such
as Hanseniaspora yeasts genera) are very limited [36, 41], and to determine if a pos-
sible competition could be involved in inhibitory mechanisms, it is also important to
characterize the nitrogen needs of spoilage flora. It would also be important to monitor
nitrogen consumption during the growth of bioprotective yeasts in coculture with
target native flora. If some nitrogen resources appear to be preferentially consumed by
bioprotective yeasts and spoilage microorganism, a supplementation in these resources
could help to determine the involvement of this competition in the inhibitory effect.

The same reasoning could be applied to other nutrient found in must, such as
vitamins and lipids. These latter are not produced by yeasts under anaerobic condi-
tions, so yeasts are dependent on lipids naturally present on grapes and musts for
their metabolism and membrane integrity. Some vitamin deficiencies have also been
found to be highly deleterious to yeast growth [70].

At the beginning of the winemaking process, oxygen was found in the mud in sig-
nificative concentration. Information about the respiro-fermentative mechanisms of
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NS yeast in enology is still scarce. Studying these mechanisms, as well as the oxygen
requirement of M. pulcherrima under oenological conditions, could allow a better
understanding of the conditions supporting its establishment, as well as the interac-
tions between M. pulcherrima and the other yeasts. Indeed, it was previously shown
that the presence of M. pulcherrima has a strong influence on the respiro-fermentative
metabolism of S. cerevisiae. After 3 h of coculture, the presence of M. pulcherrima
induced a strong repression of genes involved in the respiratory metabolism of S.
cerevisiae, as well as an over expression of genes involved in the fermentative pathway
[35]. Sadoudi et al. have also shown that the presence of M. pulcherrima in coculture
with S. cerevisiae impacts the metabolism and expression level of genes implied in
PDH-pathway in S. cerevisiae [71]. In order to better understand interactions set up
by this species during its use in bioprotection, it could be interesting to apply this
strategy for a fine analyze of the effects of M. pulcherrima on the metabolism of other
NS yeasts, more particularly H. uvarum or B. bruxellensis.

Strong competition for some resources essential to the growth of indigenous flora
could explain the observed bioprotective effect, but the low temperatures used in
winemaking condition induce a limited nutrient competition. The implication of
nutrient competition in bioprotective efficiency remains to be proven.

Other, less passive, interactions have also been reported in the literature, such as
the production of antimicrobial compounds. Among them, we can found the pulcher-
riminic acid production by yeasts of the Metschnikowia genera, and in particular by
M. pulcherrima species. Many experiments have already shown the antimicrobial effi-
ciency of these compounds by its capability to chelate iron in the medium [48, 61-63,
72, 73]. However, these experiments were generally carried out on petri dishes or in
vivo on fruit (apples, grapes and oranges). To date, there are only few data available
on the effect of pulcherriminic acid in oenological conditions [61]. Teams have set up
protocols to quantify pulcherriminic acid [58], making it possible to follow pulcherri-
minic acid production during M. pulcherrima growth, and possibly to see whether the
pulcherriminic acid concentration of different M. pulcherrima strains correlates with
cell death of sensitive flora in liquid medium. In addition, other teams have created
mutant strains which exhibited a lower or higher pulcherriminic acid production,
but their antimicrobial efficiency was investigated in fruits or on agar plate [62, 63].
Studying the antimicrobial efficiency of these mutants under oenological conditions
(synthetic must or real grape must) would also be a promising way to determine the
impact of these compounds on the bioprotective effect of this yeast.

Pulcherriminic acid, produced by the Metschnikowia genera, is not the only toxic
compound produced by NS species used in bioprotection. Numerous NS yeasts
have been reported in the literature to produce killer toxins, including Torulaspora
delbrueckii and Metschnikowia pulcherrima, which are the main yeasts genera com-
mercialized. Most of the studies were carried out on synthetic liquid medium or in
agar plate, and few of them were conducted in must/grape juice or grapes [74-77].
Furthermore, a lot of studies investigate the “killer phenotype” on plate but did not
correlate the inhibition area to the secretion of peptidic-type compounds. It would be
interesting to investigate the killer toxin production in marketed bioprotectors and
to characterize those toxins as well as to obtain their sequences in order to improve
protein databases.

In addition, Kemsawasd et al. [78] have shown that the inhibition found between
L. thermotolerans and S. cerevisiae involves the production of a killer toxin, but that
this efficiency is also due to direct contact between cells. Indeed, when growing in
a membrane-separated fermenter, L. thermotolerans mortality is lower than when
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growing in coculture. Cell-cell interactions are still poorly understood in NS yeasts
and need more investigation. A study has already referred to M. pulcherrima ability
to form biofilms [54], thus demonstrating the potential for cells to aggregate with
others. The ability to form cell adhesion would not necessarily mean that yeasts will
be capable to form cell-cell adhesion with other yeast species. In order to study the
direct interaction between species, it could be possible to create genetically modified
fluorescent mutants of commercialized bioprotection strains in order to follow by
fluorescent microscopy their possible aggregation with spoilage microorganisms in
mixed culture. Impact of cell-cell contact interaction could also be studied by liquid
culture in double-compartment fermenters with and without spatial separation

[78]. Furthermore, some genes responsible for cell adhesion are already known in S.
cerevisiae, it could be interesting to sequence more bioprotective strains and search for
homologous genes to those involved in attachment in S. cerevisiae. Those genes could
thereafter be studied by mutagenesis (targeted or un-targeted) in order to confirm
their implication in cell adhesion.

Indirect interactions also include quorum sensing (QS), which is a way of com-
munication mediated by the production of signal molecules that lead to phenotypic
change at the population, not cell, level. This mode of communication has been
extensively studied in bacteria, and signal molecules and phenotype changes are well
known. However, the yeast Candida albicans has been found in the literature to have
a quorum-sensing system capable of mediating certain reactions such as hyphae mor-
phology by higher alcohol production [79, 80]. Quorum sensing molecules involved
in QS of C. albicans have also been found produced by S. cerevisiae [81-83], but their
role in a QS mechanisms in S. cerevisize remain controversial [84, 85]. NS yeasts were
also reported in literature as able to produce some of the higher alcohol involved in
QS in C. albicans [38, 86]. However, the involvement of these compounds in QS still
needs to be demonstrated. Identification and quantification of ARO genes, which are
involved in the production of higher alcohols, have to be investigated in bioprotec-
tive yeasts by molecular biology. Furthermore, it is still important to correlate their
production to possible inhibition against spoilage flora in must. In a larger scale,
metabolomic analyses are increasingly used in order to explore yeasts interaction
in must and wine [87-91]. Implementation and improvement of databases could be
helpful in characterizing compounds involved in interactions between bioprotection
and spoilage microorganisms.

Bioprotection was firstly investigated in order to reduce the SO, addition during
pre-fermentative steps of winemaking by using NS yeasts to protect most against
microbial spoilage. But another positive effect of the use of some bioprotective
yeasts could also be pointed. For example, the use of L. thermotolerans leads to the
acidification of the medium by sugar transformation into lactic acid. On preliminary
results, this lactic acid production was reported in a French review for wine industry
professionals as responsible for the potential inhibition of B. bruxellensis growth and
so limits its possible production of off-flavors, but more investigations are needed
[92]. Furthermore, only a fraction of the total SO, is active against microbial spoilage,
and the proportion of each SO, form is influenced by must and wine pH [93]. The
acidification of the medium led to a higher proportion of active SO, [93], and so to a
lower use of SO, to obtain the necessary part of active SO,. The use of L. thermotoler-
ans could help to protect most against B. bruxellensis by lactic acid production as well
as enhancing the aromatic profile of wines and reducing SO, addition. Yeasts could
also influence wine color by metabolite production such as pyruvic acid or acetalde-
hyde which are able to interact with anthocyanins to produce more stable pigments
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[94-98]. More investigations are needed in order to determine the capability of
marketed bioprotective strains to modify and stabilize wine color. Selection of yeast
strains that are able to limit indigenous yeast proliferation as well as protect wine
color, especially for sensitive matrix such as rosé wine, could help to replace SO, and
limit its use during winemaking.

Bioprotection was used at the early steps of winemaking (harvest or after press-
ing), but microbial alteration could also occur after alcoholic fermentation, especially
by yeasts B. bruxellensis, which could alter wine organoleptic properties after malolac-
tic fermentation and wine aging. In order to avoid this problem, SO, was traditionally
added, but another strategy could be investigated. Some lactic acid bacteria have been
reported in literature as bacteriocins producers able to inhibit fungi proliferation [2].
Some lactic acid bacteria isolated from wines have also proven their ability to produce
toxic compounds iz vitro, but their efficiency have not yet been proven in oenological
context [99]. The use of lactic acids bacteria strain producing bacteriocin could be
helpful to achieve malolactic fermentation and protect wine against potential micro-
bial spoilage. Furthermore, the lactic acid bacterium O. oeni, have demonstrated some
capabilities to inhibit B. bruxellensis growth after malolactic fermentation as biopro-
tector. It is a newly developed concept in enology, and more investigations are needed
in order to understand and develop the use of O. oeni in the bioprotection context.

Even if we already have some evidence and clues of the ability of microorganisms
to protect must against spoilage microorganisms and to influence wine color at the
end of the fermentations, there are still a lack of knowledge about the medium- and
long-term effect of the use of bioprotection to reduce SO, during wine aging, as well
as diverse interactions and mechanisms set up by bioprotection.

Moreover, the cost of bioprotection is still high today, compared with the cost of
sulfiting. In fact, bioprotection yeast preparations cost more than active dry yeasts
(ADYs), starters of alcoholic fermentation. The development of production and
stabilization strategies better adapted for these NS yeasts should make it possible to
reduce the cost of the bioprotection strategy in the future.
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Chapter 8

Characteristic Metabolites

Drive the Self-Assembly of
Microeukaryotic Communities
during Spontaneous Fermentation
of Icewine

Kai Chen

Abstract

Wine can be regarded as a nutritional source for the human diet. It contains many
nutrients such as vitamins and minerals, organic acids, flavonoids, and terpenoids.
The varietal aroma of wines originated from the symbionts of the grapes and epiphytic
microbiota, which combinedly grew from the sexual reproduction of the plant through
seeds or during clonal reproduction. Nowadays, more and more studies focus on the
assembly process of epiphytic microbiota and design a synthetic microbial community
based on regional characteristics to improve wine quality and biofunctions. This review
synthesizes the current concepts on the construction of synthetic microbiota, analyzes
the advantages and difficulties in designing a functional yeast community, and lists the
practical tools for data processing and model construction. A well-designed yeast com-
munity will possess high robustness against environment interference, higher efficiency
of fermentation, and higher yield of targeted bioproducts.

Keywords: non-Saccharomyces, top-down strategy, systematic biology, untargeted
metabolomics, icewine, spontaneous fermentation

1. Introduction

The application of commercial yeast in an incompatible fermentation scenario
potentially causes the risk of stuck and sluggish fermentation and product homog-
enization. It even has a detrimental effect on the composition of regional microbiota
[1], which play important roles in characterizing aroma profile and wine quality
[2]. Currently, more and more researchers and wineries have realized the limita-
tions of commercial yeasts and are gradually turning their attention to the study
of non-Saccharomyces strains and the interactions between local microbiota and
environmental factors [3-5]. Spontaneous fermentation has returned to the fore asa
natural and regionally characterized winemaking mode [6]. Due to microbial suc-
cession, spontaneous fermentation usually presents higher sensorial complexity [4].
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Although spontaneous fermentation can largely strengthen the ‘terroir’ characteristics
of wines, the contamination by undesired microbes is the first issue and easily cause
unpleasant flavors, such as a musty taste and mousiness [7, 8]. Besides, the high
dimension of ecology of spontaneous fermentation results in many difficulties in
control of fermentation and stable quality of wine production. With the develop-
ment of high-throughput sequencing technology, researchers can conduct parallel
analyses of the epiphytic microorganisms from vineyards and wines. It is effective

to acquire an overview of microbial structure and position the pathogenic factors

[2, 9, 10]. Therefore, the prerequisite for a well-controlled spontaneous fermentation
is to identify the characteristic microbial resources in the production area, reduce the
ecological dimension of the microeukaryotes community using self-assembled yeast
communities, and establish a proper fermentation condition according to regional
characteristics. In our previous study, two main environmental factors have been
determined, namely, initial abiotic factors around vineyards and initial microbial
community on the grape skin. Through the ‘top-down’ approach, we specially
designed a self-assembled non-Saccharomyces yeasts group, which was composed of
six selected yeast strains and highly expresses carbohydrate-active enzymes [2, 5].
The yeast group was first used to obtain a predictable and controllable fermentation
mode during the spontaneous fermentation of icewine.

Icewine is a type of dessert wine produced from grape juice extracted from frozen
grapes [11]. It is normally characterized by a fruity and flowery aroma and smooth
taste. Icewine making is heavily dependent on the local environmental abiotic fac-
tors during late harvest. Fully ripe grapes hang on the vines for several months to
suffer natural freeze-thaw cycles and be desiccated for the concentration of sugar
(>35°Brix) [12]. This period has been proven to be effective for the accumulation of
varietal aroma in grapes [2, 5]. For instance, high-odor-active compounds, such as
terpenes and phenylalanine-derivates, can be largely developed during late harvest
through a series of interactions between epiphytic microeukaryotes and grapes
[2, 5]. Our previous studies have revealed the freeze-thaw cycles are the inevitable
abiotic factors that cause cellular degradation and compartmentation of grape skin
[2] and improve the aroma complexity of grapes during late harvest [5]. Therefore,
selecting an icewine region is the essential prerequisite for producing high-quality
icewine, which must present the regional characteristics [13]. Huanren area (Liaoning
Province, Northeast China) is a representative icewine-producing area in China. It is
characterized by a year-round cold climate, fewer problems of pests and disease [2].
Unique ecology shapes distinctive and stress-tolerant microeukaryotic communi-
ties, which remain active in pressed grape juice and become determinant to icewine
fermentation [2, 13]. However, the mechanism and driving factors of the microeu-
karyotic assembly process are still unclear during icewine fermentation.

Metabolomics mainly studies the variety, quantity, and change rule of the metabolites
with molecular weight less than 1500 Da caused by external stimulation, pathophysio-
logical changes, and gene mutation. It is an extension of transcriptomics and proteomics,
which accurately reflect the physiological state of organisms. Therefore, it effectively
reveals the biological processes of biomarkers, the mechanism of the biological activities,
and the regulatory pathways [14]. In terms of detection modes, metabolomics is mainly
divided into untargeted analysis and targeted analysis. The untargeted metabolomics
is usually based on a high-resolution mass spectrometer (triple TOF or QE) [15]. It can
perform unbiased, large-scale, and systematic detection of various metabolites in experi-
mental samples, providing an ‘aerial photography’ perspective to reflect the metabolic
disturbance in the plants and microorganisms [16].
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Four inoculation methods were carried out for icewine fermentation. CS and HS were inoculated using the
epiphytic microorganisms from the fully ripe grape berries and the grape berries in late harvest, respectively.

HN was inoculated using the six core epiphytic yeast strains, which were important microeukaryotes in the

grape skin. Control was conducted in icewine fermentation using a commercial yeast strain (BV818). Untargeted
metabolomics and high-throughput sequencing technology were jointly used to analyze the self-assembly process of
micro eukaryotic communities and the driving factors (important metabolites) during icewine fermentation.

This study jointly used untargeted metabolomics and high-throughput sequencing
technology to verify the effects of the self-assembled non-Saccharomyces yeasts group
on the development of metabolites during AF of icewine. Meanwhile, we also studied
two types of spontaneous fermentation using the extracted microbiota from the ripe
Vidal blanc grape and the frozen grape after late harvest, respectively (see Figure1).
Our work first elucidated the mechanism and driving factors of microeukaryotic
assembly in the different fermentation scenarios. It provides a reference to artificially
design functional microeukaryotic communities and to improve the stability of
spontaneous fermentation.

2. Materials and methods
2.1 Vinification of V. blanc icewine

Spontaneous fermentation using the epiphytic microorganisms from the fully ripe
grape berries (CS): The ripe V. blanc grape berries were manually collected in October
2021 and preserved at —20°C. To collect epidermal microorganisms, 200 g of frozen
grape berries were soaked in 500 mL sterilized 10x PBS solution for 20 min and vor-
texed to elute epiphytic microorganisms [2]. The 50 mL suspension was centrifuged
(10,000 rpm, 10 min) to remove the supernatant. Sediment was collected and first
inoculated into 100 mL filtered grape juice for cultivation (25°C, 24 h). Subsequently,
the cultivation medium was inoculated into 2 L filtered grape juice to carry out AF.
The fermentation was supplied with 0.4 g/L nutrients (Nutrient-Vit, Lallemand,
Montreal, PQ, Canada) and maintained the temperature at 18°C. At the beginning of
AF, pumpover was carried out twice a day to facilitate yeast growth [4].
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Spontaneous fermentation using the epiphytic microorganisms from the grape
berries in late harvest (HS): based on previous research, V. blanc grape at the end of
December can perform the optimal aroma characteristics [5]. Herein, the V. blanc
grape berries were manually collected at the end of December 2021, and the epi-
dermal microorganisms were inoculated into the filtrated grape juice. The specific
procedures of inoculation and fermentation can refer to that of CS.

Icewine fermentation using the self-assembled non-Saccharomyces yeasts group
(HN): based on the previous study, six core epiphytic yeast strains were separated
from V. blanc grape skin [2]. These yeast strains play an important role in the self-
assembly of epiphytic microeukaryotes and highly contribute to the development
of the varietal aroma of V blanc during late harvest. The percentage of each strain
was calculated according to the importance of the random forest. The inoculation
radio of each yeast strain is shown in Table 1. Each strain was cultured using a YPD
medium to ensure yeast cell concentration higher than 10° CFU/mL before inocula-
tion. Subsequently, each strain was respectively inoculated into 2 L filtered grape juice
according to the inoculation radio.

Icewine fermentation using commercial yeast as control (BV818): a commercial
yeast BV818 (AngelYeast Co., Ltd., Yichang) was inoculated into the filtrated grape juice
for starting AF as control. This yeast belongs to Saccharomyces bayanus, which is stress-
tolerant and highly active in a hyperosmotic juice. The fermentation was supplied with
0.4 g/L nutrients (Nutrient-Vit, Lallemand, Montreal, PQ, Canada) and maintained the
temperature at 18°C. No sulfur dioxide or other antimicrobial agent was used in these
four fermentation scenarios. All fermentations were conducted in triplicate.

2.2 Viticulture and grape juice filtration

V. blanc grapes were manually collected in the core icewine-producing area of
Northeast China at the end of December 2021. The grape vines were planted at a com-
mercial vineyard in Sidaolingzi village adjacent to Huanlong Lake, Huanren County,
Benxi City, Liaoning Province, China (latitude 41°30’'N, elevation 125°23'E) on a 25°
slope. A vertical trellis system was installed in the vineyard with east-west oriented
rows. The vines were 9 years old with a plant density of 2.5 m x 1 m. The vines were
pruned to five to six shoots, and the overall crop yield was maintained at approxi-
mately 10,000 kg/ha [11]. Grape berries were destemmed and pressed to collect grape
juice. Subsequently, the grape juice was carried through centrifugation (Kc > 6000)
and cross-flow filtration (0.2 pm) for the removal of particles and indigenous
microorganisms.

No. Yeast species Importance Initial ratio (%) Inoculation (mL)
1 Pichia kudriavzevii 88.05 217 87
2 Kluyveromyces lactis 80.59 198 79
3 Lachancea thermotolerans 77.00 18.9 76
4 Issatchenkia ovientalis 63.69 157 6.3
5 Torulaspova delbrueckii 57.59 14.2 57
6 Candida dubliniensis 39.62 9.7 39
Table 1.

The percentage of each non-Saccharomyces yeast in artificial self-assembled yeast community.

162



Characteristic Metabolites Drive the Self-Assembly of Microeukaryotic Communities...
DOI: http://dx.doi.org/10.5772/intechopen.1003655

2.3 Determination of physicochemical parameters of icewine

Basic wine physicochemical parameters, such as hue, color intensity, Brix®, total
sugar, total acid, glucose/fructose, lactic acid, malic acid, acetic acid, and glycerol,
were determined using Y15 enzymatic autoanalyzer (Biosystems S.A., Barcelona,
Spain). These analyses were performed using the appropriate enzymatic reaction kits
purchased from Biosystems. Before detection, the Y-15 was calibrated with external
standards that were technically supported by the Biosystems enterprise (www.biosys-
tems.es). The pH value was measured using a PB-10 pH meter (Sartorius, Gottingen,
Germany). The alcoholic degree of icewine was determined based on the National
Standards of P. R. China (GB/T 15038-2006) [2, 4].

2.4 Untargeted metabolomics analysis
2.4.1 Sample collection and preparation

Icewine samples were centrifuged (4°C, 10,000 rpm, 10 min). The supernatant
was added into precooled methanol/acetonitrile/water solution (2:2:1, v/v). The
mixture was carried out vortex, ultrasonic homogenization (4°C, 30 min), stewing
(—20°C, 10 min), and centrifugation (4°C, 12,000 rpm, 20 min). Then, the super-
natant was conducted vacuum freeze-drying. Before metabolomics analysis, 100 pL
acetonitrile aqueous solution (acetonitrile:water = 1:1, v/v) was added to redissolve
the dry sample. Subsequently, the solution was vortexed and centrifuged (4°C,
12,000 rpm, 15 min) for UHPLC-MS analysis. Twenty microliters of each sample
were mixed as a QC sample [17].

2.4.2 UHPLC conditions

Analyses were performed using a UHPLC (1290 Infinity LC, Agilent
Technologies) coupled to a quadrupole time-of-flight (AB Sciex Triple TOF 6600).
For HILIC separation, samples were analyzed using a 2.1 mm x 100 mm ACQUIY
UPLC BEH 1.7 pm column (waters, Ireland). In both ESI positive and negative modes,
the mobile phase contained A = 25 mM ammonium acetate and 25 mM ammonium
hydroxide in water, and B = acetonitrile. The gradient was 85% B for 1 min, linearly
reduced to 65% in 11 min, then reduced to 40% in 0.1 min, kept for 4 min, and then
increased to 85% in 0.1 min, with a 5 min re-equilibration period employed.

2.4.3 ESI-Q-TOF MS/MS conditions

The ESI source conditions were set as follows: Ion Source Gasl (Gasl) as 60, Ion
Source Gas2 (Gas2) as 60, curtain gas (CUR) as 30, source temperature: 600°C,
IonSpray Voltage Floating (ISVF) + 5500 V. In MS-only acquisition, the instrument
was set to acquire over the 7/z range 60-1000 Da, and the accumulation time for TOF
MS scan was set at 0.20 s/spectra. In auto MS/MS acquisition, the instrument was
set to acquire over the 7/z range 25-1000 Da, and the retention time for product ion
scan was set at 0.05 s/spectra. The product ion scan is acquired using information-
dependent acquisition (IDA) with a high sensitivity mode selected. The parameters
were set as follows: the collision energy (CE) was fixed at 35 V with +15 eV; decluster-
ing potential (DP), 60 V (+) and —60 V (—); exclude isotopes within 4 Da, candidate
ions to monitor per cycle: 10.
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2.4.4 Data processing

The raw MS data (wiff.scan files) were converted to MzXML files using
ProteoWizard MSConvert before importing them into freely available XCMS soft-
ware. CAMERA (Collection of Algorithms of Metabolite Profile Annotation) was
used for the annotation of isotopes and adducts [18]. In the extracted ion features,
only the variables having more than 50% of the nonzero measurement values in at
least one group were kept. Compound identification of metabolites was performed by
comparing the accuracy m/z value (<10 ppm) and MS/MS spectra with an in-house
database established with available authentic standards [19].

2.5 Metabarcoding of internal transcribed spacer (ITS) sequence

The quantity and quality of extracted DNA were measured using a NanoDrop
ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and
agarose gel electrophoresis, respectively. To analyze the taxonomic composition of the
microeukaryotes communities, ITS1 of microeukaryotes 18S rRNA genes via a two-step
amplification procedure using primers ITS1F (5'-CTTGGTCATTTAGAGGAAGTAA-3'),
and ITSIR (5-GCTGCGTTCTTCATCGATGC-3') were carried out. Specific DNA
extraction, PCR, and Illumina MiSeq sequencing (2- by 150-bp reads) were performed
using the Illumina MiSeq platform at Shanghai Personal Biotechnology Co., Ltd.
(Shanghai, China) [4]. Each sample was extracted for use in three replicates, and
each extraction was analyzed twice. The Quantitative Insights into Microbial Ecology
(QIIME2) pipeline was employed to process the sequencing data. Amplicon sequence
varjants were obtained using the procedure of denoise, quality control, splicing, and
mosaicking, which were carried out using denoise-paired QIIME DADA?2.

2.6 Statistical analysis

Statistics for the characteristic metabolites in V blanc icewine, such as principle
component analysis, partial least squares discriminant analysis (PLS-DA), and
heatmap cluster with Euclidean distance, were carried out using the MetaboAnalyst
5.0 platform. ANOVA was conducted using Duncan’s multiple-range test (p < 0.05).
Additionally, data visualization of a-diversity and f-diversity, spearman correlation
(p < 0.05) of characteristic metabolites and microeukaryotes, volcano plots, principal
coordinates analysis (PCoA), and random forest algorithm were carried out using
relative packages in R version 4.2.2. The icewine metabolomics was mapped to the
Kyoto Encyclopedia of Genes and Genomes (KEGG) database to obtain the metabolic
pathways in AF.

3. Results
3.11dentification of the characteristic metabolites

The results of PCA and heatmap cluster of metabolomic illustrated different
metabolite profiles between the four fermentation scenarios and V. blanc grape

juice (Figure 2A). The metabolomics result was divided into two clusters. Organic
acids and derivatives, benzenoids, hydrocarbon derivatives, and nucleosides were
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Figure 2.

Comparison of characteristic metabolites in the icewine fermentation and grape juice. (A) Heatmap cluster of
all identified metabolites in the four icewine fermentation and grape juice, especially the high-valued terpenes
and flavonoids, weve calculated and highlighted on the left side of the heatmap diagram. The importance of each
treatment was shown on the top of the heatmap diagram. Hevein, the Euclidean method was used for distance
measurement, and the clustering algorithm was Ward. (B) Score plot of PLS-DA for analysis of observation

of four icewine fermentations. (C) Ranking of charvactevistic metabolites by weighting the sum of VIP scores in
compound 1 of PLS-DA. Colored boxes on the right side indicated the correlations between each metabolite and
fermentation. Note: CS: spontaneous fermentation using the epiphytic microorganisms from the fully vipe grape
berries; HS: spontaneous fermentation using the epiphytic microorganisms from the grape berries in late harvest;
HN: icewine fermentation using the self-assembled non-Saccharomyces yeasts group icewine fermentation using
a commercial yeast strain, which belongs to Saccharomyces bayanus.
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promoted during AF and mainly grouped in cluster 2. Their concentration increases,
resulting from the growth of microorganisms. The mean of normalized scores in
spontaneous fermentations (CS and HS) showed the highest positive values. In other
words, spontaneous fermentation developed more organic compounds than the exter-
nal yeast inoculation fermentations (HN and BV818). The weight of each metabolic
compound represented its importance in the fermentation [20]. Obviously, fermenta-
tions generated abundant key metabolites and showed different metabolite profiles
from that of grape juice. The important terpenes and flavonoids were grouped and
marked on the right side of the heatmap. Some of them are first identified in icewine
and have specific medical functions such as resveratroloside, neobavaisoflavone,
narirutin, homoplantaginin, chrysosplenetin, and deoxysappanone b 7,3'-dimethyl
ether acetate, etc. Besides, many high-valued compounds enriched in the grape juice
were inhibited after AF, such as nobiletin, tectoridin, robinin, quercetin, Icariin,
ginkgetin, etc.

Partial least squares discrimination analysis (PLS-DA) was carried out to compare
the differences in each fermentation scenario (Figure 2B). Component 1 and com-
ponent 2 contributed 76.6% of PLS-DA in total. It indicated the metabolite profile
of each fermentation can be discriminated with the first two components. The four
fermentations showed a far distance from the grape juice. Herein, the spontane-
ous fermentations (HS and CS) were close to HN, while BV818 showed a different
metabolite profile from the others. To study the characteristic metabolites and their
correlations to each fermentation. The top 20 characteristic metabolites were ranked
according to their VIP scores of PLS-DA (Figure 2C). Most characteristic metabolites
in icewine were positively correlated to the spontaneous fermentation and HN except
glycerophosphocholine, succinate, and neohesperidose. In terms of spontaneous
fermentation, some characteristic metabolites commonly showed positive correla-
tions to CS and HS, such as D-gluconate, trans-3’-hydroxycotinine o-f-D-glucuronide,
D-galacturonic acid, 2-isopropylmalic acid, gramine, adenine, and two dipeptides
(Leu-His and Thr-Leu).

3.2 Spatial dispersal of microeukaryotic communities and correlations to the
characteristic metabolites during AF

The spatial dispersal and co-occurrence network of each fermentation scenario
jointly showed the dynamic changes of microeukaryotes during AF (Figure 3).
Accordingly, the microeukaryotes in BV818 were highly developed at the end
stage of AF, where ASVs of the microeukaryotes showed a higher enrichment but
lower diffusivity (Figure 3A). The inner interactions between microeukaryotes
in each module were positive. The major microeukaryotic modules in BV818
were modules 1, 2, 9, 7, and 14. Herein, the cross interactions between modules
1, 2,7, and 9 showed higher negative similarity. It indicated the major activities
between these modules were dominated by negative cohesion, such as competi-
tion, parasitism, or amensalism [21]. Moreover, module 14 showed fewer interac-
tions with other modules. It indicated the related microeukaryotic communities
could independently develop and be neutralized to other species during AF. HN
showed a contrary spatial dispersal but a similar co-occurrence network to BV818
(Figure 3C). The strongest diffusivity of microeukaryotes was observed at the
beginning of AF, while the weakest diffusivity was presented at the end of AF.
The major microeukaryotic modules of HN were 1, 2, 6, and 12. The cross interac-
tions between modules 1, 2, and 6 were also dominated by negative cohesion;
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(A) Spatial dispersal and co-occurrence networks of fungi genera of BV818 on three stages during icewine
fermentation. (B) Spatial dispersal and co-occurrence networks of fungi genera of CS on three stages during
icewine fermentation. (C) Spatial dispersal and co-occurrence networks of fungi genera of HN on three stages
during icewine fermentation. (D) Spatial dispersal and co-occurrence networks of fungi geneva of HS on three
stages during icewine fermentation. Each node represents one ASV that is labeled by genus. A node was verified by
a robust (Spearman’s covrection coefficient R > 0.6) and significant (pFDR < 0.05) correlation. The size of each
node is velational to the number of connections, while nodes with the same color display the same module. The
thickness of each connection between two nodes is relational to the strength of Spearman’s correlation coefficient.
Note: CS: spontaneous fermentation using the epiphytic microorganisms from the fully ripe grape berries; HS:
spontaneous fermentation using the epiphytic microorganisms from the grape berries in late harvest; HN: icewine
fermentation using the self-assembled non-Saccharomyces yeasts group, icewine fermentation using a commercial
yeast strain, which belongs to Saccharomyces bayanus.
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meanwhile, these modules showed fewer interactions with module 12. Both CS and
HS belonging to spontaneous fermentation and the same microbial origination
from a vineyard resulted in similar spatial dispersals and co-occurrence networks
of microeukaryotes during AF (Figure 3B and D). ASVs of microeukaryotes were
evenly distributed in all the stages of AF. Comparatively, the microeukaryotes of
CS mainly developed at the beginning and end stages of AF, while the microeu-
karyotes’ development of HS was vigorous at the middle stage of AF. The sponta-
neous fermentation presented more modules and more complex interactions than
BV818 and HN. The major microeukaryotic modules in CS were 1, 2, 6, 8, 10, and
15. Herein, module 1 and module 10 showed positive cross interactions, namely,
cooperation and mutualism. However, other microeukaryotic modules were mainly
controlled by negative cohesion. The major modules in HS were 1, 2, 6,7, 9, and

10. Herein, module 1 and module 7 showed positive cross interactions, while other
modules were controlled by negative cohesion. In general, the cross-interaction
between microeukaryotic phyla during AF was dominated by negative cohesion,
and the abundance patterns of microeukaryotic communities depend on different
fermentation modes [22].

Mantel test was used to study the correlations between the specific order of
microeukaryotes and fermentation mode (Figure 4A). As a result, Saccharomycetes,
Microbotryomycetes, and Tremellomycetes showed strong positive correlations
(p < 0.05), which potentially constructed a stable microeukaryotic community during
AF and increase the efficiency of alcohol conversion. However, significant negative
correlations were found between some orders, such as Sgaricomycetes, Lecanoromycetes,
Pegizomycetes, Cystobasidiomycetes, Zoopagomycetes, Exobasidiomycetes, Sordariomycetes,
Leotiomycetes, Wallemiomycetes, Microbotryomycetes, and Tremellomycetes. It probably
results in interspecific competition and internal friction of resources during fer-
mentation. Moreover, Ustilaginomycetes and Zoopagomycetes were highly correlated to
BV818 and HN, respectively.

The correlation matrix between the functional compounds and the top 25 active
microeukaryotic genera was established using a random forest model and Pearson’s
correlation coefficients (Figure 4B). Accordingly, many microeukaryotes showed
positive correlations. They potentially contributed to the development of terpenoids
and flavonoids in icewines, such as Starmerella, Mrakia, Tausonia, Rhodotorula,
Mrakiella, Verticillium, and Curvibasidium. Herein, Starmerella played an important
role in promoting the metabolism of bioflavonoids and polyflavonoids, flavans, and
flavones. Fatty alcohols were strongly correlated to many microeukaryotes, such as
Mpyakia, Rhodotorula, Cystofilobasidium, Mrakiella, Filobasidium, Bettsia, Verticillium,
and Curvibasidium. Homoisoflavans positively correlated to Mrakia, Rhodotorula,
Mpyakiella, Verticillium, and Curvibasidium. Moreover, Cystofilobasidium and Golubevia
contributed to the development of tryptamines and derivatives, while Pichia was
regarded as an important factor in affecting the development of monoterpenoids and
tryptamines.

3.3 Characteristic metabolites of V. blanc grape induced stochastic assembly of
microeukaryotic communities during AF

One of the reasons why spontaneous fermentation could not be widely applied is
that many winemakers treat it as a ‘black-box’, a complex, multi-strains participated
system. With the development of systematic biology, the neutral community model
(NCM) will be a useful tool to excavate the deep principle of microbial assembly in
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Figure 4.

(A) Correlations of the networked community structures (Bray—Curtis distance) with important fungi orders.
The edge width corresponds to Mantels v value, and the edge color denotes the statistical significance. Significance
levels were labeled as “*” (p-value < 0.1), “**” (p-value < 0.05), and ““**” (p-value < 0.01), respectively. Pairwise
correlations of these variables were shown with a color gradient denoting Pearson’s correlation coefficients. (B)
The correlation matrix for the top 25 high-valued terpenes and flavonoids and the top 25 active fungi genus was
established using a vandom forest algorithm, and the importance of the coefficient was shown with different cycles.
Meanwhile, the explained ratio of the top 25 active fungi genera was vepresented on the right side of the diagram.
Note: CS: spontaneous fermentation using the epiphytic microorganisms from the fully ripe grape berries; HS:
spontaneous fermentation using the epiphytic microorganisms from the grape bervies in late harvest; HN: icewine
fermentation using the self-assembled non-Saccharomyces yeasts group, icewine fermentation using a commercial
yeast strain, which belongs to Saccharomyces bayanus.

169



New Advances in Saccharomyces

co-fermentation or spontaneous fermentation [23]. In this study, the NCM predicted
a large fraction of the total correlation between the occurrence frequency of ASVs
and their relative abundance variations (Figure 5A), with 83%, 73%, 80%, and 76%
of the explained microeukaryotic community variations for the BV818, CS, HN, and
HS, respectively. The NCM indicates that microeukaryotic communities comply
with stochastic assembly instead of deterministic assembly in different fermentation
scenarios. Higher R” suggests the sample is closer to the NCM. Compared to spontane-
ous fermentation, commercial yeast inoculation (BV818) fits the stochastic process.
Moreover, a smaller Nm value suggests more restrictive species dispersal. Therefore,
the level of species dispersal in BV818 (Nm = 374) was the lowest in all fermenta-
tions, while HS had the maximum species dispersal (Nm = 1005). CS and HN showed
similar Nm values. This result is also in accord with the spatial dispersal of microeu-
karyotic communities during AF; namely, the microeukaryotic communities of HS
can evenly develop at three stages of AF, while the ASVs of microeukaryotes of BV818
are mainly concentrated at the end of AF.

B-Nearest taxon index (f-NTI) between samples was calculated to describe
the phylogenetic turnover of microeukaryotic communities in the different fer-
mentation scenarios. Linear regression curves between |-NTI| and the relative
abundance of the six characteristic metabolites were constructed (Figure 5B).
Among these six characteristic metabolites, p-sitosterol is a plant steroid, empen-
thrin, gentiopicroside, zerumbone, and qingyangshengenin belong to terpenoids,
and phlorizin is a kind of flavonoids. Empenthrin, §-sitosterol, gentiopicroside,
phlorizin, and zerumbone positively correlated to |-NTI| while gentiopicroside
and qingyangshengenin showed negative correlations to |p-NTI|. However, f-NTI
of all the fermentations were in the range of —2 to 2 (Figure 5C). Although gentio-
picroside and qingyangshengenin could affect the stochasticity of microeukaryotic
communities, the stochastic process still dominated the phylogenetic turnover
of microeukaryotic communities during AF. To assess the relative importance of
determinism and stochasticity, modified stochasticity ratio (MST) was carried out
to supply the results of NCM (Figure 5D). In four fermentation scenarios, MST
of CS (36.1%) was much lower than the boundary (50%), which indicated deter-
minism affected the microeukaryotic assembly of CS. The MST of HS (54.7%)
was slightly higher than the MST of HN (53.0%) without a significant difference
(p < 0.05). As expected, BV818 showed the highest MST (63.8%), which indicated
stochasticity played an important role in shaping microeukaryotic communities
of BV818. This result suggested the assembly process of spontaneous fermenta-
tion could be more stable than the inoculation of commercial yeasts as long as the
source of grape is consistent and fermentative conditions are standard.

3.4 The specific process of stochastic assembly of microeukaryotic communities
and the selection of fermentative specialists

Principal coordinates analysis (PCoA) was carried out to observe the degree
of similarity between the microeukaryotic communities of different fermentation
scenarios (Figure 6A). The total contribution of the first two components of PCoA
can explain 66.11% of variations. The confidence intervals of HN and BV818 have
been separated from the spontaneous fermentations (CS and HS). Comparatively, the
degree of distribution of BV818 was more concentrated than that of the others while
HN and HS showed higher degree of distributions than CS and BV818. The result of
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Figure 5.

(A) Fit of the neutral community models of fungi communities assembly in the four fermentations. The solid blue
lines indicate the best fit to the NCM, and the dashed blue lines represent 95% confidence intervals around the
model prediction. OTUs that occurred more or less frequently than predicted by the NCM are shown in different
colors (gray dots vepresent the frequency of occurrence within the 95% confidence interval ranging around the
model prediction, ovange dots vepresent above prediction, and purple dots represent below prediction). Nm
indicates the metacommunity size times immigration, R? indicates the fit to this model. Meanwhile, a modified
stochasticity ratio was used to assess the velative importance of stochasticity. (B) Coefficients between |[}-NTI|
and the relative abundance of the six featured metabolites were calculated to evaluate the correlative fitting
curves, p-values were evaluated, and significant correlations were determined at p < 0.05. (C) Contributions

of deterministic and stochastic processes on community assembly within four icewine fermentations. f-NTI
calculations of phylogenetic turnover between different icewine fermentations indicate that variable selection has
greater effects on fungi dynamics and fermentation progress. (D) A modified stochasticity ratio was carried out to
assess the relative importance of stochasticity, which was developed with 50% as the boundary line in each icewine
fermentation. Note: CS: spontaneous fermentation using the epiphytic microorganisms from the fully ripe grape
berries; HS: spontaneous fermentation using the epiphytic microorganisms from the grape berries in late harvest;
HN: icewine fermentation using the self-assembled non-Saccharomyces yeasts group, icewine fermentation using
a commercial yeast strain, which belongs to Saccharomyces bayanus.
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Figure 6.

(A) Principal coordinate analysis (PCoA) based on Sorensen dissimilarly displaying differences in community
composition of fungal genera in the four icewine fermentations, the top 10 highest active fungi genera were selected
and labeled. (B) The relative influence of each community assembly process among four icewine fermentation
was defined by the percentage of site pairs governed by each process. (C) Partitioning the turnover and nestedness
components of f-diversity of fungi communities in four icewine fermentations. Duncan’s multiple range test

was carried out for the significant differences of the model at p < 0.05. (D) The SPEC-OCCU plots showed the
most abundant OTUs in each icewine fermentation; the x-axis represents occupancy, i.e., how well an OTU is
distributed across the specific fermentation scenario; and the y-axis vepresents specificity, i.e., whether they are
also found in other fermentation scenarios. The fermentative specialists of fungi species in each fermentation were

selected as both occupancy and specificity higher than o.7.
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PCoA indicated that the microeukaryotic composition of BV818 was different from
co-fermentations (HN, CS, and HS), and the concentrated distribution of BV818
also indicated low diversity of microbial participation during AF. Moreover, the top
five abundant microeukaryotic genera were selected and located on the PCoA plot.
Herein, Pichia (ASV_382) was located in the confidence ellipse of HN (p < 0.05),
while Vishniacozyma and Starmerella (ASV_1133, ASV_496, ASV_327, and ASV_446)
highly related to CS and HS.

Except for the NCM, phylogenetic-bin-based null model analysis was carried
out further to infer community assembly mechanisms in the stochastic process
(Figure 6B) [20]. The important assembly processes of microeukaryotic communi-
ties were heterogeneous selection, homogeneous selection, dispersal limitation,
homogenizing dispersal, and drift. Specifically, the assembly process was mainly
composed of homogeneous selection (43.1%) and drift (56.2%) in BV818. For HN,
dispersal limitation (0.05%), homogeneous selection (45.1%), and drift (49.7%)
were the important parts of the stochastic assembly. For CS, the specific stochastic
assembly included homogeneous selection (25.5%), dispersal limitation (0.05%),
homogenizing dispersal (0.04%), and drift (65.4%). The heterogeneous selection was
the characteristic assembly process in HS, which possessed 0.05% of the stochastic
assembly. Besides, the proportion of homogeneous selection, dispersal limitation,
homogenizing dispersal, and drift was 15.7%, 10.5%, 0.03%, and 65.4% of the
stochastic assembly in HS, respectively. In general, drift and homogeneous selection
were the major assembly processes during AF of icewine, and HS showed a more
complex composition of the assembly process than other fermentations. Partitioning
p-diversity of richness was carried out to quantify the result of species replacement
between different fermentations (turnover) and species gains or losses between
different microeukaryotic communities (nestedness) (Figure 6C). As a result, species
replacement played an important role in shaping microeukaryotic communities.
The greatest difference between the contributions of §-diversity components was
observed in the four fermentation scenarios, where the turnover was about six times
higher than nestedness. Specifically, the range of turnover in each fermentation was
from 50% to 55% while the range of nestedness was from 5% to 8%. The nestedness of
HN was the highest level among the four fermentations. For turnover, BV818 and CS
were higher than HN and HS.

To inspect the distribution of OTUs from each fermentation and the specificity
of these microeukaryotes during AF, specificity and occupancy were calculated for
each OUT, which was then projected onto a plot (SPEC-OCCU plot, Figure 6D). As
indicated by the spread of OTUs across occupancy, OTUs from BV818 and HN com-
munities showed highly varied occupancy while the majority of OTUs from CS and
HS exhibited more homogenous occupancy, which mainly concentrated at the range
of 0-0.25. To find specialist species attributable to each fermentation, we selected
OTUs with specificity and occupancy greater or equal to 0.7 (dotted boxes). These
microeukaryotes are specific and could be highly fermentative in their fermentation
scenarios. The number of these specialist OTUs was BV818 (3 OTUs represent), HN
(6 OTUs), CS (2 OTUs), and HS (3 OTUs), respectively. Specifically, Mrakia frigida
is the fermentative specialist in BV818, the specialists of HN included Lachancea
thermotolevans and Pichia kudriavzevii, while Starmerella bacillaris was the fermenta-
tive specialist in spontaneous fermentation. Meanwhile, the changes in the relative
abundance of microeukaryotic species verified these yeasts are the key factors to
influence fermentation process.
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3.5 The analysis of metabolic pathways in four icewine fermentation scenarios

A structural equation modeling (SEM) accounting for the yeast strains, characteristic
metabolites, and key assembly factors was built to analyze the interactions of variables
in four icewine fermentation scenarios (Figure 7A). Based on the previous results, five
yeast strains (Vishniacogyma victoriae, Lachancea thermotolerans, Pichia kudriavzevii,
Mrakia frigida, and Starmerella bacillaris) were assigned as important components of
microeukaryotic community in the SEM. Average variation degree (AVD), alpha diver-
sity, MST, and bNTI were assigned as key factors of the assembly process of microeu-
karyotic community. Terpenoids, flavonoids, and steroids were assigned as characteristic
metabolites of icewine fermentations. As a result, M. frigida showed a strong connection
to yeast combination, which also significantly related to microeukaryotes assembly
process during icewine fermentation and except for P. kudriavzevii, other four yeast
strains, V. victoriae, L. thermotolerans, S. bacillaris, and M. frigida negatively affected the
microeukaryotes assembly process. Moreover, the characteristic metabolites showed
negative effects on the microeukaryote assembly process. Steroids showed a strong and
positive influence on the total metabolites of icewine. AVD showed an indirect effect on
the microeukaryotes assembly process, while AD, MST, and bNTI directly and positively
related to the microeukaryotes assembly process during alcoholic fermentation.

The top 20 enriched KEGG pathways of four icewine fermentations were shown in
Figure 7B, where the rich factors of each KEGG pathway were the ratio of differential
genes in this pathway, while the p-value indicated the importance of this pathway
in the icewine fermentation. Accordingly, protein digestion, absorption, and ABC
transporters were the most important pathways of microeukaryotic metabolism in all
fermentation treatments. Compared to commercial yeast, CS, HN, and HS showed
similar categories of important KEGG pathways, which also contained mineral
absorption, biosynthesis of amino acids, and aminoacyl-tRNA biosynthesis. Lysine
degradation was the characteristic pathway for the spontaneous fermentations (CS
and HS). Starch and sucrose metabolism were relatively important to HS and BV818,
while proximal tubule bicarbonate reclamation was the common pathway in BV818
and CS. Interestingly, valine, leucin, and isoleucine biosynthesis and nicotinate
and nicotinamide metabolism were the specific pathways in CS. It indicated more
potential volatile metabolites could be synthesized by applying the indigenous yeast
community during alcoholic fermentation.

4. Discussion

In this study, the top-down approach was first used to design a self-assembled
non-Saccharomyces yeasts group (HN) [24]. Herein, ‘top’ referred to the special
ecosystem in which the local epiphytic yeasts of the V blanc grape performed a strong
ability to hydrolyze the glycosidic bound terpenes and enhanced the varietal aroma of
the grape during late harvest [2, 21]. We tested the availability of HN to conduct AF
and explored its biological functions of producing high-valued metabolites in icew-
ine. Besides, two types of spontaneous fermentations were carried out to observe the
assembly process of indigenous microeukaryotes during AF. The microbial starter of
the spontaneous fermentation was extracted from the fully ripe V. blanc grape and the
grape berries in the late harvest. Therefore, the spontaneous fermentations simul-
taneously represented the regional microeukaryotic composition and the “terroir”
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Figure7.

(A) Structural equation modeling (SEM) accounting for the yeast strains, chavacteristics, metabolites, and key assembly
factors in four icewine fermentation scenarios. (B) Top 20 enriched KEGG pathways of the fungal community in four
icewine fermentation scenarios. Numbers adjacent to measured variables ave their coefficients with composite variables.
Numbers adjacent to arrows are path coefficients are the directly standardized effect size of the velationship. The
thickness of the arrow represents the strength of the relationship. Note: CS: spontaneous fermentation using the epiphytic
microovganisms from the fully ripe grape berries; HS: spontaneous fermentation using the epiphytic microorganisms
from the grape berries in late harvest; HN: icewine fermentation using the self-assembled non-Saccharomyces yeasts
group, icewine fermentation using a commercial yeast strain, which belongs to Saccharomyces bayanus.
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characteristics of icewine. As a control, BV818 showed a different metabolite profile
from the other fermentations according to PLS-DA. It indicated the application of
commercial yeasts may affect the indigenous microbial communities and change
wine regional characteristics [25, 26]. Terpenoids and flavonoids were identified as
the characteristic metabolites in icewine. Some high-valued metabolites of icewine
were first reported in our work. For instance, resveratroloside is a monoglucosylated
form of stilbene in red wine. It effectively alleviates postprandial hyperglycemia
and cardioprotective effects [27, 28]. Neobavaisoflavone has the potential for anti-
human glioma cancer and inhibition of inflammatory mediators. Deoxysappanone
b 7,3’-dimethyl ether acetate has been reported to have anti-cryptosporidial activi-
ties [29]. Based on PLS-DA, the spontaneous fermentation, and self-assembled
non-Saccharomyces yeasts group had the advantage of producing more characteristic
metabolites.

The spatial dispersal and co-occurrence network of each fermentation sce-
nario performed a dynamic distribution of microeukaryotes and the correlations
between microeukaryotic communities during AF. As a result, negative cohesion,
such as competition, parasitism, or amensalism, played an important role in the
cross-interactions between microeukaryotic communities. The microeukaryotic
dispersal of BV818 was mainly concentrated at the end of fermentation, while
HN showed the opposite result that the microeukaryotes mainly distributed at
the beginning of fermentation. Understandably, most commercial yeasts were
Saccharomyces cerevisiae, which usually performs killer activity against other
fungi at the beginning of AF, then dominates and completes the fermentation.
Although the spontaneous fermentation obtained quite a balanced development
of microeukaryotic communities at the three stages of AF, fermentation stress
and frequent microbial succession jointly resulted in more complex interactions
between microeukaryotic communities in the spontaneous fermentations [22, 30].
Moreover, many microeukaryotic genera were positively related to the develop-
ment of terpenoids and flavonoids in icewine. It is due to these compounds com-
monly present in glycosidic bound forms, while the epiphytic microeukaryotes
of grapes can generate a series of glycoside hydrolases (GHs) and glycosyl trans-
ferases (GTs), which efficiently break glycosidic bonds and release the aglycones
[2, 31]. For instance, monoterpenyl disaccharide glycosides originated from plants
and microbes, such as a-arabinofuranosidase, p-glycosidase, and p-galactosidase,
hydrolyze glycosidic bound terpenes into free forms [32]. The result of NCM
indicated the microeukaryotic community assembly in icewine was predominately
driven by births, deaths, and immigration (stochastic process) instead of external
abiotic factors and niche differentiation (deterministic process) [23]. Therefore,
the hydrolytic/fermentative microeukaryotes in AF are inclined to spontaneously
conduct stochastic assembly through the response or sharing of certain organic
compounds [33]. Based on the result of random forest ranking of metabolites and
B-NTI of ASVs, p-sitosterol, four terpenoids (empenthrin, gentiopicroside, zerum-
bone, and gqingyangshengenin), and phlorizin were identified as the characteristic
metabolites to affect the stochastic assembly of microeukaryotic communities.
These metabolites may induce the common response of microeukaryotes to biotic
and abiotic stresses and contribute to the assembly process of microeukaryotic
communities. For instance, p-sitosterol could be used as an antibiotic to enhance
the antibacterial activity of microeukaryotes [34]. Gentiopicroside is significantly
correlated with the abundance of dominant endophyte genera among differ-
ent tissues of Gentiana officinalis [35]. Moreover, fungal life history strategies
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determined homogenous selection and dispersal limitation attributed to the large
proportion in structuring microeukaryotic communities, e.g., growth, dispersal, or
dormancy methods [36].

People had been drinking natural wines for thousands of years before sulfur
dioxide was applied in the wine industry. Current studies have admitted the
importance of a certain strain of commercial yeast in the winemaking industry,
while indigenous fungi have been misunderstood as microbial contaminators dur-
ing AF. In our study, the dominator of AF was indigenous non-Saccharomyces yeasts
instead of commercial yeast. Some fermentative specialists not only complete AF
but highly contribute to the stochastic assembly of microeukaryotic communi-
ties. In particular, S. bacillaris dominated the spontaneous fermentation and has
been reported high glycerol production, moderate nitrogen demand, and more
active adaptation to extremely high sugar concentration [37]. L. thermotolerans
and P. kudriavzevii are multi-stress-tolerant and widely present in different kinds
of fruits [38]. Appropriate use of these indigenous non-Saccharomyces yeasts can
enhance the aroma complexity of icewine [4]. S. cerevisiae was difficult to be the
advantage yeast strain since the growth was always inhibited throughout AF of
icewine. Inoculation of BV818 induced the development of M. frigida, which is
highly active in producing p-galactosidase and killer toxins [39]. The result of SEM
also confirmed M. frigida could be a key defender to restrict the development of
the invasive exotic species and ensure the stability of indigenous microeukaryotic
communities. Our results elucidated the importance of indigenous non-Saccha-
romyces yeasts in stochastic assembly, while inoculation of commercial yeast will
induce reconstruction of microeukaryotic communities and potentially affect the
“terroir” characteristics of icewine. Nevertheless, steroids, especially p-sitosterol,
are not only commonly upregulated in different fermentation scenarios but play
an important role in driving the stochastic assembly of microeukaryotic com-
munities during AF. Vitamin digestion, absorption, and lysine degradation are the
characteristic enriched pathways in spontaneous fermentation. It mainly relates
to the stress-resistant functions of microeukaryotes, such as antioxidation, low-
temperature resistance, and salt resistance [40].

5. Conclusion

This study first explored the assembly process of microeukaryotic communi-
ties in four typical icewine fermentation scenarios. Herein, top-down design
was carried out to construct a non-Saccharomyces yeasts group for icewinemak-
ing. Untargeted metabolomics revealed terpenoids and flavonoids were the
characteristic metabolites of icewine. Besides, some microeukaryotic families
were strongly correlated to the development of the key classes of terpenoids and
flavonoids. Through NCM and the B-diversity of microeukaryotes, a stochastic
process dominated microeukaryotic community assembly during AF. Moreover,
the spontaneous fermentation showed an evenly spatial distribution of microeu-
karyotes at the three stages of AF. Co-occurrence networks suggested that negative
cohesion played a pivotal role in microeukaryotic interactions between different
modules. Five terpenoids and a flavonoid showed their high contributions in driv-
ing stochastic assembly. Meanwhile, mechanisms of microeukaryotic community
assembly are mainly involved in the homogeneous selection, drift, and dispersal
limitation during AF of icewine. Indigenous non-Saccharomyces yeasts, M. frigida,
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L. thermotolerans, P. kudriavzevii, and S. bacillaris were identified as the fermenta-
tive specialists during AF of icewine. Furthermore, the enriched KEGG pathways
of microeukaryotes related to their stress-resistant functions, which result in
higher production of terpenoids, flavonoids, and steroids in the spontaneous
fermentation.
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Abstract

Sherry wines undergo a complex, two-stage production process. Initially, the
Palomino Fino grape must undergo alcoholic fermentation, resulting in the base
wine. This wine is fortified and enters the dynamic biological aging system known as
“criaderas y soleras.” Despite the wide variety of wine yeasts available, there’s growing
interest in developing new yeast strains with specific traits to enhance wine quality,
safety, and consumer acceptance. Rising temperatures are expected to impact alco-
holic fermentation stability and flor yeast film development during biological aging,
potentially reducing wine quality. This chapter explores oenological advancements,
such as reducing hydrogen sulfide and ethyl carbamate concentrations in Jerez’s base
wines. Non-genetic modification techniques that enhance sensory complexity in
industrial-scale winemaking are discussed. Additionally, a diverse range of yeasts,
including Saccharomyces cerevisiae species with novel phenotypic traits, is found
during biological aging, offering potential value in winemaking and biotechnology.
The presence of mycoviruses in flor yeasts of the Saccharomyces genus, providing
evolutionary advantages in dominance and establishment in “Fino” and “Manzanilla”
wines, is examined. The chapter also delves into how these yeasts affect flor yeast film
stability under varying temperatures and ethanol conditions, and alternative methods
for veil of regeneration using amino acids as nitrogen sources or inert supports are
explored.

Keywords: veil of flor, sherry base wine, evolved yeasts, biotechnology, sensory,
mycoviruses, fortification

1. Introduction

The practice of biological aging of wines is a traditional method observed in various
regions worldwide. Examples of such regions include Jura in France, Szamorodni and
Asz1 in Tokaj-Hegyalja, Hungary, as well as Vernaccia di Oristano in Sardinia, Italy.
However, the most renowned biologically aged wines are notably crafted in the Jerez-
Xerés-Sherry and Manzanilla de Sanldcar de Barrameda Designation of Origin (D.O.)
located in southern Spain [1, 2].
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Jerez-Xeérés-Sherry wines undoubtedly represent one of the most acclaimed and
globally recognized Spanish national products. This recognition is attributed not
only to the unique geographical region but also to the winemaking practices associ-
ated with their production, preserved for generations and esteemed to the extent
of being considered an international oenological reference. Thus, the wines of the
Jerez region encompass a wide range of wines with unquestionable personality and
authenticity [3].

In October 2022, the Consejo Regulador of the Denominations of Origin, a public
law corporation, implemented changes and modifications. The recent agreement
specifies that Fino can only be produced in Jerez de la Frontera or El Puerto de Santa
Maria. Sherry wines made in Sanlicar can exclusively be labeled as Manzanilla.
Another significant change in the regulations is that sherry wines can no longer be
categorized as fortified wines if they reach a minimum alcohol content of 15% (v/v
ethanol) without the addition of alcohol. These modifications also involve the utiliza-
tion of several outdated local pre-phylloxera grape varieties for sherry production,
notably the ancient varieties Mantiio Castellano, Mantio de Pilas, Vejeriego, Perruno,
Cariocazo, and Beba. These adjustments and considerations offer winemakers the
opportunity to prepare for the future while innovating within the longstanding tradi-
tion of sherry production [4].

The production of Sherry and “Manzanilla” wines involves a two-step process.
Initially, they must undergo alcoholic fermentation by commercial or naturally occur-
ring yeasts on the surface of Vitis vinifera var. Palomino Fino grapes, resulting in the
production of a “young” wine. Young base wines are crafted from grapes cultivated
in nine different regions, including Jerez de la Frontera, Sanlicar de Barrameda, and
El Puerto de Santa Maria. Additionally, wines are produced in the wine cellars of
Trebujena, Chipiona, Chiclana, Rota, Puerto Real, and Lebrija, which are located in
Seville [1, 2, 4].

Subsequently, this base wine undergoes biological aging, facilitated by
other specific yeasts known as flor yeasts. Biological aging comprises two distinct
phases. The first phase, known as ‘afiadas’ or static aging, involves storing the
wine in a barrel (known as “bota”) for several years. This static phase is fol-
lowed by a dynamic phase called “criaderas-solera” or “soleraje,” which consists
of a series of oak barrels containing sherry in various stages of maturation
(Figure1).

The Jerez barrels, painted in matte black for easy identification of leaks and
with a capacity of 600 liters (equivalent to 36 arrobas), are the most common in
the wineries of the Sherry region, although there are also different sizes such as
the small butt (500 liters), the half butt (250 liters), or the hogshead (700 liters),
among others. In the past, Sherry wineries used different types of wood, including
cherry, chestnut, and oak. However, it was oak that turned out to be the best choice
for making, storing, and transporting wine. This preference for oak was partly due
to the thriving trade with the New World, where oak was readily available. Ships that
carried various goods, including wine in barrels (which was essential for trade and
as a food source for the crews), often brought back oak wood from the Americas on
their return voyages [5]. Today, Jerez wines are primarily aged in American white
oak barrels, although some are also aged in barrels made from Spanish or French oak
(Figure 2).

The initial stage, referred to as “sobretablas,” occurs when the wine is young and
contains approximately 15.5% (v/v) ethanol. The intermediate stages are called
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Figure 1.

The solera and criadera system operates in a way that provides several advantages to the oldest wines. These wines
benefit from regular vefreshments (known as “Saca-Rocio”) with younger wines. Additionally, they acquire
unique characteristics over years of aging. (photo of Manuel Ferndndez Barcell).

“criaderas,” while the final stage, known as “solera,” contains the oldest wine. From
the solera, the finished wine is withdrawn. However, the 600 L barrels are only par-
tially emptied during each withdrawal, never exceeding one-third of their contents.
The transfer of wine from one oak barrel to the next is termed “rocio.” This process
typically occurs twice a year. A common characteristic of these barrels, in the case of
Fino and Manzanilla wines, is the presence of the veil of flor, approximately 1-3 cm
thick, formed by yeasts and other microorganisms that grow on the free surface of the
wine (Figure 3).
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Figure 2.

Material and parts of a barrel through the vocabulary of the coopers of Jerez, 1 and 2 — “Duelas”, 3 — “Calzo”,

4 — “Bocacha’, 5 — “Aspilla”, 6 — “Venencia”, 7 — “Venencia de caiia”, 8 — “Falsete”, 9 — “tapon”, 10 — “Martillo”,
11 — “Mazgo”, 12 — “Chazo”, 13 — “Bigonia”, 14 — “Espolines”, 15 — “Tranquilla’, 16 — “Vara de mover”, 17 — “Cesta
de prueba”, 18 — “Coqueteador”, 19 — “Media cania”, 20 — “Cepillo Para bocoy”, 21 — “Galafate de empajar’,

22 — “Media cuchilla’, 23 — “Suela de carpintero”, 24 — “Botas de pisar”. Name of the staves; a — “Mediano”, B —
“Luengos™, C — “Jareles”, D — “Chanteles”. Bottom classes; ‘aventado” = concave, “apandado” = convex, “normal”

= flat. Hoops (“flejes”) names; E — “Talugo de coronar”, F — “Talugo de amasar”, G — “Colete”, H - “aro de

en medio”, I — “Aro de bojo” (mural exhibited at “Ligures” winery, mesas de Asta, Cddiz. Photo of Manuel
Ferndndez Bavcell).

2. Yeast diversity in sherry wines during biological aging

The predominant yeast species responsible for the film formation in Sherry wine
aging is Saccharomyces cerevisiae. Once the study of flor yeasts began a few 100 years
ago, it was observed that these yeasts were different from the rest of the wine yeasts
belonging to the same species. Indeed, they have been able to adapt to a really hostile
environment, such as the absence of easily fermentable sugars and the presence of
high concentrations of ethanol and other toxic compounds such as glycerol, acetalde-
hyde, or acetoin [6].

These yeast strains are able to carry out an oxidative metabolism, being in contact
with oxygen. This biofilm formation required genetic divergence from the S. cerevisiae
fermentative strains, with differential expression of genes related to the regulation of
sugar metabolism and tolerance to osmotic stress, crucial mechanisms in this particu-
lar winemaking context [7-9].

It is important to highlight the intrinsic genomic diversity of S. cerevisiae flor
strains. Recent studies have revealed a remarkable genetic heterogeneity in this
subspecies, evidencing a rich pool of genetic variability that contributes to their
versatility and adaptability. In fact, it has been demonstrated that these yeasts have
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Figure 3.

(Ag) the “flor veil” vefers to a thin layer of yeast that forms naturally on the surface of Sherry wines during aging,
creating a protective film against oxidation that contributes to the wine’s unique characteristics and flavors.
“Cabezuelas” is yeast autolysis and its accumulation in the bottom of the barrel during the aging process. It seems
to provide essential micronutrients to yeast forming the veil of flor. (B) Detail of a well-developed veil of flor.
(photos of Jesiis Manuel Cantoral). (C) Scanning electron microscopy (SEM) capture of the yeasts forming the
veil of flor within a glycoprotein matrix. (D) Detail of the adherence of veil of flor yeasts by SEM.

a common phylogenetic origin that is distinct from the rest of the wine S. cerevisiae
yeast strains [10-12].

Specific alleles and genetic variants have been identified in genes associated with
the synthesis of key enzymes in biological aging, as well as in those related to the
response to cellular stress induced by external factors, such as high ethanol concentra-
tion and nutrient limitation. For instance, a 24 bp deletion in the ITS1 region has been
found in flor strains isolated in Spain and Italy, or a “C” insertion in the same region
in these isolated in France [13-15].

The FLO11 gene in S. cerevisiae flor yeasts plays a key role in the formation and
maintenance of the flor veil, a distinctive feature of this group of yeasts. This gene
codes for a surface adhesion protein that allows yeasts to bind and subsequently form
a matrix that floats on the surface of the wine during biological aging. This matrix
acts as a protective barrier that isolates the yeasts from the liquid medium and air,
allowing them to survive in adverse conditions while maintaining their proper activ-
ity. Flor yeast strains are known for a distinct 111 bp deletion in the promoter region
of the FLO11 gene, a crucial adhesion gene responsible for cell aggregation and film
formation. This deletion is common among sherry strains from Spain, France, Italy,
and Hungary. Its role is to deactivate long noncoding RNAs, specifically ICR1, which
represses FLO11 transcription. Disabling this negative regulator, ICR1, stimulates the
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production of Flol1 protein in flor yeast. The FLO11 coding sequences in S. cerevisiae
can vary from 3 to 6 kb, primarily due to differences in the number of repeats in the
central domain. Initially, it was believed that Sherry yeast strains encoded longer
FLO11 variants with higher hydrophobicity. However, subsequent research revealed
that the central domain of FLO11 is notably unstable under non-selective condi-
tions, therefore it seems that one of the factors for the emergence of S. cerevisiae flor
yeast may be due to the presence of other repeats, which in turn influence the level
of expression of the FLO11 gene [7, 16-18]. FLO11 sequence is registered in the Yeast
Genome Database at Stanford University Medical School (wwwyeastgenome.org).
FLO11 differs from all other known cell surface flocculins in that it is located near a
centromere rather than near a telomere, and its expression is regulated by mating type.

Currently, researchers employ comparative genomic and transcriptomic to unravel
the molecular mechanisms behind the transition of an S. cerevisiae strain into a
flor yeast. This approach helps identify changes in gene expression associated with
unique cell adhesion, stress resistance, iron uptake, nitrogen and carbon metabolism,
lipid metabolism, and the production of aromatic compounds. In this sense, other
genes that have been found to be directly related to the success of S. cerevisiae flor
yeasts include BTN2, HSP12, YAP1, ACC1, FRE2, MCH2, and YKL222C [11, 19, 20].
However, more research is still needed to better understand the modifications of these
genes and others that still remain unexplored involved in this process to better under-
stand the mechanism of adaptation and/or domestication of this particular yeast
strains to this specific niche. All of these factors are pivotal in the distinct function
of veil-forming yeast. These modern techniques are getting insights into the yeast’s
adaptation mechanism and enable the development of genetic markers for selecting
suitable strains for sherry production [3, 21].

Traditionally, flor yeast strains have been classified based on their ability to
metabolize different sugars, categorizing them into four varieties or races within the
species Saccharomyces cerevisiae. However, this classification is considered outdated
and even simplistic, as significant differences have been found in wines produced in
neighboring wine casks from the same base wine [3]. Additionally, it is worth noting
that traditionally, in the wine industry, as a whole and particularly in the biological
aging of Sherry wines, yeast strains belonging to different species of S. cerevisiae
capable of forming biofilm were considered undesirable and even contaminants.
However, interest in these yeasts has been growing exponentially due to their poten-
tially valuable phenotypic characteristics.

In a recent study on the diversity of the veil of flor in the Jerez region, four differ-
ent species (Wickerhamomyces anomalus, Pichia membranaefaciens, Pichia manshurica,
and Pichia kudriavzevii) were found in addition to S. cerevisiae flor strains during the
biological aging of sherry wines (Table 1). Although they were isolated sporadically
from some of the casks analyzed, their origin remains unclear [27, 28]. However, their
phenotypic characteristics, such as a good capacity to aerobically assimilate ethanol,
glycerol, or urea, together with their ability to form biofilm or the formation of an
extracellular matrix, suggesting that they must necessarily be adapted to the specific
and difficult environment of sherry wines while maintaining an active growth rate. A
study carried out in the Montilla-Moriles region (Cordoba, Spain) has also confirmed
the presence of some of these non-Saccharomyces species, as well as others not previ-
ously described in this system, such as Candida guillermondii and Trichosporon ashaii,
using regrowth technique to increase their concentration prior to their identification,
which was carried out using Next Generation Sequencing (NGS) techniques [12].
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Species Number of Region Substrateof  Features Reference
strains isolation
Saccharomyces cevevisiae: B2, B3, B16 Jerez-Xérés-Sherry Fino Sherry 15,5% etOH  [22, 23]
var. beticus (Jerez) wine resistance,
Killer
resistance
S. cerevisiae: var. M9, M10, M12, Jerez-Xérés-Sherry Fino Sherry 15,5% etOH  [22,23]
montuliensis M17 (Jerez) wine resistance,
Killer
resistance
S. cerevisiae: var. CH16 Jerez-Xerés-Sherry Fino Sherry 15,5% etOH  [22,23]
cheresiensis (Jerez) wine resistance
S. cerevisiae: var. rouxii R13 Jerez-Xérés-Sherry Fino Sherry 15,5% etOH  [22, 23]
(Jerez) wine resistance
S. cerevisiae: var. beticus, MY138, My91, Jerez-Xérés-Sherry Fino Sherry 15,5% etOH  [7, 8]
montuliensis, cheresiensis, CU2, ET7 (El Puerto de Santa wine resistance
rouxii Maria)
S. cerevisiae: var. beticus, 111, A2, H2, Jerez-Xérés-Sherry Fino Sherry 15,5% etOH  [24]
cheresiensis R2,R3 (Jerez) wine resistance
Pichia ssp. n.d. Jerez-Xérés-Sherry Fino Sherry 15,5% etOH  [24]
(Jerez) wine resistance
S. cerevisiae (beticus, Jerez-Xérés-Sherry Fino Sherry 15,5% etOH  [13,14]
montuliensis, cheresiensis, (Jerez) wine resistance
rouxii)
Pichia membranaefaciens  n.d. Jerez-Xérés-Sherry Sobretablas 15,5% etOH  [13]
(Jerez) Fino Sherry resistance
wine
P anomala n.d. Jerez-Xérés-Sherry Sobretablas 15,5% etOH  [13]
(Jerez) Fino Sherry resistance
wine
C. cantarelli n.d. Jerez-Xeérés-Sherry Fino Sherry 15,5% etOH  [13]
(Jerez) wine resistance
D. bruxellensis n.d. Jerez-Xérés-Sherry Fino Sherry 15,5% etOH  [13]
(Jerez) wine resistance
S. cevevisiae B10, BS13, Jerez-Xérés-Sherry Manzanilla 15,5% etOH  [25]
(beticus, montuliensis, BS24, CH7, (Sanlticar de Sherry wine resistance
cheresiensis, rouxii) CH24, CHS15, Barrameda)
B17
S. cerevisiae FI, FII, FIII, Jerez-Xérés-Sherry Fino and 15,5% etOH  [26]
FIV, FV, FVI, (Jerez and Sanlticar ~ Manzanilla resistance
FIX, FX, MI, de Barrameda) Sherry wines
MII, MIIL, M1V,
MYV, MVI and
MX,
S. cerevisiae A-E Montilla-Moriles Fino of 15,5% etOH  [18]
D.O. (Cérdoba, Montilla- resistance
Spain) Moriles
S. cerevisiae (Formerly ScA, ScF, ScH Jerez-Xeérés-Sherry Fino Sherry 15,5% etOH  [3]
S. cerevisiae var. beticus) (Jerez and El Puerto  wine resistance

de Santa Maria)
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Species Number of Region Substrateof  Features Reference
strains isolation
S. cerevisiae ScC, ScG Jerez-Xérés-Sherry Fino Sherry 15,5% etOH  [3,12,27]
(Formerly S. cerevisiae (Jerez and El Puerto ~ wine resistance
var. cheresiensis) de Santa Marfa)
P. membranaefaciens NsA, Jerez-Xeérés-Sherry Fino Sherry 15,5% etOH  [3,12,27]
(Jerez and El Puerto  wine resistance
de Santa Maria);
Montilla-Moriles
(Cérdoba)
Wickerhamomyces NsB Jerez-Xérés-Sherry Fino Sherry 15,5% etOH  [3,12,27]
anomalus (formerly (Jerez and El Puerto ~ wine resistance
Pichia anomala) de Santa Maria);
Montilla-Moriles
(Cérdoba)
P, kudriavzevii NsC Jerez-Xérés-Sherry Fino Sherry 15,5% etOH  [3, 12, 27]
(El Puerto de wine resistance
Santa Maria);
Montilla-Moriles
(Cérdoba)
P. manshurica NsD Jerez-Xérés-Sherry Fino Sherry 15,5% etOH  [3,12,27]
(El Puerto de Santa wine resistance
Maria)
Candida guilliermondii n.d. Montilla-Moriles Fino wine 15,5% etOH  [12]
(Cérdoba) resistance
Trichosporon ashaii n.d Montilla-Moriles Fino wine 15,5% etOH  [12]
(Cérdoba) resistance
Table 1.

Yeasts are found in Sherry wines in the Andalusian regions and their main characteristics. Includes saccharomyces
and non-saccharomyces.

The same research group has recently described the presence of 26 other previously
undetected microorganisms in the system, hinting at the possibility that their pres-
ence may be due to the mites and flies present in the cellars. Regardless of their origin,
and despite the growing number of studies focusing on the identification of various
non-Saccharomyces yeast species and strains, the potential of many of these species
remains largely undiscovered, and they could be of great interest not only in the
context of biological aging, but also from a wider biotechnological point of view [12].

3. Other microorganisms distinct from yeasts in the veil of flor

During the biological aging process of Sherry wines, various other microorganisms
can coexist with the yeast strains responsible for veil formation. These include lactic
acid bacteria from the genera Leuconostoc, Pediococcus, and Lactobacillus, as well as
opportunistic fungi like Botrytis cinerea, Penicillium chrysogenum, and fungi of the
genus Rhizopus. The presence of lactic acid bacteria, such as Lactobacillus hilgardii,
Lactobacillus plantarum, and Lactobacillus brevis in Sherry veils of Flor, is closely
associated with the high levels of gluconic acid produced by the filamentous fungi B.
cinerea [1, 29, 30].
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The species S. cerevisiae and related yeasts are susceptible to various intracellular
nucleic acid infectious agents, including dsRNA viruses, ssRNA viruses, LTR ret-
rotransposons, and bicatenary DNA plasmids. These infectious agents share certain
similarities with higher eukaryotic viruses. For example, yeast retrotransposons
exhibit a life cycle akin to retroviruses, the structure of yeast Totiviruses mirrors the
capsid of reoviruses, and yeast plasmid segregation resembles viral episome segrega-
tion strategies (Figure 4).

Modern experimental tools available for studying the genetics, cell biology, and
evolution of S. cerevisiae and other yeasts are well-suited for expanding our knowl-
edge of how these intracellular agents exploit cellular processes. Importantly, it
remains unclear whether yeast-related issues in alcoholic fermentation or premature
weakening of the flor veil in wines could potentially be triggered by viral infections,
representing a significant area for further investigation. A recent study conducted in
our laboratory revealed that flor yeasts infected by Mycoviruses develop a killer factor
that facilitates their dominance in the formation of the biofilm (data not shown). This
could provide an evolutionary advantage, particularly in environments with high
ethanol concentrations.

The presence of this microbiota, distinct from yeast, can lead to the development
of undesirable wines and an accumulation of high concentrations of biogenic amines.
However, the proliferation of some yeast species like S. cerevisiae, can also potentially
introduce sensory deviations and negatively impact the wine’s quality.

2-micron-plasmid

Narnavirus

TY r'eTr'o'rmnsposon

Figure 4.
Intracellular nucleic acid infectious agents described in the species S. Cereviae, including dsRNA viruses, ssRNA
viruses, LTR retrotransposons, and bicatenary DNA plasmids.
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4. Off-flavors and carcinogenic agents in sherry base wines; solutions to
eliminate them from a microbiological and biotechnological perspective

Current studies showed that the base wine plays a more substantial role in Sherry
wine production than previously believed. This suggests the potential for substantial
enhancements in yeast strains that have already been chosen and are used in indus-
trial processes. These improvements can be achieved without the need for specific
genetic modifications; instead, they leverage the genetic diversity present within the
yeast strain population. This way, the base wine (i.e., young white wine) used for the
production of various Sherry wines can undergo not only sensory improvements but
also enhance food safety, which will substantially impact the resulting young white
wine and, consequently, the final product [21, 31].

Hydrogen sulfide is a metabolite associated with an aromatic defect in wines
(rotten eggs) and has a very low detection threshold. Consequently, its reduction
has been extensively studied in yeast but is not yet employed on an industrial scale.
On the other hand, urea spontaneously reacts with ethanol to form ethyl carbamate,

a genotoxic substance. The generation of this metabolite is highly favored by rising
temperatures and high ethanol concentrations, so its presence in biologically aged
wines is expected to increase as global warming raises temperatures [21].

In our laboratory, we conducted a study with the aim of reducing the production
of hydrogen sulfide (H2S), a compound associated with an undesirable aroma defect.
Two distinct improvement strategies were employed. Firstly, a mass mating technique
was used, involving the hybridization of the target strain with another parental strain
known for its low H2S production. Hybrid strains were selected based on complemen-
tary auxotrophic markers (inability to grow on melezitose and galactose, respectively)
exhibited by both parental strains. Additionally, a distinct transposon amplification
profile allowed the identification of putative hybrids with profiles intermediate
between the two parental strains [21].

Furthermore, adaptive laboratory evolution was employed using ammonium
molybdate as a selective pressure, an analog toxic to sulfate. Before applying the selec-
tive pressure, the yeast strain was sporulated, ascospores were dissected, and mating
was allowed to increase the genetic variability within the population.

In both cases, rapid and qualitative screening of variants was made possible
through the use of specific culture media (BiGGY). In total, 10 yeast variants were
obtained (2 hybrids and 8 variants through adaptive evolution) that met basic oeno-
logical parameters and exhibited phenotypic characteristics similar to the parental
yeast. Following pilot-scale fermentations in both synthetic and natural grape musts,
three candidate variants were selected for industrial-level fermentations: two hybrids
and one variant obtained through adaptive evolution.

Once produced at an industrial scale, the wines underwent analytical and sensory
evaluation. Wines produced using the variants obtained through hybridization exhib-
ited greater differences from the control strain in terms of terpenes and ester produc-
tion, as expected, while the evolved strain closely resembled the parental strain. Asa
result, not only were wine defects reduced at an industrial level, but the wines were
also noted for their enhanced floral and fruity characteristics.

On another note, efforts were made to reduce urea excretion during alcoholic
fermentation, as urea is the main precursor of ethyl carbamate. For this, only the
adaptive evolution technique was employed in the laboratory, similar to the first
study, using L-canavanine as a selective pressure, a toxic analog of 1-arginine [31].
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Following screening in the laboratory, a variant was selected for industrial wine
production, resulting in reduced urea production and improved fermentative capacity
of the yeast strain. The wines also exhibited significant differences in both chemical
composition and sensory analysis, once again being favorably rated by tasters com-
pared to those produced with the parental strain [31].

5. Mitigating the consequences of climate change on the veil of flor
formation

On the other hand, biological aging is a highly complex and delicate process. The
stability of the yeast of flor biofilm depends on various factors, with the environmen-
tal conditions of the specific winery being among the most defining.

Studying yeast populations that make up the flor film using molecular techniques
and analyzing their behavior during aging can provide valuable insights to better
understand the process. Research is crucial for developing strategies to maintain
the identity of these wines despite viticulture changes due to the effects of climate
change. Additionally, it is assumed that the yeasts present in this biological aging
system, whether or not they belong to the S. cerevisiae species, can be very interesting
from a biotechnological perspective, as they have had to adapt to very adverse condi-
tions to remain metabolically active.

The effects associated with climate change, such as rising temperatures, increased
carbon dioxide levels, and a significant reduction in rainfall, are directly impacting
the wine industry as a whole, with a particular focus on the Jerez region. As a conse-
quence of rising temperatures, excessive grape ripening occurs, leading to two direct
effects on the must’s composition: increased sugar concentration and reduced easily
assimilable nitrogen content. This imbalance can cause deviations during the base
wine fermentation, even when using commercial or selected yeast strains, resulting in
an increase in undesirable compounds in the wine, such as hydrogen sulfide or urea,
as stated before.

Furthermore, it is known that the stability of the veil of flor largely depends on
the wine’s ethanol content and cellar climatic conditions, including temperature and
relative humidity. Therefore, the effects of climate change directly impact the biologi-
cal aging process, progressively weakening the biofilm’s structure, composition, and
thus its activity. This can lead to the disappearance of the flor film from the wine’s
surface, causing not only oxidation but also a noticeable sensory deviation in biologi-
cally aged wines.

Despite the existence of classic methods for regenerating the flor veil through
direct grafts from a barrel with a healthy biofilm, it has been observed that the time it
takes for this veil to re-form is often lengthy. As a consequence, there is some oxida-
tion of wines undergoing biological aging, leading to a loss in their quality. Therefore,
we aimed to apply new techniques that would contribute to the development and
implementation of targeted flor veils.

We optimized a culture medium based on ethanol as the primary carbon source,
allowing for the fastest possible biofilm formation. Once we obtained the culture
medium that enabled faster flor veil formation, we developed a support printed with
a 3D printer using polylactic acid (PLA), a biodegradable material relatively stable in
acidic environments and with high ethanol concentrations. This latter prototype has
resulted in the publication of a patent (ref. P202130692).
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6. Searching for an alternative to wine ethanol in wine fortification

One of the key characteristics of Sherry wines is their classification within the
category of fortified or “encabezados” wines. For their production, it is essen-
tial to use alcohol to increase their alcohol content above 15% vol. The relevant
European legislation (Regulation [EU] 2019/934 of March 12, 2019) and the
Specification of the Designation of Origin (D.O.) restrict the type of alcohol
allowed for this category of products, exclusively authorizing alcohol obtained
through the distillation of wines.

For the fortification, topping, or enrichment of wines protected by the D.O.
Jerez-Xérés-Sherry, wine alcohol with an alcohol content ranging between 95.0 and
96.0% (v/v) is used, as stipulated by the relevant legislation. However, the impact
of using alcohols derived from raw materials other than wine alcohol on the micro-
bial populations present in wines aged under biological aging conditions (Finos) is
still unknown, as well as its effect on the generation of volatile components and its
influence on the sensory profile of these wines. Therefore, we proposed an alterna-
tive approach for fortifying wines using alcohols obtained from malt, grape pomace,
agave, sugarcane, and cereal, as well as wine alcohols obtained through various
distillation techniques. The results may reveal alternatives to the current use of grape-
derived alcohol, potentially impacting both product quality and cost-effectiveness
(results not shown).

Ongoing experiments at winery scale regarding the use of non-grape-based
alcohols at different alcohol levels than currently authorized for fortifying base wines
represent a variable that could potentially optimize the biological aging process of
Fino wines. Initial results reveal significant differences in the speed of development
and morphology of S. cerevisiae and P. kudriavzevii yeast biofilms for certain tests, as
well as variations in the volatile composition of the aging wines [32].

It is also expected that the sensory and compositional contributions of the differ-
ent alcohols will impact the organoleptic profile of Fino wines. Additionally, these
alcohols provide alternative carbon sources to the flor yeast, which could be of great
importance if the yeast assimilates these nutrients through metabolic pathways dif-
ferent from the usual ones. This could result in the formation of compounds that add
distinctiveness and quality nuances to the wine produced through biological aging.

7. Conclusions

The production of biological-aged Sherry wines is a distinctive process that relies
on the veil of Flor. The maintenance and storage of these cultures play a crucial role in
this process, leading to the development of unique low-molecular compounds respon-
sible for the distinct flavor and aroma of sherry wines.

Recently, numerous countries worldwide have begun adopting microbiological
and food technology to produce Sherry-like wines. In our previous research, we
endeavored to create a screening method for identifying promising veil-forming yeast
strains to craft Sherry-like wines.

This chapter has shown that the veil of flor requires careful consideration of essen-
tial winemaking factors and contributes to our comprehension of the evolution of flor
yeast. Furthermore, it aids in enhancing sherry production technology by integrating
new microbial compositions into industrial strains.
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On the other hand, biotechnological methods for yeast improvement focus on
enhancing genetic diversity naturally through sexual reproduction. Directed evolu-
tion, sometimes combined with mutagenic agents or sexual hybridization, increases
genetic and phenotypic variation for selection. Laboratory S. cerevisiae strains are
usually preferred due to their haploid nature and better understanding. However,
applying these techniques to industrial strains is challenging due to variable char-
acteristics like sporulation efficiency and spore viability, common in the laboratory
but not in industrial settings. Industrial strains are often polyploidy, lack suitable
markers, etc.

In the context of climatic change and biological aging as well, the PLA-printed
prototype has proven to be a powerful scaffold for veil of flor yeast at the laboratory
scale. This allows for grafting to occur more quickly than free yeast cells can achieve.
Nevertheless, further investigation is required to assess the stability of these scaffolds
in acidic environments and under increased temperatures, among other potential
factors they may encounter.

Flor yeast strains remain relatively understudied even today. Therefore, the aim
of this chapter has been to provide an updated overview of these yeast strains as of
the year 2023. We hope that this chapter will encourage further research and inves-
tigations into these fascinating microorganisms, particularly within the context of
Saccharomyces cerevisiae.
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Chapter 10

Use of Other Species in
Winemaking, and Their Interaction
with Saccharomyces cerevisiae

Duncan Hamm and Bernardo Muvioz Gonzdlez

Abstract

While Saccharomyces cerevisiae is recognized as the yeast species that completes the
process of alcoholic fermentation during winemaking, the use of starter cultures from
other species has become popular in recent years. Non-saccharomyces yeast cultures are
now widely used for their bio-protective effects and/or the contribution they make
to a wine’s sensory profile. Conversely, starters of wine lactic acid bacteria are also
commonly utilized around the same time as commercial Saccharomyces cerevisiae, as
an alternative to encouraging adventitious strains to proliferate. This could be either
for initiating malolactic fermentation during alcoholic fermentation, or more recently
for biological protection of musts prior to the fermentation process. The interactions
between S. cerevisiae and other species are documented in the following chapter. The
areas examined in more details include requirements of nutrients compared to S.
cerevisiae, whether complimentary of symbiotic. Active bioprotective agents such as
killer factors, the role of cell-to-cell contact, and the resultant effects on final wine
composition when co-fermenting with S. cerevisiae is also discussed.

Keywords: non-Saccharomyces yeast, malolactic fermentation, Oenococcus oent,
microbial interactions, wine bio-protection, wine aroma, mixed fermentation

1. Introduction

While Saccharomyces cerevisiae is generally regarded as the microbial species that
completes alcoholic fermentation in wine, it is far from the only species both present
and thereby in some way contributing to the process. Winegrapes, the key starting
material in winemaking, can contain a diverse range of microbial flora [1], so offer a
natural origin for these organisms in a given fermentation. They can also arise from
the winemaking environment itself [2] and will continue to be present and viable
some way into the winemaking process [3, 4]. Whether colonized on the initial
winegrapes or derived from the winemaking environment, typically the populations
of species other than S. cerevisiae are naturally far more abundant in the early stages
of winemaking than S. cerevisiae itself is [5].

More recently the use of oenological starter cultures not belonging to S. cerevisiae
has been adopted. Often these species are inoculated with some overlap to a thriving
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S. cerevisiae population. These include “non-Saccharomyces” yeast (NSY), effectively
any yeast not part of the Saccharomyces spp., as well as oenological lactic-acid bacteria
(LAB). Given that the vast majority of wine producing nations are observant of OIV
practices, commercialized cultured are required to be natural isolates derived from a
winemaking environment [6].

The benefits by applying such cultures will vary on depending on the application,
but predominantly these are used to enhance the overall sensory profile in some way, or
for biological protection against spoilage processes. In the case of oenological bacterial
cultures, their use could be for biological protection, although in the vast majority of
cases these are inoculated in order to initiate malolactic fermentation (MLF).

1.1 Non-Saccharomyces yeast

Naturally present in the winemaking environment, NSY make up a significant part
of the microbiome of a given fermenting wine, not just in musts where indigenous
alcoholic fermentation is encouraged [7], but also in those inoculated with commercial
S. cerevisiae starters. While in these “inoculated” fermentations the inoculated strain
of S. cerevisiae proliferates, thereby giving the winemaker a more predictable outcome,
other species are present to some degree at different stages of the process. In contrast,
in “un-inoculated” fermentations, NSY species will be dominant in the early stages of
fermentation [3]. The question of what effects specific these species can have, has led
to them being isolated, then studied in a controlled manner. Having the potential to
impart positive impacts upon a given wine has led to them being evaluated for their
commercial appeal, which in turn led to the launch of the first NSY cultures around
20 years ago. Initial commercialized starters were a blend of NSY and S. cerevisiae,
followed later by single-species starters. In the years since, the NSY species have
been launched as commercial wine yeasts, includes but is not limited to; Torulaspora
delbreuckii, Lachancea thermotolevans, Metschnikowia pulcherrima, Metschnikowia

fructicola, Pichia kluyveri and Hanseniaspora vineae, as detailed in Table 1.

The application of NSY species in winemaking has focused on two areas. The first
of these is organoleptic impact. This could be from one of the following or a combina-
tion of; the production of volatile flavor compounds, the modulation of acidity or the
production of non-volatile compounds that affect the perceived texture of a wine. In
contrast, biological protection has been the other area where NSY have been studied
and applied. This practice extends to applying NSY to prevent spoilage organisms

Species No. of products Suppliers
Hanseniaspora vineae 1 Oenobrands
Lachancea thermotolerans 9 AEB, Chr. Hansen, Lamothe-Abiet, Laffort,

Lallemand, ICV

Metschnikowia fructicola 1 Lallemand

Metschnikowia pulchervima 9 Ersbloh, Deveze, AEB, Lamothe-Abiet, Laffort,
Lallemand

Pichia kluyveri 1 Chr. Hansen

Torulaspova delbreuckii 7 AEB, Agrovin, Chr. Hansen, Lamothe-Abiet, Laffort,

Lallemand, ICV

Table1.
List of commercially available NSY cultures in France, 2022 [8].
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from proliferating, to preventing oxidative reactions in must, or to ensuring certain
desirable organisms have a healthy environment in which to flourish.

Typically, NSY is inoculated sequentially in winemaking, as represented in
Figure 1. This allows the NSY population to dominate the winemaking environment,
before S. cerevisiae is later introduced complete the alcoholic fermentation.

1.2 Oenological bacteria

Oenological bacterial cultures were developed in the later part of the 20th
century. Then, as with today, the two species that were initially commercialized
were Oenococcus oeni and Lactiplantibacillus plantarum. The former was developed
as an alternative to relying on adventitious lactic-acid bacteria to develop in a wine,
whereby MLF could be managed more effectively. The first “direct inoculation”
starter for MLF, Viniflora® Oenos™, was launched in 1993. Its efficacy was based on
implanting a high number of viable cells into a given wine, above the threshold of
1.0E+6 cfu/ml required for MLF to start [9]. In contrast, the first oenological culture
based on L. plantarum was for a deacidification in juice or must, by completing a
partial MLF at this early stage of winemaking.

The process of MLF was seen as being distinct from alcoholic fermentation, so
inoculation of O. oeni starters generally took place after S. cerevisiae had finished con-
verting sugars to ethanol. The only exception was the L. plantarum mentioned above,
as this was designed to be inoculated prior to alcoholic fermentation. Nevertheless,
whether before or after, the two fermentations of alcoholic and malolactic fermenta-
tions in wine were seen as being distinct. In the more recent past this approach had
been challenged by the adoption of the practice known as “co-inoculation”. Although
successfully demonstrated since 1985 [10], adopting the practice was initially very
slow. Since the turn of the century, the practice has become more widespread. At
the same time the risks associated with co-inoculation are better understood, and

A Inoculation
of NSY

Inoculation of
S. cerevisige

Sugar

Must Wine
Time

4

&
+

Figure 1.

The depiction of sequential inoculation with NSY. NSY is introduced to must first, its population shown by the
solid blue line. After a period of 2-3 days, S. cerevisiae (dotted green line) is then inoculated, so that alcoholic
fermentation can complete. The sugar concentration is shown by the dashed black line.
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Figure 2.
The population overlap between S. cerevisiae and O. oeni when using co-inoculation, when compared to the more

traditional sequential MLF. The relative population of S. cevevisiae is depicted in gray with a dashed outline,
while O. oeni is depicted in blue with a solid outline.
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Figure 3.
The passive and active strategies used when applying culture for biological protection, taken from [15].

measures can be taken to minimize deviations. This can be done in two ways, firstly
by ensuring the winemaking parameters such as pH, temperature and sulfite con-
centrations are conducive to both the yeast and bacteria being employed. Secondly,
through selecting both yeast and bacterial strains that do not exhibit antagonism,
risks of deviations are minimized [11]. The overlap of yeast and bacterial populations
during co-inoculation are shown in Figure 2.

A further, emerging application of oenological bacteria in winemaking is by utiliz-
ing L. plantarum for biological protection against spoilage organisms in musts. While
the topic of biological protection is relatively recent, it was initially only focused on
NSY [12]. It is apparent that there is a role for bacteria to play in this as well [13, 14].
This is highlighted in Figure 3, summarizing the “active” and “passive” mechanisms
at play when using microbial cultures for biological protection.

2. Interactions with Saccharomyces cerevisiae

2.1 Population dynamics

In the nutrient and oxygen poor environment of a fermenting wine, by the end
of the process, S. cerevisiae is recognized as becoming the dominant species of yeast.
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This extends to a wine fermentation where a NSY has been inoculated, although the
population numbers S. cerevisiae can reach are generally lower than when compared
with S. cerevisiae-only wines [16]. The converse effect has also been clearly demon-
strated, where an active population of S. cerevisiae, can cause a significant decline
in populations of NSY [17]. This may be due to competition for space, nutrients or
through the production of inhibitory substances. Transcriptomics suggest that both
S. cerevisiae and NSY strains impact upon the genetic expression of one anotherina
mixed fermentation [18].

Given that classical microbiological plating has been used for most of these popu-
lation studies, it has been proposed more recently that NSY are not necessarily dead
but could be in a viable but non-culturable state (VBNC). While these population can
later be revived [19], it does not detract from the dominance seen from S. cerevisiae. It
merely challenges the correct state of any NSY populations that could be present.

Like NSY, oenological populations of LAB can also be impacted by the presence of
S. cerevisiae. The causes for this will be examined in more detail in the following sec-
tions. Conversely, S. cerevisiae populations are seldom impacted by inoculated LAB.
This is unsurprising given the MLF still takes place after alcoholic fermentations for
many wines, but even when co-inoculation practices care used, there has been little
impact demonstrated on S. cerevisiae populations [20, 21].

2.1.1 Cell to cell contact

Physical contact between cells from differing yeast populations (cell-cell contact)
has been demonstrated as an important aspect when assessing population dynamics
during winemaking. Investigated by using double-compartment fermentation vessels
(P, kluyveri), or by sterile-filtration between inoculating yeast populations (L. ther-
motolerans, T. delbrueckii), S. cerevisiae can become increasingly dominant over NSY
when physically together [17, 22]. It has been demonstrated that this phenomenon
is most associated with the presence of the FLO family genes in S. cerevisiae, which
control flocculation [23].

Some studies have also showed that by physically removing NSY, the health of S.
cerevisiae is subsequently affected. This most likely due to removing nutrients along
with the NSY, rather than any absence of cell-cell contact [24-26].

2.2 Nutrient requirements

Wine microorganisms require nutrients to survive and thrive, so that the ultimate
end-goal of producing a sound wine in a timely manner can be realized. Given that
the wine microbiome changes during fermentation, whether with inoculated or
native organisms, the potential for competition for nutrients exists throughout. It is
clear however the requirements for different species, or even different strains within a
species, will vary. In order to properly manage wine fermentations, these differences
need to be considered and wherever possible be managed.

2.2.1 Assimilable nitrogen

Nitrogenous compounds, typically amino acids and ammonium ions are required
by yeasts for growth. The sum of the concentrations of these are expressed as Yeast
Assimilable Nitrogen (YAN). The nitrogen demand between different strains S.
cerevisiae does vary [27], however the typical guideline for a healthy alcoholic
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fermentation in wine is a YAN concentration > 150 mg/L. In contrast, oenological
LAB cannot utilize ammonia, with the requirement for a healthy population of O.
oeni being 60 mg/L of amino acid nitrogen [28]. The inclusion of additional microbial
species, sometime in the winemaking process, can thereby lead to competition with a
higher demand for YAN when NSY and S. cerevisiae populations are together [29].

The nitrogen requirements of NSY will also vary between species [30]. When
studying commercial strains of L. thermotolerans, T. delbrueckii, P. kluyveri and M. pul-
cherrima, it was shown that the first two species consume the available nitrogen, both
amino acids and ammonium, at a much faster rate than the latter two. Furthermore,
upon filtering samples inoculated with these two species, then inoculated with S.
cerevisiae, primary fermentation was unable to complete. In contrast, when the same
conditions were applied to both P. kluyveri and M. pulcherrima, there was much less
competition for nutrients, thereby allowing primary fermentation to finish. In all
cases the fermentation completed when S. cerevisiae was inoculated without filtra-
tion [25]. This suggests lysing of the NSY cells is required in order to supply enough
nitrogen to the S. cerevisiae. A further facet examined in the same study is around the
release of certain amino acids back into the fermenting wine by P. kluyveri and M.
pulcherrima early in the first 48 hours of winemaking, as detailed in Figure 4. While
limited scientific data exists on this, it does propose a mechanism for certain strains of
NSY to be used in low-intervention winemaking, to help ensure native S. cerevisiae is
adequately fed.

When it comes to oenological bacteria, there is also the risk of competition
between S. cerevisiae and the bacteria being utilized. In most cases, bacteria are
inoculated after yeasts are, and will have a lower nitrogen demand. Given that MLF is
seen as requiring an amino nitrogen concentration of 60 mg/L, depletion of nitrogen
is generally only seen against bacteria, from yeasts, not the other way around. Given
that the concentration of assimilable nitrogen in a wine pre-MLF can vary, including
as aresult of differing YAN requirements between strains of S. cerevisiae, to ensure
successful MLF it is often recommended to measure the amino nitrogen concentra-
tion, and address any nitrogen deficiencies, at the start of this process.

2.2.2 Thiamine and B1 vitaminers

Thiamine is necessary for successful growth of wine yeasts. While many yeasts can
synthesis this compound, it has been suggested that it is not possible under the stress-
ful conditions of a wine fermentation. Previous work has suggested that indigenous
strains of Hanseniaspora uvarum can quickly deplete exogenous thiamine present in
must, thereby depriving S. cerevisiae of this vitamin and leading to stuck alcoholic
fermentation [31]. More recent work investigating another apiculated yeast, H.
vineae, found no such effect on the S. cerevisiae present [32]. The Thiamine uptake of
T. delbreuckii has also been investigated and found to be consumed at roughly a similar
rate as S. cerevisiae [24]. Three other species Starmerella bacillaris, M. pulcherrima
and T. delbrueckii demonstrated slower uptake of Thiamine and other Bl Vitamers at a
lower rate than S. cerevisiae [33, 34].

2.2.3 Pantothenic acid and B5 vitaminers

The uptake and release of Pantothenic acid, and its B5 cofactor form Coenzyme
A by NSY has been investigated. All strains studied in [32] found that both B5 vita-
miners were synthesized early after inoculation, however T. delbrueckii was found to
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The uptake and subsequent velease of amino acids by S. cerevisiae and four commercial NSY in the first 48 hours
of fermentation. In the cases of the P. kluyveri and M. pulchervima there is significant velease of certain amino
acids back into the fermenting wine. Taken from [25].

re-consume a proportion. This has implications when later inoculating S. cerevisiae,
as competition for these vitamins could potentially lead to decreased numbers and
sluggish fermentation. In contrast, by synthesizing B5 vitaminers, S. bacillaris

and M. pulcherrima could provide a beneficial environment for a later S. cerevisiae
inoculation.

2.3 Inhibitory compounds

A range of inhibitory substances can be produced by oenological organisms,
whether by S. cerevisiae, NSY or by LAB. For the latter, inhibitory compounds have
not been reported with commercialized starters, but sluggish fermentation has been
linked to adventitious spoilage strains of LAB [35]. Yeasts however are capable of
producing a range of toxic compounds, the most obvious of which is ethanol. In fact
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the production of ethanol, and the subsequent toxicity to NSY is seen as one of the
key mechanisms for S. cerevisiae to dominate a wine fermentation.

2.3.1 Sulfur dioxide

While sulfur dioxide (SO,) remains the preeminent preservative used in winemak-
ing, to control both oxidative and microbial spoilage, it is also a compound that can be
synthesized by S. cerevisiae by the sulfate assimilation pathway. The concentrations of
SO, produced depends on both the strain, and the winemaking conditions, and can
vary widely. When expressed as Total-SO, (the sum of the concentrations of molecular
SO,, free bisulfate ions and bisulfate ions bound to other moieties) the concentration
produced can range from 20 to 200 mg/L, [36]. This has very important implications
for when applying NSY or LAB con-currently as these two families have a much lower
tolerance to SO, than S. cerevisiae, or at least those strains of S. cerevisiae selected as
oenological starters. This therefore reinforces the typically applied sequential inocula-
tion of NSY, allowing them to proliferate before S. cerevisiae comes to dominate. For
bacteria, to ensure successful MLF, it is therefore suggested to ensure the S. cerevisiae
employed for the alcoholic fermentation does not produce excessive SO,. A good rule
of thumb is to keep the concentration of T- SO, below 40 mg/L, although specific
tolerances can be cross-referenced with the supplier of MLF bacteria.

2.3.2 Medium chain fatty acids

Octanoic, decanoic and dodecanoic acids (C8, C10 and C12 respectively) are
medium chain fatty acids (MCFA), always produced by wine yeasts to some degree
during wine fermentation. In fact, ethyl esters of these compounds are seen as ben-
eficial flavor compounds in wine while higher concentrations of free MCFA are seen
as having a direct effect of sluggish fermentation [37]. While the toxicity of MCFA to
NSY is not well studied, the production of these has been investigated. Oxygenation
of mixed fermentations, with either Lactobacillus L. thermotolerans or T. delbrueckii
and S. cerevisiae, gave lower MCFA concentrations than the same combinations
fermented anaerobically, as well as the S. cerevisiae-only control. Low MCFA concen-
trations were also seen in single-strain NSY fermentations. This suggests that both
of these commercial NSY strains involved in the study will naturally produce lower
concentrations of MCFA [38]. These results also lead the authors to conclude with the
presence of oxygen encouraged the incorporation of MCFA into longer fatty acids via
Acetyl-CoA carboxylase activity.

MCFA are inhibitory to oenological bacteria, especially in their unesterified
free forms. As with SO,, it is important that that the concentration of these is kept
below a certain threshold. This is below 12.5 mg/L for C10 and 2.5 mg/L for C12 [39],
although individual tolerances between different strains of LAB will vary. Fermenting
S. cerevisiae at warmer temperatures had been shown to give lower MCFA concen-
trations in the final wine [40], however the innovative approach of utilizing NSY
combined with oxygenation could be another approach.

2.3.3 Killer toxins

The ability of yeast strains to both produce specific extracellular proteinaceous
compounds that can kill other yeasts, referred to as killer toxins, has been well
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studied. For S. cerevisiae there are three killer toxins, referred to as; K1, K2 and K28,
and these are only active within the species. Strains can either produce a killer toxin
or be sensitive to toxins. Within oenology, the killer toxin status between differ-

ent strains of commercial S. cerevisiae starters is therefore often published by yeast
manufacturers, and expressed as ‘positive, ‘sensitive’ or ‘neutral’ The latter referring
to strains where no toxin is produced and there is not sensitivity to the three known
killer factors for S. cerevisiae.

Killer toxins have also been shown to be produced by various NSY strains, and
utilizing these has been proposed as a biological protection strategy in winemaking.
In [41] only a minority of these are active at wine pH, and when they are, none have
been shown to be from NSY species that have been commercialized. T. delbrueckii is
capable of producing a killer toxin referred to at TDKT, however no effect on com-
mercial S. cerevisiae strains from this toxin has been observed [42]. Likewise, no
inhibition of S. cerevisiae from killer toxin was seen in when investigating a commer-
cial strain of T delbreuckii in [24].

A similar situation exists for L. thermotolerans, with some studies suggesting
strains of this species are positive for a killer toxin against S. cerevisiae. As the meth-
odology for establishing such killer factors is carried out at pH 4.50, higher than that
of wine, it can be argued that it is of limited value in oenology. Conversely multiple
studies with L. thermotolerans in combinations with various strains of S. cerevisiae,
repeatedly demonstrate the dominance of the latter species [43].

P, kluyveri has long been associated with producing killer toxin [44] active against
S. cerevisiae, more recently labeled as PKKP [45]. While exhibiting less activity at
the relatively low pH range of wine, the question of whether commercialized strains
of this species produce this toxin should naturally be raised. It would seem unlikely,
and while not directly studied in [22], it would appear that no killer toxin from the
commercial strain of P. kluyveri used (Viniflora® FrootZen™) affected the growth of
the S. cerevisiae employed.

M. pulcherrima has also been found to be positive for killer toxin against a sensi-
tive strain of S. cerevisiae in one study [46], however the same arguments around the
validity of the test being carried out at high pH apply. Interestingly, two of the authors
conclude in a later paper that much of the antimicrobial activity of this species is via
the production of pulcherriminic acid rather than killer factor [47]. In the same later
study and using the same test for killer toxin, no inhibition was seen against the 18
commercial strains of S. cerevisiae tested.

2.3.4 Other biological inhibitors

Beyond killer toxins, there are other peptide-based inhibitory substances produced
in mixed fermentations. Anti-microbial activity was seen against L. thermotolerans
and T. delbrueckii when investigating a secreted protein fraction, 2-10 kDa in size,
from a specific S. cerevisiae strain [48], later shown to be derive from a specific
protein, abbreviated as GADPH [49].

Extracellular vesicles (EV) are another potential group of potentially inhibitory
compounds in yeast-yeast interactions. EV’s 100-200 nm in size were found to be
produced by all six species studied in [50]; S. cerevisiae, L. thermotolerans, H. uvarum,
Candida sake, M. pulcherrima and T delbrueckii. While in this study inhibition of the
T delbrueckii toward S. cerevisiae was seen, it was not from the most abundant EV
produced. No doubt more light will be shed on this topic in the coming years.
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While killer toxins are seen as a yeast-yeast interaction, there is also evidence
that yeast derived peptides can be inhibitory to oenological bacteria. For instance,
the protein fraction derived from GADPH and studied in [49] was also found to be
inhibitory toward a strain of O. oeni. Other studies where anti-microbial peptides
derived from S. cerevisiae were found to inhibit bacteria suggested differing sizes of
these substances. This suggests the peptides themselves, and their production, varies
across the species [51].

3. Effects on final wine composition

With the goal of producing expressive, sound and fault-free wines in an economic
fashion, cultures of species other than S. cerevisiae, whether LAB or NSY have become
an indispensable tool at the winemaker’s disposal. Whether utilized to ensure timely
fermentation processes, to mitigate against spoilage, or to optimize the resultant
organoleptic characters, it is expected that in most cases there will be an impact on the
final wines composition from these species.

3.1 Mitigation of spoilage characters through biological protection
3.1.1 Ethyl phenols

The ethyl phenols 4-Ethyl Guaiacol (4-EG) and 4-Ethyl Phenol (4-EP) can arise in
wine due to the presence one of the most serious of wine contaminants, Brettanomyces
bruxellensis. While SO, has traditionally been used to help mitigate against the
outgrowth of B. bruxellensis, this approach is likely to become more challenging in the
future due to increasing growing season temperatures leading to increased wine pH,
and the ability of B. bruxellensis to adapt to SO, [52].

Two bioprotective strategies can be employed against B. bruxellensis. The first is
to treat must by inoculation with a pre-fermentative NSY, early in the winemaking
process. Some strains of M. pulcherrima have been shown to have antimicrobial
activity against B. bruxellensis [47]. The mechanism for this has been demonstrated
to be due to the chelation of iron by pulcherriminic acid, thereby starving the
contaminants of this essential mineral. Interestingly, this mechanism seems to have
little effect on S. cerevisiae. Ethyl phenol development from B. bruxellensis contami-
nation does however generally arise later in the winemaking process, after alcoholic
fermentation is complete. Whether this early inhibition of B. bruxellensis persists is
inconclusive.

The second and most effective microbial strategy against B. bruxellensis that can be
utilized is to inoculate wine, or in the case of co-inoculation must, with MLF bacteria.
Given that B. bruxellensis develops later in the winemaking process, by ensuring MLF
starts and finishes in a timely manner from the inoculated bacteria, the opportunity
for this species to build numbers is severely limited. In contrast, while waiting for
adequate numbers of O. oeni to develop when relying on adventitious populations,

B. bruxellensis has the opportunity to grow in the warm environment, largely free of
sulfites. While the main protective effect seen is simply from the ability to microbially
stablise a given wine sooner, this has been recent evidence to suggest O. oeni exhibits
a fungistatic effect on B. bruxellensis, through cell-cell interactions. This is however,
likely to be strain specific [53].

210



Use of Other Species in Winemaking, and Their Interaction with Saccharomyces...
DOI: http://dx.doi.org/10.5772/intechopen.1003636

3.1.2 Volatile acidity

The excessive production of volatile acids in wine, predominantly acetic acid
(AA) is a serious deviation, and limits of such acids are often mandated by law.
While AA can be caused by spoilage organisms, particularly apiculated yeast and
Acetic Acid Bacteria, it can also arise from the population of S. cerevisiae present.
During alcoholic fermentation there will always be a small quantity of AA produced,
so ensuring this stays at a low concentration is important. The tendency of S. cere-
visiae to produce AA increases with more osmotic stress. Specific NSY strains of L.
thermotolevans, T. delbrueckii, S. bacillaris and M. pulcherrima in comparison have
often been shown to produce less AA in a single-species fermentation [46] however
the lower AA effect also occurs in mixed NSY-S. cerevisiae fermentations with the
same strains. This suggested commercial strains of NSY are an effective tool in the
styles of wine most susceptible to elevated AA, for instance wines from very high-
sugar musts [54].

When it comes to AA production from spoilage organisms, often oxygen is
required to this to occur. Excluding oxygen during the winemaking process therefore
become an important measure to limit AA production. While little scientific data
exists on oxygen-uptake rates of NSY c.f. S. cerevisiae, this is an emerging area for

further study [55].
3.1.3 Chemical oxidation

Chemical oxidation in winemaking is generally prevented by good cellar
practices, that prevent oxygen exposure, combined with the use of anti-oxidants,
predominantly SO, and to a much lesser extent ascorbic acid. Like S. cerevisiae,
NSY will readily consume dissolved oxygen in must. Identifying candidates that do
this most rapidly could have application in low-sulfite winemaking. This could be
combined with the properties of M. pulcherrima to produce pulcherriminic acid,

a substance which will chelate with iron ions [47]. Given many oxidative reactions

in must and wine are catalyzed by the presence of metal ions, effectively removing
these from the must/wine matrix could prevent potentially mitigate against oxida-
tion to some degree [56].

3.1.4 Biogenic amines

Biogenic amines (BA) arise from the decarboxylation of amino acids by certain
wine microorganisms. Histamine is the most predominant BA found in wine, aris-
ing from the decarboxylation of histidine, but others produced include cadaverine,
putrescine and tyramine. While BA primarily arise from LAB, yeast species can also
play a role. To limit their formation, it is therefore suggested to use commercial strains
with little or no decarboxylase activity against histidine and the other relevant amino
acids [57]. Given BA arise from the activity of adventitious flora, the use of strains for
biological-protection can potentially also play a role.

3.2 Flavor compounds

In wines fermented in conjunction with species other than S. cerevisiae, the resul-
tant flavor compounds produced have a significant effect on the final sensory profile.
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These effects have been extensively studied in both the scientific literature and wine-
making field trials. The following is by no means an exhaustive list of such work, but is
a summary of the most important compounds, from a wine-aroma point of view.

3.2.1 Esters

Esters are compounds formed in wine by the combination of acids and alcohols,
either by the action of microorganisms such as yeasts or bacteria (biological esterifi-
cation) or during storage and aging (chemical esterification). They are produced by
yeast via esterase activity, and may be volatile or non-volatile.

A wide range of yeast-derived esters are formed during a wine fermentation.

This includes ethyl esters, acetates and esterified forms of fatty acids and higher
alcohols. An increase in the concentrations of the sum of all esters measured was

seen in [58, 59], where sequential mixed inoculations of S. cerevisiae and NSY were
evaluated against S. cerevisiae only controls. In the former paper L. thermotolerans, T.
delbrueckii and H. vineae were studied, whereas three strains each of L. thermotolerans,
Metschnikowia spp. and S. bacillaris were the NSY species investigated in [59].

One particularly important ethyl ester to consider is ethyl lactate (EL), which is
known to impart a strawberry-like aroma. While S. cerevisiae-only wine fermentations
generally have very low concentrations, L. thermotolerans is able to produce L-lactic
acid from grape sugars, which in turn acts as a precursor for EL production [43]. EL
production is not however restricted to L. thermotolerans as LAB will also produce
L-lactic acid, and EL. In the case of L. plantarum however, although somewhat strain
dependent, the production of EL can far exceed that from O. oeni. L. plantarum
therefore has the potential to make a positive contribution to wine aroma [59].

Acetate esters can often be more readily synthesized by NSY when compared to
S. cerevisiae. In some cases this can be beneficial, such as for 2-phenylethyl acetate,
which imparts a pleasant rose-like aroma. H. vineae in particular has been selected for
this characteristic [60], although it has also been measured at more moderate concen-
trations in fermentations with T. delbrueckii also [61].

Isoamyl acetate is another acetate ester that has been widely studied. Giving a
banana-like aroma, some strains of S. cerevisiae are promoted on the ability to produce
this compound, using isoamyl alcohol as a precursor. While concentrations of this
compound produced with respect to S. cerevisiae varies across studies, it is generally
observed that P, kluyveri will increase concentrations [25].

While isoamyl acetate and 2-phenylethyl acetate are important acetate esters,
without negative connotations, production of acetate esters may not always be benefi-
cial to wine quality. One example is ethyl acetate, which while contributing positively
at low concentrations, will give solvent-like characters at elevated levels. While some
strains of H. uvarum are capable of producing very high concentrations [62], fortu-
nately commercial NSY do not produce elevated concentrations of ethyl acetate. In
fact, often lower ethyl acetate concentrations are measure in wine co-fermented with
both NSY and S. cerevisiae compared to S. cerevisiae alone [61, 63].

Ethyl esters of MCFA such as ethyl hexanoate, ethyl octanoate and ethyl decanoate
also play an important role in wine flavor chemistry. Research shows that co-ferment-
ing with NSY does influence the concentration of these [46]. Whether concentrations
increase or decrease for a particular ethyl ester of a MCFA depends very much on both
species and strain, as well as the S. cerevisiae being employed.
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3.2.2 Thiols

Three specific sulfur-containing flavor compounds, 3-mercaptohexan-1-ol
(3MH), 3-mercaptohexyl acetate (3MHA) and 4-mercapto-4-methylpentan-2-one
(4MMP) have been extensively investigated for the positive effects that they have on
wine aroma. While imparting aromas of boxtree, passionfruit and grapefruit these
are in contrast to much smaller mercaptans, such a dimethyl disulfide and methane-
thiol, which impart negative characters. As the three volatile thiols are not naturally
present in wine grapes, yeasts are required to release these from their precursors,
cysteinylated and glutathionylated forms of 4MMP and 3MH. Further conversing of
3MH to 3MHA then takes place from alcohol-acetyltransferases.

While many S. cerevisiae starters are marketed for their ability to release
volatile thiols, NSY can play important role too. P. kluyveri has been investigated,
and subsequently a commercialized NSY starter has been promoted around increas-
ing 3MH and 3MHA concentrations. Interestingly, the interaction between this
species and the strain of S. cerevisiae used is crucial. While the combination of P,
kluyveri and S. cerevisiae can lead to an increase in both 3MH and 3MHA, for some
strains of S. cerevisiae this led to an increase in only one of these, or in some cases
neither [64].

Other NSY species shown to increase volatile thiol concentrations include
T delbreuckii, L. thermotolerans, M. pulcherrima and S. bacillaris [64, 65].

3.2.3 Terpenoids

Terpenoids such as monoterpenes, sesquiterpenes and norisoprenoids are an
important group of aroma compounds in wine. Generally existing primarily in
non-volatile “bound” forms in grapes, the free equivalents are released by glycosidase
activity. An increase in overall total terpene concentrations from co-fermentations of
NSY and S. cerevisiae has been demonstrated in various studies, which is unsurprising
given NSY exhibit greater p-glucosidase activity when compared to S. cerevisiae [66].
This effect however is not seen in all cases, suggested that under winemaking condi-
tions, some strains of S. cerevisiae have roughly equivalent activities [63]. Interestingly
O. oeni can also have significant glycosidase activity, resulting in increased concentra-
tions of free terpenoids during MLF [67].

3.2.4 Others

The production of higher alcohols has shown to vary across yeast species, which
can vary further whether co-fermented with S. cerevisiae. This can be linked to some
degree to amino acid consumption, with production via the Ehrlich pathway, but not
exclusively so [25].

2,3 Butanedione, commonly referred to as diacetyl, as another biologically impor-
tant flavor compound. Its production in wine derives from citrate-fermentation by
LAB, primarily O. oeni, followed by chemical oxidation of the intermediate com-
pound, a-acetolactate. Co-fermentation between O. oeni and S. cerevisiae will have a
significant reduction on concentrations of diacetyl formed, both through viable yeast
cells being able to take up this compound, and by the presence of an active population
of S. cerevisiae ensuring oxygen concentrations are depleted.
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3.3 Acidity modulation

In winemaking, the biological process which has the largest impact upon a wine’s
acidity in MLF. When carrying out this process with O. oeni in conjunction with
alcoholic fermentation, some studies have shown a slight increase in pH or titratable
acidity, compared to running both fermentations sequentially [21]. The bacterial
genus that offers the most oenological promise for carrying out such acidification
however is Lactobacillus, utilizing the production of lactate from grape sugars. Due
to the generally low tolerance to ethanol from Lactobacilli, this process needs to take
place early in the winemaking process, so most likely with an overlap with the pres-
ence of S. cerevisiae.

One particular species of NSY that offers an alternative to LAB for MLF is
Schizosaccharomyces pombe, through maloalcoholic fermentation [68]. While two
examples have been commercialized, their use to date has been very limited.

L. thermotolerans is the most high-profile NSY species investigated for the effect that
it can have on wine acidity. Like Lactobacillus spp., it can synthesize lactate from sugars.
The immediate application for such yeasts is for musts lacking in acidity [43], so is not
surprising that it is one of the most utilized NSY species in winemaking [8], producing
up to 8 g/L of Lactic acid. While helping to balance low acidity, further benefits include
a potential shift to higher concentrations of molecular SO, from unbound sulfites, as
well as potentially lower final ethanol concentrations. Both are depicted in Figure 5.

3.4 Textural elements

A long-held belief among some parts of the winemaking community is that wines
fermented using spontaneous fermentation, so by inference using adventitious NSY
to a large degree, give a fuller mouthfeel than ones simply inoculated with S. cere-
visiae. Research into mixed fermentations of NSY and S. cerevisiae has been able to
clearly demonstrate a connection between a more diverse yeast ecology and increased
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Figure 5.

The effect on lactic acid production (green line), alcohol content (blue line), pH, and molecular SO, when
running sequential fermentation, fivst with L. thermotolerans (green yeast) and then with S. cerevisiae (pink
yeast). Taken from [12].
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palate-weight, with NSY often producing levels of polysaccharide well in excess of S.
cerevisiae alone [46], as detailed in Table 2. It is unsurprising that yeast cell walls are
largely composed of polysaccharides, which can be released into the medium upon
cell lysis. Polysaccharides are compounds soluble in alcohol, and the combination of
polysaccharides with tannins and anthocyanins increases viscosity and fullness in
the mouth, provides complexity and aromatic persistence, reduces astringency, thus
improving the structure, density and texture of the wine and stabilizes the color-
ing matter [69]. Although increases have been observed with many species of NSY,

Inoculum, Ethanol pH Total Volatile Glycerol A Polysaccharides
(cells mI™) (% v/v) acidity acidity (g I (mg Ih
(g™ (g™

S. cerevisiae 107 1393 + 320+ 7.05 + 046 + 6.23 + 0.54* 97 + 10
0.06* 0.04% 0.04% 0.07%

S. cerevisiae 10° 13.87 + 316 + 712+ 011 047+0.01* 6.65+0.05* 98 + 11°
0.00* 0.05*

S. cerevisiae 10° 13.88 + 317 + 702+ 0.50 + 646 + 0.52° 68 +3.0°
0.03* 0.21° 0.05* 0.06%

C. zemplinina + S. 13.83 + 321+ 6.88 + 043 + 6.25 + 0.30 123 + 42°

cerevisiae 107 0.04* 0.01% 0.27 0.04*

C. zemplinina + S. 1378 + 315+ 6.84 + 044 + 718 +1.30° 140 + 42°

cerevisiae 10° 0.05% 0.05° 0.02° 0.06%

C. zemplinina + S. 13.64 + 3.08 + 6.88 + 052+0.01° 795+1.28 181 + 48*

cerevisiae 10° 0.04° 0.18° 0.04%

L. thermotolerans + 13.80 + 316 + 730 + 038+ 6.95 + 0.20° 133+ 1.0°

S. cerevisiae 10’ 0.02* 0.01* 0.07 0.01°

L. thermotolerans + 13.80 + 297 + 9.00 £ 040 + 729 + 0.96° 139 + 10*

S. cerevisiae 10° 0.01° 0.03° 1.96" 0.00*°

L. thermotolerans + 13.70 + 290 + 9.20 + 0.40 + 758 + 0.46° 158 + 3.0°

S. cerevisiae 10° 0.18 0.01° 1.93° 0.00"

T delbrueckii + S. 13.90 + 319 + 712 + 038 + 5.88 + 157 + 16

cervevisiae 10 0.04 0.01 0.02 0.01° 0.04*

T delbrueckii + S. 13.85 + 310+ 736+ 0.5 0.40 + 6.14 + 0.22* 269 + 44°

cerevisiae 10° 0.08* 0.08*P 0.04*°

T delbrueckii + S. 13.76 + 3.08 + 734 + 041+ 6.29 + 0.61° 308 + 42°

cerevisiae 10° 0.04 0.11° 049* 0.01*°

M. pulcherrima + S. 13.87 + 340 + 633+ 030 + 653+ 027 120 + 10

cerevisiae 10 0.01° 0.08° 027 0.04°

M. pulcherrima + S. 1379 « 339+« 6.50 + 034+ 6.98 + 126 + 10*

cerevisiae 10° 0.13* 0.14° 0.16 0.07° 0.00°

M. pulcherrima + S. 13.65 + 340 + 6.64 + 033+0.01° 725:025 154 + 17

cerevisiae 10° 0.19° 0.00° 037

Data are means + standard deviations of two independent experiments. Values displaying different superscript letters
(") within each column are significantly different according to the Duncan test (0.05%).

Table 2.

Analytical profiles of wines fermented as mixed culture of S. cerevisiae and four different NSY. While an increase
in polysaccharide concentration is measured for all four NSY species, the increase is significantly greater for T
delbrueckii. Taken from [46].
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T. delbrueckii is seen as the species which can give the largest increase to the final
polysaccharide concentration of a given wine [70, 71].

4, Conclusion

The microbiome of grapes, must and wine during winemaking is complex, with
multiple interactions taking place between populations, whether naturally present or
inoculated. While S. cerevisiae is dominant at the later stages of alcoholic fermenta-
tion, there are key interactions between this and other microbial species, whether
NSY or bacteria.

The use of oenological bacterial cultures and NSY has grown significantly in
recent years, as winemakers strive to make expressive and fault-free wines, which are
true to their origins. This could be to bring biological protection, enhance the organo-
leptic profile, or in the case of oenological bacteria, to induce MLF. In order to ensure
success however, it is important to understand the potential relationships between
inoculated populations.

The benefits of utilizing species other than S. cerevisiae are multiple, whether
increasing volatile flavor compounds, helping to prevent the effects of spoilage or
impacting the acidic profile of the final wine.
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Diacetyl Production during
Brewing and Its Management
through Process Optimization and
Molecular Evolution of Yeast

Dagnew Bitew and Berhanu Andualem

Abstract

Diacetyl is butter-tasting off-flavor compound produced as by-product of yeast
valine metabolism during brewery fermentation. Yeasts produce diacetyl during
primary fermentation and then reabsorb it in secondary fermentation. This causes
a non-productive lengthy maturation period, which is costly. Several strategies
have been proposed to manage diacetyl and improve the productivity of brewery
industries. This review aimed to assess diacetyl production and proposed strategies
to manage diacetyl production during brewing. Diacetyl production and its amount
in the green beer are influenced by brewing condition and type of strain used. Green
beer conditioning and brewing process optimization are regarded as simple and
feasible approaches. However, these have their own inherent drawbacks. On the other
hand, a plethora of researches declared that genetic manipulation of yeasts is an effec-
tive strategy in reducing diacetyl amount and ultimately to shorten the maturation
period and thereby maximize profitability of brewery industries. But the applicability
genetic engineering limited, due to firm regulation of utilization of genetically modi-
fied organisms in food processing industries. Therefore, though extensive research
was done on identifying and understanding factors which influence yeast diacetyl
formation and reduction, diacetyl management is persisting as a challenge in brewing
systems.

Keywords: beer, brewer’s yeast, diacetyl, process optimization, strain improvement

1. Introduction

The art of brewing accounts for a longer period of time and seems to be a
well-established process. However, the brewery industry and researchers are still
striving for optimization of fermentation conditions. The development of high-
performing yeasts and, in general, affirming consumers’ claims are crucial to the
sustained profitability of the brewery industry. Indeed, nowadays, brewery industries
are facing increasing product demand along with enhanced product quality and opti-
mal profitability [1, 2]. One of the bottlenecks to ensuring the increased availability
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of beer and brewery economics is the longer beer maturation period, which is in turn
associated with diacetyl formation during brewery fermentation [1].

Diacetyl is one of the vicinal diketones produced by yeast and imparts a distinct
buttery/butterscotch flavor to fermented foods and beverages [3]. In fermented
beverages, diacetyl content may be perceived positively or negatively depending
on the product type, style, and concentration. In lager beers, diacetyl is considered
a serious off-flavor compared to ale beers [3, 4]. The reported acceptable diacetyl
threshold values in a final beer are around 0.1-0.2 mg/I in lager-style beers and
0.1-0.4 mg/l in ale-style beers [5], although threshold values as low as 0.017 mg/1 [6]
and 0.014-0.016 mg/1 [7] have also been reported. The variation in flavor threshold
value is due to variations in a taster’s geographical background, ethnicity, diet, and
smoking practices [8].

As result, brewers always attempt various strategies to manage the diacetyl
level below the threshold [2, 4]. Beer stabilization, or keeping the green beer for
an extended maturation period, is the most commonly used method to reduce the
diacetyl amount in the final beer. In lager beer, the green beer has to be stored for 2 to
3 weeks at a temperature close to the freezing point until the diacetyl concentration
declines below its taste threshold value. However, this prolonged maturation demands
cost for additional storage facilities and ultimately makes the process economically
unfeasible [9].

Consequently, considering the off-flavor property of diacetyl and the prolonged
maturation period as a result of it, a number of alternative strategies are being used
and have been proposed. This includes selection of yeast strain, optimization of fer-
mentation conditions such as increased fermentation temperature [10], normal wort
specific gravity and pitching rate [11], wort valine content [12], decreased wort pH
value [13] and optimal wort aeration and oxygen availability [14], addition of exog-
enous enzyme [15], passing the beer through a column of immobilized yeast [16], and
genetic modification of yeast [17, 18]. However, most strategies have inherent draw-
backs and lack of social acceptability in the case of genetic modification [3, 4, 19].

Though the brewing process is a highly complex series of chemical reactions,
identifying, understanding, and optimizing factors that influence the formation and
reabsorption of diacetyl is critical to managing the diacetyl content in the final beer.
This in turn shortens the maturation time and consequently increases the productiv-
ity, profitability, and competitiveness of the brewery industry in the global market.
Therefore, the purpose of this review was to perform a critical analysis of diacetyl
production and its management strategies during the brewing process.

2. Production of diacetyl in brewery fermentation

It is a fact that understanding the diacetyl biosynthesis pathway, identifying
the enzymes and coding genes involved, and other influencing brewing conditions
play a tremendous role in reducing the diacetyl amount in final beer. Diacetyl is
produced by the brewer’s yeast during fermentation. It is formed extracellularly
through spontaneous nonenzymatic oxidative decarboxylation of a-acetolactate,
which is an intermediate metabolite in the valine biosynthesis pathway, as indicated
in Figure1 [4].

The conversion of a-acetolactate to 2,3-dihydroxy-isovalerate is rate-limiting;
hence, during fermentation, excessively produced a-acetolactate is secreted out
through the cell’s plasma membrane into the wort, where it is spontaneously
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Figure 1.
Graphic outline of diacetyl formation and reduction process in valine biosynthesis pathways of Saccharomyces spp.

decarboxylated to diacetyl. Likely, the spontaneous decarboxylation of a-acetolactate
to diacetyl is also rate-limiting. Therefore, during fermentation, the concentrations
of free diacetyl in the wort are usually low, whereas a-acetolactate exists at higher
concentrations. As time goes on, it decarboxylates into diacetyl [20]. Hence, the
total diacetyl concentration in beer is expressed as the sum of free diacetyl and
a-acetolactate (potential diacetyl) [4, 20].

Where: AHA synthase (a-acetolactate synthase), AHARI (acetohydroxyacid
reductoisomerase), DHAD (dihydroxyacid dehydratase), BCAA transaminase
(branched-chain amino acid transaminase), and DR (diacetyl reductase).

2.1 Green beer conditioning and brewing process optimization
2.1.1 Optimiging fermentation process

Fermentation is the central and most important step in alcoholic beverage
production. The progression rate of fermentation is affected by the viability and vital-
ity of brewery yeast strains, which in turn are affected by fermentation conditions,
such as temperature [4], wort pH [21], dissolved oxygen content [22], and osmotic
pressure (associated with wort specific gravity and pitching rate) [11].

Indeed, the flavor profile of the final beer is greatly affected by the fermenta-
tion conditions. Diacetyl is a normal metabolic byproduct of yeast during brewery
fermentation. But its amount, rate of formation, and subsequent removal rate from
the green beer (immature beer) are influenced by the above-mentioned factors [8].
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For instance, brewing conditions, such as lower fermentation temperature, devia-
tion from the normal amount (in the case of wort gravity and pitching rate), higher
wort pH, and excessive wort aeration or oxygenation, have a considerable positive
effect on the diacetyl content of the final beer. In contrast, increased fermentation
temperature, normal wort gravity and pitching rate, lower wort pH, and optimal
wort oxygenation have a recognizable effect on reducing diacetyl content in beer
and then minimizing the maturation period without altering other beer parameters
[4, 11, 21-23].

The steps in modern brewing procedures are almost the same as in ancient
craftsmanship, except for the technological development and the implementation
of modern industrial equipment [2, 4, 24, 25]. But several reports complain that the
technical advancement of the brewing process did not lead to an improvement in the
quality of the final product in a manner that satisfied consumers’ demands. This is
due to the complexity of the brewing process, which in turn induces a lack of under-
standing of much of the fermentation phenomena taking place. This makes it chal-
lenging to exactly define the effect of process alterations on the processing condition
and product composition [24, 25].

However, the growing global population, along with the continual increase in
consumers, has resulted in an ever-increasing demand for beer products. Thus, to be
competitive in the global market, it is imperative that brewers operate their produc-
tion processes effectively and maximize their productivity. Thus, identification,
understanding, and optimization of factors that influence the formation and reab-
sorption of diacetyl without affecting other beer quality parameters are required to
be studied. This in turn shortens the maturation time and consequently increases the
productivity, profitability, and competitiveness of the brewery industry in the global
market.

2.1.2 Lowering preferved amino acids and improving wort valine content

Studies reported that wort amino acids are divided into four groups (Groups A,

B, C, and D) depending on their preference and uptake rate by yeast, as indicated in
Table 1. Groups A, B, C, and D [12].

Since diacetyl is an intermediate metabolite in the biosynthesis of valine, its
amount produced during fermentation is dependent on the wort valine content. The
level of diacetyl content is reduced when the amount of valine in the wort is increased
and the amount of other preferred amino acids is lowered. The study of Krogerus and
Gibson [12] showed that the increment of valine supplementation to the wort from
100 to 300 mg/L resulted in 37 and 33% diacetyl concentration reductions during pri-
mary fermentation and at the end of fermentation, respectively, without affecting the
quality of the beer. Moreover, lowering the amount of highly preferred amino acids
(those taken up faster than valine) will create an opportunity for increased uptake
of valine because of less competition for amino acid transporter proteins (permease)
interactions. This implies a reduced total diacetyl amount in green beer [12, 26-28].

On the other hand, malt type and its processing conditions (such as steeping, ger-
mination, and kilning) greatly affect the amino acid profile of wort. The study by Nie
etal. [29] found that different varieties of barley have different amino acid profiles.
The same study also showed that different malting conditions resulted in different
wort amino acid profiles. Likewise, the study by Samaras et al. [30] revealed that
high malt kilning temperatures can decrease the concentration of amino acids in the
malt, whereas malts kilned at lower temperatures contained a higher concentration of
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Category of Degree of absorption/ Amino acids

amino acids preference

Group A Highly preferred and Glutamic acid, aspartic acid, asparagine, glutamine, serine,
absorbed threonine, lysine, and arginine

Group B Moderately preferred Valine, methionine, leucine, isoleucine, and histidine
and absorbed

Group C Poorly preferred and Glycine, phenylalanine, tyrosine, tryptophan, and alanine
absorbed

Group D No/Least preferred and Proline
absorbed

Table 1.

The classification of wort amino acids based on their uptake rate in S. cerevisiae.

both valine and the total amount of amino acids. Thus, it is possible to conclude that
diacetyl can be managed by adjusting the amino acid content of wort, selecting the
best barley variety, and optimizing malting conditions.

2.1.3 Green beer conditioning
2.1.3.1 Addition of exogenous enzyme to the green beer

The brewing process is based on a myriad of endogenous and exogenous enzy-
matic activities. The use of commercial exogenous enzymes is a common practice
in modern breweries. These enzymes help breweries be competitive by increasing
process efficiency, enhancing product quality, extending product ranges, and resolv-
ing intermittent process problems, such as incomplete fermentation, turbidity/haze,
and increased diacetyl content. Endogenous enzymes are needed to convert starch
into sugars, complex proteins into simple amino acids, and breakdown and solubilize
plant cell wall materials for yeast nutrition. In addition, brewery industries add exog-
enous enzymes such as a-acetolactate decarboxylase and p-1,4-glucanase to hasten the
fermentation process and avoid incomplete fermentation, respectively [15, 31].

Alpha-Acetolactate decarboxylase (ALDC) is an enzyme that directly converts
a-acetolactate to acetoin by bypassing diacetyl formation. This avoids the slow
oxidative decarboxylation of a-acetolactate into diacetyl and the subsequent yeast
diacetyl reabsorption stage and/or maturation period [15]. However, ALDC could not
be produced by the pitching yeast. But this enzyme is produced by different spe-
cies of bacteria, such as Bacillus subtilis, Klebsiella ternigena, Entevobacter aerogenes,
Lactobacillus casei, Bacillus brevis, and Streptococcus diacetylactis. Hence, safe produc-
tion of these enzymes from the aforementioned producer organisms and the addition
of ALDC to the fermentation accelerate the maturation of beer, resulting in quick
and improved vessel utilization and thus increasing the brewing capacity of brewery
industries [32-34].

The study of Choi et al. [15] aimed to assess the efficacy of ALDC in reducing
diacetyl content in two different types of beer (Jinyang and Dahyang) and showed a
remarkable diacetyl reduction. The diacetyl content of Jinyang decreased from 5.17
to 1.31 ppm, while the content of Dahyang decreased from 9.75 to 1.54 ppm. These
values showed that the diacetyl content was reduced by 25% in Jinyang and 15% in
Dahyang compared to the controls.
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2.1.3.2 Treatment of green beer with immobilized yeast cell

Nowadays, a variety of immobilized cell technologies are available and have been
used in bioprocess industries such as the brewery industry. As compared with tradi-
tional fermentation with freely suspended cells and operated in batch mode, immobi-
lized cell systems offer many advantages, such as a faster fermentation rate, increased
volumetric productivity, and the possibility of continuous operation. Hence, immobi-
lized cell technology has been attracting the attention of fermentation industries and
is used for different stages in the beer fermentation process [16].

Immobilized cell technology is being used in secondary fermentation to remove
diacetyl and then shorten the maturation period [16, 35]. In this process, immobilized
yeast cells absorb diacetyl from the green beer and are then converted into acetoin,
which in turn is converted into 2,3-butanediol. Diacetyl removal from green beer
involves rapid heating of the beer after the primary fermentation to facilitate the
conversion of a-acetolactate into diacetyl. Then the heat-treated green beer will be
passed through a column of immobilized yeast, in which the diacetyl reduction will
take place (Figure 2) [36].

2.2 Molecular evolution of yeasts

It is worth mentioning that the brewer’s yeasts played a major role in diacetyl
production and removal from green beer. The molecular evolution of yeast could be
the right and effective diacetyl management strategy. However, blind accusations and
frustration with genetically modified yeast are common phenomena in breweries. The
applicability of genetically modified brewery yeasts is still not allowed and is continu-
ing to be under strict control due to illogical perceptions and ethical and legislative
barriers. Moreover, brewers are hesitant to use engineered yeast because they suspect
that it might alter the branding characteristics of their beer. Hence, though genetically

Upstream processing

Selection of new low diacetyl ,/"‘ 5 St

producing brewing yeast or | \ Optlm_lzauon of ma!l_lt_ng,

improvement commercialized ) mashing an wort boiling

yeast e conditions
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Optimization of the brewing % ;;‘i ke Pretreatment of immature beer
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Figure 2.
Schematic presentation suggested optimization in the brewing process for lowering diacetyl production.
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modified microbes are used in medical aspects and foods originated from genetically
modified crops are consumed, the use of genetically modified brewer’s yeast in the
brewery industry is lagging behind [17].

Genetic engineering is a recent, faster, more accurate, and very effective tech-
nique, and considerable outcomes are obtained in the improvement of microbes,
crops, and livestock [17, 18, 37]. Brewer’s yeast strains that show improved ethanol
tolerance, fermentation speed, and attenuation produce very specific flavors, less
diacetyl, ferment starch, and/or dextrin are developed through genetic engineer-
ing. Therefore, breweries are starting to appreciate the applications of genetically
modified yeasts to increase the productivity of breweries and afford the increasing
consumer demand [17, 18, 37].

Moreover, different reports revealed that genetically modified brewer’s yeast
strains produce beer with less undesirable flavor compounds, such as diacetyl and
2,3-pentanedione, which increase the productivity of breweries and satisfy consumer
demand. For instance, a yeast strain that can degrade some off-flavor molecules was
patented in the USA [38]. Genetic modification approaches involving manipulation
of the genes associated with diacetyl production and reduction are stated as effective,
though they have limited applicability [1, 18, 37].

2.2.1 Altering genes involved in diacetyl synthesis pathway

Reports showed that manipulating genes involved in the diacetyl production
pathway can effectively manage diacetyl content to the threshold limit. S. cerevisiae
has four genes (Sc-ILV2, ILV3, ILV5, ILV6, and BDH?2) that are associated with
diacetyl production. Sc-ILV2 and ILV6 encode AHA synthase and its regulatory
subunit. Whereas ILV3, ILV5, and BDH2 code for dihydroxyacid dehydratase, aceto-
hydroxyacid reductoisomerase, and diacetyl reductase, respectively, as indicated in
Figure 1. Extensive research conducted so far has declared that Sc-ILV2 and ILV6 are
directly associated with diacetyl production. But ILV3, ILV5, and BDH2 are inversely
related to diacetyl production and diacetyl content in the final beer. Previous studies
suggested that reduction in the gene copy numbers of Sc-ILV2 and ILV6 and over-
expression of ILV3, ILV5, and BDH2 play a tremendous role in minimizing diacetyl
production and then managing its amount below the threshold level in the final beer
(18, 37, 39, 40].

2.2.2 Deletion of Sc-ILV2 and ILV6 genes

The results of different studies claimed that Sc-ILV2 and ILV6 gene copy numbers
and expression levels are positively associated with diacetyl content in the final beer.
Multiple copy numbers and overexpression of these genes lead to higher diacetyl
production during beer production. The Sc-ILV2 gene encodes the enzyme AHA
synthase, which facilitates the conversion of pyruvate to a-acetolactate and leads
to a higher diacetyl content in the final beer. The increased expression of this gene
results in increased AHA synthase production and activity, which in turn increase the
production of a-acetolactate. The increased production of a-acetolactate results in an
increased diacetyl level in the final beer [37, 39].

Reports showed that deletion of one more of this gene reduced diacetyl production
and then shortened the nonproductive, lengthy maturation period [39, 41]. The study
of Zhang et al. [39] showed that disruption of one allele of the Sc-ILV2 gene decreased
AHAS activity by 59 and 41% in T1 and Q9 recombinant yeasts, respectively, as
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compared with their normal parent. Moreover, the acetoin amount at the end of
fermentation is decreased by 35 and 40% in T1 and Q9 than that of their parent, as
aresult of limited diacetyl production (precursor metabolite of acetoin) reduction
[39]. Furthermore, the study by Gibson et al. [42] indicated that cells treated with a
sublethal amount of chlorsulfuron (specifically, that inhibits AHA synthase produc-
tion) produce beer with a 60% lower diacetyl content as compared with nontreated
cells of the same species.

The other gene that is responsible for diacetyl production is Sc-ILV6, which
encodes a subunit of the AHAS multisubunit enzyme. The study of Duong et al. [41]
found that lowered expression of Sc-ILV6 during fermentation in a lager yeast strain
produced beer with a low diacetyl level as compared with other yeast strains, in which
Sc-ILV6 was overexpressed. The same study also observed lower diacetyl production
by a lager yeast strain with a disrupted Sc-ILV6 gene compared with the unmodified
strain, suggesting that the Sc-ILV6 encodes an AHA synthase enzyme subunit. In this
study, a Sc-ILV6 double deletion mutant brewery yeast resulted in a 65% reduction in
the final diacetyl concentration [41].

2.2.3 Overexpression of Sc-ILV5, ILV-3, and BDH2 genes

Contrary to the Sc-ILV2 and ILV6 genes, the higher gene copy number and
expression level of Sc-ILV5, ILV3, and BDH2 are inversely related to diacetyl produc-
tion and total diacetyl concentration at the end of fermentation. ILV3 and ILV5 genes
encode for dihydroxyacid dehydratase and acetohydroxyacid reductoisomerase,
which catalyze the second and third reactions in the valine biosynthesis pathway,
respectively. Whereas BDH2 encodes diacetyl reductase that catalyzes the reduction
of diacetyl into acetoin within the yeast cell after it is absorbed [18, 37, 40].

Overexpression of these genes increases the activity of the respective encoded
enzymes. The increased activity of dihydroxyacid dehydratase and acetohydroxyacid
reductoisomerase leads to an increased anabolic flux of a-acetoacetate to the inter-
mediate metabolites of valine. This situation consequently decreases the amount of
a-acetolactate leaking out of the yeast cells during fermentation. On the other hand,
the greater the activity of diacetyl reductase, the faster the conversion of leaked
diacetyl to acetoin, a compound with a high threshold value, ultimately resulting in a
low total diacetyl concentration at the end of fermentation [18, 37, 40].

The study of Qin and Park [37] reported that recombinant brewery yeast strains that
have taken up the ILV5 gene showed 3.7 times higher diacetyl reduction as compared
with the not-transformed parent strain. The utilization of those transformed yeast
strains for wine fermentation using Campbell Early and Muscat Baily A grapes brought
approximately 35 to 39% diacetyl content reduction as compared with nontransformed
control yeasts. Moreover, the same study also assessed the activity of cell-free aceto-
hydroxyacid reductoisomerase. Acetohydroxyacid reductoisomerase extracted from it
showed approximately 4 to 5 times higher activity than the control yeasts.

On the other hand, studies that involved deletion of Sc-ILV2 and overexpression
of Sc-ILV5 and BDH2 played a remarkable role in diacetyl reduction. Three strains,
WY1, WY1-2, and WY1-12, transformed with BDH1, BDH2, and both BDHI and
BDH2, produced beer with diacetyl concentrations that decreased by 39.81, 33.42, and
46.71%, respectively, compared with the control strain [43]. The study of Kusunoki
and Ogata [40], involving construction of self-cloning lager yeast via insertion of Sc-
ILV5 DNA upstream of ILV2 in bottom-fermenting yeast to increase the copy number
of Sc-ILV5, achieved an approximately 60% reduction in the diacetyl amount at the
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end of fermentation and shortened the maturation period during which diacetyl was
reduced to within the threshold value, with no impact on beer quality. Similarly, the
report of [18] claimed a 55.65% diacetyl reduction in the recombinant strain, where
BDH?2 was an overexpressed gene and one Sc-ILV2 allelic gene was deleted. Moreover,
a strain in which the Sc-ILV5 gene was overexpressed and one Sc-ILV2 allelic gene
knockout showed a 69.13% diacetyl reduction.

There are also studies that indicate the role of co-expression of those genes in
reducing the diacetyl amount to the threshold level at the end of fermentation. The
study of [44] reported that the co-expression of Sc-ILV3 and Sc-ILV5 in brewer’s yeast
resulted in a 60% diacetyl reduction in beer. The same study revealed that overexpres-
sion of ILV3 and ILV5 in the S1 yeast strain resulted in a 40 and 70% diacetyl reduc-
tion, respectively, when compared to that of the normal parent strain.

2.2.4 Introduction of a-acetolactate decarboxylase enzyme gene to brewer’s yeast

Alpha-acetolactate decarboxylase (ALDC) is an enzyme that catalyzes the
nonoxidative decarboxylation of a-acetolactate into acetoin directly without the
formation of diacetyl [15]. However, the ALDC gene is not found in brewery yeast
strains, and they did not produce ALDC. In contrast, ALDC is produced by different
species of bacteria, such as Bacillus subtilis, Klebsiella ternigena, Enterobacter aevo-
genes, Lactobacillus casei, Bacillus brevis, and Streptococcus diacetylactis. The results
of different studies confirmed that the integration of ALDC genes originated from
different bacterial species into brewery yeasts plays a crucial role in the reduction of
total diacetyl content [33, 34].

The study by Blomgqvist et al. [32] on the integration of Klebsiella ternigena and
Enterobacter aerogenes genes encoding a-acetolactate decarboxylase into brewery
yeasts revealed that the diacetyl amount was reduced even below the threshold
value at the end of primary fermentation. Similarly, Saccharomyces cerevisiae with
a truncated active ALDC from Acetobacter aceti ssp. xylinum attached to the cell
wall using the C-terminal anchoring domain of a-agglutinin decreased the diacetyl
concentration by 30% as compared with control yeasts displaying only the anchoring
domain [45].

2.2.5 Overexpression of BAP2 and BAP3 genes

It is mentioned that the amount of diacetyl produced in the green beer is influ-
enced by the wort amino acid composition and yeast uptake rate [12]. Apart from this,
the uptake rate of amino acids via the yeast cell is determined by the expression level
of amino acid transporter protein (permease) encoding genes [4, 12, 46]. In yeast,
various amino acid permeases are involved in the transport of amino acids across the
plasma membrane with different affinities, specificities, capacities, and regulations.
Most of the branched-chain amino acids are transported by Bap2p, Bap3p, and Tatlp.
These amino acid permease membrane proteins indirectly play a critical role in the
flavor profile of the final beer. For instance, Bap2p and Bap3p are amino acid perme-
ases involved in the uptake of leucine, isoleucine, and valine (branched-chain amino
acids) [12, 46]. The overexpression of these amino acid permease genes increases
the uptake level of valine and isoleucine. When cells have sufficient valine uptake,
diacetyl levels are reduced due to feedback inhibition in the valine biosynthesis
pathway. Similarly, the increased uptake rate of isoleucine resulted in a remarkable
2,3-pentanedione reduction [12, 46]. This implies that inducing the transcription of
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Schematic presentation of expression of genes involved in valine biosynthesis in brewer’s yeast tavgeting lowering
diacetyl amount in the final beer.

those genes increases the uptake of branched-chain amino acids such as valine, which
then reduces the diacetyl amount through feedback inhibition (Figure 3).

The study of Kodama [27] found that the constitutive expression of BAP2 in
a brewing yeast strain accelerated the assimilation rate of branched-chain amino
acids, while the disruption of BAP2 did not affect assimilation rates for these
amino acids during the brewing process. These could be Bap3p, Tatlp, and/or other
branched-chain amino acid permease homologs, which exist in lager brewing yeasts.
The transcription of the branched-chain amino acid permease genes, particularly
BAP2 and BAP3, is induced by some amino acids, such as leucine and phenylalanine
[47], in the medium, and this induction requires Ssylp as a sensor for external amino
acids [48].

3. Conclusion

Brewing is the oldest and most well-established process, and beer is the most
economical and widely produced beverage all over the world. Nowadays, as a result
of the increasing global population and the advancement of human life, the brewery
industry is facing increasing product demand and consumer’s quality claims, along
with sustaining their profitability. One of the bottlenecks to ensuring increased
availability and avoiding quality claims is associated with a longer maturation period.
This in turn allied with diacetyl production, a buttery-tasting off-flavor compound
produced by yeasts during brewery fermentation as byproduct of valine metabolism.

Though yeast diacetyl reduction is not well understood, the diacetyl amount in
green beer is affected by the brewing conditions and genetic constituents of the yeasts
used. As aresult, green beer conditioning, brewing process optimization, and genetic
modification of yeasts have been used and proposed to manage the diacetyl amount
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below the detectable or threshold amount. However, these approaches have an inherent
problem that affects other beer quality parameters and increases the production cost.

Whereas genetic modification of yeast strains, particularly manipulation of genes
responsible for diacetyl production and removal, is believed to be an efficient and
economically feasible approach. But it has been inapplicable due to the stringent regu-
lation of utilizing genetically modified organisms in the food processing industry.
Considerable research has been conducted and huge publications are available, but
diacetyl management is still a logjam to brewery productivity. Therefore, there must
be an amalgamated pressure against the illogical frustration of breweries and societies
with new and/or engineered yeasts.
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Non-Conventional Saccharomyces
Yeasts for Beer Production

Vanesa Postigo, Margarita Garcia and Teresa Arvoyo

Abstract

Beer is a world-famous beverage, second only to tea and coffee, where the yeasts
traditionally used are Saccharomyces cevevisiae and Saccharomyces pastorianus for the
production of ale and lager beer, respectively. Their production, especially craft beer
production, has grown in recent years, as has the development of new products. For
this reason, research has focused on the selection of yeasts with good fermentation
kinetics, as well as beers with outstanding aromatic profiles. The final flavor and
aroma of beer is a combination of hundreds of active aroma compounds produced
mostly during fermentation as a result of yeast metabolism (higher alcohols, esters,
aldehydes, and vicinal diketones). Likewise, several studies have demonstrated the
potential of wild yeasts of the genus Saccharomyces, both in aromatic production and
in the production of healthy compounds of interest such as melatonin. This chapter
therefore focuses on non-conventional Saccharomyces yeasts as they have the capacity
to produce outstanding aroma compounds, as well as compounds that can provide
health benefits, under moderate consumption.

Keywords: non-conventional yeast, Saccharomyces, beer, aromatic compounds,
functional beer

1. Introduction

Nowadays, there is a growing global interest in craft beer, as well as in the produc-
tion of new beers that meet market needs. For this reason, brewers have focused
especially on the use of yeasts, especially non-conventional yeast, to innovate in
the brewing sector [1-5]. Wild yeast strains can provide different aroma and flavor
characteristics with which to obtain varieties and styles of beer that are alternative
and new to existing ones [6]. However, the use of these domesticated yeasts may
show variable fermentative characteristics and affect the consistency and quality of
the beers produced [4, 7]. Unlike the current commercial strains of Saccharomyces
yeast, their domestication has occurred over millennia, resulting in brewers obtain-
ing consistent beers with established aromas, flavours and fermentation conditions
[4, 8]. Nowadays, however, all the steps leading to yeast domestication can be done in
a faster way [2, 9], since the metabolism pathways of yeast are better known, as well
as the production pathways of the different aromatic compounds (higher alcohols,
esters, phenols, acids, and monoterpenes) [2, 10-13]. It is for this reason that brewers
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and researchers have focused on the search for new yeasts from different environ-
ments using current techniques [14]. Determining the suitability of new yeast strains
can be done by evaluation by expert panels; however, this must be coupled with their
analysis using physicochemical analytical techniques to show correlation with the
aroma compounds produced. Such compounds are produced in smaller proportions
than ethanol and carbon dioxide, which are the main products of fermentation, but
are nevertheless of great importance [10, 15]. Secondary metabolites can be divided
into different categories and include sulfur-containing aroma compounds, undesir-
able carbonyl compounds, volatile phenols, organic acids, fusel alcohols, esters,

and monoterpene alcohols [10, 15-17]. These groups of aromatic compounds play a
number of roles in the impact of flavor on beer, as many of them can act synergisti-
cally, thus increasing flavors, despite being below their threshold [11, 15, 16].

The present review focuses on the use of non-conventional yeasts of the genus
Saccharomyces for fermenting beer wort, obtaining an outstanding organoleptic pro-
file, as well as the production of secondary metabolites with healthy characteristics
for potential use by brewers.

2. Beer ingredients

Beer is a worldwide-known beverage and the most popular after tea and water.
However, people do not focus their attention on how it is brewed, as well as on its
ingredients, which are barley as the main cereal, water, hops, and yeast. Other cereals
or adjuncts may also be added [18, 19].

Water is the main component of beer, accounting for 85-92% of beer, as well as
serving as the basis for brewing the beer wort. Water quality is an important factor to
take into account since the presence of any odor, taste, and impurity is unacceptable
because of its influence on the sensory properties of the beer. The enzymatic and col-
loidal reactions that occur during brewing are influenced by the content of dissolved
ions found in water such as Ca**, Mg**, Na*!, K*!, SO,7, Cl", HCO;™", and CO;2 [20].
Calcium (Ca*") is involved in protein coagulation and polyphenol and carbohydrate
formation, forms and precipitates calcium oxalate and calcium carbonate, reduces pH
during mashing and boiling, and promotes yeast metabolism and flocculation, and its
concentration is key to residual hardness and alkalinity. Magnesium (Mg”") is a vital
nutrient for yeast and necessary for the isomerization of humulone to isohumulone
in hops. Sodium (Na") can contribute to the beer body. Chloride (CI") in low amounts
enhances malt sweetness. Bicarbonate (HCO;") functions as a buffering agent,
buffering pH variations [21].

The basis of beer production is malted barley. The malting process is carried out
for the yeast fermentation, as well as proteins that promote and enhance foam stabil-
ity [22]. Malt can provide the beer with aromas of biscuit, honey, cinnamon, bread,
chocolate, cocoa, coffee, and roasted and/or smoked, among others [23].

Hops (Humulus lupulus L.) is the ingredient that will mainly provide the bitter-
ness of the beer due to the iso-a-acids (iso-normal-humulone, iso-co-humulone, and
iso-ad-humulone) obtained by the isomerization of the a-acids (normal-humulone,
co-humulone, and ad-humulone) during the wort boiling and whirlpool process in
brewing. These a-acids are contained in the resins of hop flowers [24]. In addition
to bitterness, hop also contributes to beer aromas, such as citrus, floral (geraniol,
linalool), herbaceous, and fruity (limonene, myrcene, f-pyrene), due to the resins,
proteins, and essential oils they possess [25]. Hops are sensitive to oxidation in contact
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with air, so it is important that they are stored under vacuum in a cool, dry place;
otherwise they can transmit unpleasant aromas to the beer (such as isovaleric acid
with rancid cheese aroma).

Yeast is an important ingredient in beer brewing, as it is responsible for fermenta-
tion and thus for the conversion of the sugars in the beer wort into ethanol and carbon
dioxide (CO,). However, it will also produce different by-products, the main ones
being aromatic compounds that will characterize the aromatic profile of the beers.

In the past, these four ingredients were not well-known, but it was known that
yeast was necessary for the production of fermented beverages. It was not until
the development of lager beers that the exact composition of yeast was discovered.
Although yeasts have been used for centuries to brew beer, they were first identified
as responsible for the fermentation of malted barley water in the 19th century. The
first principles of yeast function were discovered during the 17th and 18th centuries
[26]; however, it was not until the mid-19th century that the French scientist Louis
Pasteur was able to demonstrate that yeast is made up of living cells responsible for
the fermentation process [27]. In the same vein, sugars were also not known to be
another essential ingredient and can be classified according to the type of fermented
beverage, whether from sugar cane (sucrose), milk (lactose), fruit or honey (fructose
and glucose), or cereals (maltose) [19].

3. Beginnings in the use of yeast for beer production

The beginnings of beer production date back to the Neolithic civilization. Beer is a
traditional product and valued for its physicochemical properties that give it quality.
Therefore, the history of brewing is not only the history of scientific and technological
developments but also the history of people: their government, their culture, and their
daily life [28]. Early brewers, winemakers, and bakers realized that by using small por-
tions of finished products that had already been fermented, it was possible to obtain prod-
ucts with faster and more predictable fermentation. Thus, the ability of Saccharomyces
cerevisiae yeast to convert sugars into ethanol, as well as into other compounds that
provide organoleptic characteristics to foods, in addition to alcohol to beverages, began to
be exploited [2, 29]. However, the use of pure yeast cultures did not begin until sometime
after the pioneering work of Pasteur and Hansen in the 19th century [27]. It should be
noted that it has not yet been determined whether the yeast lineages used industrially
originated from the loss of contact with their natural niches and limited dispersal or from
adaptation to the industrial niche (domestication) [30, 31]. Domestication therefore
is about artificially selecting and breeding wild species with improved characteristics
adapted to artificial environments. However, this domestication can lead to genome
breakdown, polyploidy, chromosomal rearrangements, gene amplifications and dele-
tions, horizontal gene transfer, and loss of genetic diversity due to bottlenecking [32, 33].

The most studied yeast at the industrial level is Saccharomyces cerevisiae, where its
diversity lies both in genetic drift by bottleneck and small isolated populations as well
as in selection and niche adaptation. In yeasts used for winemaking, horizontal gene
transfer events [34-36] and copy number variations [37-40] have been described that
increase sugar and nitrogen metabolic activity, which favors fermentation of grape
must, as well as better tolerance to chemicals used in vineyards and in wine [41]. In
contrast, the most significant changes are found in the yeasts used for brewing, as
yeasts are generally reused for several fermentation batches. This continuous growth
in a very specific industrial niche has resulted in a continuous selection imposed by
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the brewing environment. Therefore, the yeasts currently used at the industrial level
could be considered as the result of a centuries-long evolutionary experiment in a
highly selective niche.

4. Brewing potential of wild Saccharomyces

The increase in the consumption of craft beer [42], as well as consumers’ interest
in trying new beer styles [43], has encouraged the application of new yeasts in brew-
ing [44, 45]. These yeasts include the wild yeast Saccharomyces eubayanus (ancestor of
today’s lager yeast hybrid), as well as various species such as Torulaspora delbrueckii,
Lachancea thermotolerans, and Mrakia gelida [46-48]. These non-conventional yeasts
have functional advantages over commercial yeasts as they provide novel flavor pro-
files, production of flavorful beers with low alcohol content, reduced caloric content,
and primary acidification, in addition to their use to improve existing beer styles or
create new styles. Currently, the use of new yeasts focuses not only on the isolation
of wild yeasts but also on mutagenesis and breeding. However, the most attractive
option for brewers remains the isolation of yeast strains from different niches [2]. The
advantages offered by wild yeast isolation are extensive:

* The natural biodiversity of microorganisms representing the habitat of a geo-
graphic region can be tapped.

* These new species can bring added value to beer in terms of organoleptic
qualities.

* Some yeasts isolated from nature already have the status of Generally Recognized
as Safe/Qualified Presumption of Safety.

* Current regulations favor the use of unmodified genetic stocks, as they add
identity and uniqueness to differentiate the production line.

On an industrial level, not only ethanol and glycerol production but also the
utilization of available sugars in the wort, hop tolerance and resistance to low temper-
atures, and the relative production of aromatic compounds such as esters and higher
alcohols, as well as low levels of acetic acid and hydrogen sulfide, are important
[2, 45, 49]. Not all species are able to ferment the sugars present in the wort (glucose,
fructose, maltose, and maltotriose). In the case of S. eubayanus, it seems highly effi-
cient at utilizing maltose in addition to presenting an efficient production of biomass
at low temperature (ideal for lager brewing), thus balancing with the non-capacity
to ferment maltotriose. Wild yeasts are noted for their potential to produce remark-
able aroma compounds in brewing [50]. The type strain of Saccharomyces arboricola
has been found to produce high levels of ethyl esters [50]. However, it should also
be noted that numerous Saccharomyces wild yeast strains tend to produce significant
perceivable levels of unpleasant phenolic aroma (POF), mainly through the produc-
tion of 4-vinyl guaiacol from ferulic acid [51], imparting a clove-like aroma to beer.
This is considered undesirable in most beer styles. In some cases, POF aromas do not
represent a problem, but are desired in the final fermented product, such as wheat
beer, where clove aroma is part of the normal flavor profile [52]. Therefore, the ability
of Saccharomyces wild yeasts to ferment at low or high temperatures, to obtain new
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aromatic profiles, high or low ethanol levels and a reduction in H,S production, as
well as to supporting stressful wort conditions, represents a potential for new pro-
cessing strategies. Cubillos et al. [53] collect in their study the application of various
strains of wild yeast for application in beer.

Another advantage of wild yeasts is that they can be subjected to different fermen-
tation conditions to observe their behavior. In this case, from a technological point of
view, the application of aeration during fermentation is an interesting tool for con-
trolling yeast metabolism during fermentation [54]. First, due to Crabtree-negative
yeasts, when the oxygen concentration in the medium is saturated, the yeast metabo-
lism begins to be predominantly oxidative, thus reducing the ethanol content and
increasing the yeast biomass. On the other hand, aeration may also affect aromatic
compounds by reducing or increasing their concentration in beer (the acetaldehyde
content may decrease, and the concentration of higher alcohols increases) [55-57].
Within the non-conventional strains of Saccharomyces, there are strains that may pres-
ent the Kluyver effect with aeration during fermentation, as in the study conducted
by Postigo et al. [58]. In this study, during fermentation with continuous aeration, it
was observed that one of the tested strains (CLI 1057) that under anaerobic condi-
tions only fermented glucose, fructose, and sucrose, when changing to aeration
conditions, began to ferment part of the maltose present in the must [59, 60]. This
behavior resulted in a variation in the concentration of aromatic compounds where
isoamyl acetate, DMS, diacetyl, and 2,3-pentanedione decreased considerably, as
observed in other studies such as Mauricio et al. [61]. However, the rest of the com-
pounds increased, resulting in a more phenolic beer than without aeration.

5. Aroma production by non-conventional yeast

The beverage industry has focused on the search for fruity and floral aromas,
which is why consumers demand beers with fruitier aromatic profiles. The ingre-
dients in beer that can provide such aromas and flavors are hops, but mostly yeast
during the fermentation process, as it will provide a fruitier organoleptic profile to
beers. Various aroma compounds can be found in beer, although studies mainly focus
on the alcohols and esters produced by yeast as they will provide the main aromas
found in beer [10, 62, 63].

Meilgaard elaborated the “beer aroma wheel,” where all important beer aromas
were included, including all yeast-derived aromas, as well as all other raw materials
used during brewing [64].

Main aromatic compounds relevant in beer:

Sulfur compounds: yeasts can produce sulfur dioxide (SO,) and hydrogen sulfide
(H,S) during fermentation [65, 66]. SO, has several functionalities, including acting
as an antimicrobial agent, bleaching agent, oxygen scavenger, reducing agent, and
enzyme inhibitor [67]. However, the maximum levels of SO, allowed in beer depend
on the regulations of each country, always taking into account its perception thresh-
old (20 mg/L), as it can impart unpleasant aromas to beer [68]. Although it should
be noted that it is a positive characteristic desired in some bottom-fermented beers
[69], this compound is usually found in concentrations of less than 10 mg/L, being a
secondary or feedback inhibition product of amino acid anabolism [65, 69]. On the
other hand, H,S (rotten egg aroma) has a lower perception threshold (0.005 mg/L)
and can mask desired aromas in beer [70, 71]. Its production occurs mainly during the
cell maturation cycle, but it is assimilated later in the budding cycle [66].
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Carbonyl compounds: within this group, the most prominent compounds that
produce undesirable aromas in beer are vicinal diketones and acetaldehyde, produced
by yeasts during the fermentation process. Vicinal diketones include diacetyl and
2,3-pentanedione. Both have low thresholds (0.15 mg/L and 0.9 mg/L, respectively
[72]) and a buttery or toffee-like aroma. Diacetyl is a by-product of valine anabolism
during glucose metabolism. Later, during the beer maturation phase, yeasts take up
diacetyl and reduce it to 2,3-butanediol, which has no unpleasant aroma [73]. 2,3-pen-
tanedione, on the other hand, is produced during the synthesis of the amino acid
isoleucine in the mitochondria of yeast cells, but like diacetyl, its content is reduced
during maturation [73, 74]. Acetaldehyde is produced during the yeast growth phase
as a result of sugar metabolism and is subsequently converted to ethanol [75]. It has
an undesirable green apple or grassy taste, with a threshold of 30 mg/L [72, 76, 77].

Phenolic compounds: these compounds are generally referred to as phenolic
off-flavors (POFs) for most beers but are accepted in Belgian-style beers or wheat
beers. These compounds contribute clove, smoky, spicy, medicinal, and burnt aromas
[78, 79]. The compounds responsible for these aromas are generally 4-vinylguaiacol,
4-vinylphenol, 4-ethylguaiacol, 4-ethylphenol, 4-vinylsyringol, styrene, eugenol,
guaiacol, and vanillin [80]. Although they depend on the presence of certain pre-
cursors in the wort for their production, generally the type of yeast used is largely
responsible for their formation. The precursors that can be found in the wort are phe-
nolic acids with a high flavor threshold, such as ferulic, coumaric, and cinnamic acids,
which are derived from malt [51, 80]. These compounds usually have low thresholds:
4-ethylphenol, 0.9 mg/L (phenolic aroma, astringent); 4-ethylguaiacol, 0.13 mg/L
(phenolic aroma, sweet); 4-vinylguaiacol, 0.3 mg/L (phenolic aroma, bitter, clove);
guaiacol, 3.88 ug/L (smoky aroma); and 4-vinylphenol, 0.2 mg/L (phenolic aroma,
smoky) [72, 81].

Organic acids: within the organic acids are non-volatile and volatile acids, the
latter being the most prominent in beer as they generally contribute along with the
rest of the off-flavors [82]. In beer, the main organic acids that can be found are
propionic, isobutyric, butyric, isovaleric, valeric, caproic, acetic, caprylic, caprylic,
capric, and lauric, the last four being the ones that most influence the flavor of beer
[83, 84]. Their concentration plays an important role since in high concentrations,
they can contribute acidic, salty, or even cheesy and sweaty flavors [16, 83-85]. Acetic
acid, with a vinegar-like aroma, has a high threshold of 175 mg/L, whereas caprylic
acid, with a goat-like aroma, has a much lower threshold of 15 mg/L. Capric acid
contributes waxy-like aroma with a threshold of 10 mg/L, and lauric acid is described
as soapy above the threshold of 6.1 mg/L [16]. On the other hand, the most promi-
nent non-volatile organic acids are oxalic acid, citric acid, malic acid, fumaric acid,
succinic acid, lactic acid, and pyruvic acid, with thresholds higher than those of the
volatile acids, ranging from 220 to 700 mg/L, most of which provide acidic flavors
[16, 83, 84, 86-88]. This group of organic acids is dependent on the yeast strain used
and is a by-product of glycolysis, the citric acid cycle, and the metabolism of amino
acids and fatty acids [88].

Higher alcohols: higher alcohols are produced by yeasts as a by-product of amino
acid metabolism and catabolism. During catabolism, yeasts take up the amino acids
and they are transaminated by four transaminase enzymes [89]. The resulting
product is an a-keto acid, which through an irreversible reaction forms the higher
alcohols, being known as the Ehrlich route [90, 91]. The main aromas provided by
the higher alcohols are floral, fruity, or herbaceous, the most important in beer being
n-propanol, isobutanol, isoamyl alcohol, and 2-phenylethanol [10, 16, 92]. N-butanol
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provides a sweet taste, but its threshold is high (600 mg/L) [92]. Isobutanol and amyl
alcohol have solvent-like aromas, with thresholds of 100 and 50-70 mg/L, respec-
tively. Isoamyl alcohol and 2-phenylethanol give fruitier aromas, whereas isoamyl
alcohol shows more banana and alcohol flavors with a threshold of 50-65 mg/L.

The 2-phenylethanol compound has a gummy bear and rose flavor at a threshold of
40 mg/L [16, 92].

Esters: in addition to higher alcohols, esters are also an important group of
aromatic compounds because they have low thresholds and provide fruity aromas
to beer [10, 11]. The esters can be divided into two groups, the acetate esters whose
concentration is majority in beers and the medium-chain fatty acid ethyl esters
[10, 11]. The most important esters that can be found in beer are ethyl acetate
(solvent flavor with a threshold of 33 mg/L), isoamyl acetate (banana flavor with a
threshold of 1.6 mg/L), isobutyl acetate (fruity and sweet flavor with a threshold of
1.6 mg/L), and phenylethyl acetate (aroma of rose, apple, and honey with a threshold
of 3.8 mg/L) [16, 93, 94]. Moreover, medium-chain fatty acid ethyl esters are formed
from a medium-chain fatty acid and an ethanol radical. The most prominent are ethyl
hexanoate (apple, anise flavor, with a threshold of 0.23 mg/L) and ethyl octanoate
(acid apple flavor, with a threshold of 0.9 mg/L) [10, 11, 16].

The use of non-conventional yeasts in winemaking has been extensively studied in
both Saccharomyces and non-Saccharomyces, as they have shown great potential in the
production of aromatic esters during vinification, in both mixed and sequential inoc-
ulation [95-97]. However, despite the great aromatic potential of non-conventional
yeasts, there are fewer studies on beer than on wine [6, 98]. In Saccharomyces species,
mainly the Ehrlich pathway for fusel alcohols or the enzymes responsible for ester for-
mation have been studied as main pathways for the formation of aroma compounds
[99-101]. Gamero et al. [102] also carried out their studies with non-Saccharomyces
yeasts with a prominent organoleptic profile, so these non-conventional yeasts should
also present such metabolic pathways involved in the formation of this type of flavor
compounds, such as the Ehrlich pathway, or the specific enzymes responsible for the
synthesis of esters (Atflp, Atf2p in S. cerevisiae). However, the regulation of their
expression or the functionality of these enzymes may vary from non-Saccharomyces
yeast to Saccharomyces yeast.

The study carried out by Postigo et al. [103] with 114 Saccharomyces cevevisiae
yeast strains isolated from wine environment resulted in the production of aromatic
compounds similar to those produced by commercial strains such as SafAle S-04
(Fermentis, Lesaffre, France). However, the relative proportions between the specific
volatiles, or the flavor profiles, were different. This diversity of aromatic profiles was
immense, and, interestingly, some of these strains could produce greater amounts
of aromatic compounds than the commercial Saccharomyces strain. The strains
studied were characterized by the production of higher concentrations of alcohols,
such as isoamyl alcohol, isobutanol, and p-phenylethanol, as well as esters such as
isoamyl acetate and ethyl butyrate compared to the commercial strain. On the other
hand, it was also observed that some of these strains showed guaiacol production
above the threshold (3.88 ppb) (smoked flavor) [104], giving a phenolic character
to beers. A particularity of non-conventional yeasts is the production of POFs,
generally unwanted in some beer styles but appreciated in wheat beers [52]. In other
studies, such as the one carried out by Rossi et al. [105] with 12 yeast strains isolated
from environments such as grape must, bakery, wine, and apple stillage showed
behaviors similar to those observed in the previous study. Table 1 shows the differ-
ent yeast strains isolated from non-conventional environments and the production
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Yeast Species Source of Apparent Flavor Concentration  Reference
strain isolation attenuation compound (mg/L)
(%)
DBVPG Saccharomyces Baker’s 71.25 Ethyl acetate 32.00 [105]
1058 cerevisiae yeast Isoamyl acetate 1.90
Ethyl 0.60
hexanoate
M4 S. cerevisiae Craft beer 69.85 Acetaldehyde 164.92 [106]
Ale Isoamyl 161.04
alcohol
MT-15 S. cerevisiae Sourdoughs 60.29 Acetaldehyde 4314 [106]
Isoamyl 101.88
alcohol
Granvin2 S. cerevisiae Norwegian n.a. Ethyl caproate 0.37 [107]
kveik Ethyl caprilate 4.56
Ethyl 0.46
decanoate
Grancin6 S. cerevisiae Norwegian n.a. Ethyl caproate 0.37 [107]
kveik Ethyl caprilate 5.01
Ethyl 0.88
decanoate
G520 S. cerevisiae Organic 72.00 Isoamyl acetate 2.34 [103]
cellar Guaiacol 0.05
CLI 1109 S. cerevisiae Vineyard 71.00 Isoamyl acetate 190 [103]
Ethyl 0.60
hexanoate
Guaiacol 0.03

n.a.: not appear.

Table 1.
Aromatic compounds found in different beers fermented with non-conventional Saccharomyces yeasts whose
concentrations are above their threshold.

of different aromatic by-products, the most important of which are shown below.
Some of the strains studied exhibited fermentative behaviors close to commercial
strains (Safbrew-S33 and Nottingham), with concentrations of aromatic compounds
higher in some cases than those in commercial ones. Another peculiarity of the
non-conventional yeasts of Saccharomyces is that there are some strains that will only
ferment in the wort glucose, fructose, and sucrose but not maltose [58, 103]. This
makes them ideal candidates for brewing low ethanol beers, as they can produce levels
of aromatic compounds similar to those of other Saccharomyces strains that do ferment
maltose, which can cause the characteristic wort flavor of some beers with low etha-
nol content [108, 109]. This also prevents the use of mechanical methods to remove
ethanol content. Furthermore, residual sugars that may remain in beer can influence
aspects such as the viscosity that contributes to the sensation in the mouth and body
of beer [110, 111]. Likewise, this type of strains can be used in cofermentation with
other strains of Saccharomyces to improve the aroma of beer [106].
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6. Functional beer

Functional beer is defined as a beer that can provide health benefits under moder-
ate consumption. Functional beers include those that have a low ethanol content, as
well as those that provide high concentrations of compounds such as fiber, vitamins,
minerals, polyphenols, and probiotics [1].

Recent years have seen an increase in consumption and interest in low-alcohol
beers. This is mainly due to health and safety reasons, in addition to an increase in
strict social regulations [112]. Low-ethanol beers can have health benefits due to the
healthy components they contain, besides a lower energy intake and the total absence
of negative effects of alcohol consumption.

Several studies have shown that with the use of non-conventional yeast, func-
tional beers can be obtained, as they not only possess the ability to produce remark-
able aromatic compounds, as well as other by-products such as melatonin [6, 113].

Functional beers also include beers that are gluten-free, thus covering consum-
ers suffering from coeliac disease, which is a gluten-sensitive, immune-mediated
enteropathy.

Probiotic beers are also included in functional beers. Probiotics include those
live microorganisms that are added to food and that under certain doses can be
potentially beneficial for human health, especially for the intestinal microbial
balance [114]. Therefore, a probiotic beer is one obtained by using probiotic
microorganisms during the fermentation process. The best known microorgan-
isms used for their probiotic characteristics are lactic acid bacteria (Lactobacillus,
Bifidobacterium, Enterococcus, or Streptococcus) [115]. However, studies have also
been extended to other microorganisms such as yeasts, where experiments have
been carried out with Saccharomyces cerevisiae var. boulardii, since it has been
found to have the ability to prevent diarrhea associated with the use of antibiot-
ics, as well as helping with infections caused by Escherichia coli or Clostridium
difficile [116, 117]. In addition, beer trials have also been carried out with S. cere-
visiae var. boulardii, where the results have shown an increase in the antioxidant
capacity due to metabolite secretion by the yeasts in the craft beers obtained
[118]. However, studies have focused not only on the study of non-conventional
yeasts of the Saccharomyces genus but also on the use of other non-Saccharomyces
genera (Lachancea, Kluyveromyces, Torulaspora, Metschnikowia, Kazachstania,
Brettanomyces, Pichia, Candida, Hanseniaspora, Rhodotorula, Rodosporidobolus)
since they have been found to have great potential for use in the production of craft
beers with probiotic characteristics [119]. Craft beer is generally not unfiltered or
unpasteurized; thus, the yeast cells remaining after fermentation can provide a pro-
biotic character to the beer and can be considered beneficial to health. This could
be seen in the studies carried out by Mulero et al. [118] comparing unfiltered beers
fermented with S. cerevisiae var. boulardii and a commercial S. cerevisiae strain.
According to the studies of Hill et al. [120], the minimum recommended dose of
live probiotic cell count per product sample is 9 Log colony forming units (CFU).
On the other hand, industrial beers, after being subjected to high temperatures
during pasteurization, may eliminate such probiotics. For this reason, craft rather
than industrial brewing would be more appropriate since viability is crucial for the
efficacy of probiotics [106]. However, it should be noted that the presence of yeasts
in beer can give beer a unique taste but reduce its shelf life as during storage, cell
lysis can negatively affect its quality. This is why yeast strain selection is important
in the production of craft beers [121].
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6.1 Melatonin production

Melatonin is a mammalian hormone that regulates sleep and has antioxidant prop-
erties. It is produced by yeasts during fermentation and can therefore be a source of
exogenous melatonin for the body, since as people age, less melatonin is produced in
the body. In addition, it provides beer with antioxidant, antiaging, anti-inflammatory,
antitumor, and immunomodulatory capacities [122-124].

Much of the food and beverages we consume on a daily basis contain melatonin.
Therefore, their intake helps to increase the melatonin level in the body and its
antioxidant status in human serum, which is the reason that this molecule is absorbed
in the gastrointestinal tract [123, 125, 126] and readily crosses all morphophysiologi-
cal barriers and tissue and cell membranes [124-129]. Likewise, melatonin interacts
with toxic reagents, generating other metabolites that are in turn direct free radical
scavengers. The combined actions of melatonin and its derivatives greatly enhance
the efficacy of melatonin in protecting against free radical damage and reducing the
likelihood of human disease [130].

Melatonin is a by-product of yeast that is produced in the final stages of fermenta-
tion and is excreted into the medium during the stationary phase of the yeast fermen-
tation [131]. In the studies carried out by Postigo et al. [103, 132] with different strains
of wild Saccharomyces and non-Saccharomyces yeast, it was generally observed that
Saccharomyces yeasts produce melatonin in a higher percentage than non-Saccharomy-
ces yeasts. However, the concentration of non-Saccharomyces yeasts (ranged between
6.69 and 102.98 ng/mL) is in some cases double that of Saccharomyces yeasts (between
5.04 and 56.51 ng/mL). Furthermore, in studies carried out with sequential fermenta-
tions, where both yeast genera participate, melatonin concentrations were detected
in almost all beers (values from 33.63 to 66.57 ng/mL) [133]. On the other hand, in
the studies carried out by Garcia-Moreno et al. [122], the melatonin values found
in different commercial beers ranged from 58 to 169 pg/mL. As Valera et al. [134]
determined in their studies, the presence of Saccharomyces seems to promote a higher
presence of melatonin in the medium. In the studies carried out by Fernandez-Cruz
etal. [135] at the intracellular level with wine yeasts, melatonin was only detected in
non-Saccharomyces yeasts. Also, Juhnevica-Radenkova et al. [131] mention in their
work that melatonin is produced in the final stages of fermentation and is excreted
into the medium during the stationary phase of the yeast fermentation. In compari-
son with other types of food such as bread, tomato, or yogurt, we can find different
melatonin values of 28.9, 138.1, and 126.7 pg/mL, respectively, being therefore lower
than what we could find in some beers fermented with non-conventional yeasts [136].
The comparison of the different concentrations can be seen in Figure 1.

These levels of melatonin that can be found in various foods, as well as in beer,
are concentrations below those studied that have supposed positive effects on
health (1-10 mg) [137, 138]; however, if ingested together with other foods, they
can contribute to increase its concentration in the human serum. Studies carried out
by Maldonado et al. [123] determined that the intake of beer with high melatonin
content (169.7 pg/ml) contributed to increase the antioxidant properties of human
serum. However, although melatonin can act as a strong antioxidant, it can be
degraded in the presence of oxygen, light, or free radicals that are present during the
aging process [139]. This fact could be observed in the studies of lambic beer carried
out by Postigo et al. [140], where the analysis at different maturation times of the
lambic beers brewed determined their degradation over time. It should also be taken
into account whether the final product is subjected to final heat treatments to prolong
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Melatonin concentrations found in different foods. Beer (Saccharomyces yeast) [103], beer (non-Saccharomyces
yeast) [132], commercial beer [122], bread, tomato, and yogurt [136].

the stability of the product (such as pasteurization), since it has been shown that high
temperatures can also degrade it and reduce its concentration in food [136].

6.2 Antioxidant capacity

Different compounds such as phenolics can be found in beer [141]. These sub-
stances can also be found naturally in fruits, vegetables, nuts, seeds, and beverages
[142]. When studying the antioxidant fraction of beer, phenolic compounds are
the most studied, which are found in hops (20-30%) as well as in malt (70-80%)
[141]. Hops provide the beer with phenolic acids, prenylated chalcones, flavonoids,
catechins, and proanthocyanidins [141]. Malt contains an overall phenolic mass of
1.0-1.9 mg g™ dry matter [143]. Likewise, the yeast used in brewing can also influ-
ence the phenolic composition and antioxidant capacity of the final product [106].
Several studies, such as the one carried out by Viana et al. [144], showed that the use
of certain yeast strains for the production of Pale Ale beer significantly influences the
antioxidant capacity of the beers.

Antioxidant capacity is related to parameters such as total phenolic and flavonoid
content; 2,2-Diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity; and
2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical cation scav-
enging activity [145]. In the studies carried out by Postigo et al. [103] with different
strains of wild yeast, it was observed that there were no major differences between
the yeasts of Saccharomyces (9.50 to 13.67 mmol TE/L) and the commercial strain S-04
(11.18 mmol TE/L), as well as in sequential fermentations (9.63 to 13.70 mmol TE/L)
(Table 2). However, in those strains where maltose was not fermented, or where there
was competition between species in sequential culture, the antioxidant capacity was
lower [133]. In contrast, in the studies carried out by Granato et al. [113], the values
found in beers (ale and lager) were lower, between 424.77 and 10,508.47 umol TE/L.
These antioxidant capacity values may also vary depending on the method used for
their analysis, since by the Oxygen Radical Absorption Capacity (ORAC) method in
another study, values between 3.70 and 29.11 mmol TE/L were obtained. The ORAC
method is based on the absorption capacity of oxygen radicals, whereby the decrease
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Beer Concentration Method Reference
Ale (Saccharomyces yeast) 9.50 to 13.67 mmol TE/L TEAC [103]
Ale (sequential fermentation) 9.63 to 13.70 mmol TE/L TEAC [133]
Commercial Ale (S-04) 11.18 mmol TE/L TEAC [103]
Commercial Ale 0.76 t0 10.51 mmol TE/L ORAC [113]
Commercial Lager 0.44 to 772 mmol TE/L ORAC [113]
Commercial Ale 3.70 t029.11 mmol TE/L ORAC [113]
Commercial Lager 0.58 t0 1.02 mmol TE/L TEAC [146]
Commercial Ale 0.73 t0 1.19 mmol TE/L TEAC [146]
Commercial Lager 3.70 to 14.79 mmol TE/L ORAC [146]
Commercial Ale 10.65 t029.11 mmol TE/L ORAC [146]

ORAC (Oxygen Radical Absorption Capacity), TEAC (Trolox equivalent antioxidant capacity).

Table 2.
Antioxidant capacity of different ale and lager beers analyzed by different methods.

in fluorescence emission is measured [146, 147]. Another method used to determine
the antioxidant capacity is that using the ferric-reducing antioxidant power, whose
principle is the determination of the reduction of a ferric-tripyridyltriazine complex
to its ferrous form, colored, in the presence of antioxidant components, where values

of 3125 pmol Fe**/L can be found in ale beer.

7. Conclusions

The use of non-conventional Saccharomyces yeasts provides beer with additional
natural flavor variants that differentiate it from other commercial beers. These char-
acteristics can be obtained either in pure culture, in sequential culture, or with aera-
tion during the fermentation, which makes them very versatile. Furthermore, such
wild yeasts can provide bio-healthy properties to beer under moderate consumption,

as they may present production of compounds such as melatonin, with concentrations
higher than those of commercial strains and even those of other foods.
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