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Foreword for the Second Edition

The field of wine microbiology has seen significant progress, both in scientific
theory and practical application, since the publication of this book’s first edition in
2009. Modifying Bill Clinton’s famous dictum of his successful presidential cam-
paign in 1996, we could say ‘It’s the microbes—stupid’.

In fact, the recent enormous progress that has been made using ‘next-generation’
DNA sequencing techniques in order to characterise microbes on the deep commu-
nity scale has begun to stimulate important research in the field of wine microbi-
ology. Spearheaded in particular by the team surrounding David Mills at UC Davis,
USA, efforts have begun to characterise the metagenome of not only different
vineyard sites but also various grape varieties and even vintages, and these are
revealing distinct patterns among the fungi and bacteria present. ‘We demonstrated
that grape-associated microbial biogeography is non-randomly associated with
regional, varietal, and climatic factors across multiscale viticultural zones. This
poses a paradigm shift in our understanding of food and agricultural systems
beyond grape and wine production, wherein patterning of whole microbial com-
munities associated with agricultural products may associate with downstream
quality characteristics’ (Bokulich et al. PNAS 2013). This even caused the headline
in The New York Times’ Science section ‘Microbes may add something special to
wines’ in 2013, while 2015 saw the inception of the new EU project Microwine
(www.microwine.eu). Its aim is to apply ‘next-generation’ DNA sequencing in
order to profile a range of vine and wine-related metagenomics communities which
may or may not have beneficial effects on wine quality. Combining state-of-the-art
DNA sequencing, metabolomics of volatile and non-volatile wine constituents and
evaluation of their sensory relevance for human consumption will shed more light
on the still poorly understood impact of microbial diversity and dynamics during
grape production and winemaking on final wine quality. Wine estates around the
world have started to investigate their individual ‘terroir’ of microorganisms in
their vineyards and cellars in order to gain more knowledge that will help them
shape their wines more individually but also to develop a unique selling proposition
in the global 220€ billion wine business.


http://www.microwine.eu/

vi Foreword for the Second Edition

In the decade since the publication of the first issue, the wine industry has
experienced a paradigm shift with regard to its appreciation of yeast and bacteria
which were traditionally viewed as the facilitators of desired alcoholic and malo-
lactic fermentation and in some cases also as the source of unwanted deterioration
of wine due to microbial-derived off-flavours and faults. Current and ongoing
research, however, goes beyond these paths, investigating the role of single yeast
strains and bacteria or interacting communities of both in enhancing the varietal
character of wines. Liberating aroma compounds such as monoterpenes, Ciz-
norisoprenoids or powerful thiols from their non-volatile and thus odour-inactive
glycosylated or cysteinylated precursors, certain yeast and bacteria strains can
strongly contribute to more pronounced and attractive wines.

According to the idea that ‘sensory diversity is the new synonym for wine
quality’, which I postulated during a conference discussing the merits of terroir
for wine in Australia in 2016, the wine industry tries to broaden the range of
microbial genera used for winemaking. Non-saccharomyces yeast strains and
malolactic bacteria besides Oenococcus oeni are selected, tested and implemented
in the winemaking process for several reasons: first of all, to increase the sensory
diversity of wine in order to cope with changing consumer behaviour and new food
items to be paired with wine and, possibly most importantly, to attract new wine
drinkers from countries and cultures which hitherto have not had much interaction
with wine. However, other approaches look at the contribution of wine-derived
microbes to support the grapevine and its fruit in its fight against fungal diseases
and other enemies, as well as to stimulate different ripening patterns in the grapes.

Despite all of these modern developments and opportunities, we need to bear in
mind that it is the alcoholic fermentation which facilitates the fundamental change
of a fruit juice commodity to one of the oldest and most valuable beverages on
earth. However, alcohol is not only a great preservative against an armada of
spoilage organisms; it is also the cause of severe disease and addiction for millions
of people. Taking this global concern seriously, the wine industry tries to lower the
alcohol exposure of individuals by nudging consumers towards more moderate
wine consumption (http://www.wineinmoderation.eu), but also by developing tech-
nical and microbial solutions to reduce the alcoholic strength of wine. A survey of
consumers has clearly shown that they prefer low ethanol-producing yeast to
technological means of reducing alcohol. Thus, one focus of wine microbiology
in the future will be the selection and breeding of new yeast strains which will
accomplish both: making wines of outstanding quality that are authentic expres-
sions of grape varieties, winemaking styles and geographic heritage, but also of
lower alcohol content. This attempt will be vital in safeguarding the future and
growing appreciation of wine as the cultural drink for celebrations, pairing a great
diversity of cuisines around the world and being a wonderful source of delight and
inspiration.


http://www.wineinmoderation.eu/

Foreword for the Second Edition vii

This excellent compilation by world-famous experts in the broad field of wine
microbiology and related fields of biochemistry, analytical chemistry and technol-
ogy provides a valuable basis for these studies at the very horizon of international
wine research.

Neustadt, Germany Ulrich Fischer
2017



Foreword of the First Edition

The ancient beverage wine is the result of the fermentation of grape must. This
naturally and fairly stable product has been and is being used by many human
societies as a common or enjoyable beverage, as an important means to improve the
quality of drinking water in historical times, as a therapeutical agent and as a
religious symbol.

During the last centuries, wine has become an object of scientific interest. In this
respect, different periods may be observed. At first, simple observations were
recorded, and subsequently, the chemical basis and the involvement of microor-
ganisms were elucidated. At a later stage, the scientific work led to the analysis of
the many minor and trace compounds in wine, the detection and understanding of
the biochemical reactions and processes, the diversity of microorganisms involved
and the range of their various activities. In recent years, the focus shifted to the
genetic basis of the microorganisms and the molecular aspects of the cells, includ-
ing metabolism, membrane transport and regulation. These different stages of wine
research were determined by the scientific methods that were known and available
at the respective time.

The recent ‘molecular’ approach is based on the analysis of the genetic code and
has led to significant results that were not even imaginable a few decades ago. This
new wealth of information is being presented in the Biology of Microorganisms on
Grapes, in Must and in Wine. The editors were lucky in obtaining the cooperation of
many specialists in the various fields. This joint international effort has resulted in a
comprehensive book presenting our present-day knowledge of a specialised group
of organisms that are adapted to the very selective habitat of wine. The various
contributions of the book have the character of reviews and contain an extensive
bibliography, mainly of the actual scientific papers.

I sincerely wish the editors and the authors that the presented book will be
widely received by the scientific community and will be frequently used as a
welcome source of information and a helpful means for further work on the

ix



X Foreword of the First Edition

microorganisms of wine. Furthermore, understanding the intricate microbiological
and biochemical processes during the fermentation should be helpful in the pro-
duction of wine.

Mainz, Germany Ferdinand Radler
June 2008



Preface of the Second Edition

The first edition about grape- and wine-associated microorganisms appeared
8 years ago. In the last two decades, the background information about microbes
colonising grapes and those being involved in the conversion of must into wine
increased strongly. The current knowledge was compiled in 27 chapters of the first
edition that focused on the systematics, physiology, biochemistry and genetics of
the corresponding grape- and wine-related microbes.

The concept of the first edition, which was well received by the community of
wine scientists as well as other oenophiles from different areas, was also maintained
in the second edition. The chapters of the first edition were updated, and some novel
aspects were considered. New aspects concern microorganisms which infect vine
and the characterisation of microbial enzymes as well as their application during
winemaking. Moreover, a new chapter gives a survey of the variety of state-of-the-
art enzymes for winemaking, which are of fungal origin showing additional poten-
tial for improvement of taste and enhancement of aroma.

The large progress made in the last decade can be seen in the increasing
knowledge in the field of molecular biological characterisation and genetics of
the bacteria, yeast and fungi associated with vine and wine. The recently acquired
knowledge and the application of the corresponding techniques allow the rapid
quantitative determination of mixtures of lactic and acetic acid bacteria as well as
yeasts without prior cultivation. A combination of DNA fingerprinting methods and
mass spectrometry has been successfully applied to identify microorganism down
to the strain level.

For most important wine-related microorganisms, the genome sequences are
known. This knowledge can be used for an application-oriented inventory-taking of
the physiological and especially enzymatic potential of certain bacterial and yeast
species. It also supports the selection of strains with very specific properties in
respect to an enhanced wine quality such as improved sensory profiles, reduction of
disturbing compounds, health benefits and the generation of hybrids. Worldwide,
the production of genetically modified organism (GMO), except two strains, is not
accepted yet. However, the generation of hybrid strains containing parts of the
genome and hence some advances of different yeast species or strains is possible.

Xi



Xii Preface of the Second Edition

These hybrids can be found naturally or are produced by protoplast fusion. Yeast
hybrids are already available on the market. They allow winemaking under more
sophisticated conditions.

Enhanced experience has also been acquired in the parallel or successive appli-
cation not only of the classical wine yeast S. cerevisiae and other Saccharomyces
species but especially in certain combinations with different so-called wild yeasts
which enable the production of more complex wine aromas or the partial imitation
of a spontaneous fermentation.

Such a broad range of topics combined in 27 chapters of one book was only
possible because of the contributions of different wine scientists around the world.
We thank all authors for offering their experience in the special fields of the
microbiology of winemaking. We are also grateful to the publisher Springer,
especially to Mrs. Man-Thi Tran, Mr. Srinivasan Manavalan and Ms. Mahalakshmi
Rajendran, for accompanying the production process of this book.

We wish that this book offers inspiring information for the community of
oenophiles which includes students, scientists and winemakers about the tiny
creatures which transform the must into wine.

Mainz, Germany Helmut Konig
March 2017 Gottfried Unden
Jiirgen Frohlich



Preface of the First Edition

Ce sont les microbes qui ont le dernier mot
(Louis Pasteur)

Archaeology, genetics, ancient literature studies (Epic of Gilgamesh, ca. 2000 BC),
paleobotany and linguistics point to the Neolithic period (ca. 8000 BC) as the time
when domestic grape growing (Vitis vinifera vinifera) and winemaking began, most
probably in Transcaucasia (McGovern 2003). For ages wine has been an essential
part of the gracious, cultured and religious way of life.

Starting at the heartlands of the Middle East, winemaking techniques have been
empirically improved since Neolithic times, expanding into experimental and
scientific viticulture and oenology in our days. Despite these long traditions in
winemaking, it was only in 1857 that significant contributions of Louis Pasteur on
alcoholic and lactic acid fermentation, as well as on acetic acid formation, proved
that the conversion of grape juice into wine was a microbiological and not a purely
chemical process.

Up to now, bounteous knowledge about winemaking techniques and procedures
has been accumulated, which was already found in several books about wine
microbiology, biotechnology and laboratory practices. Especially in the last two
decades, our knowledge about the role of microbes and their application as starter
culture has been greatly increased.

Therefore, the aim of this book is to focus on the ecological and biological
aspects of the wine-associated microbiota, starting from grape-colonising to wine-
spoiling microbes. Purely technical aspects of winemaking are not a subject of this
publication.

Growth in the must and wine habitat is limited by low pH values and high
ethanol concentrations. Therefore, only acid- and ethanol-tolerant microbial groups
can grow in grape juice, must and wine, which include lactic acid and acetic acid
bacteria, yeasts and fungi. The most important species for winemaking are Saccha-
romyces cerevisiae and Oenococcus oeni, which perform the ethanol and malolac-
tic fermentation, respectively. These two species are also applied as starter cultures.

Xiii



Xiv Preface of the First Edition

However, the diverse other microorganisms growing on grapes and must have a
significant influence on wine quality.

The book begins with the description of the diversity of wine-related microor-
ganisms, followed by an outline of their primary and energy metabolism. Subse-
quently, important aspects of the secondary metabolism are dealt with, since these
activities have an impact on wine quality and off-flavour formation. Then chapters
about stimulating and inhibitory growth factors follow. This knowledge is helpful
for the growth management of different microbial species. During the last 20 years,
significant developments have been made in the application of the consolidated
findings of molecular biology for the rapid and real-time identification of certain
species in mixed microbial populations of must. Basic knowledge was acquired
about the functioning of regulatory cellular networks, leading to a better under-
standing of the phenotypic behaviour of the microbes in general and especially of
the starter cultures as well as of stimulatory and inhibitory cell-cell interactions
during winemaking. In the last part of the book, a compilation of some modern
methods rounds off the chapters.

This broad range of topics about the biology of the microbes involved in the
vinification process could be provided in one book only because of the input of
many experts from different wine-growing countries. We thank all the authors for
offering their experience and contributions. Finally, we express our special thanks
to Springer for agreeing to publish this book about wine microbes.

We hope that this publication will help winemakers as well as scientists and
students of oenology to improve their understanding of microbial processes during
the conversion of must to wine.

Mainz, Germany Helmut Konig
June 2008 Gottfried Unden
Jiirgen Frohlich
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Chapter 1
Lactic Acid Bacteria

Helmut Konig and Jiirgen Frohlich

1.1 Introduction

In 1873, 10 years after L. Pasteur studied lactic acid fermentation (between 1857
and 1863), the first pure culture of a lactic acid bacterium (LAB) (“Bacterium
lactis”) was obtained by J. Lister. Starter cultures for cheese and sour milk
production were introduced in 1890, while fermented food has been used by man
for more than 5000 years (Schlegel 1999; Stiles and Holzapfel 1997). The first
monograph by S. Orla-Jensen appeared in 1919. A typical lactic acid bacterium
grown under standard conditions is aerotolerant, acid tolerant, organotrophic, and a
strictly fermentative rod or coccus, producing lactic acid as a major end product. It
lacks cytochromes and is unable to synthesize porphyrins. Its features can vary
under certain conditions. Catalase and cytochromes may be formed in the presence
of hemes and lactic acid can be further metabolized, resulting in lower lactic acid
concentrations. Cell division occurs in one plane, except pediococci. The cells are
usually nonmotile. They have a requirement for complex growth factors such as
vitamins and amino acids. An unequivocal definition of LAB is not possible
(Axelsson 2004).

Lactic acid bacteria are characterized by the production of lactic acid as a major
catabolic end product from glucose. Some bacilli, such as Actinomyces israeli and
bifidobacteria, can form lactic acid as a major end product, but these bacteria have
rarely or never been isolated from must and wine. The DNA of LAB has a G+C

H. Konig (D<)

Institute of Microbiology and Wine Research, Johannes Gutenberg-University, 55099 Mainz,
Germany

e-mail: hkoenig@uni-mainz.de
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Table 1.1
Clostridium branch

H. Konig and J. Frohlich

Current taxonomic outline of lactic acid bacteria® of the order “Lactobacillales” in the

Family

Genus

Species from must and wine

I. “Aerococcaceae”

1. Abiotrophia

II. Aerococcus

III. Dolosicoccus
IV. Eremococcus
V. Facklamia

VI. Globicatella
VIL. Ignavigranum

II. “Carnobacteriaceae”

1. Alkalibacterium

1I. Allofustis

II1. Alloiococcus

1V. Atopobacter

V. Atopococcus

VL. Atopostipes

VII. Carnobacterium
VIII. Desemzia

IX. Dolosigranulum
X. Granulicatella
XI1. Isobaculum

XII. Marinilactibacillus
XIII. Trichococcus

III. “Enterococcaceae”

L. Enterococcus

II. Melissococcus
III. Tetragenococcus
IV. Vagococcus

E. faecium

IV. Lactobacillaceae

1. Lactobacillus®

Lb. brevis, Lb. buchneri, Lb. casei, Lb.
curvatus, Lb. delbrueckii, Lb.
diolivorans, Lb. fermentum, Lb. florum,
Lb. fructivorans, Lb. hilgardii, Lb.
Jjensenii, Lb. kunkeei, Lb. mali, Lb.
nagelii, Lb. oeni, Lb. paracasei, Lb.
plantarum, Lb. vini

1I. Paralactobacillus

III. Pediococcus

P. damnosus, P. inopinatus, P. parvulus,
P. pentosaceus

V. “Leuconostocaceae”

1. Leuconostoc
II. Oenococcus
II1. Weissella

Lc. mesenteroides
0. oeni
W. paramesenteroides

VI. Streptococcaceae

L. Lactococcus®
II. Lactovum
II1. Streptococcus

“Garrity (2005), Vos et al.

(2009), Whitman (2016), DSMZ (2016b)

"Species of Enterococcus and Lactococcus (Lee. lactis) have been found on grapes (Bae et al.
2006; Nisiotou et al. 2015). Enterococcus faecium was identified in fermenting must
(Pérez-Martin et al. 2014). Species of these two genera are not further considered here. In addition,
Lb. graminis (Nisiotou et al. 2015) and W. uvarum (Nisiotou et al. 2014) have been isolated from

grapes
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Table 1.2 Differential characteristics of the wine-related lactic acid genera

Lactic
acid
Genus Morphology from Glc Carbohydrate fermentation® isomer
Lactobacillus | Rods, coccobacilli cells homo- or heterofermentative, facul- | b, L, bL
single or in chains tatively heterofermentative
Leuconostoc® | Spherical or lenticular heterofermentative D
cells in pairs or chains
Oenococcus® Spherical or lenticular heterofermentative D
cells in pairs or chains
Pediococcus | Spherical cells, pairs or homofermentative or facultatively DL, L
tetrads heterofermentative®
Weissella Spherical, lenticular, heterofermentative D, DL
irregular cells

“Nonlimiting concentration of glucose and growth factors, but oxygen limitation
"Differentiation of wine-related species of Leuconostoc and Oenococcus cf. Table 1.4
“Facultatively heterofermentative species: P. pentosaceus, P. acidilactici, P. claussenii

content below 55 mol%. LAB are grouped into the Clostridium branch of gram-
positive bacteria possessing a relationship to the bacilli, while Bifidobacterium
belongs to the Actinomycetes. They are grouped in one order and six families.
From the 33 described genera, only 26 species belonging to six genera have been
isolated from must and wine (Table 1.1).

The homofermentative species produce lactic acid (<85%) as the sole end
product, while the heterofermentative species produce lactic acid, CO, and etha-
nol/acetate from glucose. At least half of the end product carbon is lactate.
Heterofermentative LAB utilizes the pentose phosphate pathway, alternatively
referred to as the phosphoketolase or phosphogluconate pathway.
Homofermentative wine-related LAB include pediococci and group I lactobacilli.
Obligate heterofermentative wine-related LAB include Leuconostoc, Oenococcus,
Weissella and group III lactobacilli (Tables 1.2, 1.3, 1.4 and 1.5).

Our present knowledge about LAB in general (Carr et al. 1975; Wood and
Holzapfel 1995; Holzapfel and Wood 1998; Wood 1999; Wood and Warner
2003; Salminen et al. 2004; Lahtinen et al. 2012) and their activities on grape or
in must and wine (Fleet 1993; Dittrich and GroBmann 2005, 2011; Ribéreau-Gayon
et al. 2006a, b; Fugelsang and Edwards 2007) has been compiled in several books.
Here we concentrate mainly on lactic acid bacteria found in fermenting must
and wine.

1.2 Ecology

In general, LAB occur in habitats with a rich nutrition supply. They occur on
decomposing plant material and fruits, in dairy products, fermented meat and
fish, beets, potatoes, mash, sauerkraut, sourdough, pickled vegetables, silage,
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Table 1.4 Differential characteristics of wine-related species of the genera Leuconostoc,
Oenococcus and Weissella

Characteristics Lc. mesenteroides | O. oeni W. paramesenteroides
Acid from sucrose + - +

Dextran formation + - -

Growth below pH 3.5 |- + n.d.

Growth in 10% ethanol |- + n.d.

NAD"-dependent + - n.d.

Glc-6-P-DH

Murein type Lys-Ser-Ala, Lys-Ser,, Lys-Ala-Ser | Lys-Ser-Ala,, Lys-Ala,

n.d. Data not given

Table 1.5 Differential characteristics of wine-related species of the genus Pediococcus

Characteristics P. damnosus P. inopinatus P. parvulus P. pentosaceus
Mol% G+C 3742 3940 40.5-41.6 35-39
Growth at/in
35°C - + +
6% NaCl - + +
pH 8.0 - - -
Arginine hydrolysis - - -
Acid from
Arabinose | - | - ‘ - ‘ +
Pedicocci can be identified by multiplex PCR (Pfannebecker and Frohlich 2008)

+ [+ |+ |+

beverages, plants, water, juices, sewage and in cavities (mouth, genital, intestinal
and respiratory tract) of human and animals. They are part of the healthy microbiota
of the human gut. Apart from dental caries, lactobacilli are generally considered
apathogenic. Lb. plantarum could be associated with endocarditis, septicemia and
abscesses. Some species are applied as starter cultures for food fermentation.
Because of the acidification they prevent food spoilage and growth of pathogenic
microorganisms (Hammes et al. 1991). Some LAB are employed as probiotics,
which are potentially beneficial bacterial cells to the gut ecosystem of humans and
other animals (Tannock 2005). O. oeni strains induced strain-specific cytokine
patterns measureable immunomodulatory potential (Foligné et al. 2010).

Lactic acid bacteria can also be found on grapes, in grape must and wine, as well
as beer. Undamaged grapes contain <10® CFU per g and the initial titer in must is
low (Lafon-Lafourcade et al. 1983). Because of the acidic conditions (pH: 3.0-3.5)
grape must provides a suitable natural habitat only for a few microbial groups
which are acid tolerant such as LAB, acetic acid bacteria and yeasts. While many
microbes are inhibited by ethanol concentrations above 4 vol%, ethanol tolerant
species survive in young wine or wine. Besides yeasts, some Lactobacillus species
(e.g. Lb. hilgardii) and Oenococcus oeni can grow at higher ethanol concentrations.
While only a few LAB species of the genera Lactobacillus (Lb.), Leuconostoc (Lc.),
Pediococcus (P.), Oenococcus (0.) and Weissella (W.) (Tables 1.1 and 1.2) and the
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acetic acid genera Acetobacter, Gluconobacter and Gluconoacetobacter can grow
in must and wine, more than 90 yeast species have been found. Malolactic fermen-
tation by lactic acid bacteria is occasionally desirable during vinification, but they
can also produce several off-flavours in wine. The genera Carnobacterium, Strep-
tococcus and Bifidobacterium have not been isolated from must and wine, but
sometimes also species of the genus Enterococcus (E. faecium) could be detected
in wine (Pérez-Martin et al. 2014).

Detailed investigations of the grape associated bacteria have been undertaken
(Jackson 2008). Species of the lactic acid genera Lactobacillus (Lb. casei, Lb.
hilgardii, Lb. kefiri, Lb. kunkeei, Lb. lindneri, Lb. mali, Lb. plantarum), Weissella
paramesenteroides, Enterococcus (E. avium, E. durans, E. faecium,
E. hermanniensis), Lactococcus lactis and infrequently species of the acetic acid
genera Asaia and Gluconobacter as well as grampositive genera Bacillus and
Staphylococcus have been identified in enrichment cultures from undamaged or
damaged grapes of the varieties (Cabernet Sauvignon, Chardonnay, Pinot Noir,
Sauvignon Blanc, Semillion, Shiraz, Tyrian) in Australia (Bae et al. 2006). Vine-
yard- and winery-associated lactic acid bacteria (LAB) from the Greek wine
growing regions Peza and Nemea revealed that Pediococcus pentosaceus and Lb.
graminis dominated the grape microbiota and Lb. plantarum the fermenting must
(Nisiotou et al. 2015). Species of the genera Enterococcus and Lactococcus are not
further considered here.

1.3 Phenotypic and Phylogenetic Relationship

The classification of LAB is largely based on morphology (rods, cocci, tetrads),
mode of glucose fermentation, substrate spectrum, growth at different temperatures
(15 and 45 °C), configuration of lactic acid produced, ability to grow at high salt
concentrations (6.5% NaCl; 18% NaCl), and acid, alkaline or ethanol tolerance, as
well as fatty acid composition and cell wall composition, lactic acid isomers from
glucose, behaviour against oxygen (anaerobic or microaerophilic growth), arginine
hydrolysis, acetoin formation, bile tolerance, type of hemolysis, production of
extracellular polysaccharides, growth factor requirement, presence of certain
enzymes, growth characteristics in milk, serological typing, murein, teichoic acid,
menaquinone type, fatty acid composition, electrophoretic mobility of the lactate
dehydrogenases, DNA base composition, PCR-based fingerprinting techniques
(SAPD-PCR; Pfannebecker and Frohlich 2008; Sebastian et al. 2011; Petri et al.
2013), restriction analysis (Ze-Ze et al. 2000), restriction fragment length polymor-
phism (PCR-RFLP) analysis of 16S ribosomal RNA (rRNA) genes (Ilabaca et al.
2014), 16S-ARDRA (Rodas et al. 2003), DNA-DNA homology, soluble protein
pattern, 16S rDNA and gene sequencing (e.g. recA) (Axelsson 2004), multilocus
sequence typing (MLST) and pulsed field gel electrophoresis analysis (PFGE)
(Gonzélez-Arenzana et al. 2014), quantitative PCR (Cho et al. 2011), marker-
targeted quantitative PCR (Solieri and Giudici 2010), amplification of 16S rRNA
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gene restriction with the endonuclease Fsel (Marques et al. 2010), real-time PCR
(Kantor et al. 2016), fluorescence in situ hybridization (FISH; Hirschhéuser et al.
2005), mass spectrometry (Napoli et al. 2014; Petri et al. 2015), multiplex PCR
(Pfannebecker and Frohlich 2008; Petri et al. 2013) and complete genome compar-
ison (GGDC - The Genome-to-Genome Distance Calculator; DSMZ 2016d). qPCR
after propidium monoazide treatment of samples is a rapid tool to enumerate
0. oeni viable cells with intact membranes in must and wine (Vendrame et al.
2013).

The genera and species of lactic acid bacteria occurring in must and wine can be
differentiated by phenotypic features (Tables 1.2, 1.3, 1.4 and 1.5). The species can
be identified by the API 50 CHL identification system (Bio-Mérieux) or the Biolog
Microbial Identification System (Biolog, Inc.) (Testa et al. 2014).

The first taxonomic outline given by Orla-Jensen (1919) is still of some impor-
tance. Based on physiological features Kandler and Weiss (1986) divided the genus
Lactobacillus into the three groups (1) obligate homofermenters, (2) faculative
heterofermenters and (3) obligate heterofermenters (Table 1.3). The phylogenetic
relationship has been revealed by rRNA sequencing (Fig. 1.1; Collins et al. 1990,
1991, 1993; Martinez-Murcia and Collins 1990; Dicks et al. 1995). According to
the 16S rDNA analysis Collins et al. (1990, 1991, 1993) divided the genus Lacto-
bacillus into three groups. Group I contains obligate homofermentative species and

Lb. delbrueckii
group

Weissella

Lb. casei-
Leuconostoc Pediococcus
group
Oenococcus
Tetragenococcus Lacto-
Vagococcus coccus

Enterococcus

. Streptococcus
Carnobacterium

Bacillus
Staphylococcus
Aerococcus Listeria

Fig. 1.1 Schematic unrooted phylogenetic tree of lactic acid bacteria and related genera
(Axelsson 2004; with permission of the author and the publisher)



12 H. Konig and J. Frohlich

facultatively heterofermentative species. Group II contains more than 30 Lactoba-
cillus species and five pediococcal species. The wine-related facultative
heterofermenters Lb. casei and the obligate heterofermenters Lb. brevis, Lb.
buchneri and Lb. fermentum belong to this group. Group III contains the genus
Weissella, the leuconostocs (Lc. mesenteroides) and O. oeni. Schleifer and Ludwig
(1995a, b) proposed the phylogenetic groups (1) Lb. acidophilus group, (2) Lb.
salivarius group, (3) Lb. reuteri group (Lb. fermentum), (4) Lb. buchneri group (Lb.
buchneri, Lb. fructovorans, Lb. hilgardii) and (5) Lb. plantarum group.

The Leuconostoc group can be clearly separated from other lactobacilli (Collins
et al. 1991; Schleifer and Ludwig 1995a, b). The wine-related species Lc.
mesenteroides forms a subgroup of the obligately heterofermentative Leuconostoc
group. Lc. oenos was placed in the separate genus Oenococcus (Dicks et al. 1995)
consisting of the three species O. oeni and O. kitahareae (Endo and Okada 2006) as
well as O. alcoholitolerans (Badotti et al. 2015). O. kitahareae was isolated from a
composting distilled shochu residue. It does not grow at acidic conditions
(pH 3.0-3.5) of must and lacks the ability to perform malic acid degradation.
O. alcoholitolerans thrived in an ethanol production plant in Brazil.

Hammes and Hertel (2003) described seven phylogenetic groups, which were
modified by Dellaglio and Felis (2005) (cf. Table 1.3).

Today, the lactic acid bacteria are members of the domain Bacteria, where they
are assigned to the phylum Firmicutes, the class Bacilli and the order
Lactobacillases (Table 1.1) (Garrity 2005); Vos et al. 2009; Whitman 2016).

1.4 Physiology

Carbohydrates are used as carbon and energy source by a homofermentative or
heterofermentative pathway. Fructophilic species have been described (Endo and
Okada 2008; Mtshali et al. 2012). Sugars or oligosaccharides taken up by the
phosphotransferase system (PTS, e.g. lactose: Lb. casei) or the permease system.
Homofermentation of hexoses procedes via the Embden-Meyerhof-Parnas path-
way, while heterofermentation is performed via the 6-P-gluconate/phosphoketolase
pathway resulting in lactate, acetate/ethanol and CO, as endproducts or the Bifidus
pathway (Bifidobacterium). Pentoses are fermented by 6-phosphogluconate/
phosphoketolase pathway leading to lactic acid and acetic acid/ethanol. Some
lactobacilli such as Lb. salivarius (Raibaud et al. 1973) or Lb. vini (Rodas et al.
2006) can ferment pentoses homofermentatively. Some strains can produce acetate,
ethanol and formate from pyruvate under low substrate concentrations and strictly
anaerobic conditions (Hammes and Vogel 1995). Lactic acid bacteria form p(—) or
L(+) lactic acid or a racemic mixture of lactic acid isomers (Kandler 1983).

The Embden—Meyerhof—Parnas pathway is used by lactobacilli (group I and II;
Table 1.3) and pediococci, while group III of lactobacilli, leuconostocs and
oenococci use the 6-phosphogluconate/phosphoketolase pathway (other designa-
tions: pentose phosphate pathway, pentose phosphoketolase pathway, hexose
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monophosphate pathway). Changes in the end product composition can be
influenced by environmental factors. Depending on the growth conditions the end
products of homofermenters can be changed largely. In addition to glucose, the
hexoses mannose, fructose and galactose may be fermented after isomerisation
and/or phosphorylation. Galactose is used via the tagatose pathway by e.g. Lb.
casei.

Under anaerobic conditions pyruvate can be metabolized by Lb. casei to formate
and acetate/ethanol (pyruvate formate lyase system) under glucose limitation. End
produts are lactate, acetate, formate and ethanol (mixed acid fermentation). Under
aerobic conditions Lb. plantarum can convert pyruvate to CO, and acetyl phosphate
with a pyruvate oxidase (Sedewitz et al. 1984).

Flavin-containing enzymes such as NADH:H,0, oxidase and NADH:H,O oxi-
dase (Condon 1987) can occur in lactic acid bacteria. Oxygen acts as external
electron acceptor. Oxygen-dependent glycerol fermentation by P. pentosaceus and
mannitol fermentation of Lb. casei are examples. An oxygen-dependent lactate
metabolism has been proposed for Lb. plantarum involving NAD*-dependent
and/or NAD*-independent lactate dehydrogenase, a pyruvate oxidase and an ace-
tate kinase (Murphy et al. 1985). The defense system against in vitro oxidative
stress includes the 2,2-diphenyl-1-picrylhydrazyl (DPPH) scavenging ability, reac-
tive oxygen species (ROS) scavenging ability, iron ion chelation (FE), glutathione
system, ferric reducing ability of plasma (FRAP), reduction activity (RA), inhibi-
tion of ascorbic oxidation (TAA), and linoleic acid oxidation (TLA) abilities
(Su et al. 2015).

Lactobacilli interact with oxygen. Some lactic acid bacteria use high intracellu-
lar manganese concentration for protection against superoxide (30-35 mM,;
Archibald 1986). Theobald et al. (2005) found a growth stimulation of O. oeni at
concentrations of 68 pM or 34 mM manganese in the growth medium. In some
strains 34 mM manganese could replace tomato juice. Other compounds are also
stimulatory for oenococci (Theobald et al. 2007a, b).

Flavin-containing enzymes such as NADH:H,0, oxidase and NADH:H,O oxi-
dase (Condon 1987) can occur in lactic acid bacteria. Oxygen acts as external
electron acceptor. Oxygen-dependent glycerol fermentation by P. pentosaceus and
mannitol fermentation of Lb. casei are examples. An oxygen-dependent lactate
metabolism has been proposed for Lb. plantarum involving NAD"-dependent
and/or NAD*-independent lactate dehydrogenase, a pyruvate oxidase and an ace-
tate kinase (Murphy et al. 1985).

Citrate can lead to diacetyl/acetoin formation if the excess of pyruvate is reduced
to lactic acid. Oxaloacetate can also function as electron acceptor leading to
succinic acid formation when Lb. plantarum was grown on mannitol (Chen and
McFeeters 1986). Lb. brevis and Lb. buchneri can use glycerol as electron acceptor
in an anaerobic cofermentation with glucose leading to lactate, acetate, CO, and
1.3-propandiol (Schiitz and Radler 1984a, b). Fructose can be fermented via the
6-phosphocluconate/phosphoketolase pathway and function as electron acceptor to
yield mannitol by Lb. brevis (Eltz and Vandemark 1960). Malic acid can be used as
sole energy source by Lb. casei yielding acetate, ethanol and CO, or it can be
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converted to L-lactate and CO, (malolactic fermentation) by e.g. O. oeni (Radler
1975). The biosynthesis of amino acids in lactic acid bacteria is limited. Some have
peptidases and can hydrolyse proteins. Lactic acid bacteria can also perform
chemical cell communication (Nakayama and Sonomoto 2002).

Adaptation of lactobacilli to harsh environmental conditions concern: synthesis
of heat-shock proteins, key enzymes of glycolytic pathways, the glutamate decar-
boxylase system, homoeostasis of intracellular pH, alkalization of the external
environment, DNA and protein damage repair, changes in cell membrane compo-
sition, changes in cytosolic and surface-located proteins, the fatty acid contents of
the cytoplasmic membrane, cell wall biosynthesis, transport of peptides, coenzyme
levels and membrane H+-ATPase (Hussain et al. 2013).

1.5 Genetics

The genome size of lactic acid bacteria varies (Morelli et al. 2004). The total
genome of about 211 species/strains of the genera Lactobacillus (genome size:
1.27765-4.87232 Mb), Leuconostoc (genome size: 1.63897-2.29809 Mb),
Oenococcus (genome size: 1.15038-1.84224 Mb), Pediococcus (genome size:
1.76496-2.50947 Mb) and Weissella (genome size: 1.33444-2.57773 Mb) is avail-
able, including all wine-relevant species (Table 1.1; Makarova et al. 2006; https://
www.ncbi.nlm.nih.gov/genome, February 2017). For example, the genome of Lb.
paracasei ATCC 334 consists of 2.17 Mb (Ferrero et al. 1996) and that of Lb.
plantarum CCM 1904 of 3.4 Mb (Chevallier et al. 1994). Genome sequences of
0. oeni strains have been determined (Jara and Romero 2015).

Lactic acid bacteria (LAB) have about 2000 genes in average. They have lost
ca. 1000 genes during separation from the ancestral Bacilli during evolution. The
lost genes coded for sporulation, cofactors, heme cytochromes and catalase. LAB
have also acquired about 86 new genes by gene duplication and horizontal gene
transfer regarding e.g. murein and B12 biosynthesis, novel functions of genes
coding usually for antibiotic resistance, phage defense mechanisms and IS elements
(Morelli et al. 2012).

Lactic acid bacteria possess circular as well as linear plasmids associated with
carbohydrate fermentation and proteinase activities, bacteriocin production, phage
defense mechanisms, and antibiotic resistance mechanisms (Morelli et al.
2004, 2012).

Phages have been found with the wine-related species of Lactobacillus (Lb.
casei, Lb. fermentum, Lb. plantarum,), Leuconostoc (Lc. mesenteroides) and
Oenococcus (0. oeni) (Josephsen and Neve 2004). They can cause stuck malolactic
fermentation (Poblet-Icart et al. 1998).
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1.6 Activities in Must and Wine

Lactic acid bacteria are involved in food and feed fermentation and preservation as
well as food digestion in the intestinal tracts of humans and animals. Due to their
tolerance against ethanol and acidic conditions, LAB can grow in must. Generally
they are inhibited at ethanol concentrations above 8 vol%, but O. oeni tolerates
14 vol% and Lb. brevis, Lb. fructivorans and Lb. hilgardii can be found even in
fortified wines up to an ethanol concentration of 20 vol%. Slime-producing strains
of P. damnosus grow up to 12 vol% of ethanol. Lactic acid bacteria isolated from
wine grow between 15 and 45 °C in the laboratory with an optimal growth range
between 20 and 37 °C. Best growth in must during malolactic fermentation is
obtained around 20 °C. During the first days of must fermentation the CFU of
LAB increases from 10% to 10°~10°> ml™'. After the alcoholic fermentation and
during the malic acid fermentation, the cell number can reach a titer of 10—10®
CFU per ml (Ribérau-Gayan et al. 2006a, b). The titer of different lactic acid
species during alcoholic fermentation has been determined by Lonvaud-Funel
et al. (1991): O. oeni, 3.4 x 10° (day 13, alcohol content: 18 vol%); Lc.
mesenteroides, 9.6 x 10* (day 6, alcohol content: 9 vol%); P. damnosus, 3.8 x 10*
(day 3, alcohol content: 7 vol%); Lb. hilgardii, 8.0 x 10* (day 3, alcohol content:
7 vol%); Lb. brevis, 2.0 x 10* (day 3, alcohol content: 7 vol%) and Lb. plantarum,
2.0 x 10* (day 3, alcohol content: 7 vol%).

Lactic acid bacteria gain their energy mainly from sugar fermentation. They use
both main hexoses of the wine, glucose and fructose, as energy and carbon source.
In this respect they are competitors of the ethanol producing yeast Saccharomyces
cerevisiae. The heterofermentative LAB in wine can also use the pentoses (arabi-
nose, xylose, ribose), which occur in minor concentrations in wine.

Lactic acid bacteria also metabolize the three main acids of must: tartrate, malate
and citrate. Citrate is converted to lactate, acetic acid, CO, and acetoin. Malate is
converted to L-lactate and CO, (malolactic fermentation). Especially in northern
countries, where must can have high acidity, the biological reduction with starter
cultures of O. oeni is an important step in vinification. The malolactic enzyme has
been found in many lactic acid bacteria occurring in wine (e.g. Lb. casei, Lb. brevis,
Lb. buchneri, Lb. delbruechii, Lb. hilgardii, Lb. plantarum, Lc. mesenteroides, and
0. oeni). O. oeni is applied for reduction of the malic acid content because of its
high tolerance against ethanol and acidity. Indigenous P. damnosus strains were
found to perform malolactic fermentation into Albarino and Caino wines (Spain)
without negative effects on the wine (Juega et al. 2014). Malolactic fermentation
and the use of sugars can lead to a more stable wine. Lb. plantarum could be an
alternative species to O. oeni for performing malolactic fermentation (Bravo-
Ferrada et al. 2013). Tartrate can be converted to lactate, acetate and CO, by the
homofermentative lactic acid bacterium Lb. plantarum and to acetate and CO, or
fumaric acid (succinic acid) by the heterofermentative lactic acid bacterium Lb.
brevis (Radler and Yannissis 1972).
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Lactic acid bacteria produce different biogenic amines. O. oeni, P. cerevisiae
and Lb. hilgardii (Landete et al. 2005; Mangani et al. 2005; Kaschak et al. 2009;
Sebastian et al. 2011; Christ et al. 2012) are examples of producers of biogenic
amines. The most important is histamine, which is produced by decarboxylation of
histidine. The COST Action 917 (2000-2001) of the EU “Biologically active
amines in food” suggested prescriptive limits for histamine (e.g. France: 8 mg 1",
Germany: 2 mg 1™') in wines. Biogenic amines can cause health problems (Coton
etal. 1998) and sensory defects in wine (Lehtonen 1996; Palacios et al. 2004). From
arginine, ammonium is liberated by heterofermentative species such as Lb. higardii
and O. oeni, but also by facultatively heterofermentative species like Lb.
plantarum. The highest citrulline production in Malbec wine could be correlated
with its lower concentrations of glucose, fructose, citric and phenolic acid than the
other wines. Therefore, a wine with lower concentration of these sugars and acids
could be dangerous due to the formation of ethyl carbamate precursors. The
degradation if arginine proceeds via citrulline that forms with ethanol the carcin-
ogen ethyl carbamate. Phenolic compounds could decrease the arginine consump-
tion (protocatechuic acid, gallic acid) or increase (quercetin, rutin, catechin, caffeic
acid, vanillic acids). Arginine deiminase activity was stimulated by rutin, quercetin,
caffeic acid and vanillic, while gallic acid and protocatechuic acids inhibited this
enzyme activity (Alberto et al. 2012; Araque et al. 2016). Nuclear magnetic
resonance (NMR) spectroscopy is a tool to follow the transformation of histidine
into histaminol and into histamine during alcoholic and malolactic fermentations
and consequently to select suitable strains for malolactic fermentation (Lopez-
Rituerto et al. 2013). On the other hand biogenic amines such as histamine,
tyramine, and putrescine can be degraded by lactic acid bacteria (e.g. Lb.
plantarum, P. acidilactici) (Callejon et al. 2014), which is also true for some yeasts
(Baumlisberger et al. 2015). Strains of Lb. plantarum were selected because of their
ability to degrade putrescine and tyramine (Capozzi et al. 2012). Although at
different extent, 25% of the LAB especially Lactobacillus and Pediococcus strains
were able to degrade histamine, 18% tyramine and 18% putrescine, whereas none
of the commercial malolactic starter cultures or type strains were able to degrade
any of the tested amines. The application of some lactic acid bacteria could be a
promising strategy to reduce biogenic amines in wine (Garcia-Ruiz et al. 2011a).

Lactic acid bacteria have an influence on the flavour of wine, because they can
produce acetic acid, diacetyl, acetoin, 2,3-butandiol, ethyl lactate, diethyl succinate
and acrolein. The ability of wine lactobacilli to accumulate
3-hydroxypropionaldehyde (3-HPA), a precursor of acrolein, from glycerol in the
fermentation media was demonstrated (Bauer et al. 2010). Lactic acid bacteria can
also cause a decrease in colour up to 30%. In German wines 1.08 g acetic acid per 1
white wine or 1.20 g acetic acid per I red wine are the upper limits for acetic acid,
while e.g. “Beerenauslese” (German quality distinction) can even have higher
concentrations. The natural value is 0.3-0.4 g 1=' and it becomes sensory-
significant at concentrations above 0.6 g 17", Aerobic acetic acid bacteria, faculta-
tively anaerobic heterotrophic lactic acid bacteria, yeast under difficult fermenta-
tion conditions and Botrytis cinerea on infected grapes are the potential producers.
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Fructose is reduced to mannitol or converted to erythrol and acetate.
Heterofermentative lactic acid bacteria can produce higher concentrations of acetic
acid (>0.6 g17"), especially in the absence of pantothenic acid (Richter et al. 2001).
Lactic acid bacteria can convert sorbic acid, which is used because of its antifungal
properties, to 2-ethoxy-3.5-hexadiene (geranium-like odour) (Crowel and Guymon
1975). Glycerol is converted to propandiol-1.3 or allylalcohol and acrolein leading
to bitterness (Schiitz and Radler 1984a, b). Off-flavour is produced by O. oeni from
cysteine and methionine. Cysteine is transformed into hydrogen sulfide or
2-sulfanyl ethanol and methionine into dimethyl disulfide, propan-1-ol, and
3-(methasulfanyl) propionic acid. They increase the complexity of the bouquet.
The latter has an earthy, red-berry fruit flavour (Ribéreau-Gayon et al. 2006a, b).
Lactic acid bacteria may produce a smell reminiscent of mice (mousiness). Species
of Lactobacillus such as Lb. brevis, Lb. hilgardii and Lb. fermentum produce
2-acetyltetrahydropyridine (perception threshold: 1.6 ng 17") from ethanol and
lysine (Heresztyn 1986). Also 2-acetyl-1-pyrroline and 2-ethyltetrahydropyridine
can contribute to this off-flavour (Costello and Henschke 2002). Ethyl carbamate is
produced from urea and ethanol by O. oeni and Lb. hilgardii (Uthurry et al. 2006;
Arena et al. 2013), which probably is carcinogenic. Lactic acid bacteria possess
esterases for the synthesis and hydrolysis of esters (Sumby et al. 2013). Lb.
plantarum posseses arylesterase which showed high hydrolytic activity on phenyl
acetate and lower activity on other relevant wine aroma compounds (Esteban-
Torres et al. 2014). Commercial strains of Oenococcus oeni and Lb. plantarum
synthesize flavour active fatty acid ethyl esters with the aid of an acyl coenzyme A:
alcohol acyltransferase (AcoAAAT) activity and a reverse esterase activity leading
to an increased ethyl ester content of wine (Costello et al. 2013). The polyphenol
flavan-3-ol was metabolized by Lb. plantarum to phenylpropionic acids (Barroso
et al. 2014). In general, flavonols and stilbenes showed the greatest inhibitory
effects among wine polyphenols on O. oeni, Lb. hilgardii and P. pentosaceus
(Garcia-Ruiz et al. 2011b). The proteome of Oenococcus oeni was studied to get
hints about metabolic activities that can modify the taste and aromatic properties of
wine (Mohedano et al. 2014). Lb. plantarum converted p-coumaric acid to volatile
phenolic compound 4-vinylphenol under wine related conditions (Fras et al. 2014),
reactions described earlier to be performed by intestinal bacteria of termites
Kuhnigk et al. 1994). Hydroxycinnamic acids stimulated the production of the
volatile phenolic compound 4-vinylphenol from p-coumaric acid by the LAB test
strains Lb. plantarum, Lb. collinoides and P. pentosaceus (Silva et al. 2011).
Isolates belonging to the genera Oenococcus, Lactobacillus, Pediococcus and
Enterococcus exhibited intracellular esterase activities using p-nitrophenyl
octanoate as test compound. The esterase activity was decreased by increasing
ethanol concentrations (Pérez-Martin et al. 2013).

Polysaccharide production (Claus 2007) leads to graisse of the must, which
causes problems during filtration. O. oeni synthesizes homo- and
heteropolysaccharides which are important for the adaptation to the wine environ-
ment, but also may influence the wine structure (Dimopoulou et al. 2012).
P. damnosus increases viscosity. It produces a glucose homopolymer. The
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repeating unit is a p-1.3 linked glucose disaccharide carrying a -1.2 linked glucose
site group [3)-p-D-Glcp-(1.3)-[B-D-Glcp-(1.2)]-p-D-Glcp-(1] (Llauberes et al.
1990; Duenas et al. 2003). The viscosity, which is influenced by many factors
such as the ethanol concentration and temperature, becomes apparent at 10’ colony
forming units. A lytic enzyme for the hydrolysis of the slime produced by
P. parvulus has been described (Blittel et al. 2011). B-p-Glucosidase activity
occurred intracellularly in lactic acid bacteria (Mesas et al. 2012; Pérez-Martin
et al. 2012). The application with lysozyme and p-glucanase leads to an improved
treatment against glycan producing strains strains (Coulon et al. 2012). Of course,
some phenolic compounds are inhibitory for lysozyme (Guzzo et al. 2011). When
the S-layer was removed, the corresponding Lb. hilgardii B706 cells became more
sensitive to bacteriolytic enzymes and some wine-related stress conditions (Dohm
et al. 2011).

Lactic acid disease occurs at higher sugar concentrations when lactic acid
bacteria grow during ethanolic fermentation at higher pH values and low nitrogen
concentrations. Higher amounts of acetic acid can be produced, which hampers the
activities of yeast. Most often, LAB do not multiply or disappear during alcoholic
fermentation, except oenococci, which resist at low cell levels. It was found that
fatty acids (hexanoic, octanoic and decanoic acid) liberated by growing yeast have a
negative effect on bacterial growth (Lonvaud-Funel et al. 1988). Oenococci can
grow during the stationary/death phase of the yeasts after alcoholic fermentation,
when released cell constituents of yeasts stimulate bacterial growth. In this stage
oenococci have an influence on yeast lysis by producing glycosidases and
proteases.

The degradation of sugars and acids contributes to the microbial stabilisation of
wine by removing carbon and energy substrates. Low concentrations of diacetyl
increase the aromatic complexity. If the concentration of volatile acids increases
1 g 17! the lactic disease becomes apparent, which can lead to a stuck alcoholic
fermentation.

Lactic acid bacteria potentially produce antimicrobial components
(Rammelberg and Radler 1990; Blom and Mortvedt 1991) such as acetic acid,
higher concentrations of carbon dioxide, hydrogen peroxide, diacetyl, pyroglutamic
acid and bacteriocins, which inhibit the growth of other bacterial and yeast species.
The production of bacteriocins by wine lactobacilli and L. mesenteroides is impor-
tant for the production of wine aroma and combating other spoilage lactobacilli or
controlling the malolactic fermentation (Du Toit et al. 2011; Diindar et al. 2016).
Brevicin from Lb. brevis inhibits growth of O. oeni and P. damnosus (Rammelberg
and Radler 1990). The malolactic fermentation and the consumption of nutrients
(hexoses and pentoses) as well as the production of bacteriocines (De Vuyst and
Vandamme 1994) lead to a stabilization of wine. Compared to O. oeni
Lb. plantarum possesses more genes encoding for glycosidases, proteases, ester-
ases, phenolic acid decarboxylases and citrate lyases and bacteriocins
(plantaricins).

Analysis with DNA microarrays and proteomic techniques revealed that genes
associated with the amino acid, the malate and the citrate metabolism, the synthesis
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of certain cell wall proteins were up, but genes related to carbohydrate metabolism
were down regulated under wine making conditions. In addition, the thioredoxin
and glutathione systems played an adaptive function for life (Margalef-Catala et al.
2016).

During incubation with proteins and polypeptides obtained from Cabernet
Sauvignon and Syrah wines O. oeni excreted a proteolytic activity. The produced
peptides enhanced the beneficial biological activities in respect to antioxidant and
antihypertensive status of the wine (Apud et al. 2013a, b). O. oeni could give
additional value to wine because of the bioactive peptides from yeast autolysates
with multifunctional beneficial activity released as consequence of its proteolytic
activity (Aredes Fernandez et al. 2011).

The viability of the cells of O. oeni is increased when microcolonies are formed.
0. oeni forms microcolonies on stainless steel and oak chip surfaces with extracel-
lular substances (Bastard et al. 2016). Cell in biofilms possessed increased tolerance
to wine stress, and performed effective malolactic activities. Biofilm of O. oeni can
modulate the wood-wine transfer of volatile aromatic compounds and influence the
aging process by decreasing furfural, guaiacol, and eugenol. Most likely, the
biofilms consists of polysaccharides, because O. oeni produces cell-linked
exopolysaccharides (EPS) consisting of glucose, galactose and rhamnose as well
as soluble fB-glucan and soluble dextran or levan polymers (Dimopoulou et al.
2016). In addition, heat shock proteins contribute to stress reduction under wine
conditions. Beside polysaccharide formation heat shock proteins play a role in acid
tolerance. Darsonval et al. (2015) applied the antisense RNA approach to revealed
the function of the small heat stress protein (HSP) Lo18 of O. oeni. They found that
Lo18 is involved in heat and acid tolerance, which was explained by its membrane-
protective role. The heat shock protein Hsp20 is over-expressed (Olguin et al. 2015;
Costantini et al. 2015). Nevertheless, high ethanol concentrations in wine have an
effect on metabolite transport as well as cell wall and membrane biogenesis.

The development of certain bacterial and yeast starter cultures for wines with
special features is a continuous challenge (du Toit et al. 2011; Sumby et al. 2014).
Multicolor capillary electrophoresis was performed to derive genotypic and phe-
notypic characters from fragment length analysis (FLA) profiles (Claisse and
Lonvaud-Funel 2014). To improve strain selection a typing scheme for O. oeni
using multiple-locus variable number of tandem repeat analysis was developed
(Claisse and Lonvaud-Funel 2012). In this context it is desirable to find links
between O. oeni metabolism, genomic diversity and wine sensory attributes
(Bartowsky and Borneman 2011). The genomic diversity is well known among
0. oeni strains, which possess variations in the starter-culture efficiency.

Some undesirable lactic acid bacteria from wine samples have other positive
features. A P. parvulus strain that was isolated from Douro wines was able to
degrade the prominent mycotoxin Ochratoxin A (OTA) (Abrunhosa et al. 2014) and
P. pentosaceus exhibited a potential as probiotic (Garcia-Ruiz et al. 2014). Also
some unwanted compounds such as copper can be adsorbed of by wine-relevant
lactobacilli. About 0.5-1.0 pg copper per ml could be removed from wine samples,
which is sufficient enough to lower critical copper concentrations. The highest
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binding capacity of the tested lactic acid bacteria was found with Lb. buchneri DSM
20057 with a maximum of 46.17 pg copper bound per mg cell in deionized water.
(Schut et al. 2011).

1.7 Characteristics of Genera and Species of Wine-Related
Lactic Acid Bacteria

1.7.1 Genus Lactobacillus

Lactobacillus is one of the most important genus involved in food microbiology and
human nutrition, owing to their role in food and feed production and preservation,
as well as their probiotic properties. In October 2016 this genus contained in total
189 validly described species (DSMZ 2016a). In addition, several species consist of
well characterized subspecies. Lactobacillus species live widespread in ferment-
able material. Lactobacilli contribute to the flavour of fermented food by the
production of diacetyl, H,S and amines. They play a role in the production as
well in the spoilage of food (sauerkraut, silage, dairy and meat as well as fish
products) and beverages (beer, wine, juices) (Kandler and Weiss 1986; Hammes
et al. 1991).

Lactobacilli are straight gram-positive non-motile or rarely motile rods (e.g. Lb.
mali), with a form sometimes like coccobacilli. Chains are commonly formed. The
tendency towards chain formation varies between species and even strains. It
depends on the growth phase and the pH of the medium. The length and curvature
of the rods depend on the composition of the medium and the oxygen tension.
Peritrichous flagellation occurs only in a few species, which is lost during growth in
artificial media. They are aciduric or acidophilic. The maximum for growth pH is
about 7.2.

The murein sacculi possess various peptidoglycan types (Lys-D-Asp,
m-Dpm-direct, Orn-p-Asp, Lys-Ala, Lys-Ala,, Lys-Ala-Ser, Lys-Ser-Ala,) of
group A (DSMZ 2016c¢). Polysaccharides are often observed. Membrane-bound
teichoic acids are present in all species and cell wall-bound teichoic acids in some
species (Schleifer and Kandler 1972).

The G+C content of the DNA ranges from 32 to 53 mol%.

Lactobacilli are strict fermenters. They can tolerate oxygen or live anaerobic.
They have complex nutritional requirements for carbohydrates, amino acids, pep-
tides, fatty acids, nucleic acid derivatives, vitamins and minerals.

Some species possess a pseudocatalase and some strains can take up
porphorinoids and then exhibit catalase, nitrite reductase and cytochrome activities.

They gain energy by homofermentative or heterofermentative carbohydrate
fermentation in the absence or presence of oxygen. An energy source is also the
conversion of carbamyl phosphate to CO, and NH; during arginine degradation.
They possess flavine-containing oxidases and peroxidases to carry out an oxidation
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with O, as the final electron acceptor. The pathways of sugar fermentation are the
Embden-Meyerhof pathway converting 1 mol hexose to 2 mol lactic acid
(homolactic fermentation) and the phosphoketolase pathway (heterolactic fermen-
tation) resulting in 1 mol lactic acid, ethanol/acetate and CO,. Pyruvate produced
during hexose fermentation may be converted to lactate, but also to other products
such as diacetyl or acetic acid, ethanol and formate/CO,. In the presence of oxygen,
lactate can be converted to pyruvate and consequently to acetic acid and CO, or
acetate and formate. The conversion of glycerol to 1,3-propanediol with glucose
serving as electron donor was observed in Lb. brevis isolated from wine (Schiitz and
Radler 1984a, b). The homofermentative species possess an FDP aldolase, while
the heterofermentative species have a phosphoketolase. The facultative
heterofermenters possess an inducible phosphoketolase. Heterofermentative spe-
cies can also use pentoses as substrate. Some homofermenters use pentoses
homofermentatively (Rodas et al. 2006). Strains of Lactobacillus kunkeei turned
out to be fructophilic lactic acid bacteria (Endo et al. 2012).

Sucrose is also used for the formation of dextrans with the help of dextran
sucrase. Fructose can serve as electron acceptor and mannitol is formed by
heterofermentative species. Monomeric sugars and saccharides are taken up by
permeases or the phosphotransferase system. They are split inside the cell by
glycosidases. Galactose-6-phosphate from lactose phosphate is fermented via the
tagatose-6-phosphate pathway (Kandler 1983). Several organic acids such as citric
acid, tartaric acid or malic acid are degraded (Radler 1975). Several amino acids are
decarboxylated to biogenic amines.

Depending on the stereospecificity of the lactate dehydrogenase or the presence
of an inducible lactate racemase lactate may have the p(—) or L(+) configuration.
The lactate dehydrogenases can differ with respect to electrophoretic mobility and
kinetic properties. Some enzymes are allosteric with FDP and Mn*" as effectors.

Plasmids linked to drug resistance or lactose metabolism are often found (Smiley
and Fryder 1978). Double-stranded DNA phages have been isolated (Sozzi et al.
1981) and lysogeny is widespread (Yokokura et al. 1974). Strains producing
bacteriocins (lactocins) have been found among the homo- and heterofermentative
species (Tagg et al. 1976). Several serological groups have been designed. From the
species in must, Lb. plantarum belongs to group D (antigen: ribitol teichoic acid),
Lb. fermentum to group F and Lb. brevis to group E (Archibald and Coapes 1971).

The complete genome of 173 Lactobacillus-species/strains has been sequenced;
it includes all the wine related species of the genus Lactobacillus (http://www.ncbi.
nlm.nih.gov/genome, February 2017).

Some characteristics of the species are compiled in Table 1.3. A combination of
physiological and biochemical as well as molecular tests are required for the
unambiguous identification of Lactobacillus species (Pot et al. 1994; Hammes
and Vogel 1995). The validly published species of the genus Lactobacillus have
been assigned to nine groups (cf. Table 1.3) (Yang and Woese 1989; Collins et al.
1991; Hammes et al. 1991; Hammes and Vogel 1995; Dellaglio and Felis 2005).
Out of 189 validly described species, eighteen species have been found in must and
wine (Table 1.3) (Ribéreau-Gayon et al. 2006a, b; Fugelsang and Edwards 2007).
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The type species is Lb. delbrueckii DSM 20074,

Lb. brevis
Morphology: Rods. 0.7-1.0 pm x 2.0-4.0 pm. Single or chains.
Isolation: Milk, cheese, sauerkraut, sourdough, silage, cow manure, mouth, intes-

tinal tract of humans and rats, grape must/wine.
Type strain: DSM 20054.

Lb. buchneri

Morphology: Rods. 0.7-1.0 pm x 2.0-4.0 pm. Single or short chains.
Characteristics: As described for Lb. brevis except the additional fermentation of
melezitose and the distinct electrophoretic behaviour of L-LDH and p-LDH.
Isolation: Milk, cheese, plant material and human mouth, grape must/wine.

Type strain: DSM 20057.

Lb. casei

Morphology: Rods. 0.7-1.1 pm x 2.0-4.0 pm.

Isolation: Milk, cheese, dairy products, sour dough, cow dung, silage, human
intestinal tract, mouth and vagina, sewage, grape must/wine.

Type strain: DSM 20011.

Lb. cellobiosus
— Lb. fermentum.

Lb. curvatus

Morphology: Bean-shaped rods. 0.7-0.9 pm x 1.0-2.0 pm. Pairs, short chains or
close rings. Sometimes motile.

Characteristics: LDH is activated by FDP and Mn?*. Lactic acid racemase.
Isolation: Cow dung, milk, silage, sauerkraut, dough, meat products, grape must/
wine.

Type strain: DSM 20019 (subsp. curvatus).

Lb. delbrueckii

Morphology: Rods. 0.5-0.8 pm x 2.0-9.0 pm. Single or in short chains.
Isolation: Milk, cheese, yeast, grain mash, grape must/wine.

Type strain: DSM 20072 (subsp. lactis).

Lb. diolivorans

Morphology: Rods. 1.0 pm x 2.0-10.0 pm. Single, pairs and short chains.
Isolation: Maize silage, grape must/wine.

Type strain: DSM 14421.

Lb. fermentum

Morphology: Rods. Diameter 0.5-0.9 pm, length variable. Single or pairs.
Isolation: Yeast, milk products, sourdough, fermenting plant material, manure,
sewage, mouth and faeces of man, grape must/wine.

Type strain: DSM 20052.
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Lb. florum

Morphology: Rods. 0.8 pm x 1.5-7 um. Single, pairs, chain.

Characteristics: Catalase negative, except in the presence of sheep blood.
Heterofermentative. Production of p,L-lactic acid, ethanol and acetic acid from D-
glucose. Nitrate not reduced. Acid production only from p-glucose and p-fructose
out of 49 tested sugars. Fructophilic. No acid production from L-arabinose, D-
arabitol, N-acetylglucosamine, maltose, ribose, D-arabinose, L-arabitol, adonitol,
amygdalin, arbutin, cellobiose, dulcitol, aesculin, erythritol, p-fucose, L-fucose,
[-gentiobiose, 2- and 5-ketogluconate, methyl a-pD-glucoside, glycerol, glycogen,
inositol, inulin, p-lyxose, b-mannose, methyl a-pD-mannoside, melezitose, raffinose,
rhamnose, sucrose, salicin, starch, sorbitol, L-sorbose, D-tagatose, trehalose,
turanose, xylitol, L-xylose, methyl B-xyloside, D-galactose, lactose, mannitol,
melibiose or D-xylose. No dextran production from sucrose. Growth at 300 g p-
fructose per 1, between pH 4.0-8.0, in the presence of 5% (w/v) NaCl and at 15 °C,
but not at 45 °C. Pyruvate stimulatory. Murein lacks meso-diaminopimelic acid.
DNA G+C content: 42 mol%.

Isolation: South African peony and bietou flowers, grape, wine

Type strain: DSM 22689

Lb. fructivorans

Morphology: Rods. 0.5-0.8 pm x 1.5-4.0 pm (occasionally 20 pm). Single, pairs,
chains or long curved filaments.

Isolation: Spoiled mayonnaise, salad dressing, vinegar preserves, spoiled sake,
dessert wine and aperitifs.

Type strain: DSM 20203.

Lb. heterohiochii
— Lb. fructivorans.

Lb. hilgardii

Morphology: Rods. 0.5-0.8 pym x 2.0-4.0 pm. Single, short chains or long
filaments.

Isolation: Wine samples.

Type strain: DSM 20176.

Lb. jensenii

Morphology: Rods. 0.6-0.8 pm x 2.0-4.0 pm. Single or short chains.
Isolation: Human vaginal discharge and blood clot, grape must/wine.
Type strain: DSM 20557.

Lb. kunkeei

Morphology: Rod. 0.5 pm x 1.0-1.5 pm.

Characteristics: Week catalase activity.

Isolation: Commercial grape wine undergoing a sluggish/stuck alcoholic
fermentation.

Type strain: DSM 12361.
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Lb. leichmannii
— Lb. delbrueckii subsp. lactis

Lb. mali

Morphology: Slender rods. 0.6 pm x 1.8—4.2 um, Single, in pairs, palisades and
irregular clumps.

Characteristics: Motile by a few peritrichous flagella. Pseudocatalase activity in
MRS medium containing 0.1% glucose. Menaquinones with predominantly eight or
nine isoprene residues.

Isolation: Apple juice, cider and wine must.

Type strain: DSM 20444.

Lb. nagelli

Morphology: Rods. 0.5 pm x 1.0-1.5 pm.

Characteristics: Nitrate reduction.

Isolation: Partially fermented wine with sluggish alcoholic fermentation.
Type strain: DSM 13675.

Lb. oeni

Morphology: Rods, 0.63—0.92 pm x 1.38-3.41 um, single, pairs, chains
Characteristics: motile, catalase negative, growth between 15 and 45 °C and pH
4.5-8.0, no growth at 5 °C and pH 3.3. Heterofermentative. Transformation of
L-malic acid into L-lactic acid. Gluconate or ribose not fermented. L-Lactate formed
from hexoses. Ammonia is not produced from arginine. Fructose not reduced to
mannitol. Exopolysaccharide production from sucrose. Acid produced from
N-acetylglucosamine, fructose, glucose, mannose, mannitol, sorbitol, L-sorbose,
methyl a-p-glucoside and trehalose. No acid production from adonitol, amygdalin,
D- or L-arabinose, D- or L-arabitol, arbutin, cellobiose, dulcitol, erythritol, b- or L-
fucose, galactose, gluconate, 2-or 5-ketogluconate, glycogen, inositol, inulin, D-
lyxose, lactose, maltose, melezitose, melibiose, raffinose, rhamnose, ribose, starch,
sucrose, D-tagatose, turanose, xylitol, p- or L-xylose, methyl a-pD-mannoside or
methyl bxyloside. Aesculin not hydrolysed. Variable usage of glycerol, salicin
and gentiobiose. Murein contains bD-meso-diaminopimelic acid. DNA G+C content
37.17 mol%.

Isolation: Bobal grape wine

Type strain: DSM 19972

Lb. paracasei

Morphology: Rods. 0.8-1.0 pm x 2.0-4.0 pm. Single or chains.

Isolation: Dairy products, silage, humans, clinical sources, grape must/wine.
Type strain: DSM 5622 (subsp. paracasei).

Lb. plantarum

Morphology: Rods. 0.9-1.2 pm X 3.0-8.0 pm. Single, pairs or short chains.
Characteristics: Nitrate can be reduced under glucose limitation and a pH above
6.0. A pseudocatalase may be produced especially under glucose limitation. A
ribitol or glycerol teichoic acid can be present in the cell walls.



1 Lactic Acid Bacteria 25

Isolation: Dairy products, silage, sauerkraut, pickled vegetables, sourdough, cow
dung, human mouth, intestinal tract and stool, sewage and grape must. Type strain:
DSM 20174.

Lb. trichodes
— Lb. fructivorans.

Lb. vermiforme
— Lb. hilgardii.

Lb. vini

Morphology: Rods. 0.49-0.82 pm x 1.36-2.8 pm. Single, in pairs or in short
chains. Motile.

Characteristics: Uses ribore and arabinose homofermentatively. Catalase-negative.
Exopolysaccharide is not produced from sucrose.

Isolation: Fermenting grape must.

Type strain: DSM 20605.

Lb. yamanashiensis
— Lb. mali

1.7.2 Genus Leuconostoc

Leuconostocs thrive on plants and sometimes in milk, milk products, meat, sugar
cane and other fermented food products. One species, Lc. mesenteroides, has been
isolated from must. It is nonhemolytic and nonpathogenic to plants and animals
(Garvie 1986a). Leuconostocs are heterofermentative cocci producing only p-lactic
acid from glucose and are unable to produce ammonia from arginine (Bjorkroth and
Holzapfel 2006).

Leuconostocs form spherical or lenticular cells, pairs or chains. The peptidogly-
can belongs to type A. The interpeptide bridge of the peptidoglycan consists of
Lys-Ser-Ala, or Lys-Ala,.

Sugars are fermented by the 6-P-gluconate/phosphoketolase pathway with p-
lactic acid, ethanol/acetate and CO» as end products. NAD* or NADP™* will serve as
coenzyme of the glucose-6-phosphate dehydrogenase. During malolactic fermen-
tation malate is degraded to L-lactate and CO,. Cells are nonproteolytic. Nitrate is
not reduced.

Cells grow in a glucose medium as elongated cocci. Cells are found singly or in
pairs, and form short to medium length chains. On solid media, cells form
short rods.

Leuconostocs share many features with the heterofermentative lactobacilli
(Dellaglio et al. 1995).

Dextrans, which are of industrial importance, are produced by leuconoctocs,
especially Lc. mesenteroides, from sucrose as substrate.
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Leuconostoc species were divided by Garvie (1960) into six different groups
according to the fermentation of 19 carbohydrates. Electrophoretic mobilities of
enzymes e.g. LDHs, cell protein pattern, cellular fatty acids, DNA base composi-
tion and DNA homology are applied for differentiation of the species (Dellaglio
et al. 1995). Citrate metabolisms of Lc. mesenteroides subsp. mesenteroides might
be plasmid linked (Cavin et al. 1988). No other phenotypic features were found to
be coded on plasmids, while plasmids of Lactobacillus and Pediococcus code for
sugar utilisation, proteinase, nisin, bacteriocins production, drug resistance, slime
formation, arginine hydrolysis and bacteriophage resistance (Dellaglio et al. 1995).

Leuconostocs play a role in the organoleptic quality and texture of food such as
milk, butter, cheese, meat and wine. Leuconostocs can also spoil food, but they
often contribute to the flavour of dairy products due to the production of diacetyl
from citrate. These strains are used as starter cultures, for e.g., buttermilk and
cheese production. They produce gas from glucose, which can change the texture
of fermented food. Due to their slow growth and acidification properties, they
represent a minor percentage of the LAB in food. They can become predominant
when antibiotic agents are present. They can influence the organoleptic behavior
of wine.

Lc. mesenteroides subsp. mesenteroides (Wibowo et al. 1985), Lc.
mesenteroides subsp. dextranicus (Bjorkroth and Holzapfel 2006) and Lc.
mesenteroides subsp. cremoris (Yurdugul and Bozoglu 2002) have been isolated
from grape must during alcoholic fermentation.

The G+C content of the DNA ranges between 37 and 41 mol%.

The genus Leuconostoc contains in total: 13 species (July 2016; DSMZ 2016a).
Some species contain well characterized subspecies. Only three subspecies of Lc.
mesenteroides play a role in must and wine. Some characteristics are compiled in
Table 1.4.

The type species is Le. mesenteroides DSM 203437

Lc. mesenteroides subsp. cremoris

Morphology: Like Lc. mesenteroides subsp. mesenteroides, occur often in long
chains.

Characteristics: No dextran formation from sucrose.

Isolation: Milk, fermented milk products, grape must/wine.

Type strain: DSM 20346

Lc. mesenteroides subsp. dextranicus

Morphology: Like Lc. mesenteroides subsp. mesenteroides.

Characteristics: Dextran formation to a lesser extent than Lc. mesenteroides subsp.
mesenteroides.

Isolation: Plant material, meat, milk, dairy products, grape must/wine.

Type strain: DSM 203484

Lc. mesenteroides subsp. mesenteroides
Morphology: Coccoid cells in milk, elongated cocci in glucose containing culture
media. Single, pairs, short to medium chains. Often rod-shaped on solid media.
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Characteristics: Production of excess of exopolysaccharides (dextran) from
sucrose. Phages have been described (Sozzi et al. 1978).

Isolation: Silage, fermenting olives, sugar milling plants, meat, milk, dairy prod-
ucts, grape must/wine.

Type strain: DSM 20343

1.7.3 Genus Oenococcus

Oenococci have been isolated from must and wine (Garvie 1986a). They form
spherical or lenticular cells, pairs or chains. Murein belongs to type A (DSMZ
2016¢). The interpeptide bridge contains Lys-Ala-Ser or Lys-Ser-Ser. Only NAD*
will serve as coenzyme of the glucose-6-phosphate dehydrogenase (Bjorkroth and
Holzapfel 2006). Petri et al. (2015) applied MALDI-TOF-MS and nested SAPD-
PCR for the discrimination of Oenococcus oeni isolates at the strain level.

Oenococci have been separated from the genus Leuconostoc by 16S rDNA
sequence analysis (Fig. 1.1; Dicks et al. 1995; Schleifer and Ludwig 1995a, b).
Only three species O. oeni (Dicks et al. 1995), O. kitahareae (Endo and Okada
2006) and O. alcoholitolerans (Badotti et al. 2015) have been described (DSMZ
2016a), and can easily be distinguished. O. kitaharae (type strain: DSM 17330")
has been isolated from a composting distilled shochu residue. L-Malate is not
decarboxylated to L-lactate and CO, in the presence of fermentable sugars. Cells
do not grow below pH 4.5 and in 10% ethanol. Growth is not stimulated by tomato
juice. The DNA G+C content ranges from 41 to 43 mol%. O. kitaharae possess
several functions in cellular defence (bacteriocins, antimicrobials, restriction-
modification systems), which are lacking in Oenococcus oeni living in must with
fewer competitive microbes (Borneman et al. 2012). O. alcoholitolerans was
isolated from an ethanol production plant in Brazil. Distinctive phenotypic charac-
teristics are the ability to metabolise sucrose but not trehalose (Badotti et al. 2015).
The usage of glucose, cellobiose, trehalose, and mannose was demonstrated (Jamal
et al. 2013).

O. oeni can grow at pH 3.0 and 10% ethanol. Many strains of O. oeni can even
grow at 14% of ethanol (Bordas et al. 2013). Heat shock proteins and special
membrane lipids are produced under these environmental conditions (Coucheney
et al. 2005). Changes in the expression level of the geranylgeranyl pyrophosphate
synthase gene was detected under ethanol stress (Cafaro et al. 2014b). Vigentini
etal. (2016) isolated O. oeni strains from wineries of the Aosta Valley developing at
10 °C in Petit Rouge wine. These strains can be used for performing malolactic acid
fermentation (MLF) in cold climate territories.

The DNA homology with other lactic acid genera is relatively low with a certain
relationship to the genera Leuconostoc and Weissella (Stiles and Holzapfel 1997).
The distinct pylogenetic position (Fig. 1.1) because of the quite different 16S rDNA
sequence may indicate a quick evolving rRNA in the genus Oenococcus (Yang and
Woese 1989), which could not be approved by a comparison of the gene sequences
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of the DNA-dependent RNA-polymerases (Morse et al. 1996). Oenococci can be
distinguished from less acid tolerant Leuconostoc species by using saccharose,
lactose and maltose as substrate (Garvie 1986a).

It is important to use selected strains for wine making under special conditions,
because some features are expressed at strain level. Insertion sequences (IS) could
be one of the reasons for genotypic and phenotypic variants of oenococci
(El Gharniti et al. 2012). The whole genome of different strains of O. oeni was
performed, which allowed to define the invariant and variable DNA regions
between the strains. Genetic variation in amino acid and sugar metabolism was a
common feature (Capozzi et al. 2014; Lamontanara et al. 2014; Sternes and
Borneman 2016). Protein expression profiling of Oenococcus oeni from Aglianico
wine allowed to analyze the cellular pathways (Cafaro et al. 2014a). Mohedano
et al. (2014) identified 152 unique proteins were identified in O. oeni.

O. oeni can use the hexoses glucose and fructose, while not all strains use
trehalose (Garvie 1986a). L-arginine can be degraded to carbon dioxide, ammonia
and ornithine. O. oeni can perform a malolactic fermentation (Caspritz and Radler
1983), which is also found in the genera Lactobacillus, Leuconostoc, and
Pediococcus. The malolactic fermentation leads to a membrane potential and a
proton gradient. With the aid of an F{F, ATPase energy can be gained (Poolman
et al. 1991).

Oenococci were able to synthesize capsular heteropolysaccharides made of
glucose, galactose and rhamnose, f-glucans and homopolysaccharide (a-glucan
or B-fructan) (Dimopoulou et al. 2014)

Oenococci exhibit a high mutability due to the lack of the mismatch repair genes
mutS and mutL (Marcobal et al. 2008), which may facilitate the formation of strains.
Specific methods for the rapid detection or differentiation of O. oeni strains in must
and wine samples have been developed (Kelly et al. 1993; Viti et al. 1996; Zavaleta
et al. 1997; Frohlich 2002; Frohlich and Konig 2004; Larisika et al. 2008).

0. oeni strains can contain bacteriophages (Doria et al. 2013; Jaomanjaka et al.
2013) and plasmides (Favier et al. 2012).

The type species is O. oeni DSM 202527,

0. oeni

Morphology: Spherical, lenticular cells in pairs or chains.
Characteristics: Growth below pH 3.0 and 10% ethanol.
Isolation: must/wine.

Type strain: DSM 20252,

1.7.4 Genus Pediococcus

Pediococci occur on plant material, fruits and in fermented food. They are non-
pathogenic to plants and animals. Cells are spherical and never elongated as it is the
case with leuconostocs and oenococci. The cell size is 0.36—1.43 pm in diameter.
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Cell division occurs in two directions in a single plane. Short chains by pairs of cells
or tetrads are formed (Garvie 1986b). Tetrad-forming homofermentative LABs in
wine are pediococci. Pediococci are nonmotile and do not form spores or capsules
(Simpson and Tachuchi 1995). The murein belongs to type A with an interpeptide
bridge consisting of L-Lys-Ala-Asp (Holzapfel et al. 2003).

Glucose is fermented by the Embden—Meyerhof-Parnas pathway to pL or L-
lactate. A wide range of carbohydrates is used such as hexoses, pentoses, disaccha-
rides, trisaccharides and polymers such as starch. All wine-related species grow
only in the presence of carbohydrates. The PTS system is used for glucose transport.
Species producing pL-lactate possess an L- and D-LDH. Pyruvate can be converted
mainly by P. damnosus to acetoin/diacetyl. P. pentosaceus and P. damnosus can
degrade malate. They are nonproteolytic and nitrate is not reduced. Pediococci are
catalase negative. Some strains of P. pentosaceus produce pseudocatalase.
Pediococci do not reduce nitrate.

The G+C content of the DNA ranges from 34 to 44 mol%.

Pediococci can have plasmids, which code for production of bacteriocins or
fermentation of carbohydrates. P. pentosaceus has three different plasmids for the
fermentation of raffinose, melibiose and sucrose.

Pediococci are involved in beer spoilage (P. damnosus) and cause off-flavour in
wine by production of diacetyl. P. halophilus, which has not been found in must/
wine, is used to prepare soya sauce. Pediococci are used as starter culture in cheese
production, silage and sausage production (P. acidilactici; P. pentosaceus). They
play a role in cheese ripening. Pediococci (P. acidilactici; P. pentosaceus) can
produce bacteriocins (pediocin) which can prevent meat spoilage. P. damnosus is a
major spoilage organism in beer manufacturing, since it may produce diacetyl
resulting in a buttery taste.

The species are differentiated by their range of sugar fermentation, hydrolysis of
arginine, growth at different pH levels (4.5, 7.0), the configuration of lactic acid
produced (Axelsson 2004) and ribotyping (Satokari et al. 2000). P. pentosaceus
produces a nonheme pseudocatalase (Engesser and Hammes 1994).

The genus Pediococcus contains 11 species (July 2016; DSMZ 2016a). Four
species have been found in must or wine (P. damnosus, P. inopinatus, P. parvulus,
P. pentosaceus). Some characteristics of the species are compiled in Table 1.5).

The type species is P. damnosus DSM 203317,

P. damnosus

Morphology: Tetrades.

Characteristics: Ribose not fermented, arginine not hydrolysed. No growth at
pH 8 or 35 °C. pL-lactic acid produced from glucose.

Isolation: Beer and wine.

Type strain: DSM 20331

P. inopinatus

Morphology: Tetrades

Characteristics: P. parvulus and P. inopinatus can be distinguished by the electro-
phoretic mobility of the L- and p-LDHs.
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Isolation: Fermenting vegetables, beer, wine.
Type strain: DSM 20285

P. parvulus

Morphology: Tetrades, 0.7 pm x 1.1 pm in diameter. Single, pairs, tetrads, irregular
clusters.

Characteristics: Grows at pH 4.5. Lactose, starch and pentoses not utilized. Argi-
nine not hydrolysed. pL-lactic acid produced from glucose.

Isolation: Plant material, sauerkraut, fermented vegetables, fermented beans, beer,
cider and wine.

Type strain: DSM 20332

P. pentosaceus

Morphology: Tetrades.

Characteristics: Pentoses and maltose fermented. Arginine is hydrolysed. Growth
up to 45 °C. Used for the inoculation of semi-dry sausage, cucumber, green bean or
soya milk fermentations and silage. Some strains produce pediocins. Isolation:
Plant material and wine.

Type strain: DSM 20336

1.7.5 Genus Weissella

Based on rDNA analysis Lc. paramesenteroides (“Lc. paramesenteroides group”)
was reclassified as W. paramesenteroides. Five heterofermentative lactobacilli (Lb.
confusus, Lb. halotolerans, Lb. kandleri, Lb. minor, Lb. viridescens) were also
assigned to the genus Weissella (Collins et al. 1993; Bjorkroth and Holzapfel
2006). Weissellas are spherical, lenticular or irregular rods. They are
heterofermentative  species, which produce Db, L-lactic acid, while
W. paramesenteroides forms p-lactic acid from glucose. They have been isolated
from food and meat. Weissellas produce greenish oxidized porphyrins in meat
products by H,O, accumulation. The genus Weissella contained 21 validly
described species (July 2016, DSMZ 2016a). W. paramesenteroides is the only
species of this genus isolated from must/wine.
The type species is W. viridescens DSM 20410

W. paramesenteroides

Morphology: Sperical, lenticular

Characteristics: Pseudocatalase may be produced in the presence of low glucose
content.

Isolation: must/wine, fresh vegetables, sausages

Type strain: DSM 202887
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1.8 Conclusions

Lactic acid bacteria are widespread in habitats with complex nutritional supply such
as plant material or fruit juice as well as animals. They influence the aroma, the
quality, the consistency and safety of food. Since the 1900s, the production of
fermented food and consequently the demand for starter cultures of lactic acid
bacteria has been largely increased (Mayrd-Mikinen and Bigret 2004). They play
an important role in the fermentation of sugar-containing food. Because of the acid
formation and production of inhibitory components, they contribute to the preser-
vation of food. On the other hand, they can produce off-flavour (e.g. diacetyl) and
cause ropiness by exopolysaccharide production.

Especially in northern wine growing regions, grapes can contain high amounts of
acid with unfavourable organoleptic properties. So far, mainly O. oeni and some-
times Lb. plantarum are used as starter cultures for wine making to reduce the malic
acid content.
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Chapter 2
Acetic Acid Bacteria

José Manuel Guillamon and Albert Mas

2.1 Introduction

Acetic acid bacteria (AAB) are considered one of the most common wine spoilage
microorganisms and a threat for the oenologists. Their ability to transform most of
the sugars and alcohols into organic acids produces easily the transformation of
glucose into gluconic acid in damaged grapes and ethanol or glycerol into acetic
acid or dihydroxyacetone in wines. As a result of their strictly aerobic metabolism
and high dependence to oxygen, acetic acid bacteria population is highly reduced
during the must fermentation, with only few strains able to survive. However, wine
aeration and oxygen exposure during oenological practices after alcoholic fermen-
tation can activate their metabolism and increase their population with risks of
acetic acid production. Inappropriate long-term wine storage and bottling condi-
tions may also activate the acetic acid production. Good cellar practices such as
high hygiene, microbiological control, oxygen restriction and reduction of porous
surfaces reduce considerably the risks of wine spoilage by acetic acid bacteria.
Acetic acid bacteria (AAB) are a group of microorganisms included in the
Acetobacteraceae family that have a very unique characteristic of oxidising the
alcohol into acetic acid, and this differential capacity originates their name. How-
ever, this metabolic ability derives in a high capacity of quick oxidation of alcohols
and sugars yielding the corresponding organic acids, which can easily accumulate
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in the media. This feature makes AAB a especial group to be used in biotechno-
logical applications such as the production of ascorbic acid (vitamin C) or cellulose
(Deppenmeier et al. 2002). In the food industry, AAB are being used as main
participants in the production of several foods and beverages, such as vinegar,
cocoa, kombucha and other similar fermented beverages. However, their presence
and activity can easily derive into spoilage of other foods or beverages such as
wine, beer, sweet drinks and fruits.

In the environment, AAB occur in sugary elements, such as fruits or flowers.
Additionally, naturally spoiled fruits, which might be partially fermented into
alcohols, are an excellent medium for the proliferation of some AAB due to their
tolerance to ethanol and the transformation into acetic acid, both compounds highly
restrictive for the proliferation of other microorganisms. Thus, they are especially
abundant in the man-made environments where alcohol is produced.

As the AAB are specialised in rapid oxidation of sugars or alcohols, oxygen
availability plays a pivotal role in their growth and activity. Their metabolic activity
and growth is especially enhanced when oxygen is present or specifically added
(e.g. in vinegar production). Their optimal pH is 5.5-6.3 (De Ley et al. 1984);
however, they can survive and grow in the pH of the wine, which is normally
around 3.0—4.0 although it can be still lower (Du Toit and Pretorius 2002). In fact,
acid resistance can be induced by prolonged and gradual exposure to low pH
(Kosebalan and Ozingen 1992). Finally, the optimal growth temperature is
25-30 °C (De Ley et al. 1984), yet some strains can grow very slowly at 10 °C
(Joyeux et al. 1984a), and some others can develop to higher temperatures, which is
a feature of interest in the production of vinegars (Chen et al. 2016; Matsushita et al.
2016; Mounir et al. 2016).

2.2 From Grapes to Wine: An Adverse Environment

Yeasts, bacteria and filamentous fungi all contribute to the microbial ecology of
wine production and the chemical composition of wine, although yeasts have the
dominating influence because of their role in conducting the alcoholic fermentation
(Fleet 1993). Many factors affect the microbial ecology of wine production, of
which the chemical composition of the grape juice and the fermentation processes
are the most significant. In complex microbial ecosystems, containing mixtures of
different species and strains, there is the possibility that interactions between
microorganisms will occur and that this will also determine the final ecology
(Drysdale and Fleet 1989a; Ribereau-Gayon et al. 2000).

It is commonly known that grape juice presents extreme conditions for the
growth of microorganisms, such as a low pH and a high sugar concentration.
Overall, during the alcoholic fermentation, this sugar content is transformed into
ethanol by yeasts, meaning an additional restriction for the development of micro-
organisms. Such environmental changes are responsible for the differences in the
microbial ecology throughout the process, where tolerance to high concentrations
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of ethanol and low pH will be the main factors that select species occurrence in
wine ecosystems (Fleet 1993). Additionally, the coexistence of different microor-
ganisms in the medium generates competition for the nutrients. Thus, early growth
of yeasts in grape juice decreases the nutrient content, making the resulting wine
less favourable as an environment for any further microbial growth. Moreover, such
growth releases to the media different metabolites, some of which could be toxic to
other species. Another factor that affects the development of some microorganisms is
the carbon dioxide production that strips off oxygen, thereby limiting the growth of the
aerobic species, such as AAB. Therefore, if a vigorous onset of alcoholic fermentation
by yeasts (or Saccharomyces cerevisiae) occurred, non-Saccharomyces yeasts and
bacteria would show little growth (Gonzalez et al. 2005). However, if yeast growth is
delayed, various species of lactic acid bacteria and AAB may grow, inhibit the
growth of yeast and cause sluggish or stuck fermentations (Ribereau-Gayon et al.
2000; Fleet 2001).

The interaction among the different wine microorganisms may or may not
favour a particular microbial group. For example, when the large amount of yeast
biomass produced during fermentation dies, the autolysis releases to the media
amino acids and vitamins which may encourage the growth of AAB and lactic acid
bacteria species later in the process (Fleet 2001). Another concept that must be
considered is quorum sensing as a mechanism by which microbial cells communi-
cate with each other and regulate population growth. It is therefore evident that the
development of microorganisms during the winemaking process depends on dif-
ferent parameters, such as the aforementioned microbial interactions, and also the
media composition and the oenological practices.

A parameter that could affect the development of microorganisms during alco-
holic fermentation is temperature. Winemakers have developed a preference
towards fermenting white and rosé wines at controlled temperatures (between
13 and 18 °C) in order to enhance the production and retention of flavour volatiles
(Llauradé et al. 2002); while in red wine fermentations, temperature is less con-
trolled and able to reach temperature values of 25-30 °C. It is known that fermen-
tation temperature will affect the rate of yeast growth and, consequently, the
duration of fermentation (Torija et al. 2003). Therefore, a delay of the fermentative
yeast growth, which will occur in low temperature fermentation, could help the
development of indigenous oxidative yeasts and cause a sluggish fermentation
(Llauradé et al. 2002). In any case, the wine bacterial population is not very
psychrotolerant, and low temperature of fermentation should not be a parameter
boosting its growth.

Finally, the addition of sulphur dioxide to grape juice and wine is a common-
place winemaking practice in order to control oxidation reactions and prevent the
growth of indigenous microflora, such as indigenous non-Saccharomyces yeasts or
AAB and lactic acid bacteria. The antimicrobial effectiveness of the SO, is highly
dependent on the pH and on the presence of reactive molecules which can bind to
SO,. With a lower pH in the must and wine, there will be more SO, in free
molecular form, which is the active form against microorganisms (Ribereau-
Gayon et al. 2000). However, there are some AAB not very sensitive to this
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antimicrobial compound and strains that are highly resistant (Du Toit et al. 2005;
Gonzalez et al. 2005).

2.3 Isolation and Taxonomy

The physiological differences among microorganisms made it possible to develop
differential culture media for isolating AAB whose carbon source is glucose,
mannitol, ethanol, etc. Some of these media can also incorporate CaCOj; or
bromocresol green as acid indicators (Swings and De Ley 1981; De Ley et al.
1984). Culture media are usually supplemented with pimaricin or similar antibiotics
in the agar plates to prevent yeasts and molds from growing and with penicillin to
eliminate Gram-positive acidophilic bacteria such as lactic acid bacteria (Ruiz et al.
2000).

Some of the most widely used culture media are GYC [5% p-glucose, 1% yeast
extract, 0.5% CaCO; and 2% agar (w/v)] and YPM [2.5% mannitol, 0.5% yeast
extract, 0.3% peptone and 2% agar (w/v)]. Plates must be incubated for between
2 and 4 days at 28 °C under aerobic conditions. These culture media are suitable for
wine samples (Bartowsky et al. 2003; Du Toit and Lambrechts 2002).

Nevertheless, some studies show that it is difficult to culture this bacterial group
from some industrial samples, especially those originated in extreme media, such as
vinegar (Sokollek et al. 1998). This problem has been partially solved by introduc-
ing a double agar layer [0.5% agar in the lower layer and 1% agar in the upper layer
(w/v)] into the cultures and media containing ethanol and acetic acid in an attempt
to simulate the atmosphere of the acetification tanks, such as AE medium (Entani
et al. 1985). However, culturing AAB is still a limitation to proper studies of this
group of microorganisms that is a critical point for ecological studies. Thus, culture-
independent molecular techniques are being developed to solve this problem.

The identification of AAB has gone in parallel with the changes in taxonomy and
AAB classification. Since Mycoderma was first described by Persoon in 1822 and
observed by Pasteur, Hansen and Beijerinck in the nineteenth century, the general
consensus throughout the last part of the twentieth century is that there were two
AAB genera: Gluconobacter and Acetobacter. The keys to the taxonomy of bacte-
ria have been traditionally collected in Bergey’s Manual of Systematic Bacteriol-
ogy. In the 1984 edition (De Ley et al. 1984), it included such molecular techniques
as fatty acid composition, soluble protein electrophoresis, percentage of G+C
content and DNA-DNA hybridisation.

The taxonomy of AAB microorganisms, initially based on morphological and
physiological criteria, has been continuously varied and reoriented, largely because
of the application of molecular techniques. The most common techniques are:

— DNA-DNA hybridisation: from a taxonomic point of view, this is the most
widely used technique for describing new species within bacterial groups. The
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technique measures the degree of similarity between the genomes of different
species.

— Percent base ratio determination: this was one of the first molecular tools to be
used in bacterial taxonomy. It calculates the percentage of G+C in a bacterial
genome. Bergey’s Manual of Systematic Bacteriology (De Ley et al. 1984)
included these values to differentiate among Acetobacteraceae species.

— 16S rDNA sequence analysis: the 16S rDNA gene is a highly preserved region
with small changes that characterise different species. Ribosomal genes are
compared in most taxonomical studies of bacteria. However, the differences in
16S rDNA sequences are very limited, and some species have few nucleotide
pairs of difference.

However, the new approaches in AAB taxonomy have a polyphasic approach,
combining some physiological features and full genome sequencing (Cleenwerk
and De Vos 2008). The continuous reduction in prices of full genome sequencing
has made this the preferred option for taxonomic identification.

The Acetobacteraceae family is no exception, and it has been deeply reorganised
in parallel with easiness for full taxonomic analysis. AAB are considered a lineage
within the Acetobacteraceae family, which is characterised by the ability to pro-
duce acetic acid, although some of them are very weak producers. Several new
AAB genera have been added to the two traditional genera mentioned above:
Acidomonas, Gluconacetobacter, Asaia, Kozakia, Saccharibacter, Swminathania,
Neoasaia, Granulibacter, Tantichaorenia, Commensalibacter, Ameyamaea,
Neokomagataea, Komagataeibacter, Endobacter, Swingsia, Nguyenibacter and
Bombella (an updated 2016 list can be seen in Table 2.1). From 1992 until 2014,
over 70 novel species of acetic acid bacteria have been described, with the highest
number, over 20, in the genus Gluconacetobacter (Trcek and Barja 2015). How-
ever, the deepest change has been incorporated with the description of new genus
Komagataeibacter, which is the result of a revision of the previous genus
Gluconacetobacter in two (Yamada et al. 2012). As expected, some species have
also been renamed (particularly some species of Acetobacter which were assigned
to the Gluconacetobacter and Komagataeibacter genera).

2.4 Molecular Techniques for Routine Identification
of AAB

The main objective of microbial classification is to identify an isolated microor-
ganism up to the species level. However, discriminating or typing the different
strains or genotypes of a species is gaining an increase importance from an
industrial point of view. Not all the strains of a species have the same ability to
oxidise ethanol into acetic acid. Therefore, it is important to be able to determine
how well each technique can discriminate among strains and to know how many
species or strains are involved.
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Table 2.1 Species of Acetic acid bacteria Genera (number of species/number of sequenced

species)
Acetobacter (25/16) | Asaia (8/4) Gluconacetobacter (11/1) | Kozakia (1/1)
A. aceti As. astilbis Ga. aggeris K. baliensis
A. cerevisiae As. bogorensis Ga. asukensis
A. cibinongenesis | As. krungthepensis Ga. azotocaptans Neoasaia (1/0)
A. estuniensis As. lannensis Ga. diazotrophicus N. chiangmaiensis
A. fabarum As. platycodi Ga. entanii
A. farinalis As. prunellae Ga. johannae Nguyenibacter (1/0)
A. ghanensis As. siamensis Ga. liquefaciens N. valangensis
A. indonesiensis As. spathodeae Ga. sacchari
A. lambici Ga. takamatsuzukensis Saccharibacter (1/1)
A. lovaniensis Bombella (1/0) Ga. tumulicola Sa. floricola
A. malorum B. intestini Ga. tumulosoli
A. nitrogenifigens Swaminathania (1/0)
A. oeni Endobacter (1/0) Granulibacter (1/1) S. salitolerans
A. okinawensis E. medicaginis Gr. bethesdensis
A. orientalis Swingsia (1/0)
A. orleaniensis Gluconobacter (14/7) | Komagataeibacter (14/8) | S. samuiensis
A. papayae G. albidus Km. europaeus
A. pasteurianus G. cerevisiae Km. hansenii Tanticharoenia (1/1)
A. peroxydans G. cerinus Km. intermedius T. sakaeratensis
A. persici G. frateurii Km. kakiaceti
A. pomorum G. japonicus Km. kombuchae Non-validated
names
A. senegalensis G. kanchanaburiensis | Km. maltaceti Commensalibacter
(2/2)
A. sicerae G. kondonii Km. medellinensis C. intestini
A. syzygii G. nephelii Km. nataicola C. papalotli
A. tropicalis G. oxydans Km. oboediens
G. roseus Km. rhaeticus Gluconobacter (1/1)
Acidomonas (1/1) | G. sphaericus Km. saccharivorans G. morbifer
Ac. methanolica G. thailandicus Km. sucrofermentans
G. uchimurae Km. swingsii Neokomagatea (2/0)
Ameyamaea (1/0) | G. wancherniae Km. xylinus Nk. tanensis

Am. chiangmaiensis

Nk. thailandica

Data obtained from www.bacterio.net and www.ncbi.nlm.nih.gov/genome/browse/ retrieved on

September 28, 2016

In Bold: sequenced species

Depending on the degree of polymorphism provided by the various molecular
markers, they are more suitable for interspecific or for intraspecific discrimination.
Therefore, we divided the molecular techniques into two main groups: those that
can discriminate up to species level and those that can discriminate up to strain
level. Currently, the only acceptable classification is the one based on sequencing.
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However, in ecological studies, when a large number of samples and isolates have
to be determined, a first screening technique is very helpful in order to associate all
the isolates to certain groups, and then representative DNAs of these groups could
be sequenced and properly identified.

Species Level

* PCR-RFLP of the rDNA 16S: this technique is appropriate for differentiating
and grouping microorganisms on the basis of their phylogenetic relationships
(Poblet et al. 2000; Ruiz et al. 2000). In eubacterial DNA, the rRNA loci include
16S, 23S and 5S rRNA genes, which are separated by internally transcribed
spacer (ITS) regions. The technique consists of amplifying the 16S rDNA region
and then digesting the amplified fragment with different restriction enzymes
(Fig. 2.1) (Guillamon et al. 2002; Gonzalez et al. 2006a). However, nowadays,
this technique can be complemented by sequencing the amplified fragment
making it possible to characterise almost all the AAB species, although the
high similarity of some AAB species in this gene can produce some mistakes or
undefinition (Valera et al. 2011)

¢ PCR-RFLP of the 16S-23S rDNA internally transcribed spacer (ITS): this tech-
nique consists of amplifying a region of the ITS (here it spans the 16S and 23S
rRNA genes) and then digesting the amplified products with different restriction
endonucleases (Sievers et al. 1996; Ruiz et al. 2000; Trcek and Teuber 2002;
Gonzélez et al. 2006a; Prieto et al. 2007). The sequences and lengths of the
16S-23S ITS region varies considerably among the species, and this region also
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Fig. 2.1 Tagql restriction patterns obtained after the amplification of 16S rDNA of different acetic
acid bacteria strains isolated throughout the alcoholic fermentation. All the strains belonging to the
same species showed the same restriction pattern. Size in bp (/eft) of 100 bp ladder (Gibco-BRL),
used as markers (m), are indicated
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contains conserved sequences with functional roles such as tRNA genes and
antitermination sequences (Sievers et al. 1996). In other bacterial groups, intergenic
sequences are known to have higher variability than functional sequences, and they
make it possible to distinguish below the species level. However, in AAB, the
results obtained by Ruiz et al. (2000) and Trcek and Teuber (2002) only differen-
tiated up to species level. It is more resolutive than the previous one, and it has been
considered as an alternative to the undefinition that could be generated due to high
similarity of 16S rDNA (Gonzalez and Mas 2011; Valera et al. 2011).
PCR-RFLP of the 16S-23S-5S sequences: this technique consists, as in the two
previous ones, of amplifying part of the ribosomal DNA; in this case the region
compressed by the 16S, 23S and 5S rDNA genes, generating an amplified product
of around 4500 bp. This is then digested using Rsal as a restriction endonuclease
(Gullo et al. 2006). The results obtained were similar to the previous techniques,
although with higher and more resolutive polymorphism. However, the main
limitation of this technique results from the amplification of such a long fragment.
Denaturing gradient gel electrophoresis (DGGE): DGGE separation of bacterial
DNA amplicons is a common method used to characterise microbial communi-
ties from specific environmental niches. This technique has been used to study
the AAB population in wine (Cocolin et al. 2000; Andorra et al. 2008; Takahashi
et al. 2014) and vinegar (De Vero et al. 2006; Yetiman and Kesmen 2015). It
does not require the microorganisms to be isolated. The most commonly used
genes for the DGGE method are 16S and 23S rDNA because they are species
specific. The band pattern obtained is indicative of the number of different
species present in a sample. Each individual band can be recovered and used
for sequencing, which can be an additional tool for species identification. A main
limitation of this technique is that minor species are hardly detected, especially
when other species constituted an overwhelming majority.

Real-time PCR: this technique identifies and enumerates bacterial species with-
out culturing. It has been successfully used to enumerate total populations of
AAB in both wines and vinegars (Gonzélez et al. 2006b) and for the enumeration
of Gluconobacter and Gluconacetobacter species in soft drinks (Gammon et al.
2007). A clear advantage of this technique is its specificity to detect a specific
family group, genera or species (Torija et al. 2010; Valera et al. 2013).
PQQ-dependent alcohol dehydrogenase gene targeting: this technique has been
used to detect both generic AAB and specifically A. aceti from cider vinegar (Trcek
2005). The variable and conserved segments in partial adhA sequences allows the
construction of generic PCR set of primers for all the AAB species and a specific
PCR primer for the detection of A. aceti. The author claimed that the analysis of
partial adhA sequences showed that this region was more discriminative for AAB
species than 16S rRNA gene but less than 16S-23S rRNA intergenic regions.
Fluorescence in situ hybridisation (FISH): this technique has been used to detect
Ga. sacchari (Franke et al. 1999) and other wine-related microorganisms such as
lactic acid bacteria (Blasco et al. 2003). FISH directly identifies and quantifies
bacterial species at microscopic level without previous cultivation. It consists of
DNA fluorescent labelled probes that will specifically hybridise each of the
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species or genera. The high content of different binding compounds in wine or
vinegar can quench fluorescence and also limit the resolution.

¢ Metagenomics and techniques based on massive sequencing: this technique is
currently being applied to determine the complete ecology of several niches and
processes, including grape, wine and vinegar production. It is a very powerful
technique in the sense that can detect a large number of sequences in a single run.
However, the large number of data generated implies some processing restrictions
that are dealt with bioinformatics. However, the groupings of the different tech-
niques are based on sequence similarities, and it is very difficult to achieve species
level. The sequences are grouped in operational taxonomic units (OTUs) that not
necessarily are equal to species or even genus. Furthermore, the design of the primers
used has to exclude some sequences originated in prokaryote DNA from eukaryotes
(chloroplasts or mitochondria), which can generate some biases. It has been used for
grape, wine and vinegar population analysis (Bokulich et al. 2012, 2014, 2015;
Portillo et al. 2016; Portillo and Mas 2016; Valera et al. 2015; Trcek et al. 2016)

» Matrix-assisted laser desorption/ionisation time-of-flight mass spectrometry
(MALDI-TOF MS): this is an alternative method based on protein profile,
instead of DNA polymorphism, obtained by MALDI-TOF MS from intact
bacteria. This technique has been successfully applied to differentiate AAB,
among different genera, species and strains of the same species (Andrés-Barrao
et al. 2013; Wieme et al. 2014). This method has the advantage that requires less
sample manipulation and is very suitable for routine identification of a large
number of samples (Tréek and Barja 2015).

Strain Level

* Random amplified polymorphic DNA-PCR (RAPD-PCR): the RAPD finger-
print amplifies the genomic DNA with a single primer of arbitrary sequence, 9 or
10 bases in length, which hybridise with sufficient affinity to chromosomal DNA
sequences at low annealing temperatures so that they can be used to initiate the
amplification of bacterial genome regions. The amplification is followed by
agarose gel electrophoresis, which yields a band pattern that should be a
characteristic of the particular bacterial strain. The technique was initially used
with AAB by Trcek et al. (1997) in spirit vinegar and later by Nanda et al. (2001)
to characterise rice vinegar AAB. Bartowsky et al. (2003) and Prieto et al. (2007)
also used this technique to differentiate strains in spoiled wines.

« Enterobacterial repetitive intergenic consensus—PCR (ERIC-PCR) and repeti-
tive extragenic palindromic—PCR (REP-PCR): ERIC and REP elements have
been described as consensus sequences derived from highly conserved palin-
dromic inverted repeat regions found in enteric bacteria. However, these
sequences seem to be widely distributed in the genomes of various bacterial
groups. The amplification of the sequences between these repetitive elements
has generated DNA fingerprints of several microbial species. ERIC-PCR has
already been used by Nanda et al. (2001) to identify AAB strains isolated from
vinegar and more recently by Wu et al. (2010) to genotype 21 AAB strains
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isolated from Chinese cereal vinegars. Both techniques have been applied to
AAB in wines (Gonzalez et al. 2004) and used to follow the AAB population
dynamics before and during alcoholic fermentation (Gonzalez et al. 2005).

* A similar technique based on repetitive elements for genomic fingerprinting has
been proposed by De Vuyst et al. (2006) using (GTG)s primers. These noncod-
ing sequences are present in multiple copies in the genomes of most Gram-
negative and several Gram-positive bacteria. This study reported a good dis-
crimination method with a high degree of polymorphism in AAB.

2.5 AAB Ecology During Winemaking

2.5.1 AAB in Grapes and Musts

As the grapes mature the amount of sugars (glucose and fructose) increases and
improves the chances for AAB growth. In healthy grapes, the predominant species
is G. oxydans, and the most common populations are around 10°~10° cfu ml™"
(Joyeux et al. 1984a; Du Toit and Lambrechts 2002; Gonzalez et al. 2005; Renouf
et al. 2005; Prieto et al. 2007). Acetobacter species have also been isolated from
unspoiled grapes, albeit in very low amounts (Du Toit and Lambrechts 2002;
Gonzalez et al. 2004; Prieto et al. 2007). On the other hand, damaged grapes
contain larger AAB populations (Barbe et al. 2001), mainly belonging to the
Acetobacter species (A. aceti and A. pasteurianus). In these conditions, the sugars
released from the spoiled grapes can be metabolised by yeasts into ethanol, which is
a preferred carbon source of the Acetobacter species that overgrow Gluconobacter
(Joyeux et al. 1984b; Grossman and Becker 1984; Gonzalez et al. 2005).
However, the description of new AAB species has increased the number of
species isolated from this substrate, and the extension of new molecular methods
has extended the number of genera and species identified in wines. This can be
applied to the “traditional” genera already described, most likely due to previous
identification as some of the known species. For instance, in the Gluconobacter
genus, probably previously identified as G. oxydans, has been now described:
G. albidus, G. cerinus, G. frateurii, G. japonicus and G. thailandicus (Mateo
et al. 2014; Navarro et al. 2013; Valera et al. 2011). In the Acetobacter genus, a
new species initially described in wine, A. oeni, was considered a main spoiling
microorganism in Portuguese wine (Silva et al. 2006), although other species have
been also described in musts from all over the world: A. cerevisiae, A. malorum,
A. orleanensis, A. syzygii and A. tropicalis (Barata et al. 2012; Mateo et al. 2014;
Prieto et al. 2007; Valera et al. 2011). And within the Gluconacetobacter or
Komagateibacter genera, which can also be considered as traditionally associated
to grapes or wines, Ga. liquefaciens, Km. hansenii, Km. saccharivorans, and Km.
intermedius have been also described (Valera et al. 2011; Gonzalez et al. 2005;
Barata et al. 2012; Du Toit and Lambrechts 2002). However, some species
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belonging to the new genera have been also described: Asaia siamensis was
described both in Australia and during Tempranillo malolactic fermentation (Bae
et al. 2006; Ruiz et al. 2010; Mateo et al. 2014), Asaia lannaensis and Amayamea
chiangmaiensis from Australian grapes (Mateo et al. 2014) and finally Kozakia
baliensis was also isolated in musts from Tarragona (Spain) (Navarro et al. 2013).

Nevertheless, the main changes in the grape ecology of AAB have been developed
with the next-generation sequencing (NGS). In general all the reports using NGS on
grapes have detected Gluconobacter in grapes, sometimes as the major species
(Portillo and Mas 2016; Bokulich et al. 2012, 2014; Piao et al. 2015) although
sometimes in very small proportions (Bokulich et al. 2014; Zarraonaindia et al.
2015) or even absent (Portillo et al. 2016). Instead, only Perazzolli et al. (2014)
detected Acetobacter in grapes. Probably the strong differences in the presence of
these different AAB genera in grapes has to do more with the analytical technique used
(pyrosequencing, Illumina, Ion Torrent) or even the primers used for the amplification.

Grape processing in the cellar (pressing, pumping, racking, etc.) may contaminate
must since there is contact with cellar equipment, which contains resident AAB and
will increase their population, mostly made up of Acetobacter species (Gonzalez et al.
2005). However, in the literature, it is possible to find some exceptions to this ubiqui-
tous presence of AAB. Subden et al. (2003) were not able to find AAB among the
bacteria isolated from icewine musts. Curiously the predominant species isolated from
this substrate was Pantoea agglomerans, which had never been reported as a contam-
inant in grape musts. Bokulich et al. (2013) analysed all the equipments and soils of a
cellar by NGS, finding only a significant amount of Gluconacetobacter in the crusher.

Most of the studies on AAB in winemaking have focused on the evolution of
species during the process. We also typed the different AAB isolates from grapes to
wine at strain level (Gonzalez et al. 2005). We found important strain diversity in
grapes (calculated as the percentage of different strains in the total isolates
analysed), which ranged from 45% to 70%. A few of these grape strains were
continuously isolated throughout the alcoholic fermentation. Prieto et al. (2007)
also typed isolates from Chilean grapes, confirming the high diversity of AAB
strains in grapes, in particular among the G. oxydans isolates.

2.5.2 AAB During Fermentation

Studies concerning the evolution of AAB species along wine fermentations have
established certain general trends (Table 2.2). G. oxydans is usually the dominant species
in fresh must and the initial stages of fermentation and is rarely isolated from wines, while
A. aceti is a major strain in the final stages of fermentation (Joyeux et al. 1984a; Drysdale
and Fleet 1988; Gonzalez et al. 2005). However, we have also found G. oxydans, Ga.
liquefaciens and Ga. hansenii in higher percentages as well as A. pasteurianus in the final
stages of fermentation (Gonzalez et al. 2004), or more recently, A. oeni has been
proposed as a new species isolated in wine (Silva et al. 2006). Thus, this pattern of
species evolution seems somewhat reductionist and may depend on multiple oenological
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Table 2.2 Summary of publications that indicate the presence of AAB on grapes, in musts and

wines

Alcoholic
Origin Grapes/must fermentation Source
White wine, Semillon botrytised | G. oxydans A. aceti Joyeux et al.
grapes. Bordeaux, France A. pasteurianus A. pasteurianus (1984b)
Red wine Cabernet Sauvignon. | G. oxydans G. oxydans Joyeux et al.
Bordeaux, France A. pasteurianus (1984b)
Botrytised grapes. Bordeaux, Gluconobacter sp. Barbe et al.
France. 1995-1997 A. aceti (2001)

A. pasteurianus

Cabernet Sauvignon. G. oxydans G. oxydans Du Toit and
South Africa. 1998-1999 A. pasteurianus A. aceti Lambrechts

A. pasteurianus (2002)

Ga. liquefaciens

Km. hansenii
Bottled red wine, Australia A. pasteurianus Bartowsky

et al. (2003)

Red Grenache. Tarragona, G. oxydans A. aceti Gonzalez et al.
Spain. 2001 Ga. liquefaciens (2004)

Km. (Ga) hansenii
Red Grenache. Tarragona. G. oxydans A. aceti Gonzilez et al.
Spain. 2002 A. aceti (2005)
Spoiled red wine. Portugal A. oeni Silva et al.

(2006)

Undamaged Semillon grapes. As. siamensis Bae et al.
New south Wales, Australia. (2006)
2004
Spoiled wines. Austria A. tropicalis Silhavy and

Mandl (2006)

Different grape varieties. Chile.

G. oxydans

Prieto et al.

2004 A. cerevisiae (2007)
Malolactic fermentation of As. siamensis Ruiz et al.
Tempranillo wines. La Rioja, G. oxydans (2010)
Spain
Rotten grapes. A. malorum A. aceti Barata et al.
Lisbon, Portugal. 2007 A. orleanensis A. cerevisiae (2012)
A. syzygii A. malorum
G. oxydans A. tropicalis
Km. hansenii G. oxydans
Km. intermedius Km. europaeus
Km. saccharivorans | Km. hansenii
Km. intermedius
Km. saccharivorans
Sound grapes. Canary Islands. | A. cerevisiae Valera et al.
Spain. 2009 A. malorum (2011)

A. pasterurianus

A. tropicalis

G. japonicus

G. thailandicus
Km. saccharivorans

(continued)
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Table 2.2 (continued)

Alcoholic
Origin Grapes/must fermentation Source

Different grape varieties. A. cerevisiae Navarro et al.
Tarragona, Spain A. malorum (2013)

A. pasteurianus
G. albidus

G. cerinus

G. oxydans

G. japonicus
G. thailandicus
Ko. baliensis

Sound and spoiled grapes. A. malorum Mateo et al.
Adelaide Hills, Australia. 2011 | As. siamensis (2014)

As. lannaensis

Am. chiangmaiensis
G. oxydans

G. albidus

G. cerinus

G. frateurii
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Fig. 2.2 Comparison of yeasts (solid line and solid symbol) and acetic acid bacteria populations
(dotted line and open symbol) in inoculated ( filled triangle) and spontaneous ( filled square) wine
fermentations

factors such as SO,, pH, ethanol, low temperature and yeast inoculation. All these factors
have been reported as inhibitors of AAB growth, yet they can also modify the species
distribution during the process. For instance, different studies have suggested that
A. pasteurianus is more resistant to SO, (Du Toit and Lambrechts 2002), ethanol
(De Ley et al. 1984) and low temperature than A. aceti. Otherwise, inoculation with
high population of yeasts, which is a common practice in winemaking, will produce a
rapid onset of alcoholic fermentation and a concomitant decrease of the AAB population
(Fig. 2.2) (Guillamon et al. 2002). However little is known about the impact of these
oenological factors or the interactions with other wine microorganisms on the selection
and evolution of the AAB species during wine fermentation.
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The growth of AAB during alcoholic fermentation is also linked to the number
of bacteria and yeast in the must at the start of the fermentation (Watanabe and Lino
1984). The initial population of AAB, before the alcoholic fermentation starts, may
determine the number of cells surviving during and after fermentation (Du Toit and
Pretorius 2002). If AAB grow significantly during the initial stages of alcoholic
fermentation, it may become stuck or sluggish, which might enhance the growth of
AAB during wine storage, with a corresponding reduction in the quality of the
wines (Joyeux et al. 1984b).

Even less is known about the AAB development during malolactic fermentation
and their interaction with lactic acid bacteria (the main microorganisms during this
process). Joyeux et al. (1984a) reported constant cells counts of AAB of approxi-
mately 10°—10° cfu ml™", consisting mainly of A. pasteurianus, throughout malo-
lactic fermentation. Conversely we detected a major increase in the AAB population
up to approximately 10° cfuml ™' during this process, A. aceti being the main species
found in this environment (Fig. 2.3) (Guillamon et al. 2002). This increase in the
AAB population did not interfere with the simultaneous development of the lactic
acid bacteria population up to cells densities of approximately 10® cfu ml™".
A possible synergic mechanism between both bacterial groups may emerge from
this result.

All these concepts related to the presence of AAB in winemaking with the
predominance of Acetobacter during the alcoholic fermentation and the apparent
decline of Gluconobacter during fermentation associated to increased sensitivity to
ethanol have been strongly challenged by the NGS studies. No significant quantities
of DNA from Acetobacter have been found in those studies, whereas relevant
presence of Gluconobacter during the alcoholic fermentation and even increasing
at the end has been reported (Portillo and Mas 2016; Piao et al. 2015; Bokulich et al.
2015). More studies should be undertaken to clarify if this apparent controversy
between the classical culture-dependent studies and the NGS ones is due to
methodological aspects or if it is indeed an error induced by the lack of specificity
and “broad” view of NGS.
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1,E+06 {15

E 1,405 112 _

S 1,E+04 fog °
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Fig. 2.3 Acetic acid bacteria ( filled triangle with solid line) and lactic acid bacteria ( filled square
with solid line) growth during a malolactic fermentation. Malic acid consumption (open square
with dotted line) and acetic acid (open triangle with dotted line) production are also indicated
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In our studies on typing AAB strains and monitoring strain evolution during
alcoholic fermentations, we were able to conclude: (1) the origin of the strains
isolated during wine fermentation are both the grape and wine cellar environment;
(2) the high strain diversity detected at the beginning of the process decreased
significantly during the final stages of the process. The anaerobic conditions and
ethanol increasing concentrations clearly selected the most resistant strains;
(3) regardless of the degree of genotype diversity, there were clear dominant
genotypes in all stages (Gonzalez et al. 2004, 2005).

2.5.3 AAB During Ageing and Wine Maturation

Once the alcoholic fermentation has finished the pumping over and racking of wine
may stimulate the growth of AAB and can lead to populations of up to 10° cells ml ™"
(Joyeux et al. 1984b; Drysdale and Fleet 1985), owing to the intake of oxygen during
these operations. During storage and ageing, the main species found belong to
Acetobacter (A. aceti and A. pasteurianus). AAB have been isolated from the top,
middle and bottom of the tanks and barrels, suggesting that AAB can actually
survive under the semi-anaerobic conditions occurring in wine containers (Du Toit
et al. 2005). This can be explained by the ability of AAB to use such compounds as
quinones and reducible dyes as electron acceptors (Du Toit and Pretorius 2002). The
number of bacteria usually decreases drastically after bottling, because of the
relatively anaerobic conditions present within a bottle. However, excessive aeration
during bottling can increase the number of AAB (Millet and Lonvaud-Funel 2000).
Furthermore, the bottle position during storage, poor storage conditions or spoiled
corks may facilitate AAB growth. In fact, wine spoilage in the bottle by AAB has
also been reported, mostly due to A. pasteurianus (Bartowsky et al. 2003). It should
be pointed out that the number of AAB in wine after fermentation can be
underestimated, because the counting of colonies grown in solid media does not
take into account the VBNC status (Millet and Lonvaud-Funel 2000).

2.6 Acetic Acid Bacteria and Wine Spoilage

The presence and growth of acetic acid bacteria has generally been related to wine
spoilage, mostly by increasing the acetic acid and, thus, the volatile acidity.
However, the changes introduced by acetic acid bacteria in wine depend on the
process stage involved.

Grape and must: the overall effect of the acetic acid bacteria growth in the grapes
is considered as acid rot that can sometimes involve other microorganisms such as
fungi like Botrytis cinerea (Barbe et al. 2001). In the grape or must, the main carbon
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source used by AAB is glucose, which is readily oxidised to gluconic acid. In fact,
gluconic acid in oenology is considered as an indicator of Botrytis infection,
although it seems clear that most of the gluconic acid is produced by the AAB
associated with the Botrytis infection (Barbe et al. 2001). Also, fructose can be
oxidised to oxofructose, although glucose is preferred as a substrate. The produc-
tion of gluconic acid and oxofructose is important not only because of the organ-
oleptic changes that might take place but also because of the binding and reduction
of free SO,. This will result in the need for a higher SO, dosage (Barbe et al. 2001;
Du Toit and Pretorius 2002).

Although this is the main change induced by AAB in grapes, there are further
changes relevant to oenology. The production of cellulose as a result of sugar
metabolism (Kouda et al. 1997) can result in the production of fibres that can affect
grape must and wine filterability (Drysdale and Fleet 1988).

Wine: probably the best-known transformation of AAB in general is the trans-
formation of ethanol into acetic acid, which gives the group its name. Thus, during
wine production, this will be the main carbon source (Drysdale and Fleet 1988; Du
Toit and Pretorius 2002). However, the AAB population decreases during
winemaking due to the anaerobic conditions exerted by yeast metabolism and
produces only limited amounts of acetic acid, although in some cases high enough
to be noticeable to consumers (0.8 g 17", vinegary taint). However, not all the acetic
acid found in wines is due to AAB since yeasts and lactic acid bacteria can also
produce it. Thus, even low AAB population counts can significantly affect the final
quality of wines as they are strong acetic acid producers that will add to what is
produced by other microorganisms. After alcoholic fermentation, even when eth-
anol concentrations of 5—-10% are toxic for AAB, some strains are able to survive in
very high ethanol concentrations of up to 15% (De Ley et al. 1984). The production
of acetic acid by AAB requires oxygen, and it is directly related to oenological
practices that may produce an increase in dissolved oxygen (aeration, pumping
over, fining, etc.).

During the transformation of alcohol into acetic acid, both acetaldehyde
(Drysdale and Fleet 1989a) and ethyl acetate (as a result of yeast and AAB alcohol
acetyl transferease activity) (Plata et al. 2005) are produced, which are also
noticeable in the final wines due to their low perception threshold (Drysdale and
Fleet 1989a). Beyond the effect of acetaldehyde upon aroma and taste, acetalde-
hyde is the most reactive species to bind SO, and therefore reduce its free form
(Ribereau-Gayon et al. 2000).

After ethanol, glycerol is also a main alcoholic fermentation product and can be
a substrate for AAB oxidation. The resulting product is dihydroxyacetone, which
does not give the mouth the smoothness of glycerol and also binds free SO,. Other
wine minority compounds, such as organic acids, can be used as an oxidisable
substrate. The levels of malic, tartaric and citric acids decrease after wine AAB
contamination (Drysdale and Fleet 1989b). All these changes affect the sensory
perception of the final wine.
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2.7 Conclusion: Prevention of Wine Spoilage

and Oenological Practices

Although oxygen availability is low during winemaking, AAB can survive such
conditions (Drysdale and Fleet 1989a), either cultivable or VBNC status (Millet and
Funnel 2002). Thus an AAB risk-free oenological practice is impossible, although
some practices will reduce the risks by minimisation of the AAB population or by
limitation of its metabolism and activity. Among these, it is important to pay special
attention to:

Control of grape production, aimed at obtaining an appropriate acidic pH (Holt
et al. 1994), and maintenance of that low pH during wine production and ageing.
Although AAB survive at wine and grape pH of 3-4, their populations are
reduced after lowering pH (Joyeux et al. 1984a; Du Toit and Lambrechts
2002). This low pH also favours the presence of SO, in free form (Ribereau-
Gayon et al. 2000).

Healthy grape status and care during handling and pressing. The presence of
AAB, rotten or damaged grapes should be avoided as much as possible. Also,
entrance to the cellar should be well controlled and quick, as this stage can be an
excellent source for winery-resident AAB (Gonzalez et al. 2005). At this stage,
SO, addition, cold settling and clarification could be highly recommended
practices in order to reduce the population size and prevent unwanted microor-
ganisms (Ribereau-Gayon et al. 2000). However, it has to be emphasised that
AAB could survive high SO, concentrations (Du Toit et al. 2005).

A quick start of fermentation is advisable as this will produce both ethanol and
CO, that can reduce the AAB population and metabolic activity. Thus, inocu-
lations with ADWY or equivalent practices are advisable to ensure this quick
start (Guillamon et al. 2002).

A well-controlled process of aeration or oxygenation. The O, need for AAB
growth has already been discussed, yet some oxygen supply is needed for
ageing, while other oxygen supply is unavoidable in certain oenological prac-
tices (pumping over, racking, bottling, etc.). The current microoxygenation
practice may enhance the growth of AAB; however Perez-Magarino et al.
(2007) reported that low levels of oxygen supply do not affect volatile acidity.
During ageing in wooden barrels, some oxygen penetrates through the wood,
enough to maintain a population of viable AAB (Millet and Lonvaud-Funnel
2002). Pumping over and bottling can be an additional source of oxygen. Thus,
filtering through 0.45 pm mesh prior to bottling will prevent the presence of
AAB in bottled wine, although this drastic filtration may imply an important loss
of compounds that are important for the quality and aroma of the wines.

The optimal growing temperatures of AAB are between 25 and 35 °C, with
variations according to strains and species. Lowering storage temperatures to
10-15 °C will inhibit growth to a large extent (Joyeux et al. 1984a).

Finally, good cellar hygiene practices are a must. The risk of AAB contamina-
tion in the cellars is very high as demonstrated by the incorporation of different
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AAB strains that can be considered as cellar resident in grape musts (Gonzalez
et al. 2005). Low alcohol content and low-pH wines ageing in barrels have the
highest risk of AAB spoilage in cellars, since AAB develop well in porous solid
materials like wood. Regular practices such as equipment and barrel sanitization
with SO, or hot water could be very effective in keeping AAB counts low.

References

Andorra I, Landi S, Mas A, Guillamén JM, Esteve-Zarzoso B (2008) Effect of oenological
practices on microbial populations using culture-independent techniques. Food Microbiol
25:849-856

Andrés-Barrao C, Benagli C, Chappuis M, Ortega Pérez R, Tonolla M, Barja F (2013) Rapid
identification of acetic acid bacteria using MALDI-TOF mass spectrometry fingerprinting. Syst
Appl Microbiol 36:75-81

Bae S, Fleet GH, Heard GM (2006) Lactic acid bacteria associated with wine grapes from several
Australian vineyards. J Appl Microbiol 100:712-727

Barata A, Malfeito-Ferreira M, Loureiro V (2012) Changes in sour rotten grape berry microbiota
during ripening and wine fermentation. Int J Food Microbiol 154:152-161

Barbe JC, De Revel G, Joyeux A, Bertrand A, Lonvaud-Funel A (2001) Role of botrytized grape
micro-organisms in SO, binding phenomena. J Appl Microbiol 90:34-42

Bartowsky EJ, Xia D, Gibson RL, Fleet GH, Henschke PA (2003) Spoliage of bottled red wine by
acetic acid bacteria. Lett Appl Microbiol 36:307-314

Blasco L, Ferrer S, Pardo I (2003) Development of specific fluorescent oligonucleotide probes for
in situ identification of wine lactic acid bacteria. FEMS Microbiol Lett 225:115-123

Bokulich NA, Joseph CML, Allen G, Benson AK, Mills DA (2012) Next-generation sequencing
reveals significant bacterial diversity of botrytized wine. PLoS One 7:¢36357

Bokulich NA, Ohta M, Richardson PM, Mills DA (2013) Monitoring seasonal changes in winery-
resident microbiota. PLoS One 8:¢66437

Bokulich NA, Thorngate JH, Richardson PM, Mills DA (2014) Microbial biogeography of wine
grapes is conditioned by cultivar, vintage, and climate. Proc Natl Acad Sci USA 111:E139—
E148

Bokulich NA, Swadener M, Sakamoto K, Mills DA, Bisson LF (2015) Sulfur dioxide treatment
alters wine microbial diversity and fermentation progression in a dose-dependent fashion. Am J
Enol Vitic 66:73-79

Chen Y, Bai Y, Li D, Wang C, Xu N, Hu Y (2016) Screening and characterization of ethanol-
tolerant and thermotolerant acetic acid bacteria from Chinese vinegar Pei. World J Microbiol
Biotechnol 32:14

Cleenwerk I, De Vos P (2008) Polyphasic taxonomy of acetic acid bacteria: an overview of the
currently applied methodology. Int J Food Microbiol 125:2-14

Cocolin L, Bisson LF, Mills DA (2000) Direct profiling of the yeast dynamics in wine fermenta-
tions. FEMS Microbiol Lett 189:81-87

De Ley J, Gossele F, Swings J (1984) Genus I Acetobacter. In: Williams, Wilkens (eds.) Bergey’s
manual of systematic bacteriology, vol 1. Maryland, pp 268-274

De Vero L, Gala E, Gullo M, Solieri L, Landi S, Giudici P (2006) Application of denaturing
gradient gel electrophoresis (DGGE) analysis to evaluate acetic acid bacteria in traditional
balsamic vinegar. Food Microbiol 23:809-813

De Vuyst L, Camu N, De Winter T, Vandemeulebroecke K, Van de Perre V, Vancanneyt M, De
Vos P, Cleenwerk I (2006) Validation of the (GTG)5-PCR fingerprinting technique for rapid
classification and identification of acetic acid bacteria, with a focus on isolates from Ghanaian
fermented cocoa beans. Int J Food Microbiol. doi:10.1016/j.ijfoodmicro.2007.02.030


http://dx.doi.org/10.1016/j.ijfoodmicro.2007.02.030

2 Acetic Acid Bacteria 61

Deppenmeier U, Hoffmeister M, Prust C (2002) Biochemistry and biotechnological applications
of Gluconobacter strains. Appl Microbiol Biotechnol 60:233-242

Drysdale GS, Fleet GH (1985) Acetic acid bacteria in some Australian wines. Food Technol Aust
37:17-20

Drysdale GS, Fleet GH (1988) Acetic acid bacteria in winemaking: a review. Am J Enol Vitic
39:143-154

Drysdale GS, Fleet GH (1989a) The effect of acetic acid bacteria upon the growth and metabolism
of yeast during the fermentation of grape juice. J Appl Bacteriol 67:471-481

Drysdale GS, Fleet GH (1989b) The growth and survival of acetic acid bacteria in wines at
different concentrations of oxygen. Am J Enol Vitic 40:99-105

Du Toit WJ, Lambrechts MG (2002) The enumeration and identification of acetic acid bacteria
from South African red wine fermentations. Int J Food Microbiol 74:57-64

Du Toit W1J, Pretorius 1J (2002) The occurrence, control and esoteric effect of acetic acid bacteria
in winemaking. Ann Microbiol 52:155-179

Du Toit W1J, Pretorius 1J, Lonvaud-Funel A (2005) The effect of sulphur dioxide and oxygen on the
viability and culturability of a strain of Acetobacter pasteurianus and a strain of Brettanomyces
bruxellensis isolated from wine. J Appl Microbiol 98:862-871

Entani E, Ohmori S, Masai H, Suzuki K (1985) Acetobacter polyoxogenes sp. nov., a new species
of an acetic acid bacterium useful for producing vinegar with high acidity. J Gen Appl
Microbiol 31:475-490

Fleet GH (1993) Wine microbiology and biotechnology. Harwood Academic, Chur

Fleet GH (2001) Wine. In: Doyle MP, Beuchat LR, Montville TJ (eds) Food microbiology
fundamentals and frontiers, 2nd edn. ASM, Washington, DC, pp 267288

Franke IH, Fegan M, Hayward C, Leonard G, Stakebrandt E, Sly L (1999) Description of
Gluconacetobacter sacchari sp. nov., a new species of acetic acid bacterium isolated from
the leaf sheath of sugar cane and from the pink sugar-cane mealy bug. Int J Syst Bacteriol
49:1681-1693

Gammon KS, Livens S, Pawlowsky K, Rawling SJ, Chandra S, Middleton AM (2007) Develop-
ment of real-time PCR methods for the rapid detection of low concentrations of Gluconobacter
and Gluconacetobacter species in electrolyte replacement drink. Lett Appl Microbiol
44:262-267

Gonzalez A, Mas A (2011) Differentiation of acetic acid bacteria based on sequence analysis of
16S-23S rRNA gene internal transcribed spacer sequences. Int J Food Microbiol 147:217-222

Gonzalez A, Hierro N, Poblet M, Rozes N, Mas A, Guillamon JM (2004) Application of molecular
methods for the differentiation of acetic acid bacteria in a red wine fermentation. J Appl
Microbiol 96:853—-860

Gonzalez A, Hierro N, Poblet M, Mas A, Guillamon JM (2005) Application of molecular methods
to demonstrate species and strain evolution of acetic acid bacteria population during wine
production. Int J Food Microbiol 102:295-304

Gonzalez A, Guillamon JM, Mas A, Poblet M (2006a) Application of molecular methods for
routine identification of acetic acid bacteria. Int J Food Microbiol 108:141-146

Gonzalez A, Hierro N, Poblet M, Mas A, Guillamon JM (2006b) Enumeration and detection of
acetic acid bacteria by real-time and nested polymerase chain reactions. FEMS Microbiol Lett
254:123-128

Grossman MK, Becker R (1984) Investigations on bacterial inhibition of wine fermentation.
Kellerwirtschaf 10:272-275

Guillamon JM, Gonzalez A, Poblet M, Mas A (2002) Development of molecular techniques for the
analysis of acetic acid bacteria in winemaking. In: Yeast-bacteria interactions. Lallemand
Tecnical Meetings, 10. Lallemand, pp 4549

Gullo M, Caggia C, De Vero L, Giudici P (2006) Characterisation of acetic acid bacteria in
traditional balsamic vinegar. Int J Food Microbiol 106:209-212



62 J.M. Guillamén and A. Mas

Holt JM, Krieg NR, Sneath PHA, Staley JY, Williams ST (1994) Genus Acetobacter and
Gluconobacter. In: Williams, Wilkens (eds) Bergey’s manual of determinative bacteriology,
9th edn. Maryland, pp 71-84

Joyeux A, Lafon-Lafourcade S, Ribereau-Gayon P (1984a) Evolution of acetic acid bacteria
during fermentation and storage of wine. Appl Environ Microbiol 48:153-156

Joyeux A, Lafon-Lafourcade S, Ribereu-Gayon P (1984b) Metabolism of acetic acid bacteria in
grape must: consequences on alcoholic and malolactic fermentation. Sci Aliment 4:247-255

Kosebalan F, Ozingen M (1992) Kinetics of wine spoilage by acetic-acid bacteria. J Chem Technol
Biotechnol 55:59-63

Kouda T, Naritomi T, Yano H, Yoshinaga R (1997) Effects of oxygen and carbon dioxide
pressures on bacterial cellulose production by Acetobacter in aerated and agitated culture. J
Ferment Bioeng 82:124-127

Llauradé J, Rozés N, Bobet R, Mas A, Constanti M (2002) Low temperature alcoholic fermenta-
tions in high sugar concentration grapemusts. J Food Sci 67:268-273

Mateo E, Torija MJ, Mas A, Bartowsky EJ (2014) Acetic acid bacteria isolated from grapes of
South Australian vineyards. Int J Food Microbiol 178:98-106

Matsushita K, Azuma Y, Kosaka T, Yakushi T, Hoshida H, Akada R, Yamada M (2016) Genomic
analyses of thermotolerant microorganisms used for high-temperature fermentations. Biosci
Biotechnol Biochem 80:655-668

Millet V, Lonvaud-Funel A (2000) The viable but non-culturable state of wine microorganisms
during storage. Lett Appl Microbiol 30:126-141

Mounir M, Shafiei R, Zarmehrkhorshid R, Hamouda A, Ismaili Alaoui M, Thonart P (2016)
Simultaneous production of acetic and gluconic acids by a thermotolerant Acetobacter strain
during acetous fermentation in a bioreactor. J Biosci Bioeng 121:166-171

Nanda K, Taniguchi M, Ujike S, Ishihara N, Mori H, Ono H, Murooka Y (2001) Characterization
of acetic acid bacteria in traditional acetic acid fermentation of rice vinegar (komesu) and
unpolished rice vinegar (kurosu) produced in Japan. Appl Environ Microbiol 67:986-990

Navarro D, Mateo E, Torija MJ, Mas A (2013) Acetic acid bacteria in grapemust. Acetic Acid
Bacteria 2:e419-e423. doi:10.4081/aab.2013.e4

Perazzolli M, Antonielli L, Storari M, Puopolo G, Pancher M, Giovannini O et al (2014)
Resilience of the natural phyllosphere microbiota of the grapevine to chemical and biological
pesticides. Appl Environ Microbiol 80:3585-3596

Perez-Magarino S, Sanchez-Iglesias M, Ortega-Heras M, Gonzalez-Huerta C, Gonzalez-Sanjose
ML (2007) Colour stabilization of red wines by microoxygenation treatment before malolactic
fermentation. Food Chem 101:881-893

Piao H, Hawley E, Kopf S, DeScenzo R, Sealock S, Henick-Kling T et al (2015) Insights into the
bacterial community and its temporal succession during the fermentation of wine grapes. Front
Microbiol 6:809

Plata C, Mauricio JC, Millan C, Ortega JM (2005) Influence of glucose and oxygen on the
production of ethyl acetate and isoamyl acetate by a Saccharomyces cerevisiae strain during
alcoholic fermentation. World J Microbiol Biotechnol 21:115-121

Poblet M, Rozes N, Guillamon JM, Mas A (2000) Identification of acetic acid bacteria by
restriction fragment length polymorphism analysis of a PCR-amplified fragment of the gene
coding for 16S rRNA. Lett Appl Microbiol 31:63-67

Portillo MDC, Mas A (2016) Analysis of microbial diversity and dynamics during wine fermen-
tation of Grenache grape variety by high-throughput barcoding sequencing. LWT Food Sci
Technol 72:317-321

Portillo MC, Franques J, Araque I, Reguant C, Bordons A (2016) Bacterial diversity of Grenache
and Carignan grape surface from different vineyards at Priorat wine region (Catalonia, Spain).
Int J Food Microbiol 219:56-63

Prieto C, Jara C, Mas A, Romero J (2007) Application of molecular methods for analysing the
distribution and diversity of acetic acid bacteria in Chilean vineyards. Int J Food Microbiol
115:348-355


http://dx.doi.org/10.4081/aab.2013.e4

2 Acetic Acid Bacteria 63

Renouf V, Claisse O, Lonvaud-Funel A (2005) Understanding the microbial ecosystem on the
grape berry surface through numeration and identification of yeast and bacteria. Aust J Grape
Wine Res 11:316-327

Ribereau-Gayon P, Dubourdieu D, Donéche B, Lonvaud A (2000) Handbook of enology, The
microbiology of wine and vinifications, vol 1. West Sussex, Wiley

Ruiz A, Poblet M, Mas A, Guillamon JM (2000) Identification of acetic acid bacteria by RFLP of
PCR-amplified 16S rDNA and 16S-23S rDNA intergenic spacer. Int J System Evol Microbiol
50:1981-1987

Ruiz P, Sesefia S, Izquierdo PM, Palop ML (2010) Bacterial biodiversity and dynamics during
malolactic fermentation of Tempranillo wines as determined by a culture-independent method
(PCR-DGGE). Appl Microbiol Biotechnol 86:1555-1562

Sievers M, Lorenzo A, Gianotti S, Boesch C, Teuber M (1996) 16-23S ribosomal RNA spacer
regions of Acetobacter europaeus and A. xylinum, tRNA genes and antitermination sequences.
FEMS Microbiol Lett 142:43-48

Silhavy K, Mandl K (2006) Acetobacter tropicalis in spontaneously fermented wines with vinegar
fermentation in Austria. Mitt Klosterneuburg 56:102-107

Silva LR, Cleenwerck I, Rivas R, Swings J, Trujillo ME, Willems A, Velazquez E (2006)
Acetobacter oeni sp.nov., isolated from spoiled red wine. Int J System Evol Microbiol
56:21-24

Sokollek SJ, Hertel C, Hammes WP (1998) Description of Acetobacter oboediens sp. nov. and
Acetobacter pomorum sp. nov., two new species isolated from industrial vinegar fermentations.
Int J Syst Bacteriol 48:935-940

Subden RE, Husnik JI, van Twest R, van der Merwe G, van Vuuren HJJ (2003) Autochthonus
microbial population in a Niagara Peninsula icewine must. Food Res Int 36:747-751

Swings J, De Ley J (1981) The genera Acetobacter and Gluconobacter. In: Starr MP (ed) The
prokaryotes. Springer, Berlin, pp 771-778

Takahashi M, Ohta T, Masaki K, Mizuno A, Goto-Yamamoto N (2014) Evaluation of microbial
diversity in sulfite-added and sulfite-free wine by culture-dependent and -independent
methods. J Biosci Bioeng 117:569-575

Torija MJ, Rozes N, Poblet M, Guillamén JM, Mas A (2003) Effects of fermentation temperature
on the strain population of Saccharomyces cerevisiae. Int J Food Microbiol 80:47-53

Torija MJ, Mateo E, Guillamén JM, Mas A (2010) Identification and quantification of acetic acid
bacteria in wine and vinegar by TagMan-MGB probes. Food Microbiol 27:257-265

Treek J (2005) Quick identification of acetic acid bacteria based on nucleotide sequences of the
16S-23S rDNA internal transcribed spacer region and of the PQQ-dependent alcohol dehy-
drogenase gene. Syst Appl Microbiol 28:735-745

Trcek J, Barja F (2015) Updates on quick identification of acetic acid bacteria with a focus on the
16S-23S rRNA gene internal transcribed spacer and the analysis of cell proteins by MALDI-
TOF mass spectrometry. Int J Food Microbiol 196:137-144

Treek J, Teuber M (2002) Genetic restriction analysis of the 16S-23S rDNA internal transcribed
spacer regions of the acetic acid bacteria. FEMS Microbiol Lett 208:69-75

Trcek J, Ramus J, Raspor P (1997) Phenotypic characterization and RAPD-PCR profiling of
Acetobacter sp. isolated from spirit vinegar production. Food Technol Biotechnol 35:63—67

Tréek J, Mahni¢ A, Rupnik M (2016) Diversity of the microbiota involved in wine and organic
apple cider submerged vinegar production as revealed by DHPLC analysis and next-generation
sequencing. Int J Food Microbiol 223:57-62

Valera MJ, Laich F, Gonzélez SS, Torija MJ, Mateo E, Mas A (2011) Diversity of acetic acid
bacteria present in healthy grapes from the Canary Islands. Int J Food Microbiol 151:105-112

Valera MJ, Torija MJ, Mas A, Mateo E (2013) Acetobacter malorum and Acetobacter cerevisiae
identification and quantification by Real-Time PCR with TagMan-MGB probes. Food
Microbiol 36:30-39



64 J.M. Guillamén and A. Mas

Valera MJ, Torija MJ, Mas A, Mateo E (2015) Acetic acid bacteria from biofilm of strawberry
vinegar visualized by microscopy and detected by complementing culture-dependent and
culture-independent techniques. Food Microbiol 46:452—462

Watanabe M, Lino S (1984) Studies on bacteria isolated from Japanese wines. In: Growth of the
Acetobacter sp. A-1 during the fermentation and the storage of grape must and red wine. Part
2. Yamanashiken. Sokuhin. Koyo. Shidojo. Kenkyu. Hokoku. 16:13-22

Wieme AD, Spitaels F, Aerts M, De Bruyne K, Van Landschoot A, Vandamme P (2014)
Identification of beer-spoilage bacteria using matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry. Int J Food Microbiol 185:41-50

Wu J, Gullo M, Chen F, Giudici P (2010) Diversity of Acetobacter pasteurianus strains isolated
from solid-state fermentation of cereal vinegars. Curr Microbiol 60:280-286

Yamada Y, Yukphan P, Vu HTL, Muramatsu Y, Ochaikul D, Tanasupawa S, Nakagawa Y (2012)
Description of Komagataeibacter gen. nov., with proposals of new combinations
(Acetobacteraceae). ] Gen Appl Microbiol 58:397-404

Yetiman AE, Kesmen Z (2015) Identification of acetic acid bacteria in traditionally produced
vinegar and mother of vinegar by using different molecular techniques. Int J Food Microbiol
204:9-16

Zarraonaindia I, Owens SM, Weisenhorn P, West K, Hampton-Marcell J, Lax S et al (2015) The
soil microbiome influences grapevine-associated microbiota. MBio 6. doi:10.1128/mBio.
02527-14


http://dx.doi.org/10.1128/mBio.02527-14
http://dx.doi.org/10.1128/mBio.02527-14

Chapter 3
Yeasts

Linda F. Bisson, C.M. Lucy Joseph, and Paola Domizio

3.1 Introduction

Wine is the end product of the fermentative activity of yeast and bacteria. The
microbiota of grape juice fermentation can vary significantly as over 40 genera and
100 different species of yeast have been isolated from grapes or wine (Table 3.1).
Although the genera listed are commonly identified in surveys of grape mycobiota,
some yeast species are more universally found than others, and numerous factors
impact the composition of the yeast microbial community of grapes and their
persistence during fermentation. Saccharomyces cerevisiae is the primary agent
responsible for the conversion of grape sugars into alcohol but other yeast, collec-
tively known as non-Saccharomyces yeast, and bacteria may also contribute to the
aroma and flavor profile of the wine. Thus interspecies as well as intraspecies
diversity plays an important role in the evolution of wine composition.

There are two basic types of wine production practices with respect to manage-
ment of the microbial populations: autochthonous and inoculated. In autochthonous
fermentations (also known as native or uninoculated), there is no deliberate addition
of pure cultures of any microorganism. The microbiota resident in the vineyard and
on winery surfaces conducts the conversion of grape juice into wine. Autochtho-
nous fermentations are believed to display more complexity in aroma and
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Table 3.1 Yeast species associated with grapes and wine®

L.F. Bisson et al.

Species name® Synonyms Source

Aureobasidium Grape

pullulans

Brettanomyces Dekkera bruxellensis Wine

bruxellensis

Bulleromyces albus Grape

Candida albicans Grape
C. apicola Grape
C. azyma Grape
C. boidinii Grape
C. bombi Grape
C. cidri Grape
C. fermentati Grape
C. hellenica Zygoascus meyerae Grape
C. intermedia Grape
C. metapsilosis Grape
C. oleophila Grape
C. parapsilosis Grape
C. pomicola Grape
C. sake Grape
C. stellata Grape, must, wine

Citeromyces Candida globosa Grape

matritensis

Cryptococcus Grape

laurentii
C. magnus Grape

Curvibasidium Grape

pallidicorallinum

Cystobasidium minuta | Rhodotorula minuta Grape
C. slooffiae Rhodotorula slooffiae Grape

Debaryomyces Candida famata Grape, must

hansenii

Filobasidium oeirense | Cryptococcus oeirensis Grape
F. wieringae C. wieringae Grape

Hanseniaspora Grape, must, wine
clermontiae

H. guilliermondii Kloeckera apis Grape, must

H. meyeri

H. occidentalis Kloeckera javanica Grape

H. opuntiae Grape

H. osmophila Kloeckera corticis Grape

H. thailandica Grape

H. uvarum Kloeckera apiculata Grape, must

H. valbyensis Kloeckera japonica Grape, must

H. vineae Kloeckera africana Grape, must, wine

(continued)
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Species name” Synonyms Source
Hyphopichia burtonii | Pichia burtonii Grape
Issatchenkia
hanoiensis
Kabatiella microsticta | Aureobasidium microstictum Grape
Kazachstania Saccharomyces unisporus; S. delbrueckii Grape
unispora
Kluyveromyces Grape, must
hubeiensis

K. lactis Grape, must
Lachancea kluyveri Saccharomyces kluyveri Grape

L. thermotolerans Kluyveromyces thermotolerans Grape, must
Lipomyces lipofer Grape

L. tetrasporus Grape
Metschnikowia Grape
andauensis

M. chrysoperlae Grape

M. fructicola Grape

M. pulcherrima Candida pulcherrima Grape, must

M. viticola C. kofuensis Grape
Meyerozyma caribbica | Pichia caribbica, Candida fermentati Grape

M. guilliermondii

Candida guilliermondii, Pichia

Grape, must, wine

guilliermondii
Millerozyma farinosa | Saccharomyces farinosa, Grape
Zygosaccharomyces farinosus, Pichia
farinosa
Naganishia albida Cryptococcus albidus Grape
N. bhutanensis C. bhutanensis Grape
N. globosa C. saitoi Grape
Nakazawaea Candida ishiwadae Grape
ishiwadae
Papiliotrema Cryptococcus flavescens Grape
flavescens
P. fuscus Auriculibuller fuscus Grape
P. nemorosus Cryptococcus nemorosus Grape
P. terrestris Cryptococcus terrestris Grape

Pichia fermentans Candida lambica Grape, must, wine

P. kluyveri Hansenula kluyveri Grape, must

P. kudriavzevii Issatchenkia orientalis Grape, must

P. manshurica Wine

P. membranifaciens | Saccharomyces membranifaciens, Wine

Debaryomyces membranifaciens
P. terricola Issatchenkia terricola
P. occidentalis Candida sorbosa, Issatchenkia occidentalis Grape, must

(continued)
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Table 3.1 (continued)
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Species name® Synonyms Source
Pseudozyma Grape
hubeiensis
Rhodosporidium Grape
babjevae
R. kratochvilovae Rhodotorula kratochvilovae Grape
R. toruloides R. glutinis Grape
Rhodotorula bacarum Grape
R. fujisanensis Candida fujisanensis Grape
R. mucilaginosa Torulopsis mucilaginosa Grape
R. nothofagi Grape

Saccharomyces
bayanus

Grape, must, wine

S. cerevisiae

Grape, must, wine

S. pastorianus

Grape, must, Wine

S. uvarum Grape, must, wine
Saccharomycodes Saccharomyces ludwigii Grape, must, wine
ludwigii

Schizosaccharomyces
Jjaponicus

Grape

S. pombe Grape, must, wine
Sporidiobolus Grape
salmonicolor

S. pararoseus Sporobolomyces japonica Grape
Sporobolomyces Grape
carnicolor

S. coprosmae Grape

S. longiusculus Grape

S. nylandii Grape

S. roseus Grape

S. oryzicola Grape

Starmerella bacillaris

Candida stellata®, C. zemplinina

Grape, must, wine

S. bombicola C. bombicola Grape
Torulaspora Candida colliculosa, Zygosaccharomyces Grape, must
delbrueckii globiformis
Tremella globispora Grape
Vishniacozyma Cryptococcus foliicola Grape
foliicola

V. canescens C. carnescens Grape

V. tephrensis C. tephrensis Grape
Wickerhamomyces Hansenula anomala, Pichia anomala Grape, must
anomalus
Yarrowia lipolytica Grape
Zygoascus hellenicus Grape

Z. meyerae Grape

(continued)
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Table 3.1 (continued)

Species name” Synonyms Source
Zygosaccharomyces Grape, must, juice
bailii concentrate, wine
Zygotorulaspora Zygosaccharomyces florentinus Grape

florentina

#As reported in: Boulton et al. (1996), Renouf et al. (2007), Jolly et al. (2013), Byrsch-Herzberg
and Seidel (2015), Drozdz et al. (2015), Setati et al. (2015), Boynton and Greig (2016), Garofalo
et al. (2016), Jara et al. (2016), Rossouw and Bauer (2016), Villalba et al. (2016)

PCurrent accepted name as listed in MycoBank: http://www.mycobank.org/

“Many strains of C. zemplinina were misidentified as C. stellata in the literature resulting in some
confusion (Csoma and Sipiczki 2008). C. zemplinina is now classified as S. bacillaris but in older
literature it was sometimes identified as C. stellata

mouthfeel characters than those conducted with a less rich and complex microbiota
(Boynton and Greig 2016).

In contrast, in many wine production regions, the grape juice or must is imme-
diately inoculated with a commercial strain of S. cerevisiae. There are two main
reasons for this practice. First, addition of high population numbers of S. cerevisiae
assures rapid dominance of the fermentation thereby minimizing the contribution of
the non-Saccharomyces yeast and bacteria. This is desired if the resident biota will
negatively impact the progression of the fermentation or lead to off-character
formation or the formation of undesirable compounds from a health perspective,
such as the biogenic amines. Second, inoculation is also used in styles that wish to
accent the fruit component of the wine aroma and flavor profile and minimize that
of the wild microbiota.

These diverse styles of winemaking require different fermentation management
strategies and sanitation practices. The characteristics of autochthonous fermenta-
tions derive from the interspecies richness of the environment, while inoculated
fermentations rely more on intraspecies diversity within S. cerevisiae for complex-
ity and distinction. Intermediate styles are also employed such as creation of an
autochthonous starter culture for the inoculation of native fermentations or partial
native fermentations, those that will be inoculated with a commercial strain of
S. cerevisiae at some specific point after the initiation of fermentation by the
non-Saccharomyces yeasts.

Use of pure cultures in winemaking arose only within the last 70 years of the
7000-year history of wine production (Jolly et al. 2013). It is becoming more
common to also inoculate with non-Saccharomyces yeast to obtain the positive
characters associated with some of these yeasts while minimizing the risk of
spoilage (Ciani and Comitini 2015; Englezos et al. 2016b; Liu et al. 2016; Lleixa
et al. 2016; Medina et al. 2016; Padilla et al. 2016b). Commercial preparations of
the non-Saccharomyces yeast Torulaspora delbrueckii, Lachancea thermotolerans,
Pichia kluyveri, and Metschnikowia pulcherrima are available for use in wine
production. These practices aim to have the best of both worlds, the complexity
that accompanies a diverse microbial community with a reduced risk for
off-character formation or arrest of the alcoholic fermentation.
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The microbiota associated with grapes is impacted by several factors: climate,
topography, geographic location of the vineyard, soil composition, farming prac-
tices, the varietal used, resident and transient insect vectors, bird and animal
vectors, human activity and adjacencies, and time of harvest (Longo et al. 1991;
Bagheri et al. 2015; Setati et al. 2015; Padilla et al. 2016a; Robinson et al. 2016).
Grapes can harbor both beneficial and detrimental populations with respect to wine
quality. Beneficial microbiota are those that contribute positive aroma or mouthfeel
characteristics and that do not interfere with the completion of fermentation by
S. cerevisiae. Detrimental effects of grape bacteria include arrest of yeast fermen-
tation at undesired residual sugar concentrations and the production of off or
unwanted characters in the wine.

Research has shown the importance of microbial activity to the “terroir” of many
regions and vineyards (Bokulich et al. 2014, 2016a; Cappozzi et al. 2015; Belda
et al. 2016a; Francesca et al. 2016). Terroir simply put is the expression of place
(or site) and time (or vintage) largely associated with old world winegrowing
regions. That the microorganisms present strongly contribute to the signature
characters of regional terroir is not surprising. However, newer wine-producing
regions are focused more on the expression of the characters of the grape in the
finished wine, and such wine styles reflect the grape variety and dominant microbial
aroma signatures are considered unwelcome or outright spoilage. What is a desired
microbial contribution in one region may be undesirable in another. Both styles of
wine production need to consider the roles of the spectrum of yeast and bacteria
present in creation of the final product whether or not that role is to be amplified or
diminished. Given this important dichotomy of styles, this review will consider
diversity of both Saccharomyces and non-Saccharomyces yeast in the production of
grape wine.

3.2 Non-Saccharomyces Strain Diversity

Yeast nomenclature is in a state of flux as more of the 1500 known yeast species are
sequenced and new species are discovered (Jolly et al. 2013; Kurtzman et al. 2015).
Classical yeast taxonomy divided isolates into teleomorphs (sexual cycle observed
under laboratory conditions) and anamorphs (no observed sexual cycle). DNA
sequence comparisons have demonstrated the capriciousness of such designations,
and efforts are underway to eliminate this type of taxonomic identification. Com-
parative DNA sequence analysis now underpins yeast taxonomy, and many histor-
ical genera have been completely reclassified as a result of these analyses. The
current dynamic nature of yeast taxonomy poses a challenge to the field of wine
microbiology since many studies on the same organism might use different taxo-
nomic terminology. Table 3.1 presents the current list of yeast species that have
been isolated from grapes or wine with preference for the “current name” nomen-
clature of MycoBank (http://www.mycobank.org) and also shows other commonly
used names for the species in the wine literature.
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3.2.1 Assessment of Non-Saccharomyces Yeast Diversity

The assessment of yeast diversity in complex environments such as the surface of
grape or crushed grape must is challenging. Recovery of organisms from the surface
of fruit can be problematic depending upon the nature of the attachment formed. In
some cases, qualitative information may be all that is desired, and selective media
or defined molecular probes can be used to determine presence or absence of
species of interest. Profiling the diversity of the microbial community present is
significantly more difficult especially if information on relative numbers within the
community is desired. Minor species within the ecosystem may have a large impact
depending upon their metabolism and ability to either negatively or positively
affect other members of the community.

Cultivation and non-cultivation methodologies have been used to assess the
composition of microbial communities on grapes, each with their own biases and
limitations (Tamang et al. 2016). Both types of methods suffer from an inability to
detect relatively small subpopulations within the community. Further, it is simply
not possible to culture yeast from an environment without imposing a selection
based on type of medium used or temperature of growth. Rapidly proliferating
organisms can inhibit growth of other species on laboratory media or simply
outgrow more slowly growing members of the community preventing their detec-
tion. Non-culture-based methodologies often detect dead as well as live cell
populations and, depending upon the method chosen, may amplify populations
for detection in nonuniform ways thereby misrepresenting the community structure
of the original environment. Small subpopulations may have a dramatic impact on
wine aromatic composition given that many wine aroma impact compounds have
low human thresholds of detection.

Differential media, such as the selection for use of lysine as sole nitrogen source
or resistance to cycloheximide, are often used to discriminate between Saccharo-
myces and non-Saccharomyces yeasts (Fleet 1993; Boulton et al. 1996; Egli et al.
1998; Ganga and Martinez 2004; Renouf et al. 2006a, b). Use of nonselective media
combined with colony morphology analyses can aid in strain identification but is
rarely definitive (Pallmann et al. 2001). Nonselective media can also be used for
mass colony isolation and identification using molecular tools but these methods
are time consuming unless high-throughput techniques are employed. Many differ-
ent molecular techniques have been used for yeast species identification including
polymerase chain reaction (PCR) of the 26s ribosomal DNA (Kurtzman and
Robnett 1998) and sequencing of the fragment or PCR combined with restriction
enzyme digestion of internal transcribed spacers (ITS) from the 5.8s ribosomal
DNA (Guillamon et al. 1998). These techniques still contain the bias inherent in the
requirement for initial plating and isolation of the organism to be identified.
Another rapid and high-throughput method that has been used extensively in
medical fields is the use of matrix-assisted laser desorption/ionization—time-of-
flight (MALDI-TOF) mass spectrometry (Bille et al. 2012). This method typically
calls for the isolation of organisms prior to identification but we have used it
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successfully to identify heavy blooms of organisms in wine (data not published).
While the technique appears to be rapid and robust, the instrumentation is expen-
sive and the lasers are prone to failure.

Molecular techniques such as PCR combined with denaturing gradient gel
electrophoresis (DGGE) (Cocolin et al. 2000) and quantitative PCR (q-PCR)
(Phister and Mills 2003) have also been employed to evaluate the ecological
succession of microbes during fermentations and to identify spoilage organisms
in wine. Newer direct DNA sampling methods are becoming the norm to profile
microbial communities of grapes, winery surfaces, and wine (Prakitchaiwattana
et al. 2004; Bokulich et al. 2016b; Boynton and Greig 2016; Portillo and Mas 2016).
In this case total DNA from the sample is purified and processed to enable sequence
analysis of fragments obtained. The frequency with which a specific fragment is
observed can be used to determine relative proportions of microbes in the environ-
ment. Improvements to DNA sequencing technology have extended these analyses
now enabling unprecedented community profiling or metagenomics. Next-
generation sequencing technologies rely on nanotechnology for fragment sequenc-
ing and have high accuracy and quantitative capability depending upon the precise
methodology employed (Bokulich et al. 2012, 2016b). Non-DNA methods such as
FT-IR are also being used to both characterize the metabolic activity of the
community as well as to identify organisms present (Grangeteau et al. 2016), and
the combination of this technology with next-generation sequencing tools will
provide information on organisms present and their relative metabolic activities
and can help address issues with viable but non-culturable organisms in the
ecosystem (Wang et al. 2015a; Grangeteau et al. 2016).

3.2.2 Factors Affecting Non-Saccharomyces Diversity:
Presence in Vineyard

The range of yeast species present on grapes has been extensively examined in
vineyards worldwide (Barnett et al. 1972; Davenport 1974; Goto and Yokotsuka
1977; Sapis-Domercq et al. 1977; Bureau et al. 1982; Rosini et al. 1982; Parish and
Carroll 1985; Yanagida et al. 1992; Martini et al. 1996; Sabate et al. 2002; Mercado
et al. 2004; Prakitchaiwattana et al. 2004; Combina et al. 2005; Raspor et al. 2006;
Nisiotou and Nychas 2007; Renouf et al. 2007; Borlin et al. 2009; Garijo et al. 2011,
Barata et al. 2012; Byrsch-Herzberg and Seidel 2015; Drozdz et al. 2015; Setati
et al. 2015; Vigentini et al. 2015; Capece et al. 2016; Garofalo et al. 2016; Jara et al.
2016) and previous reviews have covered this topic (Fleet 1993; Kunkee and Bisson
1993; Fleet et al. 2002; Bisson 2012; Jolly et al. 2013; Cappozzi et al. 2015). In
general, these studies show that yeast, both Saccharomyces and
non-Saccharomyces species, represent a minor population on the surface of the
fruit when compared to filamentous fungi and bacteria. Yeast have been estimated
to be present at a concentration of 3 x 10° yeast cells/cm® following aggressive
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washing of the berry surface (Rosini et al. 1982). Other studies report a range of 10*
—10° yeast cells/cm?® on the grape surface (Fleet et al. 2002). S. cerevisiae is often a
minor resident among the minor resident yeast or not found at all (Boulton et al.
1996).

The yeast species comprising the highest relative population numbers on the
surface of grapes change during ripening and follow a consistent pattern of early
dominance by the basidiomycetous yeasts, Aureobasidium, Cryptococcus,
Rhodosporidium, and Rhodotorula, giving way to the ascomycetous yeast, partic-
ularly Hanseniaspora, Metschnikowia, and Candida, as the fruit matures regardless
of the location of the vineyard (Kunkee and Bisson 1993; Fleet et al. 2002; Jolly
et al. 2013; Boynton and Greig 2016). Many factors in addition to stage of ripening
have been identified that impact the presence and numbers of yeasts on the surface
of grape. The presence of specific yeast genera depends upon regional and climactic
influences, the grape variety, disease pressure and level of damage of the grapes,
and vineyard practices (Barbe et al. 2001; Bagheri et al. 2015; Setati et al. 2015;
Garcia et al. 2016; Padilla et al. 2016a). The location of the sample within the
vineyard can impact the species identified, so broad sampling across vineyards is
needed to obtain information on the diversity of yeasts present (Garofalo et al.
2016), and species isolated vary by latitude and relative humidity (Jara et al. 2016).
Studies across vintages demonstrate that the vintage, and presumably climate
thereof, have more of an impact on yeast diversity of grape than the geographic
location of the vineyard (Vigentini et al. 2015). One study demonstrated that
summer temperature patterns were predictive of yeast populations at harvest (Rob-
inson et al. 2016).

The three principal ascomycete genera found on grapes, Hanseniaspora uvarum
(anamorph: Kloeckera apiculata) and Metschnikowia pulcherrima (anamorph:
Candida pulcherrima) and Candida stellata, vary in relative and absolute numbers
across different vineyard sites. In some reports Hanseniaspora is the dominant
species (Beltran et al. 2002; Combina et al. 2005; Hierro et al. 2006) and in others it
is Candida (Torija et al. 2001; Clemente-Jimenez et al. 2004) or Starmerella
bacillaris (Candida zemplinina/Candida stellata) (Setati et al. 2015; Masneuf-
Pomarede et al. 2016). Candida strains have been shown to be able to complete
the alcoholic fermentation in some cases (Clemente-Jimenez et al. 2004; Setati
et al. 2015). Several of the Candida stellata isolates from wine have been subse-
quently identified as Candida zemplinina (Csoma and Sipiczki 2008) now known as
Starmerella bacillaris (Masneuf-Pomarede et al. 2016). In one study of grapes from
cooler climates (Yanagida et al. 1992), the basidiomycetes Cryptococcus and
Rhodotorula dominated in number over the ascomycete yeasts. In another the
dimorphic fungus, Aureobasidium, was found as the dominant yeast on grape
surfaces in addition to Cryptococcus, followed by Rhodotorula and
Rhodosporidium, depending upon the grape variety (Prakitchaiwattana et al.
2004). The spectrum of yeast strains identified varies by the identification method-
ology with the major species present in both next-generation and cultivation
analyses (Setati et al. 2015). However, some minor species were only detected by
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sequencing and some only by cultivation (Setati et al. 2015). The method of
analysis can impact the diversity of species found in the vineyard.

The microbiota of the grape surface can be influenced by physical damage
mediated by insects, birds, or invasive fungal species, or as a consequence of
berry aging and dehydration (Parish and Carroll 1985; Fleet et al. 2002;
Prakitchaiwattana et al. 2004; Barata et al. 2008). Fermentative organisms domi-
nate in rot situations including wild vineyard species of Saccharomyces. The
amount of natural seepage varies with different grape varieties and the tightness
of the clusters, and some studies have seen a correlation of variety and biodiversity
of the fruit surface (Yanagida et al. 1992).

Other yeasts may also be found on grape surfaces although they are not as
universal. Saccharomyces can be detected, but is present on grape surfaces at
very low levels (Martini et al. 1996; Prakitchaiwattana et al. 2004; Ivey et al.
2013), and in some studies has been undetectable (Combina et al. 2005; Raspor
et al. 2006). Saccharomyces is more commonly isolated from heavily damaged
grapes (Mortimer and Polsinelli 1999). Yeast populations on the surface of the fruit
are also impacted by the presence of other microbiota. Species interactions are
complex and vary from cross-feeding and mutualism to competition to directed
inhibition based on killer factor or other toxin production (Ivey et al. 2013; Bisson
and Walker 2015; Ramakrishnan et al. 2016; Villalba et al. 2016).

3.2.3 Factors Affecting Non-Saccharomyces Diversity:
Impact of Fermentation Management on Persistence

Yeast species present on the surface of the grape comprise the initial microbiota of
the juice in combination with winery surface biota transferred to the juice by
passage through winery equipment. Over 20 yeast genera have been identified
from fermenting must (Vezinhet et al. 1992; Versavaud et al. 1995; Cavalieri
et al. 1998; Sabate et al. 1998; Sipiczki 2002, 2006; Schuller et al. 2005; Renouf
et al. 2007; Valero et al. 2007) with the fermentative yeasts persisting longer than
the obligate aerobes. Immediately upon crushing of the fruit the dynamics of the
environment changes, oxygen becomes depleted due to continued microbial activ-
ity and enzymatic and chemical reactions that consume molecular oxygen creating
conditions hostile particularly to filamentous fungi. The low pH of the juice
(pH 3.2-3.8) is nonpermissive for many bacteria and the microbial community
dynamics become altered. The osmolarity increases due to sugar release, which is
also inhibitory to many organisms. All of these factors narrow the spectrum of
culturable organisms present, although next-generation sequencing analysis sug-
gest a persistence of diversity. Numerous studies have categorized the changes and
persistence of non-Saccharomyces strains during inoculated and uninoculated fer-
mentations (Vezinhet et al. 1992; Querol et al. 1994; Schutz and Gafner 1994,
Constanti et al. 1997; Gutierrez et al. 1997, 1999; Van der Westhuizen et al. 2000b;
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Torija et al. 2001; Beltran et al. 2002; Van Keulen et al. 2003; Hierro et al. 2006;
Renouf et al. 2006b; Xufre et al. 2006).

Yeast population dynamics are impacted by winemaking conditions. Use of
antimicrobial agents dimethyldicarbonate (DMDC), lysozyme, sulfur dioxide
(S80O,), or treatments (high temperature, ozonation) will impact the microbial
biota. Sulfur dioxide does not show a significant effect on the wild fermentative
yeast species present (Henick-Kling et al. 1998). Other studies have observed a
slight effect of SO, in a decrease in yeast cell numbers (Egli et al. 1998). In contrast,
the basidiomycetous yeasts seem to show a greater sensitivity to SO,, with a
reported up to 90% decrease of these yeasts (Rementeria et al. 2003).

A common practice in red winemaking is to hold the must at a low temperature
retarding the onset of fermentation, enabling release of water-soluble pigments and
enhanced color formation. This holding of must at low temperatures or “cold soak”
impacts the relative composition of the yeast community enriching for yeast species
tolerant of low temperatures (Fleet and Heard 1993). The presence of these yeasts
can then influence the metabolic behavior of the principle agent of the yeast
fermentation, Saccharomyces, as well as directly contributing aroma impact com-
pounds to the wine. The precise temperature of the cold soak was shown to impact
yeast populations differentially with slightly warmer temperatures, 14 °C favoring
Hanseniaspora and Candida over Saccharomyces, while Saccharomyces was more
dominant at 8 °C (Maturano et al. 2015). Other practices, such as aeration of the
fermentation, nutrient additions, and temperature of fermentation will likewise
impact the yeast microbial community differentially.

The yeast populations found on winery surfaces, equipment, and in winery air
have also been investigated (Martini 2003; Ciani et al. 2004; Mercado et al. 2004;
Renouf et al. 2007; Garijo et al. 2008, 2009; Santamaria et al. 2008; Blanco et al.
2011; Haas et al. 2010; Gonzalez-Arenzana et al. 2012; Oc6n et al. 2013). Winery
microbiota are a significant source of pre-fermentation microbial activity in juice
and must (Fleet and Heard 1993; Renouf et al. 2007). As crush progresses juices
may pick up 10°~10* cells/mL of S. cerevisiae which represents a striking alteration
of the juice microbial community (Boulton et al. 1996). Analysis of the surfaces of
barrels indicated high numbers of Saccharomyces, with Candida, Cryptococcus,
and Brettanomyces also commonly present, although in lower concentrations
(Renouf et al. 2006b, 2007). Sanitation practices can therefore have a dramatic
effect on the organisms present during fermentation by either allowing or restricting
the buildup of high populations on equipment and in tanks. Wineries with poorer
sanitation practices had higher levels of the fermentative yeasts presumably
because these yeasts had colonized winery equipment (Regueiro et al. 1993).

The diversity of yeast seen at the onset of fermentation quickly decreases as
S. cerevisiae populations become dominant. S. cerevisiae is generally believed to
have evolved to dominate batch fermentations of substrates containing high con-
centrations of hexoses (Cray et al. 2013; Ivey et al. 2013; Williams et al. 2015). This
yeast employs several strategies to enable domination, depletion of nutrients,
particularly of nitrogen sources and molecular oxygen, narrowing of the environ-
mental niche through the production of ethanol, carbon dioxide, and heat from
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fermentation and in reduction of the redox potential of the juice, and also produces a
wide variety of inhibitory compounds: fatty acids, antimicrobial peptides, and less
well-characterized components (Boulton et al. 1996; Bisson and Walker 2015;
Williams et al. 2015; Albergaria and Arneborg 2016; Ramakrishnan et al. 2016).
S. cerevisiae can grow at lower redox potentials than most yeast (Visser et al. 1990),
and the rapid deployment of glycolysis enables rapid growth and alteration of the
environmental niche. We consider narrowing of the niche as distinct from inhibition
as the niche is narrowed for S. cerevisiae as well increasing the toxicity of various
stress factors in the environment (Ramakrishnan et al. 2016). Inhibition on the other
had is targeted toward other species present. Thus the diversity of the grape surface
initially present in wine diminishes under wine production conditions due to the
creation of nonpermissive or narrowed niche conditions and the inoculation by
organisms present on winery surfaces and equipment.

3.2.4 Impact of Non-Saccharomyces Strains on Wine
Flavor, Aroma, and Mouthfeel

The non-Saccharomyces yeasts have been shown to release a wide range of
hydrolytic enzymes interacting with grape precursor compounds and impacting
the sensorial and structural features of the wine (Lema et al. 1996; Fernandez et al.
2000; Strauss et al. 2001; Hernandez-Orte et al. 2008; Belda et al. 2015; Padilla
et al. 2016b). Some of these enzymatic activities are aroma related, such as
B-glucosidase, p-lyase, esterase, and alcohol acetyltransferase.

The B-glucosidase enzymes allow the release of monoterpenes, present in grapes
as glycosylated flavorless precursors. Monoterpenes are important compounds
determining the flavor of grapes and wine. The yeasts belonging to the genera
Brettanomyces, Candida, Debaryomyces, Hanseniasporal/Kloeckera,
Kluyveromyces, Issatchenkia, Metschnikowia, Pichia, Rhodotorula,
Saccharomycodes, Schizosaccharomyces, Torulaspora, Wickerhamomyces, and
Zygosaccharomyces have been shown to produce f-glucosidase in amounts that
are species and strain dependent, and with varying degrees of activity and different
catalytic activities with respect to grape aroma glycosides (Rosi et al. 1994;
Gueguen et al. 1996; Charoenchai et al. 1997; McMahon et al. 1999; Yanai and
Sato 1999; Fernandez et al. 2000; Manzanares et al. 2000; Mendes Ferreira et al.
2001; Strauss et al. 2001; Spagna et al. 2002; Cordero Otero et al. 2003; Fernandez-
Gonzalez et al. 2003; Wallecha and Mishra 2003; Rodriguez et al. 2004, 2007,
Arévalo Villena et al. 2005, 2007; Gonzalez-Pombo et al. 2008, 2011; Hernandez-
Orte et al. 2008; Swangkeaw et al. 2009, 2011; Comitini et al. 2011; Domizio et al.
2011; Sadoudi et al. 2012; Cordero-Bueso et al. 2013; Lopez et al. 2014; Sabel et al.
2014; Belda et al. 2015; Hu et al. 2016a; Polizzotto et al. 2016). The activity of
these enzymes has been assessed primarily using artificial substrate. Some studies
have shown the enzymatic activity either hydrolyzes a glycoside extract from grape
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must, as for the yeasts Debaryomyces hansenii, Hanseniaspora uvarum, Kloeckera
apiculata, and Rhodotorula mucilaginosa (Rosi et al. 1994; Yanai and Sato 1999;
Mendes Ferreira et al. 2001; Fernandez-Gonzalez et al. 2003; Hu et al. 2016b) or
releases terpenols after addition to must or wine, as for the yeasts Hanseniaspora
sp., Hanseniaspora uvarum, and Pichia anomala (Swangkeaw et al. 2009; Hu et al.
2016a).

In contrast, the enzyme p-lyase permits the release of volatile thiols from grape
precursor conjugated to cysteine or glutathione and is responsible of the varietal
aroma enhancement related to nuances of box tree, passion fruit, grape fruit, and
citrus. Only a few strains have been screened for this activity, specifically strains of
M. pulcherrima, T. delbrueckii, and K. marxianus have shown high p-lyase activity
(Anfang et al. 2009; Zott et al. 2011; Belda et al. 2016b; Renault et al. 2016).

Different spectrums of esters may be produced by non-Saccharomyces yeast as
well. Esters are primarily responsible for wine fruitiness, and their level in wine is
determined by the balance between the esterase enzymes responsible for their
cleavage and alcohol acetyltransferase enzymes promoting their synthesis (Fukuda
et al. 1998). The production of the ester compounds is species and strain dependent
but several yeasts (Candida, Hansenula, Pichia, Hanseniaspora, Rhodotorula,
T. delbrueckii, K. gamospora) have been generally recognized as high producers
(Padilla et al. 2016b). Although most non-Saccharomyces yeasts can produce high
amounts of ethyl acetate (Moreira et al. 2008; Andorra et al. 2010) which has a
solvent-like aroma at levels higher than 150 mg L™, several non-Saccharomyces
wine yeasts are also high producers of other interesting esters compounds, such as
isoamyl acetate (banana-like aroma) and 2-phenylethyl acetate (roselike aroma).
The yeasts Hanseniaspora guilliermondii and Hanseniaspora osmophila have
shown high production of 2-phenylethyl acetate (Rojas et al. 2001, 2003; Moreira
et al. 2008; Viana et al. 2008).

Other interesting ester compounds, such as isoeugenyl phenylacetate (spicy,
clove-like aroma), phenethyl propionate (roselike aroma), and isobornyl acetate
(complexly woody, camphorous, piney, and herbal with citrus nuances), have been
shown to be produced by some non-Saccharomyces yeasts (Whitener et al. 2015).

During the alcoholic fermentation, other important aromatic compounds, such as
the higher alcohol, are produced. These compounds contribute to the wine aromatic
complexity when present at concentration below 300 mg/L. Different levels of
higher alcohols are produced by non-Saccharomyces yeasts and in most of the case
are strain dependent (Pretorius and Lambrechts 2000). Yeasts that are low producer
of higher alcohols such as those belonging to the species Hanseniaspora, Pichia
(Rojas et al. 2003; Moreira et al. 2008; Viana et al. 2008), and Zygosaccharomyces
(Romano and Suzzi 1993) are of particular interest. Among the higher alcohols, a
positive contribution derives from 2-phenylethyl alcohol, (floral, roselike aroma)
that is produced at high levels by M. pulcherrima, P. fermentans (Clemente-
Jimenez et al. 2004), L. thermotolerans (Whitener et al. 2015), Torulaspora
delbrueckii (Herraiz et al. 1990; Renault et al. 2009), and Starmerella bacillaris
(C. zemplinina) (Andorra et al. 2010).
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Non-Saccharomyces yeasts may produce compounds that either mask or
enhance varietal characters. Compounds such as benzyl alcohol and other benze-
noid derivatives can impart a generic floral or fruitiness to wine that increases
perception of the grape aroma compounds (Martin et al. 2016).

Besides aroma compounds, non-Saccharomyces yeasts have been shown to
produce compounds impacting wine mouthfeel. Polysaccharides, in particular
mannoproteins, can impact sensorial features either directly or through their effect
on some other wine compounds improving the mouthfeel and fullness, decreasing
astringency, adding complexity and aromatic persistence, and increasing sweetness
and roundness (Vidal et al. 2004; Carvalho et al. 2006; Chalier et al. 2007; Juega
et al. 2012). The yeasts Candida, Hanseniaspora, Lachancea thermotolerans,
Metschnikowia pulcherrima, Pichia, Saccharomycodes, Schizosaccharomyces,
Torulaspora delbrueckii, and Zygosaccharomyces have all been shown to release
high quantities of polysaccharides during the alcoholic fermentation. Wide biodi-
versity for this characteristic was seen within the genera Hanseniaspora and
Zygosaccharomyces (Romani et al. 2010; Comitini et al. 2011; Domizio et al.
2011, 2014). The yeasts belonging to the genera Schizosaccharomyces have
shown the highest release of polysaccharides in the media (Domizio et al. 2017).

Despite glycerol being viscous in its pure form, it does not affect perceived
viscosity (Noble and Bursick 1984; Gawel and Waters 2008). Instead it is respon-
sible for the sweetness of red and white wine (Noble and Bursick 1984; Hufnagel
and Hofmann 2008). The strain Starmerella bacillaris (C. zemplinina) has been the
subject of many studies because of its ability to release high quantities of glycerol
(Ciani and Picciotti 1995; Ciani and Maccarelli 1998; Ciani and Ferraro 1998;
Soden et al. 2000; Romani et al. 2010; Englezos et al. 2015; Polizzotto et al. 2016).
Other yeasts belonging to the genera Kluyveromyces, Saccharomycodes, and
Schizosaccharomyces, have also been shown to produce high quantities of glycerol
(Romani et al. 2010).

High ethanol concentration may modify various sensory attributes decreasing
acidity sensations, increasing hotness and bitterness perceptions, influencing the
volatility of important aroma compounds, and masking the perception of some
aroma compounds as well (Robinson et al. 2009; Frost et al. 2015). Consequently
some of the features typical of non-Saccharomyces yeast, such as the low fermen-
tation efficiency, reduced ethanol yield, and respiro-fermentative metabolism, have
resulted in their reevaluation for the possible reduction of the alcohol concentration
in wine (Gonzalez et al. 2013; Quirds et al. 2014; Contreras et al. 2015b; Morales
et al. 2015; Canonico et al. 2016; Ciani et al. 2016b; Englezos et al. 2016a; Rocker
et al. 2016; Rossouw and Bauer 2016; Varela et al. 2016). These features make the
co-fermentation of the non-Saccharomyces yeast with Saccharomyces mandatory
to ensure complete sugar fermentation. The yeast Starmerella bacillaris
(C. zemplinina) has a very low ethanol yield making it the most promising yeast
candidate to reduce the ethanol content (Magyar and Té6th 2011; Di Maio et al.
2012; Canonico et al. 2016; Englezos et al. 2016a). However, other
non-Saccharomyces yeasts have been evaluated as possible candidates to reduce
wine ethanol content, such as strains belonging to the species C. stellata,
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H. osmophila, H. wuvarum, M. pulcherrima, Pichia kudriavzevii,
Schizosaccharomyces malidevorans, T. delbrueckii, Zygosaccharomyces sapae,
Zygosaccharomyces bailii, and Zygosaccharomyces bisporus (Gobbi et al. 2014;
Contreras et al. 2014, 2015a,b; Curtin and Varela 2014; Quirds et al. 2014;
Canonico et al. 2016).

The impact of the non-Saccharomyces strains is dependent upon strain-specific
interactions with the Saccharomyces strains present (Ciani et al. 2010, 2016a; Ciani
and Comitini 2015; Wang et al. 2015b, 2016; Albergaria and Arneborg 2016).
Although a thorough understanding of the mechanisms involved in the interactions
is still a long way off, several biotic (microorganisms, killer factors, grape variety,
etc.) and abiotic factors (pH, temperature, ethanol, osmotic pressure, nitrogen,
molecular sulfur dioxide, etc.) have been reported as influencing the degree of
competition between the yeasts carrying out the fermentation process.

As discussed above, some aroma compounds and other metabolites can be used
as markers for some yeasts belonging to a specific genera, species, or even strain.
However, because of the different types of interactions, Saccharomyces yeasts can
modulate the expression of some of the oenological traits of the
non-Saccharomyces yeasts and the resulting product may not reflect the specific
features of the yeast in the pure culture fermentation. The different types of
interactions will determine different effects on metabolite levels: additive effects
(production or reduction of a metabolite whose level is influenced by the persis-
tence of the yeast producer), synergistic effects (exchange of metabolites between
yeasts or enhancement of levels), and negative effects (reduction in the level of
metabolites) have been reported (Ciani and Comitini 2015). To take advantage of
the specific potential of the different non-Saccharomyces strains, mixed inocula
with Saccharomyces/non-Saccharomyces has been explored as an approach to
increase the wine aroma complexity. Pure fermentations carried out with
non-Saccharomyces are not typically feasible at the winery scale, mainly due to
their low competitiveness with respect to Saccharomyces yeasts. Hundreds of
different strains of non-Saccharomyces yeasts are presents in any single vineyard
(Barata et al. 2012), and an appropriate yeast selection program and their inoculum
together with S. cerevisiae could allow producers to obtain wine with unique
organoleptic characteristics reflecting and strengthening the “terroir concept” and
allowing, to a certain extent, the replication of a microbial fingerprint for a given
viticultural area.

3.3 Diversity of Saccharomyces

Yeast strain diversity arises as a consequence of mutation, genome assortment
during sporulation, movement of transposable elements, introgressions, horizontal
or lateral gene transfer, and formation of hybrid strains (Marsit and Dequin 2015).
Mutations giving rise to a single nucleotide polymorphism or insertions/deletions
may accumulate during vegetative or mitotic growth and can become expressed
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following meiosis and subsequent mating of progeny cells in a process termed
“genome renewal” and restoration of a homozygous state (Mortimer et al. 1994).
The yeast life cycle of accumulation of heterozygosities in the diploid phase,
followed by sporulation and either self-crossing or outcrossing, facilitates rapid
adaptation to novel environments as well as enhancing fitness for an existing
environment (Magwene 2014). Since many vineyard isolates are homozygous
diploids, mating-type switching or self-fertilization appears to be an important
mechanism of sexual reproduction in wine populations of S. cerevisiae (Cubillos
et al. 2009). Phenotypic variation can be due to differences in chromosome struc-
ture or region adjacencies, gene copy number, expression or mRNA abundance,
modification of protein structure or functionality, altered structure, organization,
responsiveness, or signaling among cellular networks (Gasch et al. 2015; Peter and
Schacherer 2016). Strain phenotypic diversity may also be due to differences in
mitochondrial genomes (Wolters et al. 2015). Horizontal gene transfer among
mitochondrial DNA elements in Saccharomyces species has also been observed
(Peris et al. 2015). In addition to genomic diversity, S. cerevisiae has recently been
shown to harbor a host of prion or prion-like elements that will lead to variation in
population phenotypes (Garcia and Jarosz 2014; Halfmann and Lindquist 2010;
Halfmann et al. 2010, 2012). Prions are heritable self-perpetuating protein struc-
tures or complexes that confer novel phenotypes to yeast cells and that have been
found in wine strains (Brown and Lindquist 2009; Jarosz et al. 2014; Walker et al.
2016). Prion expression has been shown to vary across S. cerevisiae lineages
(Kelley et al. 2014) and may impact surveys of phenotypes among wine strains.

Whether one believes S. cerevisiae displays high or low species diversity
depends upon the type of analysis conducted as well as the definition of diverse.
Some methodologies compare similarities of genomic composition, while others
assess the number and frequency of differences. Analysis of the population geno-
mics of commercial, winery, and vineyard isolates in comparison to non-wine
isolates of S. cerevisiae indicates a high degree of relatedness among the wine
strains regardless of the analytical methodology used (Liti et al. 2006, 2009; Legras
et al. 2007; Schacherer et al. 2007, 2009; Knight and Goddard 2015).

3.3.1 Methods of Analysis

The above discussion highlights the importance of the type of experiment
conducted to assess strain differences. Several different methodologies have been
applied to the assessment of population diversity in S. cerevisiae (reviewed in
Bisson 2012; Gasch et al. 2015). Direct comprehensive genomic sequence com-
parisons have been conducted as having partial sequence analysis of multiple loci
(Liti et al. 2006, 2009; Borneman et al. 2008, 2016; Tsai et al. 2008). Microarray
karyotyping and SNP assessment have been performed (Winzeler et al. 2003; Dunn
et al. 2005; Gresham et al. 2006; Schacherer et al. 2009) as well. Microsatellite
genotyping of global populations of S. cerevisiae was used to define lineages and
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domestication events (Legras et al. 2007). Transcirptome or targeted gene expres-
sion comparisons have also been conducted to assess strain variation (Townsend
et al. 2003; Fay et al. 2004). Strains that are undistinguishable from each other by
gross genomic or mitochondrial DNA profiling may carry mutations leading to
changes in important enological phenotypes, particularly if the genetic differences
are targeted to high impact genes (such as transcription factors) or genes involved in
flavor modification or production. Non-DNA-based methodologies such as FT-IR
profiling have also been used to differentiate yeast strains (Grangeteau et al. 2016)
as has MALDI-TOF mass spectrometry (Moothoo-Padayachie et al. 2013).

3.3.2 Genomic Diversity

S. cerevisiae and S. bayanus have both been reported capable of dominating and
conducting the alcoholic fermentation, with S. cerevisiae being the more prevalent
(Sipiczki 2002). S. pastorianus is occasionally found but hybrids of this yeast are
more common (Naumov 1996). Sequence comparisons between S. cerevisiae and
S. bayanus indicate approximately 80% and 74% identity of coding and noncoding
sequences, respectively (Cliften et al. 2003). Several studies have reported signif-
icant genetic diversity among wine strain isolates of both S. cerevisiae (Schutz and
Gafner 1994; Versavaud et al. 1995; Baleiras Couto et al. 1996; Briones et al. 1996;
Sabate et al. 1998; Khan et al. 2000; Van der Westhuizen et al. 2000a, b; Lopes
et al. 2002; Gallego et al. 2005; Schuller et al. 2005; Valero et al. 2006) and
S. bayanus (Sipiczki 2002). S. uvarum isolated from grapes and wine shows similar
diversity. Eighty-nine distinct genotypes were found among 108 isolates of this
strain via microsatellite analysis (Masneuf-Pomarede et al. 2016). Strains of
S. uvarum showing introgressions of S. eubayanus DNA have also been isolated
from winery environments and display enhanced ability to conduct
low-temperature fermentations (Zhang et al. 2015).

Comparative sequence analysis of nearly 100 commercial strains of S. cerevisiae
against a larger backdrop of wild isolates suggests a high degree of genetic
similarity and inbreeding (Borneman et al. 2016). In this study the commercial
strains formed a highly related clade with limited diversity when compared to the
global pool of S. cerevisiae (Borneman et al. 2016). These findings suggest that the
phenotypes desired in commercial strains leads to a selection for genetic common-
ality. Other studies have reached similar conclusions regarding a “domestication
fingerprint” of wine strains that reflects the association of wine yeast with human
activities (Almeida et al. 2015; Eberlein et al. 2015; Marsit and Dequin 2015).
Greater diversity was seen among vineyard and winery resident strains than was
observed among commercial isolates (Borlin et al. 2009; Knight and Goddard 2015;
Capece et al. 2016; Rossouw and Bauer 2016). Analyses of S. cerevisiae from
human-associated and nonassociated environments displayed high divergence
across S. cerevisiae with human-associated strains generally showing less diversity
(Wang et al. 2012). These investigations indicate that wine strains appear to have
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derived from a single common ancestor, and, although some geographically iso-
lated lineages can be observed, there is a strong influence of human migration
patterns on yeast population diversity (Legras et al. 2007; Liti et al. 2009;
Schacherer et al. 2009). Roughly 28% of the over 600 wine and vineyard isolates
examined in one study were found to be homozygous suggesting that sporulation
and self-diploidization occur in the wild (Legras et al. 2007) confirming the genome
renewal hypothesis (Mortimer et al. 1994).

The Borneman et al. (2016) study evaluated strain diversity by comparative
whole-genome sequencing which may be biased toward identifying similarities
across the genome. Other studies that report high diversity have assessed yeast
strain differences such as screens for single nucleotide polymorphisms (SNPs) or
locations of repetitive or microsatellite DNA sequences. Analysis of both pheno-
typic and metabolomic profile differences across strains indicates that phenotypes
can vary dramatically due to the presence of a small number of SNPs and insertion/
deletions (Cubillos 2016; Franco-Duarte et al. 2016). More global analyses of the
presence of SNPs suggest that they exist across populations of Saccharomyces with
a frequency of approximately 2.8 SNPs per kilobase of DNA (Schacherer et al.
2009). However, Borneman et al. (2008) found a SNP frequency of 1 per 150 base
pairs or roughly 7 SNPs per kilobase in the sequence comparison of a wine strain
AWRI1631 to the laboratory strain S288c. The frequency of SNPs depends upon
chromosomal location and is found less frequently in genes located near the
centromere as compared to genes located in subtelomeric regions (Schacherer
et al. 2009). DNA deletions also occur but are less frequently found in essential
genes (Schacherer et al. 2009) likely due to negative selective pressure.

Regulatory region or noncoding polymorphisms have been shown to lead to
gene expression variation across strains (Salinas et al. 2016). In addition, metabolic
flux analyses have shown variation across several non-glycolytic carbon pathways
in S. cerevisiae (Nidelet et al. 2016). Subtle differences in sequence of a single
glucose transporter, the HXT3 gene, resulted in dramatic differences in the fermen-
tative abilities of wine strains of S. cerevisiae (Zuchowska et al. 2015). Thus
although genetically highly related, wine strains display key phenotypic variabil-
ities that impact fermentation performance as well as the spectrum of end products
produced during fermentation. That variation that arises naturally in populations of
wine strains of S. cerevisiae has been demonstrated in adaptive evolution experi-
ments (Franco-Duarte et al. 2015; Mangado et al. 2015). Wild isolates of
S. cerevisiae tend to show less heterozygosity than domesticated strains suggesting
little to no outcrossing in these populations (Magwene 2014).

This diversity across Saccharomyces species has a functional effect impacting
the spectrum of aroma impact compounds produced in the wines. In one study 1600
isolates of S. cerevisiae were obtained from 54 spontaneous fermentations and
297 unique strains were identified (Schuller et al. 2005). In a more limited inves-
tigation, 13 out of 16 isolates (81%) were determined to be unique strains (Baleiras
Couto et al. 1996). Higher ratios of unique genotypes have also been found, 87.5 %
(Valero et al. 2007), 81-91% (Gallego et al. 2005), and 91-96% (Schuller et al.
2005). Significant strain diversity can exist within the same vineyard environment,
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suggesting the importance of localized conditions for the selection of genetically
modified strains or, alternately, the existence of local factors driving genetic change
such as exposure to ultraviolet light.

Studies of strain diversity across fermentation have reveled two broad types of
profiles with respect to the numbers of different strains found in an individual tank.
In some cases one or a few strains dominate throughout fermentation (Versavaud
et al. 1995). This is typically seen in cases where commercial strains are used as
inocula as these strains are selected in part for their ability to dominate early and
throughout the fermentation. In other cases, particularly in autochthonous fermen-
tations, different strains have been shown to be dominant at different stages of the
fermentation (Sabate et al. 1998) and in some cases several different strains of
Saccharomyces appear to be simultaneously present in equivalently high numbers
(Vezinhet et al. 1992; Torija et al. 2001). Presumably, the biodiversity of wine
strains in the environment results in these different patterns of dominance across
fermentation. Assessment of strain diversity across vintages has shown that differ-
ent strains are present each year (Gutierrez et al. 1999; Schuller et al. 2005).

Commercial and native yeast isolates both display greater genomic and genetic
instability as compared to commonly used laboratory strains (Ambrona et al. 2005).
Aberrations in the number of some chromosomes are more common in wild strain
populations (Bakalinsky and Snow 1990) as is the existence of introgressions (small
regions of DNA transferred via illicit hybridization with other species) and lateral
gene transfer (transfer of genetic material across kingdom as well as species
barriers). Wild strains also display higher levels of structural chromosomal
rearrangements, heterozygosity, and karyotype instability (Longo and Vezinhet
1993; Izquierdo Canas et al. 1997; Codon et al. 1998; Hughes et al. 2000; Johnston
et al. 2000; Mortimer 2000; Oshiro and Winzeler 2000; Carro and Pina 2001; Myers
et al. 2004; Landry et al. 2006a, b). The dynamic nature of the genome likely poses
a distinct advantage in the environment, as extensive diversity is observed among
native isolates from the same site (Hauser et al. 2001; Landry and Aubin-Horth
2014).

3.3.3 Saccharomyces Hybrid Strain Diversity

Comparative karyotype analysis and sequence analysis of the MET2 gene in wine
isolates demonstrated that these yeast stains were genetic hybrids of S. cerevisiae
and S. bayanus (Masneuf et al. 1998). Subsequently restriction analysis of multiple
loci revealed wine strain hybrids of S. cerevisiae, S. bayanus, and S. kudriavzevii
(Gonzélez et al. 2006) indicating that hybrid formation in the wild was more
common than previously thought. A low prezygotic barrier exists among Saccha-
romyces species enabling hybrid formation (Lopandic et al. 2016). Since these
yeasts can occupy the same local environment (are sympatric), it is not surprising
that hybrids may form. S. kudriavzevii was isolated originally from decaying leaves
in Japan (Naumov et al. 2000) but has subsequently been shown to occupy a more
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diverse habitat and hybrids between S. kudriavzevii and S. cerevisiae have been
widely found in Europe (Gonzalez et al. 2007, 2008; Gangl et al. 2009; Erny et al.
2012; Peris et al. 2012a, 2016). The European parental S. kudriavzevii strain was
first found on oak bark in Portugal and in the similar niches to S. cerevisiae and
S. paradoxus (Sampaio and Gongalves 2008). It was thought that the hybrids
between S. cerevisiae and S. kudriavzevii arose in non-winery environments and
carried some selective advantage for fermentations. Genomic sequencing of the
yeast South African commercial strain of the VIN7 demonstrated that it is an
allotriploid hybrid carrying a diploid set of chromosomes from S. cerevisiae and
a haploid set from S. kudriavzevii (Borneman et al. 2012). Thus these species are
commonly found in similar habitats and able to engage in interspecies mating.

The genomic characteristics of S. cerevisiae/S. kudriavzevii hybrids varies and
ranges from diploids to triploids and tetraploids (2n, 3, and 4n respectively) (Erny
et al. 2012) suggesting that illicit mating may occur between haploids, between a
haploid and a diploid, or between diploids. These differences suggest that multiple
independent hybridization events have occurred across wine regions. Multiple
hybridization events between the initial hybrids and the original parents also
seem to occur (Erny et al. 2012). At least six independent hybridization events
for the 26 strains examined in detail were reported by Peris et al. (2012b). The
hybrid genomes are often unstable and genetic changes include chromosomal loss,
chromosomal rearrangements, and gene loss (Belloch et al. 2009; Peris et al. 2012a,
b, ¢).

Isolation of independently arising hybrids is commonly observed in wine-
producing regions suggesting that these hybrids have characteristics that are advan-
tageous in wine fermentation. The fermentation characteristics of S. cerevisiae/S.
kudriavzevii hybrids have compared against each other and to the parental strains
(Gamero et al. 2011, 2013; Combina et al. 2012; Tronchoni et al. 2012; Peris et al.
2016). S. kudriavzevii has been shown to be more cryotolerant than S. cerevisiae
growing well at temperatures below the range that supports growth of S. cerevisiae
(Noé Arroyo-Lopez et al. 2011; Combina et al. 2012; Peris et al. 2012a; Gamero
et al. 2013), but not competitive in this environment (Noé Arroyo-Lopez et al.
2011). Hybrid strains in general retain the ability to grow at low temperatures in
combination with the fermentative capacity of S. cerevisiae. Low-temperature
fermentation may therefore impose a selection for these hybrids under commercial
conditions. The mechanism of cold temperature tolerance of the hybrids has been
investigated. The lipid composition of the S. cerevisiae/S. kudriavzevii hybrids is
more similar to S. kudriavzevii than S. cerevisiae potentially explaining the lower
temperature tolerance of these strains (Tronchoni et al. 2012).

The effect of hybrid genomes on wine flavor and aroma profiles has also been
investigated. A diversity of aroma profiles was found among native S. kudriavzevii
isolates (Peris et al. 2016) suggesting that different hybrids may express different
profiles depending upon the genetic composition of the parental strains. Hybrid
strains display novel aroma profiles both with respect to aromatic metabolites
synthesized and the enzymatic and chemical modification of grape compounds
(Gamero et al. 2011). Temperature of fermentation impacted the spectrum of
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compounds produced, and non-hybrid strains were thought to have a more appeal-
ing aroma profile at higher temperatures (Gamero et al. 2013). Analysis of regula-
tion of aroma production indicated that these hybrids have unique regulatory
mechanisms for aroma production not easily predicted from the parental strains
(Combina et al. 2012).

Smaller regions of non-species DNA can also be found in wine strains of
S. cerevisiae. These strains may have arisen from an original hybridization event
followed by outcrossing against S. cerevisiae and chromosomal loss (introgression)
or from the uptake of DNA from the environment and insertion in the genome
(horizontal or lateral gene transfer). Sequence analysis of the commercial strain
EC1118 revealed that this strain had undergone three independent introgression
events. This strain carries three large sectors of genetic information not typically
found in other wine strains of S cerevisiae. These introgressions carried a total of
34 functional genes and have resulted in the expression of unique phenotypic traits
(Novo et al. 2009; Dequin and Casaregola 2011). The FOT gene, two oligopeptide
transporters found within an introgression derived from Torulasopora
microellipsoides, have been shown to increase fitness during fermentation and
impact fermentation characteristics of the strain from comparison of wild-type
and knockout mutations for these genes (Marsit et al. 2016).

Although hybrid strains are commonly found among vineyard and winery iso-
lates, the niche in which these interspecific hybridizations occurred was unclear
especially given the frequencies at which intraspecific hybridization was observed.
A recent analysis of yeast associated with the wasp intestine (Stefanini et al. 2012)
provided important evidence of the potential origins of interspecific hybrids. Viable
strains of Saccharomyces have been isolated from wasps, and wasps along with
other insects are thought to play an important role in dispersal of Saccharomyces in
the wild and transit between ecosystems (Goddard et al. 2010; Stefanini et al. 2012;
Dapporto et al. 2016).

In order to determine if interspecies hybrids could form in wasp intestines, wasps
were fed five genetically distinct strains of Saccharomyces cerevisiae and yeast
subsequently harvested from the wasp intestinal tract after 4 months (Stefanini et al.
2016). Genetic profiling of the recovered yeast indicated that sporulation and
mating had occurred within the wasp and intraspecific hybridization occurs within
this ecosystem. Further, these authors demonstrated that introduction of
S. paradoxus and S. cerevisiae to wasp intestines enabled recovery of intraspecific
hybrids of these two yeast. Interestingly S. paradoxus was not recoverable from
wasp intestines other than as a hybrid with S. cerevisiae. Intraspecific hybrids of
S. cerevisiae X S. uvarum and S. cerevisiae x S. paradoxus were isolated from
wasps trapped in nature (Stefanini et al. 2016), suggesting that intraspecific hybrid-
ization can commonly occur in the wasp intestine. Hybrids appeared in general to
be better able to adapt to the intestine or survive passage through the intestine than
either of the parental strains (Stefanini et al. 2016). These findings explain the
mechanism of formation, presence and persistence of intraspecific hybrids in the
ecosystem, and the transmission of hybrids to winemaking environments.
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3.4 Conclusions

Diversity of the non-Saccharomyces yeasts associated with wine production as well
as diversity within S. cerevisiae has been well documented in analyses of grape and
wine mycobiota. This microbial complexity impacts the spectrum of flavor, aroma,
and mouthfeel characters of wine in multiple ways. The discovery of the existence
of natural intraspecific hybrids and chromosomal introgressions further amplifies
our knowledge of variability across strains of Saccharomyces. The richness of the
genetic composition of wine ecosystems will enable the isolation and development
of strains possessing unique properties and phenotypes and lead to further expan-
sion of fermentation management practices for the controlled use of alternative
yeasts in wine production.
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Chapter 4
Fungi of Grapes

Hanns-Heinz Kassemeyer

4.1 Introduction

Grapevine can be attacked by a number of fungi and fungus-like organisms which
affect the berries and cause loss of quality and influence the taste of the wine. Due to
attack by pathogens, the infected plant tissue is destroyed and necrotization occurs.
When large areas of the canopy are affected by grapevine diseases, the assimilation
capacity of the vine is reduced, and as a result the berry quality decreases. Aside
from leaves, most grapevine pathogens also infect inflorescences, clusters and
berries so that the yield can be reduced. Berry infections result in decay of fruit
tissue; however specific effects on berry quality depend on the ripening stage at
which the infection occurs. Some pathogens directly destroy the fruit tissue enzy-
matically; others impede ripening, and a number of fungi produce off flavours or
mycotoxins. Grapevine diseases can spread rapidly under favourable conditions
and cause more or less severe epidemics. To avoid loss of quality and yield, the
pathogens have to be controlled by appropriated culture techniques and targeted
application of fungicides. Besides the pathogenic fungi causing grapevine diseases,
berries are also colonized by ubiquitous epiphytic fungi which use sugar and amino
acids leaking out of berries as nutrient source. In general grapevine pathogens can
be subdivided into main pathogens of high economical importance which are
pre-dominant, like downy mildew (Plasmopara viticola), powdery mildew
(Erysiphe necator) and bunch rot (Botrytis cinerea) and those which occur only
locally or temporarily. Moreover other important grapevine diseases are caused by
wood decaying fungi which pre-dominantly attack the trunk and canes (Fischer and
Kassemeyer 2003). In the present chapter such fungi and oomycetes are regarded
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which colonize grapevine berries and consequently may influence the must and
wine. All fungi reported to colonize grapevine berries are listed in Table 4.1;
however some of them can be regarded as harmless epiphytes, others actually as
antagonists of pathogenic fungi, e.g. Trichoderma and Ulocladium (Schoene and
Kohl 1999; Li et al. 2003). Some of the fungi produce mycotoxins (Table 4.2;
cf. Chap. 7) which are more or less human toxic, and some may release compounds
which are toxic to yeasts. In addition numerous fungi colonizing the berry surface
during different stage of berry development and ripening have been identified
(Table 4.3).

4.2 Peronosporomycetes

4.2.1 Plasmopara viticola (Berk. and Curt.) Berl. and De
Toni: Grapevine Downy Mildew

General Aspects Downy mildew is the most serious disease of grapevine, parti-
cularly in warm and humid climates. The pathogen is indigenous on wild grapevine
species, e.g. Vitis aestivalis in the south-east of the USA. The European cultivars of
Vitis vinifera first came in contact with this pathogen roughly around 1878 where
first symptoms were found in the Bordeaux region. Due to high susceptibility of
European cultivars, grapevine downy mildews spread within a few years and
caused a pandemic in the viticultural regions of the whole of Europe. To date
grape downy mildew occurs in all viticultural regions that are warm and wet during
the vegetative growth of vine (e.g. Europe, Eastern part of North America,
New Zealand, China and Japan). The absence of rainfall in spring and summer
limits the spread of the disease in certain areas (e.g. Australia, California and
Chile).

The disease affects all green parts of the vine, particularly leaves, inflorescences
and young berries. Depending on grape cultivar and leaf age, at the end of the
incubation period, lesions get yellowish and oily, expressing so-called oil spots.
After a damp night, sporulation occurs on the lower leaf surface visible as dense,
white patches. Later on the sporulation sites become necrotic, and severely infected
leaves generally drop. Such defoliation reduces sugar accumulation in berries and
decreases frost hardiness of shoots and overwintering buds. Inflorescences and
clusters with young berries are highly susceptible which finally turn brown, dry
up, and drop. Although berries become less susceptible as they mature, infection of
the rachis can spread into older berries which turn into a dry brown rot, without
sporulation (Wilcox et al. 2015). Late cluster infections resulting in shriveled
berries with a brown-rose discoloration can cause an off-flavour of the wine if
they reach in the harvested grapes (Bleyer unpublished communication).

Taxonomy The causal agent of grapevine downy mildew, Plasmopara viticola
(Berk. and Curt.) Berl. and De Toni, belongs to the Oomycetes and according to
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Table 4.2 Taxa producing
mycotoxins considered
relevant for human health
(Serra et al. 2005)
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Taxon

Mycotoxin

Aspergillus ochraceus

Aspergillus alliaceus

Aspergillus niger aggregate

Aspergillus carbonarius

Penicillium verrucosum

Ochratoxins

Trichothecium roseum

Trichothecene

Penicillium expansum

Patulin

Table 4.3 Taxa identified on grapes in Portugal at different phenological stages (Serra et al. 2005)

Taxon

Phenological stage of the berry colonization

Pea size

Veraison

Harvest

Acremoniella Sacc.

Acremonium Link

Arthrinium Kunze.

Aspergillus Fr.:Fr.

Aureobasidium Viala and Boyer

Beauveria Vuill.

Chaetomium Kunze

Chrysonilia Arx

Cunninghamella Matr.

Curvularia Boedijn

Drechslera S. Ito

Emericella Berk.

Epicoccum Link

Eurotium Link: Fr.

Fusarium Link

Geotrichum Link: Fr.

Gliocladium Corda

Histoplasma Darling

Neurospora Shear and Dodge

Nigrospora Zimm.

Periconia Tode ex Fr.

Pestalotiopsis Steyeart

Phoma Sacc.

Pithomyces Ellis

Rhizopus Ehrenb.

Scytalidium Pesante

Stemphylium Wallr.

Syncephalastrum J. Schrot.

Trichoderma Pers.

Truncatella Steyeart

Ulocladium Preuss
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current taxonomy is a member of the class of Peronosporomycetes (Dick 2002).
This class is different from the kingdom of true fungi (Mycota) and is a part of
Chromista, a kingdom which comprises heterogeneous microorganisms among
others the autotrophic Chrysophyceae (golden algae) and Bacillariophyceae (dia-
toms). Like all Chromista, the cell wall of P. viticola consists of glucans, and
biflagellated zoospores are formed. Within the Peronosporomycetes, P. viticola
shows some primary characteristic of Chromista; among others, parts of the life
cycle of the organism are bound to water. Like P. viticola, majority of Perono-
sporomycetes are plant pathogens such as the causal agent of potato late blight,
Phytophthora infestans.

Biology and Epidemiology P. viticola is a biotrophic pathogen strongly adapted to
members of the genus Vitis. It develops in the intercellular space within the colon-
ized host tissues in the form of tubular, coenocytic hyphae, developing globular
haustoria. The haustorium penetrates the cell wall and invaginates the outer mem-
brane to take nutrients from the host cell. Asexual reproduction occurs by formation
of lemon-shaped sporangia formed on branched sporangiophores emerging from
the stomata during humid nights (Rumbolz et al. 2002). Each sporangium gives rise
to four to ten biflagellate zoospores which are released as soon as the sporangium is
incubated in water for a certain time (Kiefer et al. 2002). Asexual sporangiam
developed zoospores as well vegetative hyphae are diploid.

Sexual reproduction begins in the summer by developing of gametangia. In the
male antheridium as well as in the female oogonium, meiosis runs and the
haploid nucleus of the antheridium fuse with that of the oogonium forming a diploid
oospore. P. viticola is heterothallic and therefore fertilization occurs only between
two different mating types (Wong et al. 2001). The thick-walled oospore overwin-
ter in fallen leaves becomes mature in spring and germinates in free water forming a
primary sporangium, which produces 30-60 zoospores. Germination occurs during
the vegetation period from spring to midsummer as soon as temperatures reach
10 °C and rainfall ensures required wetness (Hill 1989). From the primary sporan-
gium, the zoospores are dispersed during intensive rainfall.

The released zoospores both from oospores and asexual sporangia swim within a
water film covering the surface of the host plant after precipitation and dew and
attach around the stomata. They shed their flagella and encyst forming a cell wall
(Riemann et al. 2002). Subsequently an infection tube emerges from each encysted
spore (Fig. 4.1) which penetrates the stoma and forms a sub-stomatal vesicle in the
sub-stomatal cavity where it dilates into a primary hypha (Kiefer et al. 2002). Under
optimal conditions, the period from the release of zoospores to penetration is less
than 90 min. From the sub-stomatal vesicle, a hyphae grows in the intercellular
space of the host tissue. The primary hypha branches and forms a mycelium that
colonizes the host tissue (Unger et al. 2007). The period from infection to first
appearance of oil spots—the incubation period—depends on temperature and
humidity. In general sporulation takes place at the end of the incubation period,
in the first night when conditions for sporulation mentioned above occur (Rumbolz
et al. 2002). Under favourable conditions, incubation period is very short, and
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Fig. 4.1 Encysted
zoospores with a
penetration peg from
Plasmopara viticola
attached at a stoma;
low-temperature scanning
electron microscopy
(Kassemeyer H.-H. and
Diiggelin M., University of
Basel)

Fig. 4.2 Sporangiophore
with sporangia from
Plasmopara viticola;
low-temperature scanning
electron microscopy
(Kassemeyer H.-H., Boso
S. and Diiggelin M.,
University of Basel)

50 um

P.viticola is able to sporulate 3—4 days after infection. As soon as the host tissue is
totally colonized by the mycelium of P. viticola, sporulation takes place. Sporula-
tion requires 95—100% relative humidity and at least 4 h of darkness at temperatures
>12.5 °C; the optimal temperature for sporulation is 18-22 °C, and therefore an
outbreak of the disease, visible in the morning after a warm and damp night, yields
maximum sporangia. Induction of sporulation is influenced by the photoperiod and
sporangiophores and sporangia differentiate only during the night (Rumbolz et al.
2002). At the beginning of sporulation, a secondary sub-stomatal vesicle is formed
from which hyphae grow out of the stoma. The emerging hyphae branch and form
typical sporangiophores (Fig. 4.2). Finally, sporangia develop at the tips of the
branches, and around seven hours after the beginning of sporulation, mature
sporangia are present. Immediately after formation, sporangia are detached from
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sporangiophores and spread by wind. Successful infection conditions can be cal-
culated using the relation between temperature and duration of leaf wetness (Huber
et al. 2003).

4.3 Ascomycetes

4.3.1 Erysiphe necator Schwein. (emend. Uncinula necator
(Schw.) Burr) (Erysiphales): Grapevine Powdery
Mildew

General Aspects Grapevine powdery mildew occurs worldwide in all viticultural
regions and causes severe losses of yield and quality especially in warm and dry
weather conditions. This grapevine disease was introduced from North America
and detected first in Europe in the middle of the nineteenth century. The disease
spread within a short time in Europe and gave rise to economically relevant epi-
demics. After bud burst, first symptoms are visible as white or grey powdery
patches on leaves and shoot tips between the three- and six-leaf stages on leaves.
These “flagshoots” strike on highly susceptible cultivars such as Chardonnay,
Cabernet Sauvignon, Carignane, Portugieser and Vernatsch (Trollinger); they
occur less pronounced also on the vast majority of European cultivars. Young
leaves, inflorescences, flowers and young berries are highly susceptible; however
older leaves and berries up to the veraison are also infected (Ficke et al. 2002).
Young leaves and berries can be totally covered with white powdery patches,
whereas on older leaves small colonies occur on the upper leaf side. Infected leaves
remain green over a longer period, but the assimilation efficiency of the leaves is
reduced. Shoot tips, inflorescences and young clusters are also covered with whitish
or greyish patches. Infected inflorescences become curled and necrotize. Shoots
become stunted and leaves appear yellowed. As a result of impeded growth of the
berry skin on infected berries from the pea-sized stage, cracking and splitting occur.
The splits are entrance ports for secondary invaders such as acetate acid producing
yeasts and bacteria (Fig. 4.3). Fully expanded berries can be colonized by the
pathogen up to the beginning of veraison (Wilcox et al. 2015). Berries with these
late infections ripen, but the mycelium of powdery mildew can affect wine quality
by its mouldy taste. Additionally the pathogen penetrates the berry skin and facili-
tates infections by bunch rot.

Taxonomy The agent causing grapevine powdery mildew, Erysiphe necator
Schwein. [emend. Uncinula necator (Schw.) Burr], is an Ascomycete belonging
to the Erysiphales which comprise a broad range of plant pathogens (Bélanger et al.
2002). As in all Ascomycetes, the cell wall of E. necator consists of chitin, a
polymer of N-acetylglucosamine.
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Fig. 4.3 Berry infection by
Erysiphe necator with
splitting of the berry skin

Biology and Epidemiology Like all powdery mildew fungi, E. necator is a
biotrophic fungus with limited spectrum of host plants, infecting only grapevine
(Vitis) species. The fungus grows epiphytically on the epidermis of green plant
tissue forming a dense white mycelium. E. necator overwinters as hyphae hidden in
the buds or as ascospores in fruit bodies (Riigner et al. 2002; Rumbolz and Gubler
2005). Both overwintered hyphae and ascospores act as primary inoculum. During
the formation of winter buds in spring, hyphae colonize the inner bud scales and
remain dormant up to the following spring. After bud burst, overwintered hyphae
colonize young leaves and shoots forming more or less striking “flagshoots”. The
powdery cover of this “flagshoots” pre-dominantly consists of conidiophores with
chains of conidia (Pearson and Goheen 1988; Agrios 1997). The ascospores are
formed after karyogamy in ascogenous hyphae, during dry and warm weather in
late summer and autumn. E. necator is heterothallic, and two different mating types
have to combine for sexual reproduction. The ascospores are located in asci which
are embedded in chasmothecia (cleistothecia). These possess hooked appendices
responsible for the attachment of the fruit bodies at the bark of canes and trunks
during the winter. In the spring during rainfall, the chasmothecia open, and by
means of a special mechanism, the ascospores are ejected out of the asci. Asco-
spores and conidia attach actively on the surface of host plants and germinate under
optimal temperatures between 20 and 27 °C within 4 h (Rumbolz et al. 2000). No
water is necessary for germination, but higher humidity favours this process. The
germ tube forms an appressorium which strengthens the attachment of the pathogen
on the host epidermis (Fig. 4.4). Beneath the appressorium, a penetration peg
penetrates enzymatically the cuticle and epidermis cell wall (Rumbolz et al.
2000). At the tip of the penetration peg, a lobed haustorium is formed which
invaginates the epidermis cell and deprive nutrients from the host. As soon as
nutrient uptake is ensured, a second hypha emerges from the conidia and coloni-
zation of the host surface commences. Temperatures ranging from 18 to 28 °C
promote hyphae growth and mycelium formation. Within 5-6 days after infection, a
dense mycelium is formed, and conidiophores evolve projecting at a right angle
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Fig. 4.4 Germinated
conidia from Erysiphe
necator on the surface of a
grapevine leaf; low
temperature scanning
electron microscopy
(Rumbolz, J., Kassemeyer
H.-H., Diiggelin M. and

R. Guggenheim, University
of Basel)

from the host surface. From a basal cell in the conidiophore, conidia develop and
are cut off permanently. Conidia are adapted to transport by wind and spread over
long distances. High temperatures and humid nights are favourable for the produc-
tion of high amount of conidia. In most cases, the epidemic starts in spring from
ascospore infection or “flagshoots” when three to six leaves are unfolded. Under
warm and dry conditions, disease incidence and severity increase up to berry set,
due to high susceptibility of young leaves, inflorescences and young berries
(Ficke et al. 2002).

4.3.2 Botrytis cinerea Pers.:Fr. (Helotiales): Botrytis
Bunch Rot

General Aspects Botrytis cinerea is a plant pathogen of economical importance
causing rot in a broad range of crops, fruits and ornamental plants. In viticulture
B. cinerea may cause both serious loss and enhancement of quality. Injury and
profit, respectively, depend not only on the stage of ripening in which berries are
infected but also on weather conditions. Under dry and warm conditions, infections
of ripe berries may raise the quality especially of white cultivars. In this case berry
ingredients are concentrated due to the perforation of the berry skin by the fungus.
In addition B. cinerea produces gluconic acid which confers a pronounced tastiness
to the wine. Consequently late infections of mature berries facilitate the production
of dessert wines like “Trockenbeerenauslesen”, “Sauternes” and “Tokay”. On the
other hand, berry infection at an early stage of ripening and during long-lasting
wetness of the clusters reduces the quality due to berry decay. Infestation of clusters
with berry moth enhances bunch rot because the feeding sites of the larvae on
berries set entrance ports for B. cinerea. At the beginning of infection by B. cinerea,
berries from white varieties become light-coloured from pinkish to light brown;
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Fig. 4.5 Bunch rot caused
by Botrytis cinerea;
conidiophore emerges from
pores and cracks in the
rotten berry skin and forms
a grey pad

those from red variety changes from red to purple. Later on a light grey mycelium
occurs on the surface (Fig. 4.5), and in a proceeded infection stage, berries become
brownish and rotten (Wilcox et al. 2015). On infected berries, B. cinerea produces
high amounts of laccases which oxidate the anthocyanes and flavonoids to brown
oxidation products. Laccases are very stable and can pass over in must and wine,
and as a result, wine becomes brownish and red wines especially lose their charac-
teristic red colour.

Taxonomy The teleomorph of Botrytis cinerea Pers.:Fr., Botryotinia fuckeliana
(de Bary) Whetzel, is a member of the Helotiales (Ascomycetes). B. cinerea occurs
mainly in its anamorph form, whereas the teleomorph B. fuckeliana is very rare
(Gams et al. 1998; Elad et al. 2004).

Biology and Epidemiology B. cinerea is an ubiquitous fungus and has a broad
range of host plants. The fungus can live saprophytically on organic debris and
produce sclerotia as long-term survival form. B. cinerea overwinters both as
mycelium and as sclerotium on canes and leaf litter on the ground. The conidia
produced on sclerotia during periods with raising temperatures in the early spring
are considered the main source of primary inoculum. Conidia are short-lived
propagules during the season and are spread by wind, rain and also insects. On
the host plant surface, the conidia germinate 1-3 h after inoculation forming various
penetration structures. In the presence of sugar, the germ tubes of B. cinerea forms a
multilobed appressorium (Elad et al. 2004; Leroch et al. 2013). To penetrate the
host tissue, B. cinerea prefers wounds and natural openings, e.g. specialized struc-
tures of flowers on which sugar and other nutrient are available (Keller et al. 2003;
Viret et al. 2004; Kretschmer et al. 2007). When spores germinate on floral tissue of
inflorescences or later in the season on ripening berries, B. cinerea can change from
saprophytic to necrotrophic lifestyle. The fungus expresses a set of enzymes such as
lipases, cutinases and pectinases that enables the pathogen to penetrate the epider-
mis of the host tissue. The penetration of the host cuticle by B. cinerea mediated by
cytolytic enzymes triggers a programmed cell death in the epidermis and the
underlying cells before they are invaded by hyphae (Shlezinger et al. 2011,
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2012). Effector proteins of B. cinerea acting as pathogenicity factors and the
induction of the programmed cell death facilitate invasion and are essential for
successful infection (Nassr and Barakat 2013). So the pathogen is able to complete
its disease and life cycle (Elad et al. 2004). Flowers are susceptible to infection
because the receptacle constitutes natural openings and provides sugar that facili-
tates flower colonization by the pathogen (Keller et al. 2003; Viret et al. 2004).
Increasing susceptibility of ripening berries relies on several factors: (1) host
defence, e.g. expression of stilbenes, weakens with ongoing ripening; (2) amount
of fungistatic protoanthocyanidins reduces after veraison; and (3) structure of the
cuticle and epidermis changes with advanced seed maturation and micro-cracks
occur which allow the leakage of sugars (Kretschmer et al. 2007). Conidia germi-
nation, germ tube growth, penetration and colonization of the host tissue are crucial
processes of the infection cycle. Conidia germination and infections occur under
high humidity (>94% relative humidity) even on dry berries; however long wetness
period favours development of B. cinerea and increases disease incidence. At
20-24 °C and humid conditions, a germ tube arises within four to eight hours,
and under this condition hyphae grow up to 4 mm per day (Fig. 4.6). After
penetration of the host tissue, hyphae grow, and after branching, a dense grey
mycelium is formed in which conidiophores with conidia develop (Pearson and
Goheen 1988; Agrios 1997). Conidia germination and growth of mycelium and
conidia formation also occur at lower temperatures up to 5 °C; however infection
and development of the pathogen are delayed. Epidemics with severe infections and
high disease incidence arise under continuing rainfall after veraison.

Fig. 4.6 First stage of
development of Botrytis
cinerea 17 h after
inoculation,
low-temperature scanning
electron microscopy (Jéger,
B., Jackow, J., Kassemeyer
H.-H. and Diiggelin M.,
University of Basel)
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4.3.3 Pseudopezicula tracheiphila (Mull.-Thurg.) Korf
and Zhuang (Helotiales): Rotbrenner

General Aspects Rotbrenner is locally confined and occurs primarily in warm
vineyards with stony soil. In some areas the disease results in severe losses
depending on temperature and humidity in spring, whereas in others it occurs
only sporadically or not at all. Lesions on leaves are initially yellow on white and
bright red to reddish brown on red cultivars. Subsequently a reddish brown necrosis
develops in the centre of the lesion, leaving only a thin margin of yellow or red
tissue between the necrotic and green areas of the leaf. The lesions are typically
confined to the major veins and the edge of the leaf and are several centimetres
wide. Early infections occur on the first to the sixth leaf of young shoots, resulting
in minor losses. Later infections attack leaves up to the 10th or 12th position on the
shoot which results in severe defoliation. In addition, fungus attacks inflorescences
and berries causing them to rot and dry out (Mohr 2005).

Taxonomy The causing fungus of Rotbrenner, Pseudopezicula tracheiphila (Miill.-
Thurg.) Korf and Zhuang (syn. Pseudopeziza tracheiphila Miill.-Thurg.), belongs
to its teleomorph Phialophora tracheiphila (Sacc. and Sacc.) Korf to the Helotiales
(Ascomycetes) (Korf et al. 1986).

Biology and Epidemiology The source of inoculum of the disease in spring is
ascospores which are formed sexually in asci. P. tracheiphila appears to be
composed of two mating types which exhibit a bipolar heterothallic mating system.
Apothecia formed primarily on fallen leaves in the spring and hold the asci with the
ascospore. Apothecia may also develop on current-season infected leaves in late
summer or fall. Depending on weather conditions, apothecia with mature asco-
spores may be present throughout the season (Pearson et al. 1991). The primordia of
the apothecia mature as soon as the temperature rises at the end of winter.
Apothecia development requires sufficient wetness of fallen leaves. Under wet
and warm conditions, ascospores are released already before bud burst. Heavy
rainfall and prolonged surface wetness favour infection and lead to severe disease.
Young leaves are susceptible after they reach a width of about 5 cm, but the
probability of infections increases from the six-leaf stage. After an incubation
period of 2—4 weeks, the fungus invades the vascular elements of infected leaves,
causing symptom development (Reiss et al. 1997). The fungus remains latent if it is
unable to invade the vessel elements, in which case it can be isolated from green
leaves showing no symptoms. Conditions required for fungus to invade the vascular
system are not well understood; however, soil conditions and water supply that
place the vine under temporary stress appear to be important factors. Disease
incidence and severity depend on the abundance of apothecia on fallen leaves on
the ground of the vineyards and on released ascospores. Monitoring of the asco-
spore release by means of spore traps enables forecast of the disease situation. On
malt agar, the anamorph may be formed, with hyaline, septate, short conidiophores
that are coarser than vegetative hyphae. Conidiogenous cells are monophialidic and
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lageniform, with well-defined but thin-walled collarettes. Conidia are ellipsoid,
hyaline, and unicellular. Hyphae grow in a characteristic sine-wave pattern that,
when observed in the vessel elements of diseased tissue, are considered diagnostic.

A disease very similar to Rotbrenner, called angular leaf scorch, has been
described in New York State (Pearson et al. 1988). The fungus causing angular
leaf scorch in North America produces smaller apothecia than P. tracheiphila, and
its broadly clavate asci has four spores in contrast to the eight-spored European
fungus. The American counterpart has been described as a distinct species,
P. tetraspora Korf, Pearson and Zhuang (anamorph Phialophora-type).

4.3.4 Phomopsis viticola (Sacc.) Sacc (Diaporthales):
Phomopsis Cane and Leaf Spot

General Aspect Phomopsis cane and leaf spot first observed in 1935 in California
are also widespread in Europe for more than 50 years. Actual loss of quality due to
the disease in most years is insignificant. However in rainy spring years, severe
infections occur and cause lesions on shoots. In addition shoot infections affect the
formation of basal buds, and in consequence in the following year, buds on the base
of the canes especially do not sprout. Repeated infections affect the fertility of the
basal parts of the canes and shorten life span of the vine. Under cool and rainy
conditions during berry ripening, berry infections occasionally occur. The first
symptoms on shoots are dark brown to black spots on the shoot base visible from
the three- to six-leaf stage. The spots elongate, and the cortex cracks due to
secondary growth of the shoots. Large numbers of spots at the shoot base become
scabby and black. Heavy infected shoots can be dwarfed and may die. During
winter, infected canes bleach and black pustules occur. Cluster infections show
black spots on the rachis. However these lesions become inactivate in the course of
cluster development. Rarely, rainfall in autumn reactivates the lesions and cause
berry infections. Infected berries show brown spots which enlarge quickly and
cause a bunch rot.

Taxonomy Phomopsis viticola (Sacc.) Sacc. (Sphaeropsis viticola Cooke) belongs
to the Diaporthales (Ascomycetes). The teleomorph Diaporthe according to current
knowledge is very rare in viticulture (Agrios 1997; Gams et al. 1998).

Biology and Epidemiology Ph. viticola overwinters on infected canes, and black
pustules on bleached canes occurring during dormancy are pycnidia (Fig. 4.7)
where pycniospores develop. Generally infections occur in spring as soon as
pycniospores mature in the pycnidia and green shoots sprout. During rainfall
pycniospores emerge in large quantities from the pycnidia embedded in vermiform
cirri. Pycniospores (Fig. 4.8) are dispersed by splashing raindrops onto the
sprouting shoots, and infections occur when water remains on the green host tissue
for a longer time. Prolonged wetness of sprouts and young shoots favour infections
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Fig. 4.7 Cane with
Phomopsis viticola pycnidia

Fig. 4.8 Pycniospores from
Phomopsis viticola and
hyphae with characteristic
septae; differential
interference contrast (x63)

by Ph. viticola in particular from bud break up to the six-leaf stage. The number of
basal buds affected by fungus varies according to frequency of rainfall and wetness
of the host surface. After infection, mycelium grows in the infected host tissue but
mainly shoots and buds are colonized. During summer Ph. viticola is less active, but
in wet autumn, mycelium may be reactivated and berry infections may occur
(Agrios 1997; Mohr 2005; Wilcox et al. 2015).
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4.3.5 Elsinoé ampelina Shear (Myringiales): Anthracnose
(Schwarzer Brenner)

General Aspects Anthracnose was widespread in earlier times in European viti-
culture and before downy mildew was identified as the most dangerous of grapevine
disease. Due to regular application of fungicides, anthracnose occurs only sporad-
ically under very humid conditions in untreated vineyards. Infected shoots show
light brown spots with black-violaceous edges. Black circular lesions occur on the
leaves that necrotize and over time give rise to small holes like a shotgun effect.
Affected berries show sunken circular lesions with black-violaceous edges (“bird’s
eyes”) which crack and finally decay. Infections of the rachis cause necrosis of the
cluster with “bird’s eyes” on the stems (Mohr 2005). Shoots and leaf infections
reduce the vigour of vine, yield and quality and shorten the life span of the plant.
Decayed berries have to be removed because they can influence the quality of must
and wine (Magarey et al. 1993; Sosnowski et al. 2007).

Taxonomy The causing fungus of the anthracnose, Elsinoé ampelina Shear (syn.
Gloeosporium ampelophagum (Pass) Sacc., Ramularia ampelophagum Pass.,
Sphaceloma ampelinum de Bary), is a member of the Elsinoaceae family which
comprises ten genera (Gams et al. 1998). Elsinoaceae and Myrangiaceae belong
together to the order of Myrangiales which is a member of the larger class of the
Dothideomycetes (Ascomycetes).

Biology and Epidemiology E. ampelina overwinters as sclerotia on the canes
which are formed in the autumn at lesions on shoots. The sclerotia develop stromata
on which under humid conditions shell-like acervuli with conidia emerge in the spring
(Agrios 1997). The conidia are covered with a gelatinous layer and provide primary
inoculum at the beginning of the vegetation period. Conidia propagation is favoured
by rainfall, and for conidia germination, wetness of the host surface for 12 h is
necessary. At times fruiting bodies with asci and ascospores develop on the lesion.
The propagules are transported during rainfall over a short distance; thus the disease
initiates on more ore less widespread spots within the vineyards (Brook 1992).

4.3.6 Guignardia bidwellii (Ellis) Viala and Ravaz
(Dothideales): Black Rot

General Aspects Black rot originated from North America and has been in Europe
for nearly 30 years. The disease occurs particularly in abandoned vineyards and
also on resistant cultivars which are not treated with fungicides. To date, severe
epidemics caused by black rot are restricted to some viticulture regions, but single
symptomatic berries are prevalent in particular on laterals. Typical symptoms on
leaves are light brown necrotic lesions with black edges up to 10 mm in diameter.
Within the necrotic spots, black dots are barely visible to the naked eye. On shoots,
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Fig. 4.9 Berry affected by \
black rot (Guignardia
bidwellii)

petiols and the rachis black sunken lesions appear. Infected young berries primarily
show pale spots which enlarge to concentric red-brown lesions. Within a few days,
the affected berry gets blue-black and is covered with black pustules (Fig. 4.9). The
berries finally wrinkle and dry but remain as mummies fixed on the rachis. Fre-
quently originated from some infected berries, the whole cluster can be infected.
High infestations of black rot defoliate the canopy and as a result decrease the
quality of grapes seriously. Cluster infections have an effect on yield and berry
quality, and affected grapes are not suitable for wine production (Pearson and
Goheen 1988; Mohr 2005; Buckel et al. 2013).

Taxonomy Black rot is caused by Guignardia bidwellii (Ellis) Viala and Ravaz
(syn. Greeneria uvicola (Berk. and M.A. Curtis) Punith., Botryosphaeria bidwellii
(Ellis) Petr.) which belongs to the Dothideales an order within the Dothideomycetes
(Ascomycetes) comprising some other plant pathogens such as Ascochyta,
Didymella, Botryosphaeria and Phoma (Agrios 1997; Gams et al. 1998).

Biology and Epidemiology G. bidwellii overwinters mainly in the mummified
clusters and berries remaining on the shoot and also on infected canes. Asci with
ascospore develop in perithecia on infected berries in spring. The ascospore are
ejected actively from the asci during low rainfall and spread by wind. For ascospore
germinate, prolonged wetness of host surface is necessary. All young green grape-
vine tissue including shoots, inflorescences and berries may be infected. At the
beginning, infections are hard to detect, but with progressed development of the
fungus, necrotic spots are visible, and finally necrotic lesions occur. Within necrotic
lesions on leaves, shoots and berries, pycnidia with pycniospores develop during
the season. Pycniospores are released during rainfall and cause infections on
berries. In late summer the sexual cycle initiates on infected berries, and perithecia
are formed which overwinter on the infected mummified berries and clusters
(Jermini and Gessler 1996; Hoffman et al. 2002; Longland and Sutton 2008;
Ullrich et al. 2009; Molitor et al. 2012).
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4.3.7 Penicillium expansum Link (Eurotiales): Green Mould

General Aspects Green mould is a secondary disease on mature berries, after
wounding or bunch rot infections. Green mould occurs in warm and humid years
when berries enter into ripening stage precociously. Recently incidence of green
mould increases may be due to high temperature in summer and frequent precip-
itation during berry ripening. White pads occur on the edges of wounds and cracks
which enlarge and change to glaucous (Fig. 4.10). Infected berries soften and
change colour from olive green to light brown. In an advanced stage of infection,
berries decay and shrink under dry conditions. Due to the squeezing of berries and
related wounds, closed bunches are more frequently affected by green mould.
These clusters show nests inside with decayed berries (Mohr 2005). Therefore
cultivars with close bunches are more susceptible than those with loose bunches.
Besides in years with high berry set resulting in dense clusters, green mould occurs
more frequently. From single infected berries, the whole cluster may be affected
causing mummified clusters covered with green mould. Green mould produce
mycotoxins (Abrunhosa et al. 2001; La Guerche et al. 2004; Serra et al. 2006;
Pardo et al. 2006), for example, patulin which is however degraded during fermen-
tation and by sulphurization. Berries affected by green mould have an off-flavour,
and even a small amount of infected berries add a mouldy taste to the wine.

Taxonomy The causal agent of green mould is mainly Penicillium expansum Link;
other species of Penicillium can also be detected on affected berries (Serra and
Peterson 2007). The genus Penicillium is regarded as a member of the Deutero-
mycotina, but according to current taxonomy, it belongs to the Eurotiales (Asco-
mycetes) (Agrios 1997; Gams et al. 1998; Mc Laughlin et al. 2001).

Biology and Epidemiology P. expansum is ubiquitous and propagates by conidia
which are formed abundantly on conidiophores. The conidiophores of P. expansum
consist of two asymmetric branches with a number of flask-shaped phialides at the
tip of each branch. Phialides are conidiogenous cells which produce masses of

Fig. 4.10 Berry infected by
Penicillium expansum, the
fungus colonizes pores in
the epidermis on which
nutrients leak from the berry
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conidia in short intervals under humid and warm conditions. The phialides appear
as clusters on each tip of the conidiophore, and the conidia are formed in chains on
each phialide. Conidiophores with the mass of conidia are visible as white to
glaucous pad on infected berries (Gams et al. 1998). P. expansum is a typical
airborne pathogen, and the long-living conidia are transported by wind. In conse-
quence conidia are released even by a gentle movement while removing infected
clusters. Conidia germinate on wet surface of berries as soon as a sugary medium is
available. Possibly vigorous berry development due to high amount of water supply
and high temperatures causes micro-cracks in the berry skin and consequently sugar
runs off the slow berries. The temperature range of P. expansum for conidia germi-
nation, growth of the mycelium and sporulation is relatively broad, but optimal
development of the fungus occurs at 25 °C and high humidity. Under cool and dry
conditions, P. expansum is rare even on berries whose skin is not intact. Slow and
consequently late ripening cultivars and those with a strong epidermis are less sus-
ceptible to colonization by P. expansum.

4.3.8 Aspergillus spec. (Eurotiales): Aspergillus Rot

General Aspects Aspergillus rot is widespread on substrates containing a dispos-
able source for carbohydrates such as mono- and polysaccharides. Rot is common
in crops and fruits and contaminates also sugary and starchy foods. At present
aspergillus rot occurs on grapevine particularly in warm climate (Leong et al.
2007). The symptoms of aspergillus rot are visible as soon as sugar leaks from
ripening berries after the beginning of veraison. The surface of infected berries is
covered by a black mould, and the berries decay. Aspergillus rot produces
ochratoxins (Samson et al. 2004; Pardo et al. 2006) and contaminates must and
wine with this mycotoxin suspected to be carcinogenic. For this reason, clusters
affected with aspergillus rot have to be sorted at harvest.

Taxonomy Aspergillus rot is caused by different members of the genus Aspergillus
which are widely distributed worldwide. On grapes particularly A. alliaceus Thom
and Church, A. carbonarius (Bainier) Thom, A. niger aggregate Tiegh. and
A. ochraceus G. Wilh. occur. Totally the genus Aspergillus comprises more than
200 taxa including species with numerous sub-species and is a genetically hetero-
geneous group. Therefore the current taxonomy can change in the course of new
findings on the phylogeny of this group. Some teleomorphs associated with Asper-
gillus are known, for instance, Emericella Berk and Br. and Eurotium Link and
allow integration in the Eurotiales (Mc Laughlin et al. 2001).

Biology and Epidemiology Aspergillus species sporulate asexually by forming
conidia without fruit bodies. Conidia develop on conidiophores which are some-
times aggregated and visible as a black powdery pad. The unbranched conidio-
phores terminate in vesicle on which phialides arise (Gams et al. 1998; Domsch
et al. 1980). At the tip of the flask-shaped phialides, conidia develop in chains
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which are spread by wind. The optimum temperature range for development of
Aspergillus is 17—42°; minimum temperature for growth is 11-13 °C (Ferrari et al.
2016).

4.3.9 Coniella petrakii B. Sutton (Diaporthales): White Rot

General Aspects White rot occurs sporadically in southern viticultural regions,
while in cool and moderate climate viticulture, the disease appears very rarely.
Wounds, mainly from hail, favour infections by white rot. Above all damages
appear on affected rootstocks showing brown spots. Rootstocks infected by white
rot are not suitable for grafting and may disseminate the disease. Infected berries
become yellowish, shrink and have brown pustules. Due to the development of the
pustules on the berry skin, the cuticle detaches from the epidermis, and as a result
the berry becomes pale. Clusters affected by white rot should be sorted at harvest
because otherwise they may influence the quality of must and wine. In most cases
white rot is controlled by regular treatments against downy mildew and bunch rot.

Taxonomy Coniella petrakii B. Sutton is the causal agent of white rot and belongs
to the order of Diaporthales (Ascomycetes) (Tiedemann 1985).

Biology and Epidemiology The mycelium of C. petrakii is frequently septated and
abundantly branched. Globose and ostiolate pycnidia are formed by a stroma below
the cuticle. The elliptical or ovate-shaped pycniospores are single celled and light
brown and arise from a basal stroma in the pycnidia from the pycnidial wall (Sutton
and Waterston 1966; Locci and Quaroni 1972; Tiedemann 1985). C. petrakii is soil
borne, and splash events are necessary to transport the propagules onto the host
surface (Aragno 1973). High temperatures between 24 and 27 °C favour conidia
development and infection. After infection of wounded host tissue, the incubation
period varies from 3 to 8 days (Bisiach 1988). Masses of pycnidia forming
pycniospores arise from the berry surface and overwinter on the ground and are
source of inoculum over years. High temperature and simultaneous wetness of the
host surface necessary for successful infections exclude in most cases, infestation in
cool or moderate climate viticulture.

4.3.10 Alternaria alternata (Fr.: Fr.) Keissler
(Pleosporales): Alternaria Rot

General Aspects Alternaria rot is ubiquitous and distributed worldwide. A number
of fruit and crops may be affected and also foodstuffs and organic material like
textiles, leather and paper. Alternaria rot causes merely marginal losses of berry
quality in viticulture and colonizes mainly ripe berries with leaked sugar. Colonized
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berries show a black smut on the surface. Only occasionally injured berries are
infected. In this case Alternaria rot raises a mouldy taste of grapes and wine and
produces mycotoxins. Therefore infected clusters have to be sorted at harvest.

Taxonomy To the taxon Alternaria belongs to numerous species of which Alter-
naria alternata (Fr.: Fr.) Keissler is most common on grapevine. The genus Lewia
is described as teleomorph for Alternaria (Pleosporales, Ascomycetes) (Gams et al.
1998; Mc Laughlin et al. 2001). Recently, a new Alternaria species (A. viniferae
sp. Nov) has been described on grapevine cultivars in China (Tao et al. 2014).

Biology and Epidemiology The conidiophores of Alternaria alternata produce
pale to medium brown conidia in long, often branched chains. The brown to
olive-green conidia have transverse and longitudinal septae and a cylindrical or
short conical beak (Samson and Reenen-Hoekstra 1988). The fungus has a sapro-
phytic lifestyle and prefers a sugary substrate, but occasionally it becomes parasitic.
For setting an infection, high relative humidity is necessary (98—100%). Under
these conditions, the germination peg of the conidia is able to penetrate the epi-
dermis directly. Therefore, frequent rain in late summer and autumn is favourable
for the infection process (Hewitt 1988; Valero et al. 2007). In general, endophytic
Alternaria species are typical members of the grapevine microbiome (Polizzotto
et al. 2012; Pinto et al. 2014).

4.3.11 Cladosporium herbarum (Pers.) Link (Capnodiales):
Cladosporium Rot

General Aspects Cladosporium rot is widespread and very common in temperate
regions on dead or dying plant substrates and other organic matter. Cladosporium
rot is typically a post-harvest disease on fruits and crops. Late harvested grapes and
table grapes may be infested by the rot, and berries can decay (Swett et al. 2016).
No major mycotoxins of concern are produced (Frisvad 1988; Northolt and
Soentoro 1988); however volatile organic compounds are accumulate conferring
a mouldy off-flavour to the affected clusters.

Taxonomy The genus Cladosporium comprises numerous species of which some
are the most common indoor and outdoor moulds. On grapevine clusters and berries
mainly C. herbarum (Pers.) Link occurs (Whitelaw-Weckert et al. 2007).
According to its teleomorph Davidiella tassiana (De Not.) Crous and U. Braun
(emend. Mycosphaerella tassiana (de Not.) Johanson), the fungus belongs to the
Capnodiales (Ascomycetes) (Gams et al. 1998; Mc Laughlin et al. 2001).

Biology and Epidemiology Colonies of C. herbarum are velvety-powdery, and the
colour is olivaceous to brown due to the abundant mass of conidia formed on the
mycelium. Smooth-walled conidiophores have terminal and intercalary swellings.
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At the tip of the conidiophores, one-, two- or more-celled conidia are formed in
simple or sometimes branched chains. The conidia are ellipsoidal to cylindrical and
pigmented. They germinate on moist surfaces and lesions are black and circular
ranging from several millimetres in diameter to up to two-thirds of the berry
surface. If the lesion turns olivaceous, sporulation starts and conidiophores with
numerous conidia are present. The fungus has a broad temperature range (4-30 °C);
the optimum lies between 20 and 24 °C (Hewitt 1988; Whitelaw-Weckert et al.
2007; Lorenzini and Zapparoli 2015).

4.3.12 Trichothecium roseum (Pers.) Link (Hypocreales):
Pink Rot

General Aspects Pink rot occurs under high relative humidity and rain on berries
after veraison. Normally the rot is associated with wounds and may occur on berries
infected by Botrytis cinerea which acts as a primary invader. Infected berries show
white to pink pads, shrink and decay. Expended infections cause mummified
clusters covered by a pinkish mycelium. While harvesting, rotten parts of the
clusters should be sorted out as mycotoxins such as crotoxin, trichothecene and
roseotoxin may be produced (Frisvad 1988). Additionally the rot causes an
unsavoury and bitter taste in affected parts of the cluster and can be responsible
for off-flavour in the wine.

Taxonomy Trichothecium roseum (Pers.) Link belongs to the order of Hypocreales
(Ascomycetes); however the current Taxonomy is incertae sedis (Gams et al. 1998;
Mc Laughlin et al. 2001).

Biology and Epidemiology On berry surfaces, pinkish erect, unbranched conidio-
phores arise from the mycelium. Conidiophores are often septate near the base and
more or less rough-walled. At the apex, chains of ellipsoidal to pyriform conidia
develop by retrogressive division (Gams et al. 1998). Young conidia are aseptate,
and when they mature, one septum in the middle of the conidia is formed. After
conidia removal from the conidiophore, an obliquely truncate basal scar is present
where the conidia have been inserted into the conidiophore. The fungus develops
also at lower temperature, but optimal conidia germination and hyphae growth
occur at 25 °C (Samson and Reenen-Hoekstra 1988).
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4.4 Zygomycetes

4.4.1 Rhizopus stolonifer (Ehrenb.) Lind. (Mucorales):
Rhizopus Rot

General Aspects Rhizopus rot is common on soft fruits, more abundant in warm,
humid climates than in cool climate viticulture. In several fruits and crops such as
strawberry, tomato, cucumber and table grapes, Rhizopus rot causes a soft rot
during transport and storage (Hallmann et al. 2007). Rhizopus rot also affects
bread and is known as black bread mould.

Taxonomy The causal agent Rhizopus stolonifer (Ehrenb.) Lind is a member of
Mucorales which belong to the Zygomycetes a phylum of the kingdom of Mycota
distinct from the Ascomycetes (Mc Laughlin et al. 2001).

Biology and Epidemiology R. stolonifer is heterothallic and sexual reproduction
occurs exclusively when opposite mating types fuse (Schipper and Stalpes 1980).
The young mycelium is whitish, becoming greyish-brown due to brownish sporan-
giophores and brown-black sporangia. Sporangiophores stand alone or in groups of
usually 3—4. They are extremely tall, often over 20 mm high, erect and unbranched.
At the opposite side of the globose sporangia branched rhizoids are obvious, a
typical formation of R. stolonifer among most other Rhizopus species
(e.g. R. oryzae). The columella is of globose to ovoid shape. The sporangiospores
are irregularly formed (polygonal, globose, ovoid) with numerous striations on the
spore surface (Samson and Reenen-Hoekstra 1988). Rhizopus rot is not restricted to
berry infection alone. Under humid weather conditions, the fungus may spread to
other berries in a cluster, causing a bunch rot (Hewitt 1988).

4.4.2 Mucor Spp. (Mucorales): Mucor Rot

General Aspects In general Mucor rot occurs as a post-harvest disease on fruits
including grapes (Hallmann et al. 2007). The rot is very rare on grapes for wine
production. Recent characterizations of the grapevine microbiome revealed a
notable frequency of occurrence of Mucor fragilis in the microbial community on
grapes (Setati et al. 2015).

Taxonomy The four species Mucor mucedo Fresen, M. hiemalis Wehmer, Mucor
fragilis (Tode) Traverso and M. piriformis A. Fisch. are characteristic species of the
Mucorales (Zygomycetes) (Mc Laughlin et al. 2001).

Biology and Epidemiology The thallus of Mucor spp. is white or coloured. The
sporangiophores end in a globose sporangium in which spores are formed. The wall
of the sporangiophore bursts for spore release (Gams et al. 1998). Mucor spp. can
even grow and develop at cool storage conditions, In the case of M. hiemalis, the
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optimum temperature for growth and sporulation is 5-25 °C (Samson and Reenen-
Hoekstra 1988).

4.5 Conclusions

The main grapevine diseases affecting yield and quality of clusters and berries are
powdery and downy mildew. Both diseases are caused by biotrophic pathogens
which can infect and parasite only intact tissue with vigorous living cells. Hence,
the susceptibility of the berries decreases during the development and ripening.
Nevertheless, cluster infestations by downy and powdery mildew can occur up to
the stage of veraison causing severe berry damage and off-flavour. The majority of
the other fungi infecting clusters and berries cause berry rot and need mono- and
oligosaccharides for spore germination and formation of a mycelium which is at
disposal in the substrate. Consequently berry rot is favoured by sugar leaking from
the ripening berries. In addition all these fungi develop at high temperature with an
optimum from 22 to 24 °C. Precocious veraison and consequently early onset of
sugar import in the berry under high temperature in the summer particularly provide
optimal conditions for berry infection. Susceptibility of berries to fungi is also
triggered by the structure of the berry skin. An intact berry skin with a dense layer
of epicuticular waxes and a compact cuticle provide a constitutive barrier against
invaders. On the other hand, a weak skin is permeable for both the infection
structures of the invading fungus and sugars from inside the berries. The structure
of the berry skin depends on numerous factors—among others on the weather
conditions, water supply and nitrogen uptake of the vine. Warm and humid condi-
tions favouring the development of fungi may also reduce reinforcement of the
berry skin. These interactions between susceptibility of berries for fungi and the
epidermal tissue including the cuticle have to be noted for the control of berry rot.
Another aspect of berry colonizing fungi is the off-flavour and the production of
mycotoxins which can devastate the yield of the affected vineyard. To raise the
quality and to avoid remarkable economical loss, all measures have to be taken to
control fungi colonizing berries and clusters. An important prerequisite for that is
the knowledge of the biology, biochemistry and epidemiology of fungi.
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Chapter 5
Viruses of Wine-Associated Yeasts
and Bacteria

Carlos Sao-José, Mario A. Santos, and Manfred J. Schmitt

5.1 Introduction

Stuck and sluggish fermentations are still a major problem for winemakers. While
stuck fermentations can usually be characterized by high residual sugar contents at
the end of the alcoholic fermentation, sluggish fermentations are accompanied by a
low rate of sugar utilization. In both scenarios, malfermentations can be caused by a
variety of factors, most of which lead to a decrease in the metabolism of the
fermenting yeast strain, associated by a decrease in biomass production, cell
viability, and/or fermentation rate (Bisson 1999). One such factor potentially
causing a variety of oenological problems during wine fermentation is the produc-
tion of toxic proteins, so-called killer toxins, by certain killer yeasts. Soon after the
discovery of toxin-secreting killer strains in the wine yeast S. cerevisiae (Bevan and
Makower 1963), it became evident that killer yeasts and killer toxins can cause
severe stuck fermentations, particularly under conditions when yeast starter cul-
tures become suppressed by wild-type killer strains present on the grapes (Bussey
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1981; Young 1987; Heard and Fleet 1987; Vagnoli et al. 1993; Perez et al. 2001;
Medina et al. 1997; Santos et al. 2011; de Ullivarri et al. 2014).

Bacteriophage attack of food-fermenting bacteria has always been a major cause
of economic losses, particularly in the dairy industry (Sanders 1987; Everson 1991;
Garneau and Moineau 2011; Samson and Moineau 2013). Research on phages and
phage—host interactions in lactic acid bacteria (LAB) has thus developed, with the
ultimate goal of preventing phage-induced lysis of starter strains (Mahony and van
Sinderen 2015). In the wine industry, the LAB bacterium Oenococcus oeni (for-
merly Leuconostoc oenos) is the organism of choice to promote malolactic fermen-
tation (MLF), a process of major importance for the oenological properties of most
wines (Henick-Kling 1993; Bartowsky and Borneman 2011; Betteridge et al. 2015).
The economical importance of MLF and of its favored promoting agent (O. oeni),
combined with the experience coming from the dairy industry, has prompted the
research of bacteriophages—in this case, oenophages—as a potential cause of MLF
failure.

In the following sections, we will focus first on the killer phenotype in yeast and
its frequent association with cytoplasmic persisting double-stranded (ds)RNA
viruses and then move to the state-of-the-art research on phages infecting
Oenococcus.

5.2 Killer Yeasts and Wine Fermentation

Negative effects of a particular killer yeast on wine fermentation have meanwhile
been repeatedly reported and demonstrated to critically depend on one or more of
three major factors: (a) initial ratio of killer to killer-sensitive yeast strains in the
must and at the commencement of fermentation, (b) toxin sensitivity of the
fermenting yeast strain, and (c) presence of protein adsorbing additives such as
bentonite (Petering et al. 1991; Radler and Schmitt 1987; Carrau et al. 1993; Van
Vuuren and Wingfield 1986; Van Vuuren and Jacobs 1992). Spoilage yeasts,
including toxin-secreting as well as non-killer strains, occur spontaneously during
wine fermentation and compete with commercial starter cultures, in particular if the
starter yeast is susceptible to killer toxins (Jacobs and Van Vuuren 1991; Shimizu
1993; Musmanno et al. 1999; Perrone et al. 2013). Vice versa, killer toxin-secreting
S. cerevisiae strains with desirable enological properties have been employed as
starter culture to improve wine quality by preventing outgrowth of spoilage yeasts
during the early onset of fermentation (Seki et al. 1985; Ciani and Fatichenti 2001;
Du Toit and Pretorius 2000; Marquina et al. 2002; Schmitt and Breinig 2002;
Comitini et al. 2004; Golubev 2006; Schmitt and Schernikau 1997). In this respect,
not only killer yeasts but also purified killer toxins have been considered as efficient
strategy to prevent, or at least control, the undesired growth of wine spoilage yeasts
including various strains and species of the genera Dekkera/Brettanomyces, Pichia,
Zygosaccharomyces and Candida (Santos et al. 2011; de Ullivarri et al. 2014).
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5.3 Viral Infections Can Cause a Killer Phenotype in Yeast

Although initially discovered in brewery strains of Saccharomyces cerevisiae as
determinant of the killer phenomenon, cytoplasmic inherited dsRNA viruses are not
restricted to strains of brewer’s and baker’s yeast but can be frequently found in
different yeast genera (Wickner 1996; Schmitt and Breinig 2002). Among these,
killer strains of S. cerevisiae, Zygosaccharomyces bailii, Hanseniaspora uvarum,
Debaryomyces hansenii and Ustilago maydis are best studied. Characteristic of all
killer yeasts is the secretion of protein toxins that are lethal to sensitive (susceptible)
strains of different species and genera. Toxicity and cell killing are usually achieved
in a receptor-mediated process, requiring initial toxin binding to components of the
yeast cell wall (such as f-1,6-p-glucans, a-1,3-mannoproteins, or chitin) and sub-
sequent toxin transfer to a particular plasma membrane receptor. Depending on the
toxin’s mode of action, final lethality can be caused by, e.g., plasma membrane
damage, cell cycle arrest, and/or inhibition of DNA synthesis (Magliani et al. 1997,
Bruenn 2005; Schmitt and Breinig 2006).

In the yeasts S. cerevisiae, Z. bailii, and H. uvarum, as well as in the corn smut
fungus U. maydis, the killer phenotype is associated with a non-Mendelian inher-
itance caused by an infection with cytoplasmic persisting dSRNA viruses of the
Totiviridae family which spread vertically by cell-to-cell mating or heterokaryon
formation (Bruenn 2005). Diploid yeasts formed by mating of a killer with a
sensitive strain are likewise killers, as are all haploid progeny of subsequent
meiosis. In contrast, virus-free yeast strains are usually sensitive non-killers,
while yeasts containing two types of dsRNA viruses (ScV-L-A and ScV-M) are
killers (see below). Sensitive strains survive mating with killers and cytoplasmic
mixing of the dsRNA viruses during zygosis accounts for the inheritance pattern
during meiosis. Since an extracellular spread of yeast viruses is largely hampered
by the rigid yeast and fungal cell wall barrier, mycoviruses have adopted a strategy
of transmission via mating and hyphal fusion which frequently occurs in nature,
making an extracellular route of spread dispensable. While some mycoviruses are
associated with adverse phenotypic effects on the fungus (like La France disease in
Agaricus bisporus, plaque formation in Penicillium, and hypovirulence in
Endothia), M-dsRNA containing yeast “killer” viruses are responsible for a killer
phenotype that is based on the secretion of a polypeptide (killer toxin) that is lethal
to a variety of sensitive yeasts and fungi. With the exception of toxin-secreting
strains of Z. bailii, killer toxin production is usually associated with a specific
immunity component that protects a killer yeast against its own toxin (Schmitt and
Neuhausen 1994; Breinig et al. 2006).
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5.3.1 dsRNA Viruses and Killer Phenotype Expression
in Wine Yeast

On the basis of killing profiles and the lack of cross-immunity, four virally encoded
killer types have so far been identified and characterized in S. cerevisiae: K1, K2,
K28, and Klus (Schmitt and Breinig 2006; Rodriguez-Cousino et al. 2011). Each of
them produces a specific killer toxin and a self-protecting immunity component.
Killer phenotype expression correlates with the presence of two dsRNA genomes
that stably persist in high copy numbers in the cytoplasm of the infected host: a
larger 4.6 kb dsRNA of the helper virus (ScV-L-A) and one of four smaller toxin-
coding satellite dsSRNAs which are separately encapsidated (ScV-M1, ScV-M2,
ScV-M28, and ScV-Mlus). In vivo, ScV-L-A does not confer a phenotype nor does
it lead to host cell lysis or cell growth slowing. While the killer phenotype can be
transmitted by transfection of yeast cell spheroplasts with purified ScV-L-A and
ScV-M (El-Sherbeini and Bostian 1987), extracellular virus transmission occurs
rarely in nature, if at all. The survival strategy adopted by these dsRNA viruses
appears to be a balanced host interaction, resulting in stable maintenance, little if
any growth disadvantage, and vertical transmission. Mechanisms of exiting and
entering the host cell through its rigid cell wall are rendered unnecessary by
efficient horizontal transmission during frequent zygosis events in yeast. Acquisi-
tion of a toxin-encoding M satellite dSRNA provides positive selection, as virus-
free segregants are killed.

As summarized in Table 5.1, the linear dSRNA genome of ScV-L-A contains
two open reading frames (ORF) on its (+) strand RNA: ORF1 encodes the major
capsid protein Gag necessary for encapsidation and viral particle structure, and the
second gene (ORF2) represents the RNA-dependent RNA polymerase (RDRP)
which is expressed as a Gag-Pol fusion protein by a —1 ribosomal frameshift
event (Wickner 1996). In contrast to L-A, each M-dsRNA genome contains a single
open reading frame encoding a preprotoxin (pptox) that represents the unprocessed
precursor of the mature and secreted toxin which also confers functional immunity.
As each M-dsRNA genome depends on the coexistence of ScV-L-A for stable
maintenance and replication, ScV-M Kkiller viruses resemble classical satellites of
ScV-L-A. Although coexistence of multiple M-dsRNAs with different killer spec-
ificities in a single cell is excluded at the replicative level, this limitation can be
bypassed by introducing cDNA copies of K2 and K28 pptox genes into a natural K1
killer, resulting in triple killers that stably produce three different killer toxins at a
time and simultaneously express multiple immunity (Schmitt and Schernikau
1997).
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Table 5.1 Double-stranded (ds)RNA viruses involved in killer phenotype expression in yeast

dsRNA dsRNA
virus Virus host (kb) Encoded protein(s)
ScV-L-A Saccharomyces L-A (4.6) Gag, major capsid protein; Gag-Pol,
cerevisiae RDRP*
ScV-Ml Saccharomyces M1 (1.6) K1 preprotoxin
cerevisiae
ScV-M2 Saccharomyces M2 (1.5) K2 preprotoxin
cerevisiae
ScV-M28 Saccharomyces M28 (1.8) | K28 preprotoxin
cerevisiae
ScV-Mlus | Saccharomyces Mlus (2.1) | Klus preprotoxin
cerevisiae
UmV-P1 Ustilago maydis M-P1 (1.4) | KP1 preprotoxin
UmV-P4 Ustilago maydis M-P4 (1.0) | KP4 toxin
UmV-P6 Ustilago maydis M-P6 (1.2) | KP6 preprotoxin
HuV-L Hanseniaspora uvarum | L-Hu (4.6) | Gag, major capsid protein; Gag-Pol,
RDRP*
HuV-M Hanseniaspora uvarum | M-Hu KT470 toxin precursor
(1.0)
ZbV-L Zygosaccharomyces L-Zb (4.6) | Gag, major capsid protein; Gag-Pol,
bailii RDRP*
ZbV-M Zygosaccharomyces M-Zb (2.1) | Zygocin preprotoxin
bailii

“RDRP RNA-dependent RNA polymerase

5.3.2 Viral Preprotoxin Processing and Toxin Maturation

In virus-infected killer yeasts, the toxin-encoding M(+)ssRNA transcript is trans-
lated into a preprotoxin (pptox) that is posttranslationally imported into the secre-
tory pathway for further processing, maturation, and toxin secretion. Intracellular
pptox processing in killer strains of S. cerevisiae (K1, K2, K28, Klus), Z. bailii
(zygocin), and U. maydis (KP4) has been intensively studied and seems mechanis-
tically conserved. In K28 killers, originally isolated from grape (Pfeiffer and Radler
1982), the pptox precursor is processed into a o/f heterodimeric protein whose
subunits are covalently linked by a single disulfide bond. As secretory protein, the
unprocessed toxin precursor contains an N-terminal signal peptide for pptox import
into the ER lumen, followed by the toxin subunits o (10.5 kDa) and p (11.0 kDa)
separated by an intervening N-glycosylated y sequence. During passage through the
secretory pathway, the toxin precursor is enzymatically processed in a way that is
highly homologous to prohormone conversion in mammalian cells. In a late Golgi
compartment, the N-glycosylated y-sequence of K28 pptox is removed by the furin-
like endopeptidase Kex2p, and biologically active K28 is secreted as 21 kDa
heterodimer whose B-C-terminus carries a four-amino acid motif (HDEL) and
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potential ER-targeting signal which is generated by carboxypeptidase cleavage
(Kex1p) in a late Golgi compartment (Schmitt and Breinig 2006).

5.3.3 Endocytosis and Intracellular Toxin Transport

In contrast to most viral yeast killer toxins that kill by disrupting cytoplasmic
membrane function, K28 enters a cell by receptor-mediated endocytosis (Eisfeld
et al. 2000). Once it has reached an early endosomal compartment, the toxin travels
the secretory pathway in reverse, subsequently translocates into the cytosol, and
finally kills in the nucleus. Essential and sufficient for this retrograde toxin transport
is the HDEL motif at the C-terminus of K28-f which normally functions as ER
retention signal to prevent escape of soluble ER residents from the secretory
pathway. In yeast and higher eukaryotes, proteins that entered the ER lumen and
carry such a C-terminal motif are recognized by a membrane-bound H/KDEL
receptor, Erd2p in yeast, which ensures their recycling from the Golgi back to the
ER. In case of K28, this sequence allows retrograde transport from endosomes via
Golgi to the ER, from where the toxin retrotranslocates into the cytosol to finally
kill in the nucleus (Fig. 5.1). Interestingly, endocytotic uptake and retrograde
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Fig. 5.1 (a) Schematic outline of the general structure of microbial and viral A/B protein toxins
containing a carboxyterminal H/KDEL-like motif and potential ER-targeting signal. (b) Intoxica-
tion of a sensitive yeast cell by killer toxin K28 via receptor-mediated endocytosis, backward
transport through the secretory pathway and final killing in the nucleus [R1, cell wall receptor of
K28; R2, plasma membrane receptor parasitized for K28 uptake; adapted from Becker et al.
(2016)]
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transport are common strategies of microbial A/B toxins including Pseudomonas
exotoxin A, E. coli heat-labile toxin (HLT), and yeast killer toxin K28. Each of
these toxins contains a putative ER-targeting signal at one of the polypeptide chain
(s) which has recently been shown to be of major importance for toxin entry into a
target cell (Becker et al. 2016). In this respect, a major difference between the yeast
toxin (K28) and bacterial A/B toxins is that K28 itself is produced and secreted by a
eukaryotic (yeast) cell, and therefore the C-terminal ER-targeting signal in the toxin
precursor is initially masked by a terminal arginine residue to ensure pptox passage
through the early secretory pathway. Once the toxin has reached a late Golgi
compartment, Kexlp cleavage removes the p-C-terminal arginine and thereby
uncovers the HDEL motif for subsequent host cell entry and intracellular transport.

After ER exit and entry into the cytosol, the toxin dissociates into its subunit
components: f3 is ubiquitinated and proteasomally degraded, while o enters the
nucleus and causes cell death (Fig. 5.1). It is assumed that ER exit of the toxin is
mediated by the Sec61 complex in the ER membrane; besides being the major
protein import channel in the ER, Sec61p is also part of a protein quality control
system that removes not correctly folded/assembled proteins from the secretory
pathway and initiates their proteasomal degradation in the cytosol. Although the
precise molecular mechanism by which killer toxin K28 retrotranslocates from the
ER is still puzzling, it occurs independent of ubiquitination and proteasome activity
and does not require classical components of the ER-associated protein degradation
(ERAD) machinery (Heiligenstein et al. 2006).

5.3.4 K28 Affects DNA Synthesis and Cell Cycle Progression
and Induces Apoptosis

Because of its low molecular weight, the cytotoxic a-subunit of K28 can enter the
nucleus by passive diffusion; however extension of « by a classical nuclear local-
ization sequence (NLS) significantly enhances its in vivo toxicity. Within the
nucleus, the toxin interacts with host cell proteins of essential function in cell
cycle control and initiation of DNA synthesis. Thus, as K28 targets evolutionary
highly conserved proteins of basic cell functions, toxin resistance due to mutations
in essential chromosomal yeast genes hardly occurs in vivo, indicating that the
toxin has developed an amazing “smart” strategy to penetrate and kill a cell. Most
interestingly, while higher toxin concentrations (10 pM or higher) cause necrotic
cell killing via cell cycle arrest and inhibition of DNA synthesis, treatment with low
doses of killer toxins (<1 pM) results in an apoptotic cell death (Fig. 5.2). As toxin
concentration is usually low in the natural environment and habitat of yeasts, toxin-
induced apoptosis can be assumed to be the major mechanism by which killer
yeasts outcompete and kill other yeasts in their natural environment (Reiter et al.
2005). Furthermore, as apoptosis is also important in the pathogenesis of virus
infections in mammals, it is not surprising that yeast killer viruses can also induce a
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Fig. 5.2 Receptor-mediated toxicity of the viral yeast killer toxins K1, K28, and zygocin. Killing
of a sensitive yeast is envisaged in a two-step process involving initial toxin binding to receptors
within the cell wall (R1) and the cytoplasmic membrane (R2). After interaction with the plasma
membrane, ionophoric toxins such as K1 and zygocin disrupt membrane function, while K28
enters cells by endocytosis and diffuses into the nucleus to cause cell death (note that the cell
surface receptors R1 and R2 are different in all three toxins; see also table inset). At high toxin
doses (>10 pM), sensitive cells arrest in the cell cycle with pre-replicated DNA (1n; left panel),
while cells treated with K28 in concentrations <1 pM respond with apoptosis, as shown by typical
apoptotic markers such as chromosomal DNA fragmentation (TUNEL-positive cells), accumula-
tion of reactive oxygen species (ROS), and phosphatidylserine exposure at the external surface of
the plasma membrane detected by annexin V staining (right panel)

programed suicide pathway in noninfected yeast (Ivanovska and Hardwick 2005).
Although virally encoded killer toxins were shown to be primarily responsible for
this phenomenon, yeast killer viruses are not solely responsible for triggering a cell
death pathway in yeast.

5.3.5 Lethality of Membrane-Damaging Killer Toxins

Yeast killer toxins kill sensitive yeasts in a receptor-mediated fashion by interacting
with receptors at the level of the cell wall and the cytoplasmic membrane. The
initial step involves rapid toxin binding to a primary receptor within the
mannoprotein or glucan fraction of the cell wall. In the second step, the toxin
translocates to the plasma membrane and interacts with a secondary receptor
(Fig. 5.2). To date, only the membrane receptors for killer toxins K1 (Krelp) and
K28 (Erd2p) have been identified; for other yeast killer toxins, the precise binding
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sites in the plasma membrane are still unknown. Once bound to the membrane,
killer toxins K1 and zygocin disrupt cytoplasmic membrane function by forming
cation-selective ion channels, while K28 enters a cell and kills by inhibiting DNA
synthesis and arresting cells at the G1/S boundary of the cell cycle (Fig. 5.2).

Ion channel formation in yeast membranes induced by killer toxin K1 was
initially demonstrated using patch-clamping techniques (Martinac et al. 1990).
However, this observation is inconsistent with the complete resistance seen in
immune yeast cell spheroplasts, and, so far, receptor-independent channels have
not been observed, neither in yeast membranes nor in Xenopus laevis oocytes.
Similar to K1 and probably K2 as well (Orentaite et al. 2016), zygocin represents a
membrane-damaging killer toxin which is naturally secreted as monomeric and
non-glycosylated protein by the osmotolerant spoilage yeast Zygosaccharomyces
bailii. Compared to most other killer toxins of yeast, zygocin shows an unusual
broad killing spectrum and is equally active against phytopathogenic and human
pathogenic yeasts, including Candida albicans, C. glabrata, C. tropicalis, and
Sporothrix schenckii. Since even filamentous fungi such as Fusarium oxysporum
and Colletotrichum graminicola are likewise killed by the toxin, zygocin bears a
significant antimycotic potential. Similar to K1, zygocin disrupts plasma membrane
integrity and causes rapid cell killing. Its ionophoric mode of action has been
reinforced by in silico sequence analysis, identifying a stretch of potential
a-helical conformation that forms an amphipathic structure characteristic for
membrane-disturbing antimicrobial peptides such as alamethicin, melittin, and
dermaseptin. In addition, this feature is accompanied by a transmembrane helix at
the C-terminus of zygocin which is predicted to favor a membrane permeabilizing
potential, not by activating endogenous ion channels but rather by forming pores
after toxin oligomerization. It is assumed that the hydrophobic part in its amphi-
pathic a-helix is responsible for toxin binding to a target cell. The postulated model
of zygocin action resembles that of human a-defensins. In analogy to alamethicin,
toxicity of zygocin is probably mediated by insertion of its a-helix into the plasma
membrane, a process solely driven by the natural transmembrane potential of the
energized yeast and fungal plasma membrane. Thus, toxicity of zygocin portrays
the lethal mechanism of antimicrobial peptides that are produced by virtually all
higher eukaryotes. Mechanisms of resistance against antimicrobial peptides are rare
and often limited to changes in the composition of the cytoplasmic membrane. In
major contrast to mammalian cells, the outer leaflet of the plasma membrane of
yeasts and fungi is enriched in negatively charged lipids. Due to the cationic net
charge of antimicrobial peptides (including zygocin), an affinity to these lipids
facilitates toxin adsorption to the target membrane. Consistent with that, deletion of
chromosomal yeast genes whose products affect plasma membrane lipid composi-
tion (such as PDR16 and PDR17) causes a dramatic decrease in zygocin sensitivity
because toxin binding to the plasma membrane is largely prevented. In contrast to
K1, a zygocin-specific membrane receptor is not required for in vivo toxicity, as the
physicochemical properties of zygocin allow efficient plasma membrane interac-
tion independent of a membrane receptor or docking protein (Weiler and Schmitt
2005).
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5.4 Toxin Immunity Ensures Self-Protection in Killer
Yeast

How killer yeasts protect themselves against their own secreted toxin remained a
mystery for many decades. In killer yeast, functional immunity is essential for
survival as the toxins often target and inhibit central eukaryotic cell functions. This
is in major contrast to bacterial toxins such as cholera toxin and Shiga toxins which
selectively kill eukaryotes, thus making immunity dispensable in a toxin-secreting
prokaryote. In the case of killer toxin K28, the mechanism of protecting toxin
immunity was uncovered (Breinig et al. 2006). While in an immune K28 killer
yeast, the toxin is likewise taken up and transported to the ER, just like in a sensitive
yeast cell, the internalized toxin forms a high-affinity complex with the pptox
precursor in the cytosol. Within this complex, K28 is selectively ubiquitinated
and targeted to proteasomes, while part of the pptox moiety escapes degradation
and is imported into the ER for secretion of active killer toxin. This simple and
highly efficient mechanism ensures that a killer yeast is fully protected against the
lethal action of its own toxin. With the exception of K28, the molecular mechanism
(s) of toxin immunity in other killer yeasts is still unknown.

5.5 Phages in Wine and Malolactic Conversion

The presence of phage particles in wine was first evidenced by Sozzi et al. (1976)
through electron microscopy analysis of Suisse white wine samples. A few years
later, several papers by the same and other groups reported the isolation of phages
from wine with undesirable MLF properties, which were capable of lysing different
strains of O. oeni (Sozzi et al. 1982; Gnaegi and Sozzi 1983; Gnaegi et al. 1984;
Davis et al. 1985; Henick-Kling et al. 1986a, b). However, the real impact of phages
on MLF and growth of O. oeni in the wine environment is somewhat controversial.
On the one hand, some authors argued that irregular MLF and the consequential
development of undesirable LAB strains (e.g., Pediococcus sp.) could be the result
of phage attack against O. oeni. On the other hand, it appeared that the ability of
oenophages to lyse O. oeni in wine and perturb MLF was greatly dependent both on
the type of phage and the bacterial strain, which responded differently to the
properties of the wine, such as the pH and the composition in SO,, ethanol,
bentonite, and phenolic compounds (Davis et al. 1985; Henick-Kling et al.
1986b). In any case, it appears that phage attack is not a critical problem in
winemaking (Poblet-Icart et al. 1998), contrary to the scenario found in the dairy
industry.
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5.6 General Properties of Oenophages

Following the pioneer studies referred to above, oenophage research shifted toward
the study of lysogeny in O. oeni and the molecular characterization of the isolated
phages. A large number of phages were recovered upon treatment of potential
0. oeni lysogenic strains with mitomycin C (see next section). These phages were
subsequently characterized not only with respect to their morphology and lytic
spectrum but also through the analysis of virion structural proteins and phage DNA
(restriction patterns and DNA homology). Although the data collected from these
studies allowed the definition of phage genetic groups according to their relatedness
(e.g., see Nel et al. 1987; Arendt and Hammes 1992; Santos et al. 1996), the general
picture that emerged was a close relationship between the isolated oenophages with
respect to morphology, DNA sequence, and structural proteins.

All isolated oenophages belong to the Siphoviridae family (Ackermann 2005),
whose virions are characterized by the presence of an icosahedral nucleocapsid
(containing a double-stranded DNA genome) attached to a long, noncontractile tail.
Morphologically, all phages are of the morphotype B1 (Bradley 1967; Ackermann
and DuBow 1987). Frequently, a base plate can be distinguished in the tail
extremity distal to the phage head (Fig. 5.3). The reported capsid diameters vary
between 33 and 75 nm, and the tails are 179-308 nm long and 6-15 nm wide.
Baseplates can be up to 24 nm in diameter. The vast majority of the studied
oenophages seems to be of temperate nature, i.e., they are phages that can either
replicate through the lytic pathway or be propagated as prophages integrated in the
host chromosome. Some temperate oenophages might have become virulent as a
result of point-mutational events (Arendt et al. 1990). The oenophage genome size
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has been shown to vary between 28 and 43 kb, and the DNA extremities typically
present cohesive ends (cos, Becker and Murialdo 1990).

5.7 Oenophage-Host Interactions

A number of studies have revealed that lysogeny is widespread among O. oeni. Two
independent groups (Arendt et al. 1991; Cavin et al. 1991) reported the induction of
prophages from O. oeni lysogenic strains upon addition of mitomycin C (MitC).
The lysogeny incidence was as high as 63%, and indicator strains were found for
17 of the induced phages (Arendt et al. 1991). This work suggested, for the first
time, that spontaneous induction of prophages harbored by lysogenic strains could
be a major source of bacteriophage contamination in wine. Subsequent studies have
confirmed the high incidence of lysogeny in O. oeni (Arendt and Hammes 1992;
Tenreiro et al. 1993; Poblet-Icart et al. 1998). Tenreiro et al. (1993) have examined
lysogeny in 29 O. oeni strains, of which 22 were isolated from Portuguese wines.
Phages could be detected in the supernatants of 19 different induced cultures (66%
lysogeny). In a following study, the Portuguese group further characterized 17 of
the original isolated oenophages, and lysogenization of a phage-cured derivative of
O. oeni strain PSU-1 was achieved with 16 phages (Santos et al. 1996). More recent
studies, which include complete genome sequence data of several O. oeni strains,
further demonstrated the high prevalence of lysogeny in this species and suggested
that oenophages have a major role in O. oeni genome diversity, dynamics, and
evolution (Zé-Z€ et al. 1998; Bon et al. 2009; Borneman et al. 2012; Doria et al.
2013; Jaomanjaka et al. 2013).

In addition to lysogeny, some reports have indicated that pseudolysogeny may
also occur in O. oeni. In pseudolysogeny, cells harbor unintegrated copies of phage
DNA in a so-called carrier state, without being lysed significantly. In contrast to
true lysogeny, serial subculturing of single colonies frequently results in the loss of
contaminating phages from pseudolysogens. Studies conducted by Arendt et al.
(1990, 1991) suggested strongly that O. oeni strain 58 N harbored a phage in such a
carrier state. This unstable phage—host interaction might explain the lack of super-
infection immunity of the original strains from which phages were initially isolated,
the relatively high spontaneous induction of phages (10°~10° pfu per ml of culture
supernatant), and the emergence of virulent oenophages (Arendt et al. 1990; Santos
et al. 1996). Moreover, it was also observed later that infection of strain MLL34-C10
with phage fOg44 at high multiplicities favored the isolation of lysogens carrying,
at the same time, integrated and unintegrated forms of phage DNA (Type I
lysogens, Parreira et al. 1999). Type I lysogens spontaneously released phages in
relatively high titers and exhibited a pattern of sensitivity to various oenophages
that differed from strains carrying a stable prophage (type II lysogens). It was
proposed that type I lysogens could result from cytoplasmic maintenance of
unintegrated phage DNA following simultaneous penetration of several genomic
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copies. Type I strains would thus resemble phage-carrying strains, with the excep-
tion that, in this case, prophage DNA was also detected.

5.8 Sequencing and Functional Genomics

The first report on the partial nucleotide sequence of a phage infecting O. oeni was
published by Sutherland et al. (1994), which sequenced an EcoRI-HindIIl DNA
fragment with 3.2 kb from the phage L10 genome. At the time, it was not possible to
ascertain the function of the proteins encoded by this DNA fragment. Presently,
with the increasing number of phage sequences deposited in databases, we can now
predict that the sequenced region harbors genes involved in phage morphogenesis.

The nucleotide sequence of a central 5.2 kb EcoRI DNA fragment of the phage
¢$10 MC genome was also partially determined. Analysis of the sequence (3.992 kb)
allowed the recognition of the elements involved in site-specific integration (the
integrase gene and the atzP site, Gindreau et al. 1997) and the genes mediating lysis
of the host cell at the end of the lytic cycle (/ys, encoding a peptidoglycan hydrolase
and P163, coding for a putative holin; Gindreau and Lonvaud-Funel 1999).

Santos et al. (1998) have mapped the restriction sites of six enzymes in six
oenophage genomes and performed a comparative analysis of whole phage DNA.
Phages were separated into two distinct groups (a and p), based on restriction site
conservation and DNA-DNA cross-hybridization results. In spite of the heteroge-
neity in the restriction site profiles, hybridization results clearly evidenced homol-
ogy between a and [ phages in the central part of their genomes. This study has
proven to be a useful starting point for studying specific regions of the phage DNA.
A particular phage (fOg44, B-group) was studied in more detail through the
determination of the nucleotide sequence of the central and of the cos-containing
genomic regions (see next section).

5.8.1 General Outline of Oenophage Genome Organization

The nucleotide sequence of two regions of the phage fOg44 genome (Fig. 5.4a) was
determined (Parreira et al. 1999; Sao-José 2002): a 7.810-kb segment spanning the
cos site (Fig. 5.4b, Acc. Number AJ421942) and a 10.858-kb central fragment
(Fig. 5.4c, Acc. Number AJ421943). The total sequence covered about 50% of the
fOg44 genome. Figure 5.4 summarizes the relevant data emerging from the analysis
of the two sequenced regions.

The region encompassing the cos site of the fOg44 genome (Fig. 5.4b) carries
genes involved in DNA metabolism and packaging and head morphogenesis. Of the
genes located upstream the cos site, we highlight orf74 (orf stands for open reading
frame), encoding a putative glutaredoxin-like protein, and orf176, which codes for
an HNH-type endonuclease. These proteins are thought to be involved in the
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Fig. 5.4 Gene organization in two genomic regions of fOg44. (a) The fOg44 genome is
represented by a white rectangle, and the position of relevant restriction sites is indicated. The
thin arrows above the map evidence the regions that are early and late-transcribed during the
phage lytic cycle (Sao-José 2002). The dashed arrow indicates a genome segment showing a low
level of transcription (harboring orf217 to orf59). (b) The arrows represent the orfs identified by
nucleotide sequence analysis of the cos-containing region. The orfs X and Y denote 5" and 3’
truncated open reading frames, respectively. The orfs to which a putative function could be
attributed based on homology searches and available literature are colored in black. Those coding
for putative products of unknown function are depicted in white. Gene clusters putatively involved
in a particular function are identified below the corresponding orfs. (¢) Organization of orfs
identified in the genome central region. Black and white arrows as in (b). orfZ denote a 5’ truncated
open reading frame. Slashed arrows indicate genes whose homology-based predicted functions
have been confirmed experimentally. Putative transcription terminators and divergent transcrip-
tional promoters are depicted as hairpins and bent arrows, respectively. Gene sets involved in
specific processes are indicated below the corresponding orfs

maintenance of a deoxyribonucleotides pool for phage DNA synthesis (Gleason and
Holmgren 1988) and in DNA packaging (Dalgaard et al. 1997), respectively.
Downstream the cos site (Fig. 5.4b), we find the genes coding for the small
(orf128) and large (orf640) subunits of the terminase oligomeric complex, which
mediate phage genome maturation and encapsidation (Feiss 1986; Becker and
Murialdo 1990). The putative products of orf64, orf389, and of the incomplete
orfY correspond to the head—tail joining, portal, and ClpP proteins. In all studied
phages, the portal protein forms a ring structure composed of 12 subunits in one
vertex of the phage capsid, which serves as an entrance and exit port for the phage
DNA (Bazinet and King 1985). The role of ClpP-type endopeptidases in maturation
of the phage head has been experimentally shown for phage HK97 (Duda et al.
1995; Hendrix and Duda 1998).

The relative position of the orfs identified in the central region of fOg44 DNA
(Fig. 5.4c) and the homology found for most of its encoded proteins allowed the
identification of gene sets involved in specific functions: tail morphogenesis (based
only in gene position), host cell lysis, lysogenic conversion, and lysogeny and
immunity control.

The cluster defined by orf217, orf252, orf80, and orf72 is not essential (at least
under laboratory conditions) for the ability of fOg44 to complete its lytic cycle or to
form lysogens (Parreira et al. 1999). The deduced product of orf217 exhibits a
central domain that is conserved in the TetR family of transcriptional repressors
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(Ramos et al. 2005). LacZ-fusion experiments have shown that Orf217 represses
both its own promoter and that of 07/252, which encodes a putative permease of the
TauE/SafE family probably involved in sulfite export (Sao-José et al. 2004,
Weinitschke et al. 2007). The location of this module between the lysis and
integration elements, its dispensability for the phage life cycle, and the putative
function of some of its genes suggest that, like other “morons,” it may confer
selective advantage to the host bacteria when the phage is residing as prophage
(Juhala et al. 2000; Desiere et al. 2001).

In the lysogeny and immunity control cluster, we find the elements involved in
phage DNA integration in the host chromosome, i.e., the attP site and the int44gene
(Parreira et al. 1999; Sao-José et al. 2004). The genes located upstream of intd44
regulate immunity and lysogeny functions (Sao-José 2002). In the prophage state,
the putative products of orfI29 and orf94 (a membrane protein and a
metalloproteinase, respectively) most probably compose a system that excludes
heteroimmune, superinfecting phages. Orf99 is the A-CI repressor-like protein
regulating the lysis/lysogeny decision and conferring immunity to homoimmune
phages when expressed from the prophage.

The central genomic region topologically equivalent to that spanning from
orfl67 to orf59 in fOg44 was sequenced in two other oenophages, fOgPSUI1
(Acc. Number AJ629109) and fOg30 (Acc. Number AJ629110), and compared to
the sequences of phages fOg44 and $p10 MC (Sao-José et al. 2004). fOgPSU1 and
fOg44 share the same lysis cassette, whereas in the other two phages, the putative
holin gene is replaced by orfl63. With the exception of ¢$10 MC where the putative
holin and integrase genes are separated exclusively by the a#tP site, several orfs
(five in fOgPSUI1 and six in fOg30) could be found between the lysis and integra-
tion regions, with orf217, orf252, and orfr80 being common to the three fOg
phages. The integration elements of fOg30 and fOg44 were almost identical at
the nucleotide level and differed significantly with respect to the fOgPSU1 and the
¢$10 MC sequences. These differences are responsible for the targeting of different
loci in the O. oeni chromosome for phage DNA integration (see next section).

The overall gene organization in the sequenced regions of oenophage genomes
was found to closely follow that described for equivalent regions in dairy phages
belonging to the “A supergroup” of Siphoviridae (Briissow and Desiere 2001). It is
thus possible to envisage a general outline of oenophage genome organization, with
functional gene clusters arranged from the left to the right side of the genome as
follows: DNA packaging/head morphogenesis/head—tail joining/tail morphogene-
sis/host lysis/lysogenic conversion/lysogeny and immunity control/DNA replica-
tion and recombination/transcription regulation.
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5.8.2 Multiple tRNA Loci as Sites for Phage DNA Integration
in the Host Chromosome

The viral and bacterial DNA attachment sites (a#tP and attB, respectively),
containing the identical core sequences that are involved in the site-specific recom-
bination event that leads to phage DNA integration (Campbell 1962), were deter-
mined at the nucleotide sequence level initially for three oenophages. Phage ¢$10
MC integrates its genome at a tRNA™" gene (Gindreau et al. 1997). It was shown
later that phage fOg44 integrates its DNA at the 3’ end of an O. oeni tRNA™ gene,
whereas fOgPSUI targets a gene for tRNA™® (Sao-José et al. 2004). In all cases,
the intact tRNA gene sequence was reconstituted upon phage DNA integration.
When the available DNA sequences of fOg44 and ¢10 MC were used for homology
searches in the draft genome sequence of O. oeni strain PSU-1 (complete genome
sequence published in 2005, Mills et al. 2005), two additional tRNA genes (tRNA
S and tRNAM") were found as potential integration sites (Sao-José et al. 2004).
One of these sites may correspond to the secondary integration locus described by
Santos et al. (1996). More recently, the integration of prophages and prophage
remnants at tRNA loci was confirmed in a genomic comparison of eleven strains of
0. oeni. A total of six different tRNAs were identified as targets for prophage
integration (Borneman et al. 2012).

5.8.3 The Lysis Region and a New Mechanism
of Phage-Induced Host Lysis

Double-stranded DNA phages induce lysis of infected cells in order to release
progeny virions. For more than 20 years, it was assumed that these phages promoted
host cell lysis following the same basic mechanism, which was extensively studied
for the Escherichia coli phage A (for reviews, see Young et al. 2000; Young 2014).
According to this mechanism, lysis is accomplished by the concerted action of at
least two phage-encoded products, a peptidoglycan hydrolase (referred to as
endolysin) and a small hydrophobic protein (holin) that forms holes in the cyto-
plasmic membrane at a precise scheduled time. The latter function was considered
essential to allow access of the cytoplasm-accumulated endolysin to the cell wall at
the correct time.

Interestingly, it was demonstrated that the fOg44 endolysin (Lys44) is endowed
with a typical N-terminal signal peptide that mediates its export to the cell wall
through the general bacterial secretion pathway (the Sec-system, Sao-José et al.
2000). All known oenophage endolysins share this property (Sao-José et al. 2004).
Although not required for Lys44 export, the f{Og44 holin was able to complement a
nonsense mutation of the A holin gene, proving its functionality (Sao-José et al.
2004). This result, associated to the fact that the Lys44 active form is detected about
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half-way through the fOg44 latent period (Sao-José et al. 2000), strongly argued
that lysis regulation in fOg44 differed substantially from that described for A.

A lysis model was proposed (Sao-José et al. 2000), in which the activity of the
exported endolysin would be restrained by a molecular mechanism dependent on
the membrane proton motive force (pmf). Holin-mediated dissipation of the pmf at
a defined time would then activate the secreted enzyme. This model has recently
gained support through experiments showing that oenococcal and lactococcal cells
are intrinsically resistant to Lys44 when added from without or expressed from
within, respectively (Nascimento et al. 2008). Moreover, Lys44-mediated lysis of
both cells could only be efficiently triggered upon addition of nisin, the only
antimicrobial among those tested that promoted ion-nonspecific dissipation of the
pmf, an event that should be undertaken by the fOg44 holin in the phage infection
context (Nascimento et al. 2008). In addition to its function as a “hole” for the
export of canonical endolysins, it has been currently assessed that the membrane-
depolarizing action of the holin may be also necessary to render cells fully suscep-
tible to the action of the lytic enzymes (Fernandes and Sao-José 2016).

Most interestingly, phages producing secreted endolysins were later revealed to
be more common than initially suspected. Several phages infecting Gram-positive,
Gram-negative, and mycobacterial hosts were shown or suggested to produce
Sec-exported endolysins (Sao-José 2002; Sao-José et al. 2003, 2007; Catalao
et al. 2013; Oliveira et al. 2013; Young 2014). The detection and identification of
O. oeni bacteriophages based on endolysin sequences were recently reported
through the use of randomly amplified polymorphic DNA analysis (Doria et al.
2013).

5.9 Conclusions

In spontaneous wine fermentations, infection with a killer toxin-producing yeast
can cause pronounced malfermentation, accompanied by low sugar consumption,
by high residual sugar content, and, eventually, by cell death of the desired wine
yeast at the end of the process. Killer toxin-induced stuck fermentations can also
occur under conditions when yeast starter cultures become suppressed by wild-type
killer yeasts present on the grape. The inhibitory effects of a given killer yeast on
the winemaking process largely depend on the initial ratio of killer to non-killer
yeasts in the must, on toxin sensitivity of the fermenting yeast, as well as on the
presence of protein adsorbers such as bentonite. However, since most of these
factors cannot be tightly controlled during wine fermentation, toxin-secreting
yeasts with desirable enological properties are considered as attractive starter
culture to prevent outgrowth of spoilage yeasts during fermentation and, thereby,
to improve and ensure final wine quality.

Reports on the failure of malolactic fermentation, possibly due to the presence of
bacteriophages in the must, led to several lines of investigation on phages infecting
Oenococcus oeni. Molecular biology studies have so far been focused mainly on the
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central region of the genome of a few temperate phages, highlighting the elements
involved in prophage integration, genes possibly involved in lysogenic conversion
phenotypes, and genes essential for lysis of the host. Knowledge about the sequence
of int and attP and the finding of several tRNA genes as potential sites for site-
specific recombination may lead to the future construction of integrative vectors
useful for the genetic manipulation of Oenococcus. A novel mechanism for bacte-
rial cell lysis was discovered when studying lytic functions of oenophage fOg44,
relying on secretion signals in the endolysin. Analogous mechanisms for holin-
independent transport of the lytic enzyme were subsequently found in several other
phage—host systems.
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Chapter 6

Yeast Mixtures and Saccharomyces Hybrids:
Suitable Tools for Performing More
Sophisticated Must Fermentations

Helmut Konig and Harald Claus

6.1 Introduction

Recent investigations provide convincing evidence that in regions between the
Black Sea and the Caspian Sea and also along the later Silk Road, wine was
made and traded several thousand years Bc. Possibly, viniculture started between
6000 and 8000 Bc (McGovern 2003; McGovern et al. 2004; Kupfer 2013, 2015).
Viniculture spread via Asia Minor, Iran, Iraq, and Turkey and to Phoenicia, Egypt,
Crete, and Greece. Up to 1000 Bc, the wine production is then verifiable in Sicily,
Italy, Morocco, southern France, Spain, and Portugal. At the latest 1000 Ap wine
was also produced in northern France, Germany, and Eastern Europe. Today, the
Eurasian wild form of Vitis vinifera L. subsp. sylvestris grows from Spain to Central
Asia. From this wild form, the monoecious cultivated form Vitis vinifera L. subsp.
vinifera arose.

It can be concluded from the early development of viniculture that the yeast
Saccharomyces cerevisiae is one of the oldest domesticated organisms (Feldmann
2010). The wine producing techniques have been further developed empirically
over generations. Despite this long time of wine production, our knowledge about
the microbiological and biochemical background of the transformation of must into
wine is relatively recent. Fundamental investigations about must transformation
into wine were carried out at the end of the eighteenth and in the course of the
nineteenth century by scientists such as Antoine Laurent de Lavoisier, Joseph Louis
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Gay-Lussac, Charles Cagniard-Latour, Theodor Schwann, Friedrich Traugott
Kiitzing, and Louis Pasteur (Gay-Lussac 1815; Schwann 1837; Kiitzing 1837,
Cagniard-Latour 1838; Pasteur 1861). In 1883 Emil Christian Hansen succeeded
in obtaining the first pure yeast cultures, which were used for beer brewing. Seven
years later, Hermann Mueller-Thurgau introduced yeast starter cultures for the
winemaking process. Commercial liquid cultures of yeasts were developed as
starter cultures for the inoculation of must in the 1930s.

The limiting factors in must and wine are, in particular, the low pH value of the
must (<3.5) and the high ethanol content. As we know today, only three groups of
ethanol- and acid-tolerant microorganisms are growing in fermenting must (cf. -
Chaps. 1, 2, 3 and 23). These are yeasts, lactic acid bacteria, and acetic acid
bacteria. More than 100 yeast species belonging to 49 genera have been isolated
and characterized from grapes, must, and wine. Saccharomyces cerevisiae and the
so-called wild yeasts (non-Saccharomycetes) play an important role for the specific
sensory profile of wine. In addition, around 25 species of wine-related lactic acid
bacteria were cultivated in the laboratory, which are assigned to the genera Lacto-
bacillus, Leuconostoc, Oenococcus, Pediococcus, and Weissella. Acetic acid bac-
teria can also be detected on grapes, must, and wine. The 23 hitherto known species
belong to the genera Acetobacter, Ameyamaea, Asaia, Gluconacetobacter,
Gluconobacter, Komagataeibacter, and Kozakia.

Today a relatively broad knowledge exists about the diversity of wine-related
microorganisms, there successive appearance, and their activities during ethanolic
fermentation of must. Starter cultures such as Saccharomyces cerevisiae and
Oenococcus oeni or Lactobacillus plantarum are available for the alcoholic and
malolactic fermentation, respectively. Nevertheless, sluggish or stuck fermenta-
tions cause significant financial losses for winemakers each year. These observa-
tions stimulate the search for new procedures to circumvent the fermentation
obstacles.

6.2 Principal Modes and Problems of the Alcoholic
Fermentation

The risk of sluggish or stuck fermentations can be significantly reduced by the
application of commercial yeast starter cultures when about hundred thousand cells
per ml are added by the winemakers to start the controlled fermentation. Such
cultures are offered by different companies such as Erbsloh, Lallemand, Hansen, or
Begerow. Because of the high titer of the starter yeast cells, the wild yeasts can
hardly develop, and the fermentation is completed relative reliably by the starter
cultures. The risk of fermentation problems is greatly reduced, but the sensory
profile is restricted and depends on the starter cultures used.

In the case of the monitored fermentation, the fermentation is started spontane-
ously, and selected yeast cultures are only added when fermentation problems are
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observed. We have obtained good results with optimized yeast strains or yeast
mixtures. They were selected from fermenting must in the same vineyard in
previous years before their addition to sluggishly fermenting must in order to
continue and finish the fermentation. This method produced complex wines
which met the special sensory requirements of the winemaker.

In the case of spontaneous fermentation, the earliest form of the must fermen-
tation, the yeast strains present in the cellar or on the grapes enter the must and start
the fermentation. The wine yeast Saccharomyces cerevisiae is present only at a
relatively low number of cells at the beginning of the fermentation. At this stage of
the fermentation, there is usually a dominant mixture of the so-called wild yeasts. In
this case, the indigenous wild yeasts, the classic wine yeast Saccharomyces
cerevisiae, and the local bacterial strains are involved in the transformation of the
must into wine. When the ethanol concentration reaches 4% (v/v), Saccharomyces
cerevisiae can overgrow the wild yeast and bacterial populations in the must. The
corresponding wines are often more complex and meet more likely the expectations
of a particular terroir. The risk of fermentation problems, however, is increased
compared to controlled and monitored fermentation.

In spite of the advantages of adding yeast starter cultures after grape pressing
with regard to fermentation reliability, winemakers in the upper quality segment
especially opt for spontaneous fermentation in order to produce complex wines
with a characteristic sensory profile distinctive for a certain winery or terroir. The
sensory profile is influenced by the grape variety and grape quality, the terroir (soil
and climate), and the conditions in the wine cellar as well as fermentation man-
agement but also by the added or indigenous microbial flora. In the case of
spontaneous fermentation, the bacteria and yeast composition in the fermenting
must depend on the microorganisms on the grapes and the cellar. Without doubt, the
risk of fermentation problems in the case of spontaneous fermentation is increased.
The reasons for fermentation problems can be manifold: (a) seriously infected
grapes, (b) low temperatures or temperature fluctuations, (c) presence of toxic
substances (fungicides, killer toxins), (d) low ratio of glucose to fructose (>1:10),
(d) nutrient deficiencies (vitamins, trace elements), (¢) low ammonium concentra-
tion (<120 mg/l), (f) low pH (<3.0), and (f) other factors (e.g., ergosterol, biotin,
polyphenol concentration).

Classical methods for remedying existing fermentation problems are
(a) adjustment of the temperature to 20 °C, (b) addition of yeast nutrients
(diammonium hydrogen phosphate), (c) increase of the pH value, and (d) an
inoculation with yeast starter culture. However, these measures frequently lead to
a change in the initially targeted sensory profile, which is incompatible with the
conceptions of winemakers in the upper quality sector in respect to very special
sensory characteristics.
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6.3 Future-Oriented Aspects of Producing More
Sophisticated Wines

6.3.1 Increased Use of Wild Yeasts and Mixtures of Yeast
Strains

At the beginning of the fermentation, the wild yeasts (non-Saccharomycetes) occur
far in the majority compared to the classical wine yeast Saccharomyces cerevisiae.
However, they are more sensitive to sulfite and increasing ethanol concentrations.
Some have a high oxygen requirement such as Torulaspora delbrueckii and
Lachancea (Kluyveromyces) thermotolerans. A problem for the optimal growth
of Saccharomyces cerevisiae is that the wild yeasts already consume partly the
nutrient and growth-promoting substances such as sugars, trace elements, or vita-
mins. They can also often form acetic acid, which has a negative effect on the
growth behavior of Saccharomycetes. From a concentration of 0.6 g1, acetic acid
is sensitively perceptible. German law prescribes upper limits of 1.08 g 17! for
white wine and 1.20 g 17" for red wine. A maximum of 2.10 g 1™ " is allowed for
wine of individually selected overripe berries (Trockenbeerenauslese). Since etha-
nol is converted into the volatile compound acetic acid, ethanol oxidation leads to a
reduction in the ethanol content of the wine. Wild yeasts also form polysaccharides,
which have a positive influence on the mouthfeeling at a certain concentration but
can also contribute to graisse. Furthermore, a series of esters which are responsible
for various fruit aromas can be formed. When Lachancea thermotolerans and
Candida zemplinina grow in must, the glycerol content can be increased, which
also has an influence on the mouthfeeling. Candida zemplinina can also lower the
concentration of the acetic acid produced in must with high sugar content. In
addition, aromatics and colored substances (anthocyanins) from glycosylated com-
pounds are released by representatives of the genera Debaryomyces, Hansenula,
Candida, Pichia, and Kloeckera. Thus, in Chardonnay wines, after inoculation of
the must with a mixture of Debaryomyces pseudopolymorphus and Saccharomyces
cerevisiae, increased concentrations of terpenols such as citronellol, nerol, and
geraniol can be detected. In a sample of a Sauvignon Blanc must, the content of
sulfur-containing compounds such as 3-mercaptohexan-1-ol (3MH) and
3-mercaptohexan-1-ol acetate (3MHA) was increased after the addition of Candida
zemplinina and Pichia kluyveri. Thioles contribute to the specific aroma of
Sauvignon Blanc wines. We were able to detect the enzymatic hydrolysis of a
series of glycosylated aroma precursors by the yeast Wickerhamomyces anomalus
(Sabel et al. 2014; Schwentke et al. 2014).

At the beginning of the alcoholic fermentation of the must, the so-called wild
yeasts predominate. Representatives of the genera Hanseniaspora, Rhodotorula,
Pichia, Candida, Metschnikowia, and Cryptococcus are frequently detected (cf. -
Chap. 23). They can be divided into different groups:
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(a) Aerobic growth: Pichia, Debaryomyces, Rhodotorula, and Candida

(b) Apiculate yeasts with low fermentative activity: Hanseniaspora uvarum (per-
fect form: Kloeckera apiculata), H. guilliermondii (perfect form: Kloeckera
apiculata var. apis), and Hanseniaspora occidentalis (perfect form: Kloeckera
javanica)

(c) Yeast species with somewhat increased fermentation activities: Kluyveromyces
marxianus, Torulaspora delbrueckii, Metschnikowia pulcherrima, and
Zygosaccharomyces bailii (Jolly et al. 2014)

In order to realize certain desirable aromas in the wine, it may be sufficient to
start the fermentation by adding individual wild yeast species and then to continue
the fermentation with a starter culture of the yeast Saccharomyces cerevisiae in
order to complete the fermentation. For example, supplier companies of the wine
industry such as Hansen, Begerow, Lallemand, and Erbsloh already offer wild yeast
cultures and also yeast mixtures. Thus Oenoferm wild and pure is a Torulaspora
delbrueckii strain. Cultures may contain in addition to Saccharomyces cerevisiae
wild yeasts (20-40%), for example Kluyveromyces thermotolerans or Torulaspora
delbrueckii. Mixed cultures are offered by the company Hansen consisting of
Lachancea (Kluyveromyces) thermotolerans (20%), Torulaspora delbrueckii
(20%), and Saccharomyces cerevisiae (60%). The starter cultures Sihaferm
PireNature of the company Begerow or Level 2 TD of the company Lallemand
consist of Torulaspora delbrueckii and Saccharomyces cerevisiae. At the begin-
ning, the must is inoculated with the wild yeast, and Saccharomyces cerevisiae is
added after the beginning of the fermentation. Viniflora® PRELUDE™ of Hansen
is a Torulaspora starter culture, which is added to the must at concentrations of
20 g h1™!, which is then kept at 7-10 °C for 47 days. When the ethanol concen-
tration reaches 4—6 vol%, a Saccharomyces strain is added in the same amount after
transfer of the fermenting must to a fermentation tank, and the temperature is
increased. A biological acid decomposition with the lactic acid bacterium
Oenococcus oeni can then be carried out as required.

6.3.2 Fermentation with Hybrid Y easts

The growth of wine-related microorganisms occurs rather successively during
spontaneous fermentation. At the beginning of the fermentation, the so-called
wild yeasts (non-Saccharomycetes) are active. In the harvest years 2011 and
2012, we were able to follow the succession of the microorganisms in the course
of the spontaneous fermentation of Riesling must in the winery Heymann-
Lowenstein (lower Moselle, Germany). The succession of yeasts and bacteria was
investigated (Christ et al. 2015). The wild yeasts in a wine cask without fermenta-
tion problems belonged to the genera/species Candida pararugosa,
Saccharomycetes sp./Pichia membranifaciens, Saccharomycopsis crateagensis,
Candida boidinii, Saccharomycetes sp., Aureobasidium sp., Metschnikowia sp.,
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Metschnikowia chrysoperlae, Cryptococcus flavescens, Candida zemplinina,
Pichia kluyveri, and Hanseniaspora uvarum. It was also observed that in some
barrels, wild yeast species did survive at elevated levels of ethanol. For example,
living cells of Candida boidinii were detected until the fermentation was complete.
The genus Saccharomyces contains nine species (Blittel et al. 2013). The most
interesting observation was that the fermentation was not started by the classical
wine yeast Saccharomyces cerevisiae but rather by Saccharomyces bayanus. About
4 weeks after an observed stuck fermentation, the alcoholic fermentation was
completed by the triple hybrid Saccharomyces cerevisiae x Saccharomyces
kudriavzevii x Saccharomyces bayanus. This hybrid possessed genome sequences
of the three mentioned Saccharomyces species. The triple hybrid yeast strain HL
78 was not added to the must but grew during the fermentation in the must.
Therefore, strain HL. 78 must have been present in low cell numbers after fermen-
tation started. The importance of a triple hybrid yeast for the elimination of
fermentation disorders in spontaneous fermentations has not yet been described.
Saccharomyces cerevisiae could not grow in the investigated must because the
cellar temperature in wine cellar was between 12 and 14 °C and the temperature in
the wine cask reached only about 16 °C. Furthermore, the available ammonium
nitrogen decreased in a short time after starting the fermentation from 120 mg to
40 mg 1°'. Depending on the yeast strain of Saccharomyces cerevisiae,
140-880 mg 17! is required for optimal growth. The sugar uptake activity also
decreases at low ammonium concentrations (Dittrich and GroSmann 2005). Sac-
charomyces bayanus has the advantage compared to the classical wine yeast
Saccharomyces cerevisiae that it grows better at low temperatures and low avail-
able ammonium concentrations. Saccharomyces bayanus and especially the triple
hybrid strain can still cover their nitrogen requirements from amino acids or
probably proteins, even if these occur only at relatively low concentrations and
even in the absence of available free ammonium. We detected increased protease
activities in the triple hybrid strain HL 78 by quantitative proteomics (Szopinska
et al. 2016). In contrast to the usual starter culture S. cerevisiae, both isolates,
S. bayanus strain HL. 77 and the triple hybrid strain HL 78, could grow in the
absence of ammonium when amino acids were present. However, the triple hybrid
was able to consume glucose and especially fructose at lower amino acid concen-
trations. The fructophilic character of the triple hybrid strain correlated with an
enhanced uptake of radiolabeled fructose compared to glucose (Zuchowska et al.
2015).

Gonzalez et al. (2006) described the hybrid S. cerevisiae x S. kudriavzevii which
could be advantageous for specific fermentation conditions due to the combined
characteristics of both parents. The hybrid was described to be tolerant against high
ethanol concentrations and osmolarity as exhibited by S. cerevisiae and also
tolerant against cool temperatures as a feature of S. kudriavzevii. Several authors
have isolated hybrids in Europe (Bradbury et al. 2006; Gonzalez et al. 2008; Lopes
et al. 2010), although the strains of S. kudriavzevii known so far have been isolated
from decaying leaves in Japan (Naumov et al. 2000) and from oak bark samples in
Portugal (Sampaio and Gongalves 2008) but not yet from grapes or must.
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6.4 Conclusions

Since the discovery of the winemaking, for a few thousand years, must has been
fermented spontaneously without the knowledge of the microorganisms involved and
their specific activities. Thus, of course, improvements in wine production were
possible only on the basis of empirical findings. In the middle of the last century,
spontaneous fermentations were largely replaced by the use of starter cultures by many
winegrowers and cooperatives. In Central Europe, yeast cultures of Saccharomyces
cerevisiae have been regularly used in fermentation since the 1980s of the last century.

With regard to the impact on wine quality, considerable progress has been made
in wine growing and vinification in recent years due to the available improved
scientific and practical knowledge. The use of modern methods allows a much
defined control of the fermentation. The use of molecular biology identification
methods and the analysis of nucleic acids have shown that different yeast strains
occur in the different wine-growing regions which enable the use of region-specific
starter cultures after isolation of pure cultures (Hirschhiuser et al. 2005; Sebastian
etal. 2011; Roder et al. 2007; Petri et al. 2013). A started spontaneous fermentation
and subsequently occurring fermentation problems can thus be remedied by terroir-
specific yeast strains and passed on without having to accept a major change in the
desired flavor profile. In addition a partial imitation of spontaneous fermentation is
now possible by the use of wild yeasts.

On the basis of the known sequences of the total genome of several yeasts,
strategies for the targeted genetic modification of yeasts can in principle be worked
out or have already been described (Pretorius 2000; Chambers and Pretorius 2010)
in order to produce yeast strains with certain desired properties. Genetically mod-
ified yeasts are not authorized for winemaking in Europe or Australia. The appli-
cation of two genetically modified yeast strains (MLO1 and 533EC) is generally
recognized as safe (GRAS) in the USA. A further possibility to improve starter
cultures of yeast strains for certain selected features is the evolutionary in vitro
adaptation or the production of hybrids (Konig et al. 2013, Konig and Christ 2015).
Oenoferm® X-treme (Erbslch) is a GMO-free hybrid yeast, obtained from proto-
plast fusion of two different Saccharomyces cerevisiae strains. During the applica-
tion of the “evolutionary in vitro adaptation,” the culture conditions are changed
slowly during several months. Thus, we were able to obtain a fructophilic yeast
from a normal Saccharomyces cerevisiae isolate by slowly shifting the glucose/
fructose ratio, which is about one to one in the fresh must, toward fructose.

Challenges to a future successful and innovative generation of winemakers were
characterized by Jolly et al. (2014) as follows. The art of winemaking can be
compared with an orchestra. The maestro is the winemaker who directs the orches-
tra. The different instrumentalists are represented by the different wine-relevant
microorganisms such as wild yeasts and wine yeasts as well as bacterial species.
The composition is then the finished wine. The primadonna assoluta is still the
classic wine yeast Saccharomyces cerevisiae. However, as we have seen above,
primadonnae altrae such as Saccharomyces bayanus or especially hybrid yeasts are
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competing. Whereas the use of genetically modified yeasts is not permitted with
two exceptions, the use of hybrids with different characteristics does not impede
legal regulations. The importance of a triple hybrid yeast for the elimination of
fermentation disorders in spontaneous fermentations has been described (Christ
et al. 2015). Thus, the triple hybrid strain HL 78 is a suitable tool to overcome stuck
fermentation without changing the fermentation conditions and the aroma profile
desired by the selected winery. It has already been successfully used to restart stuck
fermentation.

The art of winemaking of the future may consist in the simultaneous or sequen-
tial use of different strains of Saccharomyces cerevisiae as in the past, but also
mixtures of different species of Saccharomycetes and non-Saccharomycetes will be
applied. This will create different wine styles. If the fermentation is carried out with
as few microbial species, this can be compared with a chamber orchestra (Jolly
et al. 2014). The winemaker thus decides whether he makes his wine with a
multispecies approach (symphonic orchestra), only with a few musicians (chamber
orchestra) or even exclusively with a solist (Saccharomyces cerevisiae). The future
belongs to the well-trained creative winemakers, who can read the musical notes of
the time and stimulate the microbe orchestra to new sounds.
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Chapter 7
Secondary Metabolites of Fungal Vine
Pathogens

Jochen Fischer and Eckhard Thines

7.1 Introduction

Fungi are highly diverse organisms in terms of their lifestyle and habitats. This high
diversity is reflected by the structural diversity and the large number of metabolites
produced. The so-called secondary metabolites have been described as compounds
not required for either the vitality of an organism or primary metabolic processes
(Karlovsky 2008). Such compounds have in the past been of enormous interest due
to their potential as lead structures for human therapeutics and plant protectants.
More than 50% of all the human therapeutics on the market today are either natural
products or are structurally related to secondary metabolites of plant or microbial
origin. Recent assumptions are indicating that more than half of 1500 compounds
isolated between 1993 and 2001 had antimicrobial or antitumor activity (Keller
et al. 2005). Even though many of these secondary metabolites were found to have
beneficial biological activities, mycotoxins are deleterious due to their impact
within the food chain. In many cases, bioactive low-molecular-weight secondary
metabolites were found to be produced as structurally closely related compounds in
distinct parts of the life cycle of the producing organism. The biosynthesis of these
compounds is often correlated with a specific stage of morphological differentiation
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(Martin et al. 2014). Furthermore a restricted taxonomic distribution of such
metabolites has inspired chemotaxonomy. Nevertheless investigations into natural
product research concerning the biosynthetic potential of producing organisms are
often hampered by the fact that production of these metabolites is sensitive to
culture conditions (Weinberg 1983). Therefore, the metabolites produced in axenic
culture do not match the spectrum of natural products produced within the
environment.

A large number of environmental stimuli and abiotic stress factors have been
found to induce the biosynthesis of secondary metabolites, such as draft, heat stress,
light, availability of nutrients, and oxidative stress. Exposure to such factors,
specifically, depletion of nutrients, is transduced via conserved signaling pathways
to result in the regulation of secondary metabolite production (Netzker et al. 2015;
Brakhage 2015; Viaud et al. 2016). Furthermore, oxidative stress has been found to
be associated with the regulation of secondary metabolite biosynthesis in plant/
fungus interactions (Pusztahelyi et al. 2015).

Even though fungal secondary metabolites are of large diversity, all structures
are based on simple precursors of the intermediary metabolism, such as acetyl
coenzyme A resulting in polyketides, polyols, terpenoids, steroids, or carotenoids.
Further initial building blocks are shikimate, amino acids, and glucose. While
shikimate is the precursor of aromatic compounds, amino acids are constituents
of peptides or alkaloids. In contrast, glucose is required for the biosynthesis of
glycosides and aminoglycosides (Zahner et al. 1983). Secondary metabolism was
proposed to be a playground on which biochemical evolution is taking place
continuously. Starting from given precursors from intermediary metabolism, the
evolution of biochemical pathways can develop in all directions, provided that the
metabolites are not toxic to the producing organism (Zahner et al. 1983). Within the
environment the compounds of this playground may furthermore be of advantage in
terms of competition or the exploitation of novel habitats. However, many com-
pounds have been identified due to their biological activity toward other organisms
resulting in a selection advantage. For example, in the competition for nutrients,
secretion of compounds with antimicrobial activity appears to be of advantage for
the producing organism since putative rivals are eliminated. In contrast no ecolog-
ical function has been found for many microbial secondary metabolites. It appears
likely that many of these compounds are of use for the producing organism in the
environment, e.g., as constituents of chemical communication in microorganisms
or plant-microbe interactions.

Phytopathogenic fungi are basically classified as necrotrophs, biotrophs, or
hemibiotrophs depending on their lifestyle and the way they infect and colonize
the host plant. They constitute one of the main infectious agents in plants, causing
alterations during in metabolic processes or developmental stages. Since they
exploit the host metabolism or secrete toxins killing the plant or at least parts of
it, these fungi cause huge economic losses (Pusztahelyi et al. 2015). In necrotrophic
fungi, plants or parts of it are killed prior to the successful colonization. Therefore,
extracellular enzymes or toxins are secreted, or the metabolism of the host cell is
reprogrammed. The toxins secreted can be classified into host-specific/host-selec-
tive toxins or non-host-specific/non-host-selective toxins depending on the
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susceptibility of others than the host plants to the toxin. Most of the host-specific
toxins identified to date were produced by Alternaria or Cochliobolus species
(Condon et al. 2013; Akimitsu et al. 2014). Even though the production of host-
specific toxins is limited to few taxa, the chemical diversity of the compounds
produced is high, ranging from low-molecular-weight secondary metabolites to
cyclic peptides (Pusztahelyi et al. 2015). In general, the production of host-specific
toxins is believed to be crucial for virulence of producing fungi (Walton 1996;
Horbach et al. 2011). In contrast, non-host-specific toxins do not appear to be
essential for pathogenicity although they may contribute to pathogenicity. They
have a broader range of susceptible plants, and symptom formation can often be
observed on plant species not affected by the pathogenic fungus (Walton 1996).
Biotrophic fungi are depending on living plant tissue which is exploited by spe-
cialized structures (haustoria) required for nutrient uptake, suppression of the host
metabolism, and reprogramming of the host cell (Perfect and Green 2001). In
contrast, Condon et al. (2013) suggested that promotion of disease by the secretion
of, e.g., host-specific toxins and protein effectors overlaps in necrotrophs and
hemibiotrophs.

However, no host-specific toxins have to date been described for fungal patho-
gens colonizing vines (Bruno and Sparapano 2006a, b; Andolfi et al. 2006, 2011).
Whether secondary metabolites produced by necrotrophic or hemibiotrophic fungi
contribute to virulence or pathogenicity has for many compounds not been
addressed to a large extent. This chapter summarizes phytotoxic secondary metab-
olites identified from vine pathogenic fungi.

7.2 Secondary Metabolites from Fungi as Causal Agents
for Grapevine Diseases

7.2.1 Grapevine Trunk Diseases

Due to the increasing disease incidence within the last decade, grapevine trunk
diseases have become a major challenge for modern viticulture. These diseases
result in significant damage to long-lasting plant structures and thereby to the loss
of entire vines (Valtaud et al. 2009). Especially esca, Eutypa, and Botryosphaeria
diebacks were found to be the major threats. Since efficient disease management
strategies are lacking, these diseases have been within the focus of research
approaches in order to elucidate the molecular basis of plant/pathogen interactions.
For this purpose, secondary metabolites produced by fungi associated with these
diseases have been intensively studied.
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7.2.2 Phytotoxic Secondary Metabolites Produced
by Esca-Associated Fungi

Esca is a devastating disease affecting grapevines all around the world induced by a
complex of xylem-inhabiting fungi (Gémez et al. 2016). Since the disease symp-
toms are visible on the leaves, whereas the fungal pathogens are colonizing the
trunk, it was suggested that secreted phytotoxic metabolites are of importance for
disease development. Among the most abundant fungal species associated with this
destructive disease are Phaeomoniella chlamydospora, Phaeoacremonium mini-
mum, and Fomitiporia mediterranea. The fungal strain Phaeoacremonium
aleophilum was recently renamed as Phaeoacremonium minimum and with there-
fore be referred as such (Gramaje et al. 2015).

Phaeomoniella chlamydospora and Phaeoacremonium minimum (Togninia min-
ima). Phaeomoniella chlamydospora is a mitosporic fungus growing yeast-like in
culture and forming prominently darkened conidiophores in the basal part and
subhyaline and straight conidia. Several secondary metabolites have been identified
from cultures of the fungus. Phytotoxic activity was mainly described for the
secondary metabolites scytalone (Fig. 7.1), isosclerone (Fig. 7.2), and pullulan
(Fig. 7.3), a polysaccharide polymer of maltotriose units (Andolfi et al. 2011;
Bertsch et al. 2013). The compounds were found to be produced in axenic culture
by Phaeoacremonium minimum and Phaeomoniella chlamydospora and have been
extensively studied concerning the biological activity (Graniti et al. 2006).
The pentaketides scytalone and isosclerone are shunt products of the
dihydroxynaphthalene (DHN)-melanin biosynthesis pathway in fungi. Both com-
pounds induced dramatic lesion formation/disease symptom formation in detached
leaves, whereas their presence in infected tissue or disease symptoms showing parts
of the plant remains to be demonstrated. In contrast, several other intermediates/
shunt products of the DHN-melanin biosynthesis pathway, e.g., flavioline
(Fig. 7.4), 2-hydroxyjuglone, and 1,3,8-trihydroxynaphthalene (Fig. 7.5), have
been identified from cultures of Phaeoacremonium minimum, but none of the
compounds induced disease symptom formation in pathogenicity assays (Abou-
Mansour et al. 2004).

Furthermore, investigations into the mechanisms of both fungi revealed phyto-
toxic polypeptides secreted into the culture medium. Both polypeptide fractions
with molecular masses ranging from 6 to 250 kDa triggered the death of grapevine
cells in culture (Luini et al. 2010).

From submerged cultures of Phaeoacremonium minimum, phaeofuran A
(Fig. 7.6) was isolated. The compound was exclusively found in the submerged
culture of the fungus under laboratory conditions. Apart from the phytotoxic
activity, the compound was found to have strong antimicrobial activity (Fischer
et al., unpublished; Hill and Sutherland 2006).

In addition to phytotoxins, many phytopathogenic fungi secrete enzymes that
degrade macromolecules of the host plant tissues. Valtaud et al. showed that
Phaeoacremonium minimum possessed all of the extracellular enzyme activities
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implicated in the degradation of polysaccharides, such as xylanase, exo- and endo-
b-1,4-glucanase, and b-glucosidase. Additionally, lignin-degrading enzymatic
activities were found in cultures of Phaeoacremonium minimum. In contrast,
Phaeomoniella chlamydospora showed none of these enzyme activities (Bruno
and Sparapano 2006b).

Fomitiporia mediterranea was described by Fischer (2002) as a new wood-
decaying basidiomycete species associated with esca of grapevine in European
wine-growing countries. Characters of the fruit body are essentially identical with
those of the closely related species, Fomitiporia punctata. Fomitiporia medi-
terranea occurs not only on Vitis vinifera but also on a number of other hardwood
genera, whereas it appears to be restricted to Vitis vinifera elsewhere in Europe.

From axenic cultures of Fomitiporia mediterranea, the secondary metabolites
frustulosin (3,6-dihydroxy-2-(3-methyl-3-buten-1-in-1-yl)benzaldehyde; Fig. 7.7),
4-hydroxybenzaldehyde (Fig. 7.8), dihydroactinolide (Fig. 7.9), and 6-formyl-2,2-
methyl-4-chromanone (Fig. 7.10) have been identified. However, none of the
compounds have been linked directly to phytotoxicity or virulence in this esca-
associated organism (Abou-Mansour et al. 2010; Andolfi et al. 2011).

Apart from secondary metabolites as putative determinants of virulence/patho-
genicity, Bruno and Sparapano (2006a) identified a laccase in cultures of Fomiti-
poria mediterranea. Laccase is a polyphenol oxidase catalyzing the initial step in
the mineralization of lignin. It is furthermore suggested that laccase produced by
this white-rot fungus is of importance for the detoxification of ROS.

Botryosphaeria sp. (Diplodia seriatalDothiorella viticola) Black dead arm (BDA)
disease on vine is caused by the filamentous ascomycete Botryosphaeria obtusa.
This fungus has a broad host range causing leaf spot, cankers, and black rot on many
plant species. It colonizes the wood of the plant causing decline and eventually
death. Since the BDA symptoms resemble those of esca, the diseases are easily
confused. The frequency of disease symptom occurrence has increased



7 Secondary Metabolites of Fungal Vine Pathogens 171

Fig. 7.7 Frustulosin OH
(3,6-dihydroxy-2-

(3-methyl-3-buten-1-in-1-

yl)benzaldehyde) H

OH
Fig. 7.8 4- @) H
Hydroxybenzaldehyde \I[
OH

Fig. 7.9 Dihydroactinolide

—

——O
)

Fig. 7.10 6-Formyl-2,2- O

methyl-4-chromanone Q
H
0]

considerably over the past decade since efficient treatment strategies are currently
not available.

In order to identify phytotoxic secondary metabolites secreted by Botryo-
sphaeria obtusa, bioassay-guided fractionation of culture filtrates led to the iso-
lation of four dihydroisocoumarins: mellein (Fig. 7.11), 4-hydroxymellein,
2,7-dihydroxymellein, and the new 4,7-dihydroxymellein (Fig. 7.12). LC-UV-
DAD-MS analysis of vine wood infected by Botryosphaeria obtusa revealed the
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presence of mellein in planta. Interestingly, the fungus that was found was also able
to oxidize the phytoalexin 8-resveratrol into the dimer A-viniferin (Djoukeng et al.
2009; Bénard-Gellon et al. 2015).

From cultures of Neofusicoccum parvum, a fungus associated with Botryo-
sphaeria dieback, Abou-Mansour et al. (2015) isolated a wide range of phytotoxic
metabolites. The compounds isolated can be classified into four chemical families.
Five metabolites, namely, (-)-terremutin (Fig. 7.13), (+)-terremutin hydrate, (4)-
epi-sphaeropsidone  (3)(-)-4-chloro-terremutin  hydrate, and (4)-4-hydroxy-
succinate-terremutin hydrate, belong to the family of dihydrotoluquinones. The
structural class of epoxylactones is represented by two metabolites, namely,
asperlin (Fig. 7.14) and dia-asperlin. (R)-(-)-mellein, (3R,4R)-4-hydroxymellein,
(3R.45)-4-hydroxymellein, and (R)(-)-3-hydroxymellein belong to the family of
dihydroisocoumarins, while 6-methylsalicylic acid (Fig. 7.15) and 2-hydroxypropyl
salicylic acid are hydroxybenzoic acids. The phytotoxic activity of the isolated
metabolites was assessed via leaf disc assays and the expression of defense-related
genes in Vitis vinifera cells cv. Chardonnay. Observations concerning the brown
stripes of grapevine wood from plants showing Botryosphaeria dieback symptoms
revealed phytotoxic activity for some of the isolated natural compounds.
3-hydroxymellein was found to be the most active compound, whereas the meta-
bolites epi-sphaeropsidone (Fig. 7.16), terremutin, mellein, and dia-asperlin
induced lesion formation/necrosis at higher concentrations (Phillips et al. 2007).

Eutypa lata (Eutypiose) Within vineyards throughout the world, Eutypiosis is an
economically significant plant disease. The disease is caused by Eutypa lata
(synonym: Eutypa armeniacae) an ascomycete infecting fresh pruning wounds
upon suitable humidity/moisture on the vine, e.g., after rain. The fungus has a
broad host specificity infecting and colonizing other hosts such as cherry trees,
further Prunus species, as well as apples, pears, and walnuts. In France, several
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quality Vitis vinifera cultivars such as Cabernet Sauvignon were found to be very
susceptible to this disease. The parasitic fungus colonizes the trunk and arms of old
grapevines causing in particular foliar lesions. Dying arm disease symptoms are
clearly visible in the vineyard at the beginning of summer. The development of
leaves is impaired since yellowing and small necrotic patches appear upon
unfolding. During disease development ultrastructural alterations of the leaf cells
of the grapevine were observed by electron microscopy such as cytoplasmic lysis
with plasma membrane detachment and complete chloroplast disorganization
(Deswarte et al. 1994; Fallot et al. 1997).
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Several metabolites and derivatives of Eutypa lata were identified from axenic
cultures of the fungus. Of the compounds identified, eutypine (Fig. 7.17) was found to
be the metabolite with the most significant phytotoxic activity in leaf assays. Further
natural products identified from cultures of the fungus are eutypinol (Fig. 7.18),
O-methyleutypine, O-methyleutypinol, a eutypine carboxylic acid analogue,
3-(3,4-dihydroxy-3-methyl-1-butynyl)-4-hydroxybenzaldehyde, 2-(3,4-dihydroxy-3-
methyl-1-butynyl)-4-hydroxymethyl-phenol, 3-(3,4-dihydroxy-3-methyl-1-butynyl)-
4-hydroxybenzoic acid (Fig. 7.19), 2-iso-propenyl-5-formyl-benzofuran, siccayne
(Fig. 7.20), eulatinol, and eulatachromene and its derivatives (Andolfi et al. 2011;
Jiménez-Teja et al. 2006). Concerning their biosynthesis eutypine-like compounds
appear to be of special interest since the characteristic triene moiety requires specific
desaturases.

Phomopsis viticola The causal agent of Phomopsis dieback, Phomopsis viticola
can infect all green parts of the grapevine, and its symptoms are present in all
herbaceous organs, e.g., shoots, basal wood, leaves, stems, or fruits. Disease
severity in Phomopsis cane and leaf spot is more significant in grape-growing
regions characterized by a humid temperate climate through the growing season,
and crop losses up to 30% have been reported. On young shoots the disease
becomes visible in first internodes by the presence of small black spots developing
into well-individualized blackish-brown crusts or brown lesions with strips. During
the dormant season, canes show a white appearance with black points at internode
zones. Blackish necrotic spots may also be encountered along the main and
secondary veins as well as the petioles. Some leaf portions can also turn to yellow,
pale green, and/or brown color. Severely infected leaves or leaves with heavily
infected petioles may fall, whereas the fruits turn brown and wither, with mummies
or shriveled berries close to harvest. Other associated fungi, like Phomopsis
theicola, cause symptoms characterized by mortality of great parts of young plants.
In the wood, particular sectoral necrosis and some punctuations of brown color are
usually observed (Fontaine et al. 2016).

Phomopsis spp. strains have in the past intensively been studied concerning their
secondary metabolite spectrum produced in axenic cultures. Five metabolites; four
furanones, and cytosporone F, together with phomopsolide B (Fig. 7.21), two
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xanthones, and three compounds previously described, were isolated from
Phomopsis viticola strains (Corsaro et al. 1998). Biological assays on Vitis vinifera
leaves and grape callus were assessed, and the antibacterial activity of the new
isolated compounds was monitored. Phomopsolide B was found to be the most
active natural product on vine leaves and in a callus assay. However, the compound
is apparently degraded in grape leaves, and detoxification products were identified.
Since the compounds were found in planta, it may be assumed that they are
virulence factors. For the detection of the pathogen within plants, an LC-(API)-
MS method was developed and used to identify metabolites when Phomopsis
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sp. was grown on pruned grapevine (Abou-Mansour et al. 2007; Goddard et al.
2014).

Fusarium oxysporum Grapevine cuttings are often described as gateways for
infections with soil or airborne pathogens, such as Cylindrocarpon spp., Fusarium
oxysporum, Phytophthora spp., and Rhizoctonia solani. Significant damage has also
been linked to the fungal species Phomopsis viticola and Phaeoacremonium
sp. (Cruz et al. 2014). Infection of cuttings by these pathogenic organisms in
nurseries may lead to the death of the plant.

F. oxysporum and F. proliferatum strains cultured in vitro produced beauvericin
and fusaproliferin (Fig. 7.22). Apart from these natural products, Mikusova et al.
(2013) identified and isolated further metabolites from these cultures, e.g.,
avenacein Y, apicidin, aurofusarin (Fig. 7.23), chlamydosporol, 2-amino-14,
16-dimethyloctadecan-3-ol, enniatin A (Fig. 7.24), enniatin Al, enniatin B2,
enniatin B3, and equisetin. The cyclohexadepsipeptide mycotoxin was previously
described as phytotoxic on potatoes. Whether the enniatins are phytotoxic to
grapevines remains to be elucidated. The structural variants enniatins H and I
were found to be phytotoxic on potato plants (Song et al. 2008).

Wounds caused by feeding of grape phylloxera on grape roots can become
infected by a variety of fungi. For example, Fusarium roseum, Fusarium
oxysporum, and Pythium ultimum are important in Vitis vinifera cv. Chardonnay
wounds, whereas the moderately tolerant rootstock AXR#1 appears to be more
susceptible to Fusarium oxysporum and Cephalosporium sp. (Waskiewicz et al.
2010).

Botrytis cinerea (gray mold, Grauschimmelfdule) The two major phytotoxins
produced during the infection process by the gray mold fungus Botrytis cinerea
are the sesquiterpene botrydial (Fig. 7.25) and the polyketide botcinic acid
(Fig. 7.26). Both compounds were described as non-host-specific toxins. Botrydial
is a phytotoxic sesquiterpene metabolite, for which the biosynthesis gene cluster
has been characterized previously, and is secreted by the fungus. It was found that
botrydial induces the HR on its hosts modulated by host signaling pathways



7 Secondary Metabolites of Fungal Vine Pathogens 177

HO

OH

Fig. 7.22 Fusaproliferin

Fig. 7.23 Aurofusarin

mediated by salicylic acid and jasmonic acid. Further, the related compounds
dihydrobotrydial (Fig. 7.27) and botrydienal (Fig. 7.28) were found to be produced
in cultures of the fungus. In fungus-free culture filtrates, dihydrobotrydial was
found to be the constituent giving phytotoxic effects on host plants (Rebordinos
et al. 1996; Dalmais et al. 2011; Rossi et al. 2011).

Whereas cultivation of the fungus and isolation of secondary metabolites have
led to the identification of about eight secondary metabolites, genome sequencing
of Botrytis cinerea revealed a repertoire for approximately 40 natural products. It
was suggested that the expression of gene cluster and biosynthesis of the secondary
metabolites are regulated by biotic and abiotic environmental factors the fungus is
exposed to. However, the modulation of secondary metabolism includes apparently
a complex regulatory network. A strong correlation between the regulation of
secondary metabolism and light-dependent development was demonstrated for
Botrytis cinerea (Colmenares et al. 2002; Viaud et al. 2003; Gioti et al. 2006).
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Botrydial is produced during plant infection (Deighton et al. 2001) and induces
chlorosis and cell collapse, which seems to facilitate both penetration and coloni-
zation. Botrydial biosynthetic pathway genes are organized into a physical cluster,
coregulated and overexpressed in planta as shown by macro-array studies (Choquer
et al. 2007).

Plasmopara viticola (Peronospora, downy mildew, Falscher Mehltau)
and Uncinula necator (Erysiphe necator, powdery mildew, Echter Mehltau) In
2016 powdery and downy mildew caused severe yield losses in German vineyards.
The devastating diseases are caused by the phytopathogens Plasmopara viticola and
Uncinula necator (Bettiga et al. 2013). Phytotoxic secondary metabolites from these
organisms have not been published to date. It was described that due to the
biotrophic lifestyle of Plasmopara, its genome is significantly reduced and lacks a
wide range of enzymes linked to secondary metabolism (Diez-Navajas et al. 2008).
For Uncinula necator, several volatiles have been identified from diseased grapes by
GC-MS analysis. Whether these compounds, e.g., 1-octen-3-one (mushroom odor)
and (Z)-1,5-octadien-3-one (geranium-leaf odor), are phytotoxic to the plant has not
been assessed (Darriet et al. 2002; Spanu et al. 2010).

Pythium ultimum One important and ubiquitous plant pathogen taxon is the genus
Pythium, an oomycete, fungal-like organism, which causes a variety of diseases
including seed rots and damping-off; root, stem, and fruit rots; foliar blights; and
postharvest decay. In South Africa Phytophthora and Pythium species were iden-
tified as the most common and widespread soilborne pathogens of grapevines, both
in nurseries and established vineyards. In viticulture, changes in management
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strategies during the past 30 years that were aimed at increasing yields and quality
of grapes may have altered the incidence and species composition of Pythium and
Phytophthora populations. Some evidence of this has been reported by Halleen and
the diagnostic clinic of the Agricultural Research Council (ARC) at Stellenbosch in
South Africa, where the frequency of isolation of Pythium species has increased
steadily (Spies et al. 2011; Granett et al. 2015).

Rey et al. (2001) observed symptoms on tomato roots, characteristic for the
activity of toxic compound(s) on host cells due to a Pythium sp. infection. Chemical
analysis of the Pythium sp. filtrates demonstrated that indole-3-acetic acid
(Fig. 7.29) and tryptophol (Fig. 7.30) were produced. The fact that Pythium ultimum
transformed tryptamine and indole-3-acetaldehyde into indole-3-acetic acid and
tryptophol confirms the existence of a tryptamine pathway within the fungus. These
results support the hypothesis that auxins facilitate Pythium sp. infections. On the
other hand, toxins and hydrolytic enzymes are likely involved in P. ultimum
pathogenesis. Ichihara et al. (1985) isolated and characterized the phytotoxin,
(3R,5 Z)-(-)-hydroxy-5-dodecenoic acid (Fig. 7.31), from the culture filtrate of
Pythium ultimum, a fungal agent of black root disease in sugar beet. It remains to
be demonstrated whether this phytotoxin is of importance for virulence in
grapevines.

Guignardia bidwellii (black rot, Schwarzfdaule) Black rot appears to be one of the
most devastating diseases of grapes in North America. The causal agent of the
disease occurring worldwide throughout humid viticultural production regions is
the fungus Guignardia bidwellii (anamorph: Phyllosticta ampelicida; Rinaldi et al.
2017). The disease can result in crop losses ranging from 5% to 80%. In viticulture
endorsed by integrated pest management programs, the disease is controlled by the
application of modern and selective fungicides. However, disease outbreaks are
regularly observed in organic viticulture in the areas around the Moselle and Nahe
rivers and in the Middle Rhine Valley in Germany. It is believed that climate
change, e.g., increased spring temperatures, contributes to the enhanced frequency
of occurrence observed in Germany since 2002. The abandoned vineyards at the
Moselle river (“Drieschen”) are significant reservoirs for the fungus. All commer-
cially important Vitis vinifera cultivars and most of the interspecies crosses are
reported to be susceptible to the disease (Molitor et al. 2012; Buckel et al. 2013).
Recently phenguignardic acid (Fig. 7.32) and guignardic acid (Fig. 7.33) were
described as phytotoxic secondary metabolites from submerged cultures of the
grape black rot fungus Guignardia bidwellii. The compounds phytotoxic activity
was not limited to grapevine, whereas the plant appears to be more susceptible to
the toxins in comparison to wheat, barley, or rice. These phytotoxic dioxolanones
have been suggested to be synthesized from deaminated amino acids as precursors.
However, the mechanism of linking the precursors together has not been addressed
in detail.
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7.3 Concluding Remarks

Many pathogenic fungi associated with grapevine diseases were found to produce
phytotoxic secondary metabolites. Genome sequencing of fungal organisms
revealed that these strains produce limited numbers of secondary metabolites in
axenic culture. The investigations into secondary metabolites being synthesized
within plant/pathogen interactions are hampered by the fact that the culture condi-
tions applied in the laboratories do obviously not match natural or environmental
conditions. During host colonization secondary metabolite gene clusters might be
activated which are silent under laboratory conditions. Considering the enormous
potential for secondary metabolites identified by genome sequencing of fungal
organisms and subsequent bioinformatic analysis, it becomes apparent that the
secondary metabolites known to date from plant pathogenic fungi represent only
the “tip of the iceberg”. Many further secondary metabolites will be discovered in
the future by improvements in analytical methods and, by e.g. epigenetic
approaches. This knowledge will not only be of enormous value to further under-
stand the development and virulence of grapevine pathogenic fungi; it will also
contribute to investigations into chemical communication between fungi and host
plants. A more profound knowledge concerning these molecular plant-microbe
interactions will also contribute to the development of modern and selective plant
protection strategies.
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Chapter 8
Carbohydrate Metabolism in Wine Yeasts

Rosaura Rodicio and Jiirgen J. Heinisch

8.1 Introduction

The predominant feature in winemaking is the conversion of sugars contained in
grape mashes or musts into ethanol, a task almost exclusively fulfilled by unicel-
lular eukaryotes which divide by budding—the yeasts. Whereas several
non-Saccharomyces yeast species are present in the early stages of fermentation,
as outlined in Chaps. 3 and 6, Saccharomyces cerevisiae generally outgrows all
other yeasts in the process of vinification and determines the principle quality of the
end product (Bisson and Karpel 2010). Therefore, starter cultures of the wine yeast
S. cerevisiae are generally employed in all large-scale wine production plants, as
reviewed in Chap. 25. Nevertheless, the primary yeast microflora also contributes to
ethanol production and, more importantly, to the aroma composition of the wine.
Thus, their traditional perception as “spoilage yeasts” due to the production of
acetate and other off-flavors is gradually changing (Jolly et al. 2014).

The enormous capacity of S. cerevisiae for alcoholic fermentation has triggered
its use by mankind for millenniums, long before the glycolytic pathway and its
subsequent reactions were elucidated (reviewed in Barnett 2003). Due to these
applications, and driven by a huge arsenal of molecular genetic tools developed
since the early 1980s, S. cerevisiae has evolved into the best studied eukaryotic
organism. In this chapter we will therefore present data obtained from S. cerevisiae
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with a focus on the specific applications in wine fermentation. The interested reader
is referred to several excellent reviews on yeast carbohydrate metabolism for
further details (Fraenkel 1982; Gancedo and Serrano 1989; Broach 2012; Pretorius
et al. 2012; Horak 2013; Compagno and Piskur 2014; Dashko et al. 2014).

8.2 Sugars in Wine Fermentations and Regulatory
Principles

High sugar concentrations are found in the ripe grape, constituted primarily by
equal amounts of glucose and fructose, with some sucrose also present. Despite the
fact that these sugars are perfect substrates for all kinds of microorganisms, their
access is shielded by the intact berry skin. Yeasts present on the grapes thus only
thrive in and around local lesions caused by mechanical force, insects, or filamen-
tous fungi. This drastically changes upon mashing of the grapes, when sugars are
liberated at concentrations of approximately 110 g L™' each of glucose and
fructose.

In the first phase of must fermentations, or mash fermentations in the case of
classical red wine production, starter cultures of S. cerevisiae are actively dividing
while degrading these sugars. Glucose utilization starts right away and is slightly
faster, so that the proportion of fructose increases as fermentation progresses
(Fig. 8.1; Berthels et al. 2004). At the molecular level, the preferential degradation
of glucose was explained by the features of both hexose transporters and sugar
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Fig. 8.1 Degradation of glucose and fructose in must. A typical kinetics of sugar degradation and
alcohol production in must fermentations is presented. Note that significant differences from these
idealized curves may occur depending on individual musts, yeast strains employed, and varying
fermentation conditions such as temperature and pH (idealized and adapted from Berthels et al.
2004)
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phosphorylating enzymes as detailed in Sect. 8.3. In addition, specific sensor pro-
teins for glucose and fructose contained in the plasma membrane are also involved
(Rolland et al. 2001). High fructose to glucose ratios have been suggested as one
cause of stuck fermentations. Intentions to employ fructophilic non-Saccharomyces
yeast species such as Zygosaccharomyces bailii and Candida species (Mills et al.
2002; Pina et al. 2004) may be contradicted by studies showing that 20 different
yeast strains with varying abilities to use fructose as a sole carbon source did not
show marked differences in simulations of wine fermentations (Liccioli et al.
2011).

In general, the rate of sugar catabolism decreases continuously in the course of
fermentation. This phenomenon has been attributed to ethanol toxicity, declining
transport of solutes, and a general lack of nutrients. In particular, ammonium and
amino acids are consumed in the first 2448 h, meaning that the majority of sugar
fermentation in the later phases occurs under nitrogen starvation (Brice et al. 2014).
Thus, in later stages of fermentations, a gradual increase in ethanol concentrations
and a slow depletion of sugars and other nutrients is mediated by metabolism of
nongrowing cells (Bauer and Pretorius 2000). Importantly, S. cerevisiae ferments
sugars to ethanol and carbon dioxide even in the presence of oxygen. Thus, the
“Pasteur effect” (a term coined by biochemists in the first half of the last century),
commonly understood as the preference of respiration over fermentation under
aerobic conditions, does not occur in the very yeast Pasteur was investigating
(Lagunas 1981). Instead, S. cerevisiae channels most of the substrate into alcoholic
fermentation provided sugar concentrations exceed approximately 2 g L™'. Such a
fermentative mode of metabolism despite the availability of oxygen is caused by
glucose repression by the “Crabtree (or glucose) effect,” and wine yeasts can be
classified, accordingly (Table 8.1). Fermentative yeast metabolism in spite of
oxygen availability probably originated after the divergence of the lineages of
Saccharomyces and Kluyveromyces before the whole genome duplication event
and after the loss of respiratory complex I (Hagman et al. 2013). One should bear in
mind that such metabolic differences become vain soon after the onset of vigorous

Table 8.1 Physiological
categories of wine yeasts

Mode of fermentation

Crabtree-positive Crabtree-negative
Saccharomyces cerevisiae Hanseniaspora uvarum
Zygosaccharomyces bailii Pichia anomala
Brettanomyces intermedius Candida utilis

Torulopsis glabrata Hansenula neofermentans
Hanseniaspora guilliermondii Kluyveromyces marxianus®*
Candida stellata Debaryomyces hansenii
Metschnikowa pulcherrima Torulaspora delbrueckii

“Note that several strains of K. marxianus are known for their
high fermentative capacity and that the classification as Crabtree-
negative may be subject to intraspecies variations (Jolly et al.
2014, and references therein).



192 R. Rodicio and J.J. Heinisch

fermentation, when in fact anaerobic conditions are achieved by the production of
carbon dioxide and the shielding of musts from access to molecular oxygen.

8.3 Biochemistry and Physiology of Yeast Alcoholic
Fermentation

Utilization of sugars as carbon and energy source first requires their uptake across
the plasma membrane and the subsequent activation into a glycolytic intermediate.
In this context, glucose-6-phosphate is of central importance and serves as a starting
point for the distribution of carbohydrates (Fig. 8.2). Glycolysis was the first
biochemical pathway to be elucidated. In fact, the experiments of Eduard Buchner
in the late nineteenth century demonstrated the possibility of fermentation in cell-
free yeast extracts and thus founded the science of biochemistry (Greek
“enzymon” = “in yeast”). From then until the molecular cloning of the encoding
genes in the 1980s, considerable detail has been gathered on the chain of reactions
and their importance in yeast alcoholic fermentations. The most relevant informa-
tion is summarized in Fig. 8.2 and Table 8.2, and in the following we will only
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Fig. 8.2 Central role of glucose-6-phosphate in yeast sugar metabolism. A very simplified view of
alcoholic fermentation is presented and the pathways for glucose-6-phosphate metabolism are

highlighted. Synthesis and degradation of reserve carbohydrates is discussed in Chap. 16. pm
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Table 8.2 Characteristics of sugar transporters in Saccharomyces cerevisiae

Hexose Glucose Regulation by glucose® Expression during fermentation®

transporter affinity® (Laboratory strains) (Wine strains)

Hxtl Low Induced by high [glucose] Start of fermentation

Hxt2 Moderate Induced by low [glucose] Lag phase
Repressed by high [glucose]

Hxt3 Low Induced by high and low Throughout fermentation
[glucose]

Hxt4 Moderate Induced by low [glucose] Induced during growth phase
Repressed by high [glucose]

Hxt5 Moderate Not regulated by glucose Not induced

high Regulated by growth rate

Hxt6 High Induced by low [glucose] Induced in stationary phase
Repressed by high [glucose]

Hxt7 High Induced by low [glucose] Induced in stationary phase

Repressed by high [glucose]
“Reifenberger et al. (1997), Maier et al. (2002), Verwaal et al. (2002)

®Boles and Hollenberg (1997), Ozcan and Johnston (1999)
“Luyten et al. (2002), Perez et al. (2005)

describe properties of the enzymes involved which are relevant to the yeast
performance during vinification.

8.3.1 Hexose Transport

Early biochemical analyses indicated two basic types of hexose transport systems,
so-called high-affinity and low-affinity transporters. Several carriers with interme-
diate affinities were described later on, which were shown to transport glucose,
fructose, and mannose (Bisson and Fraenkel 1983; Ozcan and Johnston 1999). The
K,, for these transporters was shown to be lower for glucose than for fructose, while
the V ,,.x of fructose transport was higher than that for glucose. These differences in
kinetic parameters have been correlated with the preferential degradation of glu-
cose in wine fermentations (Bisson 1999; Berthels et al. 2008). It was also noted
that transport does not need to be energized, but occurs by facilitated diffusion in
S. cerevisiae (Lagunas 1993).

With the completion of the yeast genome sequencing project, it turned out that
S. cerevisiae encodes at least 20 putative hexose transporters, which belong to the
major facilitator superfamily. Though some of the encoded proteins may serve
different functions, such as the glucose sensors Snf3 and Rgt2, multidrug trans-
porters like Hxt9 and Hxt11, and polyol transporters comprising Hxt13 and Hxt15—
Hxt17, the majority is capable of transporting glucose and fructose across the
plasma membrane (reviewed in Bisson et al. 2016). A strain lacking seven of the
genes (hxt/—hxt7) is not able to grow on glucose or fructose, anymore (Reifenberger
et al. 1997). Growth of the mutant could be restored by reintroducing any one of the
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encoding wild-type genes, which allowed functional in vivo studies of individual
transporters. During vinification subsets of specific HXT genes are expressed in
response to the external abundance of hexoses and enable S. cerevisiae to use sugars
over a broad concentration range. Thus, the low-affinity transporters are produced
at high glucose concentrations, whereas the high-affinity ones predominate when
the sugar is scarce (Table 8.2; Ozcan and Johnston 1999; Perez et al. 20053).

A mutant lacking the major hexose-transporter genes (hxtl-hxt7) was also
obtained from a wine strain (Luyten et al. 2002). Expression of different transporter
gene combinations in this genetic background suggested that Hxt3 plays a predom-
inant role during must fermentations. The high-affinity carriers Hxt6 and Hxt7 are
involved in hexose transport toward the end of fermentation, while Hxtl may play a
role only at the beginning. The general importance of hexose uptake was demon-
strated by the combined overexpression of HXT! and HXT7, which led to an increased
glucose uptake and a higher ethanol production (Kim et al. 2015; Rossi et al. 2010).
Vice versa, the glucose flux could be redirected from alcoholic fermentation to
respiration in a yeast strain producing a chimeric Hxt1/Hxt7 carrier (Henricsson
et al. 2005). In genomic studies, several differences regarding hexose transporter
genes and fermentative capacities have been found between different S. cerevisiae
strains in the laboratory and strains of industrial use (Borneman et al. 2013).

With respect to the changing glucose/fructose ratios during fermentation, Guil-
laume et al. 2007 characterized a commercial strain with an HXT3 allele leading to
better fructose fermentation compared to other wine strains. This was recently
confirmed by sequencing the HX7T3 genes in different S. cerevisiae strains and
interspecies hybrids, where the mutant allele correlated with robust yeasts capable
of restarting stuck fermentations (Zuchowska et al. 2015). Interestingly, the high-
affinity fructose/proton symporter Fsyl, which is not present in laboratory
S. cerevisiae strains, was found in the commercial wine yeast EC1118 and other
strains. Its production is repressed by high concentrations of hexoses and thus may
be important toward the end of fermentation (Galeote et al. 2010). Genetic variabil-
ity was also observed for other hexose transporter genes (Zuchowska et al. 2015).

8.3.2 Glycolysis

Hexose uptake appears to be the primary step controlling the glycolytic rate in
S. cerevisiae. The remaining enzymatic reactions are probably not rate limiting,
since overproduction of key enzymes does not significantly increase the flux to
ethanol, despite observations that simultaneous overexpression of all enzymes of
the lower glycolytic pathway may have a positive effect (Peter Smits et al. 2000;
Schaaff et al. 1989). In the following, we will briefly discuss the individual steps of
glycolysis leading to the production of pyruvate in S. cerevisiae as the model yeast
(Table 8.3).

Once inside the cell, glucose and fructose are phosphorylated by the action of kinases,
which catalyze the first irreversible step of glycolysis (Entian and Barnett 1992).
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Consequently, intracellular free sugar concentrations are below 10 mM (Bermejo et al.
2011). Three kinases, glucokinase (Glkl1), hexokinase 1 (Hxkl), and hexokinase
2 (Hxk2), have been identified (Fig. 8.3, Table 8.3). Glucokinase uses glucose or mannose
as substrates, whereas both hexokinases can phosphorylate either glucose, fructose, or
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mannose. The three enzymes also differ in their kinetic parameters. Studies on the
transcriptional regulation demonstrated that Hxk?2 is the predominating isoform in cells
growing on glucose and fructose, as found in the must (Moreno et al. 2005). After shifting
the cells to a non-fermentable carbon source, HXK2 expression ceases and HXK/ and
GLK] are rapidly derepressed.

Rossignol et al. (2003) monitored the transcriptome of a wine strain under
production conditions. They found that in the first phase of fermentation, HXK2
is highly expressed. In the second phase, when growth ceases but fermentation still
proceeds, Hxk?2 transcription decreases, and HXK/ and GLK! become expressed, as
observed for laboratory strains. These studies resolved the long-standing mystery of
Hxk1 and Glk1 functions: as stated above, the fructose/glucose ratio rises at the end
of must fermentations. Considering the kinetic parameters of the enzymes, a shift
from Hxk2 to Hxkl would be favorable, as the latter displays a higher V.. for
fructose (Rossignol et al. 2003). On the other hand, the very high affinity of the
glucokinase for glucose (with a K, of 30 M) would facilitate its utilization when
glucose levels are very low. In contrast to the hexose transporter genes, little allelic
variation which would affect sugar utilization was found in the hexokinase genes of
wine yeast strains (Zuchowska et al. 2015).

Early studies on the regulation of yeast hexokinase indicated an inhibition by
ATP. However, the data presented above show that Hxk2 is mainly active at high
sugar concentrations such as found in the must, which suggests that ATP inhibition
may not be important for the in vivo activity (Golbik et al. 2001). Rather, a potent
allosteric inhibitor of Hxk2 has been described with trehalose-6-phosphate
(Gancedo and Flores 2004), explaining why a deficiency in trehalose-6-phosphate
synthase (Tps1) results in growth inhibition. However, this may also be attributed to
the requirement of trehalose-6-phosphate for the inactivation of gluconeogenic
enzymes (Deroover et al. 2016).

The reversible interconversion of glucose-6-phosphate and fructose-6-phosphate
is performed by phosphoglucose isomerase, encoded by PGI1. Mutants in this gene
grow on fructose, but are dependent on trace amounts of glucose in the medium
(Aguilera 1986), underlining the importance of glucose-6-phosphate for feeding
different routes of carbohydrate metabolism (Fig. 8.2).

The phosphorylation of fructose-6-phosphate to fructose-1,6-bisphosphate is the
first irreversible reaction specific for glycolysis (Heinisch and Hollenberg 1993). In
S. cerevisiae, the heterooctameric enzyme phosphofructokinase consists of 4a- and
4B-subunits, encoded by PFKI and PFK?2, respectively. In vitro activity can only be
detected for the intact heterooctamer, yet each subunit is capable of catalysis
in vivo, if the other one is missing, explaining why single deletion mutants in either
one of the genes still grow on glucose (Arvanitidis and Heinisch 1994). Regarding
its biochemistry, phosphofructokinase (Pfk) is a paradigm for allosteric regulation.
A number of small molecules affect enzyme activity, with ATP being the most
potent inhibitor and AMP and most of all fructose-2,6-bisphosphate serving as
activators (reviewed in Kopperschldager and Heinisch 1997). Linking sugar metab-
olism with nitrogen availability in must fermentations, ammonium has been shown
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to also stimulate Pfk activity in yeast, and all allosteric effectors are apparently
sensed by each of the yeast Pfk subunits (Rodicio et al. 2000).

Fructose-1,6-bisphosphate produced is then reversibly cleaved by aldolase,
encoded by FBAI, into glyceraldehyde-3-phosphate and dihydroxyacetone phos-
phate (Schwelberger et al. 1989). Both triosephosphates are interchanged with the
help of triosephosphate isomerase, encoded by TPII, the most evolved enzyme
known by biochemists (cited in Heinisch and Rodicio 1997). A lack of this enzyme
causes accumulation of dihydroxyacetone phosphate which is then channeled into
glycerol production (Compagno et al. 1996).

Further conversion of glyceraldehyde-3-phosphate through glycolysis depends
on the availability of NAD™ as an electron acceptor, which is regenerated from
NADH in the last reaction of alcoholic fermentation. If the capacity for reoxidation
by alcohol dehydrogenase is limited, NAD" can be regenerated either by respiration
or by conversion of dihydroxyacetone phosphate to glycerol. This is the major
source of glycerol present in wine, whose production may also be triggered by the
osmotic stress during the primary stages of must fermentation (see Chap. 16).

All but the last of the following glycolytic reactions are also reversible:
S. cerevisiae has three isozymes of glyceraldehyde-3-phosphate dehydrogenases,
encoded by the genes TDHI-TDH3, to generate glycerate-1,3-bisphosphate with
the addition of an inorganic phosphate and the production of NADH. More than half
of the enzyme activity can be attributed to the TDH3 gene product, whereas TDH
contributes only 10-15% of the total dehydrogenase activity (McAlister and
Holland 1985a, b). Consequently, tdh2 tdh3 double mutants fail to grow on glucose.
TDH|1 expression studies indicate that a primary function is related to the oxidative
stress response (Valadi et al. 2004).

The phosphoglycerate kinase Pgk1 catalyzes the first reaction to generate ATP in
glycolysis. PGK1 is the glycolytic gene most strongly expressed, and its promoter is
frequently used for heterologous gene expression (Graham and Chambers 1997).

In the following, 3-phosphoglycerate is converted to 2-phosphoglycerate by the
GPM1-encoded phosphoglycerate mutase (Rodicio et al. 1993). The yeast genome
sequencing project revealed the presence of two further homologs, which are not
involved in sugar metabolism (Heinisch et al. 1998).

Phosphoenolpyruvate (PEP) is produced by the enolase reaction. Two isozymes
are encoded by ENOI and ENO2. Whereas expression of the first gene is constitu-
tive, that of the second is induced 20-fold by the presence of sugars (Cohen et al.
1987). Thus, Eno2 predominates in early wine fermentation, gradually sharing
substrate turnover with Enol toward the later phases.

The final step of glycolysis, mediated by pyruvate kinase, encoded by PYK/,
generates the second ATP in the pathway and is essentially irreversible. Therefore,
the enzyme serves as a second control point for glycolysis and is also allosterically
regulated. Fructose-1,6-bisphosphate, produced by Pfk and the glycolytic metabo-
lite found at highest concentrations, serves as a potent activator (Morris et al. 1986).
Although Pykl is also phosphorylated by PKA, allosteric regulation exerts the
major control (Xu et al. 2012). An alternative Pyk2 isozyme cannot confer fermen-
tative growth in the absence of Pyk1 (Boles et al. 1997). Pyruvate kinase activity is
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key to the subsequent carbon flux. Thus, decreasing pyruvate concentrations leads
to rerouting into respiration (Pearce et al. 2001). This indicates that allosteric
control at this step is not only important for the speed of fermentation but also for
ethanol yield.

8.3.3 Pyruvate Decarboxylase and Alcohol Dehydrogenase

Ethanol and carbon dioxide are the major products of sugar fermentation by
S. cerevisiae in the production of beverages and bread. They are generated in the
two final steps of alcoholic fermentation, which are catalyzed by pyruvate decar-
boxylase and alcohol dehydrogenase, with the main isozymes encoded by PDC1
and ADH1, respectively (Schmitt and Zimmermann 1982; Ciriacy 1975). Other
homologs present in the yeast genome are of minor importance for fermentation
(Table 8.3). Yeast also contains a mitochondrial pyruvate dehydrogenase complex,
which can introduce pyruvate into respiration (Fig. 8.3) if medium sugar concen-
trations are low.

Taken together, glycolytic enzymes account for at least 30% of the total soluble
protein in S. cerevisiae (Gancedo and Serrano 1989), consistent with transcriptome
data indicating high level gene expression throughout alcoholic fermentation
(Rossignol et al. 2003). However, glycolytic gene expression seems to be different
when dried wine yeasts are prepared for fermentation. Thus, transcriptomic and
proteomic analyses showed that upon inoculation of the must with rehydrated yeast,
some mitochondrial enzymes involved in oxidative metabolism are induced. In fact,
the shift from respiratory to fermentative metabolism occurs after 4 h of inoculation
(Rossignol et al. 2006; Salvado et al. 2008).

8.3.4 Glycerol and Acetate as Fermentation By-Products

Glycerol is considered a valuable by-product of yeast alcoholic fermentation in
wine production. It is primarily formed in the early phase of fermentation and
remains stable throughout the process, since it is not consumed after sugar exhaus-
tion under anaerobic conditions (Orozco et al. 2012). Glycerol originates from
glycolysis at the level of triosephosphates (Fig. 8.4). Two glycerol-3-phosphate
dehydrogenases, encoded by GPDI and GPD?2, convert dihydroxyacetone phos-
phate to glycerol-3-phosphate, which is further processed by the irreversible reac-
tion of the GPP1 and GPP2 encoded phosphatases. In contrast to ethanol, glycerol
cannot diffuse through the plasma membrane and is excreted by the Fpsl trans-
porter (Hohmann 2015). Vice versa, glycerol import could be mediated by a
redundant pair of transporters, encoded by GUPI and GUP2, but the glycerol/
proton symporter Stl1 may be more important in this respect (Ferreira et al. 2005).
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Glycerol production is probably triggered by two main mechanisms in
S. cerevisiae: (1) the initial lack of alcohol dehydrogenase, which causes an
imbalance of reduction equivalents (Gancedo and Serrano 1989), and (2) the high
initial sugar content in the must of 20%, which causes osmotic stress and induces
the HOG signaling pathway (Tamas et al. 2003; see also Chap. 16). Depending on
the wine, an increase in glycerol levels is desired, but wine strains constructed to
this end frequently also generate more acetate (Zhao et al. 2015).

Acetate as the main component of volatile acidity adds a negative organoleptic
property (Curiel et al. 2016). It originates from the acetaldehyde produced by the
pyruvate decarboxylase reaction if used by aldehyde dehydrogenases (Fig. 8.4).
These function together with acetyl-CoA synthetase (ACS) as an essential cytosolic
PDH bypass and ensure availability of acetyl-CoA, e.g., for lipid biosynthesis
(Remize et al. 2000). The cytosolic aldehyde dehydrogenase isoforms are encoded
by ALD2, ALD3, and ALD6. ALD4 and ALDS5 encode mitochondrial isoforms,
which are employed when ethanol is the carbon source. Expression of ALD2 and
ALD3, encoding cytosolic isoforms, is glucose-repressed, leaving Ald6 as the
relevant enzyme in fermentative acetate production (Saint-Prix et al. 2004). A
limited capacity of the acetyl-CoA synthetase probably causes the acetate overflow
(Van Urk et al. 1990). Of the two synthetase isoforms, encoded by ACS! and ACS2,
only the second is expressed on glucose. A reduction in acetate produced during
wine fermentation has been achieved in genetically engineered S. cerevisiae strains
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lacking either Regl or Pdcl (Curiel et al. 2016). Yeasts with reduced acetate
production have also been obtained by genetic engineering and classical mutagen-
esis (Cordente et al. 2013, Ehsani et al. 2009).

Positive aroma compounds derived from yeast acetate metabolism (e.g., ethyl
and isoamyl acetate) are produced by alcohol acetyltransferases, encoded by ATF I
and ATF?2, which localize to lipid particles (Lilly et al. 2006). However, perturba-
tions in lipid and nitrogen metabolism have been shown to have a more prominent
effect on ester production than overexpression of these genes (Rollero et al. 2016).
Similarly, ethyl ester production by Eebl and Ethl enzymes was also found to be
regulated more by the availability of precursors, rather than at the level of gene
expression (Saerens et al. 2008).

Two forms of reserve carbohydrate compounds have been described to naturally
accumulate in yeasts: Glycogen (a polysaccharide composed of «-1,4-glucose
chains branched by some a-1,6-linkages) and trehalose (a disaccharide of two
a-1,1-linked glucose molecules). Their metabolism is reviewed in Chap. 16.

8.4 Regulation of Carbohydrate Metabolism in Yeasts:
Glucose Signaling

Yeasts have evolved sophisticated mechanisms to appropriately adjust their metab-
olism to varying environmental conditions. Thus, S. cerevisiae has adapted best to
the needs of alcoholic fermentation, where sugar concentrations constantly
decrease, while those of ethanol rise. It can use glucose under all these conditions.
The underlying signaling mechanisms have been extensively studied, are summa-
rized in a simplified scheme in Fig. 8.5, and will be discussed in the following.
Briefly, glucose represses the expression of genes encoding enzymes of the respi-
ratory pathway and those required for the utilization of alternative sugars and
gluconeogenesis through the SNF1 pathway, which is the main reason for the
Crabtree effect. At the posttranslational level, glycolytic enzymes can be allosteri-
cally activated by small metabolites and enzymes of gluconeogenesis, respiration
and sugar transporters may be inhibited and/or suffer proteolytic degradation, a
process frequently mediated by the PKA/cAMP pathway. Transcription of some
hexose transporter genes is also induced by the Snf3-Rgt2/Rgt1 signaling pathway
and that of glycolytic genes by the transcriptional activators Gerl/Ger2. All these
pathways may crosstalk among each other and with signaling of other nutrients
such as the availability of nitrogen and phosphate (Gancedo 2008; Zaman et al.
2009).

For more details on what is summarized here in Fig. 8.5, the interested reader is
referred to a number of excellent reviews (Rolland et al. 2002; Holsbeeks et al.
2004; Verstrepen et al. 2004; Santangelo 2006; Hedbacker and Carlson 2008;
Broach 2012; Horak 2013; Pretorius et al. 2012; Kim et al. 2013; Dashko et al.
2014).
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8.4.1 The SNF1 Kinase Complex and Glucose Repression

Metabolism is tightly controlled at the transcriptional level by glucose. Since it was
assumed that an intermediary metabolite would trigger this regulation, it was first
called “carbon catabolite repression.” In the early stages of must fermentation,
transcription of genes whose products are involved in respiration, the utilization of
alternative carbohydrates such as sucrose, and sugar transporters, is repressed by
the high levels of glucose and fructose.

Derepression after sugar depletion depends on the activity of the heterotrimeric
SNF1 kinase complex, the SNF1 upstream protein kinases Sak1, Tos3, or Elm1, the
Regl/Glu7 phosphatase, and the transcriptional repressor Migl, which forms a
complex including the hexokinase isozyme Hxk2 (Hedbacker and Carlson 2008).
In this system, glucose repression requires hexose transport and phosphorylation,
but no further metabolism, and Hxk2 has been proposed to act as an intracellular
glucose sensor (Vega et al. 2016). The SNF1 complex is named after its
a-catalytical subunit Snfl (=Catl). It forms a complex with the y regulatory
subunit Snf4 (=Cat3), which stimulates the kinase activity by blocking the auto-
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inhibition of Snfl. The B-subunit in S. cerevisiae can be encoded by either of three
genes, SIPI, SIP2, or GALS3, which mediate subcellular compartmentalization of
the complex. The activated SNF1 complex phosphorylates several transcription
factors besides Migl, such as Cat8, Sip4, and Rds2, which regulate target gene
expression. At high glucose concentrations, the SNF1 complex is rendered inactive
by the Reg1-Glc7 phosphatase.

Migl is a member of a zinc finger family and is part of a complex which controls
the utilization of alternative sugars such as galactose and sucrose, as well as various
hexose transporter genes. On glucose medium, Migl forms a complex with the
Hxk2 isozyme in the nucleus and represses the target gene promoters by recruiting
the corepressor complex Ssn6/Tupl (Horak 2013). Upon glucose limitation, Migl
is phosphorylated by the SNF1 complex, which triggers its export into the cyto-
plasm and derepression of the target gene transcription. Mig1 also contributes to a
minor extent in the repression of respiration and gluconeogenesis. When
derepressed, the zinc finger transcription factors Cat8, Sip4, and Rds2 then activate
expression of genes encoding gluconeogenic and glyoxylate cycle enzymes (left
part of Fig. 8.5). Interestingly, CAT8 expression is repressed by Migl, whereas
SIP4 transcription is induced by Cat8.

Repression of respiration is also indirectly mediated by this system: a
heteromultimeric complex consisting of Hap2-Hap5 binds to elements present in
the respective target gene promoters and activates transcription. HAP4 is expressed
only in the absence of glucose, since it requires the transcriptional activator Rds2
(Turcotte et al. 2010; Broach 2012). Thus, respiration and gluconeogenesis become
coordinately regulated by glucose.

8.4.2 Signaling Through the cAMP/PKA Pathway

Glucose addition to stationary cultures or cells grown on non-fermentable carbon
sources results in a rapid and transient increase of cAMP, which is produced by the
adenylate cyclase Cyrl, and triggers the activation of protein kinase A (PKA). PKA
then phosphorylates a number of transcription factors and metabolic enzymes
leading to metabolic adaptation and cellular growth. Transcriptome analyses indi-
cate that the majority of metabolic changes observed upon glucose addition are
mediated by the cAMP/PKA pathway and that SNF1 and Snf3/Rgt2 signaling are
more specialized and have a limited target range (Zaman et al. 2009).

PKA is kept inactive by association of two Bcyl inhibitory subunits with two
catalytic subunits encoded by the redundant genes TPK/, TPK2, or TPK3. Binding of
cAMP to the Beyl subunits promotes the dissociation of the tetramer, and the now
catalytically active Tpk subunits phosphorylate their target proteins (Fig. 8.5, middle
part). Extracellular glucose is mainly sensed through the Ras pathway, and changes in
the membrane potential accompanied or intracellular acidification are probably respon-
sible for adenylate cyclase activation (Broach 2012). Adenylate cyclase can also be
activated through Gpr1-Gpa2 signaling, but this seems to be of minor importance, since
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deletion mutants in this system do not affect the global transcriptional response upon
shifting cells from glycerol medium to glucose (Zaman et al. 2009).

A central function of PKA is the inhibition of respiration and the promotion of
fermentation by the phosphorylation of key metabolic enzymes. Thus, PKA triggers
catabolite inactivation by glucose, i.e., it phosphorylates target enzymes of gluco-
neogenesis and respiration and marks them for proteolytic degradation. The most
prominent example are fructose-1,6-bisphosphatase, encoded by FBPI, and the
glyoxylate pathway enzymes isocitrate lyase and malate synthase. In contrast, P2k,
the phosphofructo-2-kinase producing a potent activator of the glycolytic Pfk
enzyme, is activated by PKA-dependent phosphorylation. Global proteolytic deg-
radation of the gluconeogenic enzymes Fbpl and malate dehydrogenase in the
vacuole is also mediated by PKA (Hung et al. 2004). The latter proteins apparently
can also be degraded in a cAMP-independent manner in the cytosol via the
ubiquitin/proteasome system, which depends on glucose transport and Hxk2 activ-
ity, but is independent of Snf3/Rgt2 signaling described below (Horak 2013).

8.4.3 Glucose Induction Mediated by the Snf3/Rgt2 Sensors
Targets Sugar Transport

Despite the high must sugar concentrations, intracellular glucose does not exceed
10 mM in S. cerevisiae wild-type cells (Bermejo et al. 2011). Regulation of the
sugar transport across the plasma membrane is therefore crucial and has to be
tightly controlled by the physiological state of the cells. Glucose promotes tran-
scription of the genes HXT1-HXT4 by the Snf3/Rgt2 signal transduction pathway
which ultimately regulates the Rgt1 repressor (Fig. 8.5; Horak 2013). Snf3 and Rgt2
are hexose sensor proteins which detect glucose, fructose, and mannose (Dietvorst
et al. 2010). While Snf3 is a high-affinity sensor required for the synthesis of high-
and moderate-affinity transporters in low glucose, Rgt2 is a low-affinity sensor
needed for the proper induction of HXT/ (Ozcan et al. 1998). The downstream
target Rgtl is a zinc cluster protein that binds to a consensus DNA sequence present
in multiple repeats in most of the HXT gene promoters (Kim 2009). In the absence
of glucose, Rgtl represses HXT gene expression by recruiting the Ssn6/Tupl
corepressor into a complex with the corepressors Mthl and Stdl (Roy et al.
2014). Expression of HXT genes is strongly upregulated in the transcriptome of a
mthl deletion mutant but remains largely unaffected by a std/ deletion. Thus, Mth1
may primarily maintain repression in the absence of glucose by preventing Rgtl
phosphorylation by PKA, while Std1 could repress HXT gene transcription during
the transition to glucose exhaustion (Sabina and Johnston 2009; Broach 2012;
Horak 2013).

When the sensors detect glucose, they change into an active conformation and
transmit the signal to the protein kinases Yck1 and Yck2, which then phosphorylate
the corepressors Mthl and Std1 and cause their ubiquitin-mediated degradation by
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proteasomes. In addition, MTH1 transcription is downregulated by the SNF1/Migl
pathway. Strains lacking Mthl and Stdl display a cAMP/PKA-mediated
hyperphosphorylation of Rgtl, which dissociates from the Ssn6/Tupl complex,
allowing expression of the HXT genes (Kim et al. 2013; Roy et al. 2014).

SNF1/Migl signaling not only contributes to HXT gene regulation through Mth1
as described above but also downregulates the genes for the Snf3 sensor and the
moderate-affinity transporters Hxt2, Hxt4, Hxt6, and Hxt7 and possibly induces
HXT]I expression (Westholm et al. 2008). The latter gene is also transcriptionally
activated by Gerl, a factor previously described for activating most glycolytic
genes and those encoding ribosomal proteins as described in the next paragraph
(Kim et al. 2015). Finally, posttranslational control of hexose transporters is exerted
for the high- and moderate-affinity transporters by endocytosis and vacuolar deg-
radation at elevated glucose concentrations (Horak 2013). Likewise, the
low-affinity transporters Hxt1 and Hxt3 are internalized and degraded upon glucose
starvation, a process which depends on PKA activity (Roy et al. 2015).

8.4.4 General Transcription Factors for High Level
Expression of Glycolytic Genes

Most yeast enzymes involved in glycolysis are also required for gluconeogenesis
and are thus abundant under all growth conditions, even if ethanol is used as the sole
carbon source (Fraenkel 1982). However, three steps are specific for glycolysis
(Sect. 8.3.2), and some isozymes are only produced at high or low glucose concen-
trations, with their gene expression controlled accordingly (Table 8.3). This is
exemplified by the first step of glycolysis. Only HXK? is transcribed at high sugar
concentrations, and the transcriptional repressor Rgtl governs repression of HXK?2
upon glucose depletion (Palomino et al. 2005). Expression of GLKI and HXK] is
only activated when sugars become limited. Interestingly, Hxk2 is required for
repression of HXK1 and GLK1 as well as for expression of its own gene on glucose
(Moreno et al. 2005).

Most glycolytic genes contain binding sites for the general transcriptional factor
Rapl, and the transcription activator Gerl in their promoters and gcr/ mutants
display low levels of all glycolytic enzymes (Sasaki et al. 2005). Rapl and
Gerl collaborate to stimulate transcription by binding directly to their promoter
elements. A second protein, Ger2, interacts with Gerl to enhance transcription
of glycolytic genes. The Rap1/Gcerl complex also regulates transcription of ribo-
somal genes but in a Ger2 independent manner. Interestingly, Rapl gets activated
on high glucose concentrations by a cAMP/PKA-dependent phosphorylation.
Overexpression of Gerl was shown to increase cellular growth and ethanol pro-
duction. This was not associated to an increase of glycolytic enzymes, possibly due
to the lack of excess Gcr2, but rather to an increase in Hxtl-mediated hexose
transport and a higher abundance of ribosomal proteins (Kim et al. 2015).
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8.5 Conclusions and Perspectives

As predicted in the last edition of this chapter, non-Saccharomyces yeasts have
gained considerable interest in the past decade with regard to their use in mixed
starter cultures in vinification (Varela 2016). In the context of control of their
carbohydrate metabolism, attention has been focused mainly on the precursors of
volatile and aromatic compounds to enhance flavor diversity, rather than on alco-
holic fermentation (Fleet 2008; Jolly et al. 2014). An exception is Kluyveromyces
marxianus, a thermotolerant yeast also found in must and capable of producing high
amounts of ethanol. The fact that it is generally regarded as a Crabtree-negative
yeast (Table 8.1) has been attributed to variations within the species (Radecka et al.
2015). It is a close relative of the milk yeast Kluyveromyces lactis, which is a true
Crabtree-negative yeast and whose genetics has been extensively studied (Rodicio
and Heinisch 2013). In addition, several other wine yeasts have been investigated
for their production of desired compounds of primary sugar metabolism such as
glycerol and undesired products such as acetate and acetoin (Gamero et al. 2016). A
wine yeast commonly predominating the early phases of must fermentations is
Hanseniaspora uvarum, previously called Kloeckera apiculata and giving the name
to the “apiculate yeasts.” It is known for its potent production of desirable ester
compounds, but also for producing acetate. We have sequenced the genome and
started to investigate its fermentative capacity by determining the specific activities
of the enzymes involved. Pyruvate kinase appears to be a limiting step in the flow
toward ethanol production in this yeast (Langenberg 2016 and unpublished results).
The presence of non-Saccharomyces species in the early stages of fermentation also
broadens the range of carbohydrates to be degraded. For example, cellobiose,
trehalose, lactose, mannitol, ribose, xylose, and even xylitol can be used, and in
some cases also fermented, by different wine yeast species (Barnett et al. 2000).

Another emerging issue for the improvement of wine quality is the study of
evolution of S. cerevisiae strains and the use of adaptive evolution to obtain strains
with desired features (Borneman et al. 2016). Combined with the progress in next-
generation sequencing techniques and bioinformatic evaluation of transcriptome
and proteome analyses, this has already yielded and will continue to yield exciting
new insights. With this growing knowledge on wine strain diversity, it stands to
hope that consumers will gradually accept the fact that there is no such thing as a
“natural wine yeast” and become more open-minded to the use of genetically
engineered yeast strains, specifically constructed to improve wine quality (Jolly
et al. 2014).

Finally, beyond their importance for wine production, what we learn from the
studies cited herein and the ones to come in the next years, will clearly lead to a
better understanding of the regulatory circuits underlying yeast carbohydrate
metabolism and the interactions between yeast species and lactic acid bacteria in
all kinds of industrial applications, including the production of beer, bread, spirits,
bioethanol, and next-generation biofuels.
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Chapter 9

Metabolism and Transport of Sugars

and Organic Acids by Lactic Acid Bacteria
from Wine and Must

Gottfried Unden, Tanja Eirich, and Hanno Richter

9.1 Introduction

Heterofermentative lactic acid bacteria (LAB) which are common in plant-
associated environments are found also in grape must and wine. In this environment
strains predominate which are adapted to the low pH and high alcohol contents.
Must and wine harbour the strictly heterofermentative Oenococcus oeni (O. oeni),
Lactobacillus hilgardii and Lactobacillus brevis (Lb. brevis) and the facultatively
heterofermentative Lactobacillus plantarum (Lb. plantarum) and Lactobacillus
pentosus (Rodas et al. 2005). In addition homofermentative lactic acid bacteria of
the Pediococcus group are able to grow in wine and must but are normally found at
low cell densities.

The growth of lactic acid bacteria in wine depends largely on sugars and organic
acids which are present in grape must. Like most heterofermentative LAB, O. oeni
is able to degrade hexoses, pentoses and other sugars from must, which can result in
the excretion of undesirable products. The metabolic activities related to the
degradation of organic acids, in particular of malate degradation which leads to
deacidification of wine, are responsible for positive effects attributed to O. oeni in
wine (Mayer 1974). O. oeni is also able of arginine fermentation by the arginine
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deiminase pathway which supports maintenance of the bacteria (Tonon and
Lonvaud-Funel 2000; Tonon et al. 2001).

Grape must contains in addition to hexoses (glucose, fructose, galactose, man-
nose) considerable amounts of pentoses (arabinose, xylose, ribose, rhamnose).
Glucose and fructose are the most abundant sugars and are present in an approx-
imate 1:1 molar ratio. The concentrations depend on the ripeness and type of grapes
but are typically >100 g L™ for glucose and fructose, followed by much lower
contents of galactose (<200 mg L*I) and mannose (<50 mg Lfl) (Wiirdig and
Woller 1989). Pentoses are derived from hydrolysis of plant cell wall pectins and
are present in small amounts (L-arabinose, <1 g L™"; p-xylose and p-ribose, each
<0.1g L' L-rhamnose <0.4 g Lfl). Disaccharides (maltose, raffinose, trehalose)
and oligosaccharides (stachyose) are found in small amounts (few mg L™' each)
(Wiirdig and Woller 1989). Excess hexoses are used also for the production of
exopolysaccharides, such as dextran, levan and fructan by various groups of LAB
(Cerning 1990). Pediococcus damnosus forms an extracellular polysaccharide
(1,3:1,2-B-p-glucan) from glucose which increases the viscosity of wine (Llauberes
et al. 1990). Many O. oeni strains contain o- or p-glycosidase enzymes (Grimaldi
et al. 2005) that release the sugar component from glycoconjugates that are present
in must. The sugar is either glucose or a disaccharide which can be substituted by
other sugars. The sugars released by the exoenzymes can be used as substrates and
are taken up by the bacteria. The aglycon released, including monoterpenes, C3-
norisoprenoids, benzene derivatives and aliphatic alcohols (Winterhalter and
Skouroumounis 1997; Grimaldi et al. 2005), can have significant impact on the
wine aroma. The aroma compounds as well as the glycosidases are of interest in
winemaking (Grimaldi et al. 2005; Mesas et al. 2012).

Hexoses and pentoses are fermented by the heterofermentative LAB by the
phosphoketolase (or oxidative pentose phosphate) pathway. The major products
of glucose fermentation are p-lactate, ethanol and CO,. Ethanol formation repre-
sents a limiting step in the heterofermentative hexose fermentation which can be
overcome by modifications in the fermentation or by the use of external electron
acceptors, such as fructose, O,, pyruvate or citrate. The modified fermentation
reactions produce also undesirable products like acetate or mannitol. The variations
in the pathways and the biochemical background will be described.

Many heterofermentative LAB are able to metabolize organic acids which are
common in grape must. Malate, citrate and pyruvate are degraded efficiently.
Malate, L-tartrate, fumarate and pyruvate are metabolized without the need for
co-substrates, whereas fermentation of citrate requires co-substrates, usually hexoses
which serve as the electron donor. Organic acids like L-tartrate, fumarate or
galacturonic acid are fermented only under specific conditions. L-Malate (<20 g L™")
and L-tartrate (<10 g L) are found in high concentrations. Concentrations of citrate
(<300 mg LY, gluconic acid (<300 mg LY, galacturonic acid (<250 mg L") and
fumarate (traces) are much lower in must from healthy grapes (Wiirdig and Woller
1989; Dittrich and Gromann 2005).
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9.2 Special Features of the Phosphoketolase Pathway
of O. oeni: The Use of Alternative Reactions
for NAD(P)H Reoxidation

9.2.1 Phosphoketolase Pathway and Limitation of Ethanol
Formation

0. oeni is able to use glucose, fructose and ribose as the substrates for growth. In
addition, various strains show growth on further hexoses (galactose, mannose),
pentoses (xylose, arabinose) and disaccharides (trehalose, cellobiose, sucrose,
melibiose) (Beelman et al. 1977; Garvie 1986; Zhang and Lovitt 2005). Growth
on other oligosaccharides (lactose, maltose, and raffinose) has been observed, but
this property is unstable and can be lost (Beelman et al. 1977). The sugars are
fermented by the phosphoketolase pathway resulting in the formation of pyruvate
(derived from glyceraldehyde-3P, or GAP) and acetyl-P (Fig. 9.1). From pentoses
one NADH is produced per sugar during conversion to pyruvate, which is used as
the acceptor for NADH reoxidation; the acetyl-P is converted to acetate. Hexoses
are first oxidized to pentoses (Figs. 9.1 and 9.2), yielding two extra NAD(P)H,
followed by one further NADH derived from pentose degradation to pyruvate.
Formally, the latter NADH (equivalent to the NADH from GAP oxidation) is
reoxidized by reduction of pyruvate, similar to growth on pentoses. The extra two
NAD(P)H are loaded onto acetyl-P (or acetyl-CoA) with the formation of ethanol
(ethanol pathway) instead of acetate. Shifting from pentoses to hexoses causes a
drop in the growth rate by a factor of approximately three (Richter et al. 2003a;
Zaunmiiller et al. 2006), and a decrease in growth yields by a factor of about two in
agreement with the lower ATP yield (two ATP/pentose versus one ATP/hexose).

The slow growth on glucose is caused by the low activity of the ethanol pathway
(Maicas et al. 2002; Richter et al. 2001, 2003a) compared to high activities of the
enzymes of the phosphoketolase pathway, e.g. glucose-6P dehydrogenase (Richter
et al. 2001). The acetaldehyde dehydrogenase activity of the bifunctional acetalde-
hyde/ethanol dehydrogenase (AdhE) is low and becomes limiting under HSCoA
(and acetyl-CoA) limitation. Shortage of p-pantothenate, an essential growth factor
and precursor for HSCoA synthesis in O. oeni and other LAB (Garvie 1967; http://
jgi.doe.gov/), reduces the HSCoA contents (Richter et al. 2001). The bacteria
contain the enzymes for the conversion of p-pantothenate to HSCoA but not for
the synthesis of b-pantothenate from central intermediates (Zaunmiiller et al. 2006;
http://jgi.doe.gov/). The ethanol pathway appears to be the first site responding to p-
pantothenate limitation (Richter et al. 2001). 4'-O-(B-p-glucopyranosyl)-p-
pantothenic acid, which is found in tomato and fruit juice, was suggested earlier
as the source (‘tomato juice growth factor’) for synthesis (Amachi et al. 1970), but
free D-pantothenate has the same biological activity (Zaunmiiller et al. 2006).
During growth on pentoses, when the ethanol pathway is not required, p-pantothe-
nate depletion has no significant effect on the fermentation pattern.
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Fig. 9.1 Fermentation of hexoses and pentoses by the phosphoketolase (or oxidative pentose-P)
pathway of O. oeni. The central phosphoketolase pathway and lactate formation (NAD(P)H
reoxidation) which are constant parts of the metabolism are boxed (grey background). The
major routes resulting in the formation of lactate and ethanol are shown with solid lines, alternative
pathways resulting in the formation of erythritol, acetate and glycerol with broken lines.
Phosphoketolase (Xfp, genes OEOE_1812 and OEOE_1183 of O. oeni PSU-1) cleaves pentose-
5P (xylulose-5P) or fructose-5P. Acetaldehyde and ethanol dehydrogenase reactions are catalysed
by the bifunctional AdhE enzyme (Koo et al. 2005). The genes encoding the enzymes of the
phosphoketolase pathway and for ethanol and lactate formation are given by Mills et al. (2005),
Zaunmiiller et al. (2006) and in http://jgi.doe.gov/. The genome contains candidate genes for
glycerol-1P dehydrogenase (gene OEOE_0562) and glycerol-1P phosphatase (gene OEOE_0563,
annotated as Hpr kinase/phosphorylase). Non-standard abbreviations: Ery-4P erythrose-4 phos-
phate; EryOH-4P erythritol-4P; Ace-P acetylphosphate; Ace-CoA acetyl-CoA; Acetald acetalde-
hyde; Glyc-1P glycerol-1 phosphate

9.2.2 Endogenous Alternative Pathways for [H] Reoxidation

The limitation in the ethanol pathway results in a partial shift to alternative
pathways for NAD(P)H reoxidation (Veiga-Da-Cunha et al. 1992, 1993; Richter
et al. 2001) (Fig. 9.1). Part of the extra NAD(P)H is consumed by reduction of
erythrose-4P to erythritol-4P and erythritol by O. oeni and other heterofermentative
LAB (Veiga-Da-Cunha et al. 1993; Stolz et al. 1995; Richter et al. 2001).
Erythrose-4P is derived from fructose-6P by phosphoketolase Xfp.
Phosphoketolase Xfp of O. oeni and Bifidobacterium accepts fructose-6P in addi-
tion to xylulose-5P (Veiga-Da-Cunha et al. 1993; Meile et al. 2001; Mills et al.
2005; Yin et al. 2005). The activity of the erythritol pathway is low and does not
increase the rate of glucose fermentation significantly. Under pantothenate limita-
tion or in resting cells up to 0.2 mol, erythritol is formed per mol glucose. The
enzymes (or corresponding structural genes) for the conversion of erythrose-4P to
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Fig. 9.2 Alternative routes for the reoxidation of NAD(P)H by O. oeni during growth on hexoses in
the presence of external electron acceptors (fructose, pyruvate, citrate, O,). The extra 2 NAD(P)H
or 4 [H] which are derived from the oxidation of hexose to pentose in the phosphoketolase
pathway can be transferred to the external acceptors (blue, broken lines). The oxidative (NAD(P)H
producing) and reductive (NAD(P)H consuming) parts of metabolism are indicated. The following
fermentation balances are found for growth on glucose (idealized reactions): (i) glucose — 1 lactate + 1
EtOH + 1 COy; (ii) glucose + 2 fructose — 1 lactate + 1 acetate + 2 mannitol + 1 COy; (iii) glucose + 2
pyruvate — 3 lactate + 1 acetate + 1 CO,; (iv) glucose + 2 citrate — 3 lactate + 3 acetate + 3 COy; (V)
glucose + 2 O, — 1 lactate + 1 acetate + 1 CO, + 2 H,0,

erythritol have not been identified in the genomes of O. oeni and Leuconostoc
mesenteroides (Lc. mesenteroides) (Zaunmiiller et al. 2006).

Glycerol is a further minor product of NAD(P)H reoxidation. It is obtained
by reduction of GAP to glycerol-1P followed by dephosphorylation (Fig. 9.1)
(Veiga-Da-Cunha et al. 1993). The genome of O. oeni contains candidate genes
for glycerol-1P dehydrogenase and phosphatase (http://jgi.doe.gov/) (Fig. 9.1).
Biochemically, the reactions for erythritol and glycerol formation are similar, and
erythritol might be formed by the enzymes of the glycerol pathway.

When fructose is used as the substrate for growth, part of the fructose is used as
an electron sink, resulting in mannitol formation (see following section).

9.2.3 Glucose Transport

The genome of O. oeni encodes 40 genes for secondary carriers, 8§ complete
phosphotransferase systems and 7 complete ABC transport systems that could be
involved in the transport of sugar or sugar alcohols as concluded from sequence
similarities (Mills et al. 2005; Unden and Zaunmiiller 2009; Zaunmiiller and Unden
2009). The large number of sugar transporters is supposed to reflect the preference
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of O. oeni for sugars as the substrate for growth and the large variety of (minor)
sugars present in must and wine, including the mixture of sugars released by
glycosidases (see above).

O. oeni takes up glucose at a broad pH range from 4 to 9 with maxima at pH 5.5
and 7. Transporters 1574 and 0819 represent secondary transporters for glucose
which were able to restore growth of hexose-deficient mutants of B. subtilis on
glucose but not on fructose (Kim et al. 2011). Transport by the carriers was driven
by the proton potential Ap. In addition a PTS phosphotransferase transport system
(permease protein 0464) appeared to be responsible for the Ap-independent hexose
transport at neutral and acidic pH. Expression of the genes is induced by glucose
and fructose (Kim et al. 2011).

9.3 Modified Hexose Fermentation by the Use of External
Electron Acceptors

9.3.1 The Use of External Electron Acceptors

Pyruvate, citrate, O, or fructose can be used by O. oeni as external acceptors for
reoxidation of the extra NAD(P)H from hexose oxidation (Fig. 9.2) and replace
then to various extents the ethanol pathway in NAD(P)H reoxidation. The external
acceptors are more efficient electron acceptors than acetyl-CoA, and the acetyl-P is
used then for ADP phosphorylation and excreted as acetate. As a consequence the
ATP and molar growth yields increase by a factor of up to 2 per glucose
(Zaunmiiller et al. 2006). In addition, the growth rates increase by factors of 2-3
and approach those of ribose.

In this way, externally supplied pyruvate is reduced by the highly active lactate
dehydrogenase to p-lactate (Nuraida et al. 1992; Richter et al. 2003a). Citrate is
used in a similar way after its conversion to pyruvate by citrate lyase and oxaloac-
etate decarboxylase Mae (see Fig. 9.3) (Salou et al. 1994; Stolz et al. 1995; Hache
et al. 1999). Molecular O, is reduced by an oxidase to H,O, (Maicas et al. 2002)
and fructose to mannitol (Salou et al. 1994; Richter et al. 2003a, b). During
co-fermentation of fructose with glucose by O. oeni, fructose is used essentially
as an electron acceptor and excluded from the phosphoketolase pathway, whereas
glucose is channelled to the phosphoketolase pathway (Richter et al. 2003b).

When fructose is supplied as the only substrate, it is metabolized by the
phosphoketolase pathway or by combined action of the phosphoketolase and
mannitol pathway (Richter et al. 2003a, b). With limiting supply of fructose,
most of the fructose is fermented by the phosphoketolase pathway similar to
glucose. At high fructose concentrations and in resting cells, up to two thirds of
the fructose are used as electron acceptor, and large amounts of mannitol are
produced. Channelling of fructose in either pathway is regulated at the level of
phosphoglucose isomerase (Richter et al. 2003b).
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Overall, growth of O. oeni and other heterofermentative LAB on hexoses is
stimulated by the presence of electron acceptors which provide a bypass to NAD(P)
H reoxidation by the limiting ethanol pathway (Richter et al. 2001; Maicas et al.
2002; Zaunmiiller et al. 2006). The erythritol and glycerol pathways are of limited
capacity, whereas the pathways using the external acceptors O,, pyruvate, citrate
and fructose have a much higher capacity and increase the growth rate of the
bacteria significantly. The pathways for NAD(P)H reoxidation are cytoplasmic
without involvement of electron transport or generation of a proton potential.

9.3.2 Biotechnological Production of Polyols by Heterolactic
Acid Bacteria

The sugar alcohols mannitol and erythritol are widely used in food, pharmaceutical
and chemical industry. Heterofermentative lactic acid bacteria like Lc.
mesenteroides or Lc. pseudomesenteroides, close relatives of O. oeni, are good
producers of the compounds, in particular mannitol (Otgonbayar et al. 2011; Saha
and Racine 2011; Ortiz et al. 2013), and can serve as an alternative to industrial
chemical production. The bacteria convert fructose from a glucose/fructose mixture
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nearly completely to mannitol by the pathways discussed above when appropriate
culture conditions are applied. Fructose can also be produced enzymatically in situ
by mannitol dehydrogenase and NADH or NADPH which are regenerated enzy-
matically (Saha and Racine 2011; Hahn et al. 2003; Ortiz et al. 2013).

9.4 Fermentation of Organic Acids

Fermentation of organic acids plays an important role in the energy metabolism and
physiology of heterofermentative LAB like O. oeni (Radler 1958, 1966; Radler and
Brohl 1984; Stolz et al. 1995). From the organic acids present in grapes, citrate and
malate are metabolized by many LAB, including O. oeni and Lc. mesenteroides but
fumarate, tartrate and pyruvate only by a limited number. Citrate is used in
co-fermentation with hexoses, whereas externally supplied malate, pyruvate and
L-tartrate can be metabolized without the need for a co-substrate. However, pyru-
vate appears to be the only organic acid that supports substantial growth of O. oeni
when it is present as the sole substrate.

94.1 Malate (or ‘Malolactic’) Fermentation

Fermentation of malate (L-malate — L-lactate + CO,) by heterofermentative LAB is
of physiological significance in wine and fruit juice which contain high amounts of
this C4-dicarboxylic acid. The malolactic enzyme (Caspritz and Radler 1983)
catalyses the key reaction (L-malate — CO, + L-lactate). The free energy of the
reaction is conserved by a chemiosmotic mechanism (Salema et al. 1996) which
depends on an electrogenic malate transport (Poolman et al. 1991; Lolkema et al.
1995; Konings 2002) (Fig. 9.3). In O. oeni (growing around pH 4) the transport is
catalysed by a carrier-mediated uptake of monoanionic malate versus a carrier-
independent efflux of lactic acid. In Lactococcus lactis growing at less acidic
conditions, the transport is mediated by the malate® /lactate” antiporter. Both
transport processes result in the net translocation of one charge per malate and
energization of the membrane. In addition, one proton is consumed by the decar-
boxylation in the cytoplasm, generating a ApH. The proton motive force (1 H*/
malate) derived from both processes is used by the bacteria for maintenance of pH
homeostasis and for the uptake of nutrients. Malolactic fermentation stimulates
growth of the bacteria but is apparently not sufficient to support growth as the only
energy source (Pilone and Kunkee 1976; Salema et al. 1996). The reaction results in
raising the pH of the medium by conversion of a divalent to a monovalent
carboxylic acid. The process is used in winemaking by applying starter cultures
or by spontaneous fermentation of O. oeni in wine or must (Lonvaud-Funel 1999;
Liu 2002; Coucheney et al. 2005; Mills et al. 2005; Moreno-Arribas and Polo
2005).
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9.4.2 Citrate Fermentation

Many LAB including O. oeni and Lc. mesenteroides use citrate as an electron
acceptor in co-metabolism with sugars. Sugars such as glucose, fructose, lactose or
xylose provide NADH for the degradation of the citrate (citrate + 2 [H] — lac-
tate + acetate + CO,) (Drinan et al. 1976; Starrenburg and Hugenholtz 1991; Salou
et al. 1994; Schmitt et al. 1997; Hache et al. 1999) (see Fig. 9.2). Some other LAB
are able to grow on citrate as the sole substrate (Medina de Figueroa et al. 2000).
Transport of citrate and of the products lactate and acetate plays an important role in
citrate fermentation (Fig. 9.3). The secondary transporters CitP or MaeP catalyse an
electrogenic precursor/product (Hcitrate® /lactate ) exchange resulting in an elec-
trochemical gradient over the membrane (Ramos et al. 1994; Marty-Teysset et al.
1995, 1996; Konings 2002). The electrochemical gradient is not sufficient to
support growth of the bacteria on its own.

Citrate is cleaved by citrate lyase, and the resulting oxaloacetate is then
decarboxylated to pyruvate by a cytoplasmic oxaloacetate decarboxylase which is
related to (soluble) malate decarboxylase (Marty-Teysset et al. 1996; Sender et al.
2004; Mills et al. 2005). In the presence of sufficient NADH (e.g. from hexose
oxidation), most of the pyruvate is reduced to lactate (Ramos et al. 1994) which
drives the citrate/lactate antiport (Salou et al. 1994; Konings 2002). Part of the
pyruvate is condensed and converted to acetoin and 2,3-butanediol (Fig. 9.3)
(Ramos et al. 1994; Nielsen and Richelieu 1999). Chemical (non-enzymatic)
oxidation of acetoin by O, yields diacetyl. The acetoin pathway is significant in
LAB, when the bacteria are incubated with citrate in the absence of other carbon
sources. Diacetyl, a flavour compound in products treated by LAB, is tolerated in
wine only in low concentrations (Schmitt et al. 1997; Nielsen and Richelieu 1999;
Bartowsky and Henschke 2004; Mills et al. 2005).

The Cit gene clusters of Lc. mesenteroides and O. oeni comprise genes for citrate
lyase (citDEF), citrate lyase ligase (citC), oxaloacetate decarboxylase (mae gene)
and the citrate carrier (maeP or citP) (Martin et al. 2000; Mills et al. 2005). The
clusters contain in addition the citX and citG genes which are homologous to the
corresponding genes of Klebsiella for the synthesis of the phosphoribosyl-
dephospho-SCoA prosthetic group of citrate lyase (Schneider et al. 2002). Genes
for acetolactate synthase and acetolactate decarboxylase are present in O. oeni and
Lc. mesenteroides (Fig. 9.3).

9.4.3 Pyruvate Fermentation

Pyruvate can be used as an electron acceptor for NAD(P)H reoxidation but supports
also growth of O. oeni and Lc. mesenteroides as the sole substrate (Wagner et al.
2005):
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2 pyruvate + H,O — acetate 4 CO, + lactate(AGg =-95.1kJ/ reaction)

The growth rates by pyruvate fermentation are comparable to those for glucose
fermentation. Pyruvate is decarboxylated by pyruvate dehydrogenase (PDH) to
acetyl~CoA and NADH. Acetyl~CoA is used for ATP formation (via acetyl~P),
and the NADH is transferred by lactate dehydrogenase to a second molecule of
pyruvate. O. oeni and Lc. mesenteroides contain a gram-positive type PDH which is
annotated as acetoin/pyruvate dehydrogenase complex. PDH is regarded as a
typical enzyme of aerobic metabolism, but alternative anaerobic enzymes like
pyruvate: ferredoxin oxidoreductase, pyruvate decarboxylase and pyruvate formate
lyase are not encoded by the bacteria (Wagner et al. 2005; http://jgi.doe.gov/).
NADH produced by PDH is reoxidized by lactate dehydrogenase using a second
molecule of pyruvate.

9.4.4 Fumarate Fermentation

The small amounts of fumarate present in wine or must are degraded by yeast after
conversion to malate or succinate (Radler 1986). Fumarate inactivates LAB from
wine, but malate-fermenting bacteria are able to degrade fumarate to lactate and
CO; when incubated with the organic acid (Radler 1986). It was suggested that
fumarate is hydrated by the bacteria to malate and decarboxylated by the malolactic
enzyme to lactate and CO,. The genome of O. oeni PSU-1 encodes a fumarase
(gene OEOE_0029, http://jgi.doe.gov/); therefore all enzymes of the postulated
pathway appear to be present in the bacterium. Fumarate uptake might be affected
by the MleP transporter since DctA-, Dcu- or DauA-type Cy-dicarboxylate trans-
porters are not encoded by O. oeni. See Fig. 9.3 for the hypothetical pathway.

9.4.5 L-Tartaric Acid Fermentation

L-Tartaric acid is degraded only under specific conditions after degradation of the
other organic acids. Only few LAB are able to metabolize L-tartrate (Radler and
Yannissis 1972), and tartrate degradation is found only in spoilt wine. Lb.
plantarum degrades L-tartrate by a dehydratase to oxaloacetate which is
decarboxylated to pyruvate (Fig. 9.4). In a reaction similar to pyruvate fermentation
of O. oeni, half of the pyruvate is converted to acetate + CO,, the other half to
lactate. Tartrate fermentation does not support growth, although the pathway is
supposed to allow ATP formation via acetyl-P. The genome of Lb. plantarum
contains structural genes for L-tartrate dehydratase TtdAB, oxaloacetate/malate
decarboxylase Mae and pyruvate dehydrogenase (http://img.jgi.doe.gov/ and
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Fig. 9.4 Degradation of L-tartrate by Lb. brevis (3 L-tartrate — 1 succinate + 2 acetate + 4 CO,)
and L. plantarum (2 L-tartrate — acetate + lactate + 3 CO,). L-Tart L-tartrate dehydratase, MDH
malate DH, Fum fumarase, Frd fumarate reductase, Mae oxaloacetate decarboxylase, PDH
pyruvate dehydrogenase. Enzymes for which the corresponding structural genes were not identi-
fied in the genomes of Lb. brevis and Lb. plantarum are printed in normal type, others in bold type.
The enzymes and corresponding genes for Lb. brevis are MDH (LVIS_ 1406), Fum (LVIS_0714),
PDH (genes LVIS_1407, 1408, 1409, 1410), Pox (LVIS_0313), phosphotransacetylase
(LVIS_0674), and acetate kinase (LVIS_129, 1601, 1190) and for Lb. plantarum are r-Tart
(LP_1090 and 1089 for TtdAB), Mae (LP_1105), PDH (LP_2151 to 2154), and LDH LP_2057
(p-lactate dehydrogenase). Abbreviations for substrates and intermediates: -Tart T-tartrate, OAA
oxaloacetate, Mal L-malate, Fum fumarate, Pyr pyruvate. Pathways according to Radler and
Yannissis (1972)

Fig. 9.4). The pathway is different from L-tartrate fermentation found in bacteria
such as E. coli which is linked to fumarate respiration (Kim and Unden 2007).

L-Tartrate fermentation by Lb. brevis and other heterofermentative Lactobacillus
species occurs by a branched pathway (Radler and Yannissis 1972). Two thirds of
the tartrate is fermented to acetate and CO, as described for Lb. plantarum. The
residual L-tartrate is converted from oxaloacetate via malate and fumarate to
succinate, similar to L-tartrate fermentation by E. coli. By combining a NADH-
supplying and a NADH-consuming branch, the overall redox reactions are balanced
(Fig. 9.4). The enzymes have not been demonstrated in detail for Lb. brevis, but the
genome of Lb. brevis ATCC 367 contains structural genes for a fumarase (gene
LVIS_0714), pyruvate dehydrogenase (genes LVIS_1407-1410), pyruvate oxidase
(gene LVIS_0313) and a potential malate dehydrogenase (gene LVIS_1406 anno-
tated as malate/lactate dehydrogenase). Genes for L-tartrate dehydratase, oxaloac-
etate decarboxylase and fumarate reductase have not been identified yet.
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9.5 Conclusion

O. oeni and other lactic acid bacteria from wine are able to grow at the expense of
sugars (hexoses and pentoses) using the phosphoketolase pathway. Genes, enzymes
and important characteristics of the pathway are known, whereas the genes and
(most of) the enzymes of erythritol formation are unknown. Fermentation of
hexoses is limited by slow reoxidation of NAD(P)H in the ethanol branch. Conse-
quently turnover of the hexoses is stimulated in the presence of substrates (fructose,
citrate, pyruvate, O,) which are able to reoxidize NAD(P)H, resulting in a shift of
the fermentation pattern. O. oeni degrades also organic acids from wine or must
(citrate, malate and pyruvate) by pathways for which enzymes and structural genes
are known. The regulation underlying the use of alternative substrates (sugars,
organic acids and electron acceptors) is largely unknown. Some heterofermentative
lactic acid bacteria from wine metabolize L-tartrate and fumarate by reactions
which have been characterized only in parts. The latter pathways appear to be
strain-specific, and some of the postulated genes or enzymes were not identified in
the genomes of all O. oeni strains (Borneman et al. 2012). Identification of the
unknown genes, enzymes and carriers for the alternative substrates and regulation
of the fermentation pathways remain an important goal for understanding energy
metabolism of O. oeni (and other lactic acid bacteria from wine and must) and their
adaptation to the physiological conditions for survival in wine.
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Chapter 10
Amino Acid Metabolisms and Production
of Biogenic Amines and Ethyl Carbamate

Massimo Vincenzini, Simona Guerrini, Silvia Mangani, and Lisa Granchi

10.1 Introduction

In winemaking process, a wide range of volatile and non-volatile compounds
originate from microbial catabolism of amino acids. Among these catabolites,
biogenic amines, low molecular weight organic bases produced by decarboxylation
of their respective free precursor amino acids, are receiving much attention in wine
science because of their potential implication for human health. This chapter, after a
brief overview on the occurrence of biogenic amines in wines, deals with the role
played by yeasts and lactic acid bacteria in the formation and accumulation of these
molecules during winemaking, giving emphasis to the most frequently found
amines (histamine, tyramine and putrescine) and their physiological significance
in bacterial cells. Moreover, the most suitable methods to detect biogenic amine-
producing lactic acid bacteria or to quantify biogenic amine in wine as well as
strategies to reduce biogenic amine content in wine are reported. Finally, a note on
the formation of ethyl carbamate, a carcinogen compound originating in wine
through a non-enzymatic reaction between ethanol and microbial catabolites
containing a carbamyl group, is furnished.

The amino acid composition of a grape must is acknowledged to have noticeable
implications with regard to quality and safety of the resulting wine, because both
pleasant and unpleasant or even quite undesirable compounds can be produced by
the microbiota participating in the winemaking process—yeasts and lactic acid
bacteria (LAB)—especially as a consequence of their catabolic activity on the
available amino acids. Yeasts and LAB differ both qualitatively and quantitatively
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in the utilization of assimilable nitrogen: while yeasts are able to utilize ammonia
and amino acids, LAB synthesize amino acid only from organic nitrogen and
possess peptidase activities. However, yeasts as well as LAB show a wide variabil-
ity at species and strain level in terms of capability to utilize nitrogen sources
(Kemsawasd et al. 2015; Remize et al. 2006). Microbial catabolism of amino acids
mainly occurs through the activities of five groups of enzymes
(i.e. aminotransferases, decarboxylases, dehydratases, lyases and deaminases)
which, intracellularly, convert amino acids into a range of volatile and
non-volatile compounds, such as a-keto acids, aldehydes, hydroxy acids, alcohols
and amines, all playing an important role in determining the organoleptic qualities
of wine. Among these catabolites from amino acids, the latter class of compounds,
often referred to as biogenic amines (BA) to underline their main biological origin,
is receiving much attention in wine science because of their potential implication
for human health (Silla Santos 1996; EFSA 2011; Alvarez and Moreno-Arribas
2014).

BA are nitrogenous low molecular weight organic bases that can have an
aliphatic, an aromatic or a heterocyclic structure and are widely present in foods,
especially in fermented foods, mostly as a consequence of the decarboxylation of
their respective free precursor amino acids, through the action of substrate-specific
microbial decarboxylases. Hence, the amines histamine, tyramine, putrescine,
cadaverine, 2-phenethylamine, agmatine and tryptamine originate from the precur-
sor amino acids histidine, tyrosine, ornithine, lysine, phenylalanine, arginine and
tryptophane, respectively.

Other amines, possibly present in fermented foods and wines, include the
aliphatic volatile amines (methylamine, ethylamine and isoamylamine), which
can be originated by the amination of nonnitrogenous compounds, such as alde-
hydes and ketones (Bauza et al. 1995), and the polyamines, spermine and
spermidine, which can be produced from putrescine (1,4-diaminobutane), through
methylation reactions involving S-adenosyl methionine.

As mentioned above, all these molecules have the potential to cause physiolog-
ical distress in the human organism if ingested in relatively high concentration by
sensitive people. More specifically, the heterocyclic amine histamine, the most
toxic and studied biogenic amine, may induce headaches, hypotension, heart
palpitation and cutaneous and gastrointestinal disorders; the aromatic amines,
tyramine and 2-phenethylamine (a volatile amine), are known to cause migraines
and hypertensive crises because they may originate the vasoconstrictor hormones
noradrenaline and norephedrine; the polyamines (putrescine, agmatine, cadaverine,
spermine and spermidine), although not toxic themselves, potentiate the effects of
the toxic amines, being also able to inhibit enzymes such as the amino oxidases,
catalysing the oxidative deamination of amines, constituting the main detoxifying
system of BA in humans (ten Brink et al. 1990); the volatile monoamines, in spite of
their poor physiological significance, are active as irritants and thus may negatively
affect the sensorial profile of foods (Lehtonen 1996). Recently, the Biological
Hazards (BIOHAZ) Panel of the European Food Safety Authority (EFSA) carried
out a qualitative risk assessment of BA in fermented foods, using data from the
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scientific literature, as well as from European Union-related surveys, reports and
consumption data (EFSA 2011). The BIOHAZ Panel concluded that the present
knowledge and data on toxicity of BA, individually and in combination(s), are
limited and insufficient to carry out a quantitative risk assessment; nevertheless,
histamine and tyramine are considered as the most toxic and particularly relevant
biogenic amines for food safety. Based on the mean content of these amines, wine
belongs to the fermented food categories showing the lowest values. However, it is
to underline that ethanol, occurring in wine, is an inhibitor of amine oxidases, the
enzymes that normally detoxify the BA in humans.

Fresh musts usually contain low levels of BA, almost entirely represented by
spermidine and putrescine. This diamine that in plants is implicated in many
physiological processes (Halasz et al. 1994; Agudelo-Romero et al. 2013) is
reported to be synthesized by the vine in response to stress conditions, such as a
potassium deficiency in the vineyard soil, and then accumulated in the grapes.

Wines are usually characterized by a significantly higher content of BA than
their respective fresh musts, red wines being generally characterized by BA content
significantly higher than white wines (Table 10.1). The phenomenon was unam-
biguously ascribed to the fact that the winemaking process for red wine production
usually includes a secondary transformation, widely known as malolactic fermen-
tation (MLF) that does not occur or is not essential in white wine production.
Consequently, BA presence in wine has been roughly considered as a consequence
of MLF, but the matter also includes contradictory data.

In any case, it is without any doubt that BA formation in wine requires the
presence of both precursor amino acids and microorganisms with amino acid
decarboxylase activity, besides environmental conditions allowing microbial
growth and enzyme activity.

Among the factors that have been suggested as favouring the abundance of
amines in wine, some winemaking practices, such as nutrient addition and duration
of wine contact with both grape skins and yeast lees, seem to play a major role
because they can directly affect the content of the precursor amino acids of
BA. However, it is worth mentioning that the amount of total amino acids in
fresh grape musts generally is several dozen-fold higher than the total amount of
amines in wines, so that it is difficult to imagine winemaking conditions where
precursor amino acids are quite absent. Therefore, if the presence of available
precursors is practically unavoidable, BA accumulation in wine is strongly related
to the microbial ecology of wine fermentations, characterized by a complex mixture
of different species and strains of yeasts and lactic acid bacteria (LAB).

This chapter will focus on the current knowledge on yeast and LAB capabilities
to decarboxylate amino acids into BA and will give up to date information on
accumulation of these molecules during winemaking, with an additional note on
ethyl carbamate, a carcinogen compound originating in an alcoholic environment
from precursors produced by microbial catabolism of amino acids.
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Table 10.1 Concentration of the major biogenic amines found in wine, according to recent
publications (values reported as range, minimum-maximum, or as mean + SD)

Wine Histamine Tyramine Putrescine

(origin) n* | (mgL™" (mg L™h (mg L™h References

White 47 |nd—5.95 nd—2.54 nd—3.22 Soufleros et al. (2007)
(Greece)

White 17 10.34-1.13 nd-1.16 nd-9.07 Proestos et al. (2008)
(Greece)

Red 45 |nd-2.11 nd—3.65 nd—5.23 Soufleros et al. (2007)
(Greece)

Red 15 |0.98-1.65 nd-0.46 nd-2.70 Proestos et al. (2008)
(Greece)

Rosé 8 |nd—4.43 nd—1.64 nd—1.85 Soufleros et al. (2007)
(Greece)

White 7 |nd nd—tr 1.48-2.48 Tuberoso et al. (2015)
(Italy)

White 5 |nd nd-0.9 1.2-1.6 Manetta et al. (2016)
(Italy)

Red (Italy) 33 6.1 £53 35+28 155 +17.5 Mangani et al. (2006)
Red (Italy) 8 | tr-8.11 5.08-11.5 11.4-32.8 Tuberoso et al. (2015)
Red (Italy) 10 | nd-1.02 0.67-1.97 3.76-11.13 Preti et al. (2015)
Red (Italy) 60 |tr-3.16 0.22-34.99 0.84-25.40 Preti et al. (2016)
Red (Italy) 15 |nd-0.9 nd-0.9 4.5-16.1 Manetta et al. (2016)
Red 224 |4.46 + 5.7 3.13 £4.42 6.05 + 10.6 Marcobal et al. (2006)
(Spain)

Red 543 | nd-25.1 - - Meléndez et al. (2016)
(Spain)

Red 14 | nd-18.7 1.1-17.8 7.6-35.7 Arrieta and

(Spain) Prats-Moya (2012)
Red 36 |nd-6.2 0.10-1.4 2.4-25.1 Martinez-Pinilla et al.
(Spain) (2013)

Red 30 | nd-1.97 nd-0.29 nd Anli et al. (2004)
(Turkey)

Red 6 |2.75 £ 1.54 291 +1.92 9.59 +5.61 Romero et al. (2002)
(Spain)

Rose 7 | 1.81 £ 1.31 1.31 £ 0.71 6.04 £+ 2.98 Romero et al. (2002)
(Spain)

Rose 49 |nd-13.4 - - Meléndez et al. (2016)
(Spain)

White 6 | 1.17 £0.99 0.48 £+ 0.67 431 +£4.21 Romero et al. (2002)
(Spain)

White 92 |nd-12.5 - - Meléndez et al. (2016)
(Spain)

Red (USA) | 59 |54+56 1.3+23 20.9 +32.3 Gloria et al. (1998)
Red 54 6.7 +13.5 37+23 10.8 £ 6.7 Bauza et al. (1995)
(France)

Red 84 | nd-14.05 nd-12.35 3.71-48.72 Bach et al. (2012)
(France)

(continued)
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Table 10.1 (continued)

Wine Histamine Tyramine Putrescine

(origin) n* (mg LY (mg L") (mg L’l) References

Rose 15 [22.0+73 23+ 1.7 254+09 Bauza et al. (1995)
(France)

White 15 |3.7+£89 22+ 14 1.9+ 0.7 Bauza et al. (1995)
(France)

“Number of samples
nd not detectable, #r below the limit of quantification

10.2 Biogenic Amine Production by Wine Yeasts

Although yeasts have been long considered among the possible biological agents of
BA formation in wine, their capability to decarboxylate precursor amino acids has
been poorly investigated. If volatile amines, mainly synthesized from
nonnitrogenous compounds, are excluded, the few available papers agree in indi-
cating that BA production by wine yeasts is a practically negligible phenomenon,
the concentration of most amines being at non-detectable or very low levels (Torrea
and Ancin 2001; Caruso et al. 2002; Landete et al. 2007a). Nevertheless, some
published results are, in some cases, contradictory.

According to the findings of Landete et al. (2007a), none of the studied yeast
strains (belonging to different non-Saccharomyces species as well as to Saccharo-
myces cerevisiae) was able to produce at least one of the assayed amines (histamine,
tyramine, 2-phenethylamine, putrescine, cadaverine and tryptamine), in both syn-
thetic medium and grape must. On the contrary, according to a previous paper
(Caruso et al. 2002), several strains of wine yeasts, assayed in sterilized grape must
under laboratory conditions, showed a diffuse capability to produce
2-phenethylamine and agmatine, at concentrations variable within each species
from non-detectable to more than 10 mg L™'. In particular, both these amines
were produced by strains of Kloeckera apiculata, Metschnikowia pulcherrima,
Brettanomyces bruxellensis and Saccharomyces cerevisiae, whereas some strains
of Starmerella bacillaris, synonym Candida zemplinina (strains reported as Can-
dida stellata in the original paper), proved to be able to produce only agmatine.
Moreover, also a commercial strain of S. cerevisiae was proved to be able to
produce both histamine and tyramine in a Chardonnay fermentation (Medina
et al. 2013). In spite of the contradictory data on BA-producing capability of
wine yeasts, possible consequence of a high strain-dependent variability of this
metabolic feature, agmatine formation deserves some comments. This polyamine
should be produced by decarboxylation of arginine, one of the most abundant
amino acids of grape musts and an important nitrogen source for yeast growth.
However, in all known yeasts, arginine breakdown usually proceeds through the
arginase pathway. According to this metabolic route, arginine, transported into the
cell through specific and/or general amino acid permeases, is cleaved by arginase
into ornithine and urea, which are further metabolized or, at least in the case of urea,
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Fig. 10.1 Pathway of arginine breakdown by wine yeasts. (1) Arginase, (2) urea carboxylase and
(3) allophanate hydrolase

excreted (Fig. 10.1). Hence, agmatine production from arginine should represent an
alternative route for arginine catabolism in yeast cells, but no information is
available on the regulatory mechanism of this metabolic pathway as well as on its
physiological significance.

10.3 Biogenic Amine Production by Lactic Acid Bacteria

BA accumulation in wine was long considered as index of poor hygiene in the
winery and/or the result of wine spoilage from strains of lactic acid bacteria
belonging to the genera Pediococcus, Lactobacillus and Leuconostoc. Indeed,
several strains of different species of these three genera, isolated from
BA-containing wines, proved to be able to produce BA in the presence of their
precursor amino acids (Landete et al. 2007a; Moreno-Arribas et al. 2003; Rosi et al.
2009; Henriquez-Aedo et al. 2016), Pediococcus strains being long considered
among the major responsible for histamine accumulation in wine. However, it
was soon demonstrated that also Oenococcus oeni, the bacterial species most
commonly found in wines and most frequently associated with malolactic fermen-
tation (MLF), was capable to decarboxylate histidine to histamine (Lonvaud-Funel
and Joyeux 1994). Furthermore, several O. oeni strains, isolated from different
Italian wines and assayed in synthetic media under laboratory conditions, demon-
strated to be qualitatively and quantitatively variable in their capability to produce
BA: more than 60% of the 44 assayed strains was able to produce histamine, at
concentrations ranging from 1.0 to 33 mg L', and about 16% showed the addi-
tional capability to form both putrescine and cadaverine, in variable relative pro-
portions but with the constant prevalence of the former diamine (Guerrini et al.
2002). In the same study, no production of tyramine, spermine, spermidine or
2-phenethylamine was observed. More recently, Enterococcus faecium isolated
from Italian wines was proved to be a strong tyramine producer (Coton et al.
2010; Capozzi et al. 2011), suggesting that tyramine biosynthesis might be a feature
of this species (Ladero et al. 2012).

However, it is to underline that published results on the capability of wine lactic
acid bacteria to produce individual amines continue to be contradictory and make
the origin of BA complex. Most likely, the controversial results reflect a situation
where the BA-producing capability is strain rather than species dependent and the
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extent of BA accumulation is quite variable owing to the incidence of several
factors that affect the concentration of precursor amino acids.

In any case, since histamine, tyramine and putrescine are the most abundant
amines in wine, their formation by wine LAB will be examined in more details,
with the preliminary remarks that a 100% correlation has been demonstrated
between BA-producing capability of LAB strains in synthetic medium and in
wine as well as between the strain ability to produce individual amines and the
presence of the genes encoding the corresponding amino acid decarboxylases
(Landete et al. 2007¢; Coton et al. 2010).

Indeed, in the RESOLUTION OIV-OENO 449-2012, in order to assess the
potential risk of BA accumulation in wine, molecular methods to detect
BA-producing LAB in wine are described. These methods consist in detecting
LAB that have the genes of amino acid decarboxylases and/or agmatine deiminase
by targeting the suitable genes. In particular, polymerase chain reactions (PCR)
have been performed either for detecting the presence of BA-producer strains (PCR
end point) or for quantifying their concentrations (real-time PCR). Multiplex PCR
have been also performed to detect the presence of several genes at the same time.
Oligonucleotide primers for the detection of BA-producing LAB in wine are listed
in Table 10.2. More recently, a fast and sensitive method to perform microdroplet-
based multiplex PCR directly from wine and suitable for the simultaneous detection
of bacterial genes involved in biogenic amine biosynthesis has been also developed
(Sciancalepore et al. 2013).

The results obtained with these methods are not able to predict the final BA
concentrations in wine but identify the risk of BA formation due to the presence of
the decarboxylases and agmatine deiminase genes in the LAB population (Lucas
et al. 2007). By assessing the potential risk of a BA accumulation in wine at an early
stage of the winemaking, these methods can assist in managing the fermentation
process in order to reduce the BA formation.

Table 10.2 Oligonucleotide primers for the detection of BA-producing LAB in wine reported in
the RESOLUTION OIV-OENO 449-2012

Gene Primers 5 — 3’ sequence References
Histamine HDC3: GATGGTATTGTTTCKTATGA Coton and Coton
decarboxylases HDC4: CAAACACCAGCATCTTC (2005)
Tyramine 41: CAYGTNGAYGCNGCNTAYGGNGG Marcobal et al.
decarboxylases 42: AYRTANCCCATYTTRTGNGGRTC (2005)
TD5: CAAATGGAAGAAGAAGTAGG Coton et al. (2004)
TD2: ACATAGTCAACCATRTTGAA
Putrescine 4: ATNGARTTNAGTTCRCAYTTYTCNGG Marcobal et al.
decarboxylases 15: (2005)
GGTAYTGTTYGAYCGGAAWAAWCAYAA
OdF: CATCAAGGTGGACAATATTTCCG Granchi et al.
OdR: CCGTTCAACAACTTGTTTGGCA (2006)
Agmatine deiminase | AGDIfor: GAACGACTAGCAGCTAGTTAT Lucas et al. (2007)
AGDIrev: CCAATAGCCGATACTACCTTG
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10.3.1 Histamine Production

Oenococcus oeni is the dominant species during MLF of wines, and histamine
increase occurs especially during and mostly after this process (Lonvaud-Funel
2001; Marcobal et al. 2006; Lucas et al. 2008a; Coton et al. 2010). Consequently,
many authors have identified O. oeni as the main producer of histamine in wine
(Coton et al. 1998a; Landete et al. 2005a; Lopez et al. 2009; Lucas et al. 2008a).
However, also other species of LAB (Lactobacillus and Pediococcus spp.) occur-
ring in grape must and/or in wine are able to produce histamine (Costantini et al.
2006; Landete et al. 2005a, 2007a; Lucas et al. 2005), even if during and after MLF,
these species are normally in lower concentrations than O. oeni (Lonvaud-Funel
2001). Moreover, histamine-producing Lactobacillus parabuchneri or Lactobacil-
lus rossiae strains have been found as contaminating microbiota in yeast starter
culture preparations (Costantini et al. 2009).

The capability to produce histamine by Oenococcus oeni has been extensively
studied and currently still controversial (Garcia-Moruno and Munoz 2012). The
first isolation of a histamine-producing strain of O. oeni was described in 1994 by
Lonvaud-Funel and Joyeux. Bacterial biomass from a wine containing BA was
inoculated in a wine integrated or not with histidine. After 40 days, significant
concentrations of histamine were found only in the wine integrated with histidine.
From the biomass, various O. oeni isolates were found as histamine producers and
0. oeni IOEB 9204 were selected, since it retained this ability after several sub-
cultures. In the following years, various authors isolated O. oeni strains able to
produce histamine from histidine in synthetic media, in wine-simulated medium or
in wine (Del Campo et al. 2000; Guerrini et al. 2002; Landete et al. 2005a; Rosi
et al. 2009). In these studies, histamine concentrations, quantified by HPLC, were
usually in low concentrations (from 0.5 mg L' to more than 30 mg L™"). More
recently, Lopez et al. (2009) reported that, after spontaneous MLF, a concentration
of about 9 mg L™" of histamine was detected and that only bacteria belonging to
O. oeni species were isolated from the studied wines. These results suggested to the
authors that O. oeni population was responsible for histamine production in wine.
On the contrary, other authors came to the opposite conclusion because they were
unable to isolate from wines O. oeni strains producing histamine in grape must,
wine or synthetic media (Moreno-Arribas et al. 2003; Costantini et al. 2006). The
reason for these contradictory results could be that BA production is associated with
specific strains rather than with O. oeni species, as reported also for other bacteria
(Garai et al. 2007).

Molecular methods for the detection of O. oeni histamine producers were
initially based on PCR amplification of a partial sequence of the histidine decar-
boxylase encoding gene of O. oeni IOEB 9204 (Le Jeune et al. 1995). Later on, the
complete gene and the flanking nucleotide sequences were located, identified and
cloned (Coton et al. 1998b). In 2008, a 3800 nucleotide sequence of the hdc region
of O. oeni IOEB 9204 was deposited (Gen Bank accession DQ132887) (Garcia-
Moruno and Munoz 2012). Comparing the deduced amino acid sequence of the
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histidine decarboxylases encoded by the hdc genes of O. oeni IOEB 9204 with
those of other LAB, a similarity of 99% with Lactobacillus sakei LTH 2076 (LSA)
and Lactobacillus hilgardii IOEB 0006 (LHI), of 97% with Lactobacillus buchneri
DSM 5987 (LBU) and of 80% with Lactobacillus 30a was found (Garcia-Moruno
and Munoz 2012). According to Lucas et al. (2008b), this high identity could be due
to horizontal transfer of the histamine-producing pathway in LAB. In fact, a
histamine-producing strain (Lactobacillus hilgardii IOEB 0006) proved to retain
or to lose the ability to produce histamine, depending on the culture conditions
(Lucas et al. 2005). Indeed, it was demonstrated that the idc gene in this strain was
located on an unstable 80-kb plasmid, suggesting an acceptable cause for the great
variability of histamine-producing character among LAB. No studies on this topic
have been carried out in O. oeni, but the existence of an unstable plasmid containing
the hdc gene in this species could explain the contradictory results regarding some
reference strains classified as BA producer by some authors and non-producer by
others (Garcia-Moruno and Munoz 2012). Therefore, further studies are needed to
verify the existence or not of a plasmid containing the idc gene also in O. oeni and,
most of all, to evaluate the possibility of a horizontal transfer of this plasmid among
different wine LAB species (i.e. from Lactobacillus spp. occurring in grape must
fermentations to O. oeni population responsible of MLF). Nevertheless, Landete
et al. (2006) demonstrated that in Lactobacillus hilgardii 464, P. parvulus P270 as
well as in O. oeni 4042 strains, histamine production is similarly regulated by both
histidine and histamine. Indeed, the expression of the hdc gene, encoding the
histidine decarboxylase enzyme, is induced by the presence of the amino acid
(the substrate of the enzyme) and repressed by the presence of the final product
from the enzyme activity, the biogenic amine. Other low molecular weight com-
pounds occurring usually in wine, such as malic and citric acids, seem to affect hdc
expression, demonstrating that the gene is highly regulated. The histidine decar-
boxylase (HDC) enzyme from LAB strains, differently from other HDC enzymes
from Gram-negative bacteria that require pyridoxal phosphate as cofactor, uses a
covalently bound pyruvoyl moiety as a prosthetic group in the reaction (Coton et al.
1998b).

10.3.2 Tyramine Production

The ability to form tyramine is not a common feature of wine LAB. The character is
highly variable among strains belonging to the genus Lactobacillus and very likely
absent or quite rare within the species O. oeni and among strains of pediococci
(Moreno-Arribas et al. 2000; Landete et al. 2007b). Among the lactobacilli of wine
origin so far tested, this metabolic trait is held by most strains of the species
Lactobacillus brevis and by some strains of L. hilgardii, the former species showing
the highest tyramine-producing activity. Consequently, lactobacilli might be pri-
marily responsible for high concentration of tyramine in wine. However, a strain of
0. oeni, isolated from a spontaneous MLF, proved to be able to decarboxylate
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tyrosine into tyramine in a model system (Gardini et al. 2005). In the same paper,
emphasis was given to the fact that tyramine production by resting cells of the
studied O. oeni strain is markedly affected by several variables (pH, arabinose and
pyridoxal-5-phosphate concentrations, ethanol percentage and SO, level), so that it
is possible that the actual capability of O. oeni to decarboxylate tyrosine is highly
underestimated.

The tyrosine decarboxylase (TDC) enzyme from Lactobacillus brevis IOEB
9809 of wine origin proved to be a protein with two subunits of 70 kDa each,
requiring pyridoxal phosphate as cofactor and showing maximum activity at pH 5.0
(Moreno-Arribas and Lonvaud-Funel 2001). In some cases, tyramine-producing
capability has been found to be associated with a low but significant
2-phenethylamine production, as a confirmation that TDC is able to use also
phenylalanine as a substrate for its activity. However, it has been also reported
that only the best tyramine producers are able to generate both amines simulta-
neously (Moreno-Arribas et al. 2000).

10.3.3 Putrescine Production

In general, putrescine is the biogenic amine most abundantly found in wines, and
putrescine-producing capability may be considered widespread among LAB strains
of oenological interest (Moreno-Arribas et al. 2003). The ornithine decarboxylase
gene odc, firstly sequenced from Lactobacillus sp. 30a (Hackert et al. 1994), has
been later sequenced also from O. oeni (Marcobal et al. 2004). Many bacteria
contain two forms of the decarboxylating enzyme (ODC): a constitutive enzyme,
expressed when bacteria grow at neutral pH in minimal culture media, and a form
induced mainly under low pH conditions in rich media and suggested to play a role
in maintaining pH homeostasis. Among LAB, an inducible ODC, structured as a
dodecamer of about 1,000 kDa and requiring pyridoxal phosphate as cofactor, has
been described in Lactobacillus sp. 30a (Momany et al. 1995; Vitali et al. 1999).

The origin of putrescine deserves a more detailed description because high
concentrations of this diamine cannot depend only on the amount of free ornithine,
since the concentration of this amino acid in both musts and wines is usually very
low. Indeed, ornithine may also be produced from the catabolism of the amino acid
arginine, one of the major amino acids found in grape juices and mostly metabo-
lized by yeasts during alcoholic fermentation but generally still present in wines at
significant amounts before the onset of MLF. This amino acid is catabolized by
several strains of lactic acid bacteria, both lactobacilli and oenococci, via the
arginine deiminase pathway (Liu and Pilone 1998). This metabolic route consists
of three enzymes acting in series: arginine deiminase (ADI), ornithine
transcarbamylase (OTC) and carbamate kinase (CK), as drawn in Fig. 10.2. As a
result, bacterial cells catabolizing arginine excrete ornithine, ammonia and CO,,
besides small amounts of citrulline, in a molar ratio among the main products close
to 1:2:1.



10 Amino Acid Metabolisms and Production of Biogenic Amines and Ethyl Carbamate 241

H,0 NHs P Ornithine ADP  ATP
Arginine . . Citrulline\-'—"—’i Carbamyl phosphate: NH; + H,0
©) ©) ©

Fig. 10.2 Pathway of arginine breakdown by malolactic bacteria. (1) Arginine deiminase,
(2) ornithine transcarbamylase and (3) carbamate kinase

In a paper by Mangani et al. (2005), some O. oeni strains demonstrated the
capability to produce putrescine only from ornithine, but other strains were able to
produce putrescine also from arginine, proving to possess the necessary enzyme
system to degrade arginine to ornithine and then to decarboxylate this amino acid to
putrescine, with the additional formation of ammonia and useful ATP. In the same
paper, it was demonstrated that putrescine can be produced from arginine also by an
association of strains possessing a complementary enzyme system: a coculture of
one O. oeni strain, capable to metabolize arginine to ornithine but unable to
decarboxylate ornithine to putrescine and another strain capable to produce putres-
cine from ornithine but unable to degrade arginine giving rise to putrescine in the
presence of the sole arginine, as a practical consequence of an exchange of
ornithine between the two strains. Consequently, the occurrence of a metabiotic
association of this type might really contribute to the increase in concentration of
putrescine in wines.

10.3.4 Production of Other Amines

Even if histamine, tyramine and putrescine have received major attention owing to
their toxicity and abundance in wine, other amines can be produced by bacterial
amino acid decarboxylases. However, information on the actual capability of wine
LAB to produce agmatine, cadaverine and tryptamine is far too exhaustive. Most
studies deal with chemical data on the presence of these amines during winemaking
or in wines rather than with microbial populations responsible for amine formation.

Some O. oeni strains proved to be able to produce significant amounts of
cadaverine, always coupled with a putrescine-producing activity (Guerrini et al.
2002). In the same study, it was observed that almost all O. oeni strains that
produced cadaverine and putrescine were low producers of histamine and some
low producers of histamine were unable to produce cadaverine or putrescine.

With regard to agmatine production by wine LAB, it can be stated that this
polyamine could originate from decarboxylation of arginine, but the reaction has
been ascertained only in L. hilgardii strain X;B (Arena and Manca de Nadra 2001).
This unique finding suggests that the strain might possess an anomalous pathway
for catabolism of arginine, the amino acid being usually metabolized by wine LAB
via the ADI pathway. Finally, no information is available on the LAB capability to
produce tryptamine.
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10.3.5 Physiological Role of Amine Production

If BA production is of concern to winemakers and to wine consumers, amino acid
decarboxylation may play an important physiological role in microbial cells that
might take advantage of this catabolic feature. In microorganisms, both biosyn-
thetic and biodegradative amino acid decarboxylase enzymes have been described.
The biosynthetic decarboxylases are constitutive, mainly associated with microbial
growth, and it is found in considerably less quantities than that of the
biodegradative form. The biodegradative decarboxylases are inducible by various
environmental factors and are responsible for the BA accumulation in wine. The
physiological role of BA synthesis by biodegradative decarboxylases seems to be
the survival increase under acidic stress conditions thanks to the consumption of
protons and the excretion of BA and CO,. Indeed, detailed studies have demon-
strated that BA production is enhanced when growth conditions become less
favourable owing to the absence of fermentable substrates and the presence of
ethanol at low pH values. These findings have suggested that amino acid
decarboxylases might function as an additional mechanism for energy generation,
as it happens with the decarboxylation of malic acid by the action of malolactic
enzyme.

In the case of histidine decarboxylation, the energetic advantage for the strain
might be due to an electrogenic exchange between histidine and histamine, as it was
found in Lactobacillus buchneri: the amino acid enters the cell in the neutral form,
while histamine is excreted with one positive charge, generating a proton motive
force of sufficient value to drive ATP synthesis (Moolenar et al. 1993). This proton-
consuming decarboxylation also generates a transmembrane pH gradient that
enables the cells to protect themselves against the adverse effects of the acid
environment (Fig. 10.3).

In the case of tyrosine decarboxylation as well as other amino acid decarboxyl-
ations, it has been envisaged an energetic advantage through a mechanism similar
to that described above, but studies on this matter are still incomplete, and more
detailed investigations are required to establish the physiological importance of
these reactions. Nevertheless, the possible advantages of bacterial cells able to
produce putrescine deserve some comments because of a possible involvement of
arginine catabolism in putrescine production, with arginine acting as a remote
precursor of the polyamine.

Fig. 10.3 Electrogenic out in

exchange of histidine for Acid Alkaline

charged histamine, H*
produced by proton- Histidine Histidine 10
consuming decarboxylation Histamine® Histamine"x‘ co,

of histidine. (1) Histidine
decarboxylase and
(2) permease



10 Amino Acid Metabolisms and Production of Biogenic Amines and Ethyl Carbamate 243

In LAB strains able to catabolize arginine via the ADI pathway to ornithine,
ammonia and CO, (Fig. 10.2), physiological advantages are due to a carbamate
kinase-dependent phosphorylation at the substrate level, since the uptake of argi-
nine is coupled with the excretion of ornithine through an electroneutral antiport
system that is sustained by concentration gradients and does not require energy
(Driessen et al. 1987; Poolman et al. 1987). On the other hand, in LAB strains able
to decarboxylate ornithine to form putrescine, physiological advantages, as above
reported, are due to an electrogenic substrate/product exchange. In addition, both
metabolic routes cause an increase in cytoplasmic pH, protecting cells against acid
damages. In LAB strains able to catabolize arginine via the ADI pathway and to
decarboxylate ornithine to putrescine, as demonstrated for some O. oeni strains
(Mangani et al. 2005), energetic advantages could take place only if ornithine
produced by the ADI pathway is at first excreted, in order to satisfy the
electroneutral exchange with arginine, and then reutilized, in order to sustain the
electrogenic exchange with putrescine. However, experimental evidence of such
mechanism is lacking, and it is to be proven that strains capable to catabolize
arginine to putrescine take advantages over strains possessing either metabolic
route.

10.4 Biogenic Amine Accumulation During Wine
Fermentations

BA quantification in wine is still problematic due to their low concentration, the
lack of chromophores of most biogenic amines, the complexity of the sample
matrix and the presence of potentially interfering substances. Nowadays, HPLC is
by far the most frequently used technique, due to its high resolution and sensitivity,
especially when coupled with a fluorescence detector. As BA do not show satis-
factory absorption in the visible and ultraviolet range nor do they show fluores-
cence, pre- or post-column chemical derivatization is considered a necessary
analytical step for this detection technology. Currently, the International Organi-
zation of Vine and Wine (OIV) proposes two methods to determine BA in musts
and wines by HPLC using fluorimetric (OIV-MA-AS315-18) and spectrophoto-
metric detection methods (OIV-MA-AS315-26). Moreover, analytical methods for
BA determination in fermented beverages including wines have been recently
reviewed (Ordonez et al. 2016).

Concerning the origin of BA in wines, a wide experimental evidence indicates
MLF as the winemaking phase responsible for most BA production and accumu-
lation in wines, at least for the most frequently found amines, namely, histamine,
tyramine and putrescine (Soufleros et al. 1998; Moreno-Arribas et al. 2003;
Lonvaud-Funel 2001; Guerrini et al. 2002; Marcobal et al. 2006; Lucas et al.
2008a).
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However, in these studies, microbiological data have been only rarely included,
so that it is difficult to ascertain possible relationships between the changes that
occur in individual amine concentrations and those occurring in microbial
populations during the winemaking process. Moreover, it has been suggested that
amino acid decarboxylation may take place for a long time period independently of
cell viability (Moreno-Arribas and Lonvaud-Funel 1999). Consequently, as stated
by some researchers, no general rule for the time course of BA accumulation during
winemaking is available yet. Nevertheless, by taking into consideration all the
papers dealing with this matter as well as personal observations, some aspects
appear elucidated.

During alcoholic fermentation, carried out by either indigenous or selected yeast
strains, no remarkable increase in the BA concentration usually occurs, the levels of
individual amines remaining at the values occurring in fresh grape must. With the
onset of malolactic fermentation (MLF), after the development of the bacterial
population to more than 10° CFU mL ™', BA concentration begins to increase. The
extent to which individual amines increase during MLF is unpredictable, each
amount depending on both availability of precursor amino acid and catabolic
properties of the participating bacterial strains. However, the BA-producing rate
usually shows a remarkable increase towards the final phases of MLF, as a
confirmation that BA production is enhanced as the growth conditions become
less favourable owing to the progressive consumption of an important energy
source such as malic acid. As soon as malic acid is exhausted, BA production
process enters a delicate phase, determined by two main factors: (1) malolactic
population might be still highly active and at high cell densities, and (2) catabolic
activities of LAB population on some precursor amino acids might be delayed in
comparison to MLF, as it has been demonstrated in the case of arginine breakdown
by oenococci (Mangani et al. 2005). After completion of MLF, wines are generally
sulfited in order to avoid growth or survival of undesirable bacteria, but it is known
that, at usual concentrations, SO, does not immediately stop all the biochemical
activities of the bacterial population that, otherwise, could survive for a long time
after sulfitation, even if at a reduced cell density. The survival of the malolactic
population and the availability of precursor amino acids might account for the
increase in BA concentration often observed after completion of MLF or during
wine ageing.

Other investigations, carried out to correlate the amount of BA in wines with
factors suspected to play a significant role in affecting the level of BA accumula-
tion, such as grape variety and degree of grape maturation, kind of soil and N
fertilizer, content of BA precursors, addition of nutrients, pH, ethanol concentra-
tion, levels of sulphur dioxide, addition of lysozyme and oenological tannins,
different maceration practices, duration of wine contact with yeast lees, type of
vessel in which MLF takes place and other post-fermentative treatments (Bauza
et al. 1995; Soufleros et al. 1998; Leitao et al. 2005; Herbert et al. 2005; Landete
et al. 2005b; Pramateftaki et al. 2006; Alcaide-Hidalgo et al. 2007; Hernandez-Orte
et al. 2008; Cejudo-Bastante et al. 2010; Polo et al. 2011; Lopez et al. 2012;
Martinez-Pinilla et al. 2013; Smit et al. 2013), appear still too fragmentary, and
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sometimes contradictory, to be used to draw a general picture. Nevertheless,
general strategies to reduce the BA content in wine have been recently addressed
as reported below.

10.5 Strategies to Minimize or Reduce BA in Wine

Based on the knowledge concerning the origin and factors involved in BA forma-
tion in wines, OIV published in 2011 a code of good vitivinicultural practices in
order to minimize the presence of BA in vine-based products. In particular, the
RESOLUTION OIV-CST 369-2011 reports the good practices that should be
carried out in vineyard, during the grape harvest, and in cellar. A brief description
of these good vitivinicultural practices is reported below.

Interventions in vineyard should consider all the recommendations contained in
the OIV guide for sustainable vitiviniculture, with particular reference to issues
involving fertilization, the ventilation of foliage and grape bunches and the phyto-
chemical protection of the grape (Resolution CST 1/2008). All the preventive
measures, designed to limit the formation of BA or their precursors in the agro-
nomic phases, or the techniques favouring both conservation of the acidity of
grapes and prevention of pH increase of the must should be applied in the vineyard.
Similarly, viticultural practices (or the lack thereof) deteriorating the sanitary
quality of grapes and/or increasing the nitrogen content of the must should be
avoided.

Interventions recommended during the grape harvest include the elimination of
bunches or parts of bunches that are damaged by fungi and the reduction to a
minimum the delays in transport and maceration of the grape before its arrival at the
cellar.

Finally, interventions recommended in cellar and concerning pre-fermentative,
fermentation, and post-fermentative operations are listed in Table 10.3.

Another strategy to minimize or even reduce the content of BA in wine could be
the selection of wine microorganisms able to degrade these components.
In fact, considering that amino oxidases are responsible for the detoxification of
dietary BA and enzymes with amino oxidases activity have been found in bacteria,
recent studies focused on the screening of such activity in LAB isolated from wine
(Garcia-Ruiz et al. 2011; Alvarez et al. 2014). In particular, a recent study demon-
strated the existence of strains belonging to different species (one Lactobacillus
casei, one Lactobacillus hilgardii, one Pediococcus parvulus, one QOenococcus
oeni, two Lactobacillus plantarum and three Pediococcus pentosaceus) able
to degrade histamine, tyramine and putrescine in culture media and in wine
(Garcia-Ruiz et al. 2011). Although the BA-degrading ability of the selected LAB
strains seemed to be suitable at wine pH, wine components such as ethanol and
polyphenols or wine additives such as SO, might limit this capability. Moreover,
during MLF, the BA-degrading ability was confirmed only for one L. casei strain.
In another work, two strains of L. plantarum, isolated from wine and able to
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Table 10.3 Interventions in cellar concerning pre-fermentative operations and treatments, fer-
mentation operations and maturing and clarification operations as reported in RESOLUTION

OIV-CST 369-2011

Pre-fermentative operations

Fermentation operations

Post-fermentative operations

— To ensure suitable hygiene
practices are applied in the
cellar

—In case of spoiled berries, the
maceration period must be
minimized

— In case of maceration, keep
in mind that the maceration
period is one of the important
factors in the production of
biogenic amines (enrichment
in BA precursor amino acids,
increase of the pH, activity of
indigenous yeast and bacteria)
— In must with a high pH
(3.6-3.7), which favours the
diversity and development of
the bacteria population, it is
recommended to lower the pH
using suitable techniques

(in accordance with the Inter-
national Code of Oenological
Practices of the OIV) and to
avoid triggering spontaneous
MLF before alcoholic fer-
mentation (adding SO,, lyso-
zyme, etc.)

— The addition of ammoniacal
nitrogen, inactivated yeasts,
yeast cell walls or yeast
autolysates should be
restricted to minimal concen-
trations

— Alcoholic fermentation
should be carried out using
Saccharomyces with a low
predisposition for the forma-
tion of BA

— MLF should be carried out
by inoculation of LAB after
alcoholic fermentation or by
co-inoculation of LAB during
alcoholic fermentation

— During MLF it is
recommended to inoculate the
wine with LAB which have no
or little decarboxylase activity
and are able to prevent the
proliferation of undesirable
indigenous bacteria which
could increase the levels of
BA

— After MLF, it is
recommended to eliminate the
microorganisms by adding
SO, or by treatments
described in the International
Code of Oenological Practices
— The preventive amounts of
SO, must be increased even
more if the wine has a high pH
and is intended for maturing

« It is recommended to carry
out microbiological analysis
to determine the population
of LAB with decarboxylase
activity

« Clarification can be
performed in order to

— Decrease the viable and
viable but not cultivatable
bacteria population, which
uses amino acids in wine
when the natural substrates
such as sugar and malic acid
have been consumed

— Eliminate any protein com-
pounds which have been
transferred to the wine and
which can act as substrates
for the bacteria

« Current clarification prod-
ucts have varying levels of
effectiveness in reducing the
contents of BA (es. bentonite)
* When LAB-producing BA
are present, the technique of
maturing on lees is not
recommended, since it can
increase the content in BA
precursor amino acids

degrade tyramine and putrescine, survived in a wine-like medium and, at the same
time, degraded malic acid (Capozzi et al. 2012). Therefore, the use of LAB capable
of degrading BA in wine seems to be a promising alternative. However, more
studies are needed in order to prove their technological relevance during
winemaking under real conditions (Alvarez et al. 2014).

Finally, a recent study investigated the possibility to absorb BA (histamine,
putrescine, cadaverine and tyrosine) using a sodium form of the commercial
zirconium phosphate (Na-ZrP) (Amghouz et al. 2014). In details, Na-ZrP was tested
as an adsorbent for elimination of biogenic amines (histamine, putrescine, cadav-
erine and tyramine) from synthetic wine. The results showed that histamine is the
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fastest adsorbed (individually and competitively), followed by cadaverine, putres-
cine and tyramine. Histamine and putrescine are the amines absorbed in higher
amounts. In any case, further studies should be carried out to assess the possibility
of using this tool with BA-containing wines.

10.6 Ethyl Carbamate Formation in Wine

Besides BA, another health concern in wine is the presence of ethyl carbamate
(EC), also referred to as urethane. This compound has attracted the attention of
many researchers because of its animal carcinogen potential and its possible origin
from precursors produced by microbial catabolism of amino acids. Indeed, EC
could originate in wine as a consequence of a spontaneous, non-enzymatic reaction
between ethanol and a compound containing a carbamyl group, such as urea
(produced from arginine breakdown by yeasts), citrulline and carbamyl phosphate
(produced from arginine breakdown by LAB) (Jiao et al. 2014). This acid-catalysed
alcoholysis of carbamyl compounds has been shown to be directly dependent on
both concentration of reactants and temperature (Ough et al. 1988), the reaction
occurring readily in the case of carbamyl phosphate and slowly in the cases of urea
and citrulline at the normal wine storage temperatures. Consequently, EC levels are
usually low or non-detectable in young wines and variable to different extent in
aged or stored wines, depending on cellar or storage temperature. With reference to
the reactants, urea is considered the major precursor for EC in wine (Ough et al.
1988; Jiao et al. 2014), and it is well known that it can be released by wine yeasts as
metabolic intermediate from arginine breakdown. However, urea excretion by yeast
cells is affected by a variety of environmental factors, including nitrogen availabil-
ity, and is variable from strain to strain (Ough et al. 1991). In S. cerevisiae, the
enzyme arginase, encoded by the gene CARI1, degrades arginine into ornithine and
urea, which is further degraded into CO, and NH," by the bifunctional enzyme urea
amidolyase, encoded by the DURI1,2 gene (Genbauffe and Cooper 1986). The
expression of these two genes follows distinctive regulatory mechanisms, even if
both genes are subject to nitrogen catabolite repression, a regulatory mechanism
that causes the repression of genes encoding enzymes which degrade poor
N-sources in the presence of good N-source. Since both arginine and urea are
considered as secondary nitrogen sources, urea excretion should be the conse-
quence of a lack or lower level of DURI1,2 expression in comparison to the
expression of the CAR1 gene (Coulon et al. 2006). In any case, urea excretion is
favoured by conditions of high availability of promptly assimilable nitrogen
sources and mainly occurs during the first stages of wine fermentation.

As for the other reactants of microbial origin, citrulline has been suggested as the
main EC precursor produced by LAB in wine (Azevedo et al. 2002; Jiao et al.
2014). Citrulline is an intermediate product of arginine breakdown by LAB through
the ADI pathway and can be excreted by the bacterial cells to variable extent,
depending on the strain (Granchi et al. 1998; Mira de Ordu et al. 2000). Carbamyl
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phosphate, the other intermediate of arginine catabolism, is usually excreted to a
much lower extent than citrulline and, although it is highly reactive to ethanolysis,
does not seem to play a significant role in EC formation in wine.

10.7 Conclusions

The increasing attention given in recent years to BA and EC in wines seems not
only due to a general demand for healthier foods and beverages but also dependent
on the alcoholic nature of wine. Indeed, ethanol, besides being a reactant in EC
formation, is known to be among the most active inhibitors of amine oxidases, so
that wine consumers might really suffer the toxic effects of BA presence, even at
low concentration.

The risks associated with the ingestion of BA-containing wines led some
European countries to recommend maximum tolerable limits for histamine in
wine: Germany, 2 mg L' Holland, 3 mg L~!; Finland and Belgium, 5 mg L%
France, 8 mg L~ !, and Switzerland and Austria, 10 mg Lt (Busto et al. 1996;
Lehtonen 1996). On the other hand, the perceived risk for EC led Canadian
government to impose legal limit for this compound in imported wines (30 and
100 pg L™ " in table and fortified wines, respectively), and later, in 1988, the Food
and Drug Administration in the USA brought to rule more stringent limits (15 and
60 pg L', respectively, starting from the 1989 harvest).

In order to overcome any potential risk, different strategies have been tested or
envisaged in the last 10 years, such as (1) to discourage spontaneous processes in
favour of fermentations induced by selected yeast or malolactic strains with known
biochemical properties; (2) to manage grape must pH, so that growth of
BA-producing lactobacilli and pediococci is hampered; (3) to eliminate bacterial
populations by means of lysozyme treatment suddenly after MLF completion, so
that BA production is broken down; and (4) to add preparations of acidic urease of
bacterial origin as well as to make use of metabolically engineered urea-degrading
yeast strains in alcoholic fermentation of grape musts so that the presence of a
major reactant in EC formation is eliminated.

However, in spite of these efforts, the challenge of BA and EC exclusions from
wines is still to be won.

References

Agudelo-Romero P, Bortolloti C, Salomé Pais M, Fernandez Tiburcio A, Fortes AM (2013) Study
of polyamines during grape ripening indicate an important role of polyamine catabolism. Plant
Physiol Biochem 67:105-119

Alcaide-Hidalgo JM, Moreno-Arribas MV, Martin-Alvarez PJ , Polo MC (2007) Influence of
malolactic fermentation, postfermentative treatments and ageing with lees on nitrogen com-
pounds of red wines. Food Chem 103:572-581



10 Amino Acid Metabolisms and Production of Biogenic Amines and Ethyl Carbamate 249

Alvarez MA, Moreno-Arribas MV (2014) The problem of biogenic amines in fermented foods and
the use of potential biogenic amine-degrading microorganisms as a solution. Trends Food Sci
Technol 39:146-155

Amghouz Z, Ancin-Azpilicueta C, Burusco KK, Garcia JR, Khainakov SA, Luquin A, Nieto R,
Garrido JJ (2014) Biogenic amines in wine: individual and competitive adsorption on a
modified zirconium phosphate. Microporous Mesoporous Mater 197:130-139

Anli RE, Vural N, Ylamz S, Vural YH (2004) The determination of biogenic amines in Turkish red
wines. J Food Compos Anal 17:53-62

Arena ME, Manca de Nadra MC (2001) Biogenic amine production by Lactobacillus. J Appl
Microbiol 90:158-162

Arrieta MP, Prats-Moya MS (2012) Free amino acids and biogenic amines in Alicante Monastrell
wines. Food Chem 135:1511-1519

Azevedo Z, Couto JA, Hogg T (2002) Citrulline as the main precursor of ethyl carbamate in model
fortified wines inoculated with Lactobacillus hilgardii: a marker of the levels in a spoiled
fortified wine. Lett Appl Microbiol 34:32-36

Bach B, Le Quere S, Vuchot P, Grinbaum M, Barnavon L (2012) Validation of a method for the
analysis of biogenic amines: histamine instability during wine sample storage. Anal Chim Acta
732:114-119

Bauza T, Blaise A, Daumas F, Cabanis JC (1995) Determination of biogenic amines and their
precursor amino acids in wines of the Vallée du Rhone by high-performance liquid chroma-
tography with precolumn derivatisation and fluorimetric detection. J Chromatogr A
707:373-379

Busto O, Guasch J, Borrull F (1996) Biogenic amines in wine: a review of analytical methods. J Int
Sci Vigne Vin 30:85-101

Capozzi V, Ladero V, Beneduce L, Fernandez M, Alvarez MA, Benoit B, Laurent B, Grieco F,
Spano G (2011) Isolation and characterization of tyramine-producing Enterococcus faecium
strains from red wine. Food Microbiol 28:434-439

Capozzi V, Russo P, Ladero V, Fernandez M, Fiocco D, Alvarez MA, Grieco F, Spano G (2012)
Biogenic amines degradation by Lactobacillus plantarum: toward a potential application in
wine. Front Microbiol 3:1-6

Caruso M, Fiore C, Contursi M, Salzano G, Paparella A, Romano P (2002) Formation of biogenic
amines as criteria for selection of wine yeasts. World J Microbiol Biotechnol 18:159-163

Cejudo-Bastante MJ, Sonni F, Chinnici F, Versari A, Perez-Coello MS, Riponi C (2010) Fermen-
tation of sulphite-free white musts with added lysozyme and oenological tannins: nitrogen
consumption and biogenic amines composition of final wines. LWT-Food Sci Technol
43:1501-1507

Costantini A, Cersosimo M, del Prete V, Garcia-Moruno E (2006) Production of biogenic amine
by lactic acid bacteria, screening by PCR, thin layer chromatography, and high-performance
liquid chromatography of strains isolated from wine and must. J Food Prot 69:391-396

Costantini A, Vaudano E, del Prete V, Danei M, Garcia-Moruno E (2009) Biogenic amine
production by contaminating bacteria found in starter preparations used in winemaking. J
Agric Food Chem 57:10664-10669

Coton E, Coton M (2005) Multiplex PCR for colony direct detection of gram-positive histamine-
and tyramine-producing bacteria. J] Microbiol Methods 63:296-304

Coton E, Rollan G, Bertrand A, Lonvaud-Funel A (1998a) Histamine-producing lactic acid
bacteria in wines: early detection, frequency and distribution. Am J Enol Vitic 49:199-204

Coton E, Rollan G, Lonvaud-Funel A (1998b) Histidine carboxylase of Leuconostoc oenos 9204:
purification, kinetic properties, cloning and nucleotide sequence of the hdc gene. J Appl
Microbiol 84:143-151

Coton M, Coton E, Lucas P and Lonvaud A (2004) Identification of the gene encoding a putative
tyrosine decarboxylase of Carnobacterium divergens 508. Development of molecular tools for
the detection of tyramine producing bacteria. Food Microbiol 21: 125-130.



250 M. Vincenzini et al.

Coton M, Romano A, Spano G, Ziegler K, Vetrana C, Desmarais C, Lonvaud-Funel A, Lucas P,
Coton E (2010) Occurrence of biogenic amine-forming lactic acid bacteria in wine and cider.
Food Microbiol 27:1078-1085

Coulon J, Husnik JI, Inglis DL, van der Merwe GK, Lonvaud A, Erasmus DJ, van Vuuren HJJ
(2006) Metabolic engineering of Saccharomyces cerevisiae to minimize the production of
ethyl carbamate in wine. Am J Enol Vitic 57:113-124

Del Campo G, Lavado I, Duenas M, Irastorza A (2000) Histamine production by some lactic acid
bacteria isolated from ciders. Food Sci Technol Int 6:117-121

Driessen AJM, Poolman B, Kiewiet R, Konings WN (1987) Arginine transport in Streptococcus
lactis is catalyzed by a cationic exchanger. Proc Natl Acad Sci USA 84:6093-6097

European Food Safety Authority (EFSA) (2011) Scientific opinion on risk based control of
biogenic amine formation in fermented foods. EFSA J 9:1-93

Garai G, Duenas MT, Irastorza A, Moreno-Arribas MV (2007) Biogenic amine production by
lactic acid bacteria isolated from cider. Lett Appl Microbiol 45:473-478

Garcia-Moruno E, Munoz R (2012) Does Oenococcus oeni produce histamine? Int J Food
Microbiol 157:121-129

Garcia-Ruiz A, Gonzélez-Rompinelli EM, Bartolomé B, Moreno-Arribas MV (2011) Potential of
wine-associated lactic acid bacteria to degrade biogenic amines. Int J Food Microbiol
148:115-120

Gardini F, Zaccarelli A, Belletti N, Faustini F, Cavazza A, Martuscelli M, Mastrocola D, Suzzi G
(2005) Factors influencing biogenic amine production by a strain of Oenococcus oeni in a
model system. Food Control 16:609-616

Genbauffe FS, Cooper TG (1986) Induction and repression of the urea amidolyase gene in
Saccharomyces cerevisiae. Mol Cell Biol 6:3954-3964

Gloria MBA, Watson BT, Simon-Sarkadi L, Daeschel MA (1998) A survey of biogenic amines in
Oregon Pinot noir and Cabernet Sauvignon wines. Am J Enol Vitic 49:279-282

Granchi L, Paperi R, Rosellini D, Vincenzini M (1998) Strain variation of arginine catabolism
among malolactic Oenococcus oeni strains of wine origin. Ital J Food Sci 4:351-357

Granchi L, Talini D, Rigacci S, Guerrini S, Berti A, Vicenzini M (2006) Detection of putrescine-
producer Oenococcus oeni strains by PCR. In: 8th Symposium on lactic acid bacteria, The
Netherlands

Guerrini S, Mangani S, Granchi L, Vincenzini M (2002) Biogenic amine production by
Oenococcus oeni. Curr Microbiol 44:374-378

Hackert ML, Carroll DW, Davidson L, Kim S-O, Momany C, Vaaler GL, Zhang L (1994)
Sequence of ornithine-decarboxylase from Lactobacillus sp. strain 30a. J Bacteriol
176:7391-7394

Halasz A, Barath A, Simon-Sarkadi L, Holzapfel W (1994) Biogenic amines and their production
by microrganisms in food. Trends Food Sci Technol 5:42-49

Henriquez-Aedo K, Duran D, Garcia A, Hengst M, Aranda M (2016) Identification of biogenic
amine-producing lactic acid bacteria isolated from spontaneous malolactic fermentation of
Chilean wines. LWT-Food Sci Technol 68:183—-189

Herbert P, Cabrita MJ, Ratola N, Laureano O, Alves A (2005) Free amino acid and biogenic
amines in wines and musts from the Alentejo region. Evolution of amines during alcoholic
fermentation and relationship with variety, sib-region and vintage. J Food Eng 66:315-322

Hernandez-Orte P, Lapena AC, Pena-Gallego A, Astrain J, Baron C, Pardo I, Polo L, Ferrer S,
Cacho J, Ferreira V (2008) Biogenic amine determination in wine fermented in oak barrels:
factors affecting formation. Food Res Int 41:697-706

Jiao Z, Dong Y, Chen Q (2014) Ethyl carbamate in fermented beverages: presence, analytical
chemistry, formation mechanism, and mitigation proposals. Compr Rev Food Sci Food Saf
13:611-626

Kemsawasd V, Viana T, Ardo Y, Arneborg N (2015) Influence of nitrogen sources on growth and
fermentation performance of different wine yeast species during alcoholic fermentation. Appl
Microbiol Biotechnol 99:10191-10207



10 Amino Acid Metabolisms and Production of Biogenic Amines and Ethyl Carbamate 251

Ladero V, Fernandez M, Calles-Enriquez M, Sanchez-Llana E, Canedo E, Martin MC, Alvarez
MA (2012) Is the production of the biogenic amines tyramine and putrescine a species-level
trait in enterococci? Food Microbiol 30:132-138

Landete JM, Ferrer S, Pardo I (2005a) Which lactic acid bacteria are responsible for histamine
production in wine? J Appl Microbiol 99:580-586

Landete JM, Ferrer S, Polo L, Pardo I (2005b) Biogenic amines in wines from three Spanish
regions. J Agric Food Chem 53:1119-1124

Landete JM, Pardo I, Ferrer S (2006) Histamine, histidine, and growth-phase mediated regulation
of the histidine decarboxylase gene in lactic acid bacteria isolated from wine. FEMS Microbiol
Lett 260:84-90

Landete JM, Ferrer S, Pardo I (2007a) Biogenic amine production by lactic acid bacteria acetic
bacteria and yeast isolated from wine. Food Control 18:1569-1574

Landete JM, Pardo I, Ferrer S (2007b) Tyramine and Phenylethylamine production among lactic
acid bacteria isolated from wine. Int J Food Microbiol 115:364-368

Landete JM, de las Rivas B, Marcobal A, Mu oz R (2007c) Molecular methods for the detection of
biogenic amine-producing bacteria on foods. Int J Food Microbiol 117:258-269

Le Jeune C, Lonvaud-Funel A, ten Brink B, Hofstra H, Van der Vossen JMBM (1995) Develop-
ment of a detection system for histamine decarboxylating lactic acid bacteria based on DNA
probes, PCR and activity test. J Appl Bacteriol 78:316-326

Lehtonen P (1996) Determination of amines and amino acids in wine — a review. Am J Enol Vitic
47:127-133

Leitao MC, Marques AP, San Romao MV (2005) A survey of biogenic amines in commercial
Portuguese wines. Food Control 16:199-204

Liu S-Q, Pilone (1998) A review: arginine metabolism in wine lactic acid bacteria and its practical
significance. J Appl Microbiol 84:315-327

Lonvaud-Funel A (2001) Biogenic amines in wines: role of lactic acid bacteria. FEMS Microbiol
Rev 199:9-13

Lonvaud-Funel A, Joyeux A (1994) Histamine production by wine lactic acid bacteria: isolation of
a histamine-producing strain of Leuconostoc oenos. J Appl Bacteriol 77:401-407

Lopez I, Santamaria P, Tenorio C, Garito P, Gutiérrez AR, Lopez R (2009) Evaluation of
lysozyme to control vinification process and histamine production in Rioja wines. J Microbiol
Biotechnol 19:1005-1012

Lopez R, Tenorio C, Gutiérrez AR, Garde-Cerdan T, Garijo P, Gonzélez-Arenzana L, Lopez-
Alfaro I, Santamaria P (2012) Elaboration of Tempranillo wines at two different pHs. Influence
on biogenic amine contents. Food Control 25:583-590

Lucas PM, Wolken WAM, Claisse O, Lolkema JS, Lonvaud-Funel A (2005) Histamine-producing
pathway encoded on a unstable plasmid in 0006. Appl Environ Microbiol 71:1417-1424

Lucas PM, Blancato VS, Claisse O, Magni C, Lolkema JS, Lonvaud-Funel A (2007) Agmatine
deiminase pathway genes in Lactobacillus brevis are linked to the tyrosine decarboxylation
operon in a putative acid resistance locus. Microbiology 153:2221-2230

Lucas PM, Claisse O, Lonvaud-Funel A (2008a) High Frequency of histamine-producing bacteria
in the enological environment and instability of the histidine decarboxylase production phe-
notype. Appl Environ Microbiol 74:811-817

Lucas PM, Coton M, Claisse O, Lonvaud-Funel A, Coton E (2008b) Evidence for horizontal
transfer of the histamine-producing pathway genes in lactic acid bacteria. Unpublished.
Accesions DQ132887, DQ132888, DQ132889, DQ132890, and DQ132891

Manetta AC, Di Giuseppe L, Tofalo R, Martuscelli G, Schirone M, Giammarco M, Suzzi G (2016)
Evaluation of biogenic amines in wine: determination by an improved HPLC-PDA method.
Food Control 62:351-356

Mangani S, Guerrini S, Granchi L, Vincenzini M (2005) Putrescine accumulation in wine: role of
Oenococcus oeni. Curr Microbiol 51:6-10

Mangani S, Galli C, Guerrini S, Granchi L, Vincenzini M (2006) Sviluppo delle popolazioni
microbiche ed accumulo di ammine biogene in vinificazione. Vignevini 6:79-83



252 M. Vincenzini et al.

Marcobal A, de las Rivas B, Moreno-Arribas MV, Mu oz R (2004) Identification of the ornithine
decarboxylase gene in the putrescine-producer Oenococcus oeni BIFI-83. FEMS Microbiol
Lett 239:213-220

Marcobal A, de las Rivas B, Moreno-Arribas MV, Munoz R (2005) Multiplex-PCR method for the
simultaneous detection of lactic acid bacteria producing histamine, tyramine and putrescine,
three major biogenic amines. J Food Prot 68:874-878

Marcobal A, Martin-Alvarez PJ , Polo MC, Mu oz R, Moreno-Arribas MV (2006) Formation of
biogenic amines throughout the industrial manufacture of red wine. J Food Prot 69:397-404

Martinez-Pinilla O, Guadalupe Z, Hernandez Z, Ayestaran B (2013) Amino acids and biogenic
amines in red varietal wines: the role of grape variety, malolactic fermentation and vintage. Eur
Food Res Technol 237:887-895

Medina K, Boido E, Farina L, Gioia O, Gomez ME, Barquet M, Gaggero C, Dellacassa E, Carrau F
(2013) Increased flavour diversity of Chardonnay wines by spontaneous fermentation and
co-fermentation with Hanseniaspora vineae. Food Chem 141:2513-2521

Meléndez ME, Sarabia LA, Ortiz MC (2016) Distribution free methods to model the content of
biogenic amines in Spanish wines. Chemometr Intell Lab 155:191-199

Mira de Ordu AR, Liu S-Q, Patchett ML, Pilone GJ (2000) Ethyl carbamate precursor citrulline
formation from arginine degradation by malolactic wine lactic acid bacteria. FEMS Microbiol
Lett 183:31-35

Momany C, Ghosh R, Hackert ML (1995) Structural motifs for pyridoxal-5 -phosphate binding in
decarboxylases: an analysis based on the crystal structure of the Lactobacillus 30a ornithine
decarboxylase. Prot Sci 4:849-854

Moolenar D, Bosscher JS, ten Brink B, Driessen AJM, Konings WN (1993) Generation of a proton
motive force by histidine decarboxylation and electrogenic histidine/histamine antiport in
Lactobacillus buchneri. J Bacteriol 175:2864-2870

Moreno-Arribas MV, Lonvaud-Funel A (1999) Tyrosine decarboxylase activity of Lactobacillus
brevis IOEB 9809 isolated from wine and L. brevis ATCC 367. FEMS Microbiol Lett
180:55-60

Moreno-Arribas MV, Lonvaud-Funel A (2001) Purification and characterization of tyrosine
decarboxylase of Lactobacillus brevis IOEB 9809 isolated from wine. FEMS Microbiol Lett
195:103-107

Moreno-Arribas MV, Torlois S, Joyeux A, Bertrand A, Lovaud-Funel A (2000) Isolation, prop-
erties and behaviour of tyramine-producing lactic acid bacteria from wine. J Appl Microbiol
88:584-593

Moreno-Arribas MV, Polo MC, Jorganes F, Munoz R (2003) Screening of biogenic amine
production by lactic acid bacteria isolated from grape must and wine. Int J Food Microbiol
84:117-123

Ordénez JL, Troncoso AM, Del Carmen Garcia-Parrilla M, Callejon RM (2016) Recent trends in
the determination of biogenic amines in fermented beverages — a review. Anal Chim Acta
939:10-25

Ough CS, Crowell EA, Gutlove LBR (1988) Carbamyl compound reactions with ethanol. Am J
Enol Vitic 39:239-242

Ough CS, Huang Z, An D, Stevens D (1991) Amino acid uptake by four commercial yeasts at two
different temperatures of growth and fermentation: effects on urea excretion and readsorption.
Am J Enol Vitic 41:26-40

Polo L, Ferrer S, Pena-Gallego A, Hernandez-Orte P, Pardo I (2011) Biogenic amine synthesis in
high quality Tempranillo wines. Relationship with lactic acid bacteria and vinification condi-
tions. Ann Microbiol 61:191-198

Poolman B, Driessen AJM, Konings (1987) Regulation of the arginine-ornithine exchange and the
arginine deiminase pathway in Streptococcus lactis. J Bacteriol 169:5597-5604

Pramateftaki PV, Metafa M, Kallithraka S, Lanaridis P (2006) Evolution of malolactic bacteria
and biogenic amines during spontaneous malolactic fermentations in a Greek winery. Lett
Appl Microbiol 43:155-160



10 Amino Acid Metabolisms and Production of Biogenic Amines and Ethyl Carbamate 253

Preti R, Antonelli ML, Bernacchia R, Vinci G (2015) Fast determination of biogenic amines in
beverages by a core-shell particle column. Food Chem 187:555-562

Preti R, Vieri S, Vinci G (2016) Biogenic amine profiles and antioxidant properties of Italian red
wines from different price categories. J] Food Compos Anal 46:7-14

Proestos C, Loukatos P, Komaitis M (2008) Determination of biogenic amines in wines by HPLC
with precolumn dansylation and fluorimetric detection. Food Chem 106:1218-1224

Remize F, Gaudin A, Kong Y, Guzzo J, Alexandre H, Krieger S, Guilloux-Benatier M (2006)
Oenococcus oeni preference for peptides: qualitative and quantitative analysis of nitrogen
assimilation. Arch Microbiol 185:459-469

Romero R, Sanchez-Vi as M, Gazquez D, Bagur MG (2002) Characterization of selected Spanish
table wine samples according to their biogenic amine content from liquid chromatographic
determination. J Agric Food Chem 50:4713-4717

Rosi I, Nannelli F, Giovani G (2009) Biogenic amine production by Oenococcus oeni during
malolactic fermentation of wines obtained using different strains of Saccharomyces cerevisiae.
LWT Food Sci Technol 42:525-530

Sciancalepore AG, Mele E, Arcadio V, Reddavide F, Grieco F, Spano G, Lucas P, Mita G,
Pisignano D (2013) Microdroplet-based multiplex PCR on chip to detect foodborne bacteria
producing biogenic amines. Food Microbiol 35:10-14

Silla Santos MH (1996) Biogenic amines: their importance in foods. Int J Food Microbiol
29:213-231

Smit AY, du Toit WJ, Stander M, du Toit M (2013) Evaluating the influence of maceration
practices on biogenic amine formation in wine. LWT-Food Sci Technol 53:297-307

Soufleros EH, Barrios M, Bertrand A (1998) Correlation between the content of biogenic amines
and other wine compounds. Am J Enol Vitic 49:266-278

Soufleros EH, Bouloumpasi E, Zotou A, Loukou Z (2007) Determination of biogenic amines in
Greek wines by HPLC and ultraviolet detection after dansylation and examination of factors
affecting their presence and concentration. Food Chem 101:704-716

ten Brink B, Damnik C, Joosten HMLIJ, JHJ H i’t V (1990) Occurrence and formation of
biologically active amines in foods. Int J Food Microbiol 11:73-84

Torrea D, Ancin C (2001) Influence of yeast strain on biogenic amines content in wines:
relationship with the utilization of amino acids during fermentation. Am J Enol Vitic
52:185-190

Tuberoso CIG, Congiu F, Serreli G, Mameli S (2015) Determination of dansylated amino acids
and biogenic amines in Cannonau and Vermentino wines by HPLC-FLD. Food Chem
175:29-35

Vitali J, Carroll D, Chaudhry G, Hackert (1999) Three-dimensional structure of the Gly121Tyr
dimeric form of ornithine decarboxylase from Lactobacillus 30a. Acta Crystallogr
D55:1978-1985



Chapter 11
Usage and Formation of Sulphur Compounds

Doris Rauhut

11.1 Introduction

Sulphur is important for the growth of all microorganisms due to the formation of
sulphur-containing amino acids. Among the wine-related microorganisms, exten-
sive data has been accumulated for yeast of the species Saccharomyces cerevisiae.
In recent years, also more and more research work is focused on the sulphur
metabolism of non-Saccharomyces yeasts and lactic acid bacteria.

The goal of this review has been to assemble the literature concerning the usage
and biosynthesis of sulphur amino acids and glutathione as well as on the formation
of the high flavour-active volatile sulphur compounds during alcoholic and malo-
lactic fermentation.

11.2 Sulphur Metabolism of Yeast

11.2.1 Sulphur Amino Acid Biosynthesis

Yeast has the ability to use various sulphur compounds in contrast to many other
microorganisms due to the sulphur pathway in yeast, which allows it to use various
organic and inorganic sulphur compounds as sole sulphur source.

The element sulphur can occur in a variety of stable compounds in which it can
range from —2 in its most reduced form (sulphide) to +6 in its most oxidised form
(sulphate). For all microorganisms, the biosynthesis of sulphur amino acids requires
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Fig. 11.1 Metabolism of sulphur amino acids in Saccharomyces cerevisiae [according to De
Robichon-Szulmajster and Surdin-Kerjan (1971), Jones and Fink (1982), Henschke and Jiranek
(1993), Rauhut (1993), Thomas and Surdin-Kerjan (2003), Wang et al. (2003), Linderholm et al.
(2008)]

the ability to accumulate sulphur atoms from the growth medium and then the
transformation of the transported intermediate compounds into the reduced form of
the sulphur atom (S*7). Basic research work to investigate sulphur metabolism in
Saccharomyces cerevisiae was done by the research group of Surdin-Kerjan, which
characterised more than 15 genes encoding enzymes of the sulphur amino acid
pathway (Surdin-Kerjan 2003). Figure 11.1 gives a simplified overview on the
metabolism of sulphur amino acids and glutathione in Saccharomyces cerevisiae.

The main sulphur source for yeasts during winemaking is sulphate, which occurs
in grape must in a range of 160—400 mg L™" or even more (Lemperle and Lay
1989), because the levels of methionine and cysteine are normally very low in grape
musts (in most cases less than 10 mg L™ ' methionine and cysteine) in comparison to
other amino acids (Henschke and Jiranek 1991, 1993).
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The first step of the sulphate reduction sequence (SRS) is the transport of
extracellular sulphate from the environment into the cell through the enzyme
sulphate permease. Cherest et al. (1997) have isolated and characterised two
sulphate transporters. After that sulphate is activated by an adenylation and reduced
by two successive reactions (requiring four molecules of NADPH + H* and two of
ATP). The adenylation of sulphate lowers the electro-potential of sulphate that the
subsequent reduction into sulphite and sulphide by means of NADPH + H* oxida-
tion is possible. Activation of sulphate takes place by the transfer of the adenosyl-
phosphoryl-moiety of ATP to sulphate and the formation of 5'-adenylylsulphate
(APS). These reactions are catalysed through ATP sulphurylase. In a further step,
APS is phosphorylated and 3’-phospho-5'-adenylylsulphate (PAPS) is formed
through APS kinase. PAPS is then reduced through PAPS reductase to sulphite,
which is reduced from sulphite reductase to form sulphide.

Sulphide is incorporated into amino acids through several more enzymatic steps.

The enzyme O-acetyl homoserine-O-acetyl serine sulphhydrylase is incorporat-
ing the sulphide, along with O-acetylhomoserine, into homocysteine. Cystathionine
B-synthase converts homocysteine into cystathionine. y-Cystathionase is then
conducting the reaction to cysteine. Cysteine is only formed through the
transsulphuration pathway. No direct synthesis of cysteine from sulphide occurs
in yeast (Thomas and Surdin-Kerjan 1997). O-Acetylhomoserine is the amino acid
precursor to form methionine with the reduced sulphur atom over homocysteine
through the activity of O-acetylserine sulphhydrylase and homocysteinemethyl-
transferase. Methionine is not only involved in protein synthesis. It is also an
indispensable intermediate of the one carbon metabolism. S-Adenosylmethionine
is the methyl donor in various transmethylation reactions of nucleic acids, proteins
and lipids. It is involved in the biosynthesis of polyamines and is one of the
substrates used in a number of reactions, including vitamin biosynthesis and
nucleotide modifications (Surdin-Kerjan 2003).

It is expected that the equilibrium between methionine and S-
adenosylmethionine plays a central role in the overall cellular homeostasis. The
ratio of methionine and S-adenosylmethionine seems to be controlled through two
recycling pathways that operate on the products of S-adenosylmethionine catabo-
lism (Surdin-Kerjan 2003).

Kinzurik et al. (2017) noticed that GLO! gene is needed for full activity of O-
acetyl homoserine sulphhydrylase encoded by MET17. These studies offer new
possibilities for the study of other molecules in cell signalling and regulation of
sulphur metabolism in yeasts.

Excellent reviews on metabolism of sulphur amino acids in Saccharomyces
cerevisiae from Jones and Fink (1982), Hinnebush (1992) and Thomas and
Surdin-Kerjan (1997) will offer more details also on the regulation of sulphur
amino acids biosynthesis.

Further sulphur sources for yeasts during the winemaking process are sulphur
dioxide, which is used due to its antimicrobial and antioxidative effect as well as its
reaction with ethanal (acetaldehyde) to avoid an oxidative character and its inacti-
vation of enzymes, and elemental sulphur from residues of the application of
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wettable sulphur (fungicide) on grapes (Ribéreau-Gayon et al. 2000a, b; Romano
and Suzzi 1993; Dittrich 1987; Wucherpfennig 1984; Wenzel and Dittrich 1978;
Schiitz and Kunkee 1977). An overview on sources of volatile sulphur compounds
in wine is also given by Smith et al. (2015).

11.2.2  Sulphite Production

The production of sulphite by Saccharomyces cerevisiae is strain characteristic
(Fig. 11.2) and is also affected by the grape must composition. Strains of Saccha-
romyces cerevisiae normally produce sulphite in the range of 10-30 mg L™
(Eschenbruch 1974; Dott et al. 1976; Dittrich 1987). ‘SO,-forming yeasts’ or
‘yeasts with high-sulphite formation’ can form sulphite in amounts exceeding
100 mg Lt (Eschenbruch 1974). Suzzi et al. (1985) could demonstrate under
comparable conditions that among 1700 strains of Saccharomyces cerevisiae, the
majority (80%) produced less than 10 mg L' SO, and only four strains synthesised
more than 30 mg L~ !. Dott and Triiper (1976, 1978), Dott et al. (1976, 1977),
Eschenbruch (1972, 1974) and Wiirdig (1985) reported substantial variation in the
activity of sulphate permease, ATP sulphurylase and sulphite reductase in the
regulation of sulphur metabolism in high and low sulphite-producing yeast strains
(reviewed by Rauhut 1993; Pretorius 2000).

An extreme formation of sulphite can be caused by defects in sulphate uptake
and reduction, which is normally regulated by methionyl-t-RNA and S-
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Fig. 11.2 Production of SO, by commercial yeast strains during alcoholic fermentation (Werner
and Rauhut 2007, unpublished; Werner 2013)
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adenosylmethionine (Henschke 1997). It could be demonstrated that in high
sulphite-producing strains, sulphate permease is not repressed by methionine. In
addition, ATP sulphurylase is not regulated by sulphur-containing intermediates in
high and low sulphite-producing strains. Yeasts with low-sulphite production
showed an increased biosynthesis of NADPH-dependent sulphite reductase during
the exponential growth phase in comparison to yeasts with high-sulphite produc-
tion. Sulphite production is very energy dependent, and the cellular metabolism of
high SO,-forming yeast strains is reduced, which explains a decreased production
of biomass and a slow fermentation rate (Rauhut 1993; Pretorius 2000).

Higher levels of methionine and cysteine can diminish the levels of sulphite
reductase (Rauhut 1993; Pretorius 2000). Sulphite production by wine yeasts is also
influenced by nutrient composition of grape musts and in addition by the concen-
tration of sulphate, must clarification, initial pH value, temperature and other
environmental conditions (Minarik 1977; Larue et al. 1985; Bakalinsky 1996;
Larsen et al. 2003; Fleet 2007).

An overview on the impact of sulphur dioxide on yeast cells and developed
cellular and molecular mechanisms as strategies to reply to SO, exposure is given
by Divol et al. (2012).

New tendencies and strategies in winemaking require starter cultures with low
formation of sulphite and acetaldehyde obtained by selective breeding (without the
use of genetic engineering) (Comitini et al. 2017).

11.2.3 Importance of Glutathione

One of the major antioxidants in living cells is the tripeptide, glutathione
(L-y-glutamyl-L-cysteinylglycine). It is formed through the reaction of cysteine
with glutamate and glycine (Fig. 11.1). Glutathione prevents cellular destruction
by maintaining certain thiols in their reduced stage due to its SH group of the
cysteine molecule. Furthermore, it can react with heavy metals and other toxic
compounds (Duncan and Derek 1996; Field and Thurman 1996; Penninckx 2002;
du Toit et al. 2007). Glutathione is involved in the oxidative stress response through
glutathione peroxidise and in detoxification processes. Vacuolar transport of metal
derivatives of the tripeptide ensures resistance to metal stress (Penninckx 2000).

Glutathione was discovered in yeasts by Hopkins and Kendall in 1921 (Kockov-
a-Kratochvilova 1990). It may account for 0.5-1% of the dry weight in the yeast
Saccharomyces cerevisiae, represents more than 95% of the low-molecular-mass
thiol pool and occurs in high concentrations up to 10 mM in yeast cells (Elskens
et al. 1991; Mehdi and Penninckx 1997; Penninckx 2002). The sulphur-containing
tripeptide can occur in reduced GSH form, the oxidised form GSSG and different
mixed disulphides, e.g. GS-S-CoA and GS-S-Cys (Penninckx 2002).

Cheynier et al. (1989) showed that glutathione ranged from 14-102 mg L' in
grape musts from different varieties. Dubourdieu and Lavigne-Cruege (2004)
noticed that the glutathione levels in Sauvignon blanc musts are related to the
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nitrogenous status of the vines. Musts with low levels of assimilable nitrogen had
lower amounts of glutathione. Park et al. (2000a, b) found glutathione up to
1.3 mg L™ in grape musts and up to 5.1 mg L™" in wines. Du Toit et al. (2007)
detected up to about 35 mg L' glutathione in wines. Final wine concentration of
glutathione was correlated with both total nitrogen and assimilable amino acid
concentration and an increase of glutathione towards the end of fermentation was
observed.

Lavigne et al. (2007) investigated that the amount of glutathione after fermen-
tation depends on the yeast strain. Glutathione levels in the wine can be increased
through the choice of an adequate yeast strain and to store the wine on lees.

Glutathione may be involved to maintain mitochondrial and membrane integrity
in Saccharomyces and non-Saccharomyces yeasts and can be mobilised during
nitrogen and sulphur starvation and/or reproduction. About 50% of the glutathione
was in the yeast cytoplasm and the remaining in the central vacuole during growth
on nitrogen-sufficient medium. Glutathione stored in the yeast cell is used as an
endogenous sulphur source in case of total sulphur deficiency. More than 90% of
the cellular glutathione was transported to the central vacuole of the yeast, when
Saccharomyces cerevisiae was subjected to nitrogen starvation (Mehdi and
Penninckx 1997).

Glutathione in the must can be taken up by the yeast cell through two transport
systems. Sulphur from glutathione is transferred to other metabolites along the
sulphur metabolic pathway (Penninckx 2002). This explains that the supplementa-
tion of must with glutathione can lead to unpleasant volatile sulphur compounds
under certain conditions, in particular at nitrogen deficiency (Rauhut et al. 2001;
Rauhut 2003).

Glutathione can prevent oxidation of white musts due to trapping of o-quinones
which limits the formation of browning pigments (Singelton 1987; Cheynier et al.
1986, 1989). Lavigne-Cruége and Dubourdieu (2002) found out that glutathione
seems to play an important role in protecting volatile thiols that are responsible for
the varietal flavour of bottled wines during their ageing. They demonstrated that the
addition of 10 mg L™ glutathione at bottling limits the yellowing of wine colour,
protects varietal thiols and decreases the occurrence of volatile compounds which
contribute to the atypical ageing of wines. Yeast strains with a higher formation and
release of glutathione during fermentation and also during storage of wines on lees
can contribute to the stabilisation of volatile thiols and can prevent atypical ageing
of wines and act against browning to a certain extent (Dubourdieu and Lavigne-
Cruege 2004). Thus, extensive research was conducted by different research groups
during the last decade to study the impact of glutathione in the winemaking process
and to develop strategies increasing its concentration and protecting its reduced
form during the winemaking process. In particular, glutathione formation and
metabolism for oenology were investigated to take advantage of the differences
among yeast strains during the winemaking process and storage, in order to obtain
strains better adapted to the frequent environmental stresses occurring before,
during and after alcoholic fermentation (Penninckx 2002; Kritzinger et al.
2013a). Among inactive dry yeast (IDY) preparations, which have been widely
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applied in winemaking to improve technological processes or sensory characteris-
tics in recent years, special IDY preparations enriched with glutathione and prob-
ably other non-volatile thiols have been developed to protect flavour and colour of
wines (Pozo-Bayén et al. 2009a, b, ¢; Rodriguez-Bencomo et al. 2016).

A comprehensive review about the role of glutathione in winemaking is given by
Kritzinger et al. (2013b), but also limitations in existing knowledge about its
reaction and effect on wine quality are pointed out. Additional information is
available from Badea and Antoce (2015).

The International Organization of Vine and Wine (OIV) adopted a new oeno-
logical practice for the treatment of musts and wines using glutathione (Resolutions
OIV-OENO 445-2015 and OIV-OENO 446-2015). The maximum allowed addition
is 20 mg L™ glutathione to must or wine. The intention of these applications is to
lower oxidation in musts due to the properties of glutathione to trap specific
quinones and to protect flavour compounds from oxidation (OIV 2015). It has to
be pointed out that these new resolutions by the OIV do not lead to automatic
authorisation of new oenological practices (e.g. any new application must be
incorporated into European regulations which is in the case of glutathione still in
process) (Oenoppia 2015). Saccharomyces cerevisiae strains with increased gluta-
thione formation were evolved with the use of an evolution based strategy by
Mezzetti et al. (2014).

11.2.4 Volatile Sulphur Compounds
11.2.4.1 Hydrogen Sulphide and Related Volatile Sulphur Compounds

Volatile sulphur compounds are essential aroma compounds for a huge amount of
different foods and play a considerable role in the sensory characteristics of wine.
This is related to their high volatility, reactivity and impact at very low concentra-
tions. Sulphur compounds in wine can be classified as thiols (mercaptans), sul-
phides, thioesters and heterocyclic compounds. Some of the sulphur substances
supply to the overall quality of wine, while others are the cause of strong objec-
tionable flavours (rotten eggs, cooked cabbage, cauliflower, burnt rubber, cooked
meat, etc.), even at extremely low concentrations [e.g. hydrogen sulphide (H,S),
methanethiol (MeSH), ethanethiol (EtSH)]. Because of their occurrence in very low
concentrations (nanogram or microgram levels) and the high reactivity of thiols
with metal residues (e.g. copper and silver) and their fast oxidation with traces of
oxygen, it was very difficult to study the occurrence and formation of volatile
sulphur compounds. After the development of soft analytical extraction methods
and high sophisticated gas chromatographic systems in connection with high
sensitive sulphur detectors, it was possible to get more information on their
biosynthesis and presence in the last two decades. Sulphur aroma compounds
were often separated in low and high volatile sulphur substances due to the broad
range of different boiling points and the need of different analytical methods to
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enrich the sulphur compounds from wines (Fedrizzi et al. 2007; Ferreira et al. 2007,
Lopez et al. 2007; Mateau-Vivaracho et al. 2008; Rauhut et al. 2005, 2007
Schneider et al. 2006; Thibon et al. 2008a). In accordance with the new rules for
the international nomenclature of chemical compounds (IUPAC), the prefix
‘methyl-sulphanyl’ should replace the prefix ‘methylthio’ and ‘ethyl-sulphanyl’
should replace the prefix ‘ethylthio’; furthermore the prefix ‘sulphanyl’ must
replace the prefix ‘mercapto’. In the following, the more familiar chemical names
of the sulphur compounds are mainly used to avoid confusion.

Volatile sulphur compounds are formed through several pathways involving
enzymatic and/or non-enzymatic processes. Yeast fermentation biochemistry with
sulphate-, sulphite-, sulphur-containing amino acids (methionine and cysteine) and
oligopeptides (e.g. glutathione) plays a crucial role among the enzymatic processes.

Non-enzymatic processes involve chemical, photochemical and thermal reac-
tions during winemaking and storage. Other factors for an increased development
of unpleasant sulphur substances are an increase of wettable sulphur (used as
fungicide) residues and other sulphur-containing pesticides in grape musts. Rele-
vant overviews on the formation and occurrence of sulphur compounds in wine
with a different focus are given from Maujean (2001), Rauhut (1993, 1996, 2003),
Ribéreau-Gayon et al. (2000a, b), Swiegers et al. (2005), Vermeulen et al. (2005)
and Smith et al. (2015).

In the following, a review is presented on the formation of hydrogen sulphide
(H,S) and related sulphur compounds through yeast sulphur and nitrogen metabo-
lism during the winemaking process.

Sulphide is usually formed through the sulphate reduction sequence as indicated
in Fig. 11.1 in response to a metabolic requirement, such as that induced by growth,
for organic sulphur compounds like cysteine, methionine, S-adenosyl methionine
and glutathione (Rankine 1963, 1964; Hallinan et al. 1999; Spiropoulos and Bisson
2000; Spiropoulos et al. 2000; Bell and Henschke 2005). Under certain conditions,
mainly if insufficient or unsuitable nitrogen sources are available, a surplus of
sulphide is released from the cell. It is converted spontaneously to H,S as a
consequence of the reductive conditions established in the anaerobic fermentation
at low pH (Linderholm et al. 2008). The information on the threshold value for H,S
is in a range of 11-80 pg L™". The difference is depending on the used media for
determination of the odour threshold value (Amoore and Hautala 1983; Wenzel
et al. 1980). Concentrations exceeding these values cause an undesirable off-flavour
that is reminiscent of rotten eggs. Lower levels in young wines contribute to the
‘yeast’ flavour or fermentation bouquet. Slight increased values take part in the
so-called reductive off-odour in wines (Dittrich and Staudenmayer 1968; Monk
1986; Dittrich 1987).

One of the most influencing factors on H,S production is the strain of Saccha-
romyces cerevisiae. Some strains produced amounts up to 1 mg L' H,S (Acree
et al. 1972; Eschenbruch 1974, 1978; Eschenbruch et al. 1978; Vos and Gray 1979;
Giudici and Kunkee 1994, Jiranek et al. 1995a, b; Mendes-Ferreira et al. 2002). The
variation among strains is genetically based but also influenced by environmental
factors. Some yeast strains are constantly high or constantly low H,S producers.
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Most strains showed a strong influence on growth conditions and medium compo-
sition of sulphide formation. Genetic variation seen indicates a complex inheri-
tance, meaning multiple genes are likely involved. Linderholm et al. (2008)
identified several genes that have an impact on H,S formation. Five genes
(MET17, CYS4, HOM2, HOM6 and SER33) encode proteins directly involved in
the biosynthesis of sulphur-containing amino acids, whereas other genes or their
substrates and products may have key regulatory effects in the reduction of sulphate
or play a more indirect role. Accumulation of acetaldehyde and the elongator
histone complex are suggested as two cellular activities that have an impact on
sulphide production during anaerobic fermentation.

H,S is produced during the early to middle stages of fermentation and responds
to nutrient composition and concentration (Vos and Gray 1979; Vos 1981; Monk
1986; Henschke and Jiranek 1991; Jiranek et al. 1995a, b). Ammonium salts like
diammonium hydrogen phosphate (DAP) are widely used to compensate nitrogen
deficiencies in grape musts and to control H,S formation. Ammonium represses the
Metl0 gene, which encodes the alpha-subunit of sulphite reductase (Hansen et al.
1994), but not in all cases its addition is effecting H,S production due to other
factors, e.g. methionine and other nitrogen sources that regulate amino acid trans-
port into the yeast cell and sulphur metabolism (Spiropoulos et al. 2000;
Spiropoulos and Bisson 2000).

H,S formation can also occur in a second phase at the final stage of fermentation.
Henschke (1996) observed limited evidence for a response to aeration and vitamin
addition. Nutrient levels are very low at the end of fermentation; for that reason, it is
proposed that a deficiency of vitamins or the degradation of sulphur reserves like
glutathione is involved (Eschenbruch et al. 1978; Elskens et al. 1991; Hallinan et al.
1999). Insufficiencies in vitamins and micronutrients (pantothenate) and vitamin Bg
(pyridoxine) essential for the synthesis of sulphur-containing amino acids may also
contribute to H,S production (Jiranek et al. 1995a, b; Spiropoulos et al. 2000;
Wainright 1970; Wang et al. 2003).

H,S can be produced by the degradation of glutathione and the release of
cysteine, which is then degraded by cysteine desulphhydrase, when nitrogen is
limited (Tokuyama et al. 1973).

It is approximated that glutathione, which is accumulated in the yeast cell, can
participate in up to 40% of the sulphide in cells with nitrogen starvation (Hallinan
et al. 1999).

There are many other causes that increase H,S production and the formation of
other undesirable sulphur compounds, e.g. residues of elemental sulphur from
wettable sulphur treatment of the vines and other sulphur-containing pesticides
and their breakdown products, clarification level, concentration of SO,, fermenta-
tion temperature, residues of copper ions and storage on lees (Bell and Henschke
2005; Henschke and Jiranek 1993; Maujean 2001; Rauhut 1993, 2003; Ribéreau-
Gayon et al. 2000a, b).

An accelerated H,S production leads to a higher formation of volatile sulphur
compounds, especially if it is not carried out with the carbon dioxide produced
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during fermentation and if increased amounts remain in the young wine (Rauhut
1996, 2003).

It has been suggested that ethanethiol is formed by the reaction of H,S and
ethanal (acetaldehyde) via a cyclic trithioethanal intermediate (Rankine 1963,
1968; Tanner 1969), but this reaction could not be demonstrated in model solutions
and in wine (Bobet 1987; Rauhut and Kiirbel 1994). On the contrary, it could be
demonstrated that H,S and ethanal is reacting to 1,1 ethanedithiol, which has a
sulphury and rubbery flavour note, at wine-like conditions and in wine (Rauhut
1993, 1996). Further reaction products were identified. The same compounds were
measured in yeast extract (Werkhoff et al. 1991). Therefore a contribution of these
sulphur compounds to sulphur-related off-flavours can be expected (Rauhut 1993).
It has also been suggested that ethanol and H,S react to ethanethiol, but this could
not be confirmed up to now (Rankine 1963, 1968; Rauhut 1993, 2003). A huge
amount of all volatile sulphur substances is produced during the alcoholic fermen-
tation. It could be demonstrated that yeast strains differ in their formation of sulphur
compounds (Fig. 11.3; Rauhut and Kiirbel 1994; Rauhut et al. 1995, 2000). An
accelerated formation of H,S leads to an increase of thioacetic acid esters. Matsui
and Amaha (1981) supposed that high concentration of methanethiol and H,S can
hinder the growth of yeasts. It is therefore assumed that the formation of thioacetic
acid esters is a detoxification process to transform sulphur substances with a free SH
group, which can inhibit enzymes, to non-affecting compounds like the thioacetic
acid esters. High H,S formation in the early phase of fermentation leads to a high
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formation of thioacetic acid-S-methyl ester (MeSAc), and high formation of H,S at
the end of fermentation increased the formation of thioacetic acid-S-ethyl ester
(EtSAc) (Rauhut 1996). Therefore, an increased formation of these two thioacetic
acid esters can be used as an indicator for a high H,S formation during the
fermentation process. Thioacetic acid esters were probably produced through the
reaction of the thiols and acetyl coenzyme A (Matsui and Amaha 1981, Walker and
Simpson 1993). The addition of methanethiol and ethanethiol during fermentation
leads to the corresponding thioacetic acid esters (Rauhut 1996). Furthermore, an
increase of 3-(methylthio)-1-propanol (methionol), 3-(ethylthio)-1-propanol
(ethionol) and other volatile sulphur compounds was observed. Increased levels
of thioacetic acid ester can be seen as an indicator for a high H,S production during
fermentation. MeSAc can be detected in normal wine in a concentration up to about
20 pg L' (Leppinen et al. 1979, 1980). In off-flavour wines, more than 130 pg L™
could be measured (Rauhut 1996).

Thioacetic acid esters can hydrolyse during wine storage like other acetic acid
esters after fermentation due to the chemical equilibrium (Rapp 1989), which is
influenced from pH value, storage temperature, etc. The hydrolysis of thioacetic
acid esters leads to free thiols and acetic acid. The thiols have very low threshold
values (<2 pg L") in comparison to the thioacetic acid esters (>40 pg L™"). A
treatment of wine with copper sulphate has no influence on the concentration of the
thioacetic esters, because copper ions mainly react with H,S and thiols (Rauhut
1996, 2003). A reoccurrence of off-flavours in wines after a copper fining, bottling
and storage is related to a release of unpleasant volatile compounds from
non-volatile or volatile precursors like the thioacetic acid esters. In this content,
the role of oxygen, the addition of copper ions, the occurrence of other transition
metals, closure types and filling processes is discussed and investigated (Dimkou
etal. 2011; Silva et al. 2011; Ugliano et al. 2011; Ugliano 2013; Viviers et al. 2013;
Franco-Luesma and Ferreira 2016). There are several indications that other pre-
cursors exist, e.g. copper-thiol complexes, which are the source for the liberation of
unpleasant sulphur compounds (mainly H,S and methanethiol) during the storage
of bottled wines (Franco-Luesma and Ferreira 2014; reviewed by Clark et al. 2015
and Waterhouse et al. 2016). Thiols can be oxidised to disulphides or trisulphides,
which contribute to odours like ‘rubber’ or ‘garlic’. Disulphides or trisulphides
cannot be removed by copper fining (Maujean 2001).

Kinzurik et al. (2015) noticed, as also indicated before from Rauhut (1996) and
Rauhut et al. (1996), that notable variations in the time of production of volatile
sulphur compounds during fermentation can be expected depending on yeast strains
and composition of the media. Methanethiol production was detected early during
anaerobic growth, whereas others like benzothiazole and thioacetic acid-S-ethyl
ester were formed at a steady rate during the fermentation and diethyl disulphide
was detected at the end of the fermentation process (Kinzurik et al. 2015).

The research studies of Kinzurik et al. (2016) provided more insight in the
reaction of H,S during fermentation. They could show with **S-labelled sulphate,
which was added to the fermentations with a MET-17-deleted strain in a synthetic
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grape juice medium, that ethanethiol, diethyl disulphide and thioacetic acid-S-ethyl
ester were formed directly from H,S.

Cordente et al. (2007, 2009) used classical biological non-GMO techniques to
develop Saccharomyces cerevisiae strains that are not able to produce increased
H,S amounts in grape musts with low assimilable nitrogen levels.

Methionol is the main produced volatile sulphur compound through yeast
metabolism. This sulphur-containing higher alcohol can give a raw potato or
cauliflower aroma in concentrations exceeding 2000 pg L' (Meilgaard 1981). It
was detected in wines up to concentrations of 6300 pg L' (Keck 1989). Methionol
production is linked to sulphur and nitrogen metabolism of yeast. Figure 11.4
indicates the formation of the total sum of high volatile sulphur compounds and
methionol in two different synthetic media (AAI is low in assimilable nitrogen,
whereas AAII is high in assimilable nitrogen) through two Saccharomyces
cerevisiae strains with a different ability to produce volatile sulphur compounds.
It could be demonstrated that the addition of inorganic nitrogen in the form of
0.3 g L' diammonium hydrogen phosphate (DAP) can decrease the total sum of
volatile sulphur compounds and methionol in both media.

In synthetic media with ammonium as only nitrogen source, methionol was
produced as one of the main volatile sulphur compounds (Rauhut 1996). This
indicates that methionol can be also synthesised like other higher alcohols from
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an a-keto acid, 2-oxo-4-(methylthio) butyric acid, derived from sugars via glycol-
ysis. The keto acid is then decarboxylised to 3-(methylthio)-propanal (methional),
which is reduced to the alcohol. Methionol can be also produced from methionine
through the Ehrlich pathway, which involves a transamination to the corresponding
keto acid, decarboxylation to the aldehyde and enzymatic reduction to the alcohol.
Methanethiol can be synthesised from methionine and the keto acid by
demethiolase activity (Perpete et al. (2006). A supplementation of methionine
before fermentation increased methionol, its corresponding acid and its acetic
acid ester. These observations suggest that amounts of methionol in wine may be
influenced by the levels of methionine as well as the assimilable nitrogen concen-
trations in the must (Rauhut 1996; Moreira et al. 2002; Bell and Henschke 2005;
Ugliano and Henschke 2009).

The intermediate compound, methional, can only be detected in traces in wines
after fermentation. Increased levels of methional are investigated in aged wines.
There is also evidence that an accelerated level of methional and other sulphur
compounds is involved in the so-called atypical ageing of wines (Rauhut 1996,
2003).

Further reaction products of methional like acetic acid-3-methylthiopropylester
have an odour like ‘mushroom’ or ‘garlic’. It has been also suggested that
4-methylthio-1-butanol and 2-mercapto-1-ethanol, which have both an unpleasant
odour (‘onion’/‘garlic’ and ‘poultry’/‘farmyard’) can be probably formed by yeast
in the same way like methionol via the amino acids homocysteine and cysteine,
respectively (Moreira et al. 2002; Mestres et al. 2000; Swiegers et al. 2005).

Several studies demonstrated that increased additions of DAP can also increase
the formation of H,S and other volatile sulphur compounds and change their
profiles (Rauhut 1996; Ugliano et al. 2009). These effects are strain dependent. It
is evident that strains differ in the requirement for assimilable nitrogen as well as in
certain regulation processes. In addition, it could be demonstrated by Wang et al.
(2003) that also adequate levels of certain vitamins are required to avoid high H,S
formation at different levels of assimilable nitrogen. Therefore, complex nutrient
supplements (combinations of DAP, thiamine, yeast cell hulls and/or inactive yeast
preparations) are more and more recommended to support yeasts during alcoholic
fermentation and to avoid off-flavours caused by volatile sulphur compounds.

Sulphur residues of more than 2.5 mg L™" in the grape must from wettable
sulphur applications in the vineyard can lead to an increased H,S formation during
the fermentation process (Thomas et al. 1993a, b, ¢; Rauhut 1996). The addition of
elemental sulphur in amounts over 5 mg L™' leads to an increased level of
unpleasant sulphur compounds (EtSH, MeSAc, EtSAc, etc.) and extreme
off-flavours (Fig. 11.5).

A similar effect could be observed with the supplementation of glutathione to
must, which indicated that higher concentrations of this tripeptide can increase the
development of unpleasant volatile sulphur compounds during fermentation at
certain conditions (Rauhut et al. 2001, 2003). It is assumed that the addition of
glutathione levels (>50 mg L") to grape musts can lead to a higher H,S formation,
which can cause a further production of other undesired sulphur compounds like
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Fig. 11.5 Effect of different concentrations of elemental sulphur (added to must before fermen-
tation) on the formation of hydrogen sulphide, ethanethiol (EtSH), thioacetic acid-S-methyl ester
(MeSAc) and thioacetic acid-S-ethyl ester (EtSAc) during fermentation (Werner and Rauhut 2007,
unpublished; Werner 2013)
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Fig. 11.6 Influence of different levels of glutathione addition to grape must on the formation of
hydrogen sulphide, ethanethiol (EtSH), thioacetic acid-S-methyl ester (MeSAc) and thioacetic
acid-S-ethyl ester (EtSAc) during fermentation (Werner and Rauhut 2007, unpublished)
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ethanethiol (EtSH), MeSAc and EtSAc (Fig. 11.6) through yeast sulphur metabo-
lism, in particular in the case of grape must nitrogen deficiency or depletion at the
beginning of fermentation. This seems to be affected by the yeast strain, the nutrient
composition and other ingredients of the grape must. On the other hand, the
addition of glutathione is recommended to protect flavour compounds from oxida-
tion (Sect. 11.2.3) (Dubourdieu and Lavigne-Cruége 2004; Ugliano et al. 2011,
Tomasevic et al. 2016). Research studies from Wegmann-Herr et al. (2016) with
glutathione addition and the application of a glutathione-enriched inactive yeast
product showed that pleasant aroma compounds (such as 3-mercaptohexanol) could
be preserved by glutathione addition to must, but that at the same time the trapping
of H,S and other undesired thiols seemed to be inhibited due to the formation of
glutathione phenol adducts. In particular, the authors noticed this effect in wines
with a low phenolic content which can lead to sulphur off-flavours. These results,
investigations by Burkert (2017) and own experiences point out that further
research is required to study the difference in the application of glutathione-
enriched inactive yeast preparations or addition of pure glutathione, the time of
the addition as well as other oenological factors and conditions, such as the impact
of the yeast strain, the nutrient composition of the must and the addition of nutrient
supplements as well as the application and amounts of SO,, ascorbic acid, etc. to
strengthen the knowledge for a better understanding of the reaction processes and
for adequate advice and consulting.

Several thiols were detected that seem to be synthesised in the presence of
accelerated H,S concentrations. Bernath (1997) detected increased levels of
2-methyl-3-furanthiol, a very powerful aroma compound with a very low threshold
value. This thiol and its disulphide, bis(2-methyl-3-furyl)disulphide, contribute to
the typical flavour of ‘cooked meat’. It is supposed that these compounds are
formed through the hydrolysis of thiamine (Belitz and Grosch 1992). Tominaga
and Dubourdieu (2006) measured up to 100 ng L™ of 2-methyl-3-furanthiol in
different white and red wines. In off-flavour wines, concentrations of more than
300 ng L~ were detected (Bernath 1997).

Furfurylthiol (2-furanmethanethiol) has a perception threshold of 0.4 ng L™
(in water) and elicits odours like roasted coffee, meat, wheat bread and popcorn. It
was found in Bordeaux red wines, white Petit Manseng and also in toasted barrel
staves (Tominaga et al. 2000a). Blanchard et al. (2001) demonstrated that the
addition of nitrogen can decrease the amount of furfurylthiol; therefore, it is
assumed that its production is related to the formation of H,S. Furfurylthiol was
detected in wines in a concentration up to about 50 ng L~' (Tominaga and
Dubourdieu 2006).

Benzylthiol (benzenemethanethiol) contributes to the ‘smoky’ and ‘flintstone’
character of wines and has an odour threshold of about 0.3 ng L' (water-ethanol
model solution) and was detected in wines in an amount up to about 15 ng L™".
Furfurylthiol and Benzylthiol can increase during the ageing of wines, probably in
the presence of H,S (Tominaga et al. 2003).

A release of H,S can also take place during the autolysis of yeasts (Suomalainen
and Lehtonen 1979). It has been suggested that apart from glutathione, sulphur-
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containing amino acids are degraded during autolysis, but the mechanism involved
is unclear (Henschke and Jiranek 1993). Berry and Watson (1987) proposed that
yeast with a low vitality such as in other sluggish or stuck fermentations can tend to
autolyse faster. Furthermore, low alcohol-tolerant non-Saccharomyces yeasts in
certain spontaneous fermentations lose viability through inhibition of the increasing
levels of alcohol and presumably autolyse during the early to mid-phases of
fermentation (Henschke and Jiranek 1991; Fleet and Heard 1993; Swiegers et al.
2005).

Lavigne-Cruege (1996) demonstrated that H,S and methanethiol that are present
at the end of fermentation decrease during barrel ageing. The dropping-off happens
more rapidly in new barrels, probably due to a higher oxygen dissolution and the
oxidising effect of new wood tannins (Ribéreau-Gayon et al. 2000a). Objectionable
flavours can occur if an addition of sulphite (SO,) is carried out after fermentation
and if the wines are stored on lees. This is due to the activity of sulphite reductase,
which can last up to about four weeks after fermentation. Sulphite reductase is
producing H,S from the added SO,. It seems that the compacting of the lees under
the pressure exerted at the bottom of high-capacity tanks is enhancing ‘reductive’
off-flavours in white wines after sulphite addition. Therefore, it is recommended to
rack the wines after sulphite addition and to store the lees in barrels. This avoids the
development of off-odours from gross lees. The separated lees should be
reincorporated into the wine after approximately one month when the sulphite
reductase activity is diminished, so that there is no longer a risk for the development
of off-flavours. Yeasts have the opportunity to adsorb thiols due to their reaction
with cell wall mannoproteins. A disulphide bond is formed between the cysteine of
the cell wall mannoproteins and the thiols during aeration. More details on these
enological practice can be taken from Lavigne-Cruege (1996) and Ribéreau-Gayon
et al. (2000a).

Pixner et al. (2015) demonstrated that the addition of sulphite prior alcoholic
fermentation increased reductive notes in Vernatsch wines.

Only a few research groups studied the contribution of non-Saccharomyces
yeasts on the formation of volatile sulphur compounds (Romano et al. 1997,
2003). Trials in yeast-malt medium with mixed yeast cultures of Hanseniaspora
apiculata, Hanseniaspora guilliermondii and Saccharomyces cerevisiae indicated
that similar levels of 3-methylthiopropionic acid and acetic acid-3-(methylthio)
propyl ester were produced like in the variant with pure inoculation of Saccharo-
myces cerevisiae. Non-Saccharomyces yeasts can also favour the formation of
methionol production in fermented media (Moreira et al. 2005; Landaud et al.
2008).

There is a growing demand for yeast starter cultures obtained with conventional
methods (non-GMO) with low formation of H,S and if possible combined with
other desired features like low formation of sulphite and acetaldehyde (Berlese-
Noble et al. 2014).

Information on further volatile sulphur compounds that are determined in wines
can be taken from Du Toit and Pretorius (2000), Dittrich and GroBmann (2005),
Keck (1989), Marchand et al. (2000), Pripis-Nicolau et al. (2000), Rauhut (1993,
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1996), Ribéreau-Gayon et al. (2000a, b), Segurel et al. (2004) and Ugliano and
Henschke (2009).

11.2.4.2 Occurrence and Formation of Thiols Involved in the Varietal
Flavour of Wines

At the beginning of the 1980s, it was already proposed that certain volatile thiols
contribute to the characteristic aromas of Chenin and Sauvignon wines (Augustyn
et al. 1982; Marais 1994).

The first thiol identified in Sauvignon wines was 4-mercapto-4-methylpentan-2-
one (4-MMP), whose odour threshold is very low (0.1-0.8 ng L' in water and
model solution), and it elicits aromas like blackcurrant, box tree and broom (Darriet
et al. 1991; Murat et al. 2001a). Characteristic nuances of the variety Sauvignon
blanc were observed with concentrations of 4-MMP close to 40 ng L™". Increased
concentrations of 4-MMP cause a ‘catty’ note in wines.

Apart from 4-MMP, further thiols, e.g. 3-mercaptohexanol (3-MH), 4-mercapto-
4-methylpentan-2-ol (4-MMPOH) and acetic acid-3-mercaptohexyl ester
(3-MHA), have been identified as major contributors to the varietal aroma of
Sauvignon blanc wines (Darriet et al. 1995; Tominaga et al. 1995, 1998§;
Dubourdieu et al. 2001). Tropical fruit flavours such as passion fruit, grapefruit,
citrus zest, lychee and guava in some of the Sauvignon wines are mainly related to
3-MH and its acetic acid ester. These compounds have a similar threshold value like
4-MMP.

4-MMP, 3-MH, 3-MHA and other related thiols have also been detected in wines
made from other varieties like Petit and Grand Manseng, Arvine, Colombard,
Chenin blanc, Alsace Muscat, Gewiirztraminer, Riesling, Scheurebe, Bacchus,
Cabernet Sauvignon, Merlot, etc. (Tominaga et al. 2000a, b; Murat et al. 2001a;
Guth 1997a, b; Ribéreau-Gayon et al. 2000b). In addition, it could be shown that
varietal thiols also play an important role in the typical flavour of wines from
certain Greek autochthonous grape varieties (Kapaklis 2014).

The volatile thiols are almost not occurring in the grape must and develop during
the fermentation process. Tominaga et al. (1998) identified odourless sulphur-
cysteine conjugates as precursors for the high odour-active thiols. The release of
the thiols was investigated by the use of a cell-free enzyme extract of the bacterium
Eubacterium limosum that contain carbon-sulphur lyase enzymes. It could be
shown that carbon-sulphur lyases can release 4-MMP from its precursor S-4-
(4-methylpentan-2-one)-L-cysteine. Therefore, it was suggested that a yeast cyste-
ine P-lyase releases a thiol, pyruvic acid and ammonium from the corresponding
sulphur-cysteine conjugate as it is shown for 4-MMP in Fig. 11.7 (Tominaga et al.
1995, 2004; Masneuf 1996; Peyrot des Gachons et al. 2000, 2002a, b). This enzyme
belongs to the carbon-sulphur lyases, which cleave a carbon-sulphur bond due to a
B-elimination reaction (Dufour et al. 2013).

Peyrot des Gachons et al. (2002a, b) identified the precursor of 3-MH, S-3-
(hexan-1-ol)-glutathione, in must of Sauvignon blanc for the first time. It is
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Fig. 11.7 Release of 4-MMP from the corresponding sulphur-cysteine conjugate (according to
Peyrot des Gachons et al. 2000; Wiist 2003, modified)

assumed that a glutathione transferase is involved in the synthesis of the sulphur-
glutathione conjugates, which are probably transported with the help of a
glutathione-conjugate pump to the cell vacuole. The sulphur-cysteine conjugates
are almost certainly formed through the activity of a y-glutamyltranspeptidase and a
carboxypeptidase (Wiist 2003).

Research work of Murat et al. (2001a) indicated that yeast strains vary in the
ability to release 4-MMP, 3-MH and 4-MMPOH. It could be also demonstrated that
commercial yeast strains differ in the release of the various volatile thiols. Strains of
Saccharomyces bayanus and their hybrids created with Saccharomyces cerevisiae
released even higher concentrations of the thiols. The activity of the enzymes
involved in the release of the different thiols is strain dependent. A variation of
the release of the enzymes and of the thiols can be achieved by the use of specific
yeast strains. Dubourdieu et al. (2001, 2006) demonstrated in model fermentations
that a synthesised precursor decreased in concentration, while the corresponding
thiol increased, but only a small fraction (1.6% at day 6 of fermentation) of the
cysteine-bound precursor was transferred to the thiol. The same effect was shown
with Cabernet Sauvignon and Merlot musts (Murat et al. 2001a). Only 3.2%
(average value) of the precursor was decomposed during the fermentation.

Therefore, the choice of the yeast strain is of considerable importance to enhance
flavour complexity of wines and to use the huge potential of odourless sulphur-
cysteine conjugate precursors to release the desired volatile thiols and to create
specific wine styles (Swiegers et al. 2005). On the contrary, it is very crucial to
avoid an overproduction of ‘tropical’ fruit flavours through specific yeast strains in
wines from varieties that normally do not release this kind of aroma notes. There-
fore, the adequate application of the yeast strains is very important to develop the
‘typical’ flavours of certain varieties and to activate the release of certain aromas for
specific wine styles.

Howell et al. (2005) showed with a laboratory strain that four genes (BNA3,
CYS3, GLOI and IRC7) are involved in the release of 4-MMP. This points out that
the mechanism of release probably involves multiple genes (Swiegers et al. 2005,
2006). Subileau et al. (2008a) provided evidence that other transporters than the
general amino acid transporter, GAP/, might be involved in the uptake of thiol
precursors. Thibon et al. (2008b) showed by using a grape juice in which the
cysteinylated precursor of 4-MMP was added that only the /RC7 gene which
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encodes for a cystathionine f-lyase is responsible for its release in Saccharomyces
cerevisiae. Furthermore they could demonstrate that the related Ure2p/GIn3 pro-
teins mainly control the release of volatile thiols by transcriptional regulation of the
IRC7 gene through nitrogen catabolic repression (NCR). Also Subileau et al.
(2008a) and Winter et al. (2011a) demonstrated that NCR is effecting the thiol
formation in some yeast strains, whereas Deed et al. (2011), Harsch and Gardner
(2013) and Srisamattharakan (2011) noticed no influence in other strains. The genes
involved in NCR seem to be strongly yeast strain dependent (Deed et al. 2011).
Roncoroni et al. (2011) reported two alleles for the /[RC7 gene, a full-length version
and a 38-bp deletion form, which is encoding for a less functional enzyme. These
authors also showed that full-length /RC7 is necessary and sufficient for 4-MMP
release in grape juice. Thibon et al. (2008b) indicated that a deletion of full-length
IRC7 gene led only to a partially blocked release of 3-MH of the cysteinylated
3-MH precursor. Its participation in the release of 3-MH is not fully investigated
(Roncoroni et al. 2011; Santiago and Gardner 2015). Belda et al. (2016a) indicated
that most of Saccharomyces cerevisiae strains have the deleted allele of the
IRC7 gene.

Several research studies concluded that the majority of Saccharomyces
cerevisiae strains are only able to release about 10% of the thiol precursors
available in grapes and grape juices (Murat et al. 2001b; Coetzee and du Toit
2012; Belda et al. 2017a). Pinu et al. (2012) showed that the amount of 3-MH
precursors does not correlate with the amount of thiols measured in the final wines.

Sulphur and nitrogen metabolism seem to be crucial in regulating the biosyn-
thesis of 3-MA and 3-MHA during alcoholic fermentation of grape must (Harsch
and Gardner 2013).

Swiegers et al. (2005) showed the link between ester and volatile thiol metab-
olism in yeast for the first time. It could be demonstrated that 3-MH is transformed
to 3-MHA by the ester-forming alcohol acetyltransferase, encoded by the ATF1
gene. Large differences in the ability of commercial strains were noticed to form
3-MHA. The ability to produce high levels of 3-MHA did not correspond with the
ability to release 4-MMP.

Casu et al. (2016) revealed that increased levels of linoleic acid can lead to a
remarkable decrease of 3-MHA. They proposed that linoleic acid lowered the
acetylation by inhibiting an acetyltransferase. The effect of linoleic acid on 3-MH
was strain specific. These results point out that the compositions of nutrients as well
as other ingredients of the grape juice have to be much more considered in the
research on the formation of varietal thiols and to get more insight in regulation
processes of the yeast cell.

Swiegers et al. (2000) demonstrated the power of yeast in enhancing the aroma
of wine due to the development of a prototype wine yeast able to release signifi-
cantly more thiols than conventional yeast. The Escherichia coli tryptophanase
gene, tnaA, was overexpressed in commercial wine yeast by the use of genetic
modification technology. The transformant producing the bacterial cysteine p-lyase
had more than a tenfold increase in 4-MMP concentration in comparison to the
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commercial control strain. Lilly et al. (2006) indicated that the overexpression of
ATF1 in a wine yeast resulted in increased 3-MHA levels.

Schneider et al. (2006) demonstrated a new possible pathway leading to 3-MH
and 4-MMP, starting from conjugated carbonyl compounds, alternative to the
already known release from cysteinylated precursors. They described that 3-MH
could be produced through the reaction of H,S formed by yeasts during alcoholic
fermentation by 1,4-addition with (E)-hexen-2-al to 3-mercaptohexenal-2 followed
by a reduction step, whereas the formation of 4-MMP probably results from the
reaction of H,S with mesityl oxide. (E)-hexen-2-al is formed in damaged plant cells
and occurs in grape juice, thus this could be an explanation for the ubiquitous
occurrence of 3-MH in wines. Nevertheless, the presence of mesityl oxide or its
hydrate in must should be analysed in a first step to investigate the contribution of
the hypothesised alternative pathway to the total amount of 4-MMP in certain
wines. The studies of Subileau et al. (2008b) revealed that the cysteinylated
precursor of 3-MH and (E)-hexen-2-al are not the major precursors of 3-MH. In
addition, they revealed that the glutathionylated precursor of 3-MH is transported
via Optlp into the yeast cell. Grant-Preece et al. (2010) demonstrated under model
fermentation conditions that 3-MH can be formed from the glutathionylated pre-
cursor and the cysteine conjugate is also required in this process. The genes DUGI,
DUG2, DUG3, CPC, CPY and ECM38 seem to be involved in this pathway
(Cordente et al. 2012, 2015; reviewed by Belda et al. 2017a). The release of
3-MH from its glutathionylated precursor could not directly be achieved with a
known carbon-sulphur p-lyase. 3-MH seems to be more easily released from the
cysteine precursor than from the glutathione precursor (Winter et al. 2011b).

Research studies of Roland et al. (2010a, b) indicated that certain reactions can
also lead to other thiol precursors. A detailed review on the different biogenesis
pathways for 4-MMP, 3-MH and 3-MHA during alcoholic fermentation was given
by Roland et al. (2011). The authors also pointed out that the sulphur donor could be
apart from H,S also cysteine, glutathione or other molecules with a free SH group.

Harsch and Gardner (2013) demonstrated that supplying H,S to grape juice led
to the production of very high concentrations of 3-MH and that both (E)-hexen-2-al
and (E)-hexen-2-ol can function as precursors. The authors proposed to investigate
opportunities to increase the C6-precursors or to find legal ways to raise H,S-
formation during the early stage of fermentation to increase the potential for 3-MH
release. It has to be taken into account that an increased production of H,S can lead
to off-flavours due to its low odour threshold value and its reaction with other
substances forming unpleasant sulphur compounds.

The formation of labelled S-3-(hexanal)-glutathione was already shown by
Capone and Jeffery (2011) with the addition of labelled (E)-hexen-2-al to whole
grape berries before crushing. This was the evidence that the glutathionylated
precursor is probably formed to a higher extent than expected during berry
crushing. It is assumed that the aldehyde intermediate must be enzymatically
reduced to achieve the glutathionylated 3-MH precursor by alcohol dehydrogenase
or aldo-keto reductase. Furthermore it could be expected that dipeptide intermedi-
ates are involved in the breakdown process after cysteinylglycine conjugate of
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3-MH was identified and quantified in Sauvignon blanc grape juice (Capone et al.
2011, Cordente et al. 2015). It is supposed that further reactions by peptidases can
lead to the cysteinylated conjugate from which 3-MH is released (Parker et al.
2017). y-Glutamyl transpeptidase seems to be required in the transformation of
glutathione precursors to volatile thiols (Santiago and Gardner 2015).

Thibon et al. (2016) identified S-3-(hexanal)-glutathione and its bisulphite
adduct in Sauvignon blanc grape juice and pointed out that these compounds
could be considered as new direct 3-MH precursors. A transformation rate of
these two precursors into 3-MH was estimated at 0.4%.

Finally, it has to be pointed out that Sarrazin et al. (2007) indicated a contribu-
tion of the identified and quantified thiols, 3-sulphanylpentan-1-ol,
3-sulphanylheptan-1-o0l, 2-methyl-3-sulphanylbutan-1-ol and probably 2-methyl-
3-sulphanylpentan-1-ol, to the overall aroma of sweet wines made from Botrytis-
infected grapes.

A lot of factors influence the concentration of thiol precursors such as viticul-
tural treatments (Peyrot des Gachons et al. 2005; Schiittler et al. 2011, 2013), grape
ripening conditions, harvesting time and methods, condition of the grapes, oeno-
logical treatments, choice of yeasts and other issues (Parker et al. 2017). Neverthe-
less, the major precursor(s) to form 3-MH and/or its de novo synthesis and other
varietal thiols are not fully understood and need further research.

On the basis of the above described studies, alternative strategies with conven-
tional techniques are studied to optimise the release of thiols and the formation of
‘tropical fruit’ esters. For example, a large number of hybrid yeasts or natural
selections of yeasts could be proved for their ability to release thiols or for the
capacity of ester formation. Furthermore, co-inoculated fermentations of certain
yeast strains have been applied and will be investigated more intensively in future
as an appropriate enological tool to generate specific aroma characteristics in wines
(Swiegers et al. 2006). It can be also expected that apart from other species of the
Saccharomyces genus also species and strains of non-Saccharomyces yeasts have
different abilities to release thiols (Wakabayashi 2004; Kagli et al. 2006; Sourabié
et al. 2008), which provided the basis for an extremely promising area of research.

Anfang et al. (2009) studied the impact of co-fermentations with specific
commercial strains of Saccharomyces cerevisiae and an isolate of Pichia kluyveri.
Their results gave evidence that the co-fermentation could be a useful tool to
increase 3-MHA formation. Zott et al. (2011) assessed 15 non-Saccharomyces
strains from 7 species on 4-MMP and 3-MH release in model medium and
Sauvignon blanc must after partial fermentation. They observed a low 4-MMP
release in both media, but some of the Metschnikowia pulcherrima, Torulaspora
delbrueckii and Kluyveromyces thermotolerans strains showed a high ability to
liberate 3-MH. This indicates also a strain-dependent contribution for
non-Saccharomyces yeasts as already revealed for Saccharomyces yeasts. An
overview about non-Saccharomyces species to intensify the release of thiols due
to carbon-sulphur lyase activity is given by Padilla et al. (2016).

Belda et al. (2016a, b) showed for the yeast species Torulaspora delbrueckii,
Kluyveromyces marxianus and Meyerozyma guilliermondii a notable f-lyase
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activity and a great intraspecific variability. Renault et al. (2016) could indicate that
an industrial strain of Torulaspora delbrueckii is not able to release 4-MMP and
showed a low activity to form 3-MHA. This strain led to a higher release of 3-MA
but only from the glutathionylated precursor. Additionally, an increase of the
cysteinylated precursor could be detected which forced the release of 3-MH in
mixed cultures with Saccharomyces cerevisiae. In contrast, the research studies
from Belda and coworkers showed in sequential fermentations that other strains of
Torulaspora delbrueckii can lead to noticeable high amounts of 4-MMP and
suggested that apart from the B-lyase activity other genes encoding oligopeptide
and amino acid transporters differ due to intraspecific diversity (Belda et al. 2017a, b).

11.3 Sulphur Metabolism of Lactic Acid Bacteria

Lactic acid bacteria conduct malolactic fermentation, which usually occurs in wine
a few days after alcoholic fermentation. Malolactic fermentation is forced in certain
wines to degrade malic acid to lactic acid. This process softens the wine by
decreasing its acidity and improves its organoleptic quality due to certain trans-
formations. The lactic acid bacteria associated with grape must and wine mainly
belong to the following genera: Lactobacillus, Oenococcus and Pediococcus.
Oenococcus oeni mostly grows spontaneously in wine after the alcoholic fermen-
tation or after commercial starters are added. There is a huge amount of literature
available on the improvement of malolactic fermentation, on the formation of
certain aroma compounds such as diacetyl and on health-related compounds such
as biogenic amines (Bartowsky 2005; Henick-Kling 1993). Sulphur metabolism
was only studied for lactic acid bacteria that are involved in cheese production for a
great extent (Bonnarme et al. 2000; Dias and Weimer 1998; Sourabié et al. 2008).

Pripis-Nicolau et al. (2003, 2004) started to investigate the methionine catabo-
lism of Oenococcus oeni and certain species of Lactobacillus at winemaking
conditions for the first time. It could be indicated that in a laboratory media several
lactic acid bacteria are able to metabolise methionine. The following sulphur
compounds were detected: methanethiol, dimethyl disulphide, 3-(methylthio)
propan-1-ol (methionol) and 3-(methylthio)propionic acid. Methionol and
3-(methylthio)propionic acid were formed in higher concentrations by Oenococcus
oeni than by Lactobacillus species. It was observed that strains differ in their ability
to produce the volatile metabolites. Figure 11.8 is giving an overview on the
possible metabolites of methionine catabolism by Oenococcus oeni according to
the research of Pripis-Nicolau et al. (2004). After malolactic fermentation in
various red wines, only the level of 3-(methylthio)propionic acid increased in
some cases significantly. It is assumed that this sulphur compound, which gives
the impression of ‘chocolate’ and ‘roasted odours’ and a perception threshold of
50 pg L', can probably contribute to the aromatic complexity often noticeable
after malolactic fermentation. It is important to point out that no off-flavour
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Fig. 11.8 Proposed metabolism of methionine by Oenococcus oeni in wine-like synthetic media
(according to Pripis-Nicolau et al. 2003, 2004, modified)

compounds like methanethiol and dimethyl disulphide could be measured after
malolactic fermentation conducted in wines.

Vallet et al. (2007, 2008) demonstrated that 2-oxo-4-(methylthio)butyric acid
(KMBA) plays a central role in volatile sulphur compound synthesis.

The addition of low amounts of glutathione can have a positive effect on the
growth of Oenococcus oeni in wine under certain conditions (Rauhut et al. 2004).
The addition of methionine and glutathione seemed to accelerate the speed of
malolactic fermentation a little bit at lower pH values. The catabolism of glutathi-
one can lead to increased levels of H,S in wine-like synthetic media, if the
supplemented concentrations are far over the normal levels in wines. Furthermore,
it could be shown that the catabolism of methionine to volatile sulphur compounds
seems to depend on the pH value of the media (Rauhut et al. 2008). According to
Pripis-Nicolau et al. (2004), no increase of volatile sulphur compounds that are
related to off-flavours (e.g. H,S, methanethiol, dimethyldisulphide, etc.) could be
detected in wine-like model solutions and wine after addition of methionine and
glutathione in amounts that can be usually expected in wines. As a result of the
investigations, it is proposed that other factors such as the chemical or biochemical
transformation of other volatile or non-volatile sulphur precursors in wine are the
cause for ‘reductive’ sulphur off-flavours that can be sometimes noticed after
malolactic fermentation and/or storage and ageing of wines.
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11.4 Conclusions

Considerable research over more than three decades indicated that yeast sulphur
metabolism influences to a high extent the wine flavour due to the occurrence of
sulphur-related off-flavours that mainly occur due to deficiencies of assimilable
nitrogen and other nutrients in grape musts. Research on an adequate and focused
nutrient support of yeasts during fermentation has to be continued to fully under-
stand the complex process of nutrient composition and formation of volatile sulphur
compounds. This is of high interest especially with the regard to global climate
change, which can decrease the nutrient composition in grapes as a result of
increased stress conditions such as water deficiencies in certain years or can affect
the development and incorporation of thiol precursors in the grapes or their
formation during the winemaking process. More information is required about the
demonstrated alternative pathways for varietal thiols and how they are regulated in
the yeast cell.

Investigations of different research groups pointed out that yeast plays a great
role in the characteristic of varietal aromas, in particular for wines from certain
grape varieties like Sauvignon blanc, Muscat, Gewiirztraminer, Scheurebe, etc.

Volatile sulphur aroma compounds are the best example to demonstrate that a
comprehensive knowledge is necessary to avoid the formation of objectionable
flavours and to optimise the release of specific thiols that offer wines specific
desired ‘tropical’ fruit aromas. Any treatment or fining to get rid of developed
‘reductive’ sulphur off-flavours will also affect the varietal flavour triggered by
volatile thiols. Ongoing research is necessary to process strategies to optimise the
desired aromas through certain thiols and to avoid or to minimise the occurrence of
malodorous sulphur compounds through yeast metabolism.

In addition, the interaction of yeasts from the same and/or from different species
has to be studied to investigate their influence on the formation of volatile and
non-volatile sulphur compounds in detail. The application of mixed yeast cultures
and sequential fermentations to optimise the release and formation of varietal thiols
seem to be interesting tools which need further research and experience.

In a further step, other microorganisms like lactic acid bacteria and fungi
(e.g. Botrytis cinerea) should be integrated in these research investigations.

Appropriate wine yeast strains should be further on selected and scanned for a
very low formation of sulphite, because a decrease of sulphites is generally required
in food.
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Chapter 12
Polysaccharide Production by Grapes Must
and Wine Microorganisms
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List of Abbreviations

EPS  Exopolysaccharide
MLF Malolactic fermentation
MP Mannoproteins

PS Polysaccharide

12.1 Introduction

In this chapter, we describe the formation of polysaccharides (PS) by some of the
microorganisms most frequently encountered in grapes, must and wine: Botrytis
cinerea, Saccharomyces cerevisiae, non-Saccharomyces, Oenococcus oeni and
other wine lactic acid bacteria. The structure of the polymer produced, the meta-
bolic pathways identified, the putative or demonstrated benefits linked to capsular
PS formation for the microorganism and the impact of the PS released on wine
quality are described.

Several species of fungi, yeasts and bacteria develop on the grape berry during
ripening and, afterwards, throughout the winemaking process. All contribute, via
their own metabolic pathways, to the final chemical composition of the wine.
Polysaccharides (PS) form part of the molecules produced by microbial metabolism
which affect wine quality. They constitute the highest molecular weight component
of wine and consist of repeating sugar units. These repeat units can be made of
several different monosaccharides (heteropolysaccharides) or of the repetition of a
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single one (homopolysaccharides). The chain length, degree of branching and type
of osidic bounds are also important characteristics of the molecule structure.

The PS content in must and wine varies throughout the winemaking process due
to synthesis and degradation reactions. Only the more soluble grape PS are
extracted in must (pectins and arabinogalactan). From picking until the end of
alcoholic fermentation, pectins are gradually degraded into smaller PS, due to the
action of grapes and microbial pectolytic enzymes (Pellerin and Cabanis 1998). The
first microbial event that significantly modifies the wine’s final PS composition is
when the grapes are infected by Botrytis (Sect. 12.2): the pectins are hydrolysed and
specific neutral polymers are formed (Dubourdieu 1982). In the next stage, during
alcoholic fermentation and ageing on the lees, yeasts (Saccharomyces and
non-Saccharomyces) release mannoproteins. These molecules constitute the second
group of wine PS in quantitative terms, after those originating from grapes (Sect
12.3) (Ribéreau-Gayon et al. 2000). Pectolytic yeast species may also hydrolyse
certain grape PS, thus providing substrates for the subsequent growth of other
microbial species (Louw et al. 2006). Afterwards, as a result of the natural selection
among bacteria occurring during alcoholic fermentation, Oenococcus oeni gener-
ally becomes dominant for the subsequent malolactic fermentation (MLF). During
this stage, many changes occur in wine PS composition, indicating that, like
Botrytis and yeast, O. oeni has the ability to produce and degrade PS (Dols-
Lafargue et al. 2007). Though, most of the time, O. oeni PS have no evident impact
on wine quality, some of them, which are also produced by other wine bacteria,
have long been associated with the spoilage named “ropiness”. Indeed, the bacterial
PS structures and biosynthetic pathways are diverse and strain specific, and some
associated genes are shared by several species (Sect. 12.4).

This chapter focuses on PS synthesis by microorganisms in grapes and wine,
describing the structures of the polymers produced and, when identified, the
biosynthetic pathways, with molecular aspects and regulation. Microbial PS are
usually, at least partially, linked to the cells, thus forming a capsule, while the
remainder is released into the surrounding medium (Sutherland 1993). The putative
or demonstrated physiological benefits linked to capsular PS formation are
discussed, and, finally, the impact of the released PS on wine quality is examined.

12.2 PS Produced by Botrytis cinerea

Botrytis cinerea is a deuteromycete (Hyphomycete) fungus. It is an important plant
pathogen with an exceptionally broad host range. Its development on grapes may be
dreaded (grey rot) or desired (“noble rot”) (Ribéreau-Gayon et al. 2000).

In terms of PS, must extracted from rotten grapes no longer contains pectic PS,
and its galactose and mannose concentrations are modified. Moreover, these musts
contain exopolysaccharides (EPS), specifically produced by B. cinerea. When the
fungus is cultivated on liquid medium, it is possible to separate two groups of
soluble PS by alcoholic precipitation (Dubourdieu 1982):
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» The more alcohol-soluble fraction consists of heteropolysaccharides.

e The less alcohol-soluble polymer is a glucan (glucose homopolysaccharide),
known as cinerean. This is also the only polymer observed with certain strains of
B. cinerea (Leal et al. 1976; Stahmann et al. 1992). Most of this extracellular
polymer is attached to the hyphal cell wall, forming capsules (60%), while the
rest (40%) is released as slime (Pielken et al. 1990).

12.2.1 Structure of the PS Produced

The heteropolysaccharide fraction has been less studied than the f-glucan. It
consists of mannose, galactose, glucose and rhamnose (60/30/5/5), with molecular
weights between 10 and 50 kDa (Dubourdieu 1982).

Cinerean has a linear backbone of f-1,3 linked glucosidic residues, with
branched chains, consisting of a single p-1,6 linked glucosidic residue, attached
to every second or third glucose molecule (Fig. 12.1) (Dubourdieu et al. 1981). This
structure is common in cell wall polymer of yeast and filamentous fungi. The chains
can be linked by low energy bonds. This increases the apparent molecular weight
and leads to the trapping of a black pigment, melanin, by the glucan. The molecular
weight of the glucan was estimated at 10°~10° Da by size exclusion chromatogra-
phy and 10°-10'" by low-angle laser light scattering. Ultrasound treatment was
used to separate the polymer from the melanin, resulting in glucan fibrils of
50-250 kDa (Dubourdieu et al. 1981; Dubourdieu 1982; Stahmann et al. 1995;
Doss et al. 2003).

12.2.2 PS Production Kinetics

The two families of PS are produced during active growth on glucose in model
medium: 300 mg 1" cinerean and about 50 mg 17! heteropolysaccharides
(Dubourdieu 1982). In batch fermentation, a decrease in cinerean is observed
after glucose exhaustion, leading to a striking decrease in viscosity. Indeed,

Fig. 12.1 Schematic representation of the repeating unit of Botrytis cinerea p-glucan
(Dubourdieu et al. 1981)
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B. cinerea produces several B-1,3 glucanases. Cinerean may be considered an
external carbon reserve (Leal et al. 1976; Dubourdieu and Ribereau-Gayon 1980;
Martinez et al. 1983; Stahmann et al. 1995). The PS content of wines produced from
botrytised musts is up to 750 mg 17! higher than in wines obtained from
uncontaminated musts (Dubourdieu et al. 1978).

The genes and enzymes responsible for PS synthesis in B. cinerea have not been
studied. Only Monschau et al. (1997) evidence the §-1,3 glucan synthase activity of
membrane fraction of B. cinerea and suggest that the branching enzyme for the
B-1,6 glycosidic bonds does not have the same location. Most studies have been
done with other filamentous fungi but the biosynthetic pathway may be similar in
B. cinerea. They suggest that the membrane-bound glucan synthase complex
releases the polymer in the periplasmic space, where a remodelling occurs. In
Epicococcum niger, Schmid et al. (2006) show that the synthesis of epiglucan
(B-1,3 B-1,6 branched fungal glucan) occurs via the transfer of glucosyl residues
(probably from UDP-glucose) to the non-reducing end of the growing chain. The
side B-1,6 linked residues are incorporated gradually, as p-1,3 backbone glucan
elongates. Furthermore, they suggest two PS formation mechanisms involving
either (1) a single transmembrane glycosyltransferase, as proposed for Streptococ-
cus pneumoniae and Pediococcus parvulus p-glucans (Sect. 12.4), or (2) a complex
set of glycosyltransferases, as described for lactic acid bacteria EPS synthesis (Sect
12.4). Identification of single or multiple genes associated with f-glucan formation
would clarify which mechanism is actually responsible.

12.2.3 Benefit for the Fungus

Like for other filamentous fungi, the B. cinerea glucan is essential for the cell wall
rigidity. Most of the exocellular part of the p-glucan produced sticks to the cells,
thus forming a thick capsule (Pielken et al. 1990). This capsule protects them from
drought and assists in cell attachment on grapes (Dubourdieu 1982; Doss et al.
1995). Gil-ad et al. (2001) show that the presence of the glucan sheath strongly
modifies the fungus morphology, protecting it from host responses, by slowing the
diffusion of host secretions. In addition, the glucan sheath traps enzymes (peroxi-
dase, laccase and catalase), which thus constitute an “arsenal” outside the cells
(Doss 1999). Eventually, Botrytis PS undoubtedly play a key role in the biofilm
established on the grape berry, containing yeasts, bacteria and other fungi.

12.2.4 Impact on Wine Quality

Cinerean is responsible for the high viscosity of musts produced from rotten grapes.
After alcoholic fermentation, in the presence of ethanol, this glucan tends to form
aggregates which block filters, making more difficult spontaneous clarification by
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sedimentation and impairing wine filterability. Commercial glucanases are thus
applied to such wines. They mainly display exo-p-1,3 glucanase and f$-1,6 gluco-
sidase activities, which finally hydrolyse the glucan to glucose (Villetaz et al. 1984;
Dubourdieu et al. 1985; Humbert-Goffard et al. 2004). The direct pressing of rotten
grapes without crushing them can also reduce the amount of glucan released into
the must.

B. cinerea glucan affects yeast physiology and metabolism. Its addition to a
fermenting medium slows down the alcoholic fermentation and stimulates the
glyceropyruvic pathway, leading to increased excretion of glycerol and acetate
(Ribéreau-Gayon et al. 1979; Dubourdieu 1982).

12.3 Yeast Mannoproteins

Mannoproteins (MP) constitute the outer part of the yeast cell wall polysaccharide
layer. Some MP with enzyme activity (such as the external invertase) are
immobilised in the structure of the MP matrix (Ballou 1976). During alcoholic
fermentation and ageing on lees, some of these MP are released into the wine,
where they interact with many other wine components.

12.3.1 Yeast Cell Wall Organisation and MP Structure

The most studied cell wall of Saccharomyces cerevisiae makes up 15-30% of the
cell’s dry weight, depending on growth conditions. It consists of separate,
interconnected PS layers (Fig. 12.2). The outer layer is made of MP, connected to
a matrix of amorphous f-1,3 glucan, while the inner layer consists of fibrous f-1,3
glucan, over a small quantity of chitin; B-1,3 glucan is the main component (85%)
responsible for the mechanical properties of the cell wall. The p-1,6 glucan (15%)
probably links the components of the inner and outer walls (Kollar et al. 1997; Klis
et al. 2002).

MP and 1,3 amorphous
glucan

B1,6 glucan connecting the | o wall
two cell wall layers

/51,3 fibrous glucan

Chitin e
Cytoplasmic membrane

Fig. 12.2 Saccharomyces cerevisiae cell wall organisation



298 M. Dimopoulou et al.

In the genus Saccharomyces, MP are made of mannose (about 90%), N-acetyl-
glucosamine and mannosylphosphate (0.1-1%), in varying proportions, depending
on the strain and growth phase (Ballou 1976, 1990; Jigami and Odani 1999; Klis
et al. 2002). Their molecular weights vary from 20 to 450 kDa. A
glycosylphosphatidylinositol anchor attaches the carboxylic group of the peptide
chain of certain MP, which cross the cell wall, to the plasma membrane. Then, three
forms of glycosylation have been described for S. cerevisiae MP, but they do not
necessarily coexist in all of the MP (Fig. 12.3). The first form of glycosylation
consists of mainly a-1,6-linked glucomannan chains, but their peptide point of
attachment has not been clearly identified yet. The second form of glycosylation
consists of small a-1,2- and a-1,3-linked mannooligosaccharide chains, which are
sometimes phosphorylated. These small chains are attached to the peptide chain,
via O-glycosidic bonds on serine or threonine residues. The last form of glycosyl-
ation is a N-linked PS attached to the peptide chain, via an asparagine residue. The
core of this PS consists of a double unit of p-1,4-linked N-acetyl-glucosamine, to
which a a-1,2-, a-1,3- and a-1,6-linked phosphorylated mannooligosaccharide is
attached. A highly ramified outer chain (150-250 mannose units) is then attached to
the core. This consists of a skeleton of a-1,6-linked mannosyl units, supporting
short side chains of a-1,2- and a-1,3-linked mannosyl residues and phosphodiester-
branched mannosyl residues (Ballou 1990; Jigami and Odani 1999).

The core of the PS fraction occurs in several yeast species, while the external PS
chain is strain specific (Ballou 1976). The structure of the MP released into wine
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Fig. 12.3 Schematic representation of the O-linked oligosaccharide fraction and N-linked poly-
saccharide fraction of S. cerevisiae mannoproteins, MP (n = 0-10) (Adapted from Ballou 1990;
Jigami and Odani 1999). GNAc N acetyl glucosamine, M mannose, P phosphate, Asn asparagine,
Ser serine, Thr threonine
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depends on the yeast strain, but is always similar to that of the yeast cell wall, with a
molecular mass between 50 and 500 kDa (Villetaz et al. 1980; Llauberes 1987).

So far, non-Saccharomyces species MP have been less studied. However their
structure is presumably similar to the one of Saccharomyces. These molecules are
mainly mannoproteins with close composition to that of S. cerevisiae, excepted in
Schizosaccharomyces pombe, whose MP contains also galactomannans (Giovani
et al. 2012).

12.3.2 Physiology of MP Release

The cell wall construction is a dynamic, tightly regulated process, involving a large
number of genes (Lussier et al. 1997; Smits et al. 1999; de Groot et al. 2001). The
growing cells produce p-glucanases and other enzymes that partially degrade the
B-1,3/p-1,6 glucan network, weakening the cell wall and facilitating cell division,
budding or mating. No mannosidase or N-Ac-glucosaminidase is detected
(Llauberes 1987; Klis et al. 2002; Gonzales-Ramos and Gonzales 2006). As a
result, yeasts release PS, and especially MP, from the cell wall during active
growth. In model medium, 100-250 mg 1~' MP are released, depending on the
yeast strain, contact time, temperature and agitation of the yeast biomass. This
phenomenon slows down when cells enter the stationary phase, as the walls become
thicker and more resistant to f-glucanases, while the level of MP phosphorylation
increases (Llauberes 1987; de Nobel et al. 1989, 1990; Shimoi et al. 1998; Jigami
and Odani 1999).

The same phenomena occur during alcoholic fermentation in wine. S. cerevisiae
MP are mainly released by active yeasts during the early stages of alcoholic
fermentation but also by dying or dead cells (Giovani et al. 2010). According to
Domizio et al. (2014), non-Saccharomyces PS are mainly released during growth.
However, p-glucanases present in the cell wall maintain some residual activity a
few months after cell death. As a result, ageing on the lees further raises the MP
level by 150—200 mg 1", depending on the yeast strain, especially when lees are
stirred and consist of fermented yeasts rather than additional dry yeasts (Llaubéres
1987; Ribéreau-Gayon et al. 2000; Guilloux-Benatier and Chassagne 2003; Juega
et al. 2015).

Given the positive effect of MP on wine (see Sect. 12.3.4), yeasts richer in MP
are sought. Besides strain selection, genetic approaches such as recombinant
genetics or random mutagenesis have been tried (Gonzalez-Ramos et al. 2008,
2010). Pérez-Través et al. (2015) obtained a S. cerevisiae strain with high produc-
ing MP ability and high fermentation performance. However another way to take
advantage of yeast MP release is to use non-Saccharomyces yeasts. Namely,
Torulaspora delbrueckii has been generally recognised as a high MP producing
species (Giovani et al. 2012; Belda et al. 2014).
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12.3.3 Benefit for the Wine Yeasts

MP in the outer cell wall layer play an important role in controlling the exchange of
macromolecules (proteins, etc.) between the periplasmic space and the environment
(de Nobel et al. 1989, 1990; Kapteyn et al. 1996). Several enzymes are thereby
retained in the periplasmic space (Klis et al. 2002). Moreover, the external PS
fraction of MP, which emanates from the cell surface, is involved in cell—cell
recognition events.

MP are also involved in cell protection and survival in hostile environments,
e.g. water retention and drought protection (Klis et al. 2002). Furthermore, various
studies have shown that mannosylphosphorylation or modified MP patterns help the
cells to overcome stress and contribute to yeast flotation during velum formation
(Jigami and Odani 1999; Parascandola et al. 1997; Martinez et al. 1997; Alexandre
et al. 1998, 2000). In an evolutionary engineered S. cerevisiae wine strain, genes
linked to cell wall MP synthesis proved to be upregulated in response to low
temperature, suggesting a direct involvement of MP in cold stress (Lopez-Malo
et al. 2015).

12.3.4 Impact on Wine Quality

Today, the use of yeast and yeast cell wall derivatives is accepted in winemaking,
during or after fermentations, for fining or in replacement of lees for ageing. Most
studies report that the presence of MP is beneficial to wine quality (Caridi 2006),
although in specific cases, they may be responsible for a decrease in wine colour
intensity or lower filterability (Vernhet et al. 1999; Morata et al. 2003; Rizzo et al.
2006).

In the pH range of wine, MP are negatively charged and establish interactions
with other components, especially phenolic compounds (anthocyanins and tannins)
and aromas, thus increasing colour stability, decreasing astringency and modulating
aroma intensity and volatility (Lubbers et al. 1994; Vernhet et al. 1996; Escot et al.
2001; Riou et al. 2002; Caridi et al. 2004; Chalier et al. 2007; Juega et al. 2012;
Mekoue Nguela et al. 2016; Gonzales-Royo et al. 2016). This property is used to
stabilise wine via the legally authorised addition of purified MP (mannostab™")
(Dubourdieu and Moine 1996). MP also inhibit the crystallisation of tartrate salts
(Lubbers et al. 1993; Gerbaud et al. 1996) and prevent protein haze or adsorb
molecules that would otherwise be implicated in oxidation reactions. This explains
the stabilisation of white wines aged on lees (Waters et al. 1994; Escot et al. 2001;
Charpentier et al. 2004; Dufrechou et al. 2015). Some MP have been shown to
significantly adsorb ochratoxin A, a mycotoxin sometimes reported in grapes, must
and wine (Caridi 2006). In addition, MP contribute to yeast flocculation as well as
to yeasts and bacteria co-flocculation, during sparkling wine production (Suzzi
et al. 1984; Peng et al. 2001; Fleet 2003; Pérez-Magarino et al. 2015). Some have
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been reported to stimulate the growth of malolactic bacteria (Guilloux-Benatier
et al. 1995; Guilloux-Benatier and Chassagne 2003). And last but not least, a keen
interest for MP was recently observed for improving mouthfeel perception, aroma
persistence and body or sweetness. This MP enrichment could be achieved through
addition of purified molecules (Moine 2009; Pérez-Magarino et al. 2015) or by
using selected MP producing strains or species. For example, the great impact on
sensorial mouthfeel by T. delbrueckii is clear in all reports (Giovani et al. 2012;
Belda et al. 2016; Domizio et al. 2014). This positive impact is also achievable by
using T. delbrueckii lees in wine ageing (Belda et al. 2016).

12.4 Production of PS by Wine Lactic Bacteria

Many lactic bacterial species can be found in wines especially after alcoholic
fermentation, when they drive malolactic fermentation, MLF (Chap. 1). Soluble
PS concentrations increase or decrease during MLF, depending on the wine con-
sidered, suggesting that Oenococcus oeni, the bacterial species most often respon-
sible for MLF, can both produce and degrade PS without altering the wine (Dols-
Lafargue et al. 2007). However, in some cases, lactic acid bacteria cause “ropiness”
or “oiliness”, one of the four major types of bacterial spoilage in wine (Pasteur
1866). Spoiled wines display an oily, ropy texture, due to the liberation of a specific
bacterial PS (Llaubéres 1987).

However, recent studies show that it is not so easy to distinguish on one side
harmless or beneficial bacterial EPS and, on the other side, those causing wine
spoilage.

12.4.1 Structure and Location of Wine Bacterial PS

The first wine bacteria studied for their ability to produce EPS were chosen because
they displayed visible and singular thickening or sticking properties (see examples
Fig. 12.4a, b). They had been isolated from spoiled ropy wines, beer and cider. Such
singular ropy strains belong to genera Streptococcus, Leuconostoc, Pediococcus,
Lactobacillus and Oenococcus (Luthi 1957; Van Oevelen and Verachtert 1979;
Lonvaud-Funel and Joyeux 1988; Manca de Nadra and Strasser de Saad 1995;
Duenas et al. 1995; Fernandez et al. 1995; Walling et al. 2005b; Werning et al.
2006; Ibarburu et al. 2007; Garai-Ibabe et al. 2010; Dimopoulou et al. 2014, 2016;
Caggianiello et al. 2016). All ropy strains produce significant EPS amounts in
model media, when compared to other strains of the same species.

The first and most studied ropy EPS is the high molecular weight
(500-2000 kDa) p-glucan produced by P. parvulus 2.6 and IOEB_8801. These
strains were first considered as Pediococcus cerevisiae (Lonvaud-Funel and Joyeux
1988), later classified as Pediococcus damnosus by DNA/DNA hybridisation
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Fig. 12.4 (a) Ropiness induced in liquid model medium (MRS) by P. parvulus IOEB_8801. (b)
Ropiness detection by picking colonies of O. oeni IOEB_0205 after growth on solid model
medium (MRS) (¢) Schematic representation of the chemical structure of Pediococcus parvulus
p-glucan

(Lonvaud-Funel et al. 1993; Duenas et al. 1995, Walling et al. 2005a, b) and then,
finally, as Pediococcus parvulus based on 16S RNA sequencing (Werning et al.
2006). The ropy p-glucan consists of a trisaccharide repeating unit with a
B-1,3-linked glucosyl backbone branched with a single f-1,2-linked
D-glucopyranosyl residue (Fig. 12.4¢). Its structure is close to the one of capsular
PS of S. pneumoniae type 37 (Adeyeye et al. 1988; Llauberes et al. 1990; Duenas-
Chasco et al. 1997; Walling et al. 2005b). Transmission electron microscopy
analyses show that the p-glucan forms a large but loosely attached layer around
the cells (Fig. 12.5a). However, the p-glucan is probably not the only PS produced
by P. parvulus, if one believes the dense halos still visible around the cells after
B-glucan removal (Fernandez de Palencia et al. 2009; Coulon et al. 2012). Other
less studied species, such as Pediococcus damnosus, Lactobacillus diolivorans and
Lactobacillus suebicus, are described to produce this specific B-glucan (Walling
et al. 2005b; Duenas-Chasco et al. 1998; Garai-Ibabe et al. 2010). However, PS
other than this $-glucan may be responsible for the ropy character of Lactobacillus
collinoides and Lactobacillus hilgardii strains (Walling et al. 2005b).

More recently, O. oeni was shown to produce EPS, independently of the ropy
phenotype of the strain studied (Ibarburu et al. 2007; Dols-Lafargue et al. 2007,
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2008; Ciezack et al. 2010; Dimopoulou et al. 2012, 2014). The EPS molecular
weight distribution and chemical structure show that most strains produce a mixture
of PS. With glucose as sole carbon source in the growth medium, the amounts of
soluble PS recovered are low but significant. More than 75% of the studied strains
produce heteropolysaccharides, made of glucose galactose and rhamnose, in vary-
ing proportions depending on the strain. These polymers are found in either a free or
capsular form, but do not induce ropiness (Ibarburu et al. 2007; Dimopoulou et al.
2012, 2014). The capsule is dense but very thin, as shown in Fig. 12.5b. Some
strains also produce the same p-1,3-p-1,2 glucan as P. parvulus, in either a free or a
capsular form, and clearly display the ropy phenotype (Ibarburu et al. 2007; Dols-
Lafargue et al. 2008; Dimopoulou et al. 2014). Moreover, with glucose and sucrose
in growth medium, most O. oeni strains produce high amounts of soluble dextran
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(>500 mg 17") and some strains also produce soluble levan (>1000 mg 1.
Dextran is a glucose homopolymer with a-1,6-linked residues (95%) and some
a-1,3-linked branched residues (5%), while levan is a -2,6 fructan. None of these
two polymers induce any obvious viscosity change in O. oeni growth media
(Dimopoulou et al. 2012, 2014).

Furthermore, several Leuconostoc mesenteroides strains isolated from wine
produce both dextrans and fructans in model media (Montersino et al. 2008).

12.4.2 Biosynthetic Pathways and Associated Genes

In P. parvulus, a single glucosyltransferase gene (gtf) is associated with f-glucan
synthesis (Walling et al. 2005b; Werning et al. 2008). It codes a 567 amino-acid,
65 kDa protein (Gtf). The cloned gtf gene of P. parvulus expressed in S. pneumoniae
or L. lactis produces a functional transmembrane Gtf which subsequently
synthesises f-glucan (Werning et al. 2008; Dols-Lafargue et al. 2008). The role
of Gtf in ropiness is thus clearly demonstrated. Gtf, like the glucosyltransferase of
S. pneumoniae type 37, is a bifunctional transmembrane protein belonging to GT-2
family (www.cazy.org). It catalyses the synthesis of two distinct osidic bonds, as
well as the export of the polymer (Fig. 12.6a) (Llull et al. 2001; Walling 2003;
Werning et al. 2008).

In O. oeni, several complementary EPS biosynthetic pathways are active. Two
have been characterised:

1. The glucan synthase pathway (Gtf), involved in ropy p-glucan synthesis from
UDP-glucose (Fig. 12.6a) (Dols-Lafargue et al. 2008; Dimopoulou et al. 2014).

2. A Wzy-dependent synthetic pathway, resulting in production of
heteropolysaccharides made of glucose, galactose and rhamnose from sugar
nucleotides which originate in the central metabolic pathways (Fig. 12.6b).
The repeating unit is assembled on a lipid carrier molecule, anchored in the
cytoplasmic membrane. The first monomer is linked to the lipid carrier by the
priming glycosyltransferase. Then, the following monomers are linked by other
specific glycosyltransferases. Each glycosyltransferase uses the energy of the
UDP-osyl bond to transfer the osyl to the growing repeating unit, forming in turn
a specific osidic bond. After completion, the resulting repeating unit is assumed
to be exported and polymerised on the outer face of the cell membrane. The lipid
carrier is externalised by a flippase, and the repeating unit is added to the
non-reducing end of the growing PS chain by a polymerase. A chain length
determination factor may limit the extension of the molecule. This pathway is
similar to that described in Pneumococci or in milk lactic bacteria (Dimopoulou
et al. 2012, 2014).

3. The last pathway consists of homopolysaccharide synthesis from sucrose (a-glucan
or B-fructan) thanks to glycoside hydrolases of the GH-70 (dextransucrase, DsrO)
and GH-68 (levansucrase, LevO) families (Fig. 12.6¢) (Dimopoulou et al. 2014).
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Fig. 12.6 Visualisation of PS capsules by transmission electron microscopy. (a) The p-glucan
network around P. parvulus IOEB_8801 cells. (b) The thin PS layer around O. oeni IOEB_0607
cells (Adapted from Coulon et al. (2012) and Dimopoulou et al. (2014))

In O. oeni, all the genes dedicated to PS synthesis are located on the chromo-
some, and all strains studied display several eps genes. Most of them are inserted
into two complex gene clusters named eps/ and eps2. The composition of the eps
gene clusters diverges from one strain to another and eps2 is highly truncated or
absent in specific strains. Other eps genes are spread over the chromosome: three
glycoside hydrolase genes named dsrO, dsrV and levO and three
glycosyltransferase genes named gtf, i3 and it4. These last six genes are present
or absent depending on the strain. Truncated genes or clusters are also found in
some strains (Dimopoulou et al. 2014).

Analysis of sequences surrounding the eps genes and the eps gene distribution
among distinct wine bacterial species and among distant strains in a same species
(see Chap. 19 for O. oeni) brings some information on the mode of acquisition and
mobility of the genes. More than 20% of the Pediococcus analysed by Garai-Ibabe
et al. (2010), 20% of the O. oeni analysed by Dols-Lafargue et al. (2008) and 43%
of O. oeni strains isolated from Champagne region (France) by Dimopoulou et al.
(2016) display the gtf gene. In O. oeni strains originating from Champagne, gtf is
located in a phage remnant (Dimopoulou et al. 2014, 2016). However, in a red wine
0. oeni strain, the gene is inserted in a prophage of distinct origin, in another region
of the chromosome. In red wine Pediococcus, the gtf gene is located on a 5.5 kb
plasmid, on another 5.5 kb plasmid in Lb. diolivorans strains and on a 35 kb plasmid
in cider Pediococcus (Gindreau et al. 2001; Werning et al. 2006). It displays over
98% identity from one bacterial species to another (Dols-Lafargue et al. 2008). The
gene gtf is thus a mobile gene, via either phages or plasmids.

On the other hand, the eps gene clusters eps/ and eps2 of O. oeni display a
mosaic structure. They are quite conserved in their 5’ end and more divergent in
their 3’ end. Gene by gene, they have similarities with eps gene clusters found in
bacteria isolated in very different ecological niches, and their mode of acquisition
remains unclear (Dimopoulou et al. 2014).
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12.4.3 Physiology of PS Release and Benefits for the Bacteria

All O. oeni strains studied so far have several genes dedicated to EPS metabolism.
This suggests that these polymers are significant for the adaptation of O. oeni to its
ecological niche and possibly contribute to the technological performance of
malolactic starters. The same may apply to other wine lactic acid bacteria species.

In O. oeni, the exopolysaccharide production can be stimulated by changing the
growth medium composition (Ciezack et al. 2010). Moreover, as previously stated,
addition of sucrose to the growth medium may modify the biosynthetic pathway
and final polymer structure (Dimopoulou et al. 2012). All the Pediococcus strains
studied produce larger amounts of p-glucan when grown on glucose rather than
other carbon sources, up to 140-200 mg 1~ p-glucan. Depending on the strain,
B-glucan is also produced with fructose, maltose, galactose, xylose and arabinose as
carbon source. It can be stimulated by adding malic acid or ethanol to the growth
medium. f-glucan production is not directly linked to cell growth. However, an
efficient preliminary growth phase is essential for subsequent “large-scale” EPS
production. Agitation and aeration are detrimental (Llaubéres 1987; Lonvaud-
Funel and Joyeux 1988; Duenas et al. 2003; Walling et al. 2005a; Velasco et al.
2006, 2007).

Most of the EPS are not consumed by the bacteria that produce them and do not
constitute external carbon sources (Walling et al. 2005a; Dols-Lafargue et al. 2008;
Dimopoulou et al. 2012). Their biological role is probably to overcome stress
commonly encountered in wine (Spano and Massa 2006; Dols-Lafargue et al.
2008; Dimopoulou et al. 2016; Caggianiello et al. 2016). Actually, the p-glucan
capsule ensures resistance of ropy strains to SO,, ethanol and low pH (Lonvaud-
Funel and Joyeux 1988; Lonvaud-Funel et al. 1993; Walling et al. 2005a, b; Dols-
Lafargue et al. 2008; Caggianiello et al. 2016) but also to lysozyme (Coulon et al.
2012). The pB-glucan is supposed to enhance bacteria survival in the gut of insects or
animals and hence contributes to dissemination of the bacteria present on fruits
(Fernandez de Palencia et al. 2009; Stack et al. 2010; Deutsch et al. 2012). This
polymer also modulates cell adhesion to biotic and abiotic surfaces (Dols-Lafargue
et al. 2008; Fernandez de Palencia et al. 2009; Stack et al. 2010; Blattel et al. 2011).
The heteropolysaccharidic capsule and the dextran released increase O. oeni resis-
tance to cold shock, low pH or freeze-drying (Dimopoulou et al. 2016). Further-
more, O. oeni EPS may contribute to biofilm formation on grapes and winemaking
equipment (Bastard et al. 2016). These biofilms are known to favour cell survival
under extreme conditions, as well as genetic exchanges between species (Mah and
O’Toole 2001). As a result, EPS production should contribute to the diversification
of PS structures.
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12.4.4 Impact on Wine Quality and Winemaking Practices

Ropiness due to beta-glucan production occurs all over the world in red and white
wines, as well as beer and cider. The most frequently incriminated species is
P. parvulus. Ropiness due to O. oeni in wine is not clearly reported, though it
occurs in model growth media. High viscosity is sometimes reported during
winemaking, in tanks or in barrels. At these stages, 3-glucan is often produced by
Pediococcus and 20 mg 1~" may be sufficient to spoil the wine (Lonvaud-Funel and
Joyeux 1988). But afterwards, ropiness is easily decreased during the following
winemaking steps like racking without any damage for the wine. The problem is
when spoilage occurs later in bottles. Even if glucan has no impact on human health
and has no specific taste, the wine’s viscosity makes it impossible to market. Wine
can be reconditioned after being agitated to reduce the viscosity and properly
treated for its microbial stabilisation, especially for elimination of ropy bacteria
(Ribéreau-Gayon et al. 2000). However, these are highly resistant to sulphur
dioxide (Dols-Lafargue et al. 2008). It is the reason why bacterial detection and
preventive treatment prior to the development of high population levels and the
formation of ropiness are more appropriate. PCR-based methods were therefore
developed to detect the presence of the gzf gene in wine microflora, as early as
possible in the winemaking process (Gindreau et al. 2001; Delaherche et al. 2004;
Walling et al. 2005b; Werning et al. 2006; Ibarburu et al. 2010). Then a well
management of wine fermentations or ageing is generally sufficient to avoid the
product alteration. Methods complementary to sulphuring like lysozyme treatment
or beta-glucanases (Blittel et al. 2011; Coulon et al. 2012) have been proposed.

Conversely, the protective role of either cell-linked heteropolysaccharides or
dextrans produced by O. oeni is demonstrated during freeze-drying or inoculation
in wine and may be exploited in the future to produce even more resistant malo-
lactic starters (Dimopoulou et al. 2016).

Furthermore, the soluble PS released by gt#f negative O. oeni strains may interact
with many wine molecules and contribute to the positive impact of MLF on wine
quality. In addition, thanks to the EPS produced, O. oeni biofilm can develop on
oak. This biofilm was shown to drive MLF more efficiently than free cells and it
modulated the wood—wine transfer of volatile aromatic compounds during MLF
and ageing by decreasing furfural, guaiacol and eugenol (Bastard et al. 2016).

12.5 Conclusion

All the microorganisms on grapes, in must and in wine produce exocellular
PS. Acetic bacteria were not considered in this chapter, as their EPS-producing
abilities have never been studied for wine strains. However, studies of strains of
other origin suggest that the situation is as complex as that of lactic acid bacteria
(Jansson et al. 1993; Geremia et al. 1999; Ua-Arak et al. 2016).
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Whatever the species, some of the microbial PS remain attached to the cell,
forming a capsule, which constitutes a protection to environmental constraints,
especially in the final stages in winemaking. The remainder of the PS is released
into the surrounding medium. Depending on the PS structure, on the species
involved and on the winemaking stage, this may be neutral, beneficial or detrimen-
tal to wine quality and/or subsequent growth of other species (Lonvaud Funel
1999). Genetic exchanges between species are probably responsible for the present
high diversity of microbial PS structure, particularly in bacteria. As a result,
microbial PS remain important research topics in wine microbial ecology.
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Chapter 13
Microbial Enzymes: Relevance
for Winemaking

Harald Claus

13.1 Introduction

Production of wine from grape juice is predominantly the result of complex
enzymatic reactions. The primary bioconversion of grape sugar to ethanol and
CO, by the yeast Saccharomyces cerevisiae is catalyzed by intracellular glycolytic
enzymes. In spontaneous must fermentations, also strains of Saccharomyces
bayanus or interspecies hybrids may dominate, probably because of better adapta-
tion to specific environmental conditions (Christ et al. 2015). In addition, various
enzymes released into the must influence the final composition, color, and sensory
properties of wines. These enzymes originate from the grape itself, from epiphytic
fungi like Botrytis cinerea, and from yeasts and bacteria associated with vineyards
and wine cellars (Mojsov et al. 2015). Especially non-Saccharomyces yeasts, also
called “wild” yeasts, belonging to the genera Kloeckera, Candida, Debaryomyces,
Rhodotorula, Pichia, Wickerhamomyces, Zygosaccharomyces, Hanseniaspora,
Kluyveromyces, and Metschnikowia, secrete different hydrolytic enzymes (ester-
ases, lipases, glycosidases, glucanases, pectinases, amylases, proteases) which
interact with grape compounds (Charoenchai et al. 1997; Fernandez et al. 2000;
Strauss et al. 2001; Bedrinana et al. 2012; Jolly et al. 2014; Belda et al. 2016a, b;
Padilla et al. 2016). Apart from yeasts, lactic acid bacteria have an impact for
vinification, i.e., the genera Oenococcus, Leuconostoc, Pediococcus, Lactobacillus,
and Weissella (Wibowo et al. 1985; Fugelsang and Edwards 2007).

Because of its vitality under the extreme life conditions of wine (pH 3.0-4.0,
alcohol concentration 10-15%), Oenococcus oeni is the primary species responsi-
ble for the malolactic fermentation. After completion of alcoholic fermentation,
the cytosolic malolactic enzyme catalyzes the conversion of the dicarbonic acid
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Table 13.1 Oenological relevant enzymatic activities detected in lactic acid bacteria®

Enzyme Lactobacillus Oenococcus Pediococcus
Protease + + +
Cellulase + + +
Xylanase — - —
p-Glucanase + + +
Lichenase + + +
Glucosidase + + +
Lipase + + +
Esterase + + +
Tannase + + +
Phenoloxidase® + ND +

“For references, see Matthews et al. (2004, 2006, 2007), Grimaldi et al. (2000, 2005a, b), Costello
et al. (2013), and Perez-Martin et al. (2012, 2013)

°An intracellular laccase-like multicopper oxidase has been identified in L. plantarum J16 and
P. acidilactici CECT 5930 (Callejon et al. 2014)

ND No data, but a gene encoding for a multicopper oxidase (Acc. ZB 00320225) is present in the
genome of Oenococcus oeni PSU-1

L-malate to the monocarbonic acid L-lactate and CO,. The result is a biological
reduction of acidity, which is usually preferable in wines. On the opposite, different
species of the genera Lactobacillus and Pediococcus are more active in the early
stages of vinification often in connection with stuck fermentations and wine
spoilage (Fugelsang and Edwards 2007; Sebastian et al. 2011).

A considerable number of publications emphasize the importance of enzymes
from lactic acid bacteria for the winemaking process and its control (Matthews et al.
2004, 2006, 2007; Claus 2007; Mtshali et al. 2010). Immobilized malolactic
enzyme was successfully tested to conduct malolactic fermentation outside the
bacterial cell (Vaillant and Formisyn 1996). Proteases have been found in wine-
associated strains of Lactobacillus and Oenococcus (Manca de Nadra et al. 1997,
1999; Farias and Manca de Nadra 2000). Davis et al. (1988) detected lipases and
esterases in different wine-relevant lactic acid bacteria. Vaquero et al. (2004)
demonstrated the existence of tannases in some Lactobacillus plantarum isolates.
A group of enzymes of special interest are glycosidases, as they deliberate flavor
compounds from the nonvolatile glycosidic bound state. Their occurrence has been
reported for the wine-relevant genera Oenococcus, Pediococcus, and Lactobacillus
(Boido et al. 2002; Barbagallo et al. 2004; D’Inecco et al. 2004; Grimaldi et al.
2000, 2005a, b). According to studies of Matthews et al. (2004, 2006, 2007), also
esterases, lipases, tannases, cellulases, f-glucanases, and lichenases are produced
by these genera (Table 13.1). All these enzymatic activities can have profound
impacts on wine flavor and quality.
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13.2 Enzymatic Transformations of Wine Ingredients

13.2.1 Proteases

Wine proteins originate from grapes and yeasts and may account for up to 2% of
total nitrogen (Folio et al. 2008). They are sometimes unstable in the finished wine
and precipitate to produce undesirable haze, which reduces the commercial value
especially of white wines. More serious, some wine proteins, e.g., lipid transfer
proteins, are suspected to possess allergenic potential (Wigand et al. 2009). In
addition, proteinaceous wine fining agents (e.g., lysozyme, pectinase, ovalbumin,
gelatin, casein) are hidden allergens and could present a risk for consumers
(Deckwart et al. 2014; Liburdi et al. 2014; Veza et al. 2015; Rizzi et al. 2016).

Primarily pathogenesis-related proteins (f-glucanases, chitinases) and
thaumatin-related proteins are responsible for haze formation. They are produced
by the plants in response to microbial or fungal attack and abiotic stress factors.
They deliver molecular masses between 13 and 30 kDa and isoelectric points
between 4.1 and 5.8 (Selitrennikoff 2001). Protein removal is currently mainly
achieved by bentonite addition, a process that unfortunately can be accompanied by
losses of wine quantity and quality (van Sluyter et al. 2015). Bentonite acts
essentially as a cation exchanger, and individual wine proteins adsorb onto the
clay to different extents (Jaeckels et al. 2015). Proteins which are negatively
charged at wine pH (ca. 3.5) and/or are high glycosylated as the laccase of Botrytis
cinerea are hardly bound by bentonite (Claus and Filip 1988; Zivkovic et al. 2011).
Thus, n