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Remarks Concerning the Expression
of Certain Parameters of Must
and Wine Composition

UNITS

Metric system units of length (m), volume (1) and
weight (g) are exclusively used. The conversion of
metric units into Imperial units (inches, feet, gal-
lons, pounds, etc.) can be found in the following
enological work: Principles and practices of wine-
making, R.B. Boulton, V.L. Singleton, L.F. Bisson
and R.E. Kunkee, 1995, The Chapman & Hall
Enology Library, New York.

EXPRESSION OF TOTAL ACIDITY
AND VOLATILE ACIDITY

Although EC regulations recommend the expres-
sion of total acidity in the equivalent weight of tar-
taric acid, the French custom is to give this expres-
sion in the equivalent weight of sulfuric acid. The

more correct expression in milliequivalents per
liter has not been embraced in France. The expres-
sion of total and volatile acidity in the equivalent
weight of sulfuric acid has been used predomi-
nantly throughout these works. In certain cases, the
corresponding weight in tartaric acid, often used in
other countries, has been given.

Using the weight of the milliequivalent of the
various acids, the below table permits the conver-
sion from one expression to another.

More particularly, to convert from total acidity
expressed in Hy,SO, to its expression in tartaric
acid, add half of the value to the original value
(4 g/l H,SO4 — 6 g/l tartaric acid). In the other
direction a third of the value must be subtracted.

The French also continue to express volatile
acidity in equivalent weight of sulfuric acid. More
generally, in other countries, volatile acidity is

Desired Expression
Known Expression megq/l g/l g/l g/l
H,SO, tartaric acid acetic acid
meq/l 1.00 0.049 0.075 0.060
g/l HSOy 20.40 1.00 1.53 1.22
g/l tartaric acid 13.33 0.65 1.00
g/l acetic acid 16.67 0.82 1.00

Multiplier to pass from one expression of total or volatile acidity to another
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expressed in acetic acid. It is rarely expressed
in milliequivalents per liter. The below table also
allows simple conversion from one expression to
another.

The expression in acetic acid is approximately
20% higher than in sulfuric acid.

EVALUATING THE SUGAR
CONCENTRATION OF MUSTS

This measurement is important for tracking grape
maturation, fermentation kinetic and if necessary
determining the eventual need for chaptalization.

This measurement is always determined by
physical, densimetric or refractometric analysis.
The expression of the results can be given accord-
ing to several scales: some are rarely used, i.e.
degree Baumé and degree Oechsle. Presently, two
systems exist (Section 10.4.3):

1. The potential alcohol content (titre alcoomét-
raque potential or TAP, in French) of musts
can be read directly on equipment, which is
graduated using a scale corresponding to 17.5
or 17 g/l of sugar for 1% volume of alcohol.
Today, the EC recommends using 16.83 g/l as
the conversion factor. The ‘mustimeter’ is a
hydrometer containing two graduated scales:
one expresses density and the other gives a
direct reading of the TAP. Different methods
varying in precision exist to calculate the TAP
from a density reading. These methods take var-
ious elements of must composition into account
(Boulton et al., 1995).

2. Degree Brix expresses the percentage of sugar
in weight. By multiplying degree Brix by 10,
the weight of sugar in 1 kg, or slightly less
than 1 liter, of must is obtained. A conversion
table between degree Brix and TAP exists in
Section 10.4.3 of this book. 17 degrees Brix
correspond to an approximate TAP of 10% and
20 degrees Brix correspond to a TAP of about
12%. Within the alcohol range most relevant to
enology, degree Brix can be multiplied by 10

and then divided by 17 to obtain a fairly good
approximation of the TAP.

In any case, the determination of the Brix or TAP
of a must is approximate. First of all, it is not
always possible to obtain a representative grape
or must sample for analysis. Secondly, although
physical, densimetric or refractometric measure-
ments are extremely precise and rigorously express
the sugar concentration of a sugar and water mix-
ture, these measurements are affected by other sub-
stances released into the sample from the grape
and other sources. Furthermore, the concentrations
of these substances are different for every grape
or grape must sample. Finally, the conversion rate
of sugar into alcohol (approximately 17 to 18 g/l)
varies and depends on fermentation conditions and
yeast properties. The widespread use of selected
yeast strains has lowered the sugar conversion rate.

Measurements Using Visible
and Ultraviolet Spectrometry

The measurement of optic density, absorbance, is
widely used to determine wine color (Volume 2,
Section 6.4.5) and total phenolic compounds con-
centration (Volume 2, Section 6.4.1). In these
works, the optic density is noted as OD, OD 420
(yellow), OD 520 (red), OD 620 (blue) or OD 280
(absorption in ultraviolet spectrum) to indicate the
optic density at the indicated wavelengths.
Wine color intensity is expressed as:

CI = OD 420 + OD 520 4 OD 620,

Or is sometimes expressed in a more simplified
form: CI = OD 420 + OD 520.
Tint is expressed as:

T — OD 420
~ 0D 520
The total phenolic compound concentration is
expressed by OD 280.
The analysis methods are described in Chapter 6

of Handbook of Enology Volume 2, The Chemistry
of Wine.




Preface to the First Edition

Wine has probably inspired more research and
publications than any other beverage or food. In
fact, through their passion for wine, great scientists
have not only contributed to the development of
practical enology but have also made discoveries
in the general field of science.

A forerunner of modern enology, Louis Pasteur
developed simplified contagious infection mod-
els for humans and animals based on his obser-
vations of wine spoilage. The following quote
clearly expresses his theory in his own words:
‘when profound alterations of beer and wine are
observed because these liquids have given refuge
to microscopic organisms, introduced invisibly and
accidentally into the medium where they then
proliferate, how can one not be obsessed by the
thought that a similar phenomenon can and must
sometimes occur in humans and animals.’

Since the 19th century, our understanding of
wine, wine composition and wine transformations
has greatly evolved in function of advances in rel-
evant scientific fields i.e. chemistry, biochemistry,
microbiology. Each applied development has lead
to better control of winemaking and aging con-
ditions and of course wine quality. In order to
continue this approach, researchers and winemak-
ers must strive to remain up to date with the latest
scientific and technical developments in enology.

For a long time, the Bordeaux school of enology
was largely responsible for the communication of
progress in enology through the publication of
numerous works (Béranger Publications and later
Dunod Publications):

Wine Analysis U. Gayon and J. Laborde (1912);
Treatise on Enology J. Ribéreau-Gayon (1949);

Wine Analysis J. Ribéreau-Gayon and E. Peynaud
(1947 and 1958); Treatise on Enology (2 Volumes)
J. Ribéreau-Gayon and E. Peynaud (1960 and
1961); Wine and Winemaking E. Peynaud (1971
and 1981); Wine Science and Technology (4 volu-
mes) J. Ribéreau-Gayon, E. Peynaud, P. Ribéreau-
Gayon and P. Sudraud (1975-1982).

For an understanding of current advances in
enology, the authors propose this book Handbook
of Enology Volume 1: The Microbiology of Wine
and Vinifications and the second volume of the
Handbook of Enology Volume 2: The Chemistry of
Wine: Stabilization and Treatments.

Although written by researchers, the two vol-
umes are not specifically addressed to this group.
Young researchers may, however, find these books
useful to help situate their research within a par-
ticular field of enology. Today, the complexity of
modern enology does not permit a sole researcher
to explore the entire field.

These volumes are also of use to students and
professionals. Theoretical interpretations as well
as solutions are presented to resolve the problems
encountered most often at wineries. The authors
have adapted these solutions to many different sit-
uations and winemaking methods. In order to make
the best use of the information contained in these
works, enologists should have a broad understand-
ing of general scientific knowledge. For example,
the understanding and application of molecular
biology and genetic engineering have become
indispensable in the field of wine microbiology.
Similarly, structural and quantitative physiochem-
ical analysis methods such as chromatography,
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NMR and mass spectrometry must now be
mastered in order to explore wine chemistry.

The goal of these two works was not to create
an exhaustive bibliography of each subject. The
authors strove to choose only the most relevant and
significant publications to their particular field of
research. A large number of references to French
enological research has been included in these
works in order to make this information available
to a larger non-French-speaking audience.

In addition, the authors have tried to convey
a French and more particularly a Bordeaux per-
spective of enology and the art of winemaking.
The objective of this perspective is to maximize
the potential quality of grape crops based on the
specific natural conditions that constitute their ‘ter-
roir’. The role of enology is to express the char-
acteristics of the grape specific not only to variety
and vineyard practices but also maturation condi-
tions, which are dictated by soil and climate.

It would, however, be an error to think that the
world’s greatest wines are exclusively a result of
tradition, established by exceptional natural con-
ditions, and that only the most ordinary wines,
produced in giant processing facilities, can ben-
efit from scientific and technological progress.
Certainly, these facilities do benefit the most from
high performance installations and automation of
operations. Yet, history has unequivocally shown
that the most important enological developments
in wine quality (for example, malolactic fermenta-
tion) have been discovered in ultra premium wines.
The corresponding techniques were then applied to
less prestigious products.

High performance technology is indispensable
for the production of great wines, since a lack
of control of winemaking parameters can easily
compromise their quality, which would be less of
a problem with lower quality wines.

The word ‘vinification’ has been used in this
work and is part of the technical language of
the French tradition of winemaking. Vinification
describes the first phase of winemaking. It com-
prises all technical aspects from grape maturity
and harvest to the end of alcoholic and some-
times malolactic fermentation. The second phase
of winemaking ‘winematuration, stabilization and

Preface to the First Edition

treatments’ is completed when the wine is bottled.
Aging specifically refers to the transformation of
bottled wine.

This distinction of two phases is certainly the
result of commercial practices. Traditionally in
France, a vine grower farmed the vineyard and
transformed grapes into an unfinished wine. The
wine merchant transferred the bulk wine to his cel-
lars, finished the wine and marketed the product,
preferentially before bottling. Even though most
wines are now bottled at the winery, these long-
standing practices have maintained a distinction
between ‘wine grower enology’ and ‘wine mer-
chant enology’. In countries with a more recent
viticultural history, generally English speaking, the
vine grower is responsible for winemaking and
wine sales. For this reason, the Anglo-Saxon tradi-
tion speaks of winemaking, which covers all oper-
ations from harvest reception to bottling.

In these works, the distinction between ‘vinifi-
cation’ and ‘stabilization and treatments’ has been
maintained, since the first phase primarily concerns
microbiology and the second chemistry. In this
manner, the individual operations could be linked
to their particular sciences. There are of course lim-
its to this approach. Chemical phenomena occur
during vinification; the stabilization of wines dur-
ing storage includes the prevention of microbial
contamination.

Consequently, the description of the different
steps of enology does not always obey logic as
precise as the titles of these works may lead
to believe. For example, microbial contamination
during aging and storage are covered in Vol-
ume 1. The antiseptic properties of SO, incited the
description of its use in the same volume. This line
of reasoning lead to the description of the antioxi-
dant related chemical properties of this compound
in the same chapter as well as an explanation of
adjuvants to sulfur dioxide: sorbic acid (antisep-
tic) and ascorbic acid (antioxidant). In addition,
the on lees aging of white wines and the result-
ing chemical transformations cannot be separated
from vinification and are therefore also covered
in Volume 1. Finally, our understanding of pheno-
lic compounds in red wine is based on complex
chemistry. All aspects related to the nature of the
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corresponding substances, their properties and their
evolution during grape maturation, vinification and
aging are therefore covered in Volume 2.

These works only discuss the principles of
equipment used for various enological operations
and their effect on product quality. For example,
temperature control systems, destemmers, crushers
and presses as well as filters, inverse osmosis
machines and ion exchangers are not described in
detail. Bottling is not addressed at all. An in-depth
description of enological equipment would merit a
detailed work dedicated to the subject.

Wine tasting, another essential role of the
winemaker, is not addressed in these works.
Many related publications are, however, readily
available. Finally, wine analysis is an essential tool
that a winemaker should master. It is, however, not
covered in these works except in a few particular

X1

cases i.e. phenolic compounds, whose different
families are often defined by analytical criteria.

The authors thank the following people who
have contributed to the creation of this work:
J.F. Casas Lucas, Chapter 14, Sherry; A. Brugi-
rard, Chapter 14, Sweet wines; J.N. de Almeida,
Chapter 14, Port wines; A. Maujean, Chapter 14,
Champagne; C. Poupot for the preparation of
material in Chapters 1, 2 and 13; Miss F. Luye-
Tanet for her help with typing.

They also thank Madame B. Masclef in particu-
lar for her important part in the typing, preparation
and revision of the final manuscript.

Pascal Ribéreau-Gayon
Bordeaux



Preface to the Second Edition

The two-volume Enology Handbook was pub-
lished simultaneously in Spanish, French, and Ital-
ian in 1999 and has been reprinted several times.
The Handbook has apparently been popular with
students as an educational reference book, as well
as with winemakers, as a source of practical solu-
tions to their specific technical problems and sci-
entific explanations of the phenomena involved.

It was felt appropriate at this stage to prepare
an updated, reviewed, corrected version, including
the latest enological knowledge, to reflect the many
new research findings in this very active field. The
outline and design of both volumes remain the
same. Some chapters have changed relatively little
as the authors decided there had not been any sig-
nificant new developments, while others have been
modified much more extensively, either to clarify
and improve the text, or, more usually, to include
new research findings and their practical applica-
tions. Entirely new sections have been inserted in
some chapters.

We have made every effort to maintain the same
approach as we did in the first edition, reflecting
the ethos of enology research in Bordeaux. We use
indisputable scientific evidence in microbiology,
biochemistry, and chemistry to explain the details
of mechanisms involved in grape ripening, fermen-
tations and other winemaking operations, aging,
and stabilization. The aim is to help winemakers
achieve greater control over the various stages in
winemaking and choose the solution best suited
to each situation. Quite remarkably, this scientific
approach, most intensively applied in making the
finest wines, has resulted in an enhanced capac-
ity to bring out the full quality and character of

individual terroirs. Scientific winemaking has not
resulted in standardization or leveling of quality.
On the contrary, by making it possible to correct
defects and eliminate technical imperfections, it
has revealed the specific qualities of the grapes
harvested in different vineyards, directly related to
the variety and ferroir, more than ever before.

Interest in wine in recent decades has gone
beyond considerations of mere quality and taken
on a truly cultural dimension. This has led some
people to promote the use of a variety of tech-
niques that do not necessarily represent significant
progress in winemaking. Some of these are sim-
ply modified forms of processes that have been
known for many years. Others do not have a suf-
ficiently reliable scientific interpretation, nor are
their applications clearly defined. In this Hand-
book, we have only included rigorously tested
techniques, clearly specifying the optimum con-
ditions for their utilization.

As in the previous edition, we deliberately
omitted three significant aspects of enology: wine
analysis, tasting, and winery engineering. In view
of their importance, these topics will each be
covered in separate publications.

The authors would like to take the opportunity
of the publication of this new edition of Volume 1
to thank all those who have contributed to updating
this work:

— Marina Bely for her work on fermentation
kinetics (Section 3.4) and the production of
volatile acidity (Sections 2.3.4 and 14.2.5)

— Isabelle Masneuf for her investigation of the
yeasts’ nitrogen supply (Section 3.4.2)
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Gilles de Revel for elucidating the chemistry
of SO,, particularly, details of combination
reactions (Section 8.4)

Gilles Masson for the section on rosé wines
(Section 14.1)

Cornelis Van Leeuwen for data on the impact
of vineyard water supply on grape ripening
(Section 10.4.6)

André Brugirard for the section on French
fortified wines—vins doux naturels (Section
14.4.2)

Preface to the Second Edition
— Paulo Barros and Joa Nicolau de Almeida for
their work on Port (Section 14.4.3)

— Justo. F. Casas Lucas for the paragraph on
Sherry (Section 14.5.2)

— Alain Maujean for his in-depth revision of the
section on Champagne (Section 14.3).

March 17, 2005

Professor Pascal RIBEREAU-GAYON
Corresponding Member of the Institute
Member of the French Academy of Agriculture
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1.1 INTRODUCTION

Man has been making bread and fermented bev-
erages since the beginning of recorded history.
Yet the role of yeasts in alcoholic fermentation,
particularly in the transformation of grapes into
wine, was only clearly established in the middle
of the nineteenth century. The ancients explained
the boiling during fermentation (from the Latin
fervere, to boil) as a reaction between substances

that come into contact with each other during
crushing. In 1680, a Dutch cloth merchant, Antonie
van Leeuwenhoek, first observed yeasts in beer
wort using a microscope that he designed and
produced. He did not, however, establish a rela-
tionship between these corpuscles and alcoholic
fermentation. It was not until the end of the eigh-
teenth century that Lavoisier began the chemical
study of alcoholic fermentation. Gay-Lussac con-
tinued Lavoisier’s research into the next century.

Handbook of Enology Volume 1 The Microbiology of Wine and Vinifications 2nd Edition ~ P. Ribéreau-Gayon, D. Dubourdieu, B. Donéche and

A. Lonvaud © 2006 John Wiley & Sons, Ltd ISBN: 0-470-01034-7
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As early as 1785, Fabroni, an Italian scientist, was
the first to provide an interpretation of the chem-
ical composition of the ferment responsible for
alcoholic fermentation, which he described as a
plant—animal substance. According to Fabroni, this
material, comparable to the gluten in flour, was
located in special utricles, particularly on grapes
and wheat, and alcoholic fermentation occurred
when it came into contact with sugar in the must. In
1837, a French physicist named Charles Cagnard
de La Tour proved for the first time that the yeast
was a living organism. According to his findings,
it was capable of multiplying and belonged to the
plant kingdom; its vital activities were at the base
of the fermentation of sugar-containing liquids.
The German naturalist Schwann confirmed his the-
ory and demonstrated that heat and certain chem-
ical products were capable of stopping alcoholic
fermentation. He named the beer yeast zucker-
pilz, which means sugar fungus—Saccharomyces
in Latin. In 1838, Meyen used this nomenclature
for the first time.

This vitalist or biological viewpoint of the role
of yeasts in alcoholic fermentation, obvious to
us today, was not readily supported. Liebig and
certain other organic chemists were convinced that
chemical reactions, not living cellular activity,
were responsible for the fermentation of sugar.
In his famous studies on wine (1866) and beer
(1876), Louis Pasteur gave definitive credibility
to the vitalist viewpoint of alcoholic fermentation.
He demonstrated that the yeasts responsible for
spontaneous fermentation of grape must or crushed
grapes came from the surface of the grape;
he isolated several races and species. He even
conceived the notion that the nature of the yeast
carrying out the alcoholic fermentation could
influence the gustatory characteristics of wine. He
also demonstrated the effect of oxygen on the
assimilation of sugar by yeasts. Louis Pasteur
proved that the yeast produced secondary products
such as glycerol in addition to alcohol and carbon
dioxide.

Since Pasteur, yeasts and alcoholic fermen-
tation have incited a considerable amount of
research, making use of progress in microbiology,

biochemistry and now genetics and molecular
biology.

In taxonomy, scientists define yeasts as unicel-
lular fungi that reproduce by budding and binary
fission. Certain pluricellular fungi have a unicellu-
lar stage and are also grouped with yeasts. Yeasts
form a complex and heterogeneous group found
in three classes of fungi, characterized by their
reproduction mode: the sac fungi (Ascomycetes),
the club fungi (Basidiomycetes), and the imper-
fect fungi (Deuteromycetes). The yeasts found on
the surface of the grape and in wine belong to
Ascomycetes and Deuteromycetes. The haploid
spores or ascospores of the Ascomycetes class are
contained in the ascus, a type of sac made from
vegetative cells. Asporiferous yeasts, incapable of
sexual reproduction, are classified with the imper-
fect fungi.

In this first chapter, the morphology, repro-
duction, taxonomy and ecology of grape and
wine yeasts will be discussed. Cytology is the
morphological and functional study of the struc-
tural components of the cell (Rose and Harrison,
1991).

Cell wall

Exocytosis

Membrane Periplasmic space

Galei Mitochondrion
g1
bodies
di Chromosome
Lipidic
granule

Rough

Mitochondrial endoplasmic
DNA reticulum studded
Free with ribosomes
ribosomes
Budding scar Polymetaphosphate

Fig. 1.1. A yeast cell (Gaillardin and Heslot, 1987)



Cytology, Taxonomy and Ecology of Grape and Wine Yeasts 3

Yeasts are the most simple of the eucaryotes.
The yeast cell contains cellular envelopes, a
cytoplasm with various organelles, and a nucleus
surrounded by a membrane and enclosing the
chromosomes. (Figure 1.1). Like all plant cells,
the yeast cell has two cellular envelopes: the
cell wall and the membrane. The periplasmic
space is the space between the cell wall and
the membrane. The cytoplasm and the membrane
make up the protoplasm. The term protoplast
or sphaeroplast designates a cell whose cell
wall has been artificially removed. Yeast cellular
envelopes play an essential role: they contribute
to a successful alcoholic fermentation and release
certain constituents which add to the resulting
wine’s composition. In order to take advantage of
these properties, the winemaker or enologist must
have a profound knowledge of these organelles.

1.2 THE CELL WALL

1.2.1 The General Role
of the Cell Wall

During the last 20 years, researchers (Fleet, 1991;
Klis, 1994; Stratford, 1999; Klis et al., 2002) have
greatly expanded our knowledge of the yeast cell
wall, which represents 15-25% of the dry weight
of the cell. It essentially consists of polysaccha-
rides. It is a rigid envelope, yet endowed with a
certain elasticity.

Its first function is to protect the cell. Without
its wall, the cell would burst under the internal
osmotic pressure, determined by the composition
of the cell’s environment. Protoplasts placed in
pure water are immediately lysed in this manner.
Cell wall elasticity can be demonstrated by placing
yeasts, taken during their log phase, in a hypertonic
(NaCl) solution. Their cellular volume decreases
by approximately 50%. The cell wall appears
thicker and is almost in contact with the membrane.
The cells regain their initial form after being placed
back into an isotonic medium.

Yet the cell wall cannot be considered an inert,
semi-rigid ‘armor’. On the contrary, it is a dynamic
and multifunctional organelle. Its composition and
functions evolve during the life of the cell, in

response to environmental factors. In addition to
its protective role, the cell wall gives the cell
its particular shape through its macromolecular
organization. It is also the site of molecules
which determine certain cellular interactions such
as sexual union, flocculation, and the killer
factor, which will be examined in detail later in
this chapter (Section 1.7). Finally, a number of
enzymes, generally hydrolases, are connected to
the cell wall or situated in the periplasmic space.
Their substrates are nutritive substances of the
environment and the macromolecules of the cell
wall itself, which is constantly reshaped during
cellular morphogenesis.

1.2.2 The Chemical Structure
and Function of the Parietal
Constituents

The yeast cell wall is made up of two prin-
cipal constituents: B-glucans and mannoproteins.
Chitin represents a minute part of its composi-
tion. The most detailed work on the yeast cell
wall has been carried out on Saccharomyces cere-
visiae—the principal yeast responsible for the
alcoholic fermentation of grape must.

Glucan represents about 60% of the dry weight
of the cell wall of S. cerevisiae. It can be
chemically fractionated into three categories:

1. Fibrous B-1,3 glucan is insoluble in water,
acetic acid and alkali. It has very few branches.
The branch points involved are §-1,6 linkages.
Its degree of polymerization is 1500. Under
the electron microscope, this glucan appears
fibrous. It ensures the shape and the rigidity of
the cell wall. It is always connected to chitin.

2. Amorphous B-1,3 glucan, with about 1500
glucose units, is insoluble in water but soluble
in alkalis. It has very few branches, like the
preceding glucan. In addition to these few
branches, it is made up of a small number of
B-1,6 glycosidic linkages. It has an amorphous
aspect under the electron microscope. It gives
the cell wall its elasticity and acts as an anchor
for the mannoproteins. It can also constitute an
extraprotoplasmic reserve substance.
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3. The B-1,6 glucan is obtained from alkali-
insoluble glucans by extraction in acetic acid.
The resulting product is amorphous, water sol-
uble, and extensively ramified by g-1,3 glyco-
sidic linkages. Its degree of polymerization is
140. It links the different constituents of the
cell wall together. It is also a receptor site for
the killer factor.

The fibrous B-1,3 glucan (alkali-insoluble) proba-
bly results from the incorporation of chitin on the
amorphous $-1,3 glucan.

Mannoproteins constitute 25-50% of the cell
wall of S. cerevisiae. They can be extracted from
the whole cell or from the isolated cell wall
by chemical and enzymatic methods. Chemical
methods make use of autoclaving in the pres-
ence of alkali or a citrate buffer solution at
pH 7. The enzymatic method frees the manno-
proteins by digesting the glucan. This method
does not denature the structure of the mannopro-
teins as much as chemical methods. Zymolyase,
obtained from the bacterium Arthrobacter luteus,
is the enzymatic preparation most often used to
extract the parietal mannoproteins of S. cerevisiae.
This enzymatic complex is effective primarily
because of its §-1,3 glucanase activity. The action
of protease contaminants in the zymolyase com-
bine, with the aforementioned activity to liberate
the mannoproteins. Glucanex, another industrial
preparation of the 8-glucanase, produced by a fun-
gus (Trichoderma harzianum), has been recently
demonstrated to possess endo- and exo-8-1,3 and
endo-B-1,6-glucanase activities (Dubourdieu and
Moine, 1995). These activities also facilitate the
extraction of the cell wall mannoproteins of the
S. cerevisiae cell.

The mannoproteins of S. cerevisiae have a
molecular weight between 20 and 450 kDa. Their
degree of glycosylation varies. Certain ones con-
taining about 90% mannose and 10% peptides are
hypermannosylated.

Four forms of glycosylation are described
(Figure 1.2) but do not necessarily exist at the
same time in all of the mannoproteins.

The mannose of the mannoproteins can consti-
tute short, linear chains with one to five residues.

They are linked to the peptide chain by O-glycosyl
linkages on serine and threonine residues. These
glycosidic side-chain linkages are «-1,2 and «-1,3.

The glucidic part of the mannoprotein can also
be a polysaccharide. It is linked to an asparagine
residue of the peptide chain by an N-glycosyl
linkage. This linkage consists of a double unit of
N-acetylglucosamine (chitin) linked in 8-1,4. The
mannan linked in this manner to the asparagine
includes an attachment region made up of a dozen
mannose residues and a highly ramified outer
chain consisting of 150 to 250 mannose units.
The attachment region beyond the chitin residue
consists of a mannose skeleton linked in «-1,6
with side branches possessing one, two or three
mannose residues with «-1,2 and/or «-1,3 bonds.
The outer chain is also made up of a skeleton of
mannose units linked in «-1,6. This chain bears
short side-chains constituted of mannose residues
linked in «-1,2 and a terminal mannose in «-
1,3. Some of these side-chains possess a branch
attached by a phosphodiester bond.

A third type of glycosylation was described
more recently. It can occur in mannoproteins,
which make up the cell wall of the yeast. It consists
of a glucomannan chain containing essentially
mannose residues linked in «-1,6 and glucose
residues linked in «-1,6. The nature of the glycan—
peptide point of attachment is not yet clear, but it
may be an asparaginyl—glucose bond. This type of
glycosylation characterizes the proteins freed from
the cell wall by the action of a 8-1,3 glucanase.
Therefore, in vivo, the glucomannan chain may
also comprise glucose residues linked in §-1,3.

The fourth type of glycosylation of yeast manno-
proteins is the glycosyl-phosphatidyl—inositol
anchor (GPI). This attachment between the ter-
minal carboxylic group of the peptide chain and
a membrane phospholipid permits certain manno-
proteins, which cross the cell wall, to anchor
themselves in the plasmic membrane. The region
of attachment is characterized by the following
sequence (Figure 1.2): ethanolamine-phosphate-
6-mannose-a-1,2-mannose-«-1,6-mannose-«-1,4-
glucosamine-«-1,6-inositol-phospholipid. A C-
phospholipase specific to phosphatidyl inositol
and therefore capable of realizing this cleavage
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was demonstrated in the S. cerevisiae (Flick and
Thorner, 1993). Several GPI-type anchor manno-
proteins have been identified in the cell wall of
S. cerevisiae.

Chitin is a linear polymer of N-acetylglucos-
amine linked in $-1,4 and is not generally found in
large quantities in yeast cell walls. In S. cerevisiae,
chitin constitutes 1-2% of the cell wall and is
found for the most part (but not exclusively) in
bud scar zones. These zones are a type of raised
crater easily seen on the mother cell under the
electron microscope (Figure 1.3). This chitinic scar
is formed essentially to assure cell wall integrity
and cell survival. Yeasts treated with D polyoxine,
an antibiotic inhibiting the synthesis of chitin, are
not viable; they burst after budding.

The presence of lipids in the cell wall has not
been clearly demonstrated. It is true that cell walls

Fig. 1.3. Scanning electron microscope photograph of
proliferating S. cerevisiae cells. The budding scars on
the mother cells can be observed
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prepared in the laboratory contain some lipids
(2-15% for S. cerevisiae) but it is most likely
contamination by the lipids of the cytoplasmic
membrane, adsorbed by the cell wall during their
isolation. The cell wall can also adsorb lipids from
its external environment, especially the different
fatty acids that activate and inhibit the fermentation
(Chapter 3).

Chitin are connected to the cell wall or sit-
vated in the periplasmic space. One of the
most characteristic enzymes is the invertase (8-
fructofuranosidase). This enzyme catalyzes the
hydrolysis of saccharose into glucose and fruc-
tose. It is a thermostable mannoprotein anchored
to a B-1,6 glucan of the cell wall. Its molecular
weight is 270000 Da. It contains approximately
50% mannose and 50% protein. The periplasmic
acid phosphatase is equally a mannoprotein.

Other periplasmic enzymes that have been noted
are f-glucosidase, «-galactosidase, melibiase, tre-
halase, aminopeptidase and esterase. Yeast cell
walls also contain endo- and exo-B-glucanases (8-
1,3 and B-1,6). These enzymes are involved in the
reshaping of the cell wall during the growth and
budding of cells. Their activity is at a maximum
during the exponential log phase of the population
and diminishes notably afterwards. Yet cells in the
stationary phase and even dead yeasts contained
in the lees still retain B-glucanases activity in
their cell walls several months after the completion
of fermentation. These endogenous enzymes are
involved in the autolysis of the cell wall during the

ageing of wines on lees. This ageing method will
be covered in the chapter on white winemaking
(Chapter 13).

1.2.3 General Organization of the Cell
Wall and Factors Affecting its
Composition

The cell wall of S. cerevisiae is made up of an
outer layer of mannoproteins. These mannopro-
teins are connected to a matrix of amorphous 8-1,3
glucan which covers an inner layer of fibrous S-
1,3 glucan. The inner layer is connected to a small
quantity of chitin (Figure 1.4). The B-1,6 glucan
probably acts as a cement between the two lay-
ers. The rigidity and the shape of the cell wall
are due to the internal framework of the B-1,3
fibrous glucan. Its elasticity is due to the outer
amorphous layer. The intermolecular structure of
the mannoproteins of the outer layer (hydrophobic
linkages and disulfur bonds) equally determines
cell wall porosity and impermeability to macro-
molecules (molecular weights less than 4500). This
impermeability can be affected by treating the
cell wall with certain chemical agents, such as
B-mercaptoethanol. This substance provokes the
rupture of the disulfur bonds, thus destroying the
intermolecular network between the mannoprotein
chains.

The composition of the cell wall is strongly
influenced by nutritive conditions and cell age.
The proportion of glucan in the cell wall increases

External medium

Cell wall

B - 1,3 fibrous glucan

Periplasmic space ——>»

Cytoplasmic membrane

Cytoplasm

Fig. 1.4. Cellular organization of the cell wall of S. cerevisiae
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with respect to the amount of sugar in the cul-
ture medium. Certain deficiencies (for example,
in mesoinositol) also result in an increase in the
proportion of glucan compared with mannopro-
teins. The cell walls of older cells are richer in
glucans and in chitin and less furnished in manno-
proteins. For this reason, they are more resistant
to physical and enzymatic agents used to degrade
them. Finally, the composition of the cell wall is
profoundly modified by morphogenetic alterations
(conjugation and sporulation).

1.3 THE PLASMIC MEMBRANE

1.3.1 Chemical Composition
and Organization

The plasmic membrane is a highly selective barrier
controlling exchanges between the living cell and
its external environment. This organelle is essential
to the life of the yeast.

Like all biological membranes, the yeast plasmic
membrane is principally made up of lipids and
proteins. The plasmic membrane of S. cerevisiae
contains about 40% lipids and 50% proteins.
Glucans and mannans are only present in small
quantities (several per cent).

The lipids of the membrane are essentially
phospholipids and sterols. They are amphiphilic
molecules, i.e. possessing a hydrophilic and a
hydrophobic part.

The three principal phospholipids (Figure 1.5)
of the plasmic membrane of yeast are phos-
phatidylethanolamine (PE), phosphatidylcholine
(PC) and phosphatidylinositol (PI) which repre-
sent 70—85% of the total. Phosphatidylserine (PS)
and diphosphatidylglycerol or cardiolipin (PG) are
less prevalent. Free fatty acids and phosphatidic
acid are frequently reported in plasmic membrane
analysis. They are probably extraction artifacts
caused by the activity of certain lipid degradation
enzymes.

The fatty acids of the membrane phospholipids
contain an even number (14 to 24) of carbon atoms.
The most abundant are C;¢ and C;g acids. They
can be saturated, such as palmitic acid (Cy¢) and
stearic acid (C;g), or unsaturated, as with oleic

acid (Cyg, double bond in position 9), linoleic acid
(Cis, two double bonds in positions 9 and 12) and
linolenic acid (C;g, three double bonds in positions
9, 12 and 15). All membrane phospholipids share
a common characteristic: they possess a polar or
hydrophilic part made up of a phosphorylated
alcohol and a non-polar or hydrophobic part
comprising two more or less parallel fatty acid
chains (Figure 1.6). In an aqueous medium, the
phospholipids spontaneously form bimolecular
films or a lipid bilayer because of their amphiphilic
characteristic (Figure 1.6). The lipid bilayers are
cooperative but non-covalent structures. They
are maintained in place by mutually reinforced
interactions: hydrophobic interactions, van der
Waals attractive forces between the hydrocarbon
tails, hydrostatic interactions and hydrogen bonds
between the polar heads and water molecules.
The examination of cross-sections of yeast
plasmic membrane under the electron microscope
reveals a classic lipid bilayer structure with a
thickness of about 7.5 nm. The membrane surface
appears sculped with creases, especially during
the stationary phase. However, the physiological
meaning of this anatomic character remains
unknown. The plasmic membrane also has an
underlying depression on the bud scar.

Ergosterol is the primary sterol of the yeast plas-
mic membrane. In lesser quantities, 24 (28) dehy-
droergosterol and zymosterol also exist (Figure
1.7). Sterols are exclusively produced in the mito-
chondria during the yeast log phase. As with phos-
pholipids, membrane sterols are amphipathic. The
hydrophilic part is made up of hydroxyl groups
in C-3. The rest of the molecule is hydrophobic,
especially the flexible hydrocarbon tail.

The plasmic membrane also contains numerous
proteins or glycoproteins presenting a wide range
of molecular weights (from 10000 to 120 000).
The available information indicates that the orga-
nization of the plasmic membrane of a yeast cell
resembles the fluid mosaic model. This model,
proposed for biological membranes by Singer and
Nicolson (1972), consists of two-dimensional solu-
tions of proteins and oriented lipids. Certain pro-
teins are embedded in the membrane; they are
called integral proteins (Figure 1.6). They interact
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Fig. 1.5. Yeast membrane phospholipids

strongly with the non-polar part of the lipid bilayer.
The peripheral proteins are linked to the precedent
by hydrogen bonds. Their location is asymmetrical,
at either the inner or the outer side of the plasmic
membrane. The molecules of proteins and mem-
brane lipids, constantly in lateral movement, are
capable of rapidly diffusing in the membrane.
Some of the yeast membrane proteins have been
studied in greater depth. These include adenosine
triphosphatase (ATPase), solute (sugars and amino

acids) transport proteins, and enzymes involved in
the production of glucans and chitin of the cell
wall.

The yeast possesses three ATPases: in the mito-
chondria, the vacuole, and the plasmic membrane.
The plasmic membrane ATPase is an integral pro-
tein with a molecular weight of around 100 Da. It
catalyzes the hydrolysis of ATP which furnishes
the necessary energy for the active transport of
solutes across the membrane. (Note: an active
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Hydrocarbon tails: fatty

/ acid chains

Fig. 1.6. A membrane lipid bilayer. The integral
proteins (a) are strongly associated to the non-polar
region of the bilayer. The peripheral proteins (b) are
linked to the integral proteins

transport moves a compound against the concen-
tration gradient.) Simultaneously, the hydrolysis of
ATP creates an efflux of protons towards the exte-
rior of the cell.

The penetration of amino acids and sugars
into the yeast activates membrane transport sys-
tems called permeases. The general amino acid

CH;,

CH;

Ergosterol

HsC
H,C

HO

H
Zymosterol

Fig. 1.7. Principal yeast membrane sterols

CH;

permease (GAP) contains three membrane proteins
and ensures the transport of a number of neutral
amino acids. The cultivation of yeasts in the pres-
ence of an easily assimilated nitrogen-based nutri-
ent such as ammonium represses this permease.
The membrane composition in fatty acids and
its proportion in sterols control its fluidity. The
hydrocarbon chains of fatty acids of the membrane
phospholipid bilayer can be in a rigid and orderly
state or in a relatively disorderly and fluid state. In
the rigid state, some or all of the carbon bonds
of the fatty acids are trams. In the fluid state,
some of the bonds become cis. The transition
from the rigid state to the fluid state takes place
when the temperature rises beyond the fusion
temperature. This transition temperature depends
on the length of the fatty acid chains and their
degree of unsaturation. The rectilinear hydrocarbon
chains of the saturated fatty acids interact strongly.
These interactions intensify with their length. The
transition temperature therefore increases as the
fatty acid chains become longer. The double
bonds of the unsaturated fatty acids are generally
cis, giving a curvature to the hydrocarbon chain
(Figure 1.8). This curvature breaks the orderly

CH,
H;C CH
3 \ 3
H;C
CHj3
H;C
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CH;
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Oleic acid (Cg, unsaturated)

Fig. 1.8. Molecular models representing the three-di-
mensional structure of stearic and oleic acid. The cis
configuration of the double bond of oleic acid produces
a curvature of the carbon chain

stacking of the fatty acid chains and lowers the
transition temperature. Like cholesterol in the cells
of mammals, ergosterol is also a fundamental
regulator of the membrane fluidity in yeasts.
Ergosterol is inserted in the bilayer perpendicularly
to the membrane. Its hydroxyl group joins, by
hydrogen bonds, with the polar head of the
phospholipid and its hydrocarbon tail is inserted
in the hydrophobic region of the bilayer. The
membrane sterols intercalate themselves between
the phospholipids. In this manner, they inhibit
the crystallization of the fatty acid chains at low
temperatures. Inversely, in reducing the movement
of these same chains by steric encumberment, they
regulate an excess of membrane fluidity when the
temperature rises.

1.3.2 Functions of the Plasmic
Membrane

The plasmic membrane constitutes a stable,
hydrophobic barrier between the cytoplasm and
the environment outside the cell, owing to its

phospholipids and sterols. This barrier presents a
certain impermeability to solutes in function of
osmotic properties.

Furthermore, through its system of permeases,
the plasmic membrane also controls the exchanges
between the cell and the medium. The function-
ing of these transport proteins is greatly influenced
by its lipid composition, which affects membrane
fluidity. In a defined environmental model, the
supplementing of membrane phospholipids with
unsaturated fatty acids (oleic and linoleic) pro-
moted the penetration and accumulation of certain
amino acids as well as the expression of the gen-
eral amino acid permease (GAP), (Henschke and
Rose, 1991). On the other hand, membrane sterols
seem to have less influence on the transport of
amino acids than the degree of unsaturation of
the phospholipids. The production of unsaturated
fatty acids is an oxidative process and requires the
aeration of the culture medium at the beginning
of alcoholic fermentation. In semi-anaerobic wine-
making conditions, the amount of unsaturated fatty
acids in the grape, or in the grape must, probably
favor the membrane transport mechanisms of fatty
acids.

The transport systems of sugars across the mem-
brane are far from being completely elucidated.
There exists, however, at least two kinds of trans-
port systems: a high affinity and a low affinity
system (ten times less important) (Bisson, 1991).
The low affinity system is essential during the log
phase and its activity decreases during the station-
ary phase. The high affinity system is, on the con-
trary, repressed by high concentrations of glucose,
as in the case of grape must (Salmon et al., 1993)
(Figure 1.9). The amount of sterols in the mem-
brane, especially ergosterol, as well as the degree
of unsaturation of the membrane phospholipids
favor the penetration of glucose in the cell. This
is especially true during the stationary and decline
phases. This phenomenon explains the determining
influence of aeration on the successful completion
of alcoholic fermentation during the yeast multi-
plication phase.

The presence of ethanol, in a culture medium,
slows the penetration speed of arginine and glucose
into the cell and limits the efflux of protons
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resulting from membrane ATPase activity (Alexan-
dre et al., 1994; Charpentier, 1995). Simulta-
neously, the presence of ethanol increases the
synthesis of membrane phospholipids and their
percentage in unsaturated fatty acids (especially
oleic). Temperature and ethanol act in synergy to
affect membrane ATPase activity. The amount of
ethanol required to slow the proton efflux decreases
as the temperature rises. However, this modifica-
tion of membrane ATPase activity by ethanol may
not be the origin of the decrease in plasmic mem-
brane permeability in an alcoholic medium. The
role of membrane ATPase in yeast resistance to
ethanol has not been clearly demonstrated.

The plasmic membrane also produces cell
wall glucan and chitin. Two membrane enzymes
are involved: B-1,3 glucanase and chitin syn-
thetase. These two enzymes catalyze the poly-
merization of glucose and N-acetyl-glucosamine,
derived from their activated forms (uridine
diphosphates—UDP). The mannoproteins are
essentially produced in the endoplasmic reticulum

(Section 1.4.2). They are then transported by vesi-
cles which fuse with the plasmic membrane
and deposit their contents at the exterior of the
membrane.

Finally, certain membrane proteins act as cel-
lular specific receptors. They permit the yeast to
react to various external stimuli such as sexual hor-
mones or changes in the concentration of external
nutrients. The activation of these membrane pro-
teins triggers the liberation of compounds such as
cyclic adenosine monophosphate (cAMP) in the
cytoplasm. These compounds serve as secondary
messengers which set off other intercellular reac-
tions. The consequences of these cellular mecha-
nisms in the alcoholic fermentation process merit
further study.

1.4 THE CYTOPLASM AND ITS
ORGANELLES

Between the plasmic membrane and the nuclear
membrane, the cytoplasm contains a basic
cytoplasmic substance, or cytosol. The organelles
(endoplasmic reticulum, Golgi apparatus, vacuole
and mitochondria) are isolated from the cytosol by
membranes.

1.4.1 Cytosol

The cytosol is a buffered solution, with a pH
between 5 and 6, containing soluble enzymes,
glycogen and ribosomes.

Glycolysis and alcoholic fermentation enzymes
(Chapter 2) as well as trehalase (an enzyme cat-
alyzing the hydrolysis of trehalose) are present.
Trehalose, a reserve disaccharide, also cytoplas-
mic, ensures yeast viability during the dehydration
and rehydration phases by maintaining membrane
integrity.

The lag phase precedes the log phase in a
sugar-containing medium. It is marked by a rapid
degradation of trehalose linked to an increase in
trehalase activity. This activity is itself closely
related to an increase in the amount of cAMP in
the cytoplasm. This compound is produced by a
membrane enzyme, adenylate cyclase, in response
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to the stimulation of a membrane receptor by an
environmental factor.

Glycogen is the principal yeast glucidic reserve
substance. Animal glycogen is similar in structure.
It accumulates during the stationary phase in the
form of spherical granules of about 40 pm in
diameter.

When observed under the electron microscope,
the yeast cytoplasm appears rich in ribosomes.
These tiny granulations, made up of ribonucleic
acids and proteins, are the center of protein
synthesis. Joined to polysomes, several ribosomes
migrate the length of the messenger RNA. They
translate it simultaneously so that each one
produces a complete polypeptide chain.

1.4.2 The Endoplasmic Reticulum,
the Golgi Apparatus
and the Vacuoles

The endoplasmic reticulum (ER) is a double
membrane system partitioning the cytoplasm. It is
linked to the cytoplasmic membrane and nuclear
membrane. It is, in a way, an extension of the
latter. Although less developed in yeasts than in
exocrine cells of higher eucaryotes, the ER has
the same function. It ensures the addressing of
the proteins synthesized by the attached ribosomes.
As a matter of fact, ribosomes can be either free
in the cytosol or bound to the ER. The pro-
teins synthesized by free ribosomes remain in the
cytosol, as do the enzymes involved in glycolysis.
Those produced in the ribosomes bound to the ER
have three possible destinations: the vacuole, the
plasmic membrane, and the external environment
(secretion). The presence of a signal sequence (a
particular chain of amino acids) at the N-terminal
extremity of the newly formed protein determines
the association of the initially free ribosomes in
the cytosol with the ER. The synthesized protein
crosses the ER membrane by an active transport
process called translocation. This process requires
the hydrolysis of an ATP molecule. Having reached
the inner space of the ER, the proteins undergo cer-
tain modifications including the necessary excising
of the signal peptide by the signal peptidase. In
many cases, they also undergo a glycosylation.

The yeast glycoproteins, in particular the struc-
tural, parietal or enzymatic mannoproteins, con-
tain glucidic side chains (Section 1.2.2). Some of
these are linked to asparagine by N-glycosidic
bonds. This oligosaccharidic link is constructed in
the interior of the ER by the sequential addition
of activated sugars (in the form of UDP deriva-
tives) to a hydrophobic, lipidic transporter called
dolicholphosphate. The entire unit is transferred in
one piece to an asparagine residue of the polypep-
tide chain. The dolicholphosphate is regenerated.

The Golgi apparatus consists of a stack of
membrane sacs and associated vesicles. It is an
extension of the ER. Transfer vesicles transport
the proteins issued from the ER to the sacs of the
Golgi apparatus. The Golgi apparatus has a dual
function. It is responsible for the glycosylation
of protein, then sorts so as to direct them via
specialized vesicles either into the vacuole or into
the plasmic membrane. An N-terminal peptidic
sequence determines the directing of proteins
towards the vacuole. This sequence is present in
the precursors of two vacuolar-orientated enzymes
in the yeast: Y carboxypeptidase and A proteinase.
The vesicles that transport the proteins of the
plasmic membrane or the secretion granules, such
as those that transport the periplasmic invertase,
are still the default destinations.

The vacuole is a spherical organelle, 0.3 to
3 pwm in diameter, surrounded by a single mem-
brane. Depending on the stage of the cellular
cycle, yeasts have one or several vacuoles. Before
budding, a large vacuole splits into small vesi-
cles. Some penetrate into the bud. Others gather
at the opposite extremity of the cell and fuse
to form one or two large vacuoles. The vacuo-
lar membrane or tonoplast has the same general
structure (fluid mosaic) as the plasmic membrane
but it is more elastic and its chemical com-
position is somewhat different. It is less rich
in sterols and contains less protein and glyco-
protein but more phospholipids with a higher
degree of unsaturation. The vacuole stocks some
of the cell hydrolases, in particular Y carboxypep-
tidase, A and B proteases, I aminopeptidase,
X-propyl-dipeptidylaminopeptidase and alkaline
phosphatase. In this respect, the yeast vacuole can
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be compared to an animal cell lysosome. Vacuolar
proteases play an essential role in the turn-over
of cellular proteins. In addition, the A protease
is indispensable in the maturation of other vacuo-
lar hydrolases. It excises a small peptide sequence
and thus converts precursor forms (proenzymes)
into active enzymes. The vacuolar proteases also
autolyze the cell after its death. Autolysis, while
ageing white wine on its lees, can affect wine qual-
ity and should concern the winemaker.

Vacuoles also have a second principal function:
they stock metabolites before their use. In fact,
they contain a quarter of the pool of the amino
acids of the cell, including a lot of arginine as well
as S-adenosyl methionine. In this organelle, there
is also potassium, adenine, isoguanine, uric acid
and polyphosphate crystals. These are involved
in the fixation of basic amino acids. Specific
permeases ensure the transport of these metabolites
across the vacuolar membrane. An ATPase linked
to the tonoplast furnishes the necessary energy
for the movement of stocked compounds against
the concentration gradient. It is different from the
plasmic membrane ATPase, but also produces a
proton efflux.

The ER, Golgi apparatus and vacuoles can
be considered as different components of an
internal system of membranes, called the vacuome,
participating in the flux of glycoproteins to be
excreted or stocked.

1.4.3 The Mitochondria

Distributed in the periphery of the cytoplasm, the
mitochondria (mt) are spherically or rod-shaped
organelles surrounded by two membranes. The
inner membrane is highly folded to form cristae.
The general organization of mitochondria is the
same as in higher plants and animal cells. The
membranes delimit two compartments: the inner
membrane space and the matrix. The mitochon-
dria are true respiratory organelles for yeasts. In
aerobiosis, the S. cerevisiae cell contains about
50 mitochondria. In anaerobiosis, these organelles
degenerate, their inner surface decreases, and the
cristae disappear. Ergosterol and unsaturated fatty
acids supplemented in culture media limit the
degeneration of mitochondria in anaerobiosis. In

any case, when cells formed in anaerobiosis are
placed in aerobiosis, the mitochondria regain their
normal appearance. Even in aerated grape must,
the high sugar concentration represses the synthe-
sis of respiratory enzymes. As a result, the mito-
chondria no longer function. This phenomenon,
catabolic glucose repression, will be described in
Chapter 2.

The mitochondrial membranes are rich in phos-
pholipids—principally phosphatidylcholine, phos-
phatidylinositol and phosphatidylethanolamine
(Figure 1.5). Cardiolipin (diphosphatidylglycerol),
in minority in the plasmic membrane (Figure 1.4),
is predominant in the inner mitochondrial mem-
brane. The fatty acids of the mitochondrial phos-
pholipids are in C16:0, C16:1, C18:0, C18:1.
In aerobiosis, the unsaturated residues predomi-
nate. When the cells are grown in anaerobiosis,
without lipid supplements, the short-chain satu-
rated residues become predominant; cardiolipin
and phosphatidylethanolamine diminish whereas
the proportion of phosphatidylinositol increases. In
aerobiosis, the temperature during the log phase of
the cell influences the degree of unsaturation of the
phospholipids- more saturated as the temperature
decreases.

The mitochondrial membranes also contain
sterols, as well as numerous proteins and enzymes
(Guerin, 1991). The two membranes, inner and
outer, contain enzymes involved in the synthesis of
phospholipids and sterols. The ability to synthesize
significant amounts of lipids, characteristic of yeast
mitochondria, is not limited by respiratory deficient
mutations or catabolic glucose repression.

The outer membrane is permeable to most
small metabolites coming from the cytosol since it
contains porine, a 29 kDa transmembrane protein
possessing a large pore. Porine is present in
the mitochondria of all the eucaryotes as well
as in the outer membrane of bacteria. The
intermembrane space contains adenylate kinase,
which ensures interconversion of ATP, ADP and
AMP. Oxidative phosphorylation takes place in the
inner mitochondrial membrane. The matrix, on the
other hand, is the center of the reactions of the
tricarboxylic acids cycle and of the oxidation of
fatty acids.
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The majority of mitochondria proteins are coded
by the genes of the nucleus and are synthesized by
the free polysomes of the cytoplasm. The mito-
chondria, however, also have their own machinery
for protein synthesis. In fact, each mitochon-
drion possesses a circular 75 kb (kilobase pairs)
molecule of double-stranded AND and ribosomes.
The mtDNA is extremely rich in A (adenine) and
T (thymine) bases. It contains a few dozen genes,
which code in particular for the synthesis of cer-
tain pigments and respiratory enzymes, such as
cytochrome b, and several sub-units of cytochrome
oxidase and of the ATP synthetase complex. Some
mutations affecting these genes can result in the
yeast becoming resistant to certain mitochondrial
specific inhibitors such as oligomycin. This prop-
erty has been applied in the genetic marking of
wine yeast strains. Some mitochondrial mutants
are respiratory deficient and form small colonies
on solid agar media. These ‘petit’ mutants are not
used in winemaking because it is impossible to
produce them industrially by respiration.

1.5 THE NUCLEUS

The yeast nucleus is spherical. It has a diameter
of 1-2 mm and is barely visible using a phase
contrast optical microscope. It is located near the
principal vacuole in non-proliferating cells. The
nuclear envelope is made up of a double membrane
attached to the ER. It contains many ephemeral
pores, their locations continually changing. These
pores permit the exchange of small proteins
between the nucleus and the cytoplasm. Contrary
to what happens in higher eucaryotes, the yeast
nuclear envelope is not dispersed during mitosis.
In the basophilic part of the nucleus, the crescent-
shaped nucleolus can be seen by using a nuclear-
specific staining method. As in other eucaryotes, it
is responsible for the synthesis of ribosomal RNA.
During cellular division, the yeast nucleus also
contains rudimentary spindle threads composed of
microtubules of tubulin, some discontinuous and
others continuous (Figure 1.10). The continuous
microtubules are stretched between the two
spindle pole bodies (SPB). These corpuscles are
permanently included in the nuclear membrane and

Discontinous
tubules

Spindle pole \N
body

Continuous
tubules
Pore

Nucleolus

Chromatin ]
T Cytoplasmic
microtubules

Fig. 1.10. The yeast nucleus (Williamson, 1991). SPB =
Spindle pole body; NUC = Nucleolus; P = Pore; CHR =
Chromatin; CT = Continuous tubules; DCT = Discon-
tinuous tubules; CTM = Cytoplasmic microtubules

correspond with the centrioles of higher organisms.
The cytoplasmic microtubules depart from the
spindle pole bodies towards the cytoplasm.

There is little nuclear DNA in yeasts compared
with higher eucaryotes—about 14000 kb in a
haploid strain. It has a genome almost three times
larger than in Escherichia coli, but its genetic
material is organized into true chromosomes. Each
one contains a single molecule of linear double-
stranded DNA associated with basic proteins
known as histones. The histones form chromatin
which contains repetitive units called nucleosomes.
Yeast chromosomes are too small to be observed
under the microscope.

Pulse-field electrophoresis (Carle and Olson,
1984; Schwartz and Cantor, 1984) permits the sep-
aration of the 16 chromosomes in S. cerevisiae,
whose size range from 200 to 2000 kb. This
species has a very large chromosomic polymor-
phism. This characteristic has made karyotype
analysis one of the principal criteria for the iden-
tification of S. cerevisiae strains (Section 1.9.3).
The scientific community has nearly established
the complete sequence of the chromosomic DNA
of S. cerevisiae. In the future, this detailed knowl-
edge of the yeast genome will constitute a powerful
tool, as much for understanding its molecular phys-
iology as for selecting and improving winemaking
strains.

The yeast chromosomes contain relatively few
repeated sequences. Most genes are only present
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in a single example in the haploid genome, but the
ribosomal RNA genes are highly repeated (about
100 copies).

The genome of S. cerevisiae contains transpos-
able elements, or transposons—specifically, Ty
(transposon yeast) elements. These comprise a cen-
tral ¢ region (5.6 kb) framed by a direct repeated
sequence called the § sequence (0.25 kb). The &
sequences have a tendency to recombine, resulting
in the loss of the central region and a § sequence.
As a result, there are about 100 copies of the §
sequence in the yeast genome. The Ty elements
code for non-infectious retrovirus particles. This
retrovirus contains Ty messenger RNA as well as
a reverse transcriptase capable of copying the RNA
into complementary DNA. The latter can reinsert
itself into any site of the chromosome. The ran-
dom excision and insertion of Ty elements in the
yeast genome can modify the genes and play an
important role in strain evolution.

Only one plasmid, called the 2 pwm plasmid, has
been identified in the yeast nucleus. It is a circular
molecule of DNA, containing 6 kb and there are
50-100 copies per cell. Its biological function is
not known, but it is a very useful tool, used by
molecular biologists to construct artificial plasmids
and genetically transform yeast strains.

1.6 REPRODUCTION AND THE
YEAST BIOLOGICAL CYCLE

Like other sporiferous yeasts belonging to the
class Ascomycetes, S. cerevisiae can multiply
either asexually by vegetative multiplication or
sexually by forming ascospores. By definition,
yeasts belonging to the imperfect fungi can only
reproduce by vegetative multiplication.

1.6.1 Vegetative Multiplication

Most yeasts undergo vegetative multiplication by
a process called budding. Some yeasts, such as
species belonging to the genus Schizosaccha-
romyces, multiply by binary fission.

Figure 1.11 represents the life cycle of S. cerevi-
siae divided into four phases: M, G1, S, and G2.
M corresponds with mitosis, Gl is the period

Gl

N\ @

Fig. 1.11. S. cerevisiae cell cycle (vegetative mul-
tiplication) (Tuite and Oliver, 1991). M = mitosis;
G1 = period preceding DNA synthesis; S = DNA syn-
thesis; G2 = period preceding mitosis

preceding S, which is the synthesis of DNA and G2
is the period before cell division. As soon as the
bud emerges, in the beginning of S, the splitting
of the spindle pole bodies (SPB) can be observed
in the nuclear membrane by electron microscopy.
At the same time, the cytoplasmic microtubules
orient themselves toward the emerging bud. These
microtubules seem to guide numerous vesicles
which appear in the budding zone and are involved
in the reshaping of the cell wall. As the bud
grows larger, discontinued nuclear microtubules
begin to appear. The longest microtubules form
the mitotic spindle between the two SPB. At the
end of G2, the nucleus begins to push and pull
apart in order to penetrate the bud. Some of the
mitochondria also pass with some small vacuoles
into the bud, whereas a large vacuole is formed
at the other pole of the cell. The expansion of
the latter seems to push the nucleus into the
bud. During mitosis, the nucleus stretches to its
maximum and the mother cell separates from the
daughter cell. This separation takes place only after
the construction of the separation cell wall and
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the deposit of a ring of chitin on the bud scar of
the mother cell. The movement of chromosomes
during mitosis is difficult to observe in yeasts,
but a microtubule—centromere link must guide
the chromosomes. In grape must, the duration of
budding is approximately 1-2 hours. As a result,
the population of the cells double during the yeast
log phase during fermentation.

1.6.2 Sexual Reproduction

When sporiferous yeast diploid cells are in a
hostile nutritive medium (for example, depleted
of fermentable sugar, poor in nitrogen and very
aerated) they stop multiplying. Some transform
into a kind of sac with a thick cell wall. These
sacs are called asci. Each one contains four haploid
ascospores issued from meiotic division of the
nucleus. Grape must and wine are not propitious
to yeast sporulation and, in principal, it never
occurs in this medium. Yet Mortimer et al. (1994)
observed the sporulation of certain wine yeast
strains, even in sugar-rich media. Our researchers
have often observed asci in old agar culture media
stored for several weeks in the refrigerator or at
ambient temperatures (Figure 1.12). The natural
conditions in which wild wine yeasts sporulate and
the frequency of this phenomenon are not known.
In the laboratory, the agar or liquid medium

Ly WD24

Fig. 1.12. Scanning electron microscope photograph of
S. cerevisiae cells placed on a sugar-agar medium
for several weeks. Asci containing ascospores can be
observed

conventionally used to provoke sporulation has
a sodium acetate base (1%). In S. cerevisiae,
sporulation aptitude varies greatly from strain to
strain. Wine yeasts, both wild and selected, do
not sporulate easily, and when they do they often
produce non-viable spores.

Meiosis in yeasts and in higher eucaryotes
(Figure 1.13) has some similarities. Several hours
after the transfer of diploid vegetative cells to
a sporulation medium, the SPB splits during the
DNA replication of the S phase. A dense body
(DB) appears simultaneously in the nucleus near
the nucleolus. The DB evolves into synaptonemal
complexes—structures permitting the coupling and
recombination of homologous chromosomes. After
8—9 hours in the sporulation medium, the two SPB
separate and the spindle begins to form. This stage
is called metaphase I of meiosis. At this stage, the
chromosomes are not yet visible. Then, while the
nuclear membrane remains intact, the SPB divides.
At metaphase II, a second mitotic spindle stretches
itself while the ascospore cell wall begins to form.
Nuclear buds, cytoplasm and organelles migrate
into the ascospores. At this point, edification of the
cell wall is completed. The spindle then disappears
when the division is achieved.

Placed in favorable conditions, i.e. nutritive
sugar-enriched media, the ascospores germinate,
breaking the cell wall of the ascus, and begin to
multiply. In S. cerevisiae, the haploid cells have
two mating types: a and «. The ascus contains two
a ascospores and two « ascospores (Figure 1.14).
Sign a (MATa) cells produce a sexual pheromone
a. This peptide made up of 12 amino acids is
called sexual factor a. In the same manner, sign o
cells produce the sexual factor «, a peptide made
up of 13 amino acids. The a factor, emitted by
the MATa cells, stops the multiplication of MAT«
cells in G1. Reciprocally, the o factor produced
by « cells stops the biological cycle of a cells.
Sexual coupling occurs between two cells of the
opposite sexual sign. Their agglutination permits
cellular and nuclear fusion and makes use of
parietal glycoproteins and a and « agglutinins.
The vegetative diploid cell that is formed (a/c)
can no longer produce sexual pheromones and is
insensitive to their action; it multiplies by budding.
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Fig. 1.13. Meiosis in S. cerevisiae (Tuite and Oliver, 1991). SPB = spindle pole body; DB = dense body;
SC = synaptonemal complexes. (a) Cell before meiosis; (b) dividing of SPB; (c) synaptonemal complexes appear;
(d) separation of the SPB; (e) constitution of spindle (metaphase I of meiosis); (f) dividing of the SPB; (g) metaphase.
II of meiosis; (h) end of meiosis; formation of ascospores
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Fig. 1.14. Reproduction cycle of a heterothallic yeast
strain (a, o: spore sexual signs)

Some strains, from a monosporic culture, can be
maintained in a stable haploid state. Their sexual
sign remains constant during many generations.
They are heterothallic. Others change sexual sign

during a cellular division. Diploid cells appear

in the descendants of an ascospore. They are

homeothallic and have an HO gene which inverses

sexual sign at an elevated frequency during

vegetative division. This changeover (Figure 1.15)

occurs in the mother cell at the G1 stage of the
S

©)
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Fig. 1.15. Sexual sign commutation model of haploid
yeast cells in a homothallic strain (Herskowitz et al.,
1992) (x designates cells capable of changing sexual
sign at the next cell division, or cells already having
undergone budding). S = initial cell carrying the HO

gene; F1, F2 = daughter cells of S; F1.1. = daughter
cell of F1
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biological cycle, after the first budding but before
the DNA replication phase. In this manner, a sign
« ascospore S divides to produce two « cells
(S and the first daughter cell, F1). During the
following cellular division, S produces two cells
(S and F2) that have become a cells. In the same
manner, the F1 cell produces two « cells after the
first division and two a cells during its second
budding. Laboratory strains that are deficient or
missing the HO gene have a stable sexual sign.
Heterothallism can therefore be considered the
result of a mutation of the HO gene or of genes that
control its functioning (Herskowitz et al., 1992).
Most wild and selected winemaking strains that
belong to the S. cerevisiae species are diploid
and homothallic. It is also true of almost all of
the strains that have been isolated in vineyards
of the Bordeaux region. Moreover, recent studies
carried out by Mortimer et al. (1994) in Californian
and Italian vineyards have shown that the majority
of strains (80%) are homozygous for the HO
character (HO/HO); heterozygosis (HO/ho) 1is
in minority. Heterothallic strains (ho/ho) are
rare (less than 10%). We have made the same

observations for yeast strains isolated in the
Bordeaux region. For example, the F10 strain fairly
prevalent in spontaneous fermentations in certain
Bordeaux growths is HO/HO. In other words, the
four spores issued from an ascus give monoparent
diploids, capable of forming asci when placed in
a pure culture. This generalized homozygosis for
the HO character of wild winemaking strains is
probably an important factor in their evolution,
according to the genome renewal phenomenon
proposed by Mortimer et al. (1994) (Figure 1.16),
in which the continuous multiplication of a yeast
strain in its natural environment accumulates
heterozygotic damage to the DNA. Certain
slow-growth or functional loss mutations of certain
genes decrease strain vigor in the heterozygous
state. Sporulation, however, produces haploid
cells containing different combinations of these
heterozygotic characters. All of these spores
become homozygous diploid cells with a series
of genotypes because of the homozygosity of the
HO character. Certain diploids which prove to be
more vigorous than others will in time supplant
the parents and less vigorous ones. This very
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Fig. 1.16. Genome renewal of a homozygote yeast strain for the HO gene of homothallism, having accumulated
recessive mutations during vegetative multiplication (Mortimer et al., 1994) (a and b = mutation of certain genes)



Cytology, Taxonomy and Ecology of Grape and Wine Yeasts 19

tempting model is reaffirmed by the characteristics
of the wild winemaking strains analyzed. In these,
the spore viability rate is the inverse function
of the heterozygosis rate for a certain number
of mutations. The completely homozygous strains
present the highest spore viability and vigor.

In conclusion, sporulation of strains in natural
conditions seems indispensable. It assures their
growth and fermentation performance. With this in
mind, the conservation of selected strains of active
dry yeasts as yeast starters should be questioned. It
may be necessary to regenerate them periodically
to eliminate possible mutations from their genome
which could diminish their vigor.

1.7 THE KILLER PHENOMENON
1.7.1 Introduction

Certain yeast strains, known as killer strains (K),
secrete proteinic toxins into their environment that
are capable of killing other, sensitive strains (S).
The killer strains are not sensitive to their toxin but
can be killed by a toxin that they do not produce.
Neutral strains (N) do not produce a toxin but are
resistant. The action of a killer strain on a sensitive
strain is easy to demonstrate in the laboratory on an
agar culture medium at pH 4.2-4.7 at 20°C. The
sensitive strain is inoculated into the mass of agar
before it solidifies; then the strain to be tested is
inoculated in streaks on the solidified medium. If it
is a killer strain, a clear zone in which the sensitive
strain cannot grow encircles the inoculum streaks
(Figure 1.17).

This phenomenon, the killer factor, was dis-
covered in S. cerevisiae but killer strains also
exist in other yeast genera such as Hansenula,
Candida, Kloeckera, Hanseniaspora, Pichia, Toru-
lopsis, Kluyveromyces and Debaryomyces. Killer
yeasts have been classified into 11 groups accord-
ing to the sensitivity reaction between strains as
well as the nature and properties of the toxins
involved. The killer factor is a cellular interaction
model mediated by the proteinic toxin excreted.
It has given rise to much fundamental research
(Tipper and Bostian, 1984; Young, 1987). Barre
(1984, 1992), Radler (1988) and Van Vuuren and

Fig. 1.17. Identification of the K2 killer phenotype in
S. cerevisiae. The presence of a halo around the two
streaks of the killer strain is due to the death of the
sensitive strain cultivated on the medium

Jacobs (1992) have described the technological
implications of this phenomenon for wine yeasts
and the fermentation process.

1.7.2 Physiology and Genetics
of the Killer Phenomenon

The determinants of the killer factor are both
cytoplasmic and nuclear. In S. cerevisiae, the killer
phenomenon is associated with the presence of
double-stranded RNA particles, virus-like particles
(VLP), in the cytoplasm. They are in the same
category as non-infectious mycovirus. There are
two kinds of VLP: M and L. The M genome
(1.3—-1.9 kb) codes for the K toxin and for the
immunity factor (R). The L genome (4.5 kb) codes
for an RNA polymerase and the proteinic capsid
that encapsulates the two genomes. Killer strains
(KTR™) secrete the toxin and are immune to it.
The sensitive cells (K"R™) do not possess M VLP
but most of them have L VLP. The two types of
viral particles are necessary for the yeast cell to
express the killer phenotype (K*R™), since the L
mycovirus is necessary for the maintenance of the
M type.
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There are three kinds of killer activities in
S. cerevisiae strains. They correspond with the K1,
K2 and K3 toxins coded, respectively, by M1, M2
and M3 VLPs (1.9, 1.5 and 1.3 kb, respectively).
According to Wingfield ef al. (1990), the K2 and
K3 types are very similar; M3 VLP results from a
mutation of M2 VLP. The K2 strains are by far
the most widespread in the S. cerevisiae strains
encountered in wine. Neutral strains (K"R™) are
insensitive to a given toxin without being capable
of producing it. They possess M VLPs of normal
dimensions that code only for the immunity
factor. They either do not produce toxins or are
inactive because of mutations affecting the M-type
RNA.

Many chromosomic genes are involved in the
maintenance and replication of L and M RNA
particles as well as in the maturation and transport
of the toxin produced.

The K1 toxin is a small protein made up of
two sub-units (9 and 9.5 kDa). It is active and
stable in a very narrow pH range (4.2—-4.6) and
is therefore inactive in grape must. The K2 toxin,
a 16 kDa glycoprotein, produced by homothallic
strains of S. cerevisiae encountered in wine, is
active at between pH 2.8 and 4.8 with a maximum
activity between 4.2 and 4.4. It is therefore active
at the pH of grape must and wine.

K1 and K2 toxins attack sensitive cells by
attaching themselves to a receptor located in the
cell wall—a B-1,6 glucan. Two chromosomic
genes, KRE1 and KRE2 (Killer resistant), deter-
mine the possibility of this linkage. The krel gene
produces a parietal glycoprotein which has a -
1,6 glucan synthetase activity. The krel mutants
are resistant to K1 and K2 toxins because they
are deficient in this enzyme and devoid of a 5-1,6
glucan receptor. The KRE2 gene is also involved
in the fixation of toxins to the parietal recep-
tor; the kre2 mutants are also resistant. The toxin
linked to a glucan receptor is then transferred to a
membrane receptor site by a mechanism needing
energy. Cells in the log phase are, therefore, more
sensitive to the killer effect than cells in the station-
ary phase. When the sensitive cell plasmic mem-
brane is exposed to the toxin, it manifests serious
functional alterations after a lag phase of about

40 minutes. These alterations include the interrup-
tion of the coupled transport of amino acids and
protons, the acidification of the cellular contents,
and potassium and ATP leakage. The cell dies in
2-3 hours after contact with the toxin because of
the above damage, due to the formation of pores
in the plasmic membrane.

The killer effect exerts itself exclusively on
yeasts and has no effect on humans and animals.

1.7.3 The Role of the Killer
Phenomenon in Winemaking

Depending on the authors and viticultural regions
studied, the frequency of the killer character varies
a lot among wild winemaking strains isolated on
grapes or in fermenting grape must. In a work by
Barre (1978) studying 908 wild strains, 504 man-
ifested the K2 killer character, 299 were sensitive
and 95 neutral. Cuinier and Gros (1983) reported a
high frequency (65-90%) of K2 strains in Mediter-
ranean and Beaujolais region vineyards, whereas
none of the strains analyzed in Tourraine mani-
fested the killer effect. In the Bordeaux region, the
K2 killer character is extremely widespread. In a
study carried out in 1989 and 1990 on the ecol-
ogy of indigenous strains of S. cerevisiae in several
tanks of red must in a Pessac-Léognan vineyard, all
of the isolated strains manifested K2 killer activity,
about 30 differentiated by their karyotype (Frezier,
1992). Rossini et al. (1982) reported an extremely
varied frequency (12-80%) of K2 Kkiller strains
in spontaneous fermentations in Italian wineries.
Some K2 Kkiller strains were also isolated in the
southern hemisphere (Australia, South Africa and
Brazil). On the other hand, most of the killer
strains isolated in Japan presented the K1 char-
acteristic. Most research on the killer character of
wine yeasts concerns the species S. cerevisiae. Lit-
tle information exists on the killer effect of the
alcohol-sensitive species which essentially make
up grape microflora. Heard and Fleet (1987) con-
firmed Barre’s (1980) observations and did not
establish the existence of the killer effect in Can-
dida, Hanseniaspora, Hansenula and Torulaspora.
However, some Kkiller strains of Hanseniaspora
uvarum and Pichia kluyveri have been identified
by Zorg et al. (1988).
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Barre (1992) studied the activity and stability
of the K2 killer toxin in enological conditions
(Figure 1.18). The killer toxin only manifested a
pronounced activity on cells in the log phase. Cells
in the stationary phase were relatively insensitive.
The amount of ethanol or SO, in the wine has
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practically no effect on the killer toxin activity.
On the other hand, it is quickly destroyed by heat,
since its half-life is around 30 minutes at 32°C.
It is also quickly inactivated by the presence of
phenolic compounds and is easily adsorbed by
bentonite.
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Fig. 1.18. Yeast growth and survival curves in a grape juice medium containing killer toxin (Barre, 1992): %, 10%
K2 strain active culture supernatant; O, 10% supernatant inactivated by heat treatment. (a) White juice, pH 3.4; cells
in exponential phase introduced at time = 0. (b) Same juice, cells in stationary phase introduced at time = 0. (c) Red
juice extracted by heated maceration, pH 3.4; cells in exponential phase introduced at time = 0
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Scientific literature has reported a diversity of
findings on the role of the killer factor in the com-
petition between strains during grape must fermen-
tation. In an example given by Barre (1992), killer
cells inoculated at 2% can completely supplant the
sensitive strain during the alcoholic fermentation
of must. In other works, the killer yeast/sensitive
yeast ratio able to affect the implantation of sensi-
tive yeasts in winemaking varies between 1/1000
and 100/1, depending on the author. This con-
siderable discrepancy can probably be attributed
to implantation and fermentation speed of the
strains present. The killer phenomenon seems more
important to interstrain competition when the killer
strain implants itself quickly and the sensitive
strain slowly. In the opposite situation, an elevated
percentage of killer yeasts would be necessary to
eliminate the sensitive population. Some authors
have observed spontaneous fermentations domi-
nated by sensitive strains despite a non-negligible
proportion of killer strains (2—25%). In Bordeaux,
we have always observed that certain sensitive
strains implant themselves in red wine fermenta-
tion, despite a strong presence of killer yeasts in
the wild microflora (for example, 522M, an active
dry yeast starter). In white winemaking, the neu-
tral yeast VL1 and sensitive strains such as EGS8,
a slow-growth strain, also successfully implant
themselves. The wild killer population does not
appear to compete with a sensitive yeast starter and
therefore is not an important cause of fermentation
difficulties in real-life applications.

The high frequency of killer strains among
the indigenous yeasts in many viticultural regions
confers little advantage to the strain in terms
of implantation capacity. In other words, this
character is not sufficient to guarantee the implan-
tation of a certain strain during fermentation over
a wild strain equally equipped. On the other hand,
under certain conditions, inoculating with a sensi-
tive strain will fail because of the killer effect of
a wild population. Therefore, the resistance to the
K2 toxin (killer or neutral phenotype) should be
included among the selection criteria of enologi-
cal strains. The high frequency of the K2 killer
character in indigenous wine yeasts facilitates this
strategy.

A medium that contains the toxin exerts a
selection pressure on a sensitive enological strain.
Stable variants survive this selection pressure and
can be obtained in this manner (Barre, 1984).
This is the most simple strategy for obtaining a
killer enological strain. However, the development
of molecular genetics and biotechnology permits
scientists to construct enological strains modified
to contain one or several Kkiller characters.
Cytoduction can achieve these modifications.
This method introduces cytoplasmic determinants
(mitochondria, plasmids) issued from a killer strain
into a sensitive enological strain without altering
the karyotype of the initial enological strain.
Seki et al. (1985) used this method to make
the 522M strain K2 Kkiller. By another strategy,
new yeasts can be constructed by integrating the
toxin gene into their chromosomes. Boone et al.
(1990) were able to introduce the K1 character
into K2 winemaking strains in this manner.
The K1 killer character among wine yeasts is
rare, and so the enological interest of this last
application is limited. The acquiring of multi-
killer character strains presents little enological
advantage. Sensitive selected strains and current
K2 killer strains can already be implanted without
a problem. On the other hand, the dissemination
of these newly obtained multi-killer strains in
nature could present a non-negligible risk. These
strains could adversely affect the natural microflora
population, although we have barely begun to
inventory its diversity and exploit its technological
potentials. It would be detrimental to be no longer
able to select wild yeasts because they have
been supplanted in their natural environment by
genetically modified strains—a transformation that
has no enological interest.

1.8 CLASSIFICATION OF YEAST
SPECIES

1.8.1 General Remarks

As mentioned in the introduction to this chapter,
yeasts constitute a vast group of unicellular
fungi—taxonomically heterogeneous and very
complex. Hansen’s first classification at the
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beginning of this century only distinguished
between sporiferous and asporiferous yeasts. Since
then, yeast taxonomy has incited considerable
research. This research has been regrouped
in successive works progressively creating the
classification known today. The last enological
treaty of the University of Bordeaux (Ribéreau-
Gayon et al., 1975) was based on Lodder’s (1970)
classification. Between this monograph and the
previous classification (Lodder and Kregger-Van
Rij, 1952), the designation and classification of
yeasts had already changed profoundly. In this
book, the last two classifications by Kregger-Van
Rij (1984) and Barnett et al. (2000) are of interest.
These contain even more significant changes in the
delimitation of species and genus with respect to
earlier systematics.

According to the current classification, yeasts
belonging to Ascomycetes, Basidiomycetes and
imperfect fungi (Deuteromycetes) are divided into
81 genera, to which 590 species belong. Taking
into account synonymy and physiological races
(varieties of the same species), at least 4000 names
for yeasts have been used since the nineteenth cen-
tury. Fortunately, only 15 yeast species exist on
grapes, are involved as an alcoholic fermentation
agent in wine, and are responsible for wine dis-
eases. Table 1.1 lists the two families to which eno-
logical yeasts belong: Saccharomycetaceae in the
Ascomycetes (sporiferous) and Cryptococcaceae
in the Deuteromycetes (asporiferous). Fourteen

genera to which one or several species of grape
or wine yeasts belong are not listed in Table 1.1.

1.8.2 Evolution of the General
Principles of Yeast Taxonomy
and Species Delimitation

Yeast taxonomy (from the Greek faxis: putting in
order), and the taxonomy of other microorganisms
for that matter, includes classification and
identification. Classification groups organisms into
taxa according to their similarities and/or their
ties to a common ancestor. The basic taxon is
species. A species can be defined as a collection of
strains having a certain number of morphological,
physiological and genetic characters in common.
This group of characters constitutes the standard
description of the species. Identification compares
an unknown organism to individuals already
classed and named that have similar characteristics.

Taxonomists first delimited yeast species using
morphological and physiological criteria. The first
classifications were based on the phenotypic dif-
ferences between yeasts: cell shape and size, spore
formation, cultural characters, fermentation and
assimilation of different sugars, assimilation of
nitrates, growth-factor needs, resistance to cyclo-
heximide. The treaty on enology by Ribéreau-
Gayon et al. (1975) described the use of these
methods on wine yeasts in detail. Since then,
many rapid, ready-to-use diagnostic kits have been

Table 1.1. Classification of grape and wine sporogeneous and asporogeneous yeast genere (Kregger-Van Rij, 1984)

Saccharomycetaceae family Spermophtoracae  Cryptococcaceae
(sporogeneous) family family
(asporogeneous) (asporogeneous)
Sub-family Sub-family Sub-family —
Schizosaccharomycetoideae  Nadsonioideae Saccharomycetoideae
Genus Genus Genus Genus Genus
Schizosaccharomyces Saccharomycodes ~ Saccharomyces Metschnikowia Brettanomyces
Hanseniaspora Debaryomyces Candida
Dekker Kloeckera
Hansenula Rhodotorula
Kluyveromyces
Pichia
Zygosaccharomyces

Torulaspora
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proposed to determine yeast response to different
physiological tests. Lafon-Lafourcade and Joyeux
(1979) and Cuinier and Leveau (1979) designed
the API 20 C system for the identification of eno-
logical yeasts. It contains eight fermentation tests,
10 assimilation tests and a cycloheximide resis-
tance test. For a more complete identification, the
API 50 CH system contains 50 substrates for fer-
mentation (under paraffin) and assimilation tests.
Heard and Fleet (1990) developed a system that
uses the different tests listed in the work of Barnett
et al. (1990).

Due to the relatively limited number of yeast
species significantly present on grapes and in wine,
these phenotypic tests identify enological yeast
species in certain genera without difficulty. Certain
species can be identified by observing growing
cells under the microscope. Small apiculated
cells, having small lemon-like shapes, designate
the species Hanseniaspora uvarum and its
imperfect form Kloeckera apiculata (Figure 1.19).
Saccharomycodes Iludwigii is characterized by
much larger (10—20 wm) apiculated cells. Since
most yeasts multiply by budding, the genus
Schizosaccharomyces can be recognized because
of its vegetative reproduction by binary fission
(Figure 1.20). In modern taxonomy, this genus
only contains the species Schizosacch. pombe.
Finally, the budding of Candida stellata (formerly
known as Torulopsis stellata) occurs in the shape
of a star.

According to Barnett et al. (1990), the physio-
logical characteristics listed in Table 1.2 can be
used to distinguish between the principal grape
and wine yeasts. Yet some of these characters
(for example, fermentation profiles of sugars) vary
within the species and are even unstable for a
given strain during vegetative multiplication. Tax-
onomists realized that they could not differentiate
species based solely on phenotypic discontinuity
criteria. They progressively established a delimita-
tion founded on the biological and genetic defini-
tion of a species.

In theory, a species can be defined as a collection
of interfertile strains whose hybrids are themselves
fertile—capable of producing viable spores. This
biological definition runs into several problems

4

(b)

Fig. 1.19. Observation of two enological yeast species
having an apiculated form. (a) Hanseniaspora uvarum.
(b) Saccharomycodes ludwigii

2884 15KV

Fig. 1.20. Binary fission of Schizosaccharomyces
pombe
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Table 1.2. Physiological characteristics of the principal grape and wine yeasts (Barnett ez al., 1990)
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when applied to yeasts. First of all, a large num-
ber of yeasts (Deuteromycetes) are not capable of
sexual reproduction. Secondly, a lot of Ascomy-
cetes yeasts are homothallic; hybridization tests are
especially fastidious and difficult for routine iden-
tification. Finally, certain wine yeast strains have
little or no sporulation aptitude, which makes the
use of strain infertility criteria even more difficult.

To overcome these difficulties, researchers have
developed a molecular taxonomy over the last
15 years based on the following tests: DNA recom-
bination; the similarity of DNA base composition;
the similarity of enzymes; ultrastructure charac-
teristics; and cell wall composition. The DNA
recombination tests have proven to be effective
for delimiting yeast species. They measure the
recombination percentages of denatured nuclear
DNA (mono-stranded) of different strains. An
elevated recombination rate between two strains
(80—100%) indicates that they belong to the same
species. A low recombination percentage (less than
20% of the sequences in common) signifies that
the strains belong to different and very distant
species. Combination rates between these extremes
are more difficult to interpret.

1.8.3 Successive Classifications
of the Genus Saccharomyces
and the Position of Wine Yeasts
in the Current Classification

Due to many changes in yeast classification and
nomenclature since the beginning of taxonomic
studies, enological yeast names and their positions
in the classification have often changed. This
has inevitably resulted in some confusion for
enologists and winemakers. Even the most recent
enological works (Fleet, 1993; Delfini, 1995; Boul-
ton et al., 1995) use a number of different epithets
(cerevisiae, bayanus, uvarum, etc.) attached to the
genus name Saccharomyces to designate yeasts
responsible for alcoholic fermentation. Although
still in use, this enological terminology is no
longer accurate to designate the species currently
delimited by taxonomists.

The evolution of species classification for
the genus Saccharomyces since the early 1950s

(Table 1.3) has created this difference between the
designation of wine yeasts and current taxonomy.
By taking a closer look at this evolution, the origin
of the differences may be understood.

In Lodder and Kregger-Van Rij (1952), the
names cerevisiae, oviformis, bayanus, uvarum, etc.
referred to a number of the 30 species of the
genus Saccharomyces. Ribéreau-Gayon and Pey-
naud (1960) in the Treatise of (Enology consid-
ered that two principal fermentation species were
found in wine: S. cerevisiae (formerly called ellip-
soideus) and S. oviformis. The latter was encoun-
tered especially towards the end of fermentation
and was considered more ethanol resistant. The
difference in their ability to ferment galactose dis-
tinguished the two species. S. cerevisiae (Gal')
fermented galactose, whereas S. oviformis (Gal™)
did not. According to the same authors, the species
S. bayanus was rarely found in wines. Although
it possessed the same physiological fermentation
and sugar assimilation characters as S. oviformis,
its cells were more elongated, its fermentation was
slower, and it had a particular behavior towards
growth factors. The species S. uvarum was iden-
tified in wine by many authors. It differed from
cerevisiae, oviformis and bayanus because it could
ferment melibiose.

In Lodder’s following edition (Lodder 1970), the
number of species of the genus Saccharomyces
increased from 30 to 41. Some species formerly
grouped with other genera were integrated into the
genus Saccharomyces. Moreover, several species
names were considered to be synonyms and
disappeared altogether. Such was the case of
S. oviformis, which was moved to the species
bayanus. The treatise of Ribéreau-Gayon et al.
(1975) considered, however, that the distinction
between oviformis and bayanus was of enological
interest because of the different technological
characteristics of these two yeasts. Nevertheless,
by the beginning of the 1980s most enological
work had abandoned the name oviformis and
replaced it with bayanus. This name change began
the confusion that currently exists.

The new classification by Kregger-Van Rijj
(1984), based on Yarrow’s work on base per-
centages of guanine and cytosine in yeast DNA,
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brought forth another important change in the des-
ignation of the Saccharomyces species. Only seven
species continued to exist, while 17 names became
synonyms of S. cerevisiae. Certain authors con-
sidered them to be races or physiological vari-
eties of the species S. cerevisiae. As with the pre-
ceding classification, these races of S. cerevisiae
were differentiated by their sugar utilization profile
(Table 1.4). However, this method of classifica-
tion was nothing more than an artificial taxonomy
without biological significance. Enologists took to
the habit of adding the varietal name to S. cere-
visiae to designate wine yeasts: S. cerevisiae var.
cerevisiae, var. bayanus, var. uvarum, var. cheva-
lieri, etc. In addition, two species, bailii and rosei,
were removed from the genus Saccharomyces and
integrated into another genus to become Zygosac-
charomyces bailii and Torulaspora delbrueckii,
respectively.

The latest yeast classification (Barnett et al.,
2000) is based on recent advances in genet-
ics and molecular taxonomy—in particular, DNA
recombination tests reported by Vaughan Martini
and Martini (1987) and hybridization experiments

between strains (Naumov, 1987). It has again
thrown the species delimitation of the genus
Saccharomyces into confusion. The species now
number 10 and are divided into three groups
(Table 1.3). The species S. cerevisiae, S. bayanus,
S. paradoxus and S. pastorianus cannot be differ-
entiated from one another by physiological tests
but can be delimited by measuring the degree of
homology of their DNA (Table 1.5). They form the
group Saccharomyces sensu stricto. S. pastorianus
replaced the name S. carlsbergensis, which was
given to brewer’s yeast strains used for bot-
tom fermentation (lager) and until now included
in the species cerevisiae. The recently delimited
S. paradoxus species includes strains initially iso-
lated from tree exudates, insects, and soil (Naumov
et al., 1998). It might constitute the natural com-
mon ancestor of three other yeast species involved
in the fermentation process. Recent genomic anal-
ysis (Redzepovic et al., 2002) identified a high
percentage of S. paradoxus in Croatian grape
microflora. The occurrence of this species in other
vineyards around the world and its winemaking
properties certainly deserve further investigation.

Table 1.4. Physiological Races of Saccharomyces cerevisiae regrouped under a
single species Saccharomyces cerevisiae by Yarrow and Nakase (1975)

Fermentation
Ga Su Ma Ra Me St
Saccharomyces

aceti — — — — — —
bayanus - + + + - -
capensis - + — + — —
cerevisiae + + + + — -
chevalieri + + — + — —
coreanus + + — + + —
diastaticus + + + + — +
globosus + - - - - -
heterogenicus — + + — - -
hienipiensis - - + - + -
inusitatus — + + + + —
norbensis - — — - + —
oleaceus + — — + + —
oleaginosus + - + + + -
prostoserdovii — — + — — —
steineri + + + - — —
uvarum + + + + + —

Ga = D-galactose; Su = saccharose; Ma = maltose; Ra = raffinose; Me = melibiose; St =

soluble starch.
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Table 1.5. DNA/DNA reassociation percentages between the four species belonging to
genus Saccharomyces sensu stricto (Vaughan Matini and Martini, 1987)

S. cerevisiae S. bayanus S. pastorianus S. paradoxus
S. cerevisiae 100
S. bayanus 20 100
S. pastorianus 58 70 100
S. paradoxus 53 24 24 100

A second group, Saccharomyces sensu largo, is
made up of the species exiguus, castelli, servazzi
and unisporus. The third group consists only of
the species kluyveri. Only the first group com-
prises species of enological interest: S. cerevisiae,
S. bayanus, and, possibly, S. paradoxus, if its suit-
ability for winemaking is demonstrated. This new
classification has created a lot of confusion in
the language pertaining to the epithet bayanus.
For taxonomists, S. bayanus is a species distinct
from S. cerevisiae. For enologists and winemakers,
bayanus (ex oviformis) designates a physiological
race of S. cerevisiae that does not ferment galac-
tose and possesses a stronger resistance to ethanol
than Saccharomyces cerevisiae var. cerevisiae.
By evaluating the infertility of strains (a basic
species delimitation criterion), Naumov et al.
(1993) demonstrated that most strains fermenting
melibiose (Mel™) isolated in wine, and until now
classed as S. cerevisiae var. uvarum, belong to
the species S. bayanus. Some strains, however,
can be crossed with a reference S. cerevisiae to
produce fertile descendants. They are therefore
attached to S. cerevisiae. These results confirm, but
nevertheless put into perspective, the past works
of Rossini et al. (1982) and Bicknell and Douglas
(1982), which were based on DNA recombination
tests. The DNA recombination percentages are
low between the wuvarum and cerevisiae strains
tested, but they are elevated between these same
uvarum strains and the S. bayanus strain (CBS
380). In other words, most enological strains
formerly called wuvarum belong to the species
S. bayanus. This relationship, however, is not
complete. Certain Saccharomyces Mel* found in
the spontaneous fermentations of grapes belong to
cerevisiae. The yeasts that enologists commonly
called S. cerevisiae var. bayanus, formerly S. ovi-
formis, were studied to determine if they belong to

the species bayanus or to the species cerevisiae, as
the majority of uvarum strains. In this case, their
designation only leads to confusion.

All of the results of molecular taxonomy pre-
sented above show that the former phenotypic
classifications, based on physiological identifica-
tion criteria, are not even suitable for delimiting the
small number of fermentative species of the genus
Saccharomyces found in winemaking. Moreover,
specialists have long known about the instability of
physiological properties of Saccharomyces strains.
Rossini et al. (1982) reclassified a thousand strains
from the yeast collection of the Microbiology Insti-
tute of Agriculture at the University of Perouse.
During this research, they observed that 23 out of
591 S. cerevisiae strains conserved on malt agar
lost the ability to ferment galactose. Twenty three
strains ‘became’ bayanus, according to Lodder’s
(1970) classification. They found even more fre-
quently that, over time, strains acquired the ability
to ferment certain sugars. For example, 29 out of
113 strains of Saccharomyces oviformis became
capable of fermenting galactose, thus ‘becoming’
cerevisiae. According to these authors, this physi-
ological instability is a specific property of strains
from the Saccharomyces group sensu stricto. In the
same collection, no noticeable change in fermen-
tation profiles was observed in 150 strains of Sac-
charomyces rosei (today Torulaspora delbrueckii)
or in 300 strains of Kloeckera apiculata. Genetic
methods are therefore indispensable for identifying
wine yeasts. Yet DNA recombination percentage
measures or infertility tests between homothallic
strains, a long and fastidious technique, are not
practical for routine microbiological controls. The
amplification of genome segments by polymeriza-
tion chain reaction (PCR) is a quicker and easier
method which has recently proved to be an excel-
lent tool for discrimination of wine yeast species.
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1.8.4 Delimitation of Winemaking
Species of S. cerevisiae and
S. bayanus by PCR

Since its discovery by Saiki et al. (1985), PCR
has often been used to identify different plant and
bacteria species. This technique consists of enzy-
matically amplifying one or several gene fragments
in vitro. The reaction is based on the hybridiza-
tion of two oligonucleotides which frame a target
region on a double-stranded DNA or template.
These oligonucleotides have different sequences

and are complementary to the DNA sequences
which frame the strand to amplify. Figure 1.21
illustrates the different stages of the amplification
process. The DNA is first denatured at a high tem-
perature (95°C). The reactional mixture is then
cooled to a temperature between 37 and 55°C, per-
mitting the hybridization of these oligonucleotides
on the denatured strands. The strands serve as
primers from which a DNA polymerase permits the
stage-by-stage addition of desoxyribonucleotidic
units in the 5'-3’ direction. The DNA polymerase
(Figure 1.22) requires four deoxyribonucleoside-5’

First step: denaturation of DNA at 95°C

Second step: primer hybridization

3’OH

_—

Third step: elongation at 72°C

3’0O0H <—

End of first cycle

Amplified zone

Fig. 1.21. Principle of the polymerization chain reaction (PCR)
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Fig. 1.22. Mode of action of a DNA polymerase

triphosphates (dATP, dGTP, dTTP, dCTP). A
phosphodiester bond is formed between the 3'-OH
end of the primer and the innermost phosphorus of
the activated deoxyribonucleoside; pyrophosphate
is thus liberated. The newly synthesized strand is
formed on the template model. A thermoresistant
enzyme, the TAQ DNA polymerase, is derived
from the thermoresistant bacteria Thermus aquati-
cus. It permits a large number of amplification
cycles (25-40) in vitro without having to add the
DNA polymerase after each denaturation. In this
manner, the DNA fragment amplified during the
first cycle serves as the template for the follow-
ing cycles. In consequence, each successive cycle
doubles the target DNA fragment—amplified by
a factor of 10° to 10° during 25—30 amplification
cycles.

Hansen and Kielland-Brandt (1994) proposed
MET?2 gene PCR amplification to differentiate
between S. cerevisiae and S. bayanus, while work-
ing on strain types of the species cerevisiae
and bayanus and on a strain of the variety
S. uvarum. This gene, which codes for the synthe-
sis of the homoserine acetyltransferase, has differ-
ent sequences in the two species. Part of the gene
is initially amplified by using two complementary
oligonucleotides of the sequences which border the

fragment to be amplified. The amplificat obtained,
about 600 b.p, is the same size for the strains of
the species cerevisiae and bayanus tested, as well
as for the isolate designated S. uvarum. Different
restriction endonucleases, which recognize certain
specific DNA sequences, then digest the ampli-
fied fragment. Figure 1.23 gives an example of the
mode of action of the EcoRI restriction endonucle-
ase. This enzyme recognizes the base sequences
GAATTC and cuts at the location indicated by
the arrows. Electrophoresis is used to separate
the obtained fragments. As a result, the restric-
tion fragment length polymorphism (RFLP) can
be appreciated. The restriction profiles obtained
differ between cerevisiae and bayanus. They are
identical for the strain types bayanus and uvarum
tested.

This PCR—RFLP technique associated to the
MET?2 gene has been developed and adapted for
rapid analysis. The whole cells are simply heated
in water (95°C), 10 minutes before amplification.
Only two restriction enzymes are used: EcoRI and
Pstl (Masneuf et al., 1996a,b). The MET2 ampli-
ficat (580 bp) is cut into two fragments (369 and
211 bp) by EcoRI in S. cerevisiae. Pstl restriction
creates two fragments for strain type S. bayanus.
EcoRI does not cut the MET2 amplificat of
S. bayanus, nor does Pstl cut the S. cerevisiae
amplificat (Figure 1.24). Masneuf (1996) demon-
strated that S. paradoxus can be identified by this
method. Its MET?2 gene amplificat produces one
fragment of the same size as with the two other
species. This one, however, is not cleaved by
EcoRI or Pstl, but rather by Mae II1.

) l .
GIAATTC
CTTAA|G
3 T 5

G SPAATTC

CTTAA5p G——
3 5

Fig. 1.23. Recognition site and cutting mode of an
ECORI1 restriction endonuclease
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EcoRI Pstl

S. cerevisiae S. bayanus S. cerevisiae S. bayanus

— 580 pb

369 pb = 365pb
219 pb 215 pb

Fig. 1.24. Identification principles for the species
S. cerevisiae and S. bayanus by the MET2 gene
PCR-RFLP technique, after cutting the amplificat by
EcoRI and Pstl restriction enzymes

123456789 M

123456789 M

(a) (b)

Fig. 1.25. Agar gel electrophoresis (1.8%) of (a) EcoR1
and PstI digestions of the MET2 gene amplificats of the
Mel+ strains studied by Naumov et al. (1993). Band 1:
S. bayanus SCU 11; band 2: S. bayanus SCU 13; band
3: S. bayanus SCU 73; band 4: S. bayanus 1.19; band
5: §. bayanus 1.490: band 6: S. cerevisiae L. 579; band
7. S. cerevisiae L 1425; band 8: S. cerevisiae VKM-Y
502; band 9: S. bayanus VKM-Y 1146. M = molecular
weight markers

By applying this relatively simple and quick
technique to different enological strains of S. uva-
rum studied by Naumov et al. (1993), strains
attached to the species bayanus by hybridization
tests have been clearly demonstrated to present
the same profile characteristic as bayanus (two
bands after restriction with Pstl, no restriction with
EcoRI). On the other hand, the wuvarum strains
included in the species cerevisiae, according to
hybridization tests, effectively have a restriction
profile characteristic of S. cerevisiae (Figure 1.25
and Table 1.6). The delimitation of the species
cerevisiae and bayanus by these two methods
produced identical results for the 12 strains
analyzed.

This type of PCR—RFLP analysis of the MET?2
gene has been extended to different selected yeast
strains available in the trade and currently used

in winemaking. Depending on their ability to
ferment galactose, wine professionals in the entire
world still call these strains cerevisiae or bayanus
(Table 1.7). For all of these strains, restriction
profile characteristics of the species S. cerevisiae
have been obtained.

In the same manner, the species of 82 indige-
nous Saccharomyces strains isolated in wines in
fermentation and on grapes has been determined
(Table 1.8). For the eight Gal*Mel~ strains and
the 47 Gal”Mel~ strains analyzed, called cere-
visiae and bayanus respectively by enologists, the
restriction profiles of the MET2 gene amplificat
are characteristic of the species S. cerevisiae. Sim-
ilar results were obtained for 2 chevalieri strains
fermenting galactose but not maltose (Ma™), as
well as for the capensis strain (Gal"Ma™). Most
of the Mel" strains, called uvarum until now,
(11 out of 12 for the isolates from Sauternes
and 11 out of 11 for the isolates from Sancerre),
belong to the species S. bayanus. Yet certain Mel™
are S. cerevisiae (one strain from Sauternes and
two strains from the Lallemand collection). To
summarize, the classification of the main wine-
making yeasts (Section 1.8.3) has gone through
three stages. Initially, several separate species
were envisaged: S. cerevisiae, S. bayanus and/or
S. oviformis, and S. uvarum. Subsequently, all of
these were thought to belong to a single species:
S. cerevisiae. The current classification identifies
three distinct species on the basis of molecu-
lar biological data: S. cerevisiae, S. bayanus, and
S. paradoxus. As the strains of S. bayanus used in
winemaking belong exclusively to the S. uvarum
variety (or sub-species), the remainder of this
Handbook will consider just two species of wine-
making yeasts, S. cerevisiae and S. uvarum. The
involvement of S. paradoxus in grape fermentation
microflora has yet to be confirmed.

Finally, PCR—RFLP associated with the MET2
gene can be used to demonstrate the existence
of hybrids between the species S. cerevisiae and
S. bayanus. This method has been used to prove
the existence (Masneuf et al., 1998) of such a
natural hybrid (strain S6U var. uvarum) among
dry yeasts commercialized by Lallemand Inc.
(Montreal, Canada). Ciolfi (1992, 1994) isolated
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Table 1.6. Characterization by PCR—RFLP of the MET?2 gene of 12 S. uvarum (Mel™) reclarified, after hybridization
testy by Naumov et al. (1993), as the species S. cerevisiae and S. bayanus (Masneuf, 1996)

Strain CLIB number Origin Author Hybridization test PCR-RFLP of the
MET?2 gene

VKM Y-502 219 Russia Naumov S. cerevisiae (control)  S. cerevisiae
VKM Y-1146 218 Russia grape ~ Naumov S. bayanus (control) S. bayanus
581 — FEB must Sapis-Domercq S. bayanus S. bayanus
SCU 11 101 ITVN wine Poulard S. bayanus S. bayanus
SCU 13 102 ITVN wine Poulard S. bayanus S. bayanus
SCU 74 103 ITVN wine Poulard S. bayanus S. bayanus

L 19 108 ITVT wine Cuinier S. bayanus S. bayanus

L 99 109 ITVT wine Cuinier S. bayanus S. bayanus

L 490 110 ITVT wine Cuinier S. bayanus S. bayanus
DBVPG 1642 113 UPG grape Vaughan Martini ~ S. bayanus S. bayanus
DBVPG 1643 114 UPG grape Vaughan Martini ~ S. bayanus S. bayanus
DBVPG 1689 115 UPG grape Vaughan Martini ~ S. bayanus S. bayanus

L 579 94 ITVT wine Cuinier S. cerevisiae S. cerevisiae
L 1425 95 ITVT wine Cuinier S. cerevisiae S. cerevisiae

CLIB: Collection de Levures d’Intérét Biotechnologique (collection of yeasts of Biotechnological Interest) INA-PG, Grignon, France.
F(EB: Faculté (Enologie de I'Université de Bordeaux II, Talence, France.

ITVN: Institut Technique du Vin (Institut of Wine Technology), Centre d’expérimentation de Nantes, France.
ITVT: Institut Technique du Vin (Institut of Wine Technology), Centre d’expérimentation de Tours, France.

UPG: Univeraita degli Studi de Perugia, Italy.

Table 1.7. Characterization by PCR—RFLP of the MET2 gene of various selected commercial strains used in

winemaking

Strains Commercial brand Origin Enological designation Species
VL1 Zymaflore VL1 FEB S. cerevisiae S. cerevisiae
VL3c Zymaflore VL3 FEB S. cerevisiae S. cerevisiae
WET 136 Siha levactif 3 Dormstadt S. cerevisiae S. cerevisiae
71B Actiflore primeur INRA Narbonne S. cerevisiae S. cerevisiae
F10 Zymaflore F10 FEB S. bayanus S. cerevisiae
R2 Vitlevure KD n-a S. bayanus S. cerevisiae
BO213 Actiflore bayanus Institut Pasteur S. bayanus S. cerevisiae
CH158 Siha levactif 4 n-a S. bayanus S. cerevisiae
QA23 Lalvin QA23 UTM S. bayanus S. cerevisiae
10C182007 10C 182007 IEC S. bayanus S. cerevisiae
DV10 Vitlevure DV10 CIVC S. bayanus S. cerevisiae
016 Lalvin O16 UB S. bayanus S. cerevisiae
Epemay?2 Uvaferm CEG n-a S. bayanus S. cerevisiae

CLIB: Collection de Levures d’Intérét Biotechnologique (Collection of yeast of biotechnological interest), INA-PG, Grignon, France.
F(EB: Faculté d’ (Enologie de I'Université de Bordeeux II, Talence, France.
UTM: Université de Trasos Montes, Portugal.

(EC: Institut (Enologique de Champagne, France.
CIVC: Comité Interprofessionnel des vins de Champagne (Interprofessional Champagne Committee), Epernay, France.
UB: Université de Bourgogne, Dijon, France.

na: not available.
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Table 1.8. Characterization by PCR—RFLP of the MET?2 gene of various species of wild Saccharomyces isolated on

the grape and in wine (Masneuf, 1996)

Number of different Origin Collection Enological Species
strain analyzed designation
8 Sauternes wines FEB cerevisiae S. cerevisiae
2 Dry white Bordeaux wines FEB bayanus S. cerevisiae
9 Sauternes wines FEB bayanus S. cerevisiae
2 Dry white Bordeaux wines FEB chevalieri S. cerevisiae
1 Sauternes wines FEB capensis S. cerevisiae
36 Unknown Lallemand bayanus S. cerevisiae
11 Sauternes wines FEB uvarum S. bayanus
1 Sauternes wines FEB uvarum S. cerevisiae
10 Sancerre and FEB uvarum S. bayanus
Pouilly/Loire Valley wines
1 Sancerre grapes FEB uvarum S. bayanus
2 Unknown Lallemand uvarum S. cerevisiae

F(@EB: Faculté dEnologie de I'Université de Bordeaux II, Talence, France. Lallemand: Lallemand Inc. Montreal, Quebec, Canada.

123456789 M 123456789 M
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Fig. 1.26. Electrophoresis in agarose gel (1.8%) of
(a) EcoRI and (b) PstI digestions of the amplificats of
the MET2 gene of the strain hybrid. Bands 1, 2, 3:
sub-clones of the hybrid strain; band 4: hybrid strain;
band 5: S. cerevisiae VKM-Y 502; band 6: S. bayanus
VKM-Y 1146. M = molecular weight marker

this yeast in an Italian winery. It was selected
for certain enological properties, in particular its
aptitude to ferment at low temperatures, its low
production of acetic acid, and its ability to preserve
must acidity. The MET?2 gene restriction profiles
of this strain by EcoRI and Pstl, constituted
by three bands, are identical (Figure 1.26). In
addition to the amplified fragment, two bands
characteristic of S. cerevisiae with EcoRI and two
bands characteristic of the species S. bayanus with
Pstl are obtained. The bands are not artefacts due to
an impurity in the strain, because the amplification
of the MET2 gene carried out on subclones
(obtained from the multiplication of unique cells
isolated by a micromanipulator) produces identical

results. Furthermore, after sporulation of the strain
in the laboratory, 10 tetrads were equally isolated by
a micromanipulator after the digestion of the ascus
cell wall. None of the 40 ascospores analyzed could
germinate. The non-viability of the ascospores
concurs with the hypothesis that this strain is
an interspecific hybrid. Hansen of the Carlsberg
laboratory (Denmark) sequenced two of the MET2
gene alleles from this strain. The sequence of one
of the alleles is identical to that of the S. cerevisiae
MET?2 gene, with the exception of one nucleotide.
The sequence of the other allele is 98.5% similar
to that of S. bayanus. The presence of this allele is
thus probably due to an interspecific cross.

Recent research (Naumov ef al., 2000b) has
shown that the S6U strain is, in fact, a tetraploid
interspecific hybrid. Indeed, the percentage germi-
nation of spores from 24 tetrads, isolated using a
micromanipulator, was very high (94%), whereas
it would have been very low for a “normal” diploid
interspecific hybrid. The monospore clones in this
first generation (F1) were all capable of sporulat-
ing, while none of the ascospores of the second-
generation tetrads were viable. The hybrid nature
of the monospore clones produced by F1 was con-
firmed by the presence of the S. cerevisiae and
S. uvarum MET?2 gene, identified by PCR/RFLP.
Finally, measuring the DNA content per cell
using flux cytometry estimation confirmed that
the descendants of S6U were interspecific diploids
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and that S6U itself was an allotetraploid. Natu-
ral S. cerevisiaelS. uvarum hybrids have been iso-
lated on grapes and in spontaneously fermenting
musts in Alsace (Lejeune and Masneuf, unpub-
lished results).

Several other methods using PCR/RFLP have
been applied to typing Saccharomyces itself.
The fragments amplified were ribosomal DNA
sequences (DNATr) (Guillamon et al., 1998; Nguyen
et al., 2000).

1.9 IDENTIFICATION OF WINE
YEAST STRAINS

1.9.1 General Principles

The principal yeast species involved in grape
must fermentation, particularly S. cerevisiae, com-
prise a very large number of strains with varied
technological properties. The yeast strains which
are involved during winemaking influence fermen-
tation speed, the nature and quantity of secondary
products formed during alcoholic fermentation,
and the aromatic characters of the wine. The abil-
ity to differentiate between the different strains of
S. cerevisiae is required for the following fields:
the ecological study of wild yeasts responsible for
the spontaneous fermentation of grape must; the
selection of strains presenting the best enological
qualities; production and marketing controls; the
verification of the implantation of selected yeasts
used as yeast starter; and the constitution and main-
tenance of wild or selected yeast collections.
Bouix et al. (1981) (cited in Van Vuuren and
Van Der Meer, 1987) conducted the initial research
on infraspecific differentiation within S. cerevisiae.
They attempted to distinguish strains by elec-
trophoretic analysis of their exocellular proteins
and later (1987) used the separation of intra-
cellular proteins. Other teams proposed identi-
fying the strains by the analysis of long-chain
fatty acids using gas chromatography (Tredoux
et al., 1987; Augustyn et al., 1991; Bendova et al.,
1991; Rozes et al., 1992). Although these dif-
ferent techniques differentiate between certain
strains, they are irrefutably less discriminating
than genetic differentiation methods. They also

present the major inconvenience of depending
on the physiological state of the strains and
the cultural conditions, which must always be
identical.

In the late 1980s, owing to the development of
genetics, certain techniques of molecular biology
were successfully applied to characterize wine
yeast strains. They are based on the clonal
polymorphism of the mitochondrial and genomic
DNA of S. cerevisiae. These genetic methods
are independent of the physiological state of the
yeast, unlike the previous techniques based on the
analysis of metabolism byproducts.

1.9.2 Mitochondrial DNA Analysis

The mtDNA of S. cerevisiae has two remarkable
properties: it is extremely polymorphous, depend-
ing on the strain; and its is stable (it mutates very
little) during vegetative multiplication. Restriction
endonucleases (such as EcoRS5) cut this DNA at
specific sites. This process generates fragments of
variable size which are few in number and can be
separated by electrophoresis on agarose gel.

Aigle et al. (1984) first applied this technique
to brewer’s yeasts. Since 1987, it has been
used for the characterization of enological strains
of S. cerevisiae (Dubourdieu et al., 1987; Hallet
et al., 1988).

The extraction of mtDNA comprises several
stages. The protoplasts obtained by enzymatic
digestion of the cell walls are lysed in a hypo-
tonic buffer. The mtDNA is then separated from
the chromosomic DNA by ultracentrifugation in a
cesium chloride gradient, in the presence of bis-
benzimide which acts as a fluorescent intercalat-
ing agent. This agent amplifies the difference in
density between chromosomic and mtDNA. The
mtDNA has an elevated amount of adenine and
thymine base pairs for which the bisbenzimide has
a strong affinity. Finally, the mtDNA is purified
by a phenolchloroform-based extraction and an
ethanol-based precipitation.

Defontaine et al. (1991) and Querol et al. (1992)
simplified this protocol by separating the mito-
chondria from the other cellular constituents before
extracting the DNA. In this manner, they avoided
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the ultracentrifugation step. The coarse cellular
debris is eliminated from the yeast lysate by cen-
trifuging at 1000 g. The supernatant is recen-
trifuged at 1500 g to obtain the mitochondria. The
mitochondria are then lysed in a suitable buffer to
liberate the DNA.

Unlike industrial brewer strains analyzed by
Aigle et al. (1984), which have the same mtDNA
restriction profile, implying that they are of
common origin, the enological yeast strains have a
large mtDNA diversity. This method differentiates
between most of the selected yeasts used in
winemaking as well as wild strains of S. cerevisiae
found in spontaneous fermentations (Figure 1.27).

This technique is very discriminating and not
too expensive, but it is long and requires several
complex manipulations. It is useful for the subtle
characterization of a small number of strains.
Inoculation effectiveness can also be verified by
this method. To verify an inoculation, a sample
is taken during or towards the end of alcoholic
fermentation. In the laboratory, the lees are placed
in a liquid medium culture. The mtDNA restriction
profile of this total biomass and of the yeast starter
strain are compared. If the restriction profile of the
sample has no supernumerary bands with respect
to the yeast starter strain profile, the yeast starter
has been properly implanted, with an accuracy of
90%. In fact, in the case of a binary mixture,
the minority strain must represent around 10% of
the total population to be detected (Hallet et al.,
1989).

+ 4+t +
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Fig. 1.27. Restriction profile by EcoR5 of mtDNA of
different strains of S. cerevisiae. Band 1: F10; band 2:
BO213; band 3: VLI; band 4: 522; band 5: Sita 3; band
6: VL3c. M = marker

1.9.3 Karyotype Analysis

S. cerevisiae has 16 chromosomes with a size
range between 250 and 2500 Kb. Its genomic
DNA is very polymorphic; thus it is possible to
differentiate strains of the species according to the
size distribution of their chromosomes. Pulse-field
electrophoresis is used to separate S. cerevisiae
chromosomes and permits the comparison of the
karyotypes of the strains. This technique uses
two electric fields oriented differently (90 to 120
degrees). The electrodes placed on the sides of the
apparatus apply the fields alternately (Figure 1.28).

Gel wells

Direction of
Electrical current

+++++

DNA migration

Fig. 1.28. CHEF pulsed field electrophoresis device (contour clamped electrophoresis field)
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Fig. 1.29. Principle of DNA molecule separation by pulsed field electrophoresis

The user can define the duration of the electric
current that will be applied in each direction
(pulse). With each change in direction of the
electric field, the DNA molecules reorientate
themselves. The smaller chromosomes reorientate
themselves more quickly than the larger ones
(Figure 1.29).

Blondin and Vezhinet (1988), Edersen et al.
(1988) and Dubourdieu and Frezier (1990) applied
this technique to identify enological yeast strains.
Sample preparation is relatively easy. The yeasts
are cultivated in a liquid medium, collected during
the log phase, and then placed in suspension in
a warm agarose solution that is poured into a
partitioned mold to form small plugs.

Figure 1.30 gives an example of the iden-
tification of S. cerevisiae strains isolated from
a grape must in spontaneous fermentation by

Fig. 1.30. Example of electrophoretic (pulsed field)
profile of S. cerevisiae strain caryotypes

this method. Vezhinet ef al. (1990) have shown
that karyotype analysis can distinguish between
strains of S. cerevisiae as well or better than
the use of mtDNA restriction profiles. Further-
more, karyotype analysis is much quicker and
easier to use than mtDNA analysis. In the case
of ecological studies of spontaneous fermentation
microflora, pulse-field electrophoresis of chromo-
somes is extensively used today to characterize
strains of S. cerevisiae (Frezier and Dubourdieu,
1992; Versavaud et al., 1993, 1995).

Very little research on the chromosomic
polymorphism in other species of grape and
wine yeasts is currently available. Naumov et al.
(1993) suggested that S. bayanus and S. cerevisiae
karyotypes can be easily distinguished. Other
authors (Vaughan-Martini and Martini, 1993;
Masneuf, 1996) have confirmed his results. In
fact, a specific chromosomic band systematically
appears in S. bayanus. Furthermore, there are only
two chromosomes whose sizes are less than 400 kb
in S. bayanus but generally more in S. cerevisiae,
in all of the strains that we have analyzed.

Species other than Saccharomyces, in partic-
ular apiculated yeasts (Hanseniaspora uvarum,
Kloeckera apiculata), are present on the grape
and are sometimes found at the beginning of fer-
mentations. These species have fewer polymor-
phous karyotypes and fewer bands than in Sac-
charomyces. Versavaud et al. (1993) differentiated
between strains of apiculated yeast species and
Candida famata by using restriction endonucleases
at rare sites (Not I and Sfi I). The endonucleases
cut the chromosomes into a limited number of frag-
ments, which were then separated by pulse-field
electrophoresis.
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1.9.4 Genomic DNA Restriction Profile
Analysis Associated with DNA
Hybridization by Specific Probes
(Fingerprinting)

The yeast genome contains DNA sequences which
repeat from 10 up to 100 times, such as the §
or Y1 sequences of the chromosome telomeres.
The distribution, or more specifically, the number
and location of these elements, has a certain
intraspecific variability. This genetic fingerprint is
used to identify strains (Pedersen, 1986; Degre
et al., 1989).

The yeasts are cultivated in a liquid medium.
Samples are taken during the log phase, as in
the preceding techniques. The entire DNA is iso-
lated and digested by restriction endonucleases.
The generated fragments are separated by elec-
trophoresis on agarose gel and then transferred
to a nylon membrane (Southern, 1975). Comple-
mentary radioactive probes (nucleotide sequences
taken from & and Y1 elements) are used to
hybridize with fragments having homologous
sequences. The result gives a hybridization profile
containing several bands.

Genetic fingerprinting is a more complicated
and involved method than mtDNA or karyotype
analysis. It is, however, without doubt the most
discriminating strain identification method and
may even discriminate too well. It has correctly
indicated minor differences between very closely
related strains. In fact, in the Bordeaux region,
S. cerevisiae clones isolated from spontaneous
fermentations in different wineries have been
encountered which have the same karyotype and
the same mtDNA restriction profile. Yet their
hybridization profiles differ according to sample
origin (Frezier, 1992). These strains, probably
descendants of the same mother strain, have
therefore undergone minor random modifications,
maintained during vegetative multiplication.

1.9.5 Polymerization Chain Reaction
(PCR) Associated to § Sequences

This method consists of using PCR to amplify cer-
tain sequences of the yeast genome (Section 1.8.4),

occurring between the repeated § elements, whose
separation distance does not exceed a certain
value (1 kb). Ness et al. (1992) and Masneuf and
Dubourdieu (1994) developed this method to char-
acterize S. cerevisiae strains. The amplification is
carried out directly on whole cells. They are simply
heated to make the cellular envelopes permeable.
The resulting amplification fragments are sepa-
rated according to their size by electrophoresis in
agarose gel and viewed using ultraviolet fluores-
cence (Figure 1.31).

PCR profile analysis associated with § sequences
can distinguish between most S. cerevisiae active
dry yeast strains (ADY) used in winemaking
(Figure 1.32): 25 out of the 26 selected commer-
cial yeast strains analyzed. Lavallée et al. (1994)
also observed excellent discriminating power with
this method while analyzing industrially produced
commercial strains from Lallemand Inc. (Mon-
treal, Canada). In addition, this method permits
the identification of 25 to 50 strains per day; it
is the quickest of the different strain identifica-
tion techniques currently available. When used for

Strain A —E& i) G
Strain B —&& £

Strain C —&&

Strain D —&

~> Amplified fragments
B8 Delta sequences

A B C D

Direction of
migration —

Analysis of amplified fragments by electrophoresis in agar gel

Fig. 1.31. Principle of identification of S. cerevisiae
strains by PCR associated with delta elements
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Fig. 1.32. Electrophoresis in agar gel (at 1.8%) of
amplified fragments obtained from various commercial
yeast strains. Band 1: F10; band 2: BO213; band 3:
VL3c; band 4: UP30Y5; band 5: 522 D; band 6: EGS;
band 7: L-1597; band 8: WET 136. M = molecular
weight marker; T = negative control

indigenous strain identification in a given viticul-
tural region, however, it seems to be less dis-
criminating than karyotype analysis. PCR profiles
of wild yeasts isolated in a given location often
appear similar. They have several constant bands
and only a small number of variable discriminating
bands. Certain strains have the same PCR amplifi-
cation profile while having different karyotypes. In
a given location, the polymorphism witnessed by
PCR associated with § sequences is less important
than that of the karyotypes. This method is there-
fore complementary to other methods for charac-
terizing winemaking strains. PCR permits a rapid
primary sort of an indigenous population. Kary-
otype analysis refines this discrimination.

S. bayanus strains cannot be distinguished by
this technique because their genome contains only
a few Ty elements.

Finally, because of its convenience and rapidity
PCR associated with § sequences facilitates verifi-
cation of the implantation of yeast starters used in
winemaking. The analyses are effectuated on the
entire biomass derived from lees, placed before-
hand in a liquid medium in a laboratory culture.
The amplification profiles obtained are compared
with inoculated yeast strain profiles. They are iden-
tical with a successful implantation, and different
if the inoculation fails. Figure 1.33 gives examples
of successful (yeasts B and C) and unsuccessful

1 23 456789 10 11 M

Fig. 1.33. Electrophoresis in agar gel (1.8%) of
amplified fragments illustrating examples of verifying
yeast implantation (successful: yeasts B and C;
unsuccessful: yeasts A, D and E). Band 1: negative
control; band 2: Lees A; band 3: ADY A; band 4: Lees
B; band 5: ADY B; band 6: Lees C; band 7: ADY C;
band 8: Lees D; band 9: ADY D; band 10: Lees E; band
11: ADY E. M = molecular weight marker
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Fig. 1.34. Determination of the detection threshold of
a contaminating strain. Band 1: strain A 70%, strain
B 30%; band 2: strain A 80%, strain B 20%; band 3:
strain A 90%, strain B 10%; band 4: strain A 99%, band
B 1%; band 5: strain A 99.9%, strain B 0.1%; band
6: strain A; band 7: strain B. M = molecular weight
marker; T = negative control

(yeasts A, D, and E) implantations. Contaminating
strains have a different amplification profile than
the yeast starter. The detection threshold of a con-
taminating strain was studied in the laboratory by
analyzing a mixture of two strains in variable pro-
portions. In the example given in Figure 1.34, the
contaminating strain is easily detected at 1%. In
winery fermentations, however, several minority
indigenous strains can coexist with the inoculated
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strain. When must in fermentation or lees is ana-
lyzed by PCR, the yeast implantation rate is at least
90% when the amplification profiles of the lees and
the yeast starter are identical.

In light of various research, different DNA
analysis methods should be combined to identify
wine yeast strains.

1.9.6 PCR with Microsatellites

Microsatellites are tandem repeat units of short
DNA sequences (1-10 nucleotides), i.e. in the
same direction and dispersed throughout the
eukaryote genome (Field and Wills, 1998). The
number of motif repetitions is extremely vari-
able from one individual to another, making these
sequences highly polymorphous in size. These
regions are easily identified, thanks to the full
sequence of the S. cerevisiae genome, available
on the Internet in the Saccharomyces Genome
Database. Approximately 275 sequences have been
listed, mainly AT dinucleotides and AAT and AAC
trinucleotides (Perez er al., 2001). Furthermore,
these sequences are allelic markers, transmitted
to the offspring in a Mendelian fashion. Conse-
quently, these are ideal genetic markers for iden-
tifying specific yeast strains, making it possible
not only to distinguish between strains but also to
arrange them in related groups. This technique has
many applications in man: paternity tests, forensic
medicine, etc. In viticulture, this molecular identi-
fication method has already been applied to Vitis
vinifera grape varieties (Bowers et al., 1999).
The technique consists of amplifying the region
of the genome containing these microsatellites,
then analyzing the size of the amplified portion to a
level of detail of one nucleotide by electrophoresis
on acrylamide gel. This varies by a certain number
of base pairs (approximately 8—40) from one strain
to another, depending on the number of times the
motif is repeated. A yeast strain may be heterozy-
gous for a given locus, giving two different-sized
amplified DNA fragments. Using 6 microsatellites,
Perez et al. (2001) were able to identify 44 differ-
ent genotypes within a population of 51 strains of
S. cerevisiae used in winemaking. Other authors
(Gonzalez et al., 2001; Hennequin et al., 2001)

have shown that the strains of S. cerevisiae used
in winemaking are weakly heterozygous for the
loci studied. However, interstrain variability of
the microsatellites is very high. The results are
expressed in numerical values for the size of the
microsatellite in base pairs or the number of rep-
etitions of the motifs on each allele. These digital
data are easy to interpret, unlike the karyotype
images on agarose gel, which are not really compa-
rable from one laboratory to another. Microsatel-
lite analysis has also been used to identify the
strains of S. uvarum used in winemaking (Masneuf
and Lejeune, unpublished). As the S. uvarum and
S. cerevisiae microsatellites have different amplifi-
cation primers, this method provides an additional
means of distinguishing between these species and
their hybrids.

In future, this molecular typing method will cer-
tainly be a useful tool in identifying winemaking
yeast strains, ecological surveys, and quality con-
trol of industrial production batches.

Finally, another technique has recently been
proposed for identifying Saccharomyces strains
with PCR by amplifying introns of the COX1
mitochondrial DNA gene, which varies in number
and position in different strains. It is possible
to amplify either purified DNA or fermenting
must. This technique has been used to monitor
yeast development during fermentation (Lopez
et al., 2003).

1.10 ECOLOGY OF GRAPE
AND WINE YEASTS

1.10.1 Succession of Grape and Wine
Yeast Species

Until recently, a large amount of research focused
on the description and ecology of wine yeasts.
It concerned the distribution and succession of
species found on the grape and then in wine
during fermentation and conservation (Ribéreau-
Gayon et al. 1975; Lafon-Lafourcade 1983).

The ecological study of grape and wine yeast
species represents a considerable amount of
research. De Rossi began his research in the 1930s
(De Rossi, 1935). Castelli (1955, 1967) pursued
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yeast ecology in Italian vineyards. Peynaud and
Domercq (1953) and Domercq (1956) published
the first results on the ecology of enological
yeasts in France. They described not only the
species found on the grape and during alcoholic
fermentation, but also contaminating yeasts and
diseases. Among the many publications on this
theme since the 1960s in viticultural regions
around the world, the following works are worth
noting: Brechot et al. (1962), Minarik (1971),
Barnett et al. (1972), Park (1975), Cuinier and
Guerineau (1976), Soufleros (1978), Belin (1979,
1981), Poulard et al. (1980), Poulard and Lecocq
(1981), Bureau et al. (1982), Rossini et al. (1982).

Yeasts are widespread in nature and are found in
soils, on the surface of vegetables and in the diges-
tive tract of animals. Wind and insects disseminate
them. They are distributed irregularly on the sur-
face of the grape vine; found in small quantities
on leaves, the stem and unripe grapes, they col-
onize the grape skin during maturation. Observa-
tions under the scanning electron microscope have
identified the location of yeasts on the grape. They
are rarely found on the bloom, but multiply pref-
erentially on exudates released from microlesions
in zones situated around the stomatal apparatus.
Botrytis cinerea and lactic acid and acetic acid bac-
teria spores also develop in the proximity of these
peristomatic fractures (Figure 1.35).

The number of yeasts on the grape berry, just
before the harvest, is between 10° and 10°, depend-
ing on the geographical situation of the vineyard,

Fig. 1.35. Grape surface under scanning electron micro-
scope, with detail of yeast peristomatic zones. Depart-
ment of Electronic Microscopy, University of Bor-
deaux I

climatic conditions during maturation, the sani-
tary state of the harvest, and pesticide treatments
applied to the vine. The most abundant yeast pop-
ulations are obtained in warm climatic conditions
(lower latitudes, elevated temperatures). Insecti-
cide treatments and certain fungicidal treatments
can contribute to the rarefaction of indigenous
grape microflora. Quantitative results available on
this subject, however, are few. After the harvest,
transport and crushing of the crop, the number
of cells capable of forming colonies on an agar
medium generally attains 10° cells/ml of must.

The number of yeast species significantly
present on the grape is limited. Strictly oxida-
tive metabolism yeasts, which belong to the genus
Rhodotorula and a few alcohol-sensitive species,
are essentially found there. Among the latter,
the apiculated species (Kloeckera apiculata and
its sporiferous form Hanseniaspora uvarum) are
the most common. They comprise up to 99%
of the yeasts isolated in certain grape samples.
The following are generally found but in lesser
proportions: Metschnikowia pulcherrima, Candida
Jamata, Candida stellata, Pichia membranefaciens,
Pichia fermentans, Hansenula anomala.

All research confirms the extreme rarity of
S. cerevisiae on grapes. Yet these yeasts are
not totally absent. Their existence cannot be
proven by spreading out diluted must on a solid
medium prepared in aseptic conditions, but their
presence on grapes can be proven by analyzing
the spontaneous fermentative microflora of grape
samples placed in sterile bags, then aseptically
crushed and vinified in the laboratory in the
absence of all contamination. Red and white grapes
from the Bordeaux region were treated in this
manner. At mid-fermentation in the majority of
cases, S. cerevisiae represented almost all of the
yeasts isolated. In some rare cases, no yeast of this
species developed and apiculated yeasts began the
fermentation.

Ecological surveys carried out at the Bordeaux
Faculty of Enology from 1992 to 1999 (Nau-
mov et al., 2000a) demonstrated the presence of
S. uvarum yeasts on grapes and in spontaneously
fermenting white musts from the Loire Valley,
Jurangon, and Sauternes. The frequency of the
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presence of this species alongside S. cerevisiae
varies from 4—100%. On one estate in Alsace,
strains of S. uvarum were identified on grapes,
in the press, and in vats, where they represented
up to 90% of the yeasts involved throughout
fermentation in two consecutive years (Lejeune,
unpublished work). More recently, Naumov et al.
(2002) showed that S. uvarum, identified on grapes
and in fermenting must, was involved in making
Tokay wine.

The adaptation of S. uvarum to relatively low
temperatures (6—10°C) certainly explains its pres-
ence in certain ecological niches: northerly vine-
yards, late harvests, and spontaneous “cool” fer-
mentation of white wines. In contrast, this strain
is sensitive to high temperatures and has not been
found in spontaneous fermentations of red Bor-
deaux wines.

Recent observations also report the presence of
natural S. cerevisiaelS. uvarum hybrids on grapes
and in wineries where both species are present
(Lejeune, unpublished work).

Between two harvests, the walls, the floors,
the equipment and sometimes even the winery
building are colonized by the alcohol-sensitive
species previously cited. Winemakers believe,
however, that spontaneous fermentations are more
difficult to initiate in new tanks than in tanks which
have already been used. This empirical observation
leads to the supposition that S. cerevisiae can
also survive in the winery between two harvests.
Moreover, this species was found in non-negligible
proportions in the wooden fermenters of some of
the best vineyards in Bordeaux during the harvest,
just before they were filled.

In the first hours of spontaneous fermentations,
the first tanks filled have a very similar microflora
to that of the grapes. There is a large proportion
of apiculated yeasts and M. pulcherrima. After
about 20 hours, S. cerevisiae develops and coexists
with the grape yeasts. The latter quickly disappear
at the start of spontaneous fermentation. In red
winemaking in the Bordeaux region, as soon as
must density drops below 1.070—1.060, the colony
samples obtained by spreading out diluted must
on a solid medium generally isolate exclusively
S. cerevisiae (107 to 10® cells/ml). This species

plays an essential role in the alcoholic fermentation
process. Environmental conditions influence its
selection. This selection pressure is exhibited by
four principal parameters: anaerobiosis; must or
grape sulfiting; the sugar concentration; and the
increasing presence of ethanol. In winemaking
where no sulfur dioxide is used, such as white
wines for the production of spirits, the dominant
grape microflora can still be found. It is largely
present at the beginning of alcoholic fermentation
(Figure 1.36). Even in this type of winemaking,
the presence of apiculated yeasts is almost non-
existent at mid alcoholic fermentation.

During dry white winemaking, the separation of
the marc after pressing combined with clarification
by racking strongly reduces yeast populations,
at least in the first days of the harvest. The
yeast population of a severely racked must rarely
exceeds 10* to 103 cells/ml.

A few days into the harvest, the alcogeneous
S. cerevisiae yeasts contaminate the harvest
material, grape transport machinery and especially
the harvest receiving equipment, the crusher-
stemmer, and the wine press. For this reason, it
is already largely present at the time of filling the
tanks (around 50% of yeasts isolated during the
first homogenization pumping-over of a red-grape
tank). Fermentations are initiated more rapidly in
the course of the winemaking campaign because
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Fig. 1.36. Comparison of yeast species present at the
start of alcoholic fermentation (d = 1.06). (A) in a tank
of sulfited red grapes in Bordeaux (Frezier, 1992); (B) in
a tank of unsulfited white must, for the elaboration of
Cognac (Versavaud, 1994)
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of this increased percentage of S. cerevisiae. In
fact, the last tanks filled often complete their
fermentations before the first ones. Similarly, static
racking in dry white winemaking is becoming
more and more difficult to achieve, even at
low temperatures, from the second week of the
harvest onward, especially in hot years. The entire
installation inoculates the must with a sizeable
alcogeneous yeast population. General weekly
disinfection of the pumps, the piping, the wine
presses, the racking tanks, etc. is therefore strongly
recommended.

During the final part of alcoholic fermenta-
tion (the yeast decline phase), the population of
S. cerevisiae progressively decreases while still
remaining greater than 10° cells/ml. In favorable
winemaking conditions, characterized by a rapid
and complete exhaustion of sugars, no other yeast
species significantly appears at the end of fermen-
tation. In poor conditions, spoilage yeasts can con-
taminate the wine. One of the most frequent and
most dangerous contaminations is due to the devel-
opment of Brettanomyces intermedius, which is
responsible for serious olfactive flaws (Volume 2,
Section 8.4.5).

In the weeks that follow the completion of
alcoholic fermentation, the viable populations of
S. cerevisiae drop rapidly, falling below a few hun-
dred cells/ml. In many cases, other yeast species
(spoilage yeasts) can develop in wines during age-
ing or bottle storage. Some yeasts have an oxida-
tive metabolism of ethanol and form a veil on the
surface of the wine, such as Pichia or Candida, or
even certain strains of S. cerevisiae—sought after
in the production of specialty wines. By topping
off regularly, the development of these respiratory
metabolism yeasts can be prevented. Some other
yeasts, such as Brettanomyces or Dekkera, can
develop in anaerobiosis, consuming trace amounts
of sugars that have been incompletely or not
fermented by S. cerevisiae. Their population can
attain 10* to 10° cells/ml in a contaminated red
wine in which alcoholic fermentation is other-
wise completed normally. These contaminations
can also occur in the bottle. Refermentation yeasts
can develop significantly in sweet or botrytized
sweet wines during ageing or bottle storage; the

principal species found are Saccharomycodes lud-
wigii, Zygosaccharomyces bailii, and also some
strains of S. cerevisiae that are particularly resis-
tant to ethanol and sulfur dioxide.

1.10.2 Recent Advances in the Study
of the Ecology of S. cerevisiae
Strains

The ecological study of the clonal diversity of
yeasts, and in particular of S. cerevisiae dur-
ing winemaking, was inconceivable for a long
time because of a lack of means to distin-
guish yeast strains from one another. Such
research has become possible with the develop-
ment of molecular yeast strain identification meth-
ods (Section 1.9). This Section focuses on recent
advances in this domain.

The alcoholic fermentation of grape must or
grapes is essentially carried out by a single yeast
species, S. cerevisiae. Therefore, an understanding
of the clonal diversity within this species is
much more important for the winemaker than
investigations on the partially or non-fermentative
grape microflora.

The analysis in this Section of S. cerevisiae
strains in practical winemaking conditions in par-
ticular intends to answer the following questions:

e Is spontaneous fermentation carried out by a
dominant strain, a small number or a very large
number of strains?

e Can the existence of a succession of strains
during alcoholic fermentation be proven? If so,
what is their origin: grape, harvest material, or
winery equipment?

e During winemaking and from one year to
another in the same winery or even the same
vineyard, is spontaneous alcoholic fermentation
carried out by the same strains?

e Can the practice of inoculating with selected
strains modify the wild microflora of a vineyard?

During recent research (Dubourdieu and Frezier
1990; Frezier 1992; Masneuf 1996), many samples
of yeast microflora were taken at the vineyard and
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the winery from batches of white and red wines
spontaneously fermenting or inoculated with active
dry yeasts. Several conclusions can be drawn from
this research, carried out on several thousand wild
strains of S. cerevisiae.

In the majority of cases, a small number
of major strains (one to three) representing up
to 70-80% of the colonies isolated, carry out
the spontaneous fermentations of red and dry
white wines. These dominant strains are found in
comparable proportions in all of the fermentors
from the same winery from start to end of alcoholic
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fermentation. This phenomenon is illustrated by
the example given in Figure 1.37, describing the
indigenous microflora of several tanks of red must
in a Pessac-Léognan vineyard in 1989. The strains
of S. cerevisiae, possessing different karyotypes,
are identified by an alphanumeric code comprising
the initial of the vineyard, the tank number, the
time of the sampling, the isolated colony number
and the year of the sample. Two strains, FzIbl
(1989) and FzIb2 (1989), are encountered in all of
the tanks during the entire alcoholic fermentation
process.

12

10

8_
6 <

4

2 4

0

b c d
Samples

Tank II

12

10 H

8 -
6 -

4

2 4

C
Samples
Tank IV

Fig. 1.37. Breakdown of S. cerevisiae caryotypes during alcoholic fermentation in red grape tanks in Fz vineyard
(Pessac-Léognan, France) in 1989 (Frezier, 1992) (b, c, and d designate the start, middle, and end of alcoholic
fermentation, respectively). Tanks I and II (Merlot) and III and IV (Cabernet-Sauvignon) are filled on the 1st, 3rd, 7th

and 23rd day of the harvest, respectively
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The spontaneous fermentation of dry white
wines in the same vineyard is also carried out
by the same dominant yeast strains in all of the
barrels.

The tank filling order and the grape variety
have little effect on the clonal composition of the
populations of S. cerevisiae spontaneously found
in the winery. The daily practice of pumping-
over the red grape must with pumping equipment
used for all of the tanks probably ensures the
dissemination of the same strains in the winery.
In white winemaking, the wine press installation
plays the same role as an inoculator.

In addition, in Figure 1.37, all of the strains ana-
lyzed are K2 killer. The two dominant strains do
not ferment galactose (phenotype Gal™). Their for-
mer denomination was therefore S. oviformis or
S. cerevisiae (race bayanus) in previous classifi-
cations. Domercq (1956) observed a lesser propor-
tion of S. oviformis in the spontaneous microflora
of Bordeaux region fermentations in the 1950s
(one-fifth at the beginning of fermentation to
one-third at the end). In the indigenous fermenta-
tive microflora of Bordeaux musts, certain strains
of S. cerevisiae Gal~™ which dominate from the
start of alcoholic fermentation were selected over
time. The causes of this change in the microflora,
remain unknown. On the other hand, a systematic
increase in the proportion of Gal™ strains during
red or dry white wine fermentation has not been
observed (Table 1.9). In botrytized sweet wines
from Sauternes, the succession of strains is more
distinct.

The same major strain is frequently encountered
for several consecutive vintages in the same
vineyard in spontaneous-fermentation red-grape
must tanks. In 1990, one of the major strains was
the same as the previous year in the red grape must
tank of the Fz vineyard. Other strains appeared,
however, which had not been isolated in 1989.

When sterile grape samples are taken, pressed
sterilely, sulfited at winemaking levels and
fermented in the laboratory in sterile containers,
one or several dominant strains responsible for
spontaneous fermentations in the winery exist in
some samples. These strains are therefore present
at the vineyard. In practice, they probably begin

Table 1.9. Example of physiological race breakdown
(%) of Saccharomyces cerevisiae during spontaneous
alcoholic fermentation (Frezier, 1992)

Stage of Physiological race

fermentation . . ] . .
cerevisiae oviformis capensis chevalieri

Red wine?

start 23 77 — —

middle 10 90 — —

end 14 84 2 —
White wine®

start 23 62 — 14

middle 35 60 — 4

end 32 62 — 6
Sweet wine®

start 37 51 4 8

middle 40 56 4 3

end 23 73 4 4

“Isolation of 100 colonies from six tanks of a Pessac-Léognan
vineyard (four tanks in 1989 and two tanks in 1990).
bIsolation of 100 colonies in three barrels of a Pessac-Léognan
vineyard.

“Isolation of 100 colonies in two barrels of a Sauternes vineyard
in 1990.

Table 1.10. Rate of occurrence of the dominant FZIB2-
89 caryotype in microvinifications carried out on sterile
grape samples (I, II, III) in the FZ vineyard

Year  Number Sample I Sample I Sample III
of clones
analyzed
1990 30 — 70% —
1991 60 — — —
1992 85 25% 31% 3%
1993 74 — — —
1994 79 87% — 40%

to multiply as soon as the grapes arrive at the
winery. A few days into the harvest, they infest
the winery equipment which in turn ensures a
systematic inoculation of the fresh grape crop.

The presence each year of the same dom-
inant strain in the vineyard is not systematic
(Table 1.10). In the Fz vineyard, the FzIb2-89
strain could not be isolated in 1991 although it
was present in certain vineyard samples in 1990,
1992 and 1994. In 1993, another strain proved to
be dominant in spontaneous fermentations of ster-
ile grape samples.
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The spontaneous microflora of S. cerevisiae
seems to fluctuate. At present, the factors involved
in this fluctuation have not been identified. In a
given vineyard, spontaneous fermentation is not
systematically carried out by the same strains each
year; strain specificity does not exist and therefore
does not participate in vineyard characteristics.
Ecological observations do not confirm the notion
of a vineyard-specific yeast. Furthermore, some
indigenous strains, dominant in a given vineyard,
have been found in other nearby or distant
vineyards. For example, the FzIb2-89 strain,
isolated for the first time in a vineyard in Pessac-
Léognan, was later identified not only in the
spontaneous fermentation of dry white and red
wines of other vineyards in the same appellation,
but also in relatively distant wineries as far away as
the Médoc. This strain has since been selected and
commercialized under the name Zymaflore F10.

In some cases (Figure 1.38), S. cerevisiae popu-
lations with a large clonal diversity carry out spon-
taneous must fermentation. Many strains coexist.
Their proportions differ from the start to the end
of fermentation and from one winery to another.
In the Bordeaux region, this diversity causes slow

10

fermentations and sometimes even stuck fermen-
tations. No strain is capable of asserting itself. On
the other hand, the presence of a small number
of dominant strains generally characterizes com-
plete and rapid spontaneous fermentations. These
dominant strains are found from the start to the
end of the fermentation.

In normal red winemaking conditions, the inoc-
ulation of the first tanks in a winery influences
the wild microflora of non-inoculated tanks. The
strain(s) used for inoculating the first tanks are fre-
quently found in majority in the latter. Figure 1.39
provides an example comparing the microflora of
a tank of Merlot from Pomerol, inoculated with
an active dry yeast strain (522M) on the first day
of the harvest, with a non-inoculated tank filled
later. From the start of alcoholic fermentation,
the selected strain is successfully implanted in the
inoculated tank. Even in the non-inoculated tank,
the same strain is equally implanted throughout the
fermentation. It is therefore difficult to select the
dominant wild strains in red winemaking tanks,
when some of the tanks have been inoculated.
An early and massive inoculation of the must,
however, permits the successful implantation of
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Fig. 1.38. Breakdown of S. cerevisiae caryotypes in tank I of red grapes at LG vineyard (Pomerol, France) in 1989
(Frezier, 1992) (b, c, and d designate the start, middle, and end of alcoholic fermentation, respectively)
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522M

B8 Flo

/\ /\

different selected yeasts in several tanks at the

same winery (Figure 1.40).

R F5

In white winemaking, inoculating rarely influ-
ences the microflora of spontaneous fermentations

in wineries. For the most part

Fig. 1.40. Breakdown of S. cerevisiae caryotypes in

dominant indige-

]

tanks I, IT and III in F vineyard in 1990, with massive
early inoculation with F5, F10 and 522M, respectively
(Frezier, 1992) (b, c, and d designate the start, middle,

and end of alcoholic fermentation, respectively)

nous strains in non-inoculated barrels of ferment-

ing dry white wine are observed, whereas in the
same wine cellar, other batches were inoculated
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with different selected yeasts. The absence of
pumping-overs probably hinders the dissemination
of the same yeasts in all of the fermenting barrels.
This situation permits the fermentative behavior
and enological interest of different selected strains
to be compared with each other and with indige-
nous strains in a given vineyard. The barrels are
filled with the same must; some are inoculated with
the yeast to be compared. A sample of the biomass
is taken at mid fermentation. The desired implan-
tation is then verified by PCR associated with §
sequences. Due to the ease of use of this method,
information on characteristics of selected strains
and their influence on wine quality can be gathered
at the winery.

Vezhinet et al. (1992) and Versavaud et al.
(1995) have also studied the clonal diversity of
yeast microflora in other vineyards. Their results
confirm the polyclonal character of fermentative
populations of S. cerevisiae. The notion of
dominant strains (one to two per fermentation) is
obvious in the work carried out in the Charentes
region. As in Champagne and the Loire Valley,
some Charentes region strains are found for
several years in a row in the same winery. The
presence of these dominant strains on the grape
has been confirmed before any contact with winery
equipment during several harvests.

Why do some S. cerevisiae strains issued from
a very heterogeneous population become domi-
nant during spontaneous fermentation? Why can
they be found several years in a row at the same
vineyard and wine cellar? Despite their practi-
cal interest, these questions have not often been
studied and there are no definitive responses. It
seems that these strains rapidly start and com-
plete alcoholic fermentation and have a good
resistance to sulfur dioxide (up to 10 g/hl). Fur-
thermore, during mixed inoculations in the lab-
oratory of either 8% ethanol or non-fermented
musts, these strains rapidly become dominant
when placed in the presence of other wild
non-dominant strains of S. cerevisiae isolated at
the start and end of fermentation. This sub-
ject merits further research. Without a doubt,
it would be interesting to compare the genetic
characteristics of dominant and non-dominant

yeasts and their degree of heterozygosity. Con-
sidering the genome renewal theory of Mortimer
et al. (1994) (Section 1.6.2), dominant strains are
possibly more homozygous than non-dominant
strains.
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2.1 INTRODUCTION

The synthesis of living material is endergonic,
requiring the consumption of energy. Chloro-
phyllous plants, called phototrophs, collect solar
energy. Some bacteria obtain energy from the oxi-
dation of minerals: they are chemolithotrophs. Like
most animals and bacteria, fungi, including yeast,
are chemoorganotrophs: they draw their necessary
energy from the degradation of organic nutrients.

In a growing organism, energy produced by
degradation reactions (catabolism) is transferred to
the chain of synthesis reactions (anabolism). Con-
forming to the laws of thermodynamics, energy

furnished by the degradation of a substrate is only
partially converted into work; this is called free
energy (the rest is dissipated in the form of heat).
Part of this free energy can be used for transport,
movement, or synthesis. In most cases, the free
energy transporter particular to biological systems
is adenosine triphosphate (ATP). This molecule is
rich in energy because its triphosphate unit con-
tains two phosphoanhydride bonds (Figure 2.1).
The hydrolysis of ATP into adenosine diphosphate
(ADP) results in the liberation of a large quan-
tity of free energy (7.3 kcal/mol). Biosynthesis and
the active transport of metabolites make use of
free energy.
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Fig. 2.1. Structure of adenosine triphosphate (ATP)

ATP + H,0 — ADP + Pi + H" AG”
= —7.3 kcal/mol (2.1

In this reaction, AG” is the change in free energy.
ATP is considered to be ‘the universal money of
free energy in biological systems’ (Stryer, 1992).
In reality, microorganism growth or, in this case,
yeast growth is directly related to the quantity of
ATP furnished by metabolic pathways used for
degrading a substrate. It is indirectly related to the
quantity of substrate degraded.

In the living cell, there are two processes which
produce ATP: substrate-level phosphorylation and
oxidative phosphorylation. Both of these pathways
exist in wine yeasts.

Substrate-level phosphorylation can be either
aerobic or anaerobic. During oxidation by electron
loss, an ester—phosphoric bond is formed. It is
an energy-rich bond between the oxidized carbon
of the substrate and a molecule of inorganic
phosphate. This bond is then transferred to the
ADP by transphosphorylation, thus forming ATP.
This process takes place during glycolysis.

Oxidative phosphorylation is an aerobic pro-
cess. The production of ATP is linked to the
transport of electrons to an oxygen molecule by
the cytochromic respiratory chain. This oxygen
molecule is the final acceptor of the electrons.
These reactions occur in the mitochondria.

This chapter describes the principal biochemical
reactions occurring during grape must fermenta-
tion by wine yeasts. It covers sugar metabolisms,
i.e. the biochemistry of alcoholic fermentation, and

nitrogen metabolisms. Volatile sulfur-containing
compounds and volatile phenol formation mecha-
nisms will be discussed in Volume 2, Chapter 8 in
the section concerning olfactory flaws. The influ-
ence of yeasts on varietal wine aromas will be
covered in Volume 2, Chapter 7.

2.2 SUGAR DEGRADATION
PATHWAYS

Depending on aerobic conditions, yeast can de-
grade sugars using two metabolic pathways: alco-
holic fermentation and respiration. These two
processes begin in the same way, sharing the com-
mon trunk of glycolysis.

2.2.1 Glycolysis

This series of reactions, transforming glucose into
pyruvate with the formation of ATP, constitutes
a quasi-universal pathway in biological systems.
The elucidation of the different steps of glycolysis
is intimately associated with the birth of modern
biochemistry. The starting point was the fortu-
itous discovery by Hans and Eduard Buchner, in
1897, of the fermentation of saccharose by an acel-
lular yeast extract. Studying possible therapeutic
applications for their yeast extracts, the Buchners
discovered that the sugar used to preserve their
yeast extract was rapidly fermented into alcohol.
Several years later, Harden and Young demon-
strated that inorganic phosphate must be added to
acellular yeast extract to assure a constant glu-
cose fermentation speed. The depletion of inor-
ganic phosphate during in vitro fermentation led
them to believe that it was incorporated into a
sugar phosphate. They also observed that the yeast
extract activity was due to a non-dialyzable com-
ponent, denaturable by heat, and a thermostable
dialyzable component. They named these two com-
ponents ‘zymase’ and ‘cozymase’. Today, zymase
is known to be a series of enzymes and cozymase
is composed of their cofactors as well as metal ions
and ATP. The complete description of glycolysis
dates back to the 1940s, due in particular to the
contributions of Embden, Meyerhoff and Neuberg.
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For that reason, glycolysis is often called the Emb-
den—Meyerhoff pathway.

The transport of must hexose (glucose and fruc-
tose) across the plasmic membrane activates a
complex system of proteinic transporters not fully
explained (Section 1.3.2). This mechanism facili-
tates the diffusion of must hexoses in the cyto-
plasm, where they are rapidly metabolized. Since
solute moves in the direction of the concentration
gradient, from the concentrated outer medium to
the diluted inner medium, it is not an active trans-
port system requiring energy.

Next, glycolysis (Figure 2.2) is carried out
entirely in the cytosol of the cell. It includes a
first stage which converts glucose into fructose
1,6-biphosphate, requiring two ATP molecules.
This transformation itself comprises three steps:
an initial phosphorylation of glucose into glu-
cose 6-phosphate, the isomerization of the latter
into fructose 6-phosphate and a second phospho-
rylation forming fructose 1,6-biphosphate. These
three reactions are catalyzed by hexokinase, phos-
phoglucose isomerase and phosphoglucokinase,
respectively.

In fact, Saccharomyces cerevisiae has two hex-
okinases (PI and PII) capable of phosphorylating
glucose and fructose. Hexokinase PII is essen-
tial and is active predominantly during the yeast
log phase in a medium with a high sugar con-
centration. Hexokinase PI, partially repressed by
glucose, is not active until the stationary phase
(Bisson, 1991).

Mutant strains devoid of phosphoglucoiso-
merase have been isolated. Their inability to
develop on glucose suggests that glycolysis is
the only catabolic pathway of glucose in Sac-
charomyces cerevisiae (Caubet et al., 1988). The
oxidative pentose phosphate pathway, by which
some organisms utilize sugars, serves only as a
means of synthesizing ribose 5-phosphate, incorpo-
rated in nucleic acids and in reduced nicotinamide-
adenine dinucleotide phosphate (NADPH) in
Saccharomyces.

The second stage of glycolysis forms glycer-
aldehyde 3-phosphate. Under the catalytic action
of aldolase, fructose 1,6-biphosphate is cleaved
thus forming two triose phosphate isomers:

dihydroxyacetone phosphate and glyceraldehyde
3-phosphate. The triose phosphate isomerase cat-
alyzes the isomerization of these two compounds.
Although at equilibrium the ketonic form is more
abundant, the transformation of dihydroxyace-
tone phosphate into glyceraldehyde 3-phosphate is
rapid, since this compound is continually elimi-
nated by the ensuing glycolysis reactions. In other
words, a molecule of glucose leads to the formation
of two molecules of glyceraldehyde 3-phosphate.

The third phase of glycolysis comprises two
steps which recover part of the energy from glyc-
eraldehyde 3-phosphate (G3P). Initially, GA3P
is converted into 1,3-biphosphoglycerate (1,3-
BPG). This reaction is catalyzed by glyceralde-
hyde 3-phosphate dehydrogenase. It is an oxidation
coupled with a substrate-level phosphorylation.
Nicotinamide—adenine dinucleotide (NAD™) is the
cofactor of the dehydrogenation. At this stage, it is
in its oxidized form; nicotinamide is the reactive
part of the molecule (Figure 2.3). Simultaneously,
an energy-rich bond is established between the oxi-
dized carbon of the substrate and the inorganic
phosphate. The NAD™ accepts two electrons and
a hydrogen atom lost by the oxidized substrate.
Next, phosphoglyceratekinase catalyzes the trans-
fer of the phosphoryl group of the acylphosphate
from 1,3-BPG to ADP; and 3-phosphoglycerate
and ATP are formed.

The last phase of glycolysis transforms 3-
phosphoglycerate into pyruvate. Phosphoglycero-
mutase catalyzes the conversion of 3-phospho-
glycerate into  2-phosphoglycerate. Enolase
catalyzes the dehydration of the latter, forming
phosphoenolpyruvate. This compound has a high
phosphoryl group transfer potential. By phospho-
rylation of ADP, pyruvic acid and ATP are formed;
the pyruvate kinase catalyzes this reaction. In this
manner, glycolysis creates four ATP molecules.
Two are immediately used to activate a new hexose
molecule, and the net gain of glycolysis is there-
fore two ATP molecules per molecule of hexose
metabolized. This stage marks the end of the com-
mon trunk of glycolysis; alcoholic fermentation,
glyceropyruvic fermentation or respiration follow,
depending on various conditions.
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between the oxidized (NAD™) and reduced (NADH) forms

2.2.2 Alcoholic Fermentation

The reducing power of NADH, produced by gly-
colysis, must be transferred to an electron acceptor
to regenerate NAD™. In alcoholic fermentation, it
is not pyruvate but rather acetaldehyde, its decar-
boxylation product, that serves as the terminal elec-
tron acceptor. With respect to glycolysis, alcoholic
fermentation contains two additional enzymatic
reactions, the first of which (catalyzed by pyru-
vate decarboxylase), decarboxylates pyruvic acid.

Dissociable proton \

NH, T

‘ C—S

C ¥
N \C—CHZ—ITJ/
| I N
HiC—Cy. _CH |

N CH;

Fig. 2.4. Structure of thiamine pyrophosphate (TPP)

The cofactor is thiamine pyrophosphate (TPP)
(Figure 2.4). TPP and pyruvate form an interme-
diary compound. More precisely, the carbon atom
located between the nitrogen and the sulfur of the
TPP thiazole cycle is ionized. It forms a carbanion,
which readily combines with the pyruvate carbonyl
group. The second step reduces acetaldehyde into
ethanol by NADH. This reaction is catalyzed by
the alcohol dehydrogenase whose active site con-
tains a Zn** ion.

Reactive carbon atom

o~ (o

C—C—CH,—CH,—O—P—O0—P—0O"

(6] (6]



58 Handbook of Enology: The Microbiology of Wine and Vinifications

S. cerevisiae pyruvate decarboxylase (PDC)
comprises two isoenzymes: a major form, PDCI,
representing 80% of the decarboxylase activity,
and a minor form, PDCS5, whose function remains
uncertain.

From an energy viewpoint, glycolysis followed
by alcoholic fermentation supplies the yeast with
two molecules of ATP per molecule of glucose
degraded, or 14.6 biologically usable kcal/mol
of glucose fermented. From a thermodynamic
viewpoint, the change in free energy during the
degradation of a mole of glucose into ethanol and
CO, is —40 kcal. The difference (25.4 kcal) is
dissipated in the form of heat.

2.2.3 Glyceropyruvic Fermentation

In the presence of sulfite (Neuberg, 1946), the
fermentation of glucose by yeasts produces equiv-
alent quantities of glycerol, carbon dioxide, and
acetaldehyde in its bisulfitic form. This glyceropy-
ruvic fermentation takes place in the following
manner. Since the acetaldehyde combined with
sulfite cannot be reduced into ethanol, dihydroxy-
acetone- 1-phosphate becomes the terminal electron
acceptor. It is derived from the oxidation of glyc-
eraldehyde 3-phosphate and reduced to glycerol
3-phosphate, which is itself dephosphorylated into
glycerol. This mechanism was used for the indus-
trial production of glycerol. In this fermentation,
only two molecules of ATP are produced for every
molecule of hexose degraded. ATP is required to
activate the glucose in the first step of glycolysis
(Figure 2.5). Glyceropyruvic fermentation, whose
net gain in ATP is nil, does not furnish biologically
assimilable energy for yeasts.

Glyceropyruvic fermentation does not occur
uniquely in a highly sulfitic environment. In the
beginning of the alcoholic fermentation of grape
must, the inoculum consists of yeasts initially
grown in the presence of oxygen. Their pyru-
vate decarboxylase and alcohol dehydrogenase
are weakly expressed. As a result, ethanal accu-
mulation is limited. The reoxidation of NADH
does not involve ethanal, but rather dihydroxy-
acetone. Glycerol, pyruvate and some secondary
fermentation products are formed. These secondary

Fructose 1,6-biphosphate

Dihydroxyacetone phosphate Glyceraldehyde-3-phosphate

Pl

NAD"
< NADH, H%
Glycerol-3-phosphate 1,3-Biphosphoglycerate
I 2ADP
H0 —| (
H,;PO4 < l 2ATP
Glycerol Pyruvate

Secondary products
(a-ketoglutaric acid, succinic acid,
butanediol, diacetyl, etc.)

Fig. 2.5. Glyceropyruvic fermentation pathway

products are pyruvate derivatives—including, but
not limited to, succinate and diacetyl.

2.2.4 Respiration

When sugar is used by the respiratory pathway,
pyruvic acid (originating in glycolysis) undergoes
an oxidative decarboxylation in the presence of
coenzyme A (CoA) (Figure 2.6) and NAD™. This
process generates carbon dioxide, NADH and
acetyl-CoA:

pyruvate + CoA + NADT ——
acetyl CoA + CO, + NADH + H' (2.2)

The enzymatic system of the pyruvate dehydroge-
nase catalyzes this reaction. It takes place in the
interior of the mitochondria. Thiamine pyrophos-
phate (TPP), lipoamide and flavin—adenine din-
ucleotide (FAD) participate in this reaction and
serve as catalytic cofactors.

The acetyl unit issued from pyruvate is activated
in the form of acetyl CoA. The reactions of the
citric acid cycle, also called the tricarboxylic acids
cycle and Krebs cycle (Figure 2.7), completely
oxidize the acetyl CoA into CO,. These reactions
also occur in the mitochondria.

This cycle begins with the condensation of
a 2-carbon acetyl unit with a 4-carbon com-
pound, oxaloacetate, to produce a tricarboxylic
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Fig. 2.6. Structure of coenzyme A. The reactive site is the terminal thiol group

acid with 6 carbon atoms: citric acid. Four oxi-
dation—reduction reactions regenerate the oxaloac-
etate. The oxidative pathway decarboxylates
isocitrate, an isomer of citrate, into a-ketoglutarate.
The isocitrate dehydrogenase catalyzes this reac-
tion. The «-ketoglutarate, a 5-carbon atom com-
pound, undergoes an oxidative decarboxylation to
become succinate by the o-ketoglutarate dehy-
drogenase. In these two reactions, NAD" is
the hydrogen acceptor. The fumarate dehydroge-
nase is responsible for the reduction of succinate
into fumarate; FAD is the hydrogen acceptor
(Figure 2.8). Finally, fumarate is hydrated into
L-malate. The latter is reduced into oxaloacetate by
the malate dehydrogenase. In this case, the NAD™
is an electron acceptor once again.

From acetate, each complete cycle produces two
CO;, molecules, three hydrogen ions transferred to
three NAD™ molecules (six electrons) and a pair of

hydrogen atoms (two electrons) transferred to an
FAD molecule. The cytochrome chain transports
these electrons towards the oxygen. ATP is formed
during this process. This oxidative phosphoryla-
tion (Figure 2.9) takes place in the mitochondria.
This process makes use of three enzymatic systems
(the NADH-Q reductase, the cytochrome reduc-
tase and the cytochrome oxidase). Two electron
transport systems (ubiquinone, or coenzyme Q, and
cytochrome c¢) link these enzymatic systems.
Oxidative phosphorylation yields three ATP
molecules per pair of electrons transported between
the NADH and the oxygen—two ATP molecules
with FADH,. In the Krebs cycle, substrate-level
phosphorylation forms an ATP molecule during the
transformation of succinyl CoA into succinate.
The respiration of a glucose molecule (Table
2.1) produces 36 to 38 ATP molecules. Two
originate from glycolysis, 28 from the oxidative

Table 2.1. Energy balance of oxidation of glucose in respiration

Stage Reduction coenzyme Number of molecules
of ATP formed

Glycolysis 2NADH 4or6

Net gain in ATP from glycolysis 2
Pyruvate —— acetyl CoA NADH 6
Isocitrate —— a-Ketoglutarate NADH 6
a-Ketoglutarate —— succinyl CoA NADH 6
Succinyl CoA —— succinate 2
Succinate —— fumarate FADH, 4
Malate —— oxaloacetate NADH 6

Net yield from glucose 36-38
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phosphorylation of NADH and FADH, generated
by the Krebs cycle, and two from substrate-
level phosphorylation during the formation of
succinate. Four to six ATP molecules result from

the oxidative phosphorylation of two NADH
molecules produced in glycolysis. The precise
number depends on the transport system used to
move the electrons of the cytosolic NADH to
the respiratory chain in the mitochondria. The
respiration of the same amount of sugar produces
18 to 19 times more biologically usable energy
available to yeasts than fermentation. Respiration
is used for industrial yeast production.

2.3 REGULATION OF
SUGAR-UTILIZING
METABOLIC PATHWAYS

2.3.1 Regulation Between
Fermentation and Respiration:
Pasteur Effect and Crabtree
Effect

Pasteur was the first to compare yeast growth in
aerobiosis and anaerobiosis. For low concentrations
of glucose on culture media, yeasts utilize sugars
through either respiration or fermentation. Aera-
tion induces an increase in biomass formed (total
and per unit of sugar degraded) and a decrease in
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alcohol production and sugar consumption. Pas-
teur therefore deduced that respiration inhibits
fermentation.

The ‘Pasteur effect’ has been interpreted in
several ways. Two enzymes compete to catalyze
either the respiration or fermentation of pyruvate.
This competition explains the respiratory inhibition
of fermentation. The pyruvate decarboxylase is
involved in the fermentative pathway. It has a
lower affinity towards pyruvate than pyruvate
dehydrogenase. Furthermore, oxidative phosphory-
lation consumes a lot of ADP and inorganic phos-
phate, which migrate to the mitochondria. A lack
of ADP and inorganic phosphate in the cytoplasm
ensues. This deficit can limit the phosphorylation
and thus slow the glycolitic flux. The inhibition
of glycolysis enzymes by ATP explains the Pas-
teur effect for the most part. The ATP issued
from oxidative phosphorylation inhibits phospho-
fructokinase in particular. Phosphorylated hexoses
accumulate as a result. The transmembrane trans-
port of sugars and thus glycolysis is slowed.

For high glucose concentrations—for example,
in grape must—S. cerevisiae only metabolizes
sugars by the fermentative pathway. Even in the
presence of oxygen, respiration is impossible. Dis-
covered by Crabtree (1929) on tumoral cells, this
phenomenon is known by several names: catabolic
repression by glucose, the Pasteur contrary effect
and the Crabtree effect. Yeasts manifest the fol-
lowing signs during this effect: a degeneration of
the mitochondria, a decrease in the proportion of
cellular sterols and fatty acids, and a repression
of both the synthesis of Krebs cycle mitochondrial
enzymes and constituents of the respiratory chain.
With S. cerevisiae, there must be at least 9 g of
sugar per liter for the Crabtree effect to occur. The
catabolic repression exerted by glucose on wine
yeasts is very strong. In grape must, at any level
of aeration, yeasts are only capable of fermenting
because of the high glucose and fructose concen-
trations. From a technological viewpoint, yeasts
consume sugars by the respiratory pathway for the
industrial production of dry yeast, but not in wine-
making. If must aeration helps the alcoholic fer-
mentation process (Section 3.7.2), the fatty acids
and sterols synthesized by yeasts, proliferating in

the presence of oxygen, are responsible but not
respiration.

S. cerevisiae can metabolize ethanol by the
respiratory pathway in the presence of small
quantities of glucose. After alcoholic fermentation,
oxidative yeasts develop in a similar manner on
the surface of wine as part of the process of
making certain specialty wines (Sherry, Yellow
Wine of Jura).

2.3.2 Regulation Between Alcoholic
Fermentation and
Glyceropyruvic Fermentation;
Glycerol Accumulation

Wines contain about 8 g of glycerol per 100 g
of ethanol. During grape must fermentation, about
8% of the sugar molecules undergo glyceropyru-
vic fermentation and 92% undergo alcoholic fer-
mentation. The fermentation of the first 100 g of
sugar forms the majority of glycerol, after which
glycerol production slows but is never nil. Glyc-
eropyruvic fermentation is therefore more than an
inductive fermentation which regenerates NAD™
when acetaldehyde, normally reduced into ethanol,
is not yet present. Alcoholic fermentation and glyc-
eropyruvic fermentation overlap slightly through-
out fermentation.

Pyruvic acid is derived from glycolysis. When
this molecule is not used by alcoholic fermentation,
it participates in the formation of secondary
products. In this case, a molecule of glycerol is
formed by the reduction of dihydroxyacetone.

Glycerol production therefore equilibrates the
yeast endocellular oxidation—reduction potential,
or NADT/NADH balance. This ‘relief valve’
eliminates surplus NADH which appears at the end
of amino acid and protein synthesis.

Some winemakers place too much importance
on the organoleptical role of glycerol. This com-
pound has a sugary flavor similar to glucose. In the
presence of other constituents of wine, however,
the sweetness of glycerol is practically impercepti-
ble. For the majority of tasters, even well trained,
the addition of 3-6 g of glycerol per liter to a
red wine is not discernible and so the pursuit of
winemaking conditions that are more conducive
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to glyceropyruvic fermentation has no enological
interest. On the contrary, the winemaker should
favor a pure alcoholic fermentation and should
limit glyceropyruvic fermentation. The produc-
tion of glycerol is accompanied by the formation
of other secondary products, derived from pyru-
vic acid, the increased presence of which (such
as carbonyl function compounds and acetic acid)
decreases wine quality.

2.3.3 Secondary Products Formed
from Pyruvate by Glyceropyruvic
Fermentation

When a molecule of glycerol is formed, a molecule
of pyruvate cannot be transformed into ethanol fol-
lowing its decarboxylation into ethanal. In anaero-
bic conditions, oxaloacetate is the means of entry
of pyruvate into the cytosolic citric acid cycle.
Although the mitochondria are no longer func-
tional, the enzymes of the tricarboxylic acids cycle
are present in the cytoplasm. Pyruvate carboxylase
(PC) catalyzes the carboxylation of pyruvate into
oxaloacetate. The prosthetic group of this enzyme
is biotin; it serves as a CO, transporter. The reaction
makes use of an ATP molecule:

biotin—-PC 4 ATP 4+ CO; ——
CO,-biotin-PC 4 ADP + [iP] (2.3)
CO,-biotin—PC + pyruvate —
biotin—PC 4 oxaloacetate 2.4)

In these anaerobic conditions, the citric acid cycle
cannot be completed since the succinodehydro-
genase activity requires the presence of FAD, a
strictly respiratory coenzyme. The chain of reac-
tions is therefore interrupted at succinate, which
accumulates (0.5-1.5 g/l). The NADH generated
by this portion of the Krebs cycle (from oxaloac-
etate to succinate) is reoxidized by the formation
of glycerol from dihydroxyacetone.

The «-ketoglutarate dehydrogenase has a very
low activity in anaerobiosis; some authors there-
fore believe that the oxidative reactions of the
Krebs cycle are interrupted at o-ketoglutarate.
In their opinion, a reductive pathway of the

citric acid cycle forms succinic acid in anaer-
obiosis:  oxaloacetate — malate — fumarate —
succinate. Bacteria have a similar mechanism. In
yeast, this is probably a minor pathway since only
the oxidative pathway of the Krebs cycle can main-
tain the NAD"/NADH redox balance during fer-
mentation (Oura, 1977). Furthermore, additional
succinate is formed during alcoholic fermentation
on a glutamate-enriched medium. The glutamate
is deaminated to form «-ketoglutarate, which is
oxidized into succinate.

Among secondary products, ketonic function
compounds (pyruvic acid, «-ketoglutaric acid) and
acetaldehyde predominantly combine with sulfur
dioxide in wines made from healthy grapes. Their
excretion is significant during the yeast prolifera-
tion phase and decreases towards the end of fer-
mentation. Additional acetaldehyde is liberated in
the presence of excessive quantities of sulfur diox-
ide in must. An elevated pH and fermentation tem-
perature, anaerobic conditions, and a deficiency in
thiamine and pantothenic acid increase production
of ketonic acids. Thiamine supplementing of must
limits the accumulation of ketonic compounds in
wine (Figure 2.10).
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Fig. 2.10. Effect of a thiamine addition on pyru-
vic acid production during alcoholic fermentation
(Lafon-Lafourcade, 1983). I = control must; II = thia-
mine supplemented must
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Other secondary products of fermentation are
also derived from pyruvic acid: acetic acid,
lactic acid, butanediol, diacetyl and acetoin. Their
formation processes are described in the following
paragraphs.

2.3.4 Formation and Accumulation
of Acetic Acid by Yeasts

Acetic acid is the principal volatile acid of wine. It
is produced in particular during bacterial spoilage
(acetic spoilage and lactic disease) but is always
formed by yeasts during fermentation. Beyond
a certain limit, which varies depending on the
wine, acetic acid has a detrimental organoleptical
effect on wine quality. In healthy grape must
with a moderate sugar concentration (less than
220 g/l), S. cerevisiae produces relatively small
quantities (100-300 mg/l), varying according to
the strain. In certain winemaking conditions, even
without bacterial contamination, yeast acetic acid
production can be abnormally high and become a
problem for the winemaker.

The biochemical pathway for the formation
of acetic acid in wine yeasts has not yet been
clearly identified. The hydrolysis of acetyl CoA can
produce acetic acid. The pyruvate dehydrogenase
produces acetyl CoA beforehand by the oxidative
decarboxylation of pyruvic acid. This reaction takes
place in the matrices of the mitochondria but is
limited in anaerobiosis. Aldehyde dehydrogenase
can also form acetic acid by the oxidation of
acetaldehyde (Figure 2.11). This enzyme, whose
cofactor is NADP™, is active during alcoholic
fermentation. The NADPH thus formed can be used
to synthesize lipids. When pyruvate dehydrogenase
is repressed, this pathway forms acetyl CoA through
the use of acetyl CoA synthetase. In anaerobiosis on
a model medium, yeast strains producing the least
amount of acetic acid have the highest acetyl CoA
synthetase activity (Verdhuyn et al., 1990).

The acetaldehyde dehydrogenase in S. cerevisiae
has five isoforms, three located in the cytosol
(Section 1.4.1) (Ald6p, Ald2p, and Ald3p) and the
remaining two (Ald4p and Ald5p) in the mito-
chondria (Section 1.4.3). These enzymes differ by
their specific use of the NAD™ or NADP* cofactor
(Table 2.2).
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HS-CoA
€02~ HS-CoA<} |y~
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Fig. 2.11. Acetic acid formation pathways in yeasts.
1 = pyruvate decarboxylase; 2 = alcohol dehydroge-
nase; 3 = pyruvate dehydrogenase; 4 = aldehyde dehy-
drogenase; 5 = acetyl-CoA hydrolase; 6 = acetyl-CoA
synthetase

Table 2.2. Isoforms of acetaldehyde dehydrogenase in
S. cerevisiae (Navarro-Avino et al., 1999)

Chromosome  Gene Location Cofactor

X1 ALD2  Cytosol NAD™

X1 ALD3  Cytosol NAD™

XV ALD4  Mitochondria ~NADY and
NADP*

A% ALD5  Mitochondria NADP*

XVI ALD6  Cytosol NADP*

Remize et al. (2000) and Blondin ef al. (2002)
studied the impact of the deletion of each gene
and demonstrated that the NADP-dependent cyto-
plasmic isoform ALD6 played a major role in the
formation of acetic acid during the fermentation
of dry wines, while the ALD5 isoform was also
involved, but to a lesser extent (Figure 2.12).

Practical winemaking conditions likely to lead
to abnormally high acetic acid production by
S. cerevisiae are well known. As is the case
with glycerol formation, acetic acid production
is closely dependent on the initial sugar level
of the must, independent of the quantity of sug-
ars fermented (Table 2.3). The higher the sugar
content of the must, the more acetic acid (and
glycerol) the yeast produces during fermentation.
This is due to the yeast’s mechanism for adapt-
ing to a medium with a high sugar concentration:
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Fig. 2.12. Acetate production by strains of S. cerevisiae
(VS5) following deletion of different genes coding for
isoforms of acetaldehyde dehydrogenase (Blondin et al.,
2002)

Table 2.3. Effect of initial sugar concentration of the
must on the formation of secondary products of the
fermentation (Lafon-Lafourcade, 1983)

Initial Fermen-

sugar ted sugar o - o ”
(g/h (g/) cetic aci ycerol Succinic aci

Secondary products

€2 €4) &)
224 211 0.26 4.71 0.26
268 226 0.45 5.33 0.25
318 211 0.62 5.70 0.26
324 179 0.84 5.95 0.26
348 152 1.12 7.09 0.28

S. cerevisiae increases its intracellular accumula-
tion of glycerol to counterbalance the osmotic pres-
sure of the medium (Blomberg and Alder, 1992).
This regulation mechanism is controlled by a cas-
cade of signal transmissions leading to an increase
in the transcription level of genes involved in the
production of glycerol (GPD1), but also of acetate
(ALD2 and ALD?3) (Attfield et al., 2000). Acetate
formation plays an important physiological role
in the intracellular redox balance by regenerating
reduced equivalents of NADH. Thus, it is clear
that an increase in acetate production is inherent
to the fermentation of high-sugar musts. However,
Bely et al. (2003) demonstrated that it was possi-
ble to reduce acetate production by supplying more
NADH to the redox balance process. This may be
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Fig. 2.13. Correlation between volatile acidity produc-
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Fig. 2.14. Effect of the available nitrogen content in
must (with or without ammonium supplements) on the
production of volatile acidity (initial sugar content:
350 g/l

done indirectly by stimulating biomass formation,
which generates an excess of NADH during amino
acid synthesis. Available nitrogen in the must plays
a key role in this process. Thus, in high-sugar
musts, acetate production is inversely correlated
with the maximum cell population (Figure 2.13),
which is, in turn, related to the available nitrogen
content of the must. It is strongly recommended
to monitor the available nitrogen content of botry-
tized musts and supplement them with ammonium
sulfate, if necessary. The optimum available nitro-
gen concentration in this type of must to minimize
acetic acid production is approximately 190 mg/l
(Figure 2.14). The best time for adding nitrogen
supplements is at the very beginning of fermenta-
tion, as later additions are less effective and may
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even increase acetate production. Indeed, in view
of the unpredictable increase in acetic acid produc-
tion that sometimes occurred in botrytized musts
supplemented with ammonium sulfate, many enol-
ogists had given up the practice entirely. It is now
known that, provided the supplement is added at
the very beginning of fermentation, adjusting the
available nitrogen content to the optimum level
(190 mg/l) always minimizes acetic acid produc-
tion in botrytized wines.

In wines made from noble rotted grapes, certain
substances in the must inhibit yeast growth and
increase the production of acetic acid and glyc-
erol during fermentation. Botrytis cinerea secretes
these ‘botryticine’ substances (Ribéreau-Gayon
et al., 1952, 1979). Fractional precipitation with
ethanol partially purifies these compounds from
must and culture media of Botrytis cinerea. These
heat stable glycoproteins have molecular weights
between 10 and 50000. They comprise a peptidic
(10%) and glucidic part containing mostly man-
nose and galactose and some rhamnose and glu-
cose (Dubourdieu, 1982). When added to healthy
grape must, these compounds provoke an increase
in glyceropyruvic fermentation and a significant
excretion of acetic acid at the end of fermentation
(Figure 2.15). The mode of action of these glyco-
proteins on yeasts has not yet been identified. The
physiological state of yeast populations at the time
of inoculation seems to play an important role in
the fermentative development of botrytized grape
must. Industrial dry yeast preparations are much
more sensitive to alcoholic fermentation inhibitors
than yeast starters obtained by preculture in healthy
grape musts.

Other winemaking factors favor the production
of acetic acid by S. cerevisiae: anaerobiosis, very
low pH (<3.1) or very high pH (>4), certain
amino acid or vitamin deficiencies in the must,
and too high of a temperature (25-30°C) dur-
ing the yeast multiplication phase. In red wine-
making, temperature is the most important factor,
especially when the must has a high sugar concen-
tration. In hot climates, the grapes should be cooled
when filling the vats. The temperature should not
exceed 20°C at the beginning of fermentation. The
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Acetic acid (g/l)
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Days

Fig. 2.15. Effect of an alcohol-induced precipitate of
a botrytized grape must on glycerol and acetic acid
formation during the alcoholic fermentation of healthy
grape must (Dubourdieu, 1982). (1) Evolution of acid
acetic concentration in the control must; (2) evolution of
acid acetic concentration in the must supplemented with
the freeze-dried precipitate; (1”) evolution of glycerol
concentration in the control must; (2') evolution of
glycerol concentration in the must supplemented with
the freeze-dried precipitate

same procedure should be followed in thermovini-
fication immediately following the heating of the
grapes.

In dry white and rosé winemaking, excessive
must clarification can also lead to the exces-
sive production of volatile acidity by yeast. This
phenomenon can be particularly pronounced with
certain yeast strains. Therefore, must turbidity
should be adjusted to the lowest possible level
which permits a complete and rapid fermen-
tation (Chapter 13). Solids sedimentation (must
lees) furnishes long-chain unsaturated fatty acids
(C18:1, C18:2). Yeast lipidic alimentation greatly
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Fig. 2.16. Effect of the lipidic fraction of must lees
on acetic acid production by yeasts during alcoholic
fermentation (Lavigne, 1996)

influences acetic acid production during white and
rosé winemaking.

The experiment in Figure 2.16 illustrates the
important role of lipids in acetic acid metabolism
(Delfini and Cervetti, 1992; Alexandre et al., 1994).
The volatile acidity of three wines obtained from
the same Sauvignon Blanc must was compared.
After filtration, must turbidity was adjusted to 250
Nephelometric turbidity units (NTU) before inoc-
ulation by three different methods: reincorporating
fresh lees (control); adding cellulose powder; and
supplementing the same quantity of lees adsorbed
on the cellulose powder with a lipidic extract
(methanol-chloroform). The volatile acidities of the
control wine and the wine that was supplemented
with a lipidic extraction of lees before fermentation
are identical and perfectly normal. Although the fer-
mentation was normal, the volatile acidity of the
wine made from the must supplemented with cel-
lulose (therefore devoid of lipids) was practically
twice as high (Lavigne, 1996). Supplementing the
medium with lipids appears to favor the penetra-
tion of amino acids into the cell, which limits the
formation of acetic acid.

During the alcoholic fermentation of red or
slightly clarified white wines, yeasts do not contin-
uously produce acetic acid. The yeast metabolizes
a large portion of the acetic acid secreted in must

during the fermentation of the first 50—100 g of
sugar. It can also assimilate acetic acid added to
must at the beginning of alcoholic fermentation.
The assimilation mechanisms are not yet clear.
Acetic acid appears to be reduced to acetaldehyde,
which favors alcoholic fermentation to the detri-
ment of glyceropyruvic fermentation. In fact, the
addition of acetic acid to a must lowers glycerol
production but increases the formation of acetoin
and butanediol-2,3. Yeasts seem to use the acetic
acid formed at the beginning of alcoholic fermen-
tation (or added to must) via acetyl CoA in the
lipid-producing pathways.

Certain winemaking conditions produce abnor-
mally high amounts of acetic acid. Since this
acid is not used during the second half of the
fermentation, it accumulates until the end of
fermentation. By refermenting a tainted wine,
yeasts can lower volatile acidity by metaboliz-
ing acetic acid. The wine is incorporated into
freshly crushed grapes at a proportion of no more
than 20-30%. The wine should be sulfited or
filtered before incorporation to eliminate bacte-
ria. The volatile acidity of this mixture should
not exceed 0.6 g/l in H,SO,4. The volatile acid-
ity of this newly made wine rarely exceeds 0.3 g/l
in H,SO4. The concentration of ethyl acetate
decreases simultaneously.

2.3.5 Other Secondary Products
of the Fermentation of Sugars

Lactic acid is another secondary product of
fermentation. It is also derived from pyruvic
acid, directly reduced by yeast L(+) and D(—)
lacticodehydrogenases. In anaerobiosis (the case
in alcoholic fermentation), the yeast synthesizes
predominantly D(—) lacticodehydrogenase. Yeasts
form 200-300 mg of D(—) lactic acid per liter
and only about a dozen milligrams of L(+) lac-
tic acid. The latter is formed essentially at the start
of fermentation. By determining the D(—) lactic
acid concentration in a wine, it can be ascertained
whether the origin of acetic acid is yeast or lactic
bacteria (Section 14.2.3). Wines that have under-
gone malolactic fermentation can contain several
grams per liter of exclusively L(+) lactic acid. On
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Fig. 2.17. Acetoin, diacetyl and 2,3-butanediol formation by yeasts in anaerobiosis. TPP = thiamine pyrophosphate;

TPP-C2 = active acetaldehyde

the other hand, the lactic fermentation of sugars
(lactic disease) forms D(—) lactic acid. Lactic bac-
teria have transformed substrates other than malic
acid, when D(—) lactic acid concentrations exceed
200 to 300 mg/l.

Yeasts also make use of pyruvic acid to form
acetoin, diacetyl and 2,3-butanediol (Figure 2.17).
This process begins with the condensation of a
pyruvate molecule and active acetaldehyde bound
to thiamine pyrophosphate, leading to the forma-
tion of «-acetolactic acid. The oxidative decar-
boxylation of «-acetolactic acid produces diacetyl.
Acetoin is produced by either the non-oxidative
decarboxylation of «-acetolactic acid or the reduc-
tion of diacetyl. The reduction of acetoin leads to
the formation of 2,3-butanediol; this last reaction
is reversible.

From the start of alcoholic fermentation, yeasts
produce diacetyl, which is rapidly reduced to
acetoin and 2,3-butanediol. This reduction takes
place in the days that follow the end of alcoholic
fermentation, when wines are conserved on the
yeast biomass (de Revel et al., 1996). Acetoin and
especially diacetyl are strong-smelling compounds
which evoke a buttery aroma. Above a certain

concentration, they have a negative effect on wine
aroma. The concentration of wines that have not
undergone malolactic fermentation is too low (a
few milligrams per liter for diacetyl) to have
an olfactive influence. On the other hand, lactic
bacteria can degrade citric acid to produce much
higher quantities of these carbonyl compounds
than yeasts (Section 5.3.2).

Finally, yeasts condense acetic acid (in the
form of acetyl CoA) and pyruvic acid to pro-
duce citramalic acid (0—-300 mg/l) and dimethyl-
glyceric acid (0—600 mg/l) (Figure 2.18). These
compounds have little organoleptic incidence.

COOH HO—CH—CH3

H;C—C—O0OH HO—C—COOH

CH2 CH3

|
COOH ®)

(a)

Fig. 2.18. (a) Citramalic acid and (b) dimethylglyceric
acid
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Fig. 2.19. Decomposition of malic acid by yeasts during alcoholic fermentation

2.3.6 Degradation of Malic Acid
by Yeast

Saccharomyces cerevisiae partially degrades must
malic acid (10-25%) during alcoholic fermenta-
tion. Different strains degrade varying amounts
of this acid, and degradation is more signifi-
cant when the pH is low. Alcoholic fermentation
is the principal pathway degrading malic acid.
The pyruvic acid resulting from this transforma-
tion is decarboxylated into ethanal, which is then
reduced to ethanol. The malic enzyme is respon-
sible for the transformation of malic acid into
pyruvic acid (Figure 2.19). This oxidative decar-
boxylation requires NADT (Fuck and Radler,
1972). This maloalcoholic fermentation lowers
wine acidity significantly more than malolactic
fermentation.

Schizosaccharomyces differs from wine yeasts.
The alcoholic fermentation of malic acid is com-
plete in yeasts of this genus, which possess an
active malate transport system. (In S. cerevisiae,
malic acid penetrates the cell by simple diffu-
sion.) Yet at present no attempts to use Schizosac-
charomyces in winemaking have been successful
(Peynaud et al., 1964; Carre et al., 1983). First of
all, the implantation of these yeasts in the pres-
ence of S. cerevisiae is difficult in a non-sterilized
must. Secondly, their optimum growth tempera-
ture (30°C) higher than for S. cerevisiae, imposes
warmer fermentation conditions. Sometimes, the
higher temperature adversely affects the organolep-
tical quality of wine. Finally, some grape varieties
fermented by Schizosaccharomyces do not express
their varietal aromas. The acidic Gros Manseng
variety produces a very fruity wine when correctly

vinified with S§. cerevisiae, but has no varietal
aroma when fermented by Schizosaccharomyces.
To resolve these problems, some researchers have
used non-proliferating populations of Schizosac-
charomyces enclosed in alginate balls. These pop-
ulations degrade the malic acid in wines hav-
ing already completed their alcoholic fermentation
(Magyar and Panyid, 1989; Taillandier and Streha-
iano, 1990). Although no organoleptical defect is
found in these wines, the techniques have not yet
been developed for practical use.

Today, molecular biology permits another strat-
egy for making use of the ability of Schizosac-
charomyces to ferment malic acid. It consists of
integrating Schizosaccharomyces malate permease
genes and the malic enzyme (mae 1 and mae 2)
in the S. cerevisiae genome (Van Vuuren et al.,
1996). The technological interest of a wine yeast
genetically modified in this manner is not yet clear,
nor are the risks of its proliferation in wineries and
nature.

2.4 METABOLISM OF NITROGEN
COMPOUNDS

The nitrogen requirements of wine yeasts and
the nitrogen supply in grape musts are dis-
cussed in Chapter 3 (Section 3.4.2). The fol-
lowing section covers the general mechanisms
of assimilation, biosynthesis, and degradation of
amino acids in yeasts. The consequences of these
metabolisms, which occur during alcoholic fer-
mentation and affect the production of higher alco-
hols and their associated esters in wine, are also
discussed.
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2.4.1 Amino Acid Synthesis Pathways

The ammonium ion and amino acids found in
grape must supply the yeast with nitrogen. The
yeast can also synthesize most of the amino
acids necessary for constructing its proteins. It
fixes an ammonium ion on a carbon skeleton
derived from the metabolism of sugars. The yeast
uses the same reactional pathways as all organ-
isms. Glutamate and glutamine play an important
role in this process (Cooper, 1982; Magasanik,
1992).

The NADP glutamate dehydrogenase (NADP™-
GDH), product of the GDH1 gene, produces gluta-
mate (Figure 2.20) from an ammonium ion and an
a-ketoglutarate molecule. The latter is an interme-
diary product of the citric acid cycle. The yeast
also possesses an NAD™ glutamate dehydroge-
nase (NAD"-GDH), product of the GDH2 gene.
This dehydrogenase is involved in the oxidative

catabolism of glutamate. It produces the inverse
reaction of the precedent, liberating the ammonium
ion used in the synthesis of glutamine. NADP™-
GDH activity is at its maximum when the yeast
is cultivated on a medium containing exclusively
ammonium as its source of nitrogen. The NAD™-
GDH activity, however, is at its highest level
when the principal source of nitrogen is gluta-
mate. Glutamine synthetase (GS) produces glu-
tamine from glutamate and ammonium. This ami-
nation requires the hydrolysis of an ATP molecule
(Figure 2.21).

Through transamination reactions, glutamate
then serves as an amino group donor in the bio-
synthesis of different amino acids. Pyridoxal phos-
phate is the transaminase cofactor (Figure 2.22); it
is derived from pyridoxine (vitamin Bg).

The carbon skeleton of amino acids originates
from glycolysis intermediary products (pyruvate,
3-phosphoglycerate, phosphoenolpyruvate), the

CO0"~ TOO’
JR— + R —_
$ =0 NADP — GDH H;N—C—H
NH;* + CH, CH, + H.O
NADPH + H* NADP*
CH, C|H2
COO~ COoO*
o-ketoglutarate Glutamate

Fig. 2.20. Incorporation of the ammonium ion in «-ketoglutarate catalyzed by NADP glutamate dehydrogenase
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CH,
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Fig. 2.21. Amidation of glutamate into glutamine by glutamine synthetase (GS)



Biochemistry of Alcoholic Fermentation and Metabolic Pathways of Wine Yeasts 71

H 0

_

0 e
-0— P— OH,C OH

\

o

+ =

N CH,
PLD

Fig. 2.22. Pyridoxal phosphate (PLP) and pyridoxamine phosphate (PMP)

citric acid cycle («-ketoglutarate, oxaloacetate) or
the pentose phosphate cycle (ribose 5-phosphate,
erythrose 4-phosphate). Some of these reactions
are very simple, such as the formation of aspartate
or alanine by transamination of glutamate into
oxaloacetate or pyruvate:

oxaloacetate + glutamate ——
aspartate + «-ketoglutarate ~ (2.5)
pyruvate + glutamate —

alanine + «-ketoglutarate (2.6)

Other biosynthetic pathways are more complex,
but still occur in yeasts as in the rest of the living
world. The amino acids can be classified into six
biosynthetic families depending on their nature and
their carbon precursor (Figure 2.23):

1. In addition to glutamate and glutamine, proline
and arginine are formed from «-ketoglutarate.

2. Asparagine, methionine, lysine, threonine and
isoleucine are derived from aspartate, which
is issued from oxaloacetate. ATP can acti-
vate methionine to form S-adenosylmethionine,
which can be demethylated to form S-
adenosylhomocysteine, the hydrolysis of which
liberates adenine to produce homocysteine.

3. Pyruvate is the starting point for the synthesis
of alanine, valine and leucine.

4. 3-Phosphoglycerate leads to the formation
of serine and glycine. The condensation of
homocysteine and serine produces cystathion-
ine, a precursor of cysteine.

NH;*
0 CH,
-0— ﬂ_ o HC / OH
o |
Nt
N CH;
H
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Fig. 2.23. General biosynthesis pathways of amino
acids

5. The imidazole cycle of histidine is formed from
ribose 5-phosphate and adenine of ATP.

6. The amino acids possessing an aromatic
cycle (tyrosine, phenylalanine, trytophan) are
derived from erythrose 4-phosphate and phos-
phoenolpyruvate. These two compounds are
intermediaries of the pentose cycle and gly-
colysis, respectively. Their condensation forms
shikimate. The condensation of this compound
with another molecule of phosphoenolpyruvate
produces chorismate, a precursor of aromatic
amino acids.
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2.4.2 Assimilation Mechanisms of
Ammonium and Amino Acids

The penetration of ammonium and amino acids
into the yeast cell activates numerous membrane
proteinic transporters or permeases (Section 1.3.2).
S. cerevisiae has at least two specific ammonium
ion transporters (Dubois and Grenson, 1979). Their
activity is inhibited by several amino acids, in a
non-competitive manner.

Two distinct categories of transporters ensure
amino acid transport:

1. A general amino acid permease (GAP) trans-
ports all of the amino acids. The ammonium ion
inhibits and represses the GAP. The GAP there-
fore only appears to be active during the second
half of fermentation, when the must no longer
contains ammonium. It acts as a ‘nitrogen
scavenger’ towards amino acids (Cartwright
et al., 1989).

2. S. cerevisiae also has many specific amino
acid permeases (at least 11). Each one ensures
the transport of one or more amino acids.
In Contrast to GAP, the ammonium ion does
not limit their activity. From the beginning of
the yeast log phase during the first stages of
fermentation, these transporters ensure the rapid
assimilation of must amino acids.

Glutamate and glutamine, crossroads of amino acid
synthesis, are not the only amino acids rapidly
assimilated. Most of the amino acids are practically
depleted from the must by the time the first 30 g of
sugar have been fermented. Alanine and arginine
are the principal amino acids found in must. Yeasts
make use of these two compounds and ammonium
slightly after the depletion of other amino acids.
Furthermore, yeasts massively assimilate arginine
only after the disappearance of ammonium from
the medium. Sometimes, yeasts do not completely
consume Y -aminobutyric acid. Yeasts do not utilize
proline during fermentation, although it is one of
the principal amino acids found in must.

During fermentation, yeasts assimilate between
1 and 2 g/l of amino acids. Towards the end of
fermentation, yeasts excrete significant but variable

amounts of different amino acids. Finally, at the
end of alcoholic fermentation, a few hundred
milligrams of amino acids per liter remain; proline
generally represents half.

Contrary to must hexoses that penetrate the
cell by facilitated diffusion, ammonium and amino
acids require active transport. Their concentration
in the cell is generally higher than in the external
medium. The permease involved couples the trans-
port of an amino acid molecule (or ammonium ion)
with the transport of a hydrogen ion. The hydro-
gen ion moves in the direction of the concentration
gradient: the concentration of protons in the must
is higher than in the cytoplasm. The amino acid
and the proton are linked to the same transport
protein and penetrate the cell simultaneously. This
concerted transport of two substances in the same
direction is called symport (Figure 2.24). Obvi-
ously, the proton that penetrates the cell must then
be exported to avoid acidification of the cytoplasm.
This movement is made against the concentra-
tion gradient and requires energy. The membrane
ATPase ensures the excretion of the hydrogen ion
across the plasmic membrane, acting as a pro-
ton pump.

Plasmic membrane

cytosol External medium

Amino acid <——— Amino acid

H+

ATP \
ATP

H* ase H*

Fig. 2.24. Active amino acid transfer mechanisms in the
yeast plasma membrane. P = protein playing the role of
an amino acid ‘symporter’
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Ethanol strongly limits amino acid transport. It
modifies the composition and the properties of
the phospholipids of the plasmic membrane. The
membrane becomes more permeable. The H' ions
of the medium massively penetrate the interior
of the cell by simple diffusion. The membrane
ATPase must increase its operation to control the
intracellular pH. As soon as this task monopolizes
the ATPase, the symport of the amino acids no
longer functions. In other words, at the beginning
of fermentation, and for as long as the ethanol
concentration in the must is low, yeasts can rapidly
assimilate amino acids and concentrate them in
the vacuoles for later use, according to their
biosynthesis needs.

2.4.3 Catabolism of Amino Acids

The ammonium ion is essential for the synthesis
of amino acids necessary for building proteins,
but yeasts cannot always find sufficient quantities
in their environment. Fortunately, they can obtain
ammonium from available amino acids through
various reactions.

The most common pathway is the transfer of
an o-amino group, originating from one of many

Aminotransferase

different amino acids, onto «-ketoglutaric acid
to form glutamate. Aminotransferases or transam-
inases catalyze this reaction, whose prosthetic
group is pyridoxal phosphate (PLP). Glutamate is
then deaminated by oxidative pathways to form
NH,* (Figure 2.25). These two reactions can be
summarized as follows:

o-amino acid + NAD' + H,0 —
a-ketonic acid + NH,* + NADH + HY (2.7)

During transamination, pyridoxal phosphate is
temporarily transformed into pyridoxamine phos-
phate (PMP). The PLP aldehydic group is linked to
a lysine residue e-amino group on the active site of
the aminotransferase to form an intermediary prod-
uct (E-PLP) (Figure 2.26). The a-amino group of

G-amino acid a-ketoglutarate NADH + NH4+
transaminase Glutamate
dehydrogenase
o-ketonic acid Glutamate NAD* + H,0

Fig. 2.25. Oxidative deamination of an amino acid, cat-
alyzed by a transaminase and glutamate dehydrogenase

i
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Fig. 2.26. Mode of action of pyridoxal phosphate (PLP) in transamination reactions. Formation of intermediary
products between PLP and aminotransferase or the amino acid substrate
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Fig. 2.28. Formation of higher alcohols from amino acids (Ehrlich reactions)

the amino acid substrate of the transamination dis-
places the lysine residue e-amino group linked to
PLP. The cleavage of this intermediary product lib-
erates PMP and ketonic acid, corresponding to the
amino acid substrate. PMP can in turn react with
another ketonic acid to furnish a second amino acid
and regenerate pyridoxal phosphate. The partial
reactions can be written in the following manner:

amino acid 1 + E-PLP ——

ketonic acid 1 + E-PMP 2.8)
ketonic acid 2 + E-PMP ——
amino acid 2 + E-PLP 2.9

the balance sheet for which is:

amino acid 1 + ketonic acid 2 ——

ketonic acid 1 4+ amino acid 2 (2.10)

Some amino acids, such as serine and threonine,
possess a hydroxyl group on their B carbon.
They can be directly deaminated by dehydration.
A dehydratase catalyses this reaction, producing
the corresponding ketonic acid and ammonium
(Figure 2.27).

2.4.4 Formation of Higher Alcohols
and Esters

Yeasts can excrete ketonic acids originating from
the deamination of amino acids only after their

decarboxylation into aldehyde and reduction into
alcohol (Figure 2.28). This mechanism, known as
the Ehrlich reaction, explains in part the formation
of higher alcohols in wine. Table 2.4 lists the
principal higher alcohols and their corresponding
amino acids, possible precursors of these alcohols.

Several experiments clearly indicate, however,
that the degradation of amino acids is not the only
pathway for forming higher alcohols in wine. In
fact, certain ones, such as propan-1-ol and butan-
1-0l, do not have amino acid precursors. Moreover,
certain mutants deficient in the synthesis of specific
amino acids do not produce the corresponding
higher alcohol, even if the amino acid is present
in the culture medium. There is no relationship
between the amount of amino acids in must and the
amount of corresponding higher alcohols in wine.

Higher alcohol production by yeasts appears to
be linked not only to the catabolism of amino acids
but also to their synthesis via the corresponding
ketonic acids. These acids are derived from the
metabolism of sugars. For example, propan-1-ol
has no corresponding amino acid. It is derived from
a-ketobutyrate which can be formed from pyruvate
and acetyl coenzyme A. «-Ketoisocaproate is a
precursor of isoamylic alcohol and an intermediary
product in the synthesis of leucine. It too can be
produced from «-acetolactate, which is derived
from pyruvate. Most higher alcohols in wine can
also be formed by the metabolism of glucose
without the involvement of amino acids.
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Table 2.4. The principal alcohols found in wine and their amino acid precursors

Higher alcohol Concentration in wine Amino acid precursor
(mg/l)
CHj;
| CH; NH,
CH;—CH-CH, - CH,0H ' I
80-300 CH;—CH-CH, - CH— COOH
3-methyl-butan-1-ol .
, Leucine
or isoamyl alcohol
CHj;
I ?Hs TTIHz
CH;— CH, - CH—CH,0OH
3 2 2 30-100 CH;— CH,— CH— CH— COOH
2-methyl-butan-2-ol .
. Isoleucine
or active amyl alcohol
CHj;
| (I:Hg I}IHZ
CH;—CH-CH,0H
3 2 50-150 CH;— CH—CH— COOH
2-methyl-propan-1-ol .
or isobutyl alcohol Valine
e
CH, — CH,0H — CH—
Q 10-100 Q CH, —CH— COOH
Phenylethanol Phenylalanine
NH,
|
HO CH2 - CHQOH — —
O 2050 HO @— CH, — CH— COOH
Tyrosol Tyrosine
CH;— CH, — CH,0H
10-50 ?
Propan-1-ol
CH3 - CHZ - CH2 - CHon
1-10 ?
Butan-1-ol
e
H, — CH,OH
CH; —CH0 CH, — CH — COOH
N 0-1
N
H H
Thyptophol
piopho Tryptophane
CO—CH,-CH,—-CH, NH,
|
(e} 0-5 COOH — CH,; — CH, —CH— COOH
Y-Butyrolatone Glutamic acid
NH,
CH3 —S— CH2 - CH2 - CHon |
0-5 CH;—S—CH; —CH, - CH— COOH

Methionol

Methionine
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The physiological function of higher alcohol
production by yeasts is not clear. It may be a
simple waste of sugars, a detoxification process of
the intracellular medium, or a means of regulating
the metabolism of amino acids.

With the exception of phenylethanol, which
has a rose-like fragrance, higher alcohols smell
bad. Most, such as isoamylic alcohol, have heavy
solvent-like odors. Methanol is a peculiar alcohol
because it contains a sulfur atom. Its cooked-
cabbage odor has the lowest perception threshold
(1.2 mg/l). It can be responsible for the most
persistent and disagreeable olfactory flaws of
reduction, especially in white wines. In general, the
winemaker should avoid excessive higher alcohol
odors. Fortunately, their organoleptical impact is
limited at their usual concentrations in wine, but
it depends on the overall aromatic intensity of
the wine. Excessive yields and rain at the end of
maturation can dilute the must, in which case the
wine will have a low aromatic intensity and the
heavy, common character of higher alcohols can
be pronounced.

The winemaking parameters that increase higher
alcohol production by yeasts are well known:
high pH, elevated fermentation temperature, and
aeration. In red winemaking, the extraction of
pomace constituents and the concern for rapid
and complete fermentations impose aeration and
elevated temperatures, and in this case higher
alcohol production by yeast cannot be limited.
In white winemaking, a fermentation temperature
between 20 and 22°C limits the formation of higher
alcohols.

Ammonium and amino acid deficiencies in
must lead to an increased formation of higher
alcohols. In these conditions, the yeast appears to
recuperate all of the animated nitrogen available
by transamination. It abandons the unused carbon
skeleton in the form of higher alcohols. Racking
white must also limits the production of higher
alcohols (Chapter 13).

The nature of the yeast (species, strain)
responsible for fermentation also affects the
production of higher alcohols. Certain species,
such as Hansenula anomala, have long been
known to produce a lot, especially in aerobiosis

(Guymon et al., 1961). Yet production by
wine yeasts is limited, even in spontaneous
fermentation. More recently, various researchers
have shown that most S. bayanus (ex uvarum)
produce considerably more phenylethanol than
S. cerevisiae. Finally, higher alcohol production
in S. cerevisiae depends on the strain. A limited
higher alcohol production (with the exception of
phenylethanol) should be among selection criteria
for wine yeasts.

Due to their esterase activities, yeasts form var-
ious esters (a few milligrams per liter). The most
important acetates of higher alcohols are isoamyl
acetate (banana aroma) and phenylethyl acetate
(rose aroma). Although they are not linked to nitro-
gen metabolism, ethyl esters of medium-chain fatty
acids are also involved. They are formed by the
condensation of acetyl coenzyme A. These esters
have more interesting aromas than the others. Hex-
anoate has a flowery and fruity aroma reminiscent
of green apples. Ethyl decanoate has a soap-like
odor. In white winemaking, the production of these
esters can be increased by lowering the fermenta-
tion temperature and increasing must clarification.
Certain yeast strains (71B) produce large quantities
of these compounds, which contribute to the fer-
mentation aroma of young wines. They are rapidly
hydrolyzed during their first year in bottle and have
no long-term influence on the aromatic character
of white wines.
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3.1 INTRODUCTION

Grape must is a highly fermentable medium in
which yeasts find the necessary substances to
ensure their vital functions. Carbohydrates (glu-
cose and fructose) are used as carbon and energy
sources—the yeasts deriving ethanol. Ethanol
gives wines their principal character. Organic acids
(tartaric and malic acid) and mineral salts (phos-
phate, sulfate, chloride, potassium, calcium and
magnesium) ensure a suitable pH. Nitrogen com-
pounds exist in several forms: ammonia, amino
acids, polypeptides and proteins. Grape must also
contains substances serving as growth (vitamins)

and survival factors. Other grape constituents
(phenolic compounds, aromas) contribute to wine
character, but do not play an essential role in fer-
mentation kinetics.

In general, with an adequate inoculation (10°
cells/ml), fermentation is easily initiated in grape
must. It is complete, if the initial carbohydrate
concentration is not excessive, but different fac-
tors can disrupt yeast growth and fermentation
kinetics. Some factors have a chemical nature
and correspond with either nutritional deficien-
cies or the presence of inhibitors formed dur-
ing fermentation (ethanal, fatty acids, etc.). Oth-
ers have a physicochemical nature—for example,
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oxygenation, temperature and must clarification.
Finally, fermentation difficulties can lead to the
development of undesired microorganisms. They
can antagonize the desired winemaking yeast strain.

The successful completion of fermentation de-
pends on all of these factors. A perfect mastery of
fermentation is one of the primary responsibilities
of an enologist, who must use the necessary means
to avoid microbial deviations and lead the fermen-
tation to its completion—the complete depletion
of sugars in dry wines. Stuck fermentations are a
serious problem. They are not only often difficult
to restart but can also lead to bacterial spoilage
such as lactic disease, in sugar-containing media.
These issues have been discussed in connection
with practical winemaking applications (Ribéreau-
Gayon et al., 1975a, 1976). Theoretical informa-
tion concerning yeast physiology can be found in
more fundamental works (Fleet, 1992).

3.2 MONITORING AND
CONTROLLING
FERMENTATIONS

3.2.1 Counting Yeasts

Different methods (described elsewhere) permit the
industrial characterization of yeast strains involved
in fermentation. Tracking the yeast population
according to fermentation kinetics can be useful.
Lafon-Lafourcade and Joyeux (1979) described
enumeration and identification techniques for dif-
ferent microorganisms in must and wine (yeast,
acetic and lactic bacteria).

After the appropriate dilution of fermenting
must, the total number of yeast cells can be esti-
mated under the microscope, using a Malassez cell.
After calibration, this determination can also be
made by measuring the optic density of the fer-
mentation medium at 620 nm. This measurement
permits a yeast cell count by interpretation of the
medium’s cloudiness, provoked by yeasts.

The total cells counted in this manner include
both ‘dead’ yeast and ‘live’ yeast. The two must be
differentiated in enology. In fact, counting ‘viable
microorganisms’ is preferable. When placed in a

suitable, solid nutritive medium, viable cells are
capable of developing and forming a microscopic
cluster, visible to the naked eye, called a colony.
The number of viable yeast cells can be determined
by counting the colonies formed on this medium
after 3—4 days. The culture medium is prepared
by adding 1 ml of correctly diluted yeast solution
to 5 ml of nutritive medium. This mixture is
transferred in its liquid form at 40°C into a Petri
dish; it solidifies as it cools. The nutritive medium
consists of equal volumes of a 20 g/l agar solution
and grape must (180 g sugar/l and 3.2 pH) diluted
to half its initial concentration. The average of two
population counts having between 100 and 300
colonies is calculated.

Viable yeast populations can also be estimated
directly by counting under the microscope using
specific coloration or epifluorescence techniques.
Viable populations can also be determined with
ATP measurements using bioluminescence. Bouix
et al. (1997) proposed the use of immunofluores-
cence to detect bacterial contaminations during
winemaking.

Microbiological control is useful for research
work, but these control methods are relatively long
and difficult. For this reason, fermentations are
generally followed by more simple methods at the
winery.

3.2.2 Monitoring Fermentation
Kinetics

Winemakers must closely monitor wine fermenta-
tion in each tank of the winery. This close supervi-
sion allows them to observe transformations, antic-
ipate their evolution, and act quickly if necessary.
They should effectuate both fermentation and tem-
perature controls daily (Figure 3.1).

Fermentation kinetics can be tracked by measur-
ing the amount of sugar consumed, alcohol formed,
or carbon dioxide released, but the measurement
of the mass per unit volume (density) is a simpler-
method for tracking its evolution. Mass per unit
volume constitutes an approximate measure of the
amount of sugar contained in the grape must.
Since a relationship exists between the amount
of alcohol produced during fermentation and the
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Fig. 3.1. Example of daily fermentation monitoring in
two tanks (initial must density = 1.085). (I) Normal
fermentation curve: after a latency period, fermentation
initiates, accelerates and then slows before stopping
on the 10th day at a density below 0.995, when all
sugar is fermented. (II) Fermentation curve leading to
a stuck fermentation: fermentation stops on the 11th
day at a density of 1.005; unfermented sugar remains.
Fermentation slows early enough to take preventive
action. (III) Evolution of the temperature (red wine
fermentation): arrows indicate cooling

initial concentration of sugar in the must, must
density can directly give an approximate potential
alcohol. The density and potential alcohol are
generally indicated on the stem of the hydrometer:
approximately 17 g of sugar produces 1% alcohol
in volume (Section 10.3.2, Table 10.6). Expressing
potential alcohol is without doubt the best solution.

During fermentation, sugar depletion and ethanol
formation result in decreased density. A hydrom-
eter is used to monitor must density. Samples
are taken from the middle of the tank by using
the tasting faucet. Before taking a sample, the
faucet should be cleared by letting a few cen-
tiliters flow. The density is then corrected accord-
ing to must temperature. No other conversions or
interpretations are necessary. Plotting the points
in the form of a graph permits the winemaker
to evaluate fermentation kinetics. The regularity
of the fermentation can also be evaluated. More
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importantly, fermentation difficulties, which lead
to stuck fermentations, can be anticipated. Due to
the heterogeneity of fermentation kinetics in a red
winemaking tank (the fermentation is most active
under the pomace cap), homogenizing the tank is
recommended before taking samples.

3.2.3 Taking the Temperature

The daily monitoring of tank temperature during
fermentation is indispensable, but this measurement
must be taken properly. In red winemaking, in par-
ticular, the tank temperature is never homogeneous.
The temperature is highest in the pomace cap and
lowest at the bottom of the tank. In the first hours of
fermentation, abrupt temperature increases occur in
the pomace and are sometimes very localized. As a
result, the must temperature against the tank lining
is always less than in the center of the tank. The tem-
perature taken in these conditions, even after prop-
erly clearing the tasting faucet, is not representative
of the entire tank. The temperature should be taken
after a pumping-over, which homogenizes tank tem-
perature. In this manner, the average temperature
can be obtained, but the maximum temperature, also
important, remains unknown.

The must temperature can be taken with a dial
thermometer having a 1.5 m probe. This effective
method can measure must temperature directly in
different areas, especially just below the pomace
cap in the hottest part of the tank. This zone
has the most significant fermentation activity. The
temperature can also be taken by thermoelectric
probes judiciously placed in each tank. The probes
are linked to a measurement system in the winery
laboratory. With this system, the winemaker can
verify the temperature of the tanks at any moment.
Certain temperature control systems automatically
regulate tank temperature when the temperature
reaches certain value.

3.2.4 Fermentation Control Systems

Various automated systems simplify the monitor-
ing of fermentation and make it more rigorous.
These systems can also automatically heat and cool
the must according to temperature.
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Some of these systems can be very sophisticated.
For example, when the temperature exceeds the
set limit, the apparatus initially homogenizes the
must in the tank by pumping. If the temperature is
still too high, the refrigeration unit of the system
cools the must. Owing to the seasonal character of
winemaking, some winemakers must make do with
manual control systems. Automation can, however,
be fully justified, when it permits greater precision
in winemaking. For example, a temperature gra-
dient can be produced in this manner during red
winemaking. At the beginning, a moderate temper-
ature (18—20°C) favors cell growth and vitality; at
the end, a higher temperature (>30°C) facilitates
the extraction of pomace constituents.

New approaches to automated systems could be
further developed (Flanzy, 1998). For the moment
at least, they influence temperature, modulating
it according to fermentation kinetics. In addition
to ‘on-line’ temperature control, a system should
be developed to monitor fermentation kinetics.
Various methods have been tested: measurement
of carbon dioxide given off, the decrease in
weight, and the decrease in density (measured as
the difference in pressure between the top and
the bottom of the tank). Measurement of gas
released seems to be the most reliable method (by
weighing in the laboratory or by using a domestic
gas counter for large capacity tanks; El Halaoui
et al., 1987). This process assumes that the tanks
are completely airtight. The method, however, is
not particularly recommended, especially in red
winemaking where pumping-over is indispensable.

Sablayrolles et al. (1990) stated that automated
systems should modulate temperature in order to
control fermentation kinetics better and limit the
use of cooling systems.

Automated control systems should be linked to
fermentation speed and therefore yeast activity, a
parameter certainly as important as the tempera-
ture. When the speed of CO, production exceeds a
previously established limit, the obtained temper-
ature should be maintained. As soon as the speed
decreases, the apparatus should let the temperature
rise in order to revive the fermentation. This opera-
tion would permit the fermentation to be completed
more quickly. Temperature modulation should be
related to must fermentability. Simultaneously let-
ting the temperature increase would result in a
decrease in the total energy demand (Table 3.1).
Of course, the apparatus should maintain the tem-
perature within compatible enological limits.

Another approach consists of creating a model of
the alcoholic fermentation process. Different calcu-
lations concerning time, temperature, and alcohol
and sugar concentrations are used to predict fer-
mentation behavior—especially the risk of a stuck
fermentation (Bovée et al., 1990). In this way, the
need and moment of a certain operation (especially
temperature control) could be anticipated.

Finally, these control system rules must be
adapted to the particular needs of each tank in
terms of quantifiable data and the enologist’s
experience. A highly advance automated system
optimizing alcoholic fermentations in winemaking
would have to make use of artificial intelligence to
take into account the enologist’s own experience
(Grenier et al., 1990).

3.2.5 Avoiding Foam Formation

During fermentation, foam can be formed as car-
bon dioxide is released. This can result in the
tank overflowing. To avoid the problem, tanks are

Table 3.1. Comparison of a temperature-controlled (17-22°C) fermentation and isothermal
fermentations at 17°C and 22°C (Sablayrolles et al., 1990)

Temperature Isothermal Isothermal Temperature-
17°C 22°C controlled
17°C-22°C
Duration of fermentation (h) 263 174 183
Maximum rate (g CO,/l/h) 0.69 1.12 0.72
Total frigorific units needed (kcal/l) 18.2 16.1 10
Maximum frigorific unit demand (kcal/l/h) 0.174 0.257 0.179
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sometimes filled to only half their capacity. This
constraint is not acceptable. Factors that influence
foam formation include must nitrogen composition
(especially proteic concentration), fermentation
temperature, and the nature of the yeast strain.
Attempts to create fermentation conditions (for
example, eliminating proteins by using bentonite)
capable of limiting this phenomenon have not led
to satisfactory results.

For this reason, some American wineries have
adopted the use of products that increase surface
tension. This process reduces foam formation and
stability. Two anti-foaming agents are gaining
popularity: dimethyl polysiloxane and a mixture of
oleic acid mono- and diglyceride. They are used at
a concentration of less than 10 mg/l and do not
leave a residue in wine, especially after filtration.
Due to their efficiency, red wine tanks can be
filled to 75—80% capacity and white wine tanks to
85-90%. These products are not toxic. The Office
International de la Vigne et du Vin recommends the
exclusive use of the mixture of oleic acid mono-
and diglyceride.

3.3 YEAST GROWTH CYCLE AND
FERMENTATION KINETICS

In an unsulfited and non-inoculated must, con-
tamination yeasts can begin to develop within a
few hours of filling the tank. Apiculated yeasts
(Kloechera, Hanseniaspora) are the most frequen-
tly encountered. Aerobic yeasts also develop (Can-
dida, Pichia, Hansenula), producing acetic acid
and ethyl acetate. Brettanomyces and its character-
istic animal-like odors are rare in must. Although
such yeasts can be relatively resistant to sulfur
dioxide (Fleet, 1992), sulfiting followed by inoc-
ulating with a selected strain of Saccharomyces
cerevisiae constitute, in practice, an effective
means of avoiding contamination (Section 3.5.4).

In general, S. cerevisiae inoculated at 10° cells/
ml, either naturally or by a selected strain inocu-
lation, induces grape must fermentation.

The yeast growth cycle and grape must fermen-
tation kinetics are depicted in Figure 3.2 (Lafon-
Lafourcade, 1983). In order to accentuate certain
phenomena, the figure concerns a must containing
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Fig. 3.2. Yeast growth cycle and fermentation kinet-
ics of grape must containing high sugar concentra-
tions (320 g/1) (Lafon-Lafourcade, 1983). (I) Total yeast
population. (II) Viable yeast population. (III) Fermented
sugar

particularly high sugar concentrations, which can-
not be completely fermented. Analysis of this
figure prompts the following remarks.

1. The growth cycle has three principal phases: a
limited growth phase (2—5 days) increases the
population to between 107 and 10® cells/ml; a
quasi-stationary phase follows and lasts about
8 days; finally, the death phase progressively
reduces the viable population to 107 cells/ml.
The final phase can last for several weeks.

2. During this particularly long cycle, growth is
limited to four or five generations.

3. The stopping of growth is not the result of a
disappearance of energy nutrients.

4. The duration of these different phases is not
equal. The death phase, in particular, is three to
four times longer than the growth phase.

5. Fermentation Kkinetics are directly linked to
the growth cycle. The fermentation speed is
at its maximum and practically constant for
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a little over 10 days. This time period corre-
sponds with the first two phases of the growth
cycle. The fermentation speed then progres-
sively slows but fermentation nevertheless lasts
several weeks. At this stage, the yeast popula-
tion is in the survival phase. Finally, the stop-
ping of fermentation is not simply the result of
insufficient yeast growth. The metabolic activity
of non-proliferating cells can also be inhibited.

The cessation of metabolic activity has been
interpreted as the depletion of cellular ATP and
the accumulation of ethanol in the cell—most
likely due to transport difficulties across the mem-
branes because of cellular sterol depletion. The
cell enzymatic systems still function during this
survival phase but the intracellular sugar concen-
tration decreases gradually (Larue et al., 1982).

These phenomena have several technological
consequences. For a limited concentration in sugar
(less than 200 g/1), fermentation occurs during the
first two phases of the cycle. It takes place rapidly
and most often without a problem. On the other
hand, if there is an elevated amount of sugar, a
population in its death phase carries out the last
part of fermentation. In this case, its metabolic
activity continues to decrease throughout the pro-
cess. The total transformation of sugar into alcohol
depends on the survival capacity of this population;
it is as important as in the initial growth phase.

Excessive temperatures and sugar concentrations
can provoke sluggish or stuck fermentations.
Nutritional deficiencies and inhibition phenomena
can also be involved. All of them have either
chemical or physicochemical origins. Fermentation
kinetics can be ameliorated by different methods
which influence these phenomena. Early action
appears to increase their effectiveness; yeasts in
their growth phase and in a medium containing
little ethanol are more receptive to external stimuli.
The winemaker should anticipate fermentation
difficulties: the possible operations are much less
effective after they occur.

Moreover, certain operations, intended to activate
fermentation, affect yeast growth and improve
fermentation kinetics at its beginning but do not
always affect yeast survival or the final stages of
fermentation, at least in musts with high sugar

III///_«
Sy

I

Fermented sugar (g/1)

Time (days)

Fig. 3.3. Example of a theoretical activation of grape
must fermentation (Sy: initial sugar content; S;: sugar
content at the end of fermentation). (I) Control: fer-
mentation stops, leaving unfermented sugar (So — Sy).
(IT) Activation at the initiation of fermentation, but the
completion of fermentation in musts having high sugar
concentrations is not improved. (III) Activation acting
on yeast population growth and survival; fermentation
is complete

concentrations (the most difficult to ferment). In-
creasing must temperature is a classic example of
an operation that increases the fermentation speed
at the beginning but leads to stuck fermentations
(see Section 3.7.1, Figure 3.8). In other cases,
the activation of the fermentation influences both
growth and survival; the duration of fermentation is
prolonged. Figure 3.3 gives an example: activation
(curve IT) apparently improved the fermentation
kinetics of musts with relatively low sugar levels
as compared to the control (curve I). However, in a
high-sugar must, an activator that did not enhance
survival was unable to prevent stuck fermentation.
In the case of curveIIl, where both survival
and growth factors were added, fermentation was
completed smoothly, even in a high-sugar must.

3.4 NUTRITION REQUIREMENTS
3.4.1 Carbon Supply

In grape must, yeasts find glucose and fruc-
tose—sources of carbon and energy. The total
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sugar concentration in must is between 170 and
220 g/1, corresponding to wines between 10 and
13% vol.ethanol after fermentation. The amount of
dissolved sugar can be even higher in grapes for
the production of sweet wines—up to 350 g/l in
Sauternes musts. The must sugar concentration can
influence the selection of the yeast strains, ensuring
fermentation (Fleet, 1992).

Fermentation is slow in a medium containing a
few grams of sugar per liter. Its speed increases
in musts which have 15-20 g/l and remains stable
until about 200 g/l. Above this concentration, fer-
mentation slows. In fact, alcohol production can
be lower in a must containing 300 g/l than in
another containing only 200 g/I. From 600 to 650 g
of sugar per liter, the concentrated grape must
becomes practically unfermentable. The presence
of sugar, as well as alcohol, contributes to the sta-
bility of fortified wine.

Thus, an elevated amount of sugar hinders yeast
growth and decreases the maximum population.
Consequently, fermentation slows even before the
production of a significant quantity of ethanol—
which normally has an antiseptic effect (Sec-
tion 3.6.1).

Fermentation slows down in the same way when
the high sugar concentration is due to the addition
of sugar (chaptalization) or concentrated must, or
the elimination of water by reverse osmosis or
vacuum evaporation (Section 15.5.1). The effect is
exacerbated if sugar is added when fermentation
is already well advanced and alcohol has started
to inhibit yeast development, although intervening
at this stage has the advantage of avoiding
overheating the must. When sugar is added, it
is advisable to wait until the second day after
fermentation starts, i.e. the end of the yeast growth
phase. In these conditions, the population reaches
a higher value, because it grows in a medium
with a relatively low sugar concentration. Next, the
addition of sugar in a medium containing yeast in
full activity increases the fermentation capacity of
the cells and therefore the transformation of sugar.
Of course, a refrigeration system is necessary
to compensate for the corresponding temperature
increase of the must.
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3.4.2 Nitrogen Supply

Henschke and Jiranek (1992) analyzed many theo-
retical works on this subject in detail. The research
for these different works was carried out under a
large range of conditions and so the results were
not always applicable to the winemaking condi-
tions analyzed by Ribéreau-Gayon et al. (1975a).

Grape must contains a relatively high concen-
tration of nitrogen compounds (0.1 to 1 g of solu-
ble nitrogen per liter), although only representing
about a quarter of total berry nitrogen. These con-
stituents include the ammonium cation (3—10% of
total nitrogen), amino acids (25-30%), polypep-
tides (25—-40%) and proteins (5—10%). The grape
nitrogen concentration depends on variety, root-
stock, environment and growing conditions—
especially nitrogen fertilization. It decreases when
rot develops on the grapes or the vines suffer
from drought conditions. Water stress, however,
is generally a positive factor in quality red wine
production. Planting cover crop in the vineyard
to control yields also reduces the grapes nitrogen
levels. The effects are variable, e.g. 118 mg/l nitro-
gen in grapes from the control plot and 46 mg/l
nitrogen for the plot with cover crop in one case
and 354 and 210 mg/l nitrogen, respectively, in
another. The nitrogen content of overripe grapes
may increase due to concentration of the juice.

In dry white winemaking, juice extraction meth-
ods influence the amino group compound and pro-
tein concentration in must. Slow pressing and skin
maceration, which favor the extraction of skin con-
stituents, increase their concentration (Dubourdieu
et al., 1986).

Yeasts find the nitrogen supply necessary for
their growth in grape must. The ammonium cation
is easily assimilated and can satisfy yeast nitro-
gen needs, in particular, for the synthesis of amino
acids. Polypeptides and proteins do not partici-
pate in S. cerevisiae growth, since this yeast cannot
hydrolyze these substances. S. cerevisiae does not
need amino acids as part of its nitrogen supply,
since it is capable of synthesizing them individu-
ally, but their addition stimulates yeasts more than
ammoniacal nitrogen. A mixture of amino acids
and ammoniacal nitrogen is an even more effective
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stimulant. Yeasts use amino acids according to
three mechanisms (Henschke and Jiranek, 1992):

1. Direct integration without transformation into
proteins.

2. Decomposition of the amino group, which is
used for the biosynthesis of different amino
constituents. The corresponding carbon mole-
cule is excreted. Such a reaction is one of the
pathways of higher alcohol formation present
in wine:

R-CHNH,-COOH + H,0 —
R-CH,O0H + CO, + NHj;

Yeasts are probably capable of obtaining ammo-
niacal nitrogen from amino acids through other
pathways.

3. The amino acid molecule can be used as
a source of carbon in metabolic reactions.
The yeast simultaneously recuperates the cor-
responding ammoniacal nitrogen.

The assimilation of different amino acids de-
pends on the functioning of transport systems and
the regulation of metabolic systems. Several studies
have been published on this subject (Castor 1953;
Ribéreau-Gayon and Peynaud, 1966). Due to the
diversity of must composition, the results are not
identical. The assimilation of amino acids by yeasts
does not always improve growth. The most easily
assimilated amino acids are not necessarily the most
significant in cell composition, but are instead the
most easily transformed by yeasts. Yeasts have
difficulty assimilating arginine when it is the only
amino acid in the environment, but arginine is easily
assimilated when furnished in a mixture. Yeasts do
not use it when ammonium is present.

To avoid the difficulty of precisely defining
grape must composition, Henschke and Jiranek
(1992) carried out their experiments using a well-
known medium model. Their results have given
researchers a new understanding of this subject.

Although complex mixtures of ammonium salts
and amino acids are more effective for promot-
ing yeast growth and fermentation speed, ammo-
nium salts are used almost exclusively to increase

nitrogen concentrations in must, for reasons of
simplicity. Positive results have been obtained in
laboratory tests but their effectiveness is less spec-
tacular in practical conditions. Moreover, the addi-
tion of assimilable nitrogen is not always sufficient
for resolving difficult final stages of fermentation,
although it accelerates fermentation in the early
stages.

For a long time, diammonium phosphate was the
exclusive form of ammonium salts used. The phos-
phate ion involved in glucidic metabolic reactions
was also thought to favor fermentation. In real-
ity, the must is sufficiently rich in the phosphate
ion (incidentally participating in the iron casse of
white wines) and for this reason it is preferable to
use diammonium sulfate. EU regulations authorize
the addition of 30 g of one of the these two salts
per hectoliter, corresponding to 63 mg/l nitrogen.
In the USA, the limit is set at 95 g of diammo-
nium phosphate per hectoliter. In Australia, its
addition must not lead to a concentration of inor-
ganic phosphate greater than 40 g/hl. The standard
dose is between 10 and 20 g/hl. (Note that 100 g of
diammonium phosphate or sulfate contains approx-
imately 27 mg of ammonium and 73 mg of phos-
phate or sulfate ions). The addition of this form
nitrogen to must increases acidity, due to the con-
tribution of the anion. For 10 g of diammonium
salt per hectoliter, the must acidity can increase by
0.35 g/l (in HSOy4) or 0.52 g/l (in tartaric acid).

The initial concentration of ammonium cations
and amino acids in the must is one of the most
important elements in determining the need for
supplements. When the NH4+ concentration is less
than 25 mg/l, nitrogen addition is necessary. It is
useful for concentrations to be between 25 and
50 mg/l. Above this concentration, supplementing
has no adverse effects. It is, however, unlikely that
an addition will activate the fermentation. If the
values are expressed in free amino nitrogen (FAN),
detectable by ninhydrin, between 70 and 140 mg/l
are necessary to have a complete fermentation of
musts containing between 160 and 250 g of sugar
per liter (Henschke and Jiranek, 1992).

Bely et al. (1990) determined that adding nitro-
gen was effective if the available nitrogen content
(NH4* + amino acids, except proline) in the must
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was below 130 mg/l, but was unnecessary and
could even be harmful at initial concentrations of
200-350 mg/l. Aerny’s (1996) formol index pro-
vides a simple estimate of the free amino acid and
ammonium cation content. A formol index of 1
corresponds to 14 mg of amino nitrogen per liter.
According to Lorenzini (1996), the addition of nitro-
gen in Swiss varietal musts is indispensable if the
index is less than 10, and is recommended if the
index is between 10 and 14. The formol method
provides a quick, simple assessment of available
nitrogen deficiency by assaying NH;* and free
amino acids, except proline. It should be more
widely used to monitor ripeness and fermentation.
However, the nitrogen requirements of S. cerevisiae
vary from one strain to another. Julien et al. (2000)
recently proposed a test for comparing yeast nitro-
gen requirements, estimated during the stationary
phase of alcoholic fermentation. This test measures
the quantity of nitrogen required to maintain a con-
stant fermentation rate during this stationary phase.
Nitrogen requirements varied by a factor of 2 among
the 26 winemaking yeast strains tested. An assess-
ment of the nitrogen requirement is certainly an
important criterion in selecting yeast strains to use
in nitrogen-deficient musts.

For example, in a study of musts from Bor-
deaux vineyards in the 1996 to 2000 vintages
(Table 3.2), Masneuf et al. (2000) found nitrogen
levels of 36—270 mg/l in white musts, with defi-
ciencies in 22% of the samples (nitrogen concen-
trations under 140 mg/l). In reds, levels ranged
from 46 to 354 mg/l, with deficiencies in 49%;
in rosés, levels ranged from 42 to 294 mg/l, with
deficiencies in 60%, while 89% of botrytized musts
were nitrogen-deficient.
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Choné (2000) analyzed Cabernet Sauvignon
musts in 1997 and found significant variations in
nitrogen levels, from 95 to 218 mg/l.

Finally, different nitrogen concentrations have
also been found in individual plots within the
same vineyard, e.g. 25—45 mg/l in vines with less
vegetative growth and 152-294 mg/l in grapes
from more vigorous vines.

All these analytical findings show the extent
and frequency of nitrogen deficiencies, which are
much more common than was generally thought
in the past, perhaps due to changes in vineyard
management techniques. It was generally accepted
previously that nitrogen concentrations in musts
from northerly vineyards in the northern hemi-
sphere (temperate, oceanic climate) were suffi-
ciently high.

Adding nitrogen to musts containing insufficient
levels is extremely useful in achieving good
fermentation kinetics. In some cases of severe
nitrogen deficiency, it may even be opportune to
add as much as 40 g/l of ammonium sulfate, which
would require a change to EU legislation, as the
current limit is 30 g/l, corresponding to 63 mg/l
of nitrogen. Some observations suggest that an
excessive increase in nitrogen content may have
a negative effect on fermentation kinetics, so it is
advisable to modulate nitrogen additions according
to the natural level in the must and ensure that the
total never exceeds 200 mg/l.

Adding excessive amounts of nitrogen may also
result in the presence of non-assimilated residual
nitrogen at the end of fermentation. Although
there are no specific data on this issue, residual
nitrogen may have a negative impact on a wine’s
microbiological stability. An excess of ammoniacal

Table 3.2. Available nitrogen content (NH;* and free amino acids expressed in
mg/l) in musts from Bordeaux vineyards (1996—1999 vintages) determined by the

formol method (Masneuf et al., 2000)

White Red Rosé Botrytized
Number of samples 32 55 48 9
Minimum value 36 46 42 22
Maximum value 270 354 294 157
Mean 181.9 157 119 82.8
Standard deviation 32 55 48 9
Deficient musts (%) <140 mg/l 22 49 60 89
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nitrogen can also lead to a modification of the
aromatic characters of wine. Since the yeast no
longer needs to deaminate amino acids, it forms
less secondary products (higher alcohols and their
esters). This modifies wine aroma, especially white
wines. Finally, the nitrogen supply affects ethyl
carbamate production. This undesirable constituent
has carcinogenic properties and is controlled by
legislation.

The must sugar concentration also affects the
impact of the nitrogen supply on fermentation
kinetics, especially the successful completion of
fermentation. For moderate concentrations of sugar
(Iess than 200 g/l), the addition of nitrogen
increases the biomass of yeast formed and in con-
sequence the fermentation speed; the fermentation
is completed a few days in advance. For high
concentrations of sugar, the fermentation is accel-
erated at the beginning with respect to the con-
trol sample but, as the fermentation continues, the
gap between the control sample and the supple-
mented sample decreases. Finally, their fermenta-
tions spontaneously stop with similar quantities of
residual sugar remaining. Curve II in Figure 3.3
depicts the effect of supplemental nitrogen (or
other activator effect) on a must with a high sugar
concentration, having a normal nitrogen concen-
tration. On the other hand, if fermentation slug-
gishness is due to a nitrogen deficiency, the addi-
tion of ammonium salts manifestly stimulates it
(Curve III, Figure 3.3). Stuck fermentations can
sometimes be avoided in this manner.

Other factors affect the assimilation of nitrogen
during fermentation. Yeasts have strain-specific
capabilities. Henschke and Jiranek (1992) reported
that different S. cerevisiae strains fermenting grape
must assimilated quantities of nitrogen varying
from 329 to 451 mg/l at 15.5°C and from 392 to
473 mg/l at 20°C. These last figures also show,
among other things, that temperature increases
nitrogen assimilation. Julien et al. (2000) com-
pared the nitrogen and oxygen requirements of
several yeast strains used in winemaking.

Oxygen, however, has the most effect on the
assimilation of nitrogen. Yeasts have long been
known to use considerably more nitrogen in
the presence of oxygen (Ribéreau-Gayon et al.,

1975a). It has been observed that yeasts fermenting
in the complete absence of oxygen assimilate
200 mg of nitrogen per liter. When they develop in
the presence of oxygen, their assimilation increases
to 300 mg/l. In aerobiosis, they can assimilate up
to 735 mg/l without a proportional increase in cel-
lular multiplication.

The impact of oxygen on fermentation kinetics,
irrespective of any addition of NH4*, is appar-
ently complex and dependent on several factors
(Sablayrolles et al., 1996a and 1996b), as well as
the type of must (sugar content and possible nitro-
gen deficiency). It is accepted that adding nitrogen
accelerates fermentation, resulting in faster com-
pletion. It is, however, more difficult to identify
the conditions under which adding nitrogen can
prolong sugar conversion by the yeasts and pre-
vent fermentation from becoming stuck, at least in
musts rich in sugar.

In an experiment carried out by Rozes et al.
(1988), using a must containing 222 g/l of sugar
with a normal nitrogen content (35 mg/l NHy*
corresponding to approximately 200 mg/l nitro-
gen), fermentation stopped prematurely in the
absence of air. Adding NHy* (0.15 or 0.50 g/l
(NH,4),S0O,) initially accelerated fermentation but
did not increase the amount of sugar fermented.
With aeration on the 3 day, fermentation was
faster and all the sugar was fermented. Adding
NH," did not improve fermentation kinetics, but,
on the contrary, after an initial acceleration, yeast
activity stopped when 9 g/l of sugar was still unfer-
mented. Of course, these experimental results must
be interpreted in the light of the specific condi-
tions (sugar and nitrogen content of the must). The
results would not necessarily have been the same
under different conditions, particularly if there had
been a significant nitrogen deficiency in the must.
In any case, this experiment shows quite clearly
that adding nitrogen does not necessarily elimi-
nate problems with the end of fermentation. Fur-
ther experiments using nitrogen-deficient must are
required to identify a possible improvement.

The timing of the addition of ammonium
salts appears to be important. Ribéreau-Gayon
et al. (1975a) had suggested their addition in
must before the initiation of fermentation. Yeasts
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react best to stimuli during the growth phase
in a medium containing little ethanol. They
witnessed an assimilation of ammoniacal nitrogen
supplement (100 mg/l) varying between 100 and
50% when the addition was made before the
initiation of fermentation or on the fourth day.
Enhanced nitrogen assimilation did not necessarily
increase the yeasts’ fermentation potential. This
explains why adding nitrogen has no significant
impact on accelerating a sluggish final stage in
fermentation and is even less effective in restarting
a stuck fermentation.

Sablayrolles et al. (1996a and 1996b) reported
slightly different findings. According to these
authors, nitrogen supplements were most effective
in mid-fermentation, together with aeration. This
combined operation had more impact on fermen-
tation kinetics than aeration alone and provided an
optimum solution for avoiding prematurely stuck
fermentation (Sablayrolles and Blateyron, 2001).

In conclusion, supplementing musts with natu-
rally low nitrogen levels (N < 140 mg/l) with
nitrogen salts is likely to improve fermentation
kinetics, with varying effects on yeast growth
and sugar conversion. For maximum effective-
ness, total nitrogen after supplementation should
not exceed 200 mg/l. Some experimental findings
indicate that fermentation may slow down follow-
ing the addition of excessive amounts of nitrogen.
If the must already had a sufficiently high nitro-
gen content, further supplementation was likely
to cause an initial acceleration in fermentation,
but the effect wore off gradually. Adding nitro-
gen cannot be expected to remedy problems in the
final stages of fermentation (high-sugar musts or
strictly anaerobic conditions). It is, however, true
that nitrogen deficiencies (old vines or vineyards
with cover crop) have not been given sufficient
consideration in the past, and that completion of
fermentation is facilitated in these cases by adding
ammonium salts. Total nitrogen in must should be
analyzed in vat before the start of fermentation as
a matter of course, together with sugar and acidity
levels.

Adding oxygen at the start of fermentation (Sec-
tion 3.7.2) when the yeast population is in the
growth phase is still the most effective way of
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accelerating fermentation and preventing prema-
ture stoppages. Opinions diverge on the correct
time to add ammonium salts, varying from the
beginning of fermentation to halfway through. In
any case, nitrogen supplements are more effec-
tive at accelerating fermentation than preventing
it from becoming stuck with unwanted residual
sugar.

3.4.3 Mineral Requirements

The yeasts that Pasteur cultivated in the following
medium proliferated well: water, 1000 ml; sugar,
100 g; ammonium tartrate, 1 g; ashes of 10 g of
yeast. Yeast ashes supply the yeast with all of
its required minerals. Dry yeast contains 5—10%
mineral matter, whose average composition (in
percentage weight of ashes) is as follows:

K,O 23-48
Na,0 0.06-2.2
CaO 1.0-4.5
MgO 3.7-8.5
Fe,0;  0.06-7.3
P,0s 45-59
SO, 0.4-6.3
Si0, 0-1.8
cl 0.03-1.0

Other minerals not listed above are present in trace
amounts: Al, Br, Cr, Cu, Pb, Mn, Ag, Sr, Ti, Sn,
Zn, etc. These are called trace elements. Not all
of them are indispensable but some are essential
enzyme constituents.

The precise function of only a few minerals
is known. Grape must contains, both qualitatively
and quantitatively, a sufficient mineral supply to
ensure yeast development.

3.5 FERMENTATION ACTIVATORS
3.5.1 Growth Factors

Growth factors affect cellular multiplication and
activity, even in small concentrations. They are
indispensable to microorganisms and a deficiency
in these substances disturbs the metabolism.
Microorganisms behave differently in relation to
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growth factors. Some can totally or partially syn-
thesize them; others cannot and must find them in
their environment.

The substances that are growth factors for
microorganisms are also necessary vitamins for
higher organisms (Figure 3.4). They are essen-
tial components of coenzymes and are involved
in metabolic reactions. Grape must has an ample
supply of growth factors (Table 3.3) but alco-
holic fermentation alters its vitamin composition.
For example, thiamine disappears almost entirely:
yeasts are capable of consuming greater amounts of
thiamine (600—800 pg/l) than the must contains;

but yeasts form riboflavin. The concentration of
nicotinamide remains constant in red wines and
musts, but only 60% remains in white wines. Pan-
tothenic acid, pyridoxine and biotin are used by
yeasts and then released; their concentrations are
nearly identical in musts and wines. Mesoinositol
is practically untouched.

Although musts contain sufficient amounts of
growth factors to ensure yeast development and
alcoholic fermentation, natural concentrations do
not necessarily correspond with optimal concen-
trations. For this reason, supplementing must with
certain growth factors is recommended.
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Fig. 3.4. Yeast growth factors
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Table 3.3. Maximum and minimum growth factor con-
centrations (pg/l) in musts and wines (Ribéreau-Gayon
et al., 1975a)

Wines
Vitamins Grape musts Whites Reds
Thiamine 160-450 2-58 103-245
Riboflavin 3-60 8-133 0.47-1.9
Pantothenic 0.5-1.4 0.55-1.2  0.13-0.68
acid
Pyridoxine 0.16-0.5 0.12-0.67 0.13-0.68
Nicotinamide  0.68-2.6 044-13  0.79-1.7
Biotin 1.5-4.2 1-3.6 0.6-4.6
Mesoinositol 380-710 220-730  290-334
(mg/l)
Cobalamine 0 0-0.16  0.04-0.10
Choline 19-39 19-27 20-43

A deficiency in pantothenic acid causes the yeast
to accumulate acetic acid but it has not been proven
that the (unauthorized) addition of pantothenic acid
to a fermenting must lowers the wine’s volatile
acidity originating from yeast. The production by
yeasts of abnormally high levels of volatile acidity
is probably due to the must’s deficiencies in certain
lipids. These deficiencies are most likely linked to
deficiencies in pantothenic acid, which is involved
in the formation of acetyl coenzyme A, responsible
for fatty acid and lipid synthesis.

The supplementing of biotin and especially thi-
amine improved the must fermentation kinetics in
numerous experiments. An addition of 0.5 mg of
thiamine per liter can increase the viable popu-
lation by 30%; the fermentation of sugar is also
quicker. These results, although regularly observed
in laboratory experiments, are not always obtained
under practical conditions. The natural concentra-
tion of thiamine may or may not be a limiting
factor of fermentation kinetics, depending on the
nature of the grape and on maturation conditions.

The addition of thiamine is legal in several
countries (EU, at a dose of 50 mg/hl) but it is rarely
used to accelerate fermentation in winemaking.
It effectively decreases significant ketonic acid
concentrations by decarboxylation (pyruvic and «-
ketoglutaric acid). Large quantities of these acids
bind to sulfur dioxide in botrytized sweet wines
(Section 8.4.2).
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3.5.2 Survival Factors

The idea of survival factors is derived from the
interpretation of the mode of action of sterols
and certain long-chain fatty acids on yeast activity
and fermentation kinetics. The first works on
this subject (Andreasen and Stier, 1953; Bréchot
et al., 1971) were analyzed by Ribéreau-Gayon
etal. (1975a). The growth factor activity of
ergosterol in complete anaerobiosis is optimal
at a concentration of 7 mg/l; it is solubilized
with Tween 80. For example, in a must with a
high sugar concentration (260 g/l), S. cerevisiae
ferments in complete anaerobiosis 175 g of sugar
per liter in 10 days in the control sample and
258 g/l in the presence of 5 mg/l of ergosterol. In
aerobiosis, on the other hand, a slight inhibition
of the fermentation is observed when ergosterol is
added. The authors concluded that these sterols are
indispensable to yeasts in complete anaerobiosis,
because they cannot be synthesized in these
conditions. Sterols are necessary for ensuring
cell membrane permeability. In the presence of
oxygen, yeasts are capable of producing sterols. In
anaerobiosis, ergosterol is in some ways an oxygen
substitute for yeasts.

Other sterols and long-chain fatty acids share
most of the properties of ergosterol. Some are con-
stituents of grape bloom and cuticular wax, such as
oleanolic acid—especially when associated with
oleic acid (Figure 3.5). These constituents explain
the results of past experiments, indicating an accel-
eration of the fermentation speed of grape must in
complete anaerobiosis when grape skins and seeds
were added in suspension.

Later works (Larue et al., 1980; Lafon-Lafour-
cade, 1983) showed that the action mechanism of
sterols is in fact more complex. These authors
confirmed the growth factor action in a strictly
anaerobic fermentation: the maximum population
increases. They also witnessed the inhibitory effect
of sterols on a fermentation with permanent aera-
tion. Neither of these two conditions correspond
exactly to winemaking conditions.

In the winery, large-volume fermentations are
certainly anaerobic, but the must is aerated during
extraction and inoculated with a yeast starter
which was precultivated in aerobiosis; the yeasts
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Fig. 3.5. Structure of some steroids and fatty acids playing a role in yeast growth

are therefore well equipped in sterols. Both
commercial active dry yeasts and indigenous
yeasts, which develop on the surface of material
in contact with the harvest, initially develop in
aerobiosis. In these conditions, the addition of
ergosterol or oleanolic acid does not increase the
maximum population. The fermentation speed is
also not affected during the first 10 days. Yet the
yeast cells well equipped in sterols maintain their
fermentation activity for a longer time. At the end
of fermentation, they will have degraded a larger
amount of sugar than non-supplemented cells
(Table 3.4). The term ‘survival factor’ has been
proposed for this action that does not correspond
with an increase in growth. The evolution of yeast
populations during fermentation in the presence of

sterols is represented in Figure 3.6; the incidence
of the temperature is also indicated.

The notion of survival factors complements
the notion of growth factors. They are espe-
cially interesting in the case of difficult fermenta-
tions—for example, musts containing high sugar
concentrations. Of course, the direct addition of
sterols to tanks in fermentation should not be
considered. Winemaking can, however, be ori-
entated towards methods which promote sterol
synthesis. Moreover, their existence in the solid
parts of the grape should be taken into account:
crushed red grapes ferment better than white grape
musts because of solids contact during fermenta-
tion. In addition, the elimination of sterols dur-
ing the excessive clarification of white grape
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Table 3.4. Sterol concentrations in yeasts during alcoholic fermentation of grape must (Larue et al., 1980)
Conditions Constant aeration Anaerobiosis
C +E +0A C +E +0A

Day 2

Fermented sugar (g/1) 30 27 24 37 36 23

Sterols (% of dry weight) 2.70 2.80 2.30 1.60 1.40 1.70

Viable cells (10/ml) 22 20 17
Day 5

Fermented sugar (g/1) 116 101 95 113 111 105

Sterols (% of dry weight) 1.90 1.90 0.60 1.10 0.40

Viable cells (10%/ml) 13 10 12
Day 9

Fermented sugar (g/1) 187 175 164 169 154

Sterols (% of dry weight) 1.20 1.10 0.7 0.40 1.00 0.30

Viable cells (10°/ml) 5 7 5
End of fermentation

Fermented sugar (g/1) 256 234 211 170 199 185

Sterols (% of dry weight) 1.00 0.80 0.40 0.30 0.60 0.20

Viable cells (10%/ml) 0.05 0.5 0.1

C = control must; +E = ergosterol (25 mg/l); +OA = oleanolic acid (50 mg/l).
Must sugar concentration after addition: 250 g/l; active dry yeast: Saccharomyces cerevisiae; initial sterol concentration: 1.5%; initial

population: 2.2 x 10° cells/ml.
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Fig. 3.6. Influence of sterols on yeast survival during
their death phase at different temperatures (Lafon-
Lafourcade, 1983). (I) Control. (IT) Plus ergosterol

must can result in extremely difficult fermentations
(Section 3.7.3). This concept can also explain past
experiments which show increased fermentation
speeds with the addition of ground grape skins
and seeds.

3.5.3 Other Fermentation Activators

Ribéreau-Gayon et al. (1975a) examined other
fermentation activators. These activators generally
help the yeast to make better use of must nitrogen.
Incidentally, the same phenomenon is observed
each time that the fermentation is accelerated by
the presence of air or by the addition of yeast
extract nutriments or survival factors (Table 3.5).

Hydrolyzed yeast extracts are rich in assimilable
nitrogen, survival factors and mineral salts. They
have often been used (at high concentrations, up
to 4 g/l) to accelerate fermentation in the food
industry. Some can impart foreign odors and tastes.

Among the activator formulas proposed
(Ribéreau-Gayon et al., 1975a), 200 mg/l of the
following mixture may facilitate fermentation in
musts with vitamin and nitrogen deficiencies:
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Table 3.5. Effect of air and survival factors on grape must nitrogen assimilation (adapted from
Ingledew and Kunkee, 1985, by Cantarelli, 1989, cited by Henschke and Jiranek, 1992)

Atmosphere Additions Nitrogen Number of Fermentation speed

utilization cells (g of sugar per
(mg of FAN/I) (x107 /1) 100 ml/24 h)

Air 0 87 35.0 1.80

Nitrogen 0 65 1.3 0.50

Air YE 314 36.0 4.00

Nitrogen YE 107 3.0 1.22

Nitrogen YE + SF 293 320 3.60

FAN = free amino nitrogen; YE = yeast extract; SF = survival factors (Tween 80, ergosterol). Musts without
and with addition of YE contain 99 and 386 mg FANV/I, respectively.

100 g of diammonium sulfate, 250 mg of thiamine,
250 mg of calcium pantothenate, and 2 mg of
biotin.

Other products, extracted from fungi, are also
alcoholic fermentation activators. Some have been
commercialized in the past. One of the most
effective is prepared from a culture medium of
Aspergillus niger. It modifies the concentration of
secondary products by promoting the glyceropyru-
vic fermentation of sugar. A yeast activator is also
obtained from the mycelium of Botrytis cinerea.
These activators are not authorized by viticultural
legislation, at least in the EU.

In white winemaking, suspended solids activate
fermentation (Section 3.7.3). Certain constituents,
probably sterols and fatty acids, are involved in
this phenomenon (Ribéreau-Gayon et al., 1975b).
Although these substances are not very soluble,
yeasts are capable of using them to improve
fermentation kinetics. They probably act in con-
junction with other factors, such as oxygenation
and possibly nitrogen additions. Yeast hulls have a
similar effect independent of their ability to elim-
inate inhibition (Section 3.6.2).

As with nitrogen or growth factor supplemen-
tation, fermentation is not activated to the same
degree in the winery as in the laboratory. Oxygena-
tion, yeast starter preparation and the fermentation
medium play an essential role, in addition to the
must’s possible nutritional deficiencies.

3.5.4 Adding Yeast Starter

Winemakers have always been interested in
improving fermentation kinetics and wine quality

by inoculating with activated yeast starter. This
practice has certainly become more widespread
since relatively economical, easy-to-use Dried
Activated Yeast (DAY) became available on the
market. DAY are simply reactivated in water or a
mixture of equal volumes water and must at a tem-
perature of 35-40°C. There are around a hundred
commercial yeast preparations on the market, and
each one should be prepared for use according to
the manufacturer’s instructions. DAY also makes
it possible to eliminate apiculated yeasts and select
strains with a high sugar—alcohol conversion rate.
Together with other winegrowing practices, the use
of DAY has contributed to the general increase in
average alcohol content in wines and to the cor-
responding decrease in the need for chaptalization
(adding sugar) in certain regions. On the contrary,
in some situations, there is an interest in using
yeast strains with a lower conversion rate. This
mainly concerns hot areas where there may be a
high sugar level in the grape flesh although the
other ripeness indicators (skin) have not reached
optimum levels. In this case, it is necessary to
delay the harvest, with the risk of obtaining very
high-sugar musts that are difficult to ferment in
order to produce high-alcohol wines.

An initial inoculum of 10° cells/ml is generally
considered necessary to obtain good fermentation
kinetics. In view of the current constraints on white
winemaking, this initial level is rarely achieved;
so the use of yeast starter has become practically
compulsory. In red winemaking, there may be
insufficient inoculum in the first few vats filled, but
grape and must handling operations in the winery
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rapidly result in proliferation of the yeasts. The
use of DAY is mainly justified in the first vats.
Later vats either require no starter at all, or DAY
can be replaced with 2—5% must from a vat where
fermentation is going well.

There has, however, been interest for some time
in the possibility of improving a wine’s quality by
selecting the appropriate strain for fermentation. It
is certainly true that the composition of grapes and
other natural factors (e.g. ferroir) are the main ele-
ments of the specific characteristics recognized as
the basis of quality, especially in the concept of
appellation d’origine contrélée. It is also true that
positive results have been obtained, especially with
white wines (Section 13.7). Several strains capa-
ble of fermenting musts with low turbidity without
producing excessive volatile acidity have been iso-
lated. Strains have also been identified that do not
produce vinyl phenols, with their unpleasant chem-
ical odor and other undesirable characteristics, due
to high levels of fermentation esters. These neutral-
ize varietal aromas and can only be recommended
for wines made from non-aromatic varieties. It is
clear that using yeast starter is a good way of
avoiding these types of defects and, consequently,
making the most of the grapes’ intrinsic quality.
Another example is the development of anaerobic
yeasts likely to produce ethyl acetate as soon as
vats are filled with non-sulfited grapes or must.
Reports in the literature indicate that it is possible
to avoid these defects by using appropriate yeast
strains after the grapes/must have been sulfited.

Today, there is increasing interest in select-
ing yeast strains capable of enhancing the vari-
etal aromas of various grape varieties by releasing
variable quantities of odoriferous molecules from
their odorless precursors. Research has focused on
Muscat varieties and, above all, Sauvignon Blanc
(Section 13.7.2). Although different yeast strains
have varying impacts on wine aromas, it is impos-
sible to say that the use of yeast starter leads to the
development of a uniform character that depends
mainly on the grapes’ composition in terms of
aroma precursors.

In the case of red wines, it has been reported
that the use of specific yeast starters has an impact
on color intensity and the aromatic character of
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some grape varieties. These effects may occur
during fermentation itself or result from the
autolysis of dead yeast cells, which justifies
the practice of aging wine on the lees. These
observations, however, require a more detailed
theoretical investigation.

A dose of 10° cells/ml yeast starter is generally
recommended, which corresponds to 10-20 g/hl
of DAY. As the yeast population in strongly fer-
menting must is of the order of 108 cells/ml, a 1%
inoculum is theoretically sufficient, but 2% is more
commonly used, or even 5%, to offset any potential
difficulties. Experiments carried out with higher
doses of yeast starter (20—25 g/hl of DAY) indi-
cated that there was a lower risk of fermentation
becoming sluggish towards the end, but some off-
aromas could be produced. In any case, the most
important selection criteria for winemaking yeast
starters are temperature resistance and the ability to
complete fermentation in high-sugar musts. These
properties are characteristic of yeasts formerly
known as Saccharomyces bayanus (Section 1.8.4).

When the yeast starter is added, it is important
to avoid antagonism with other strains naturally
present in the must. Antagonistic reactions may
reduce the fermentation rate and contribute to
causing stuck fermentation (Section 3.8.1). For
inoculation with DAY to be successful, the yeast
starter must be more abundant and more active
than the indigenous yeasts, which must be inhibited
by proper hygiene, sufficiently low temperatures,
and appropriate use of sulfite.

3.6 INHIBITION OF THE
FERMENTATION

This section covers the phenomenon of inhibition
in grape must fermentation. A large number of sub-
stances exist that may hinder yeast multiplication:
chemical antiseptics and antibiotics and fungicides
(Ribéreau-Gayon et al., 1975a). Inhibitors used for
the conservation of wines (in particular sulfur diox-
ide) are described in Chapters 8 and 9.

3.6.1 Inhibition by Ethanol

Ethanol produced by fermentation slows the assim-
ilation of nitrogen and paralyzes the yeast. Ethanol
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Table 3.6. Effect of ethanol addition to must on fermentation (in limited aerobiosis at 25°C) (Ribéreau-Gayon et al.,

1975a)
Alcohol Delay for Yeast Alcohol Alcohol Residual Nitrogen Glycerol
addition initiation of population content formed sugar assimilated (mmol/1)
(% vol.) fermentation (10%/ml) attained (% vol.) (g/) (mg/l)

(% vol.)
+0 1 day 80 14.0 14.0 2 252 57
+2 2 days 67 15.6 13.6 6 233 65
+6 4 days 62 18.2 12.2 15 194 72
+10 12 days 30 16.0 6.0 125 81 80
acts by modifying cell active transport systems
across the membrane (Henschke and Jiranek, 30L
1992). The quantity of alcohol necessary to block 20L

fermentation depends on many factors, including
yeast strain, temperature and aeration.

The presence of ethanol at the time of inocula-
tion prolongs the latent phase and reduces cellular
multiplication. An elevated temperature increases
this inhibitory action. This effect of ethanol on
yeast growth and fermentation speed occurs even
at low concentrations from the start of fermenta-
tion. The difficulty of restarting a stuck fermenta-
tion is, therefore, understandable.

The experiment in Table 3.6 shows the effect of
the addition of alcohol to grape must. It slows the
initiation of fermentation and limits the assimila-
tion of nitrogen and the formation of alcohol. Yet
the yeasts can continue their activity up to a higher
alcohol content, as long as the inhibitory action
of ethanol is not excessive. In this experiment,
the variation of the glycerol concentration repre-
sents significant metabolic modification. As seen
in Section 3.4.1, ethanol intensifies the inhibitory
effect of an elevated sugar concentration in must.

3.6.2 Inhibition by Fermentation
By-Products: the Use
of Yeast Hulls

Past observations have indicated the possibility of
the formation of substances other than ethanol, dur-
ing fermentation, having an inhibitory action on
yeast. Geneix et al. (1983) confirmed this hypothe-
sis (Figure 3.7). Synthetic fermentation media con-
taining variable concentrations of ethanol were
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Fig. 3.7. Evolution of Saccharomyces cerevisiae pop-
ulation in fermenting media containing different alco-
hol concentrations (A =1.7% vol.; B=7.0% vol.;
C =9.5% vol., obtained by fermentation or alcohol
additions) (Geneix et al., 1983). N; = cell count at time
t; Np = cell count at start (approximately 107 cells/ml).
(I) non-fermented media A and B. (II) non-fermented
medium C. (III) pre-fermented medium A. (IV) pre-
fermented medium B. (V) pre-fermented medium C

inoculated with S. cerevisiae. A first series con-
sisted of non-fermented and entirely synthetic
media. A second series consisted of pre-fermented
media. The ethanol in the second series came from
a fermentation stopped by double centrifugation in
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the growth, stationary and death phases of the pop-
ulation growth cycle.

The composition of the non-fermented and pre-
fermented media was as follows:

A: alcohol content = 1.7% vol.; sugar = 160 g/l
B: alcohol content = 7.0% vol.; sugar = 65 g/l
C: alcohol content = 9.5% vol.; sugar = 23 g/l

Figure 3.7 shows that yeasts grow in all the non
pre-fermented media. In the pre-fermented media,
on the other hand, growth is only possible in
medium A, which has a low alcohol concentration.
Population decline is significant in pre-fermented
medium C, which has an elevated alcohol content.
According to this experiment, fermentation cre-
ates other substances besides ethanol which inhibit
yeast growth and alcoholic fermentation. A com-
plementary experiment indicated that these sub-
stances are eliminated by charcoal, confirming past
observations. For a stuck fermentation, charcoal
helps to restart yeast activity by removing yeast
metabolism products from wine.

Research into the impact of various fermentation
by-products on yeast demonstrated the inhibiting
effect of Cg, Cg, and Cyy short-chain fatty acids
found in wine at concentrations of a few mil-
ligrams per liter. They affect cell membrane per-
meability and hinder exchanges between the inside
of the cell and the fermenting medium. When fer-
mentation stops, the yeast enzymatic systems still
function, but the sugars can no longer penetrate
the cell to be metabolized (Larue et al., 1982).
Salmon et al. (1993) confirmed that loss of activity
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of S. cerevisiae in enological conditions was linked
to inhibition of the transport of sugar. Fermentation
is inhibited by these C¢, Cg and C( saturated fatty
acids—hexanoic (caproic), octanoic (caprylic) and
decanoic (capric) acids. Other unsaturated, long-
chain fatty acids (C;s), however, are activators in
certain conditions: oleic acid, one double bond; and
linoleic acid, two double bonds (Section 3.5.2).
The term ‘fatty acid’ used in both cases can lead
to confusion.

The preceding facts lead to the use of yeast hulls
in winemaking. They are currently the most effec-
tive fermentation activators known for winemak-
ing (Lafon-Lafourcade et al., 1984). Yeast hulls
eliminate the inhibition of the fermentation by fix-
ing the toxic fatty acids (Lafon-Lafourcade et al.,
1984). The permeability of the cellular mem-
branes is re-established in this manner. Munoz
and Ingledew (1989) confirmed the toxic effect of
Cs, Cs and Cyq fatty acids and the activation of
fermentation by different varieties of yeast hulls.
According to these authors, in addition to their
properties of adsorption of fatty acids, yeast hulls
contribute sterols and unsaturated, long-chain fatty
acids to the medium. These constituents are consid-
ered to be ‘oxygen substitutes’ or survival factors
(Section 3.5.2). Whatever their mode of action,
yeast hulls are universally recognized as fermen-
tation activators. Table 3.7 gives an example of
the activation of the fermentation of a grape must
containing high sugar concentrations. The numbers
show the superiority of yeast hulls with respect to
ammonium salts for the activation of the fermen-
tation. During the final stage of fermentation, the

Table 3.7. Stimulation of wine fermentation by the addition of (NH4),SO4 or yeast hulls to grape must
before fermentation (results at the end of fermentation) (Lafon-Lafourcade et al., 1984)

Control Addition of Addition of
(no addition) yeast hulls (NH4),SO4
(g/h 0.2 g
0.2 1
Sugar fermented (g/1) 206 247 257 212
Total population (107 cells/ml) 11 14 10
Viable population (107 cells/ml) 10 26 1.7

Initial sugar concentration: 260 g/1; initial viable yeast population: 10° cells/ml; dry yeast: Saccharomyces cerevisiae;
fermentation temperature: 19°C. Yeast populations are counted at the end of fermentation.
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total cell population has not greatly increased but
the viable yeast population is clearly more signif-
icant in the presence of yeast hulls. This charac-
teristic survival factor effect does not exist when
only ammonium salts are added. The addition of
yeast hulls on the fifth day following the initiation
of fermentation, after the growth phase, has a more
pronounced effect on population survival than an
addition before fermentation.

Yeast hulls have proven to be effective in
musts that are difficult to ferment; for example,
those containing high sugar concentrations or
containing pesticide residues. Yeasts are also more
temperature resistant in their presence (Table 3.8).
They may be used, although less effectively, in
cases of stuck fermentation (Section 3.8.3).

Yeast hulls must be perfectly purified to avoid
an organoleptical impact on wines. The industrial
preparation of yeast extract results in pronounced
odors or tastes in the product and these must be
removed from the envelopes before use in wine.
Moreover, if the hulls are not sufficiently purified,
a souring (due to the presence of residual lipids)
may occur during storage in certain conditions.
This souring leads to an unfavorable development
in the wine’s organoleptic characters. Such circum-
stances have incited excessive criticism concerning
the use of yeast hulls.

The involvement of yeast hulls in fermentation
processes is also accompanied by variation in
the concentration of secondary products (higher
alcohols, fatty acids and their esters). As a result,
wine aromas and tastes can be modified. All
operations that affect fermentation kinetics affect
the wine—temperature, oxygenation, addition of
ammonium salts, etc.—and yeast hulls have no
more of an impact on the fermentation than these
other factors, and certainly less than temperature,

for example. Whatever the case, yeast hulls should
be used with prudence for the fermentation of
wines having a simple structure, such as certain
dry white wines. In this case, their effect can be
more significant.

3.6.3 Inhibition from Different Origins

Some vine treatment spray residues (e.g. Folpel)
are well known to inhibit fermentation. Sulfur-
and chloride-based compounds are the most harm-
ful to yeasts. Inoculation with fresh yeast once
the inhibiting residue has broken down is gen-
erally sufficient to reactivate fermentation in the
must (see Hatzidimitriou et al., 1997). However,
certain difficult final stages of fermentation can be
attributed to the presence of these residues. The
minimum time between the last application of a
product and the harvest date indicated by the man-
ufacturer is not always sufficient.

Elevated concentrations of tannins and colored
matter found in certain varieties of red wines can
hinder yeast activity. They bind to the cell wall
by a kind of tanning process. The effect of these
substances is not clear: some activate fermentation,
while others inhibit it.

Carbon dioxide produced by fermentation is
known to have an inhibitory effect. This occurs
during fermentations under pressure (sparkling
wines). A slight internal pressure in the tank is
sufficient to slow the fermentation, and above
7 bars fermentation becomes impossible. In nor-
mal winemaking conditions, carbon dioxide is
released freely and exercises no inhibition on the
fermentation.

The difference in fermentability of various
grapes and musts is linked with many poorly
controlled factors. In the same way that specific

Table 3.8. Stimulation of red wine fermentation by the addition of yeast hulls
(maximum fermentation temperature of 34°C attained on day 7) (Lafon-Lafourcade

et al., 1984)
Residual sugars during fermentation (g/1)
Day 4 Day 8 Day 9 Day 16
Control 22 15 15

Addition of yeast hulls (0.3 g/l)

15 2
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activators must exist, the presence of natural
inhibitors in grapes has been considered. Their
interaction would affect must fermentability.

More specifically, the preliminary development
of yeasts, lactic bacteria or Botrytis cinerea can
hinder the alcoholic fermentation process. In the
case of alcoholic fermentation difficulties, bacterial
growth and malolactic fermentation exacerbate
these difficulties. Stuck fermentations often result
(Sections 3.8.1; 6.4.1).

Among these causes of fermentation difficul-
ties, the involvement of Botrytis cinerea has been
the most studied. Must derived from parasitized
grapes (noble or gray rot) is more difficult to fer-
ment than must originating from healthy grapes.
Past works, summarized by Ribéreau-Gayon et al.
(1975a), identified a substance with antibiotic
properties; the authors named it botryticin. Sul-
fiting and prolonged heating at 120°C destroy
this substance. Ethanol at 80% can precipitate
it. Subsequent work showed that this fungistatic
substance is an either partially or completely
mannose-based neutral polysaccharide (Ribéreau-
Gayon et al., 1979). The phytotoxic properties of
such substances are known and this polysaccharide
affects fermentation kinetics. It is also the cause
of certain metabolic deviations induced by Botry-
tis cinerea—in particular an increase in the pro-
duction of glycerol and acetic acid (Section 2.3.4;
Volume 2, Section 3.7.2).

3.7 PHYSICOCHEMICAL FACTORS
AFFECTING YEAST GROWTH
AND FERMENTATION
KINETICS

3.7.1 Effect of Temperature

Alcoholic fermentation, depicted by the following
chemical equation:

C6H1206 e 2C2H50H + ZCOQ,

liberates 40 kcal of free energy per molecule.
Yeasts use part of this energy to ensure their
vital functions, in particular their growth and
multiplication, and to form two ATP molecules
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from a sugar molecule. These ATP molecules have
a high energy potential:

2ADP + 2H;PO4 —— 2ATP 4 2H,0

It takes 7.3 kcal of energy to form one ATP
molecule. The difference (40 — 14.6 = 25.4 kcal)
is non-utilized energy that is dissipated in the form
of heat, causing the fermentation tanks to heat.

This estimate of non-utilized energy is open to
discussion. In situations where part of the ATP
formed is not needed by the yeast, it is hydrolyzed
by the corresponding enzymes. Yet 25 kcal corre-
sponds fairly well with past thermodynamic mea-
sures of dissipated heat by the fermentation of one
molecule of sugar.

The fermentation of must containing 180 g (one
molecule) of sugar per liter therefore liberates
25 kcal in the form of heat. This liberation of heat
theoretically could raise the temperature from 20 to
45°C. Such an increase in temperature would kill
the yeast. Fortunately, this increase is the hypo-
thetical case of an explosive, instantaneous fer-
mentation or a fermentation in a fully insulated
tank. In reality, fermentation takes place over sev-
eral days. During this time, the calories produced
are dissipated by several phenomena: by being
entrained with the large quantity of carbon dioxide
released during fermentation; by cooling resulting
from the evaporation of water and alcohol; and by
exchanges across the tank wall.

Temperature increases in fermenters depend on
several factors.

1. The must sugar concentration, which deter-
mines the amount of calories liberated.

2. The initial must temperature.

3. The fermentation speed, which depends on must
composition (nitrogen-based substances) and
yeast inoculation conditions. Operations such
as aeration, chaptalization and inoculation will
increase the fermentation speed, limit the dis-
sipation of calories and increase the maximum
temperature. Reciprocally, not crushing the red
harvest in carbonic maceration (Section 12.9.1)
will slow fermentation kinetics and lower the
maximum temperature.
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4. Tank dimensions. When the volume increases,
the surface of the walls and their thermic
exchange capacity decrease when the same pro-
portions are maintained.

5. Tank material. The global thermic exchange
coefficient (K, expressed in cal/h/m? for each
degree difference in temperature) is from 0.7
to 0.78 for a concrete wall, 10 cm thick, from
1.46 to 1.49 for a 5 cm wooden wall, and from
5.34 to 32.0 for a 3 mm stainless steel wall. The
coefficient varies the most in the case of stain-
less steel. A stainless steel tank is sensitive to
the external conditions (temperature, aeration)
in which it is placed.

6. Aeration and cellar temperature. The ventilation
of the winery limits fermenting tank tempera-
tures by dissipating heat.

The maximum tank temperature is related to all
of these factors by complex laws and is difficult
to predict. Depending on the circumstances, the
maximum temperature can be compatible with red
winemaking. In this case, a maximum temperature
between 25 and 30°C ensures sufficient extraction
of phenolic compounds from the solid parts during
maceration. In other cases, refrigeration is neces-
sary to avoid exceeding the maximum temperature
limit. Refrigeration is always necessary for white
wines: their fermentation must be carried out at
around 20°C to retain their aromas.

Current refrigeration methods include circulat-
ing cold water or other cold fluid through the dou-
ble lining of metallic tanks or through a temper-
ature exchanger submerged in the tank. In certain
cases, spraying the exterior of a metallic tank can
be sufficient. The must can also be sent through
tubular exchangers cooled by circulating water,
itself refrigerated by an air exchanger.

Temperature has an impact on yeast develop-
ment and fermentation kinetics. According to Fleet
and Heard (1992), temperature can affect indige-
nous yeast ecology. The authors suggest that dif-
ferent strains are more or less adapted to dif-
ferent temperatures, ranging from 10 to 30°C.
More precisely, the growth rate varies for each
strain according to temperature—for instance,

with Kloechera apiculata and S. cerevisiae. The
possible enological consequences of this phe-
nomenon merit further research.

Numerous overlapping factors make it difficult
to anticipate the impact of temperature on fer-
mentation kinetics. Ough (1964, 1966) developed
equations for the estimation of the impact of tem-
perature on fermentation kinetics as a function of
numerous parameters. Bordeaux enologists dedi-
cated much research to this subject, summarized
by Ribéreau-Gayon et al. (1975a). Temperature
profoundly affects yeast respiratory and fermenta-
tion intensity (Table 3.9): the fermentation inten-
sity doubles for every 10°C temperature increase.
It is at its maximum at 35°C and begins to decrease
at 40°C. These numbers show the importance of
the fermentation temperature. The fermentation of
sugar is twice as fast at 30°C as at 20°C, and
for each temperature increase of 1°C the yeast
transforms 10% more sugar in the same elapsed
time. The optimal fermentation temperature varies
according to the yeast species.

Temperature influences fermentation kinetics.
The alcohol yield is generally lower at elevated
temperatures, in which case some of the alcohol
may be entrained with the intense release of car-
bon dioxide. Additionally, most of the secondary
products of glyceropyruvic fermentation are found
in greater concentrations. Fatty acids, higher alco-
hols and their esters are the most affected: their
formation is at its maximum at about 20°C and
then progressively diminishes. Low fermentation

Table 3.9. Average fermentation and respiratory inten-
sities (mm?® of O, consumed or of CO, released/g of
dry yeasts/hour) of various Saccharomyces cerevisiae
species according to temperature (Ribéreau-Gayon
et al., 1975a)

Temperature Respiratory Fermentation
intensity (Qo,) intensity <QCCO(§2>
15°C 42 118
20°C 6.7 168
25°C 9.6 229
30°C 114 321
35°C 6.2 440
40°C 3.0 376
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temperatures are justified when these products are
desired in white winemaking.

In addition to its influence on yeast activity,
temperature affects fermentation speed and limits.
Between 15 and 35°C, the duration of the latent
phase and the delay before the initiation of
fermentation become shorter as the temperature
increases. Simultaneously, yeast consumption of
nitrogen increases (Section 3.4.2).

For example, a grape must with a limited sugar
concentration (less than 200 g/l) takes several
weeks to ferment at 10°C, 15 days at 20°C and 3 to
4 days at 30°C. For musts with higher sugar con-
centrations, the fermentation becomes more limited
as the temperature increases; in fact, fermentation
can stop, leaving non-fermented sugar.

Table 3.10 concerns a must from Sauternes
containing more than 300 g of sugar per liter. The
same phenomenon occurred in Miiller-Thurgau’s
experiment in 1884 (cited in Ribéreau-Gayon
et al., 1975a). He fermented the same must with
increasing concentrations of sugar (Table 3.11).

The initial sugar concentration of must and
excessive temperatures limit ethanol production.
Other factors, such as the amount of oxygen

Table 3.10. Fermentation initiation speed and limits
according to temperature (Ribéreau-Gayon et al., 1975a)

Temperature Initiation of Alcohol content

fermentation attained (% vol.)
10°C 8 days 16.2
15°C 6 days 15.8
20°C 4 days 15.2
25°C 3 days 14.5
30°C 36 hours 10.2
35°C 24 hours 6.0

(Initial sugar concentration: approximately 300 g/l).

Table 3.11. Alcohol formation (% vol.) according to
fermentation temperature (Miiller-Thurgau, 1884)

Sugar Potential Alcohol produced at

concentration  alcohol

(g (% vol.) 9°C 18°C 27°C 36°C
127 7.2 7.0 69 69 4.2
217 124 11.8 11.0 94 4.8
303 17.3 9.9 9.1 7.7 5.1
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present, can limit or stop the fermentation at
relatively low alcohol concentrations (11-12%
vol.) and temperatures (less than 30°C). An
excessively high temperature (25-30°C), during
the yeast multiplication phase affects their viability
and favors stuck fermentations. The impact of
temperature on fermentation kinetics also varies
from one yeast strain to another.

These facts are important for winery practices
and show the difficulty of determining a maximum
acceptable temperature limit.

The impact of temperature on fermentation is
depicted in Figure 3.8. The latency time decreases
and the initial fermentation speed increases as the
temperature rises. The risks and severity of a stuck
fermentation also increase with temperature. Of
course, if the initial sugar concentration had been
lower in this example, the fermentation would
have been complete at 35°C. On the other hand, a
higher sugar concentration would have resulted in
a stuck fermentation even at 25°C. This shows that
fermentation speed increases as the temperature
rises but that the fermentation is also increasingly
limited.

SOF—mm e —em-aa 25°C
) [y 30°C

%]
[\S)

Fermented sugar concentration (g/1)

Time (days)

Fig. 3.8. Influence of temperature on fermentation
speed and limit (Sp = initial sugar concentration). At
25°C, fermentation is slower, but complete. At 30°C,
and especially 35°C, it is more rapid, but stops at fer-
mented sugar concentrations S; and S, respectively,
below Sy



102 Handbook of Enology: The Microbiology of Wine and Vinifications

An abrupt temperature change during fermenta-
tion can lead to thermic shock. This phenomenon
is different from the notion of shock or stress
that is used in microbiology (Section 6.2.5). In
certain wineries, white wine fermentation tanks
are situated outdoors due to space limitations.
These wines, fermenting at moderate temperatures
(20°C), have difficulty withstanding the abrupt
temperature variations between day and night
when autumn cold first arrives. The fermentation
progressively slows and finally stops. A second
inoculation is not effective. If these wines are
transferred to a tank at a constant temperature
before the fermentation has completely stopped
and after a consequent inoculation, fermentation
will be completed. Laboratory tests confirm that
an abrupt temperature change, in one direction or
the other, affects yeast activity. This phenomenon
merits more in-depth study.

The data in Table 3.12 are taken from a
laboratory experiment. At 12°C, the fermentation
is slow but complete. At 19°C, the fermentation is
quicker and sugar transformation is also complete.
If the fermentation begins at 19°C and is abruptly
lowered to 12°C, it stops, leaving non-degraded
sugar. The same is true for a fermentation whose
temperature abruptly increases from 12 to 19°C.
If thermic shock occurs during the final stage of
fermentation (after the fermentation of 120 g of

Table 3.12. Effect of temperature variations (thermal
shocks) on grape must fermentation (Larue et al., 1987)

Fermentation Duration of  Residual sugar
temperature fermentation  concentration
(days) at end of
fermentation
(g

12°C 93 <2
12°C, transferred

at 19°C after trans-

formation of 40 g

sugar/l. 56 27
19°C 50 <2
19°C, transferred

at 12°C after trans-

formation of 40 g

sugar/l 21 108

Initial sugar concentration: 220 g/1.

sugar per liter, for example), its effect is less
significant.

To recapitulate, an increase in temperature accel-
erates the fermentation but also adversely affects
its limit. A stuck fermentation can also occur if
other limiting factors add their effects (richness in
sugar, anaerobiosis). For this reason, there is no
fixed temperature limit above which fermentation
is no longer possible. In red winemaking, the fer-
mentation temperature should never exceed 30°C:
above this temperature, the risks are certain. Of
course, this does not mean that a fermentation can-
not be complete at temperatures at or above 35°C.

The yeast is most sensitive to temperature at the
beginning of its development; it is more resistant
during the final stage of fermentation. For this
reason, in red winemaking, the fermentation should
begin at 18-20°C and be allowed to increase
progressively to 32°C or even a little higher.
The higher final temperature favors maceration
phenomena. An excessively high temperature at
the initiation of fermentation (around 30°C) can
result in a difficult final stage of fermentation.

3.7.2 Influence of Oxygen— Effect
of Must Aeration

Yeasts use energy derived from the degradation of
sugars. This degradation is carried out by either the
respiratory or the fermentation pathway. In grape
must, due to the catabolic repression of respiration
exerted by must glucose in S. cerevisiae, sugar
degradation is carried out exclusively by alcoholic
fermentation.

Yeast respiratory capacity is put to good use in
enology for the production of flor wines. In this
case, yeasts oxidize ethanol into aldehyde in dry
wines. Oxidative yeasts can also develop during
winemaking: they oxidize ethanol into carbon
dioxide and are considered to be spoilage yeasts.

Pasteur spoke of must fermentation as a type of
‘life without air’. Yeast development and fermen-
tation have long been known to be impossible in
the complete absence of oxygen (Ribéreau-Gayon
et al., 1951). The complete absence of oxygen sup-
poses the fermentation of a must devoid of oxygen
in complete anaerobiosis. The must would also
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have to be inoculated by a yeast-starter cultivated
in the absence of oxygen. Experimental conditions
in complete anaerobiosis are difficult to maintain.
For this reason, some authors might have thought
that oxygen was not absolutely necessary for fer-
mentation Kinetics.

On the contrary, oxygen has a considerable
impact on the fermentation kinetics of wine. The
addition of oxygen is probably the most effective
method available to the winemaker for controlling
must fermentation. For this reason, the terms
‘complete anaerobiosis’, ‘semi-anaerobiosis’ or
‘limited aerobiosis’ are sometimes used to explain
the amount of oxygen added during fermentation.
In laboratory experiments, samples are sealed
with a sterile wad which permits the controlled
introduction of oxygen and ensures an exchange
in both directions between the interior and exterior
environment. Complete anaerobiosis is obtained
by obturating the opening of the samples with a
fermentation lock.

In the winery, open tanks leaving the wine
in contact with air permit a permanent aeration.
They are not recommended, because of the risk
of bacterial development—closed tanks are prefer-
able but a controlled amount of oxygen should be
added to the fermenting wine in these tanks dur-
ing pumping-over, for example. This technique has
been widely used in red winemaking for many
years. The fermenting must is easily saturated
in oxygen (6—8 mg/l). Pumping-over, however, is
less used in white winemaking because of fears
of oxidating the must and modifying the aromas.
In fact, this fear has not been confirmed in prac-
tice, since the yeast can absorb a large amount of
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oxygen during fermentation. The aromas of must
before fermentation and in white wine separated
from its lees after fermentation are susceptible to
oxidation, but the aromas of must during fermen-
tation are probably less affected by aeration.

Aeration accelerates fermentation and as a
result increases the demand for nitrogen-containing
nutrients. Oxygen favors the synthesis of sterols
and unsaturated fatty acids, improving the cell
membrane permeability and consequently glucide
penetration. The addition of oxygen has an effect
similar to the addition of sterols, which are
considered to be oxygen substitutes.

The data in Table 3.13, taken from an experi-
ment carried out many years ago in the labora-
tory of Ribéreau-Gayon (Ribéreau-Gayon et al.,
1951), show the effects of controlled aeration
on the fermentation kinetics of a relatively high-
sugar must. In complete anaerobiosis, fermentation
stops on the 14th day, leaving 75 g of sugar per
liter. On the 21% day, the yeast population was
5 x 107 cells/ml. In limited aerobiosis, the fermen-
tation is complete with a yeast population twice as
great. Moreover, the initiation of fermentation and
its initial speed are greater in the presence of oxy-
gen. Of course, if the initial sugar concentration
had been lower in the experiment in Table 3.13,
the fermentation would have been complete in both
cases, although slower in anaerobiosis. A higher
sugar concentration would have led to a stuck fer-
mentation in both cases before the complete deple-
tion of sugar.

In winemaking, permanent aeration is rarely
possible, but momentary aerations are a suitable
replacement. The data in Table 3.14 are also

Table 3.13. Evolution of the fermentation of a grape must containing a high sugar
concentration (270 g/l) according to aeration conditions (Ribéreau-Gayon et al., 1951)

Time Limited aerobiosis
(cotton stoppered flasks)

Anaerobiosis
(bubbler stoppered flasks)

Residual sugars

Total cells

Residual sugars Total cells

(g (107/ml) (g (107/ml)
7 days 86 140
14 days 2 75
21 days 2 75 5

Initial inoculation: 10° cells/ml.
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Table 3.14. Effect of oxygen addition at different stages of grape must fermentation containing
228 sugar/gl (measurement made on day 14 of fermentation) (Ribéreau-Gayon et al., 1951)

Fermentation aeration

Oxygen added®

Total yeast cells Fermented sugars

(ml/l) (107/ml) (g
In contact with air
(limited permanent aeration) 9.3 225
Without air contact
Without aeration 0 5.1 164
Brief aeration before fermentation 6.0 6.2 164
Brief aeration on day 2 0.15 5.8 190
0.75 6.1 196
1.5 6.3 205
6.0 7.5 223
Brief aeration on day 4 0.75 53 184
1.5 6.0 202
6.0 6.0 202
Brief aeration on day 8 6.0 5.2 173

2Oxygen can be expressed in mg/l by multiplying the values by 1.43 (density of oxygen with respect to air).

taken from a past experiment (Ribéreau-Gayon
et al., 1951). They confirm the difference in
fermentability between musts in the presence and
in the absence of oxygen. The effect of oxygen on
fermentation kinetics increases with the quantity
of oxygen introduced. The timing of the addition
of oxygen appears to be especially important. The
acceleration of the fermentation is most significant
when oxygen is added on the second day following
the initiation of fermentation, during the growth
phase of the yeast population. In this case, the
fermentation is nearly as (if not as) rapid as a
fermentation with limited permanent aeration; the
same amount of sugar is also transformed. In fact,
it is not the must that needs to be aerated but rather
the yeasts fermenting the must—especially the
population in the growth phase. Other experiments
confirm yeast use of oxygen primarily during the
first stages of fermentation. They do not benefit
from an aeration when the fermentation is in its
advanced stages and the alcohol concentration is
excessive.

These observations are significant for prac-
tical purposes and they should be taken into
account during winemaking—especially red wine-
making (Section 12.4.2). The risks of winemaking

in open tanks, or permanent aerobiosis, are known
(Section 12.5.1). Anaerobiosis in tanks is recom-
mended if oxygen is added at the right moment.
The acceleration of the fermentation induced by
a momentary aeration must nevertheless be antic-
ipated. This acceleration results in a more signifi-
cant heating of the wine.

The experiments cited in this section date back
to Ribéreau-Gayon et al. (1951). Even if no longer
cited in recent works, the results are still valid
(Fleet, 1992). In particular, Sablayrolles and Barre
(1986) retained the same values for yeast oxygen
needs, i.e around 10 mg/l; they also confirmed the
significant influence of oxygen and the moment
of its addition on fermentation kinetics. Other
research has shown that aeration, combined with
the addition of nitrogen in mid-fermentation, is
more effective than aeration alone (Sablayrolles
etal., 1996a and 1996b) (Section 3.4.2). This
effect is apparently more marked in certain media
under certain fermentation conditions.

3.7.3 Effect of Must Clarification
on White Grapes

Must clarification before the initiation of fermen-
tation has long been known to affect the quality
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of white wine (Section 13.5.1). Yeasts fermenting
clear must form more higher alcohols, fatty acids
and corresponding esters. In addition, must sus-
pended solids can impart heavy and disagreeable
vegetal odors. The racking of must is therefore
essential.

Must clarification also affects fermentation phe-
nomena. It eliminates some of the wild yeasts,
along with the natural vegetal sediment, but inoc-
ulation compensates for this loss, and is also often
recommended to compensate for the small popu-
lation present at the time of filling the tank. In
this manner, fermentation is carried out by selected
strains that best express must quality, without the
development of olfactory flaws.

During juice settling, certain conditions useful
for sedimentation (such as low temperature and
sulfiting) can promote the development of certain
strains resistant to these conditions. Of course,
this growth must not become a fermentation;
otherwise, it would put the sediments back in
suspension. Nevertheless, these strains can develop
preferentially during fermentation even after an
active yeast inoculation (Fleet, 1992).

Clarification essentially modifies must ferment-
ability. Clear must is known to ferment with
more difficulty than cloudy must (though the
elimination of yeasts is not the only reason for this
fermentation difficulty, as was once thought). Yet
clarification simultaneously favors the aromatic
finesse of the wine. White wine quality is thought
to be enhanced by a somewhat difficult and
slow fermentation. In general, all operations that

Table 3.15. Analysis of the effect of different must
Gayon et al., 1975b)
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accelerate fermentation will lower wine quality,
and vice versa. A compromise permitting complete
fermentation and satisfactory wine quality must
be sought.

Several researchers have studied the effect of
grape must lees and other solid materials on
fermentation kinetics (Ough and Groat, 1978;
Delfini and Costa, 1993). Ribéreau-Gayon et al.
(1975b) evaluated the effect of several related
factors on must fermentability: the elimination
of yeast, the elimination of nutritive elements
released by grape must sediment and a possible
support effect which would permit a greater
yeast activity, possibly by the fixation of toxic
compounds (short-chain fatty acids). A number of
fermentations were carried out in the laboratory
under different conditions. For this experiment,
the medium was heated at 100°C for 5 minutes
to destroy the yeasts and ensure the solubilization
of the nutritive elements likely to be involved
in fermentation. In view of the destruction of
the yeasts under certain conditions, the medium
was systematically inoculated, using a strain of
S. cerevisiae with good fermentation potential at a
relatively low concentration (103/ml) to assess any
possible effect of natural elimination of the yeast.
In this manner, the subsequent effect of the natural
elimination of yeasts can be appreciated. By
comparing the different samples, the contribution
of each of the three parameters to the loss of
fermentability could be evaluated. The results of
two tests with different concentrations of sugar
are given in Table 3.15. Fermentability loss due to

clarification operations on fermentability loss® (Ribéreau-

Cause of fermentability loss Trial A Trial B
(initial sugar concentration (initial sugar concentration
220 gfl) 285 gf/l)
Measured on day 2 Measured on day 5

Total fermentability loss due to clarification 62% 37%
Elimination of yeasts in lees 27% 10%
Elimination of support effect of lees 9% 13%
Elimination of nutritive elements released by lees 23% 21%
Total fermentability loss 59% 44%

4Fermentability loss is defined as the percentage of sugar remaining unfermented, in comparison to a non-clarified control, all other

conditions being the same.
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juice clarification appeared to be significant. The
measurements were taken on the second and fifth
day of fermentation and it should be taken into
account that the slowing of the fermentation due
to juice settling and clarification is most obvious
at this time. The differences tend to become less
apparent over time. In test A, the fermentation
is complete even after juice settling. In test B,
juice settling results in a stuck fermentation. In
spite of the necessary approximations made in
carrying out this experiment, it shows the multitude
of effects of juice settling. Furthermore, the sum
of the individual fermentability losses corresponds
fairly well with the total loss.

The nature of the sediment and its effect on must
fermentability are related to grape origin, grape
sanitary conditions and must extraction condi-
tions. Lafon-Lafourcade et al. (1980) demonstrated
the essential role of the crushing and pressing
conditions of white grapes. In identical clarifica-
tion conditions, musts extracted after the energetic
crushing of grapes ferment less well than musts
originating from pressing without crushing. This
difference in fermentation can result in a stuck fer-
mentation when associated with other unfavorable
conditions (elevated sugar concentrations, com-
plete anaerobiosis, etc.). Pressing without crushing
maintains the juice in contact with the skins for
a certain period, and this contact seems to per-
mit the diffusion of grape skin steroids. In the
same manner, pre-fermentation skin contact gen-
erally results in a must with a good fermentabil-
ity, even after careful juice settling. Delfini et al.
(1992) noticed that must clarification eliminates
long-chain fatty acids. Their elimination has been
linked to the increased production of acetic acid
frequently reported in white musts with fermen-
tation problems, particularly those that have been
highly clarified.

Must lees particles and even glucidic macro-
molecules, making up part of the colloidal turbidity
of musts such as yeast hulls, can adsorb short-
chain fatty acids (C8 and C10) (Section 3.6.2)
(Ollivier et al., 1987). In consequence, the level
of must clarification should be controlled for
each type of white winemaking by measuring
must cloudiness or turbidity, expressed in NTU

(Sections 13.5.2; 13.5.3). For vineyards in the
Bordeaux region, a turbidity of less than 60 NTU
can lead to serious fermentation difficulties. Above
200 NTU, the risk of olfactive deviations due to
the presence of must lees is certain.

3.8 STUCK FERMENTATIONS

3.8.1 Causes of Stuck Fermentations

Stuck fermentations have always been a major
problem in winemaking. French enological liter-
ature has mentioned them since the beginning of
the 20th century. The production of fortified wines
was definitely a response to difficult final stages
of fermentation and the ensuing microbial acci-
dents, especially in countries with warm climates.
These wines were rapidly stabilized by the addi-
tion of pure alcohol. Around the world, many of
these wines disappeared as progress in microbiol-
ogy permitted the elaboration of dry wines.

Stuck fermentation continues to be a much
discussed subject. In some cases, a modification
of vine varieties has produced grapes that have
high sugar concentrations. These grapes are more
difficult to ferment than past varieties. In other
cases, winemakers have recently realized that
sluggish fermentations spread over several months
are not ideal for making wine.

As red winemaking techniques used in Bordeaux
(grapes with a relatively high sugar content and
long vatting requiring closed vats) are particularly
conducive to this problem, it has been studied here
for many years. In the 1950s in-depth research
in Bordeaux resulted in important discoveries
concerning temperature regulation and aeration.
The ubiquity of stuck fermentations in other
viticultural regions led to new research confirming
past work.

The slowing of fermentation can be monitored
by tracking the mass per unit volume. If a density
below 1.005 decreases by only 0.001 or 0.002
per day, a stuck fermentation can be anticipated
before the complete depletion of sugar. From
past experience, the consequences of a stuck
fermentation are not too serious if it occurs with at
least 15 g of sugar per liter and a moderate alcohol
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content (<12% vol.). In this case, the restarting of
fermentation does not pose any major problems.
On the other hand, with a sugar concentration of
less than 10 g/l, it is often very difficult to restart
stuck fermentations, particularly when malolactic
fermentation is initiated.

A stuck fermentation can result from a partic-
ular cause. For example, an excessive must sugar
concentration makes a complete fermentation im-
possible; in this case, only a sweet wine can be
made. Stuck fermentations can be expected in the
case of excessive temperatures, and this type of
stuck fermentation is generally the result of several
causes. The effects are cumulative, although some-
times individually without consequence. Winemak-
ers do not always understand possible cumulative
risks and the precautions that must be taken.

To summarize, the following factors can be
involved in stuck fermentations:

1. The must sugar concentration has an inhibitory
effect which compounds the toxicity of the
alcohol formed. The addition of sugar to
must (chaptalization), when it is too late,
requires yeasts to pursue their metabolic activ-
ity although already hindered by the alcohol
formed.

2. An excessive temperature results from the ini-
tial temperature, the quantity of sugar fer-
mented, and the type of tank used (dimensions
and material). All operations that accelerate the
transformation speed of sugar increase the max-
imum temperature. The temperature becomes a
limiting factor at about 30°C. The effect is more
pronounced when the temperature is elevated in
the early stages of fermentation. Normally, the
fermentation should begin at a moderate tem-
perature (20°C).

3. Conversely, too low of an initial temperature
can limit yeast growth and lead to an insuf-
ficient yeast population. At moderate tempera-
tures, yeasts have difficulty supporting extreme
temperature changes (thermic shocks).

4. Complete anaerobiosis does not permit satisfac-
tory yeast activity (growth and survival). Aera-
tion increases fermentation speed. It must take
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place in the early stages of fermentation, during
the population growth phase. Oxygen substi-
tutes such as steroids and long-chain fatty acids
can also improve fermentation kinetics.

5. Yeast activity can be affected by nutritional
deficiencies: nitrogen compounds, growth fac-
tors, and possibly minerals. Combined additions
of oxygen and ammoniacal nitrogen appear
to be particularly effective. These nitrogen
deficiencies probably occur in specific situa-
tions that we are now capable of predicting.
The effectiveness of the addition of nutritive
elements, observed in laboratory work, should
be interpreted with respect to other fermenta-
tion conditions (sugar concentration and aera-
tion). Certain grape growing conditions, such
as hydric stress, old vines, and cover cropping
vineyards to decrease vine vigor, can lead to
less fermentable musts. Under these conditions,
stuck fermentation is probably due to nutrient
deficiencies (nitrogen), which probably require
further investigation.

6. Metabolic by-products (C6, C8 and C10 satu-
rated fatty acids) inhibit yeast growth, intensi-
fying alcohol toxicity.

7. Anti-fungal substances can be present in
must—opesticide residues used to protect the
vine or compounds produced by Botrytis
cinerea in rotten grapes.

8. In white winemaking, must extraction condi-
tions have a significant influence: grape crush-
ing, conditions of juice draining, pressing of
the crushed grapes, and especially the level of
must clarification (juice settling). These oper-
ations may result in the excessive elimination
of steroids, which act as survival factors for
the yeast.

In the acidity range of the must, a high acidity
does not seem to favor fermentation, but an ele-
vated pH can make the consequences of a stuck
fermentation much more serious. A low pH com-
bines with the effect of sulfiting to inhibit bac-
terial growth. In this case, antagonistic phenom-
ena between bacteria and yeasts diminish and the
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fermentation is more steady. Another unfortunate
consequence of low pH is that it promotes the for-
mation of volatile acidity by the yeast.

In addition to chemical and physicochemical
causes of stuck fermentations, microbial pheno-
mena also are involved. First of all, the quantity
of the initial yeast inoculum can be insufficient
(Section 3.5.4) if, for example, must tempera-
ture is exaggeratedly low. Antagonistic phenom-
ena between different yeast strains can also occur,
and the killer factor (Section 1.7) explains this
fairly widespread antagonism. Fermentation can
be rapid in some tanks while being slower in
others, and strain identification techniques have
shown that fermentation is carried out almost
exclusively by one strain in the first case, whereas
several strains ferment the must in the second
case (Section 1.10.2). These antagonistic phenom-
ena can affect an inoculation. In certain conditions
(for example, a significant natural inoculum in full
activity), inoculating with dry commercial yeast
leads to a slower fermentation than not inoculating.
Yeast strains must therefore be selected according
to the type of wine being made, ensuring that they
are more active and numerous than the indigenous
yeasts. The necessary conditions for controlling
fermentation include: cleanliness; inhibiting nat-
ural yeasts sufficiently early by maintaining low
temperatures; sulfiting appropriately; and inoculat-
ing with an active yeast starter as soon as the tank
is filled to ensure its rapid implantation.

Antagonistic phenomena between yeasts and
lactic acid bacteria can also cause fermentation
difficulties (Section 6.4.1), especially in red wine-
making (Section 12.4.3). The initial sulfiting of
the grapes must temporarily inhibit the bacteria
while at the same time permitting yeast devel-
opment and sugar fermentation. Bacteria do not
develop as long as yeast activity is sufficient, but if
alcoholic fermentation slows for some reason, bac-
teria can begin to grow—especially if the initial
sulfiting was insufficient. This bacterial develop-
ment aggravates yeast difficulties and increases the
risks of a premature, stuck alcoholic fermentation.
The bacterial risk is an additional justification
for red grape sulfiting (5 g/hl) before fermen-
tation (Section 8.7.4). The addition of lysozyme

(200-300 mg/l), extracted from egg whites, has
been suggested to reinforce the inhibitory effect
of sulfuring on bacteria in difficult fermentations
(Section 9.5.2). In addition, the inoculation of lac-
tic acid bacteria (Oenococcus oeni) before alco-
holic fermentation to activate a subsequent mal-
olactic fermentation is not recommended; in the
case of difficult alcoholic fermentations, this opera-
tion increases the risk of bacterial spoilage (Section
3.8.2). Yet this is standard practice in some vine-
yards. The relationship between this practice and
an increase in volatile acidity should be considered.

For a long time, difficult final stages of fermen-
tation and stuck fermentations were a real prob-
lem during red winemaking. Temperature control
systems and the general practice of pumping-over
with aeration limited these incidents. White musts,
however, have become increasingly difficult to fer-
ment because of excessive clarification and mech-
anized must extraction conditions. This excessive
clarification removes must constituents essential
for a complete fermentation. In white winemak-
ing, the must is often not aerated to avoid oxi-
dation, yet a lack of aeration during fermentation
also contributes to fermentation difficulties. Today,
controlled aeration of white musts is recommended
during fermentation as the CO, being released pro-
tects them from oxidation.

Human error is another factor that certainly has
an impact on stuck fermentations, although it is
difficult to prove. It is not unusual to find wineries
where stuck fermentations occur with some reg-
ularity, as though there was a specific, technical
cause that could be identified and corrected, then
disappear completely following a change in wine-
maker.

3.8.2 Consequences of Stuck
Fermentations

Residual sugar is not acceptable in dry white and
most red wines. A stuck fermentation therefore
requires the restarting of yeast activity in a
hostile medium. Evidently, if the alcohol content
is already elevated (13% vol.), the chances of
restarting the fermentation are slim.

The risk of bacterial spoilage is the principal
danger of a stuck fermentation.
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Fig. 3.9. Effect of different microbial phenomena during primary and secondary fermentations (Ribéreau-Gayon 1999)

Figure 3.9 schematizes the involvement of differ-
ent microbial phenomena, (red winemaking is
specifically represented since malolactic fermenta-
tion is taken into account) (Ribéreau-Gayon, 1999).
The various stages of fermentation are understood.
Yeasts ferment sugars, and yeast activity should
stop only when all of the sugar molecules have
been consumed. The lactic acid bacteria then assert
themselves, exclusively decomposing malic acid
molecules in a process called malolactic fermen-
tation. If yeast activity stops before the complete
depletion of must sugar, bacteria can develop.
Bacterial development depends on several factors,
including the initial sulfiting of the grapes and the
possible addition of lysozyme (Section 9.5.2). The
inoculation of malolactic fermentation bacteria in
the must also promotes their development. Acetic
acid is formed when lactic bacteria, mainly hetero-
fermentative Oenococcus, are present in a medium
containing sugar. In these situations, the volatile
acidity can rapidly increase to unacceptable levels
even if there is a relatively small residual sugar con-
centration. In fact, bacteria form acetic acid from
sugar after their growth phase, during which malic
acid is assimilated. In consequence, in the case of a
stuck alcoholic fermentation, the winemaker can let
the malolactic fermentation continue until its com-
pletion before inhibiting the bacteria.

The understanding of the processes repre-
sented in Figure 3.9 constituted an unquestionable
progress in wine microbiology. As a result, certain
operations were initiated to control the alcoholic
fermentation and avoid stuck fermentations. The
volatile acidity of top-ranked red wines decreased
substantially, with a corresponding improvement in
quality. In the 1930s in the Bordeaux region, the
volatile acidity of these wines was often 1.0 g/l
(expressed in H,;SO4) or 1.2 g/l (expressed in
acetic acid). The content has been decreased half
this value and today’s higher figures are due to
various problems during fermentation and storage,
which can and must be avoided.

3.8.3 Action in Case of a Stuck
Fermentation

Many stuck fermentations result from winemaking
errors. Moreover, systematic stuck fermentations
have been observed in certain wineries year after
year. They disappear without any apparent reason
at the same time that the winemaker changes. More
often than not, the necessary operations are known
but not carried out properly. In red winemak-
ing, stuck fermentations often result from exces-
sive temperatures at the initiation of fermentation
and a poor control of tank temperature during
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fermentation. Insufficient dissolution of oxygen
during pumping-over can also contribute. In white
winemaking, excessive must clarification, temper-
ature variations and the absence of air contribute to
fermentation problems. Of course, a higher sugar
concentration in the must increases the risks, but
in certain situations there is no satisfactory expla-
nation for stuck fermentations.

A density that remains stable during 24 or
48 hours confirms a stuck fermentation. In this
case, different procedures exist to restart the fer-
mentation while avoiding bacterial spoilage.

Restarting a fermentation is often a difficult
operation. First of all, this medium is rich in alco-
hol and poor in sugar—it is not conducive to the
development of a second fermentation. In addition,
the yeasts are exhausted from the first fermenta-
tion and they react poorly to the different stim-
uli employed. They benefit more from different
operations such as nitrogen supplementation and
oxygenation at the beginning of their development,
when the medium contains high sugar concentra-
tions and does not contain ethanol. Therefore, an
operation after a stuck fermentation cannot com-
pensate for a winemaking error. All operations
beneficial to the fermentation should be employed
from the start of the winemaking process to avoid
stuck fermentations. The prevention of stuck fer-
mentations is essential to winemaking and it should
take into account all of the recommendations pre-
viously stated.

In spite of all precautions, a stuck fermentation
may still occur. In this case, white wines must
be treated differently from reds which undergo
malolactic fermentation. At the time of the stuck
fermentation, the red wine tank contains must
and pomace rich in bacteria. The wine should be
drained rapidly, even if the skin and seed mac-
eration is not complete. Draining eliminates part
of the bacterial contamination and introduces oxy-
gen, which favors the restarting of fermentation
and decreases the temperature. The wine can be
sulfited at the same time, to inhibit bacterial devel-
opment. In some cases, the fermentation restarts
spontaneously.

Even if the stuck fermentation results from the
combination of several elementary causes, each has

its own effect on the ease of restarting the fermen-
tation. Excessive temperatures destroy yeasts but
do not make the medium unfermentable, as does
fermentation in complete anaerobiosis.

If the fermentation does not restart on its
own, an inoculation with active yeast is required.
At present, commercial dry yeasts are inactive
in media containing more that 8-9% vol. of
alcohol, due to manufacturing conditions. In the
future, industrially prepared yeast capable of
developing in a medium containing alcohol would
be desirable. Bacteria with this property have now
been developed for malolactic fermentation.

An active yeast starter must be prepared using
the stuck fermentation medium adjusted to 9%
vol.alcohol and 15 g of sugar per liter; 3 g of SO,
per hectoliter is also added. The active dry yeasts
are added at a concentration of 20 g/hl. Their
growth at 20°C requires several days and it is mon-
itored by measuring the density or measuring the
sugars. When all of the sugar has been consumed,
the yeasts are at the peak of their growth phase.
This yeast starter, rich in activated yeasts and no
longer containing sugar, is inoculated into the stuck
fermentation medium at a concentration of 5—-10%.
Several days are required for the complete exhaus-
tion the last few remaining grams of sugar. It is a
long and painstaking operation. The volume of the
yeast starter can also be progressively increased
by adding larger and larger quantities of the stuck
fermentation wine to it.

In choosing a yeast strain, the yeasts should
certainly be resistant to ethanol. Yeasts commer-
cialized under the name S. bayanus could be rec-
ommended but they seem to have a propensity
to form volatile acidity in these conditions. Com-
mercially available S. cerevisiae yeasts (formerly
S. bayanus), known for their resistance to ethanol
and low probability of producing volatile acidity,
are recommended for this purpose.

Effectively, the volatile acidity of the wine tends
to increase during the restarting of a stuck fer-
mentation. This generally occurs when the yeasts
encounter unfavorable conditions. Certain yeast
strains are more predisposed to forming it than oth-
ers. The addition of 50 mg of pantothenic acid per
hectoliter (not authorized by EU legislation) not
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only can limit its formation but also can contribute
to the disappearance of an excess of acetic acid.

The temperature for restarting the fermentation
must be considered. A slightly elevated temper-
ature favors cellular multiplication but the anti-
septic properties of ethanol increase with temper-
ature. The risk of an increase in volatile acidity
also seems to be in function of temperature. For
these reasons, the restarting of the fermentation
should be carried out at a temperature between 20
and 25°C.

Existing activated yeasts in the winery can also
be used to restart a stuck fermentation. If there is a
large volume of fresh harvest available at the right
moment, the tank with the stuck fermentation can
be drowned with it. This operation, however, is in
conflict with the legitimate desire to select cuvées.
The practice of adding 5-20% of a medium
in full fermentation to a stopped tank should
be carried out with prudence. Active yeasts are
certainly added but sugar is too. In this situation,
the fermentation has sometimes been observed to
restart and then stop again, leaving about the same
amount of sugar that existed before the operation.
The lees of a tank that has normally completed its
fermentation can also be used as a yeast starter to
restart a stuck fermentation. Supplemental sugar
is not introduced into the medium, but yeast
in their death phase are no longer very active.
The correct restarting of a fermentation requires
the introduction of active yeasts in this alcoholic
medium without introducing supplemental sugar.
The preparation of a yeast starter using dry yeast
gives the most satisfactory results.

In white winemaking, at least when malolactic
fermentation is not sought, the wine with a stuck
fermentation should be lightly sulfited to protect
against bacterial development. The fermentation
can then be restarted using a yeast starter prepared
according to the preceding instructions.

Many possible adjuvants helping to restart a
stuck fermentation have been proposed. The addi-
tion of ammonium salts does not raise any counter-
indications, but no appreciable improvement of the
second fermentation has been observed. The addi-
tion of ammonium sulfate should be limited to
5 g/hl due to the limited use of nitrogen by yeasts.
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Flash-pasteurization (heating between 72 and
76°C for 20 seconds) seems to be effective. It
improves the fermentability of wines with stuck
fermentation (Dubernet, 1994). This operation is
valid for red, ros¢ and dry white wines and
should be carried out before inoculating. Its heating
effect can be likened to the effect observed dur-
ing thermo-vinification (Section 12.8.3). In spite
of the destruction of yeasts, the heated musts
ferment especially well. The effects of this pro-
cess merit further study but several explanations
can be proposed: fermentation by a sole strain
avoiding microbial antagonisms; addition of nutri-
tive elements due to yeast lysis; elimination of
toxic substances; and modification of the colloidal
structure.

Active charcoal has also been used for a
long time to reactivate fermentations (10—20 g/hl).
Such an addition is hardly conceivable in red
wines, but its effectiveness for stuck fermentations
in white wines is recognized. It works by eliminat-
ing yeast inhibitors (fatty acids) (Section 3.6.2).

The addition of yeast hulls is certainly the most
effective way of restarting a stuck fermentation,
although less so than in preventing fermentation
from stopping in the first place. (Section 3.6.2).
They can be added to the yeast starter prepa-
ration or directly to the medium with the stuck
fermentation.

In results of an experiment given in Table 3.16,
the first fermentation of a must initially containing
250 g of sugar per liter stops at 67 g of non-
fermented sugar per liter. The second fermentation
is conducted after an inoculation at 10° cells of
S. cerevisiae per milliliter, without the addition
of yeast hulls in the control sample and with an
addition of 0.5 g/l in the test sample 24 hours later.
This addition permits a complete fermentation

Table 3.16. Restarting fermentation (after a sponta-
neous stuck fermentation) by addition of yeast hulls
(Lafon-Lafourcade et al., 1984)

Residual sugars (g/1)
Day 9 Day 16 Day 36

Control 57 36 13
+50 g/hl of yeast hulls 53 23 1.4
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in 36 days, which is not possible in the control
sample.

A massive addition of yeast hulls combined with
an inoculation of active yeast can result in olfactive
modifications of light wines such as whites and
rosés. Doses between 20 and 30 g/hl (maximum)
are therefore recommended.

In white as well as red winemaking, the restart-
ing of a stuck fermentation should be closely mon-
itored, especially by measuring volatile acidity to
ensure that the alcoholic fermentation is pure. The
smallest increase in volatile acidity represents a
bacterial contamination, which should absolutely
be avoided. A judicious sulfiting should prevent
contamination; without a doubt, it slows the fer-
mentation. Yet if the doses are adapted to the
situation (3-5 g/hl), the fermentation will not be
definitively compromised; it will restart after inoc-
ulating. It must also prevent all bacterial develop-
ment before the complete depletion of sugars, even
though its addition can make malolactic fermenta-
tion more difficult.

Tanks with stuck fermentations must be restarted
as soon as possible. In the middle of winter,
this operation can become impossible and in
these situations it is preferable to wait until the
following spring, when fermentation may restart
spontaneously.
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Lactic acid bacteria are present in all grape
musts and wines. Depending on the stage of
the winemaking process, environmental conditions
determine their ability to multiply. When they
develop, they metabolize numerous substrates.
Lactic acid bacteria therefore play an important
role in the transformation of grape must into wine.
Their impact on wine quality depends not only on
environmental factors acting at the cellular level
but also on the selection of the best adapted species
and strains of bacteria.

All the strains have a similar cellular organiza-
tion, but their physiological differences account for
their specific characteristics and varying impact on
wine quality. They are classified according to their
morphological, genetic, and biochemical traits.

4.1 THE DIFFERENT
COMPONENTS OF THE
BACTERIA CELL

Bacteria are procaryotic cells with an extremely
simple organization. They can be distinguished
from eucaryotes (to which yeast belong) by their
small size and a lack of a nuclear membrane
delimiting a nucleus.

It is impossible to distinguish between such dif-
ferent bacteria as Escherichia coli and Oenococ-
cus oeni (0. oeni, formerly known as Leuconostoc
oenos or L. oenos) by simple microscopic exami-
nation. In fact, the structure of all bacteria is very
similar. It can be divided into three principal ele-
ments (Figure 4.1):
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Fig. 4.1. Lactic acid bacteria isolated in wine under
a scanning electron microscope (Departement de
Microscopie Electronique, University of Bordeaux I).
(a) Photograph of Lactobacillus plantarum cells (trans-
mission, Lonvaud, 1975): ¢ = cytoplasm; pm = plasma
membrane; cw = cell wall; s = septum; m = mesosome;
n = nucleus. (b) Photograph of Leuconostoc oenos
(Oenococcus oeni) (scanning electron microscope).

e Cellular envelopes, including the cell wall and
the membrane. The cell is delimited by the
cytoplasmic membrane doubled towards the
exterior by the cell wall. Between the cell wall
and the membrane, the periplasmic space is a
more or less fluid gel wherein proteins move
about.

e The cytoplasm.

e The nucleus.

4.1.1 The Cell Wall

The cell wall of Gram-positive bacteria, such as
lactic acid bacteria, is essentially composed of a
peptidoglycan that is only found in procaryotes
(Figure 4.2). This polymer wraps the bacterial
cell with a kind of meshwork made up of
polysaccharidic chains linked by peptides. The
oses are glucose derivatives: N-acetylmuramic
acid and N-acetylglucosamine (Figure 4.2). They
alternate along the entire length of the chain, linked
by B-type (1-4) glycosidic bonds that can be
hydrolyzed by lysozyme or mutanolysine.

A chain of four amino acids is linked to
muramic acid; L-alanine, D-alanine and D-glutamic
acid are in majority. A peptide bond links the
tetrapeptide of another polysaccharidic chain to the
third amino acid (Figure 4.3). The peptidic chains
vary depending on the species of the bacteria.
The sequence of their amino acids can be used
in taxonomy.

The cell walls of lactic acid bacteria, like those
of nearly all Gram-positive bacteria, also contain
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—O0 (0}
|/ \ I~ |/ \P
\<|3 /0o /O
He N NH )
HCo  CO | |
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| NAM: N-acetyl muramic acid
D-Gln NAG: N-acetylglucosamine
|
. |D-Ala
co

— NAM — NAG — NAM — NAG
1 1

Y Y

Peptidic bond Peptidic bond

Fig. 4.2. Polysaccharidic chain of bacterium peptido-
glycan
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Fig. 4.3. Structure diagram of the peptidoglycan of
Leuconostoc oenos (Oenococcus oeni) bacteria

ribitol phosphate or glycerol phosphate polymers
called teichoic acids. Phosphodiester linkages can
fix amino acids and oses to these chains. Glycerol
based teichoic acids contain a glycolipid by which
they attach themselves to the external layer of
the plasmic membrane. They pass through the
peptidoglycan and are at the surface of the cell
wall acting as the antigenic sites of bacteria. The
proportion of peptidoglycans and teichoic acids
varies depending on the species and also the phase
of the cell development cycle. Teichoic acids can
represent up to 50% of the weight of the cell wall.

The cell wall is rigid and gives the cell its
form: round for cocci, elongated for bacilli. It
permits the cell to resist very high internal osmotic
pressures (up to 20 bars). The culture of cells in the
presence of penicillin, inhibiting the synthesis of
the cell wall, leads to the formation of protoplasts:
they are only viable in isotonic media. Similarly,
lysozyme hydrolyzes the glycosidic linkages of
peptidoglycan, provoking the bursting of the cell
in a hypotonic medium.

Water, mineral ions, substrates and metabolic
products diffuse freely across the cell wall. At
this level, proteases also release amino acids from
proteins and peptides which are used for cellular
metabolism.

Observations under the electron microscope
have also proven the existence of a protein layer on
the cell wall surface (S-layer) in several lactic acid
bacteria species. The study of this S-layer in wine
bacteria has not yet been attempted. Finally, the
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accumulation of polysaccharides piled upon these
proteins can form a more or less distinct capsule.
Its thickness varies according to environmental
conditions. In enology, Pediococcus damnosus
gives the best example of this phenomenon. In
certain conditions, strains of this species synthesize
significant quantities of polysaccharides which
make the wine viscous (ropiness). These cells are
easily recognized under an optical microscope by
the refringent halo that surrounds them.

4.1.2 The Plasmic Membrane

The membrane is situated against the cell
wall, delimiting a periplasmic space. Folds are
sometimes visible in the interior of the cell: these
are mesosomes.

The membrane of lactic acid bacteria has the
classic structure of all biological membranes:
a lipid bilayer creating a central hydrophobic
zone (Chapter 1, Figure 1.6). The proteins are
more or less tightly joined to it. Among them,
the hydrosoluble proteins are only fixed to the
surface by ionic or hydrogen bonds (periph-
eral proteins, 30% of the proteins). The oth-
ers are lodged in the membrane by hydrophobic
bonds (integral proteins). The peripheral proteins
have a certain mobility in the periplasmic space
between the peptidoglycan and the membrane,
whereas the integral proteins are almost immo-
bile. Some protrude from the membrane while
others only appear on the surface. Hydropho-
bic bonds between aliphatic lipidic and protein
chains create the framework of the membrane. The
high number of these bonds ensures the solid-
ity of this structure, but there are no covalent
bonds and so the framework created remains fluid.
The biochemical functions ensured by the mem-
brane depend on this fluidity, i.e. lipid—protein
interactions. The structure can be destroyed by
organic solvents and detergents. It is also dis-
turbed by wine components. Finally, on the sur-
face, the hydrophilic parts of the lipids and the
ionized groups of the proteins establish ionic bonds
between themselves.

Membranous lipids represent nearly all (95—
99%) bacteria cell lipids. They essentially include
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Fig. 4.4. Chemical formulae of some membrane phospholipids

phospholipids and glycolipids. Phospholipids are mono or disaccharide (glucose, fructose, galactose,
most abundant; they consist of a glycerol molecule rhamnose) and the primary alcohol function of a
which has a primary alcohol function and a sec- diglyceride (Figure 4.5).

ondary alcohol function esterified by fatty acids.
The other primary function is esterified by phos-

phoric acid, which is esterified by glycerol, form- ?HZOH

ing phosphatidyl glycerol. Lactic acid bacteria ?HOH

also contain diphosphatidyl glycerol (cardiolipid), CH,—O—CH, ?EZ%H

amino esters of phosphatidyl glycerol with ala- o e \

nine (Oenococcus oeni) and lysine (Lactobacil- |/_ga A |\| (I)_ cH

lus plantarum) (Figure 4.4). Bacteria phospholipid \|_ /|_ o | | ?
concentrations vary according to growth stage and H(IZ_O_CO_ R2
cultural conditions. H,C—0—CO—R2

Glycolipids—generally glycosides of diglyc-
erides—are formed by glycosidic bonds between a Fig. 4.5. Formula of a glycolipid
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Fatty acids possess a long hydrocarbon chain
and a terminal carboxylic acid function. These
molecules are characterized by the length of their
chain, their level of unsaturation, the cis or trans
conformation of the double bonds, and (for Gram-
positive) the iso or anti-iso ramification:

iso ramification H3C — CH— CH,—
|
CH;
anti-iso ramification H3C—CH,— CH—

CH;

In bacteria, most fatty acids have 14 to 20 car-
bon atoms and are saturated or mono-unsaturated.
Lactic acid bacteria also contain a characteristic
cyclopropanic acid: lactobacillic acid (cis-11,12-
methylene-octodecanoic). Table 4.1 lists the prin-
cipal fatty acids of lactic acid bacteria found in
wine—notably Oenococcus oeni (Lonvaud-Funel
and Desens, 1990). Malonyl CoA and acetate con-
dense to form fatty acids with an even number
of carbon atoms. For an odd number of carbon
atoms, fatty acids are synthesized by the conden-
sation of malonyl CoA and propionate. Anaerobic
bacteria synthesize unsaturated acids by the action
of a dehydratase on hydroxydecanoate which is
formed by the addition of a malonyl unit on an
octanoic acid molecule.

The following reactions are given very schemat-
ically:
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CH3 - (CH2)5 - CH2_ COOH

octanoic acid

|

|
CH3_ (CHQ)S_ CHZ_ CH— CHZ_ COOH

|

CH;— (CH,)s— CH,— CH=CH— COOH

decenoic acid

OH

The progressive elongation of this acid leads
to the formation of cis-vaccenic acid (Cig), a
precursor of lactobacillic acid (Cjg). In this last
step, the double bond of the unsaturated acid (the
precursor) is methylated to form the corresponding
cyclopropanic acid. The fatty acid composition of
the bacteria lipids varies during the physiological
cycle and is also strongly influenced by several
environmental factors.

Finally, besides polar lipids, the bacteria mem-
branes contain neutral lipids, analogous to sterols
in eucaryotes. These triterpenic and pentacyclic
molecules are called hapanoids. They are formed
by the cyclization of squalene in an anaerobic pro-
cess. They have not been clearly identified in lactic
acid bacteria.

The membrane is even more vital to bacteria
than the cell wall. Numerous proteins in the mem-
brane ensure essential enzymatic functions such as
substrate and metabolic product transfers and the

Table 4.1. Principal fatty acids of lactic acid bacteria

Chain
Myristic acid tetradecanoic C14:0
Palmitic acid hexadecanoic C16:0
Palmitoleic acid cis-9-hexadecanoic Cl6:1 A9
Stearic acid octadecanoic C18:0
Oleic acid cis-9-octadecanoic C18:1 A9
cis-Vaccenic acid cis-11-octadecanoic C18:1 A 11
Hydrosterculic acid* cis-9-10-methylene octadecanoic C19 cyc-9
Lactobacillic acid* cis-11-12-methylene octadecanoic C19 cyc-11
*These two acids contain a cyclopropanic cycle — CH —/ CH—

\

CH,
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ATPase system. Lactic acid bacteria do not have
a respiratory system. The selective permeability
ensured by the membrane creates a transmem-
brane electrochemical proton gradient between the
inside and outside of the cell. This difference gen-
erates electrochemical energy used in the synthe-
sis of ATP. Moreover, the membrane maintains
an optimum cellular pH for the functioning of
numerous reactions of the cellular metabolism. It
constitutes a barrier whose optimal functioning
is guaranteed by the fluidity. The fluidity deter-
mines the specific activity of the proteins accord-
ing to the lipidic environment, but this fluidity
must be controlled for the membrane to remain
an effective barrier between the cytoplasm and
the environment. During the cell growth cycle
and in response to multiple external parameters
such as temperature, pH and the presence of toxic
substances (ethanol), the cell manages to mod-
ify membrane composition to adapt to and resist
environmental effects. The physical properties of
the membrane are maintained at least as long
as the stress factor remains within certain lim-
its. The mechanisms put into play act together
on the same properties. They affect the aver-
age length and the unsaturation, ramification and
cyclization level of fatty acid chains, the propor-
tion of neutral and polar lipids and the quan-
tity of proteins. In this way, from the growth
phase until the stationary phase, cis-vaccenic acid
diminishes greatly to the point where it rep-
resents less than 10% of the total fatty acids,
whereas lactobacillic acid attains a proportion of
55% in Oenococcus oeni, Lactobacillus plantarum
and Pediococcus damnosus (Lonvaud-Funel and
Desens, 1990).

The effect of temperature on membrane com-
position is one of the most understood effects.
At low temperatures, the fatty acid unsaturation
rate increases as does the proportion of acids with
ramified chains. At the same time, the length of
the chains decreases. In this manner, palmitic acid
(Cy¢) increases and cis-vaccenic and lactobacillic
acid decrease in Oenococcus oeni and Lactobacil-
lus plantarum when the temperature of the cul-
ture increases from 25 to 30°C. The introduction
of a methyl group, the formation of a propanic

cycle, has the same effect on the physical prop-
erties of bacteria as a double bond. The inverse
phenomena occur when the culture temperature is
higher. The unsaturated fatty acids are less abun-
dant. Neutral lipids also participate in cell adap-
tation to the medium by increasing membrane
viscosity.

The presence of ethanol in the medium provokes
significant modifications in membrane structure. It
exerts a detergent effect by intercalating in the
hydrophobic zone of the membrane, whose polarity
increases as a result. The fluidity is increased and
the proteins are denatured. In general, an increase
in the unsaturated/saturated fatty acid ratio is
observed. In Oenococcus oeni, this ratio increases
from 0.4 to 2.1, when bacteria are cultivated
in the presence of 9% ethanol. The results are
the same for the species Lactobacillus hilgardii
whose strains, like Oenococcus oeni, are capable
of growing better than other species in an alcoholic
medium (Desens, 1989).

The membrane proteins also participate in cell
response to an environmental change. The stress
proteins in microorganisms are becoming better
known. Their synthesis is increased, for example,
by temperature, acidity or the concentration in
ethanol. Certain proteins also change when the
cell enters the stationary phase. Several families
of these proteins have been constituted and the
specific functions of some of them have been
identified. Their overexpression in the cell is
related to a better resistance to stress factors.
Their induction by heat shock protects the cell
not only against the toxic effect of heat but also
against the effect of other factors, such as ethanol
and acidity. In certain wine lactic acid bacteria,
especially Oenococcus oeni, the proteins exist but
their role is not known. Their synthesis is increased
when wine is added to their culture medium or
when the cells are directly inoculated into wine.
The concentrations found in Oenococcus oeni have
been found to be up to five times higher than in
other species. (Garbay, 1994). Among these, two
proteins have been identified and coded by the Omr
A and Fts H genes (Bourdineaud et al., 2003a,
2003b).
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4.1.3 The Cytoplasm

The cytoplasm contains the main elements for cell
operation: enzymes, nuclear material and some-
times reserve substances. The entire metabolism—
both degradation reactions (catabolism) and syn-
thesis reactions (anabolism)—is carried out in a
programmed manner according to exchanges with
the external environment, to produce the energy
necessary for cell growth.

Coded by the genome, the cytoplasmic pro-
teins are always the same for any given bacte-
rial strain, but for some of them their level of
expression varies with cultural conditions. Stress
proteins, produced by drastic changes in condi-
tions, have also been identified. One of those
produced in O. oeni, Lol8, has been particularly
studied (Delmas et al., 2001). The electrophoretic
profile of the soluble proteins of the cell can there-
fore be used as an identification method by com-
parison with established strains.

Cytoplasmic granulations can be revealed by
specific coloration techniques. They are insoluble
reserve substances of an organic nature: polymers
of glucose or of the polyester of S-hydroxybutyric
acid. These reserve substances accumulate in the
event of a nitrogen deficiency, when a source of
carbon is still present. Inclusions of volutin (a poly-
mer of insoluble, inorganic phosphate) are char-
acteristic in lactic acid bacteria, especially certain
species of the genus of strictly homofermenta-
tive Lactobacillus. Volutin comprises a phosphate
reserve available for the synthesis of phosphory-
lated molecules such as nucleic acids.

Under the transmission electron microscope, the
interior of the bacterial cell appears granular. This
is due to the ribosomes, which are essential players
in protein synthesis. They ensure, along with the
t-RNA, the translation of the genetic code. The
ribosomes consist of two parts characterized by
their sedimentation speed, expressed in Svedberg
values (S). These two sub-units are different in
size: 30 S and 50 S in procaryotes. The assembled
ribosome has a sedimentation constant of 70 S.
The 30 S sub-unit contains a 16 S ribosomal RNA
molecule (1542 nucleotides) and 21 different pro-
tein molecules; its molecular mass is 900 KDa.
The larger 50 S sub-unit contains two ribosomal
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RNA molecules, a 23 S and a 5 S molecule (2904
and 120 nucleotides, respectively). It also con-
tains 35 proteins and has a molecular mass of
1600 KDa. During protein synthesis at the transla-
tion step, the sub-units (at first separated) reassem-
ble. The genes encoding proteins and ribosomal
RNA are known for the bacteria Escherichia coli.
They are organized in operons, ensuring the con-
trol of the synthesis of ribosomal components. The
operon of genes encoding the rRNA have the fol-
lowing structure:

16 S 238 58

The nucleotide sequences of these genes, espe-
cially those of rRNA16S, are known for many
species and identified in gene banks. Sequence
comparison forms the basis of molecular identi-
fication methods.

4.1.4 The Nucleus and Genetic
Material

The bacteria nucleus consists of a single circular
chromosome of double stranded DNA suspended
in the cytoplasm without any separation. Its size
varies depending on the species. In Lactobacillus
plantarum, its length is about 2400 kb. It is
much smaller in Oenococcus oeni (about 1400 kb)
and Pediococcus pentosaceus (1200 kb) (Daniel,
1993). The chromosome carries the essential
genetic information of a cell.

Other more or less vital functions are determined
by plasmids. These small, circular DNA molecules
are completely independent of the chromosome.
They vary in size and number depending on the
species and strain of bacteria. In Oenococcus
oeni, plasmids of 2 to 40 kb are often identified
and one of them has been sequenced (Fremaux
et al., 1994). So far, no function of enological or
physiological interest has been attributed to them.
In general, the plasmids determine functions such
as the fermentation of certain sugars, the hydrolysis
of proteins, resistance to phages, antibiotics, heavy
metals, etc.
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In wine lactic acid bacteria of the species Pedio-
coccus damnosus, a plasmid has been identified as
a determinant of polysaccharidic synthesis. Strains
that contain it are responsible for ropiness in wines
(Lonvaud-Funel et al., 1993). This plasmid has
been entirely sequenced. It has three coding regions,
one of which is probably responsible for synthesiz-
ing the expolysaccharide (Section 5.4.4) as it proba-
bly codes for a glucosyl transferase (Walling, 2003).
Characteristically, plasmids are relatively unstable
from one generation to the next, but some, in Oeno-
coccus oeni manifest an immense stability. Others
are easily lost in the absence of environmental pres-
sures. Conjugative plasmids can naturally transfer
from one strain to another, though this property has
never been demonstrated for the lactic acid bacteria
of wine. A strain’s plasmidic profile can therefore
vary.

4.1.5 Multiplication of Bacteria

All bacteria multiply by binary division (Figure
4.1). A cell gives two completely identical daugh-
ter cells. Multiplication supposes, on the one hand,
division of nuclear material, and on the other
hand, synthesis for the construction of new cellular
envelopes and cytoplasmic elements, in particular
ribosomes and enzymes.

The genetic material is transmitted after the
duplication of the chromosomal DNA and the
potentially existing plasmids. DNA replication,
according to the semi-conservative mechanism,
leads to the formation of two molecules that are
identical to the parental chromosome or plasmid.
The replication occurs almost during the entire
cellular cycle at the mesosomes. When it is
finished, the scission of the cytoplasm begins.

A septum is formed in the middle of the cell as a
result of the synthesis of portions of the membrane
and the cell wall. It separates the mother cell little
by little into two daughter cells. The genetic mate-
rial and the other cellular components are simul-
taneously distributed between them. Finally, when
the septum is completely formed, the two daugh-
ter cells separate. Cell and nucleus division are
not synchronous; replication is quicker. Moreover,
a replication cycle can start before cell division is

completed. For this reason, bacteria cells in their
active growth phase contain more than one chro-
mosome per cell. During division, plasmids (much
smaller than the chromosome) are not always cor-
rectly distributed between the cells after their repli-
cation, hence their instability over generations.

4.2 TAXONOMY

The objective of taxonomy is to identify, describe
and class microorganisms. Classification is made
according to several hierarchical levels. For bacte-
ria, the highest level corresponds with their clas-
sification among procaryotes. The lowest level is
species. In a species of bacterium, strains grouped
together share a number of identical characters.
These characters radically differentiate them from
other strains.

Lactic acid bacteria belong to the Gram-positive
group, based on color tests (Section 4.3.2). The
primary product of their metabolism of glucose is
lactic acid.

4.2.1 Phenotypic Taxonomy, Molecular
Taxonomy and Phylogeny

Phenotypes include morphological, physiological,
biochemical and immunological characters as a
whole and the composition of certain cellular
components. Certain phenotypic characters appear
to vary in a given strain—for example, the
assimilation of certain sugars. Certain strains
having different phenotypes but belonging to the
same species are atypical strains.

Progress in molecular biology provides new
classification criteria based on genome analysis.
Molecular taxonomy consist of classifying bac-
teria according to similarities in their genome.
Diverse methods exist, permitting several levels of
classification.

A first level takes into account the percentage
of guanine and cytosine bases in the DNA—the
(G 4+ C)% with respect to the total number. Two
strains are not necessarily related because they
have the same (G + C)%. In fact, the base
composition does not give any indication of the
DNA sequence. Among Gram-positives, lactic acid
bacteria belong to the phylum Clostridium. The
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Table 4.2. Sub-division of Gram-positive bacteria
according to (G 4+ C)%

G+O)% <50% >50%

Phylum Clostridium Actinomycetes
Lactobacillus
Leuconostoc Bifidobacterium
Pediococcus Brevibacterium
Oenococcus
Weissella

Genera Carnobacterium Corynebacterium
Lactococcus Microbacterium
Streptococcus Propionibacterium
Vagococcus
Enterococcus

Carnobacterium

(G4 C)% of this phylum is less than 50%. The
Actinomycetes whose (G + C)% 1is greater than
50% include other bacteria that are also important
to the food and beverage industries (Table 4.2).
The Clostridium branch consists of three groups:
the first includes the Lactobacillus, Pediococcus,
Leuconostoc, Oenococcus, and Weissella genera;
the second, Streptococcus and Lactococcus;
and the third, Carnobacterium, Vagococcus and
Enterococcus (Gasser et al., 1994).

Dicks et al. (1995) proposed a new species,
Oenococcus oeni, for bacteria previously known
as Leuconostoc oenos, currently the only species
in the Oenococcus genus. This proposition was
based on the phylogenetic distance of O. oeni with
respect to other lactic acid bacteria.

The homology of genomic DNA permits the
definition of bacterial species by their nucleotide
sequence. The homology is measured by the
reassociation percentage between strands of DNA
from the strain to be classed and a type strain
of the species. The strands are isolated by DNA
denaturation. Two bacterial strains belong to the
same species if the hybridization percentage is
greater than 70%. For a lesser value, the strains
are part of the same genus, on the condition that
the hybridization remains measurable.

Nucleotide sequence comparison can be carried
out on portions of the genome rather than the
entire genome. The chosen portions correspond with
essential functions, common to the strains to be
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compared. The genes encoding the synthesis of
ribosomes, particularly for the ribosomal RNA (a
conserved molecule), are a noteworthy example.
Several types of analysis are possible. In one of
them, the 16 S RNA is affected by the action of a
restriction endonuclease. The tiny oligonucleotide
fragments smaller than 20 bp are separated by
electrophoresis and then sequenced, permitting the
creation of a data bank. Sequences specific to groups
of bacteria can be identified in this manner. The
similarity coefficient between strains can also be
defined.

Another type of analysis consist of sequencing
the 16 S, 23 S, and 5S RNA. The 16 S RNA
sequence can provide the most interesting indi-
cations. It contains conserved zones and variable
zones: the comparison of conserved zones is valid
for distantly related bacteria; variable zone com-
parison can be used on closely related bacteria.

Sequencing of the 16 S rRNA divides lactic acid
bacteria into three phylogenetic groups:

1. The group Lactobacillus delbrueckii contains
this species and other strictly homofermentative
lactobacilli.

2. The group Leuconostoc is divided into two sub-
groups: one containing L. paramesenteroides
and heterofermentative lactobacilli; the other
containing Leuconostoc sensu stricto, to which
Oenococcus oeni belongs (although individual-
ized).

3. The group Lactobacillus casei—Pediococcus
is a more heterogeneous group since it com-
prises strictly and facultatively heterofermen-
tative species and strictly homofermentative
species.

Grouping by means of 16 S rRNA sequences is
based on phylogenetic relationships between bac-
teria. It does not support the grouping realized by
using phenotypes, such as morphology and physi-
ology. At present, therefore, it is difficult to class
lactic acid bacteria if referring to both the pheno-
type and the genome. Physiological and biochem-
ical criteria remain useful, but the contribution
of molecular taxonomy is considerable and seems
more absolute since it is directly related to the
genetic heritage of a strain.



124 Handbook of Enology: The Microbiology of Wine and Vinifications

4.2.2 Classification of Wine Lactic
Acid Bacteria. Description
of Genera

The lactic acid bacteria of grape must and wine
belong to the genera Lactobacillus, Leuconostoc,
Oenococcus and Pediococcus. Besides their mor-
phology in coccal or rod-like forms, the homofer-
mentative or heterofermentative character is a
deciding factor in their classification. Homofer-
mentative bacteria produce more than 85% lac-
tic acid from glucose. Heterofermentative bacteria
produce carbon dioxide, ethanol and acetic acid in
addition to lactic acid.

Among the cocci, the bacteria from the genus
Pediococcus are homofermenters and those from
the genera Leuconostoc and Oenococcus are
heterofermentative. The lactobacilli can present the
two behaviors. They are divided into three groups:

e Group I: strict homofermenters (this group has
never been identified in wine).

e Group II: facultative heterofermenters.

e Group III: strict heterofermenters.

The strictly homofermentative lactobacilli do not
ferment pentose, and form two molecules of
lactic acid from one molecule of glucose by the
Embden—Meyerhoff pathway.

In facultative heterofermenters (Group II), one
glucose molecule, as in the case of Group I, leads
to two molecules of lactic acid, but the pentoses

are fermented into lactic and acetic acid by the het-
erofermentative pentose phosphate pathway. The
strictly heterofermentative bacteria in Group III do
not possess the fructose 1,6-diphosphate aldolase
that is characteristic of the Embden—Meyerhoff
pathway. They ferment glucose into CO,, lactic
and acetic acid, and ethanol by the pentose phos-
phate pathway, and pentose into lactic and acetic
acid in the same manner as bacteria from Group II.

Table 4.3 lists the lactic acid bacteria most often
encountered in grape must and wine. Oenococcus
oeni is known for ensuring malolactic fermenta-
tion in the great majority of cases. So far, the
strictly homofermentative lactobacilli of Group I
have not been isolated in must or wine. The species
are therefore divided into facultative and strict
heterofermenters for lactobacilli and into homofer-
menters (Pediococcus) and heterofermenters (Leu-
conostoc) for cocci. It is likely that this classi-
fication will be modified—on one hand due to
anticipated progress in the identification of new
species in wine, and on the other hand due to even-
tual reclassifications of lactobacilli in the groups
described above.

No lactic acid bacteria possess cytochrome. The
catalase activity is generally assumed not to exist,
but several species of bacteria (Lactobacillus,
Pediococcus and Leuconostoc) can synthesize a
manganese-dependent, non-hemic pseudocatalase.
A hemic catalase activity has been identified in
many strains.

The following is a general description of three
genera of lactic acid bacteria in wine.

Table 4.3. List of the most widespread lactic acid bacteria species in grape must and wine

Facultative heterofermenters

(Group II)
Lactobacilli

Strict heterofermenters

(Group III)

Homofermenters
Cocci

Heterofermenters

Lactobacillus casei
Lactobacillus plantarum

Lactobacillus brevis
Lactobacillus hilgardii

Pediococcus damnosus
Pediococcus pentosaceus
Leuconostoc oenos (Oenococcus oeni)

Leuconostoc mesenteroides
subsp. mesenteroides
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Genus Leuconostoc Oenococcus

e Non-mobile, non-sporulating, spherical or sligh-
tly elongated cells, assembled in pairs or
small chains; diameter 0.5-0.7 wm, a length
0.7-1.2 pm.

e Facultative anaerobiosis.

e Chemo-organotroph: requires a rich medium and
fermentable sugars.

e Optimum growth temperature 20—30°C.

e Metabolic products of glucose: CO,, lactic acid
and ethanol.

e Arginine is metabolized by certain strains of
Oenococcus oeni, whereas other Leuconostoc
species respond negatively to this test.

e (G+ C)% from 38 to 44%

e No teichoic acid.

Genus Pediococcus

e Non-mobile, non-sporulating, sometimes iso-
lated, spherical (never elongated) cells; diameter
1-2 pwm; division in two right-angled planes
which leads to the formation of tetrads—no
chains.

e Facultative anaerobiosis.

e Chemo-organotroph: requires a rich medium and
fermentable sugars.

e Metabolic products of glucose: DL or L lactic
acid, no CO,.

e (G4 C)% from 34 to 42%.

e No teichoic acid.

Genus Lactobacillus

e Non-mobile, non-sporulating, regular elongated
cells. 0.5-1.2 pm by 1.0-10 wm, often long
rod-like forms. Some are very small (nearly the
same dimensions as Leuconostoc). Assembled in
pairs or in variably sized chains.

e Facultative anaerobiosis.
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e Chemo-organotroph: requires a rich medium and
fermentable sugars.

e Fermentative metabolism: at least half of the
products of the metabolism of glucose is lactic
acid. The homofermentative metabolism leads
to this sole molecule. The heterofermentative
metabolism also produces acetic acid, ethanol
and COa,.

e (G+ O)% from 36 to 47%.

e Many species contain teichoic acid in the cell
wall.

4.3 IDENTIFICATION OF LACTIC
ACID BACTERIA

4.3.1 General Principles

Since the beginning of microbiology, the iden-
tification of bacteria has been based on their
phenotypic characters (Section 4.3.2). Besides by
its morphology, which gives little information, a
strain is identified essentially by the substrates and
products of its metabolism. When more discrimi-
nating analytical methods appeared, the chemical
composition of microorganisms (fatty acids and
proteins, Section 4.3.8) also participated in their
identification.

More recently, and in a spectacular manner,
the tools of molecular biology have made the
identification even more precise at the genus and
species level and even within the same species.
For a long time, lactic acid bacteria of wine
were identified by their phenotypes. Now, with
DNA analysis, more reliable results are obtained
(Sections 4.3.3-4.3.6).

Identification by phenotypic analysis of clones
isolated in wine often poses two kinds of problems.
First, these clones are difficult to multiply in
laboratory conditions. Numerous sub-cultures are
needed to obtain a sufficient biomass to carry out
all of the tests. For the same reasons, the response
to biochemical tests in the API tests (Section 4.3.2)
can be ambiguous. The change of color of the
indicator is not distinct if the strain does not
multiply sufficiently in the microtube. Second, the
phenotypic character, such as the assimilation of a
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substrate or the formation of a particular product,
represents the result of a metabolic chain that
depends on the entirety of cell enzymatic activity.
For a phenotype to be positive, all of the genes
encoding the enzymes of the particular chain must
be expressed; the enzymes must also be functional.
The induction or repression of enzyme synthesis
as well as inhibitions due to certain medium
conditions can therefore modify a phenotype.

The DNA composition of strains is strictly
specific. It is not influenced by culture conditions.
It can, however, undergo punctual mutations
over generations. At the laboratory culture scale,
these mutations do not significantly affect the
genomic DNA characteristics. Strain identification
by genomic analysis therefore appears to be the
most reliable approach. Several types of analysis
exist which permit different levels of identification:
strain, species, genus.

The general principle consists of looking for
similarities between the DNA of the unidentified
strain and the DNA of the reference strain. There
are several methods based on various tools and
properties of the DNA molecule. The study of
restriction polymorphism is based on the specific
action of restriction enzymes. Hybridization is
based on the ability of single-strand DNA chains
to reassemble in double-strand chains. Combining
these two methods and varied uses of each method
considerably broaden the possibilities of analysis.

Finally, polymerization chain reaction (PCR)
permits the amplification of portions of the genome
delimited by markers. These markers are primers
(oligonucleotides) which must hybridize with the
DNA matrix for amplification to start. Depending
on the primers chosen, the electrophoretic profile
of the amplicon obtained can, permit different
levels of classification within the genus or the
species.

4.3.2 Phenotypic Analysis

Phenotypic analysis encompasses morphology, the
assimilation of diverse substrates and the nature of
metabolic products.

Morphological observations can be made with
fresh cells but they are more precise with fixed

preparations. Microscopic observation can be cou-
pled with the Gram coloration test, which is used
to verify that bacteria are Gram-positive. After the
bacteria are placed on the slide and dried by the
flame of a Bunsen burner, the preparation is dipped
first in a violet colorant, then in an alcohol—acetone
solution, and finally in a rose colorant. The cell
wall of Gram-positive bacteria is not altered by
the organic solvent: these bacteria retain the violet
coloration. Conversely, Gram-negative bacteria are
rose colored. Cell form, whether coccal or rod-like,
is easy to identify, as is cell arrangement (pairs,
tetrads, small chains).

Secondly, the homofermentative or heterofer-
mentative character is determined. The unidentified
strain is cultivated in a medium with glucose as
the energy source. After cell growth, the metabolic
products are characterized and measured. A release
of CO, manifests the heterofermentative character
of the strain. This result is regularly confirmed by
measuring acetic acid and ethanol concentrations.
Their presence is also proof of a heterofermenta-
tive metabolism. Conversely, the exclusive forma-
tion of lactic acid attests to a homofermentative
character. In culture conditions, facultative het-
erofermentative bacilli (for example, Lactobacillus
plantarum) have a homofermentative metabolism
with respect to glucose.

During the same test, it is interesting to deter-
mine the optical nature of lactic acid formed from
glucose. This analysis makes use of an enzymatic
process. The two stereoisomers of lactic acid: (L
and D) are analyzed separately. This form of anal-
ysis is particularly adapted to the identification of
heterofermentative cocci (Oenococcus oeni, Leu-
conostoc mesenteroides), which only form the D
isomer, and of Lactobacillus casei, which only
forms L-lactic acid.

These initial investigations permit bacterial
identification at the genus level: Lactobacillus by
morphology, and Pediococcus and Leuconostoc
by morphology and determination of their
homofermentative or heterofermentative character.
Classification at the species level makes use of
the analysis of the fermentation profiles of a large
number of sugars.
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For this type of analysis, the API 50 CHL
identification system (Bio-Mérieux) is commonly
used. In this system, the classic tests that were
once performed in test tubes are miniaturized. The
unidentified strain is inoculated in to a nutritive
medium that contains all of the nitrogen-based
nutrients, vitamins and salts necessary for its
growth. Different carbohydrate energy sources are
represented in each microtube of the system. In
this manner, 49 substances are tested, including
hexoses, pentoses, disaccharides, etc. An indicator
in the culture medium, which changes color,
facilitates the reading of results. Fermentation in
a microtube acidifies the medium, provoking the
indicator to change color.

Lactobacillus plantarum

)
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To carry out the API test, 0.1 ml of bacterial sus-
pension is deposited in each of the 50 microtubes.
The tubes are sealed with a drop of paraffin to
ensure anaerobiosis. Generally, the system is incu-
bated at 25°C for 24 hours. Tubes in which the
color changes from blue to yellow indicate pos-
itive characters. In this manner, the fermentation
profile of the examined strain can be established
(Figure 4.6).

This method is well adapted for the identification
of numerous lactic acid bacteria, but it must be
carried out very carefully with bacteria isolated
in wine. Experience has shown that the strain
should undergo several successive sub-cultures
in the standard laboratory medium beforehand.

of1]2]3]4]5]e6[7]8]9ro[11]12[13[14[15]16]17]18[19]20]21]22]23]24]25[26]27]28]29]30]3 1]32[33[34[35[36[37[38]39]40[4 1[42[43[44]45]46]47]48[49
m
o)
o
Q
ElR
Z|2|2
olz|=
3 HEE olo
Z E e 2|3
2l E 9 TP 2 2yl |5 ElE
glé o) 22| 2| 0| o il @ o ol 2 ol 122 2 —|= g8
—l=ls 5% —|=l2lz sl 22 = 2= 2 5% o 2| S = E1R=1R] o EIEIEIE E
. E RN EHE EEHEEHEE EEEEE Elalo|2|518] |25 2| Bl= 2| 5| &l 5| 2| 2|2 | 2| 5| 2%
B EEE R EEEREEEEE 3|3|8|¥3 CEEEEEER R EEEEHERE EREEHEEE
2 2B <|<| 8% S 22 [0|=|=|4| 2 >(2|<| &2 =13|513| 8|5 |E 3% E| 22|88 |HlE = |E|<|<| 2 8] 8
EEREEnl 2|3| 2| JEIE N I S R R EE
olo|d|alaZ|a|n]|<]w|d|alalal=| 3| 3|z << 1 B S E =) S 1 ES P =) =) =Y = = =1 = = S
[ Leuconostoc mesenteroides J
of1]2]3]4]5]e6[7]8]9[1o[11]12[13[14[15]16]17]18[19]20]21]22]23]24]25[26]27]28]29]30]3 1]32[33[34[35[36[37[38]39]d0[4 1 [42[43[44]45]46]47]48[49
s3]
o)
o
O
3
22|28
ol'z|'g
g Elle ks o Bl
203 el ol o I EYET N 2 2ol | g5
—I|28] |2l2l=|2lgl2]3|8]8|2 =|_[22[2E 2 HEIRHEREHREERERREEEEE
EEEHEENEEESEEEEREE BB EEEHEE R EEE R EEE BEE R E R EEEE R E
ERE E R H e S EEEEEEEE B HEEE B EEEEEEEEEEE R R E R EEHE R EEEEE EEE
EL L R B P o B A KA (G sl o A RS R EEEE e R G B EI G R B E E G M E R E
Il E= 1= D R =1 I I S = bl I S L E] 5 g[E|2]F|8 ElICIETEIEI EINEIE= S <l bl b el N =1 R R
Sl = R A R e RN el =Y =) R A R E I A B R e R A E e e L R S = B Y =) =l = =) ) = S T S

Fig. 4.6. Biochemical substrate

assimilation profiles (API 50 CHL gallery) of two lactic acid bacteria species
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This preparation is essential for obtaining profile
stability, which is indispensable before referring to
the identification key. In any case, a strain cannot
be identified solely on these results. The method’s
discriminating powers are not sufficient and the
similarity in profiles of Lactobacillus plantarum
and Leuconostoc mesenteroides demonstrates this
point. All of the other phenotypes previously

described should also be taken into consideration
at the same time. These characters as a whole make
the determination of a species possible without too
much ambiguity, by referring to Bergey’s Manual
of Determinative Bacteriology (1986).

Tables 4.4 and 4.5 summarize the pheno-
typic characters used to determine genus and
species. Most of the strains for each species have

Table 4.4. Determination of the genus of lactic acid bacteria isolated in wine

Morphology Round cells (cocci) Elongated cells (bacilli)
Cell arrangement Pairs Tetrads Pairs or small chains
Small chains
Glucose
fermentation Heterofermentative Homofermentative Heterofermentative
or homofermentative
Lactic acid
stereo isomer D LorD,L L,DorD,L
Genus Leuconostoc Pediococcus Lactobacillus
(Oenococcus)

Table 4.5. Determination of wine lactic acid bacteria species and similar species (Bergey’s Manual of Systematic

Bacteriology, 1986)

Species Fructose Glucose Galactose Glycerol Arabinose Ribose Xylose Esculine Lactic acid Arginine
hydrolysis isomer  dihydrolase

Lb. casei + + + - - + — + L _
Lb. homohiochii + + - - + - — L -
Lb. pentosus + + + + + + % + DL —
Lb. plantarum + + + - v + % + L —
Lb. rhamnosus + + + (+) v + — + DL _
Lb. sake + + + - + + — + DL —_
Lb. brevis + + v - + + + v DL +
Lb. fructivorans + + — — — + — — DL +
Lb. fructosus + + + - - — — DorL +
Lb. hilgardii + + v — + — DL +
Lb. kefir + + — v + — — DL +
Lb. sanfrancisco - + + — — — DL —_
Pc. acidilactici + + + - v + + L ou DL +
Pc. damnosus + + + — — — — DL —
Pc. parvulus + + + - \ - - DL v
Pc. pentosaceus + + + - + + v + DL +
Ln. mesenteroides + + + + + v + D —
subsp. mesenteroides

0. oeni + A v v \% + D _

+, positive; ~, negative; Y, variable.
Lb. = Lactobacillus.

Ln. = Leuconostoc.

0. = Oenococcus.

Pc. = pediococcus.
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fermentative profiles which correspond with those
listed in Table 4.5. Nevertheless, besides differ-
ences that can be introduced by the pre-culture
of the strain before the test, the more pronounced
intraspecific variability of certain characters must
be taken into account. For example, Leuconostoc
(in particular Oenococcus oeni) was long thought
not to possess the arginine hydrolysis character, but
recent studies have proven that numerous strains
of Oenococcus oeni possess all of the necessary
enzymatic equipment to hydrolyze arginine, lead-
ing to the production of citrulline, ornithine and
carbamyl phosphate (Liu et al., 1994; Makaga,
1994). The hydrolysis activity depends on envi-
ronmental conditions which determine not only the
enzymatic activity but also its synthesis. Further-
more, the “arc” operon, containing genes coding
for the various enzymes in the metabolic path-
way, has been identified and sequenced in strains
of O. oeni (Tonon et al., 2001).

The use of fermentative profiles as an identifica-
tion method should therefore be standardized. Bac-
terial characters can then be expressed in the most
reproducible manner possible. Finally, these tests
place bacteria in optimal growth and metabolic
conditions—they give no indication of their true
metabolism in wine. The fermentation of a car-
bohydrate found in the API 50 CHL system can
be totally impossible in wine: its nutritional condi-
tions are far from those in the synthetic medium.
Conversely, a substrate that cannot be metabolized
in optimal conditions can be metabolized in wine
because of the totally different metabolic regula-
tions in play.

4.3.3 Extraction and Visualization
of DNA for Genomic Study

Before analysis, the entire genomic DNA of
bacteria must be separated from the lipids, glucides
and proteins constituting the cell. The extraction
protocols for lactic acid bacteria include all of
the stages of cell lysis, deproteinization and DNA
precipitation. There are slight differences between
the protocols (Lonvaud-Funel et al., 1989). Lysis
of Gram-positive cells is obtained by the action
of lysozyme. The peptidoglycans are hydrolyzed
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to form protoplasts, which are submitted to the
action of SDS—a powerful detergent that destroys
the membranes and liberates the cellular contents.
The addition of phenol, most often mixed with
chloroform and isoamylic alcohol, precipitates the
proteins. The organic and aqueous phases are
separated by centrifugation. The denatured proteins
assemble together at the interphase. The lower
phenolic phase contains the lipids and proteins; the
upper phase contains the dissolved DNA.

The phenol is eliminated from this phase by suc-
cessive extractions with a mixture of chloroform,
alcohol, and isoamylic alcohol. The DNA is pre-
cipitated by ethanol in the presence of salts. It
can be stored at —20°C after being dissolved in
a buffer.

Electrophoresis is the most popular, simple and
reliable technique for analyzing DNA extract. At
an alkaline pH, the DNA phosphate groups are
ionized. The molecules placed in an electric field
therefore migrate towards the anode. In a viscous
gel (most often agarose), the electrophoretic mobil-
ity depends on the size and conformation of the
molecules. The smaller the linear molecules are,
the faster they migrate. Circular molecules of equal
size are less mobile than linear molecules. Plas-
mids, for example, exist in circular and coiled cir-
cular form. The size of linear DNA is easily calcu-
lated from the migration distance of DNA weight
markers. There is an inverse relationship between
the mobility and the logarithm of the molecule
size. Molecules separated by electrophoresis are
revealed by an ethidium bromide based coloration.
This compound is an analogue of an aromatic base;
it intercalates in the DNA and fluoresces orange
under ultraviolet light.

4.3.4 Identification Based on
Restriction Fragment Length
Polymorphism

This method consists of hydrolyzing the DNA with
the help of restriction enzymes. These enzymes
produce different sized fragments which are sepa-
rated by electrophoresis. The electrophoretic pro-
file differs depending on the strain. The enzymes,
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in fact, act on specific sites, recognizing palin-
dromic sequences of generally four to seven
nucleotides on the two DNA strands.

The Eco RI enzyme, for example, hydrolyzes
DNA according to the following schema:

5—-G|AATT C-%

33—-C TTAA| G-%
Depending on the sequence recognized, the
number of sites cut on the polynucleotide varies,
but it is always identical for a given enzyme and
nucleotide. On the one hand, different fragments
varying in size and number can be obtained
from the same DNA by using a variety of
restriction enzymes available. On the other hand,
the restriction of different DNA by the same
enzyme leads to different sized fragments.

The restriction products are analyzed by elec-
trophoresis. The characteristic profiles are obtained
after revelation by coloration. Considering the
number and sequence of the nucleotides, enzymes
that statistically cut the DNA too often will pro-
duce complex profiles that are difficult to study. If
the number of cut sites is very low, the profiles
are simpler but the length of the fragments pro-
duced requires the use of pulse-field electrophore-
sis in order to separate them. This technique is very
reliable and well adapted for the identification of
yeasts but remains very difficult to use for bacteria
(Daniel, 1993).

Restriction polymorphism is not relevant for the
identification of bacterial species. No profile type
exists for Oenococcus oeni, for example, nor for
each of the other species that are of interest in
winemaking. This method seems better adapted to
the differentiation of strains of the same species. It
is thus easy to identify strains of O. oeni, following
hydrolysis of their DNA by the Notl enzyme with
rare restriction sites. This method is used to mon-
itor development of inoculated selected strains,
used during winemaking to promote malolactic fer-
mentation. The restriction profile of the biomass
collected in wine during malolactic fermentation

is compared with that of the selected strain that
was added (Gindreau et al., 1997; 2003).

4.3.5 Identification by Specific Probe
DNA/DNA Hybridization

Hybridization is a technique often used in molecu-
lar genetics and it is very well adapted for the iden-
tification of species and even strains. The technique
is based on the ability of double-strand DNA to
separate, reversibly, into two single strands, in cer-
tain conditions that destroy their hydrogen bonds.
Along with the ionic force of the medium, the
temperature is the determining parameter of DNA
denaturation. A temperature increase provokes the
separation of the two strands, which reassociate
when the temperature diminishes once again.

In favorable environmental conditions, the chains
can reassociate if the nucleotide sequences present
are complementary. For example, the oligonu-
cleotides of the following sequences recombine: 5'-
ATGCAATTGGCC-and 3'-TACGTTAACCGG-.

A hybridization consists of two single strands,
each coming from different cells, reassociating due
to their complementary sequences. This property is
used for identification and strains are considered
to belong to the same species if they have a 70%
homology of their genomic DNA sequence.

The DNA of a reference strain is needed to
identify a strain by DNA hybridization. One of
the two fragments (most often the reference DNA)
constitutes the isotopic probe or the chemically
derived base analogue labeled probe. A probe is
a single-strand DNA fragment that combines with
the complementary sequence of the target DNA.

These operations are schematized in Figure 4.7.
The target DNA (the DNA of the unidentified
strain) is fixed and denatured on a nylon
membrane. The membrane is then placed in a
hybridization buffer without probes. During this
pre- hybridization step, all of the non-specific
sites on the nylon are saturated by a mixture of
macromolecules. These molecules have no affinity
for the probe. The hybridization takes place in the
same physicochemical conditions after the addition
of the marked DNA probe. At the end of this
step, the single strands of the DNA probe will
have strongly combined with the complementary
target DNA, but also more weakly with DNA
having less similar sequences. Revelation is used to
localize the target DNA that truly corresponds with
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Fig. 4.7. Schematic diagram of the general principle for the identification of lactic acid bacteria using specific

DNA/DNA probe

hybrids of strains of the same species. Therefore,
this step is performed after the elimination of
the probe and of the DNA strands that present
little homology. Successive washes with ionic
buffers of decreasing force are very important and

participate in the specificity and the sensitivity of
this method. The revelation process makes use
of autoradiography for the isotopic probes and
immunoenzymatic reactions for the non-isotopic
probes most often used.
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Depending on the problem to be resolved, the
probe is prepared from either the entire DNA or
a specific DNA fragment. In the first case, the
species of an unknown strain can be identified.
In the second case, strains possessing a specific
gene and in consequence a characteristic functional
property can be identified.

Most lactic acid bacteria of wine can be identified
at the species level in this manner. The first
working probe was developed for the species
Oenococcus oeni. It was created by using the
total DNA of different strains taken as references
(Lonvaud-Funel ef al., 1989). The DNA probes
of O. oeni do not hybridize with the genomic
DNA of other species; the inverse is also true.
The presence of the O. oeni species of bacterium
can be identified even in a mixture containing
other bacteria. Subsequently, this method also
proved to be well adapted for other species found
in grape must and wine (Table 4.6) (Lonvaud-
Funel et al., 1991b). However, the similarity of
the L. hilgardii and L. brevis species necessitated
the development of a more specific probe targeting
L. hilgardii (Sohier et al., 1999).

By hybridizing the probe directly with the
DNA of bacteria colonies, this method becomes
considerably more interesting than the previous
technique of hybridizing the probe with the DNA
extracted from the strain and then placed on
a membrane. In the new technique, the nylon
membrane is placed on the surface of a Petri dish
after the development of colonies. It is then treated
successively in different buffers and reagents
which provoke the lysis of the bacteria and the
immobilization of the DNA on the membrane. The
prehybridization steps follow; hybridization and
washes are then carried out. In these conditions, a
mixed population of lactic acid bacteria can easily
be studied. In fact, after an initial hybridization of
the membrane with a given probe, dehybridization
and then rehybridization with a second probe
permit the localization of clones belonging to
another species. At least five different species
can successively be detected in a mixture with
this system (Figure 4.8) (Lonvaud-Funel et al.,
1991a). Thanks to this method, by preparing
probes representing the eight species most often

encountered in enology, the dynamics of each of
the species were studied during winemaking for
the first time.

DNA/DNA hybridization is also an excellent
tool for identifying strains that differ in phenotype
but belong to the same species. The difference
rests on a metabolic function which depends on
the presence of one or more enzymes and therefore
the presence of the corresponding genes. In this
case, the probe is prepared from a DNA fragment
representing all or part of the gene.

At present in enology, two particular cases are
analyzed in this manner: strains of Pediococcus
damnosus, responsible for ropiness disease, and
strains which produce histamine, notably O. oeni.
Preliminary studies have shown that P. damnosus
strains capable of synthesizing the ‘ropy wine’
polysaccharide possess a supplementary plasmid,
contrary to normal strains. The ropy character
is linked to the presence of this plasmid. A
fragment was cloned in E. coli and now constitutes
the base material for preparing the probe. In
this manner, colony hybridization permits the
identification of ‘ropy’ clones even when mixed
with other Pediococcus clones or other species of
bacteria. This method is routinely used to identify
this undesirable population in the microflora of
wines at the end of winemaking and during aging
(Lonvaud-Funel et al., 1993).

The other cloned specific probe is prepared from
a gene fragment of histidine decarboxylase. This
enzyme catalyzes the decarboxylation of histidine
into histamine. The hybridization of a bacterium
with this probe, to more than half of the gene
length, signifies that the strain possesses the gene
(Le Jeune et al., 1995). The presence of these
strains in wine most likely increases the histamine
concentration. During winemaking, and also aging,
these strains in specific can be counted by colony
hybridization.

4.3.6 Identification by Polymerization
Chain Reaction (PCR)

PCR consists of using polymerization to amplify
one or more DNA fragments, located by specific
sequences. The obtained product exists in sufficient
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(b)

Fig. 4.8. Specific lactic acid bacteria population counts
by hybridization on colonies with reference DNA
probes. (a) hybridization on colonies of cultured Oeno-
coccus oeni. (b) detection of L. hilgardii colonies
in a mix of 5 species (O. oeni, L. mesenteroides,
P. damnosus, L. plantarum, L. hilgardii). Result
obtained after 4 successive hybridizations and dehy-
bridizations with probes from four other species

quantities to be easily revealed by electrophoresis.
This method includes an enzymatic reaction for
the synthesis of DNA which requires primers and
a template. The polymerase copies the DNA target
starting from the primer at 3’ towards 5'. The PCR
technique uses two oligonucleotide primers, cho-
sen for their complementary sequences: each one
is complementary to a single strand of the DNA
target. Synthesis is carried out between the two
primers by a polymerase. The extensional product

of one of the primers serves as a template for the
other after denaturation. The repetition of cycles
comprising primer annealing, extension reactions
and denaturation leads to an accumulation of iden-
tical neosynthesized molecules, flanked by the cho-
sen oligonucleotides (Chapter 1, Figure 1.21).

For the three steps of the amplification to be suc-
cessful and to avoid complicated manipulations of
the sample during multiplication, a temperature-
resistant enzyme is necessary. The use of the Taq
polymerase resolved this problem; it is thermore-
sistant and functions at elevated temperatures up
to 72°C. The cycles are therefore repeated, gener-
ally 30 to 40 times. A large quantity of specific
DNA fragments determined by the primers are
produced in this manner. Theoretically, 2" target
fragments are obtained after n cycles. The auto-
matic equipment currently in use permits the dif-
ferent parameters of the three steps of each cycle
to be programmed. From a single copy of a DNA
fragment, a sufficient number of copies can be
obtained in order to view easily after ethidium
bromide coloration. The products of PCR are ana-
lyzed by electrophoresis. If a fluorescent band is
revealed with the expected size, this means that the
DNA matrix contained the sequence identified by
the primers. Thus, within a genome with approxi-
mately two million nucleotides, like that of Oeno-
coccus oeni, it is possible to determine whether a
gene or gene fragment several hundred nucleotides
long is present or not.

The specificity of PCR is based on the level
of hybridization between the oligonucleotides and
the template. It therefore depends on the primer
sequence and length, the ionic force of the
medium, the temperature and the concentration of
Mg>" ions. The choice of primers can be very
precise when the sequence of the regions bordering
the zone to be amplified are known. The use of
random primers also gives valuable results, when
the bacteria genome is totally unknown.

The primary value of PCR is its sensitivity.
The presence of a gene in a small number of
cells can generate a quantity of DNA which
is easily analyzable by gel electrophoresis. In
enology, PCR is also used to identify the two
problems previously described, through the use
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of ‘ropy’ strain and histamine-producing strain-
specific probes. The amplification reaction is very
specific; the size of the amplified fragment is veri-
fied after electrophoresis. These undesirable strains
of bacteria are therefore detected in a mixture of
other bacteria, even if they are few in number
PCR amplification using a region of the histidine
decarboxylase gene makes it possible to identify
bacteria likely to produce histamine, irrespective
of the species (Coton et al., 1998). Sequencing the
plasmid of bacteria that produced glucane led to
the identification of the dps gene responsible for
this effect. Primers were selected for PCR detec-
tion of these bacteria directly in wine (Gindreau
et al., 2001). It is now also possible to detect
lactic bacteria that break down glycerol to pro-
duce acrolein (Claisse and Lonvaud-Funel, 2001)
as well as those that decarboxylate tyrosine to form
tyramine.

PCR will soon have another application in our
domain for the differentiation of strains of the same
species. Random primers are used for the moment.
In this case, the reactions amplify several zones
of the bacterium genome. After electrophoresis,
the amplification products furnish a profile that
can be characteristic of the strain. The difficulty
lies in finding the primers. The best adapted ones
for recognizing strains must give a profile for
each strain in a reproducible manner. Among the
lactic bacteria in wine, this process has only been
applied to strains of O. oeni. The main application
is in monitoring selected bacteria for malolactic
fermentation.

PCR is a useful tool, especially due to its
great sensitivity and speed. This method comple-
ments the colony hybridization method by spe-
cific probes, and the two methods permit the
early detection (PCR) and quantification (specific
probes) of bacterial strains that alter wine. How-
ever, in the near future, the more recently devel-
oped quantitative PCR in real time is likely to
provide quantitative data with all the accuracy and
speed of PCR. In the future, other methods of
genome analysis will probably permit the identifi-
cation of species less common to wine with greater
certainty. These species are interesting because
of their metabolism or their resistance to wine
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stabilization processes. Ribotyping, for example,
consists of hybridizing the genomic DNA with a
probe prepared from the DNA encoding riboso-
mal genes. Before this process, the genomic DNA
must first be submitted to the action of restriction
enzymes and undergo separation by electrophore-
sis. This method, which permits the analysis of
simplified hybridization patterns, has been used to
study a few strains of L. hilgardii and L. brevis.
Profile types permit the classification of strains into
two species that truly correspond with the habit-
ual phenomena described (Le Jeune and Lonvaud-
Funel, 1994).

4.3.7 Identification by Fatty Acid
and Protein Composition

Besides their phenotypic characteristics, the pro-
tein and fatty acid composition of bacteria is also
determined by the mass of information in the
genome and can, therefore, be used for identifi-
cation purposes. In both cases, these components
result from a succession of genetically determined
syntheses. Differences in the fatty acid and protein
composition therefore reflect differences between
strains. They can possibly even lead to identifica-
tion of genus and species.

The total fatty acids are dosed in the form
of esters after saponification. The analysis makes
use of gas phase chromatography (Rozes, 1993).
Even if this analysis is reliable, it must be
used with caution for identification; in fact,
several studies have clearly proven that, for a
given lactic bacterium, the same fatty acids are
always represented, but their proportion varies
significantly according to the cellular cycle phase
and even more so the physicochemical growth
conditions. Modifications essentially concern the
level of saturation and the length of the carbon
chains. Moreover, for a given species, strains are
capable of synthesizing very long-chain fatty acids
(more than 20 carbon atoms) to adapt to growth in
an alcoholic environment (Desens, 1989; Kalmar,
1995).

Bacteria can therefore only be identified by their
composition in total fatty acids when the culture
of the cells to be analyzed is standardized. Even
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if this method does not seem easy to use, it
merits being mentioned. In the genus Pediococcus,
it was used to characterize three groups in
which six species are classified. P. damnosus and
P. pentosaceus, encountered in enology, belong
to two of these groups. The authors of this
work (Uchida and Mogi, 1972) observed that
culture age and environmental conditions modify
the proportions of fatty acids without affecting the
separation of the groups.

Bacteria cell proteins constitute another level of
genomic expression. The amino acid sequence of
proteins is the result of a direct translation of genes.
It is therefore normal to distinguish bacteria from
one another by the proteins that they contain. The
primary structure determines molecule mobility
in an electrophoretic gel in conditions where the
secondary, tertiary and quaternary structures are
denatured. This identification method therefore
involves subjecting the total cell contents of
bacteria to electrophoresis. After staining, the
protein profiles are compared either visually or
by computer-assisted analysis. The electrophoretic
profiles are reproducible. They are standardized by
markers which are required to compare several gels.

According to Kersters (1985), protein profiles
of strains are identical when their DNA presents
a homology greater than 90%; they are very sim-
ilar up to 70%. Strains can therefore be identi-
fied in this manner at the species level. Neverthe-
less, as with the method using fatty acids, all of
the following conditions must be rigorously stan-
dardized: bacteria culture conditions; the moment
of sampling; extraction; and electrophoretic proto-
col. Recently, lactic acid bacteria spoiling fortified
wines have been discovered in this manner: O. oeni
(Dicks et al., 1995), and diverse species of lacto-
bacilli (L. hilgardii, L. fructivorans, L. collinoides
and L. mali—the last three being rare) (Couto and
Hogg, 1994).
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5.1 GENERALITIES—A REVIEW

Metabolism represents the biochemical reactions
of degradation and synthesis carried out by the
bacteria cell during multiplication. Catabolic reac-
tions provide energy, transforming substrates from
the environment or reserve substances of the
cell; anabolic reactions guarantee cellular synthe-
sis from environmental substrates and intermediary
catabolism products.

Lactic acid bacteria are chemotrophic: they find
the energy required for their entire metabolism from
the oxidation of chemical compounds. The oxida-
tion of substrates represents the loss of electrons
that must be accepted by another molecule, which is
reduced. Most oxidations, simultaneously liberate

protons and electrons. The transport of these two
particles to the final acceptor can activate a chain
of successive oxidation—reductions.

Thus the biological oxidation of a substrate
is always coupled with the reduction of another
molecule. In the following oxidation—reduction
reaction the oxidized substance is noted as
DH, and the final electron and proton acceptor
as A:

DH, —— D+ 2H" +2e~ +energy (5.1)
A +2H' 4 2¢~ —> AH, (5.2)

The overall reaction is:

DH; + A —— AH; + D + energy. 5.3)
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The nature of the final electron acceptor A
determines the type of metabolism: fermentative
or respiratory. The presence of oxygen also distin-
guishes aerobic and anaerobic microorganisms.

In aerobiosis, the electrons and protons are trans-
ported to oxygen, which is most often reduced
to water. This process is called aerobic respira-
tion. The transport system consists of a group
of cytochromes. The proton flux creates a pro-
ton motive force, which permits the synthesis of
ATP molecules. The conservation of the oxidation
energy is ensured by the synthesis of the pyrophos-
phate bond of ATP. This bond generates energy
when it is hydrolyzed. This system does not exist
in lactic acid bacteria, although some species can
synthesize cytochromes from precursors.

Some lactic acid bacteria reduce oxygen from
the environment by forming hydrogen peroxide
according to the following reaction:

0, +2 4+2H" — H,0, (5.4

Hydrogen peroxide must be eliminated since it is
toxic. Cells that are not capable of eliminating it
cannot develop in the presence of oxygen: they
are strict anaerobes. Depending on their behavior
with respect to oxygen, lactic acid bacteria are
classed as strict anaerobes, facultative anaerobes,
microaerophiles or aerotolerants. The distinction
between these different categories is often difficult
to establish for a given strain.

Most lactic acid bacteria tolerate the presence
of oxygen but do not use it in energy-producing
mechanisms. Depending on the species, they use
different pathways to eliminate the toxic peroxide,
activating peroxidases which use NADH as a
reducer: a superoxide dismutase, a pseudo catalase
and sometimes Mn?T ijons (Desmazeaud and
Roissart, 1994). To date, this subject has not been
specifically studied for species isolated in wine.

If the final electron and proton acceptor is a min-
eral ion (sulfate, nitrate), the microorganism func-
tions in anaerobiosis, but a respiratory mechanism
is still involved. This process is called anaerobic
respiration.

In anaerobiosis, the reduced molecule can also
be an endogenic substance—one of the products
of metabolism. This is the case with fermentation.

In lactic acid bacteria, this molecule is pyruvate.
It is reduced into lactate in the reaction which
characterizes lactic fermentation:

pyruvate + NADH + H" —— lactate + NAD™"

(58.5)
Contrary to the reoxidation of the coenzyme by
the respiratory chain, this reaction is not energy
producing.

Other kinds of reactions can lead to ATP
synthesis. They occur in aerobiosis or anaerobiosis.
During these reactions, the oxidation of the
substrate accompanies the creation of an energy-
rich bond between the oxidized carbon and a
phosphate molecule:

XH, + [Pi] —> X ~P+2H" +2¢~  (5.6)

The energy of the esterphosphoric bond is then
stored in a pyrophosphate bond:

X ~ P+ ADP — X + ATP (5.7)

In this manner the phosphoenolpyruvate and the
acetylphosphate can transfer their phosphate group
to the ADP in the same type of reaction. The two
intermediary molecules in the catabolism of sugar
are therefore very important from an energetic
viewpoint.

5.2 METABOLISM OF SUGARS
BY LACTIC ACID BACTERIA

The oxidation of sugars constitutes the principal
energy-producing pathway. This energy is essential
for bacterial growth. In lactic acid bacteria,
fermentation is the pathway for the assimilation
of sugars. For a given species, the type of
sugar fermented and environmental conditions (the
presence of electron acceptors, pH, etc.) modify
the energy yield and the nature of the final
products.

The cytoplasmic membrane is an effective bar-
rier separating the external environment from the
cellular cytoplasm. Although permeable to water,
salts and low molecular weight molecules, it is
impermeable to many organic substances. Various
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works describe the different active sugar trans-
port systems in lactic acid bacteria. They are
for the most part ATP dependent and activate
enzymatic systems—sometimes complex. These
systems are specific to the sugars being trans-
ported. Heterofermentative bacteria, particularly
the species that interest enologists, have not been
studied in depth, but the existence of active trans-
port systems using ATP-dependent permeases is
highly probable.

Lactic acid bacteria of the genera Lactobacillus,
Leuconostoc and Pediococcus assimilate sugars by
either a homofermentative or heterofermentative
pathway. Among the cocci, Pediococcus bacte-
ria are homofermentative, while Leuconostoc and
Oenococcus are heterofermentative. In lactobacilli,
heterofermenters and homofermenters are distin-
guished according to the pathway used for hexose
degradation. Pentoses, when degraded, are metab-
olized by heterofermentation.

5.2.1 Homofermentative Metabolism
of Hexoses

Homofermentative bacteria transform nearly all of
the hexoses that they use, especially glucose, into
lactic acid. Depending on the species, either the
L or D lactic isomer is formed (see Chapter 4).
The homofermentative pathway or the Embden-
Meyerhof pathway includes a first phase contain-
ing all of the reactions of glycolysis that lead from
hexose to pyruvate. During this stage, the oxida-
tion reaction takes place generating the reduced
coenzyme NADH + H*. This pathway is used by
numerous cells. For aerobic organisms, this path-
way is followed by the citric acid or Krebs cycle.

In lactic acid bacteria, the reaction of the
second phase characterizes lactic fermentation. The
reduced coenzyme is oxidized into NAD" during
the reduction of pyruvate into lactate.

The reactions of glycolysis are listed in
Figure 5.1. In the first stage, the glucokinase
phosphorylates glucose into glucose 6-P (glucose
6-phosphate). This molecule then undergoes an
isomerization to become fructose 6-P. Another
phosphorylation leads to the formation of fructose
1,6-diphosphate. At this stage, the two most
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important reactions have already occurred. They
activate the kinases which require bivalent ions
(Mg?*,Mn?*) and use an ATP molecule each
time. One of them, the phosphofructokinase, an
allosteric enzyme controlled by ATP, determines
the speed of glycolysis.

The fructose 1,6-diphosphate is then split into
two molecules of triosephosphate. This reaction
is catalyzed by aldolase, a key enzyme of the
glycolytic pathway. Homofermentative bacteria
present a high fructose 1,6-diphosphate aldolase
activity. The products of this reaction are glycer-
aldehyde 3-P and dihydroxyacetone-P.

Only glyceraldehyde 3-P pursues the trans-
formation pathway. The dihydroxyacetone-P is
rapidly isomerized into glyceraldehyde 3-P. In
reality, the equilibrium between these two
molecules favors dihydroxyacetone-P, but it is
continually reversed, since the glyceraldehyde 3-
P is eliminated by the reaction which follows.
In the next stage, energy production processes
begin. The glyceraldehyde 3-P is oxidized into
1,3-diphosphoglycerate. A phosphorylation from
inorganic phosphate accompanies the oxidation.
The NAD" coenzyme is reduced to NADH +
H*. These reactions permit the synthesis of an
acyl-phosphate bond—a high energy potential
bond. During the hydrolysis of this bond, the reac-
tion immediately following recuperates the energy
by the synthesis of an ATP molecule.

The 1,3-diphosphoglycerate is transformed into
3-P glycerate. This molecule undergoes a rear-
rangement: its phosphate group passes from posi-
tion 3 to position 2, esterifying in this manner the
secondary alcohol function of the glycerate. An
internal dehydration of the molecule then occurs.
The important reaction which follows generates an
enolphosphate, a high energy potential molecule,
called phosphoenolpyruvate. Finally, this energy
is used for the synthesis of ATP from ADP in a
reaction which forms pyruvate.

From the moment when the triose molecules are
utilized, the second part of glycolysis comprises
the most important energy-producing phases. Two
reactions ensure the synthesis of ATP for each
of the glyceraldehyde-P molecules coming from
hexose. The total reaction energy from the
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Fig. 5.1. Metabolic pathway of glucose fermentation by homolactic bacteria

transformation of a glucose molecule is therefore
the synthesis of two ATP molecules and inciden-
tally the reduction of NAD™.

For each hexose molecule assimilated, the
cell requires an NAD™ molecule. The cell must
therefore make use of a system that maintains an

acceptable NAD™ level. Lactic acid bacteria use
the pyruvate formed by glycolysis as an electron
acceptor to oxidize NADH. This character defines
lactic fermentation. In general, bacteria therefore
transform a hexose molecule into two lactate
molecules by the homolactic pathway.
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5.2.2 Heterofermentative Metabolism
of Hexoses

Bacteria using the heterofermentative pathway
transform hexoses principally but not exclusively
into lactate. The other molecules produced by
this metabolism are essentially CO,, acetate and
ethanol; this is the pentose phosphate pathway.
After being transported into the cell, a glucoki-
nase phosphorylates the glucose into glucose 6-P
(glucose 6-phosphate). Its destination is completely
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different from the glucose 6-P of the homofer-
mentative pathway. Two oxidation reactions occur
successively: the first leads to gluconate 6-P; the
second, accompanied by a decarboxylation, forms
ribulose 5-P (Figure 5.2). In each of these reac-
tions, a molecule of the coenzyme NADT or
NADP™" is reduced. The ribulose 5-P is then
epimerized into xylulose 5-P.

The xylulose 5-P phosphoketolase is the key
enzyme of this pathway: it catalyzes the cleavage
of the pentulose 5-P molecule into acetyl-P

Glucose — Glucose 6 @
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Fig. 5.2. Metabolic pathway of glucose fermentation by heterolactic bacteria (pentose phosphate pathway)
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and glyceraldehyde 3-P. This reaction requires
phosphate. The glyceraldehyde 3-P is metabolized
into lactic acid by following the same pathway
as in the homofermentative pathway. The acetyl-
P has two possible destinations, depending on
environmental conditions. This molecule can be
successively reduced into ethanal and then ethanol,
in which case the molecules of the coenzyme
NADH + H* or NADPH + H*, formed during the
two oxidation reaction of hexose at the beginning
of the heterofermentative pathway, are reoxidized.
This reoxidation is essential for regenerating the
coenzymes necessary for the assimilation of sugar.
In certain conditions, when the cell makes
use of other coenzyme reoxidation systems, the
acetate kinase catalyzes a reaction that leads to the
formation of acetate from acetyl-P. This reaction
simultaneously recuperates the bond energy of
the P group of acetyl-P by the synthesis of
an ATP molecule. In this case, the coenzyme
reoxidation systems activate NADH or NADPH
oxidases, when the cells are in aerobiosis or
reduction reactions such as the transformation of
fructose into mannitol. When acetyl-P leads to the
formation of acetate, there is a definite energetic
advantage. A supplementary ATP molecule is
formed for each hexose molecule transformed.
The final quantity of glucose metabolism prod-
ucts (presence of ethanol and acetate) from hetero-
fermentative bacteria demonstrates that this path-
way is nearly always used. Yet the use of this
pathway varies more or less depending on the
degree of aeration and the presence of other proton
and electron acceptors. In this way, bacteria of the
genus Leuconostoc preferentially produce lactate
and ethanol in a slightly aerated environment and,
on the contrary, lactate and acetate in an aerated
environment. Changes in conditions therefore not
only influence the nature of the products formed
but also the energy yield and thus growth.
Heterofermentative bacteria produce acetic acid
from hexoses, but regulation mechanisms modify
production. In anaerobic conditions, the NADH
oxidase cannot regenerate NAD. Glucose pref-
erentially leads to the formation of lactic acid
and ethanol. When NADH can be reoxidized by
another process, the amount of ethanol formed

decreases, resulting in an increase in acetic acid.
This occurs in aerobic conditions or in the presence
of another substance that can be reduced. Homo-
lactic bacteria ferment glucose almost exclusively
into lactic acid. In an anaerobic environment with
a limited glucose concentration, homofermentative
bacteria such as Lactobacillus casei form less lac-
tic acid; the primary products can become acetic
acid, formic acid and ethanol. The change is linked
to the regulation of the L-LDH by fructose 1,6-
diphosphate. The change is less obvious when the
homofermentative species possess the two LDH
types, L and D. FDP does not regulate the D-LDH.

5.2.3 Metabolism of Pentoses

Certain strains of Lactobacillus, Pediococcus or
Leuconostoc ferment pentoses such as ribose, ara-
binose and xylose, whether they are homofer-
menters or heterofermenters, according to the same
schema (Figure 5.3). The pentoses are phospho-
rylated by reactions activating kinases and using
ATP. Specific isomerases then lead to the forma-
tion of the xylulose 5-P molecule. The following
reactions are described in the heterofermentative
pathway for glucose assimilation. In spite of glyc-
eraldehyde 3-P having the same fate in this case,
acetyl-P exclusively leads to the formation of the
acetate molecule, generating an ATP molecule in
this manner. In fact, a reduced coenzyme molecule
is not available to reduce acetyl-P into ethanol. The
pathway furnishes two ATP molecules for each
pentose molecule fermented. This pathway there-
fore has a greater yield than the fermentation of a
hexose by the pentose phosphate pathway.

The study of the homofermentative and hetero-
fermentative metabolic pathways of sugars there-
fore permits the prediction of the nature of the
products formed. Pentoses are always at the origin
of acetic acid and of course lactic acid production.

5.3 METABOLISM OF THE
PRINCIPAL ORGANIC
ACIDS OF WINE

Bacteria essentially degrade two organic acids of
wine: malic and citric acid. Other acids can of
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Fig. 5.3. Pentose fermentation pathway by lactic acid
bacteria

course be degraded but are of less interest in enol-
ogy—with the exception of tartaric acid, which
has rarely been studied. Since the initial research
of lactic acid bacteria and their role in winemaking,
malic acid has been the focus of a large number
of studies. Yet the degradation of citric acid also
plays an important role in winemaking. The major-
ity of bacterial species preponderant in wine after
alcoholic fermentation degrade these two acids.
This degradation is evidently the source of many
organoleptical changes noted after their develop-
ment. The enologist may consider the transforma-
tion of malic acid to be the most important phe-
nomenon of the malolactic fermentation phase, but
other transformations, of citric acid in particular,
should also be taken into account.
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5.3.1 Transformation of Malic Acid

In the case of non-proliferating cells in a laboratory
medium and during winemaking, lactic acid bacte-
ria of wine transform L-malic acid exclusively into
L-lactic acid. Seifert (1901) established the reac-
tion of the malolactic transformation according to
the following equation:

malic acid — lactic acid + CO». (5.8

This equation was confirmed when the stereoiso-
mers could be separately determined for each of
the two acids.

This reaction therefore involves a decarboxy-
lation without an intermediary product capable
of following another metabolic pathway. Several
authors have reported that certain bacterial strains
form other molecules from malic acid, suggest-
ing in this manner the existence of other reactions.
Even if their existence cannot be ruled out, malo-
lactic transformation is the only reaction that exists
in the lactic acid bacteria involved in winemaking.

Alizade and Simon (1973) studied the stereo-
chemistry of this transformation. Enzymatic meth-
ods were used to determine the specific quantities
of the stereoisomers. In addition, the fermenta-
tion of radioactively labeled glucose and malic
acid permitted the study of their products. The
heterofermentative cocci (Oenococcus), abundant
or exclusive during winemaking, were found to
present several properties. They form exclusively
D-lactic acid from glucose (Chapter 4) and exclu-
sively L-lactic acid from L-malic acid (Figure 5.4).

This observation suggests that the transforma-
tion of malic acid does not pass by the intermediary
of pyruvic acid. Peynaud (1968) concluded that
the substrate was decarboxylated directly. A lot of

COOH ?OOH
|

HO-C-H —— > H-C-OH + CO,
| |
H-C-H CHj;
|
COOH L-Lactic acid

L-Malic acid

Fig. 5.4. Equation of the malo-lactic reaction
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research was carried out to elucidate this mecha-
nism. It naturally leads to the examination of the
enzymatic aspect of this transformation.

At that time only the malate dehydrogenase
(MDH) and the malic enzymes were, known to be
capable of fixing and catalyzing a reaction whose
substrate is L-malic acid. These two enzymes were
described in numerous vegetal and animal cells
and in diverse microorganisms. They catalyze the
following reactions:

Mn2+
MDH: L-malate =

oxaloacetate + NADH + H" + NAD™
5.9

malic enzyme: L-malate + NAD" «—

pyruvate + CO, + NADH + H"  (5.10)

Since oxaloacetate is easily decarboxylated into
pyruvate and CO,, these two reactions lead to
the formation of pyruvate from L-malate. Since
the final product of the malolactic transformation
in wine is L-lactic acid, MDH or the malic
enzyme would be associated to an LDH catalyzing
the reduction of pyruvate into L-lactate in this
metabolic pathway. At least for wine bacteria, this
concept is not acceptable since these bacteria only
possess a D-LDH. Malic acid would only lead to
the formation of D-lactic acid.

Therefore, the hypothesis of the existence of
an enzyme catalyzing the direct decarboxylation
of L-malic acid into L-lactic acid was made. The
enzyme, called the malolactic enzyme, was iso-
lated for the first time in Lactobacillus plantarum
(Lonvaud, 1975; Schiitz and Radler, 1974). From
acellular bacterial extracts and thanks to succes-
sive purification stages, the authors obtained puri-
fied fractions responding to the functional criteria
of the malolactic enzyme. L-Malic acid is trans-
formed stoichiometrically into L-lactic acid. These
fractions do not have an LDH activity.

At least in L. mesenteroides and L. oenos
(O. oeni), the malolactic enzyme is inducible. Cul-
tivated without malic acid during numerous gen-
erations, the cells conserve a very small residual
activity. They regain their maximum activity as

soon as malic acid is added (1 g/l or more). The
presence of fermentable sugars (hexose or pentose)
also favors its activity.

Some time later, the same enzyme was purified
in other strains and species of lactic acid bacte-
ria, notably in strains of L. plantarum, L. murinus,
L. mesenteroides, O. oeni and L. lactis. The phys-
ical characteristics and kinetics of all of the
described malolactic enzymes are the same. The
enzyme is a dimeric or tetrameric protein formed
by the association of a 60 kDa polypeptide. The
pH; of the enzyme is 4.35. It functions only in
the presence of the NAD™ cofactor and biva-
lent ions, Mn?* being the most effective, and
uses a sequential mechanism. The Mn?* and the
NAD™ fix themselves on the protein before the
L-malate. At the optimum pH, the Michaelis con-
stants are 2 x 107> M for malate and 4 x 10> M
for NAD. The optimum pH of the enzymatic
reaction is 5.9. At this pH, the kinetics are
Michaelian. At a pH far from the optimum pH,
it is sigmoidal—demonstrating a positive cooper-
ative mechanism which signifies a growing affin-
ity for the malate. Homopolymeric enzymes share
this characteristic: the binding of the first substrate
molecule on the first promoter transmits a defor-
mation, increasing the affinity of the others. This
cooperativeness permits an increase in the effec-
tiveness of the system in unfavorable conditions.
Evidently, in winemaking, bacteria are in far from
optimal conditions (Lonvaud-Funel and Strasser de
Saad, 1982).

The carboxylic acids of wine—succinic, citric
and L-tartaric acid—are competitive inhibitors
with the following respective inhibition constants:
8 x 1072 M, 1 x 1072 M and 0.1 M. L-Lactic acid,
a product of the reaction, is an inefficient, non-
competitive inhibitor whose inhibition constant of
0.3 M indicates a weak affinity.

Although this enzyme is becoming better known,
a question still remains unanswered: what is the
real role of NAD" in the oxidation—reduction
exchange? The indispensable coenzyme of the
reaction is not involved, at least in a conventional
manner.

The malolactic enzyme purified from Lactococ-
cus lactis, a lactic bacterium of milk origin, has
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exactly the same characteristics as the enological
strain enzyme. It was used to study the structure
of the gene. The protomer N-terminal end was
sequenced on 20 amino acids (IBMC Laboratory,
University of Bordeaux II). The corresponding
nucleotide sequences were deduced from the five
first and five last amino acids of this portion of the
protein (Denayrolles et al., 1994). These oligonu-
cleotide sequences were used as primers in a PCR
amplification reaction with bacterial DNA as tem-
plates. In this manner, a 60-nucleotide fragment
was isolated and used to produce a probe, permit-
ting the identification of the malolactic gene in the
bacterial chromosome. This fragment, and progres-
sively the entire gene, was sequenced. Ansanay
et al. (1993) obtained the same result by another
method, starting with the same purified enzyme
preparation.

The nucleotide sequence encoding the malolac-
tic enzyme is therefore known and shows a strong
resemblance to the malic enzyme. The binding
sites of the coenzyme on the protein have also
been located (Figure 5.5). Finally, after having
been inserted into a vector, this gene was trans-
ferred into E. coli and also into laboratory strains
of S. cerevisiae yeast; the gene was expressed in
these conditions (Ansanay et al., 1993; Denay-
rolles et al., 1995).

In the late 1980s, the program aimed at devel-
oping a “malolactic yeast” capable of carrying out
the malolactic transformation during alcoholic fer-
mentation was supported by winemakers in France
and abroad. The first stage consisted of cloning
the gene of the malolactic enzyme and express-
ing it in an yeast. Unfortunately, it very rapidly
became obvious that the system was limited by the
fact that malic acid entered the yeast. To overcome
this problem, the Stellenbosch team (South Africa)
decided to clone the malate permease gene from
Schizosaccharomyces pombe, another yeast found
in wine (Grobler et al., 1995). Having demon-
strated that a yeast could be transformed by a
vector bearing the gene coding for permease and
another bearing the malolactic enzyme, the same
team inserted these two genes into a yeast chro-
mosome to stabilize the desired genetic data. A
yeast strain with malolactic activity now exists,
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can be produced on an industrial scale, and has
shown a certain level of performance (Van Vuuren
and Husnik, 2003). There is no question of carry-
ing out full malolactic fermentation as this yeast
does not exhibit all the other bacterial activities
involved in enhancing the gustatory qualities of
wine. It may be useful as an organic agent for
deacidifying wines when the winemaker wishes
to preserve the characteristic aromas revealed by
yeast. However, this yeast is a genetically modified
microorganism and, as such, is far from gaining
universal acceptance.

The production of the enzyme for direct use in
wines is of no use, since this protein is rapidly
inhibited by diverse substances in wine—acids,
alcohol and polyphenols. The malolactic reaction
takes place at the interior of the bacterium in a
medium protected from inhibitors by the bacterial
membrane. The degradation rate of malic acid is
limited by its transport speed in the interior of the
cell. Although the optimal pH for enzyme activity
is around 6.0, it is around 3.0 to 3.5 for whole cells
of O. oeni. At this pH, malic acid penetrates more
easily into the bacterium than at higher pHs.

The inhibitory action of tartaric and succinic
acid is even stronger on whole cells than on
proteins. Citric acid at a concentration of 0.5 g/l,
normally not reached in wine, only slows cellular
activity by around 5% (Lonvaud-Funel and Stras-
ser de Saad, 1982).

Finally, among the questions raised as early as
the period of initial research on malolactic fermen-
tation, the physiological role of malic acid remains
to be interpreted. The addition of malic acid in a
culture medium of lactic acid bacteria simultane-
ously increases the yield and the growth rate. A
partial explanation of this observation was discov-
ered only recently. The malolactic reaction itself
is not very exergonic, yet it indirectly constitutes
a real energy source for the cell. Poolman (1993)
demonstrated that, following the decarboxylation
reaction, the increase of the internal pH (which
imposes an influx of protons), the uptake of malic
acid and the efflux of lactic acid combine to create
a proton motor force, permitting the conservation
of energy via the membrane ATPase.
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GCTACAAAGGTGTTGATTATCAAATTGGTCAAGCAAATAACTCACTTATCTACCCAGGTTTGGGCTTAGGAATGTTGGCATCTG 1596
435 S Y K GV DY QI GQANNUSULTIYU®PGLGTLGMTL A S

AAGCAAAACTTTTGACAGATGAAATGATCGGTGCAGCTGCACATTCATTGAGCGGTTTAGTAGATCCAGGTAAACCAGGTGCTC 1680
463 E A K L L T D E M I G A A A HS L S GL V DPGK P G A

CTGTTCTTCCTCCATTTGAATTTGTTGCTGATGTATCAATTAAAGTTGCAGAAGCAGTTGCTAAGAAAGCTCAAGAACAAGGTC 1764

491 P V L PP F EF V A D V §T1TK KV A EAV A KIKAAQEQG
TTACTGAATCTAAAGAAACTGATATGGCTAAAGCAGTTCGTGATCTTAAATGGTATCCAGAGTACTAAGGGGAATATCTTAAAT 1848
59 L T E S K E T D MA KA V R DULK WY P E Y M 1
GAAAAAACTTAAAGAAACGAAAATATCGGGAATTAGTCTTCCCTTATATGCCTTTTTCGTAGCTGTCATCATAGTTGTA 1927
K K L K ET KT S GI s L PL Y A FFV AV II1TVYV 27

— —» Permease

Fig. 5.5. Nucleotidic sequence of the DNA fragment carrying the malolactic enzyme (mLeS) gene and proteic
sequences coded by this fragment. Certain proteic zones particularly well conserved between the malolactic enzyme
and malic enzymes have been underlined. A potential function has been specified for some
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5.3.2 Metabolism of Citric Acid

Certain lactic acid bacteria (heterofermentative
cocci and homofermentative bacilli) degrade cit-
ric acid. Among the species found in wine,
L. plantarum, L. casei, O. oeni and L. mesenter-
oides rapidly use citric acid. Strains of the genus
Pediococcus and of the species L. hilgardii and
L. brevis cannot.

In certain dairy industry bacteria, the lack of
utilization of citric acid is linked to the loss of the
plasmid encoding the citrate permease, essential
for the uptake of the acid. In bacteria isolated in
wine, the citrate permease may exist, but its role is
inconsequential, since at the pH of wine, the non-
dissociated substrate diffuses across the membrane

/ Citrate
Acetate i

Oxaloacetate
NAD" NADH+H"
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without needing the permease. The species and
the strains that do not degrade citric acid are
therefore at least deficient in the first enzyme of the
metabolic pathway: the citrate lyase. This enzyme
was studied in wine lactic acid bacteria and
more particularly in a strain of L. mesenteroides
(Weinzorn, 1985).

Within bacteria, citric acid is split into an
oxaloacetate molecule and an acetate molecule
by the lyase (Figure 5.6). The largest quantities
of this enzyme are synthesized in low sugar
concentration media containing citric acid. Glucose
acts as a repressor. The protein is active in an
acetylated form. The inactive deacetylated form
can be reacetylated in vivo by the citrate lyase
ligase with acetyl CoA or acetate and ATP. This

CoO, Butanediol 2,3
Lactate Pyruvate
NAD*
TPP
\ CO,
NADH+H"
N Co Acetolactate 4
2 Acetoine
Y NAD*
Ethanol ﬁ Ethanal «—— Ethanal-TPP
"
NAD* NADH-+H* NADH-+H
/‘ CoASH Diacetyl
TPP /|
Y
pi. Acetyl-CoA
CoASH </,
Fatty acids
Acetyl~P
ADP
Lipids
ATP
Acetate

Fig. 5.6. Metabolic pathway for citric acid degradation by lactic acid bacteria
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first degradation stage leads to the formation of
an acetate molecule for each molecule of the
substrate.

Oxaloacetate is then decarboxylated into pyru-
vate in Oenococcus, the most important bacteria in
enology. In certain lactobacillus, it can also lead to
a partial formation of succinate and formate. Pyru-
vate is the source of acetoin compounds: diacetyl,
acetoin and 2,3-butanediol. The first is particularly
important organoleptically. It is the very aromatic
molecule that gives butter its smell. The olfac-
tive intensity of acetoin and butanediol, which are
derived from diacetyl by reduction of the ketonic
functions, is much lower (Figure 5.6).

Two diacetyl synthesis pathways have been pro-
posed. In one, diacetyl results from the reac-
tion of acetyl CoA with ethanal-TPP (active
acetaldehyde), catalyzed by a diacetyl synthetase,
which has never been isolated. The other path-
way supposes that from two pyruvate molecules,
a-acetolactate synthetase produces w«-acetolactate
which is then decarboxylated into acetoin. The
diacetyl is derived from it by oxidation. This is
an aerobic pathway.

In addition to acetoinic substances, the pyruvate
molecules coming from citrate have other destina-
tions. First of all, if the coenzyme NADH, pro-
duced by other pathways, is available, it leads to
the formation of lactate. Next comes the decar-
boxylation of pyruvate and then a reduction pro-
duces ethanol. Finally, the pyruvate derived from
citrate participates in the synthesis of fatty acids
and lipids via acetyl CoA. The radioactivity of
labeled citrate supplied to the bacteria is incor-
porated into the cellular material. In this pathway,
part of the acetyl CoA can also generate acetate
molecules (Figure 5.6).

The citric acid metabolism products are there-
fore very diverse. Whatever the conditions, more
than a molecule of acetic acid is surely formed
from a substrate molecule. The production of oth-
ers is largely determined by factors influenced by
growth conditions. In limited glucose concentra-
tion conditions, a low pH and the presence of
growth inhibitors, citric acid preferentially leads
to the formation of acetoinic substances. In fact,
due to conditions, pyruvate is orientated neither

towards the synthesis of cellular material, since
growth is difficult, nor towards lactate and ethanol,
because of a lack of reduced coenzymes. The ace-
toinic substance synthesis pathway is considered
to be a detoxification process of the cell. In order
to maintain its intracellular pH, it must eliminate
pyruvate. Conversely, when growth is easy, pyru-
vate is utilized by fatty acid synthesis pathways;
acetic acid is produced in larger quantities. In a
laboratory medium, Oenococcus forms more than
two acetic acid molecules from one citric acid
molecule at a pH of 4.8 and only 1.2 molecules
at a pH of 4.1. Conversely, the production of ace-
toinic molecules is four times higher (Lonvaud-
Funel et al., 1984).

It is therefore not surprising that some wines
contain more than 10 mg of diacetyl per liter. Yet
it has been determined that several milligrams of
diacetyl per liter (2—3 mg/l for white wines and
about 5 mg/l for red wines) contribute favorably
to the bouquet. Above these concentrations, the
buttery aroma, distinctly perceived, diminishes wine
quality. Malolactic fermentation conditions and
the quantity of citric acid degraded (from 0.2
to 0.3 g/l) and also without doubt the species of
O. oeni involved determines the quantity of diacetyl
produced. Several other reactions contribute to
its final concentration. First of all, yeasts also
synthesize diacetyl during alcoholic fermentation by
a completely different pathway linked to the meta-
bolism of amino acids. Diacetyl is then reduced
into acetoin by the diacetyl reductase, an enzyme
present in yeasts and lactic acid bacteria. The
diacetyl concentration attains two maxima in this
manner: one during alcoholic fermentation, the other
during the degradation of citric acid by bacteria. It
diminishes between the two fermentations and at the
final stage of bacterial activity. Maintaining wine on
yeast and bacteria lees at the end of fermentation
ensures this reduction and also determines the
final diacetyl level (De Revel et al., 1989). Finally,
sulfur dioxide further diminishes its concentration
by combining with the ketonic functions.

Citric acid is always metabolized during fer-
mentation because in nearly every case the species
O. oeni is involved. Its degradation begins at the
same time as malic acid degradation, but it is
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much slower—so much so that at the end of
malolactic fermentation, citric acid often remains,
up to 0.15 g/l or sometimes even more. It repre-
sents an additional energy source. In fact, ATP
is formed from acetyl-P, derived from pyruvate,
which is directed towards the production of cell
components. In the presence of residual sugars
(glucose or fructose) degraded by the heterofer-
mentative pathway, part of the pyruvate derived
from citric acid acts as an electron and proton
acceptor. Part of the acetyl-P originating from sug-
ars leads to the formation of acetate in producing
ATP. In this manner the presence of citric acid
in a wine favors bacterial growth and survival,
notably in the presence of residual sugars. This
metabolism therefore participates, along with the
malic acid metabolism, in the microbiological sta-
bilization of wine by eliminating energy sources
(Lonvaud-Funel, 1986).

5.3.3 Metabolism of Tartaric Acid

Wine lactic acid bacteria can degrade tartaric
acid, but this metabolism differs from malic and
citric acid metabolisms. It is a veritable bacterial
spoilage. Pasteur described it in the last century
and named it tourne disease. It is dangerous since
the disappearance of tartaric acid, an essential
acid in wine, lowers the fixed acidity and is
accompanied by an increase in the volatile acidity.
The degradation can be total or partial, depending
on the level of bacterial development, but it always
lowers wine quality.

This spoilage is rare since the strains capable of
degrading tartaric acid seem to be relatively few
in number. Studies carried out on this subject in
the 1960s and 1970s showed that this property
is not linked to a particular bacterial species.
Strains belonging to different species have been
isolated by various authors, but they are most often
lactobacilli. Among them, Radler and Yannissis
(1972) found four strains of L. plantarum and one
strain of L. brevis having this trait out of the 78
strains examined. Peynaud (1967) discovered 30
or so strains capable of partially or totally using
tartaric acid in a study carried out on more than 700
strains. The scarcity of this property constitutes in
sum the first protection against this disease.
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Since a high pH is always propitious to the
multiplication of a larger number of bacteria, higher
acidity wines are less affected. Moreover, these
bacteria are sensitive to SO,. Therefore, respecting
the current rules of hygiene in the winecellar and in
wine should be sufficient to avoid this problem.

Few studies exist examining the metabolic path-
ways of the transformation of tartaric acid. The
only results existing describe different pathways
for L. plantarum and L. brevis (Radler and Yan-
nissis, 1972). From a molecule of tartaric acid,
L. plantarum produces 0.5 molecules of acetic acid,
0.3 of succinic acid and 1.3 of CO,. L. brevis forms
0.7 molecules of acetic acid, 0.3 of succinic acid and
1.3 of CO;, (Figure 5.7).

5.4 OTHER TRANSFORMATIONS
LIKELY TO OCCUR IN
WINEMAKING

5.4.1 Degradation of Glycerol

Glycerol is one of the principal components of
wine, both in its concentration (5-8 g/l) and in
its contribution to taste. Yeasts form glycerol by
glyceropyruvic fermentation at the beginning of
fermentation. The degradation of glycerol harms
wine quality, partly because of the decrease in its
concentration and partly because of the resulting
products of the metabolism.

Certain bacterial strains produce bitterness in
wine—a fact known since the time of Pasteur.
Lactic acid bacteria make use of a glycerol
dehydratase to transform glycerol into B-hydroxy-
propionaldehyde (Figure 5.8). This molecule is the
precursor of acrolein, which is formed in wine by
heating, or slowly during aging. The combination
of wine tannins and acrolein, or its precursor, gives
a bitter taste.

Like fourne, this spoilage is not widespread, due
to the rarity of strains capable of degrading glyc-
erol by this pathway. No single species of bacteria
is responsible for degrading glycerol in wine. Lit-
tle research has been devoted to this problem, but
strains of two species of bacteria, Lactobacillus
hilgardii and Lactobacillus diolivorans, have been
isolated from wine following degradation of the
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Fig. 5.7. Tartaric acid metabolism by lactic acid bacteria (Radler and Yannissis, 1972)

glycerol (Claisse, 2002). A key enzyme, glycerol
dehydrogenase, has been studied in several strains.
In strains of L. brevis and L. buchneri, Schutz
and Radler (1984) demonstrated the degradation
of glycerol by the glycerol dehydratase to 1,3-
propanediol via B-hydroxypropionaldehyde when
the medium also contained glucose or fructose.
NADH (or NADPH), produced by the fermenta-
tion of sugar, reduces aldehyde to 1,3-propanediol.
As described earlier, this co-metabolism leads to a
deviation of acetyl-P derived from sugar towards
the production of additional ATP and acetate. It
therefore facilitates bacterial growth.

Some strains degrade glycerol in wine by
the glycerol dehydratase pathway, while others
also use the 3-P-glycerol dehydrogenase path-
way. The genes coding the enzymes for the first
pathway have been studied. They are organized
in a set including a total of 13 genes, prob-
ably all necessary for the functioning of glyc-
erol dehydratase, which consists of three pro-
tein subunits and propane-1,3-diol-dehydrogenase,
leading, finally, to propane-1,3-diol. L. hilgardii
and L. diolivorans are organized in the same
way, as are strains of L. collinoides isolated
from cider affected by acrolein spoilage (Gorga
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Fig. 5.8. Glycerol degradation pathways by lactic acid bacteria (Ribéreau-Gayon et al., 1975)

et al., 2002). Oligonucleotide primers for detecting
these bacteria have been selected from the gene
sequence coding for one of the glycerol dehy-
dratase subunits (Claisse and Lonvaud-Funel,
2001). Degradation of glycerol results not only
in the production of hydroxy-3-propionaldehyde,
the precursor of acrolein, but also, by metabolic
coupling, to an increase in volatile acidity pro-
duced from the L-lactic acid in the wine. The other
pathway consists of glycerokinase phosphorylat-
ing the glycerol and 3-P-glycerol dehydrogenase
resulting in 3-P-dehydroxyacetone. This molecule
enters into glycolysis reactions by oxidation into
dihydroxyacetone-P which result in the formation
of pyruvate. The final products of this pathway are
those previously described from pyruvate degrada-
tion, notably acetic acid and acetoinic substances.
The quantity of products varies depending on envi-
ronmental conditions, in particular the amount of
fermentable sugar and aeration.

In particular, large amounts of lactic acid are
formed, increasing the wine’s total and fixed
acidity and causing its pH to drop. Acidification
was as high as 0.8 g/l (expressed in tartaric acid)
in wines where the pH dropped by 0.25 to 0.30.

Acetoinic molecules may also be formed from
pyruvate. The fate of the pyruvate molecules is

probably, as usual, determined by the availability
of NADH/NAD coenzymes, i.e. the intracellular
redox condition. If NADH is available, lactate
is produced. If not, the pyruvate is eliminated
in the form of acetoinic compounds. Interactions
between the metabolic pathways and the bacteria’s
environment are the decisive factor. In any case,
the presence of bacteria capable of degrading
glycerol is a risk to the extent that, even if it is
not totally metabolized, its metabolic by-products
may spoil the wine to varying degrees.

5.4.2 Decarboxylation of Histidine

Histidine, an amino acid in wine, is decarboxylated
into histamine, whose toxicity, although low, is
additive to the toxicity of other biogenic amines
(tyramine, phenyl ethylamine, putrescine and cada-
verine) (Figure 5.9). Tyrosine is decarboxylated to
form tyramine by a similar reaction.

In general, biogenic amines—histamine in partic-
ular—are more abundant in wines after malolactic
fermentation. This explains the results presented in
various works: red wines appeared to be richer in
amines than white wines. Some researchers (Aerny,
1985) also proved that histamine is formed mainly
at the end of malolactic fermentation, and even later.
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For a long time, many attempts were made to isolate
bacteria capable of decarboxylating histidine, and
they led to the conclusion that only contamination
strains belonging to the genus Pediococcus had this
property. According to some authors, the presence
of histamine indicated a lack of winemaking skill
and hygiene in the winery.

Yet this phenomenon occurs even during the
malolactic fermentations of wines whose micro-
flora is almost exclusively O. oeni. This fact
contradicted the above results. An in-depth study
of the microflora of wines rich in histamine
finally led to the isolation of O. oeni strains
that produce histamine from histidine (Lonvaud-
Funel and Joyeux, 1994). In laboratory media, the
formation of histamine by these strains increases
as the growth conditions become less favorable:
the absence of other substrates (in particular,
sugar) at a low pH and in the presence of
ethanol. The histamine concentration also, of
course, depends on the histidine concentration.
The addition of yeast lees, which progressively
liberate amino acids and peptides, increases the
concentration in the medium. Bacteria that also
possess peptidases find a significant histidine
source there. It is, therefore, not surprising that
the histamine concentration increases toward the
end and even after fermentation, as long as lactic
acid bacteria are present. A precise study of the
histidine carboxylase activity of a strain of O. oeni
shows that even non-viable cells conserve their
activity for a very long time in wine.

This enzyme has been fully purified. Its char-
acteristics and properties are similar to those of
the enzyme purified from a Lactobacillus of non-
enological origin. The protein comprises two dif-
ferent subunits grouped in a type [¢f]¢ hexamer.
The activity is optimal at a pH of 4.5; it is the same
for whole cells. The enzyme is synthesized in the
form of an inactive precursor I1. It is then acti-
vated by the scission of IT into @ and 8. Like the
malolactic reaction, the decarboxylation of histi-
dine does not directly generate cellular energy, but
the strains of O. oeni that are capable of using it
profit by its presence in the medium and grow more
quickly than strains that do not have this capa-
bility. The energetic advantage is explained (as in
L. buchneri) according to the process described for
malolactic fermentation by Poolman (1993). The
exchange between histidine and histamine at the
membrane level creates a proton gradient and a
proton motive force, generating ATP.

The strains of O. oeni that use histidine, there-
fore, have an additional advantage which can
be a deciding factor after winemaking when the
medium is poor in nutrients. Their survival can be
facilitated in this manner.

Not all O. oeni strains possess the histidine
decarboxylase; in fact, there are only a few. The
detection of these particular strains was made pos-
sible by the use of molecular tools. DNA amplifi-
cation by PCR, by using the appropriate oligonu-
cleotide primers, permits the identification of these
particular strains in a mixture. The labeling of
a gene fragment, or a whole gene, that encodes
the enzyme supplies the specific probe. Thus, the
detection and enumeration of strains capable of
forming histamine no longer present a problem.
For example, the analysis of 250 samples of Bor-
deaux wines showed that nearly 50% contained
such strains. This method can be extended to other
bacteria, since it is specific only to the presence of
the gene and not the bacterial species (Le Jeune
et al., 1995; Coton, 1996).

Until now, the only strains isolated from wine
capable of producing tyramine were identified
as L. brevis and L. hilgardii (Moreno-Arribas
et al., 2000). The tyrosine decarboxylase enzyme
was studied in a particularly active strain of
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L. brevis, then extracted from it (Moreno-Arribas
and Lonvaud-Funel, 2001). As the aim was to pro-
duce detection tools specific to these strains, the
protein was sequenced to find the coding sequence
of the gene and, finally, the oligonucleotide
primers required for PCR amplification (Lucas and
Lonvaud-Funel, 2002; Landete et al., 2003).

In future, tools for the rapid, accurate iden-
tification of strains producing biogenic amines
will enable winemakers to assess the risks and
also to carry out studies of the ecology of these
strains, particularly their distribution and condi-
tions encouraging their presence in some wineries.

5.4.3 Metabolism of Arginine

Among grape must amino acids, arginine is the
most rapidly and completely consumed at the
beginning of alcoholic fermentation. It is then
secreted by the yeast and liberated during autolysis.
The use of this amino acid by bacteria during
fermentation was not closely studied until recently,
notably as part of research on the origins of ethyl
carbamate (Makaga, 1994; Liu et al., 1994).

The microorganisms employ several metabolic
pathways for using arginine. In lactic acid bacte-
ria, the most widely used is the arginine deimi-
nase pathway. The enzyme of this first step cat-
alyzes the deamination of arginine into citrulline
(Figure 5.10). Next, ornithine transcarbamylase and
carbamate kinase lead to the formation of ornithine,
CO,, ammonium and the synthesis of ATP. Strictly
heterofermentative lactobacilli were long consid-
ered to be the only ones capable of these trans-
formations. Heterofermentative lactobacilli were
long considered to be the only ones capable of
effecting these transformations. This is the case
of L. hilgardii, which has a highly active arginine
metabolism that provides a high-level energy source
(Tonon and Lonvaud-Funel, 2002).

However, some studies also identified this path-
way in optionally heterofermentative lactobacilli,
such as Lactobacillus plantarum (Arena et al.,
1999). Interestingly, Oenococcus oeni (O. oeni)
was classified in Bergey’s reference manual for the
identification of bacteria as being among those that
do not hydrolyze arginine. Recent works of authors
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cited earlier have, however, definitively confirmed
that certain strains of the species O. oeni are capa-
ble of degrading arginine by the arginine deiminase
pathway. The frequency of this character is not cur-
rently known.

The synthesis of three enzymes—arginine deim-
inase, ornithine transcarbamylase and carbamate
kinase—is induced by the presence of arginine in
the medium. A strain of O. oeni studied by Liu et al.
(1994) transforms arginine stoichiometrically into a
mole of ornithine and two moles of ammonium. In
O. oeni, the genes that code for the enzymes of this
metabolic pathway are organized in an operon on the
chromosome including arc A, B, and C coding for
arginine deiminase, ornithine transcarbamylase, and
carbamate kinase, preceded by aregulation gene, arc
R, and followed by two genes coding for transport
proteins, arc D1 and arc D2 (Tonon et al., 2001;
Divol et al., 2003).

In a collection of O. oeni, the strains do not
systematically have this complete region of the
chromosome. Of course, only those that have the
complete region are capable of assimilating arginine
via this pathway.

A small quantity of citrulline is still liberated in
the medium (up to 16%); it is not taken up in the
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catabolism of O. oeni as opposed to lactobacilli.
This molecule is the source of ethyl carbamate,
whose presence corresponds with the degradation
of arginine by wine bacteria.

However, quantities formed are considerably
lower than those originating from the urea released
by yeasts during alcoholic fermentation. There is
no need to worry about the development of strains
of O. oeni that degrade arginine during malolactic
fermentation. It is, however, advisable to prevent
these strains, as well as heterofermentative lacto-
bacilli, from proliferating after malolactic fermen-
tation. It is advisable not to risk the formation of
these precursors of ethyl carbamate.

As is the case in decarboxylation reactions
involving malic acid, histidine, and tyrosine,
degrading arginine provides yeasts with additional
energy resources. The net energy gain via the
arginine pathway consists of a molecule of ATP
produced from carbamyl-P.

Nevertheless, as with strains that decarboxylate
histidine, strains that degrade arginine have an
advantage over other strains. The net energy gain
is an ATP molecule produced from carbamyl-P.
In lactobacilli, it has been demonstrated that the
uptake of arginine is coupled with the excretion of
ornithine by an antiport system; therefore it does
not require energy. At least in lactobacilli, arginine
stimulates growth. The same effect has been
demonstrated in O. oeni (Tonon and Lonvaud-
Funel, 2000).

5.4.4 Synthesis of Exocellular
Polysaccharides

The synthesis of exocellular polysaccharides by
lactic acid bacteria is a very widespread char-
acter. L. mesenteroides and Streptococcus mutans
produce glucose homopolymers such as dextran
and glucan; fructose homopolymers (levans) and
heteropolymers are also synthesized. Dextran of
L. mesenteroides is the best known, as much for
its different structures and its biosynthesis as for
its various applications.

The production of exocellular polysaccharides
increases viscosity and it can be measured or eval-
uated visually by the ropy character of the medium.

Exocellular polysaccharides are of interest to the
milk industry and for industrial and medical appli-
cations, but much less so in enology. They give
rise to ropiness and the graisse disease, studied by
Pasteur. A lot less rare than tourne and amertume,
this spoilage has incited new research.

In the literature, increased viscosity in ciders and
beers is attributed to different lactic acid bacteria
species, notably P. damnosus and L. brevis —which
are also found in wine (Williamson, 1959; Beech
and Carr, 1977). Luthi (1957) established that the
symbiosis between lactic acid bacteria producing
polysaccharides and acetic bacteria accelerates the
increase in viscosity of the medium.

In the early 1980s, this spoilage reappeared with
increasing frequency. Isolations carried out since
then have demonstrated the involvement of the
species P. damnosus. This fact does not exclude
the possible participation of other species, but
they are generally in much smaller proportions.
Polysaccharide production was studied both by
measuring medium viscosity and by determining
polysaccharide concentrations. For a given wine,
the viscosity increase corresponds directly to the
production of the polysaccharide.

It is not simply a matter of measuring viscosity:
it is the visual aspect of the wine that is the deter-
mining criterion for characterizing this problem. For
example, a wine with a viscosity of 1.637 centistoke
(cst) and a polysaccharide concentration of 95 mg/1
is not ropy, as opposed to a wine with a viscos-
ity of 1.615 and a polysaccharide concentration of
300 mg/l. Many other medium factors contribute to
wine viscosity, notably the alcoholic content.

Compared with non-ropy strains of P. damnosus,
the ropy strains are distinguished by the existence
of a sort of refringent capsule around the cell,
clearly visible under the microscope. The colonies
formed on a solid medium are also easily identified
by the formation of a thick fiber when picked with
a platinum fiber. At the physiological level, the
ropy strains demonstrate the occasional ability to
adapt to growth in wine. They develop with the
same ease whatever the alcoholic content, even
greater than 12%. Their growth rate is hardly
reduced at a pH of 3.5 compared with a pH of
4.5, and is not much affected by sulfur dioxide.
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Growth remains normal at pH 3.7 with a free
SO, concentration of 30 mg/l (Lonvaud-Funel and
Joyeux, 1988).

Ropy P. damnosus strains increase wine viscosity
when they multiply in a medium containing glucose.
The disease is clearly visible when the population
exceeds 107 units forming colony (UFC)/ml. Wine
sugars such as fructose or pentoses do not permit
the synthesis of the polysaccharide. It is a glucan, a
glucose homopolymer with a structure comprising
a B 1-3 chain on which a glucose unit is attached in
B 1-2 every two units (Llauberes et al., 1990):

—[glC - glc]_n
I
glc

The particular structure of this glucan does not
permit an enzymatic treatment of affected wines
with currently known enzymes.

In wine, the polysaccharide is therefore formed
from residual glucose. Several dozen milligrams
per liter suffice to increase the viscosity. The
spoilage can occur in the tank at the end of fermen-
tation, but most problems are posed by spoilage in
the bottle—mainly a few months after bottling. In-
depth studies have shown that these strains adopt
physiological forms that ensure not only their sur-
vival but also their growth. Furthermore, glucan
production is greater in a nutrient-poor medium,
such as wine. For the same amount of bacte-
rial biomass, two to three 3 times more glucan
is formed in a medium containing 0.1 g of glu-
cose per liter than in a medium with 2 g/l. Simi-
larly, for the same glucose concentration, the pro-
duction is greater in a nitrogen-deficient medium.
Independent of the survival and growth rate, the
strain physiology in extreme media directs their
metabolism towards the synthesis of glucan.

Laboratory studies of several strains have shown
the great instability of the ropy phenotype. Strains
transferred to a medium without ethanol rapidly
lose this property. This result led to the comparison
of ropy strains and their mutants. The presence of
a plasmid distinguishes the strains. On this is a
small plasmid with 5.5 kbp; three coding genes
have been identified by homology, one probably
for replicase, the second for a mobilization protein,
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and the third for a glucosyl transferase. This
third gene is probably the key to its property
of synthesizing exopolysaccharide (Walling et al.,
2001). Knowledge of this plasmid has made
it possible to develop tools for detecting these
strains, either by hybridization with a probe or by
PCR (Lonvaud-Funel et al., 1993; Gindreau et al.,
2001). They make it possible to identify and count
“ropy” strains in a heterogeneous population of
wine bacteria, including “non-ropy” P. damnosus
or other species.

If spoilage occurs at the winery or a warehouse,
the first precaution is evidently the disinfection of
all of the tanks and winery material to avoid future
contaminations. In general, a ropy wine does not
present any other organoleptical defects and it can
therefore be commercialized after the appropriate
treatments. The viscosity can generally be lowered
by the mechanical action of shaking the wine.
Sulfiting at a minimum of 30 mg of free SO,
per liter and progressive filtrations up to a sterile
filtration ensure the preparation of the wine for a
risk-free re-bottling. Heat treatment of the wine,
just before bottling, is another a reliable solution
for these fragile wines.

5.5 EFFECT OF THE METABOLISM
OF LACTIC ACID BACTERIA
ON WINE COMPOSITION AND
QUALITY

Unless the appropriate inhibitory treatments are
applied, lactic acid bacteria are part of the normal
microflora of all white and red wines. From the
start to the end of fermentation, and even during
aging and storage, they alternate between succes-
sive growth and regression periods depending on
the species and the strains. All multiplication or
survival involves a metabolism that is perhaps very
active or, on the contrary, hardly perceptible and
even impossible to detect with current analytical
methods. Substrates are transformed and conse-
quently organoleptic characters are modified. Some
metabolic activities are favorable and others are
without consequence, while some are totally detri-
mental to wine quality (Volume 2, Section 8.3).
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The main substrates for wine bacteria known
to date are simple molecules: sugars and organic
acids. Although their transformation is not cur-
rently verified, other more complex wine com-
ponents, such as phenolic compounds, aromatic
compounds or aroma precursors, present in small
quantities, are without doubt partially metabolized.
The repercussion of these minor transformations
on organoleptic characters can be (depending on
the molecules concerned) at least as important as
the principal reactions.

The only substrate always metabolized by the
same pathway by all species of wine bacteria is
L-malic acid. Cellular activity is modulated by the
presence of other compounds acting on the trans-
port level or on the enzyme activity. The growth of
lactic acid bacteria in wine is sought after because
of this activity; indeed, it is the only activity truly
desired. It permits the softening of wine provoked
by deacidification and by the replacement of malic
acid with lactic acid, a compound with a less
aggressive flavor.

Bacteria degrade must and wine sugars with
a different affinity depending on the species and
perhaps even the strain. Hexoses are fermented
into L- or D-lactic acid, or a mixture of the two
forms, depending on the species. In general, bac-
terial development occurs after yeast development.
Therefore, the lactic acid formed from sugars is
in negligible quantities compared with the amount
coming from malic acid. Several bacterial species
produce D-lactic acid but it is the exclusive form
for heterofermentative cocci, and thus O. oeni, the
most important bacterium to enology. Among the
sugar fermentation products of O. oeni, acetic acid
is significant because of its contribution to the
volatile acidity of wines. Like D-lactic acid, it
is produced in small quantities as long as the
bacteria do not ferment too much residual sugar.
An increase in volatile acidity can therefore be
attributed to lactic acid bacteria, if an abnormal
amount (>0.3 g/l) of D-lactic acid is simultane-
ously formed. In this case, O. oeni fermented a
significant quantity of sugars (a few grams per
liter). This situation is called lactic disease.

Acetic acid is also one of the unavoidable
metabolic products of citric acid, produced by

homofermentative lactobacilli and especially by
heterofermentative cocci. The fermentation of a
few hundred milligrams of sugars per liter increa-
ses the volatile acidity during malolactic fermen-
tation. Although carried out on a small quantity of
the substrate, the degradation of citric acid is cer-
tainly important on account of the production of
diacetyl.

Diacetyl, like the other «-dicarbonylated com-
pounds in wine, glyoxal, methylglyoxal, and pen-
tanedione, produced partly by the metabolism of
lactic bacteria, are highly reactive. Reactions, in
particular those with cysteine in wine, produce het-
erocycles such as thiazole, described as smelling
of popcorn, toast, and hazelnuts, and thiophene,
and furan, with aromas of coffee and burnt rubber
(Marchand et al., 2000).

Methionine and cysteine are metabolized into
volatile sulfur compounds. The O. oeni species
is particularly active in converting cysteine into
hydrogen sulfide and 2-sulfanyl ethanol, and
methionine into dimethyl disulfide, 3-(metha-
sulfanyl) propanol, 3-(methasulfanyl) propan-1-ol
and 3-(methasulfanyl) propionic acid. The most
interesting of these compounds from a sensory
point of view is 3-(methasulfanyl) propionic acid,
with its earthy, red-berry fruit nuances (Pripis-
Nicolau, 2002).

As for the other known metabolisms of lactic
acid bacteria in wine, they all participate in one
way or another in the spoilage of the wine. The
degradation of essential wine components such as
tartaric acid and glycerol into volatile acidity and
bitter-tasting substances, respectively, completely
destroys the organoleptic quality of the wine. The
metabolism of amino acids (arginine, histidine,
etc.) does not affect taste, but at a toxicological
level it creates a problem by increasing the con-
centrations of biogenic amine and ethyl carbomate
precursors in the wine. All things considered, ropi-
ness seems to be the most widespread and spectac-
ular disease, but even if it causes economic loss,
the damages can be limited since the spoiled wine
can be treated and commercialized.

In contrast to the metabolisms of malic acid,
sugars and citric acid, these last transformations
are carried out by certain strains belonging to
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normally inoffensive species. Bacterial spoilage
can no longer be attributed to a specific bacterial
species, as in the past. Certain strains of O. oeni
form biogenic amines, and other strains form
citrulline—precursor of ethyl carbomate.

REFERENCES

Aerny J. (1985) Bull. OIV, 656-657, 1016—1019.

Alizade M.A. and Simon H. (1973) Hoppe-Seyler’s Z.
Physiol. Chem., 354, 163—168.

Ansanay V., Dequin S., Blondin B. and Barre P. (1993)
FEBS Lett., 332, 74-80.

Arena M.E., Saguir F.M. and Manca de Nadra M.C.
(1999) Int. J. Food Microbiol., 47, 203.

Beech F.W. and Carr J.G. (1977) in Alcoholic Bever-
ages, (ed. A.H. Rosa) pp. 139-313. Economic Micro-
biology. Academic Press, London.

Claisse O. (2002) Diplome Expérimentation et Recherche
en Oenologie. Université Victor Segalen, Bordeaux 2.

Claisse O. and Lonvaud-Funel A. (2001) J. Food Prot.,
64, 833.

Coton E. (1996) These de Doctorat, Université de Bor-
deaux II.

Denayrolles M., Aigle M. and Lonvaud-Funel A. (1994)
FEMS Microbiol. Lett., 116, 79-86.

Denayrolles M., Aigle M. and Lonvaud-Funel A. (1995)
FEMS Microbiol. Lett., 125, 37—-44.

De Revel G., Bertrand A. and Lonvaud-Funel A. (1989)
Conn. Vigne Vin, 23, 39-45.

Desmazeaud M. and de Roissart H. (1994) in Les Bac-
teries Lactiques, Vol. 1, (eds H. de Roissart and
F.M. Luquet) pp. 194—198. Lorica, Uriage, France.

Divol B., Tonon T., Morichon S., Gindreau E. and
Lonvaud-Funel A. (2003) J. Appl. Microbiol., 94,
738.

Gindreau E., Walling E. and Lonvaud-Funel A. (2001)
J. Appl. Microbiol., 90, 535.

Gorga A., Claisse O. and Lonvaud-Funel A. (2002) Sci.
Aliment., 22, 113.

Grobler J., Bauer F., Subden R.E. and Van Vuuren H.J.J.
(1995) Yeast, 11, 613.

Landete J.M., Ferrer S., Lucas P., Lonvaud-Funel A.
and Pardo I. (2003) < Oenologie 2003 >>. 7°™ Sym-
posium International D’enologie, Qordeaux-Arcachon
Tec et Doc, Lavoisier Paris (a paraitre).

Le Jeune C., Lonvaud-Funel A., Ten Brink B., Hofstra H.
and Van der Voosen J.M.B.M. (1995) J. Appl. Bacte-
riol., 78, 316-326.

Liu S.Q., Pritchard G.G., Hardman M.J. and Pilone G.J.
(1994) Am. J. Enol. Vitic., 45, 235-242.

Llauberes R.M., Richard B., Lonvaud-Funel A. and Du-
bourdieu D. (1990) Carbohyd. Res., 203, 103-107.
Lonvaud M. (1975) These Doctorat 3¢me cycle, Univer-

sit¢ de Bordeaux II.

159

Lonvaud-Funel A. (1986) These de Doctorat s Sciences,
Universite de Bordeaux II.

Lonvaud-Funel A. and Joyeux A. (1988) Sci. Alim., 8,
33-49.

Lonvaud-Funel A. and Joyeux A. (1994) J. Appl. Bac-
teriol., 77, 401-407.

Lonvaud-Funel A. and Strasser de Saad A.M. (1982)
Appl. Environ. Microbiol., 43, 357-361.

Lonvaud-Funel A., Zmirou-Bonnamour C. and Wein-
zorn F. (1984) Sci. Alim., 4 (HS III), 81-85.

Lonvaud-Funel A., Guilloux Y. and Joyeux A. (1993a)
J. Appl. Bacteriol., 74, 41-47.

Lonvaud-Funel A., Guilloux Y. and Joyeux A. (1993b)
J. Appl. Microbiol., 74, 41.

Lucas P. and Lonvaud-Funel A. (2002) FEMS Micro-
biol. Lett., 21, 85.

Luthi H. (1957) Am. J. Enol. Vitic., 8, 176—18]1.

Makaga E. (1994) These de Doctorat, Universite de
Reims.

Marchand S., de Revel G. and Bertrand A. (2000) J.
Agric. Food Chem., 48, 4890.

Moreno-Arribas V., Torlois S., Joyeux A., Bertrand A.
and Lonvaud-Funel A. (2000) J. Appl. Microbiol., 88,
584.

Peynaud E. (1967) Etudes récentes sur les bacteries
lactiques du vin. Ileme Symposium International d’(E-
nologie, Bordeaux.

Peynaud E. (1968) CR Acad. Sci., 267D, 121-122.

Poolman B. (1993) FEMS Microbiol. Rev., 12, 125-148.

Pripis-Nicolau L. (2002) These de Doctorat, Université
Victor Segalen Bordeaux 2.

Radler F. and Yannissis C. (1972) Arch. Microbiol., 82,
219-239.

Ribéreau-Gayon J., Peynaud E., Ribéreau-Gayon P. and
Sudraud P. (1995) Traité d’(Enologie, Sciences et
Techniques du Vin, Vol. 2 Dunod, Paris.

Schiitz M. and Radler F. (1974) Arch. Microbiol., 96,
329-339.

Schiitz H. and Radler F. (1984) Arch. Microbiol., 139,
366-370.

Seifert W. (1901) Z. Landwirstch. Versuchsu. Dent. Oest.,
4,980-992.

Tonon T. and Lonvaud-Funel A. (2000) J. Appl. Micro-
biol., 89, 526.

Tonon T. and Lonvaud-Funel A. (2002) Food Micro-
biol., 19, 451.

Tonon T., Bourdineaud J.P. and Lonvaud-Funel A.
(2001) Res. Microbiol., 152, 653.

Van Vuuren H.J.J. and Husnik J. (2003) Oenologie
2003. 7°™¢ Symposium International D’Oenologie,
Bordeaux-Arcachon, Tec et Doc, Paris (a paraitre).

Walling E., Gindreau E. and Lonvaud-Funel A. (2001)
Dairy Sci. Technol., 81, 289.

Weinzorn F. (1985) Theése de Doctorat 3eme cycle,
Universite de Bordeaux II.

Williamson D.H. (1959) J. Appl. Bacteriol.,22,392—-402.



Lactic Acid Bacteria Development in Wine

6.1 Lactic acid bacteria nutrition in wine 161
6.2 Physicochemical factors of bacterial growth 163
6.3 Evolution of lactic acid bacteria microflora during fermentation and

aging, and influence on wine composition 168
6.4 Microbial interactions during winemaking 174
6.5 Bacteriophages 178

6.1 LACTIC ACID BACTERIA
NUTRITION IN WINE

Like all microorganisms, lactic bacteria cells mul-
tiply when conditions are favorable: presence of
nutritional factors, absence of toxic factors, and
adequate temperature. All of the principal reac-
tions of its metabolism are directed towards the
biosynthesis of cellular components: nucleic acids
for the transmission of genetic heritage, carbo-
hydrates, lipids, structure proteins and of course
biologically active proteins. To ensure these syn-
theses, the cell must first find the necessary chem-
ical elements in the medium: carbon, nitrogen and
minerals—in usable forms. Since all of these syn-
thesis reactions are endergonic, the medium must

also supply molecules capable of liberating the
necessary energy. Most of the energy is supplied
by the assimilation of various substrates. In addi-
tion, the cell receives energy from sophisticated
systems which activate electron and proton trans-
port phenomena. Although these systems cannot
ensure the totality of cell growth, they contribute
to it, very actively in certain cases, particularly
when the cells are in nutritionally limited condi-
tions.

6.1.1 Energy Sources

Most of the energy comes from the assimilation of
numerous organic substrates, sugars, amino acids
and organic acids. Lactic acid bacteria are chemo-
organotrophic organisms. The oxidation of these
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substrates is principally represented by the fermen-
tation of sugars. Heterofermentative and homofer-
mentative lactic acid bacteria degrade hexoses and
pentoses. At different stages of their metabolism,
exergonic reactions permit the stocking of energy
in ATP molecules (Section 5.2). The oxidation of
sugars is always coupled with the reduction of
coenzymes. In anaerobiosis, the lactic fermenta-
tion process is responsible for their reoxidation.
In the metabolism of other substrates, the libera-
tion of energy by reactions can be accompanied
by the synthesis of ATP: this is the case with the
degradation of citric acid and arginine.

The energetic importance of the proton motive
force created at the membrane level has been
demonstrated in several lactic acid bacteria species.
The bacterial membrane in fact has a dual role:
on the one hand, it is a barrier opposing the free
diffusion of components of the medium and the
cytoplasm; on the other hand, it is the site of
proton and electron exchange. The proton motive
force has two components: a difference in electric
potential (negative inside) and a proton gradient (of
pH). Maintaining a proton motive force requires
an HT-ATPase of the membrane, which functions
reversibly. An influx of protons leads to the
synthesis of ATP; conversely, the efflux of protons
consumes energy. In lactic acid bacteria, the
efflux of lactate from the metabolism is associated
with the efflux of two protons (symport). In this
manner, the efflux of protons does not require
energy.

During malolactic fermentation, the use of
malate produces a sufficient proton motive force
for the synthesis of ATP. The influx of negatively
charged malate into the cell is coupled with the
efflux of neutral lactate; a difference in potential
is created. Furthermore, the decarboxylation pro-
vokes the alkalinization of the cytoplasm and thus
increases the pH gradient. All of this leads to the
creation of the proton motive force. The energy
indirectly furnished by the malolactic transforma-
tion is therefore conserved. This same process
explains the energy gain by the decarboxylation
of histidine and tyrosine. The histidine/histamine
exchange, accompanied by the transfer of a
negative charge, and the decarboxylation reaction

provoke the alkalinization of the internal environ-
ment, ensuring the conservation of energy as in the
previous case (Poolman, 1993).

6.1.2 Nutrients, Vitamins
and Trace Elements

Apart from water (the most important component),
cells draw carbon, nitrogen and mineral elements
such as phosphorus and sulfur from their environ-
ment. These substances enter into the composition
of cellular components.

Carbon essentially comes from sugars and
sometimes organic acids. Glucose and fructose
are the most represented sugars in wine after
alcoholic fermentation (a few hundred milligrams
per liter). Mannose, galactose, pentoses (arabinose,
xylose, ribose), thamnose and a few disaccharides
are also present in small concentrations (a dozen
milligrams of each per liter). The sugar degradation
capacity depends on the bacterial species and (for
example, for glucose) on environmental factors.

Oenococcus oeni degrades fructose more easily
than glucose. Its presence in a mixture with glucose
is beneficial to growth. Its reduction into mannitol
regenerates coenzyme molecules necessary for the
oxidation of glucose. Through a lack of reduced
coenzymes, acetylphosphate does not lead to the
formation of ethanol, but rather to acetic acid
and ATP.

The energy obtained by the fermentation of
residual sugars largely suffices to ensure the
necessary growth for successfully starting and
completing malolactic fermentation. According to
Radler (1967), less than 1 g of glucose per liter
covers the needs of the bacteria to form the
biomass necessary for malolactic fermentation. In
fact, much less than 1 g of glucose suffices, since
other sugars in the medium are also used. The
available sugars not only come directly from grape
must but probably also from the hydrolysis of some
of its components, notably polysaccharides.

Amino acids and sometimes peptides supply
lactic acid bacteria with their assimilable nitrogen.
Amino acid requirements vary with respect to the
species and even the strain. These acids can be
strictly indispensable or simply growth activators.
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According to Ribéreau-Gayon et al. (1975), the
following amino acids are necessary as a whole
or in part, depending on the strain: Ala, Arg, Cys,
Glu, His, Leu, Phe, Ser, Trp, Tyr and Val. Cocci
have stricter demands than bacilli. The results of
auxotrophic studies are, however, difficult to obtain
and interpret. In a more recent study on O. oeni,
Frémaux (1990) demonstrated their auxotrophy for
Ile, Leu and Val. The synthesis pathways for these
acids have enzymes in common for the production
of aromatic acids (Phe, Trp, Tyr), derived from the
same precursor, chorismic acid, and for Arg, His,
Ser and Met. New observations suggest that His is
a stimulant and not an essential.

Although these data remain very imprecise,
an amino acid deficiency does not appear to be
responsible for growth difficulties of lactic acid
bacteria in wine. Temporary deficiencies can be
noted at the beginning of alcoholic fermentation
during the rapid yeast multiplication phase, but at
the end this is no longer the case. The metabolism
and then the autolysis of yeasts release a large vari-
ety and quantity of amino acids into the environ-
ment. The culture of Oenococcus and Lactobacil-
lus in a synthetic laboratory medium shows that all
of the amino acids of the medium can be consumed
during growth. In wine, certain amino acids dimin-
ish while others increase in concentration, probably
because of the simultaneous hydrolysis of peptides
or proteins. In addition, the ammonium concentra-
tion increases following the deamination reaction
(Ribéreau-Gayon et al., 1975). Amino acids are
essentially used for protein synthesis. Depending
on the strain, some can be catabolized and serve as
energy sources (arginine, histidine, and tyrosine).

Among nitrogen compounds, puric and pyrim-
idic bases play an important role in activating
growth. In this case, the needs for adenine, gua-
nine, uracile, thymine and thymidine are also
dependent on the strain. They are not always
essential.

Minerals such as Mg?*, Mn?*, K*, and Na*
are necessary. The first two are often used as
key enzyme cofactors of the metabolism (kinases,
malolactic enzyme). The following trace elements
are involved in the nutrition of lactococci: Cu?t,
Fe3t, Mo*t and Se**. Yet the role of these metal
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ions is not yet established for wine lactic acid
bacteria.

Vitamins are coenzymes Or coenzyme precur-
sors. Lactic acid bacteria are incapable of syn-
thesizing B-group vitamins, in particular nicotinic
acid, thiamin, biotin and pantothenic acid. A glyco-
syled derivative of pantothenic acid was identified
in grape juice; it had been initially purified from
tomato juice (Tomato Juice Factor: Amachi, 1975).

Finally, among the important chemical elements,
phosphorus plays a primordial role in lactic acid
bacteria, as in all cells, in the composition of
nucleic acids, phospholipids and in the stocking
of energy in the form of ATP.

All of the minerals and vitamins cited, as well
as carbon substrates and nitrogen nutriments, are
found in sufficient quantities in wine. Only in
exceptional cases, are developmental difficulties of
bacteria after alcoholic fermentation likely to be
due to nutritional deficiencies. A simple experi-
ment suffices to prove this statement: a favorable
modification of one of the physicochemical factors
that will be studied later (temperature, pH) usu-
ally permits the multiplication of the population.
Independent of these physicochemical factors, the
absence of growth must be considered to be caused
by inhibitors.

6.2 PHYSICOCHEMICAL FACTORS
OF BACTERIAL GROWTH

Four parameters very distinctly determine the
growth rate of lactic acid bacteria in wine: pH,
temperature, alcohol content and SO, concentra-
tion. Other factors are also in play but to a
lesser degree and can only be determinant in some
conditions.

These four essential factors have been known for
a long time. They permitted the establishment of
“enological rules”. Progress in winery equipment
has made these rules progressively easier to follow
(Section 12.7.4). None of these factors can be
considered independently of the others: the four
act together as a unit. A favorable level of
one compensates an unfavorable value of one or
several others. It is also rather difficult to give
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an exact limit for each of them. In this way,
bacteria tolerate higher alcohol contents and SO,
concentrations in wines with favorable pHs than in
wines with low pHs.

6.2.1 Influence of pH

The variation in growth rate related to the pH
presents an optimum value and extreme limits.
Most bacteria develop better at a pH near neutral-
ity. This is not the case with acidogenic bacteria
such as lactic acid bacteria: their acidophily per-
mits their active development in wine at low pHs,
around 3.5. At pHs as low as 2.9-3.0, growth
remains possible but slow. At the upper pH lim-
its of wine (3.7-3.8), it is much quicker. Stopped
growth due to environmental acidity occurs when
the intracellular pH attains a certain limit (pH;).
It not only depends on the environmental pH but
also on the nature of the acids (McDonald et al.,
1990). In fact, the fraction of acids that freely pen-
etrate in non-dissociated form is dissociated inside
the cell, resulting in a decrease in pH. Conse-
quently, the intracellular enzyme activity is more
or less inhibited with respect to the optimum pH
of their activity. The proton motive force and the
dependent transports are also slowed, interfering
with the global metabolism of the cell and thus
multiplication. The lower limit tolerated for pH;
varies depending on the species. It is approx-
imately 4.7 and 5.5, respectively, for L. plan-
tarum and L. mesenteroides, according to McDon-
ald et al. (1990). At pH 3.5, O. oeni maintains
a higher pH; than L. plantarum (Henick-Kling,
1986). The strains of this species adapt better to
acidity than other species. Moreover, when culti-
vated in an acidic environment, they have a higher
pH; and thus a greater proton motive force—linked
to the higher proton gradient.

Acidity adaptation mechanisms are not known
but actively participate in the natural selection
of this species in wine. It has been established
for a long time that wines with relatively high
pHs present not only a more abundant lactic
microflora but also a much more varied one with
respect to acidic wines. These wines are more
microbiologically fragile as some of the bacteria

are spoilage factors, and as a broader range of
substrates is metabolized. High pH facilitates the
growth of bacteria in wine, as well as promotes
their survival, not only directly but also by
reducing the effectiveness of free sulfur dioxide.
Spoilage may develop several months, or even
years, after fermentation. The pH also has an
impact on the malolactic activity of the entire
cell.

Besides growth, the pH affects the malolactic
activity of the entire cell. Although the optimum
pH of the purified enzyme is 5.9, it is not the
same for cells. The malolactic activity of O. oeni
strains is optimum at a pH between 3.0 and
3.2 and around 60% of its maximum activity at
pH 3.8. The usual pH range of wines, therefore,
corresponds well with the maximum malolactic
activity of the bacterial cell. Yet the malolactic
fermentation rate depends on not only the activity
but also the quantity of cells. Finally, at usual
wine values, the pH affects both in the same
way. Consequently, when all other conditions are
equal, malolactic fermentation is quicker at higher
pHs. For example, malolactic fermentation lasts
164 days for a wine adjusted to pH 3.15 and
14 days for a wine adjusted to 3.83 (Bousbouras
and Kunkee, 1971).

According to Ribéreau-Gayon et al. (1975), the
pH also conditions the nature of the substrates
transformed. The authors defined the threshold
pH for malic acid and sugar assimilation. It
corresponds to the lowest pH at which the
substrate is transformed and it varies according
to the strain. The threshold pH for malic acid is
lower than the threshold pH for sugars. In the
zone between these two pHs, bacteria degrade
malic acid without fermenting a large quantity
of sugars and thus without producing volatile
acidity. The larger the zone, the better adapted for
winemaking is the strain. The average threshold
pH of 400 heterofermentative coccus strains tested
is 3.23 for malic acid and 3.51 for sugars. These
values are respectively 3.38 and 3.32 for the 250
heterofermentative lactobacilli strains tested. The
presence of the latter therefore does not guarantee a
malolactic fermentation without the risk of volatile
acidity production.
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The pH is therefore very important and comes
into play at several levels: in the selection of the
best adapted strains; in the growth rate and yield;
in the malolactic activity; and even in the nature
of the substrates transformed.

The role of pH has diverse practical conse-
quences in the control of the malolactic fermen-
tation. First of all, the malolactic fermentation is
initiated more easily and rapidly in press wines
than in the corresponding free run wine. A partial
chemical deacidification of wine may be advis-
able in the most difficult cases. It is especially
recommended in the preparation of a malolactic
fermentation starter—used for the inoculation of
recalcitrant wine tanks. Finally, particular atten-
tion must be paid to musts and wines with elevated
pHs. They sustain a more or less anarchic bacterial
growth of a large variety of bacteria and are thus
subject to spoilage. A sensible sulfiting is the only
tool for controlling these microorganisms.

6.2.2 Effect of Sulfur Dioxide

In wine, sulfur dioxide (SO;) is in equilibrium
between its free and bound forms. Its effectiveness
as a germicide and as an antioxidant is directly
linked to wine composition and pH (Section 8.3.1).
The active form, in fact, is molecular SO, which
depends on the concentration of free SO, and
the pH. To calculate it, the Sudraud and Chauvet
(1985) formula can be used which gives the
percentage of molecular SO, in function of the pH.

%molecular SO, = 100/10PH~ 181 11 (6.1)

For example, at pH 3.2 this percentage is 3.91%.
It is, respectively, 2.00% and 1.01% at pH 3.5 and
pH 3.8. These numbers demonstrate the influence
of pH. Four times more free SO, is necessary at pH
3.8 than at pH 3.2 to obtain the same effectiveness.

The mechanism of the action of SO, was studied
in yeasts in particular, but it is most likely very
similar in bacteria. According to Romano and
Suzzi (1992), SO, penetrates into the cell in
molecular form by diffusion. In the cytoplasm
where the pH is highest, it dissociates and reacts
with essential biological molecules: enzymes with
their disulfur bonds, coenzymes and vitamins. The
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result is cessation of growth and, finally, cell death.
The inhibitory action of SO, on the malolactic
enzyme of Oenococcus is in addition to its effect
on cellular growth.

For the same concentration of total SO,, bacteria
inhibition depends on the binding power of the
wine (Section 13.3.2), which in turn determines the
free SO, remaining and the pH. This establishes
the amount of active molecular SO,. It is only
possible to give an approximation of the quantity
of SO, necessary to inhibit bacterial development.
As a general rule, lactic acid bacteria have
difficulty in developing at concentrations >100 mg
of total SO, per liter and 10 mg of free SO, per
liter. Evidently, the result is not the same at pH
3.2 and at pH 3.8. Their sensitivity also varies
according to the strain. Finally, for a given strain,
the sensitivity varies according to environmental
growth conditions and physiological adaptation
possibilities.

Lafon-Lafourcade and Peynaud (1974), found
that cocci seem less resistant than lactobacilli.
Thus, O. oeni growth is hindered more than
L. hilgardii growth, for example. The effect is also
connected to the strain. Pediococcus damnosus is
a useful example: the ropy strains are insensitive
to SO, doses that inhibit or kill other strains. After
2 months of bottle storage, ropy type bacteria can
maintain populations between 10* and 10°UFC/ml
in wines containing 50 mg of free SO, per liter
(Lonvaud-Funel and Joyeux, 1988).

Bound SO, also exerts a growth inhibitor effect,
demonstrated by Fornachon (1963) (Section 8.6.3).
Lactic acid bacteria may be capable of metaboliz-
ing the aldehyde fraction of the combination and
liberating SO,. The SO, then exerts its activity on
the cell, but it is less effective. From their tests,
Lafon-Lafourcade and Peynaud (1974) concluded
that bound SO, is 5 to 10 times less active than
free SO,. Other authors have observed that its con-
centration in wine can easily be 5 to 10 times more
elevated.

Technological consequences can be drawn from
these results. When the elaborated wine must
undergo malolactic fermentation, it is important to
sulfite the grapes judiciously. The sulfiting must
exert a transitory inhibitory effect on the lactic acid



166 Handbook of Enology: The Microbiology of Wine and Vinifications

bacteria. At the end of alcoholic fermentation, the
bound SO, persists and can delay bacterial growth.
Obviously, sulfiting the wine during running off is
not recommended, except in very unusual cases
(Section 12.6.2).

6.2.3 Influence of Ethanol

Like most microorganisms, lactic acid bacteria are
sensitive to ethanol. Generally, in laboratory con-
ditions, bacteria isolated from wine are inhibited
at an alcoholic strength of around 8—10% volume.
Results vary according to the genus, species, and
strain. Ribéreau-Gayon et al. (1975), found that
cocci are altogether more sensitive to ethanol than
are lactobacilli. At an alcohol content of 13% vol-
ume, more than 50% of the lactobacilli resist as
opposed to only 14% of the cocci.

The growth of O. oeni strains isolated from wine
and cultivated in the laboratory is activated at
around 5—-6% volume of ethanol; it is inhibited in
environments richer in ethanol and difficult at or
above 13-14% volume. The ethanol tolerance of
laboratory strains is much less than for the same
strains cultivated in wine. Bacteria that multiply
in wine adapt to the presence of ethanol but also
probably to the wine environment as a whole. In
addition to the intrinsic strain tolerance of ethanol,
their adaptation capacity varies. It is therefore
difficult to set a limit above which lactic acid
bacteria no longer multiply.

Strains of Lactobacillus fructivorans, L. brevis
and L. hilgardii (heterofermentative bacilli) are
frequently isolated from fortified wines with alco-
holic strengths from 16 to 20% volume. They seem
to be naturally adapted to ethanol but lose this
adaptation after isolation. Strains of L. fructivo-
rans nevertheless remain very tolerant of ethanol,
which has an activator role in their case (Kalmar,
1995). P. damnosus bacteria are not particularly
resistant to alcohol, but the ropy strains multiply at
the same rate and with the same yield in the pres-
ence or absence of 10—12% volume of alcohol.
The adaptation phenomena are definitely dissim-
ilar in nature. In most cases, they are the result
of a structural (fatty acid, phospholipid and pro-
tein composition) and functional modification of
the membrane. In the case of ropy P. damnosus

strains, the polysaccharidic capsule possibly acts
as a supplementary protector.

6.2.4 Effect of Temperature

Temperature influences the growth rate of all
microorganisms. As with chemical reactions, it
accelerates biochemical reactions. Cellular activity
(resulting from all of the involved enzyme activ-
ities) and consequently growth vary with temper-
ature according to a bell curve. At the optimum
temperature, generation time is the quickest. This
curb not only varies with the species and strains
but also with the environment in which the bacteria
multiply.

In a laboratory culture medium, lactic acid bac-
teria strains isolated from wine multiply between
15 and 45°C but their optimum growth range is
between 20 to 37°C. The optimum growth tem-
perature for O. oeni is from 27 to 30°C. but it is
not the same in an alcoholic medium, especially
in wine. The optimum temperature range is more
limited: from 20 to 23°C. When the alcohol con-
tent increases to 13—14% volume of alcohol, the
optimum temperature decreases. Growth slows as
the temperature decreases, becoming nearly impos-
sible around 14-15°C.

The ideal temperature for lactic acid bacteria
growth (notably O. oeni) and for malic acid degra-
dation in wine is around 20°C. An excessive tem-
perature of 25°C or above always slows malolactic
fermentation—principally by inhibiting the bacte-
rial biomass. Additionally, an excessive temper-
ature increases the risk of bacterial spoilage and
increased volatile acidity. In practice, therefore,
maintaining a wine at 20°C is recommended. It
should not be allowed to cool too much after alco-
holic fermentation. If the temperature of the winery
decreases, the wine should be warmed.

When the temperature is less than 18°C, the ini-
tiation of malolactic fermentation is delayed and
its duration is longer. A malolactic fermentation
under way can continue even in a wine with a
temperature between 10 and 15°C. In these cases,
the bacterial biomass was normally constituted
under favorable conditions. The cooling blocks the
multiplication of bacteria but does not eliminate
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them. The cellular activity, however, is slower.
Malolactic fermentation of a wine therefore con-
tinues after its initiation even in the case of being
cooled, but the duration is much longer. The time
frame for degrading all of the malic acid can range
from 5-6 days to several weeks or months.

Along with pH, temperature is certainly the
factor that most strongly influences the malolactic
fermentation speed of a properly vinified wine not
excessively sulfited. This factor is also the most
easily monitored and controlled.

6.2.5 Other Factors Involved in Lactic
Acid Bacteria Activity and
Growth; Adaptation of Bacteria
to Growth in Wine

The action of phenolic compounds on lactic acid
bacteria growth remains relatively unknown. Past
results have shown that polyphenols tested alone
or in a mixture had an inhibitory effect. Saraiva
(1983) noticed, on the contrary, that gallic acid
stimulates yeasts and lactic acid bacteria. Con-
versely, different phenolic acids (coumaric, pro-
tocatechic acid, etc.) and condensed anthocyanins
inhibited them. Enological tannins were found to
have an antibacterial effect (Ribéreau-Gayon et al.,
1975). The effect of phenolic compounds on lactic
acid bacteria growth remains unclear.
Nevertheless, a systematic study of several types
of molecules clearly demonstrated the inhibitory
effect of vanillic acid, seed procyanidins and oak
ellagitannins and, at the same time, the stimulating
effect of gallic acid and free anthocyanins (Vivas
et al., 1995). These results pertain to O. oeni
growth, but may also be valid for other bac-
terial species. By favoring growth, gallic acid
and anthocyanins activate malolactic fermentation.
Bacteria degrade these two compounds. The trans-
formation of anthocyanins seems to activate a §-
glucosidase—freeing the aglycon fraction and the
glucose, which is metabolized by bacteria.
Polyphenols, along with wine components as
a whole, affect bacteria. Some are favorable and
others unfavorable to bacterial growth and activity,
but they play a secondary role compared with
the other four parameters examined earlier. These
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elements, among many others (most of them
unknown), determine the malolactic fermentability
of wines.

Similarly, oxygen can influence the multiplica-
tion of lactic acid bacteria in wine but its effect is
not clear. In fact, the behavior of bacterial species
present in wine can be diverse with respect to oxy-
gen. They can be indifferent to its presence, adapt
better in its absence (facultative anaerobiosis), tol-
erate oxygen at its partial pressure in air but be
incapable of using it (aerotolerant), or finally can
require a small oxygen concentration for optimal
growth (microaerophiles). Furthermore, the behav-
ior of a given strain can vary with its environment.
In a laboratory culture medium, growth is activated
in an inert gas atmosphere: CO, and Nj.

It is therefore difficult to specify the possible
oxygen needs of lactic acid bacteria in wine. Cur-
rent observations indicate that a limited aeration,
after running off or racking wine, can strongly
favor the initiation of malolactic fermentation.

Wine is an extremely complex environment and
it is not possible to elucidate the effects of all
of its components on lactic acid bacteria. In any
case, this would not help the enologist, since
these individual effects are cumulative—acting in
synergy or, on the contrary, compensating each
other. In this medium, lactic acid bacteria, par-
ticularly O. oeni, develop in extreme conditions.
Acidity and ethanol combine with other molecules
to inhibit the growth of the isolated strains.

It has long been known that a strain of O. oeni
isolated from a wine undergoing malolactic fer-
mentation, therefore capable of multiplying, then
cultivated in a laboratory medium, loses its viabil-
ity when re-inoculated in wine. Many observations,
both in the laboratory and in the winery, sug-
gest the existence of adaptation phenomena that
ensure the survival and growth of bacteria in these
extreme conditions. Isolated cells cultivated in a
laboratory medium with wine added have a gener-
ally higher tolerance to low pH, SO,, ethanol and
wine than isolated cells cultivated in the absence
of wine (Table 6.1).

The plasmic membrane probably participates
actively in these adaptation phenomena, which
have been shown to exist in O. oeni and other
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Table 6.1. Influence of culture medium on the population (UFC/ml) of four O. oeni strains (A, B, C and D) after
inoculation in red wine (Garbay, 1994)

Time Strains
(days)
A B C D
M MW M MW M MW M MW

0 3 x 10° 6 x 10° 4 x 10° 3 x 10° 1 x 107 6 x 100 1 x 107 3 x 10°
1 <10* 6 x 10° <10* 4 x 10° 4 x 10° 3 x 10° 3x10° 2 x 10°
3 <10* 5% 10° <10* 6 x 10° <10* 2 x 100 5 x 10* 4 x 10°
8 <10? 9 x 107 <10* 1 x 107 <103 6 x 107 1x10° 1 x 107

M: Cells cultivated in laboratory medium.
MW: Cells cultivated in laboratory medium with wine added (V:V).

bacterial species. The first adaptation mechanism
to be discovered was modification of the fatty acid
composition of the membrane. All stress by the

Table 6.2. Influence of different types of stress on the
protein concentration of the O. oeni plasmic membrane
(Garbay, 1994)

medium (addition of ethanol or wine, a temperature Stress? Proteins
change, etc.) capable of provoking a modification (mg per 10" cells)
of membrane fluidity, and thus membrane function, Control 29

is compensated by an adjustment of the length and Heating to 37°C 2.6
unsaturation level of the fatty acid chains. For all Heating to 42°C 2.8
species studied (O. oeni, Pediococcus damnosus, Heating to 50°C 6.0

L. plantarum, L. hilgfzrdii and L.. [fructivorans), the %Eg:igzggg ig% Zg}lzﬁg} + fatty 27
presence of ethanol in the medium, for example, acids 4.8

greatly increases the proportion of unsaturated
fatty acids (Desens, 1989; Garbay et al., 1995;
Kalmar, 1995).

A second phenomenon, quantitatively and qual-
itatively significant, concerns membrane pro-
teins. Their concentration increases following a
shock—whether physical (cold or heat) or chem-
ical (acidity, addition of ethanol, fatty acids or
wine) (Table 6.2). In this manner, as with all liv-
ing cells, O. oeni and the other lactic acid bac-
teria react to a shock by inducing the synthe-
sis of “shock proteins”. These proteins participate
in the reaction of the cell against environmen-
tal stress (Garbay and Lonvaud-Funel, 1996). The
Lo18 protein is induced in O. oeni by heat, ethanol,
and acidity. It is associated with the membrane
and maintains its integrity, following induction by
a change in fluidity (Guzzo et al., 1997; Delmas
et al., 2001).

Lactic acid bacteria are extremely exacting in
their development in laboratory media. Contrary
to all expectations, these microorganisms develop
spontaneously in wine. Their development is due

#Shock exposure time = 30 min.

to their complex group of adaptation phenom-
ena—notably the induction of proteins whose
functions remain unknown.

6.3 EVOLUTION OF LACTIC ACID
BACTERIA MICROFLORA
DURING FERMENTATION AND
AGING, AND INFLUENCE ON
WINE COMPOSITION

6.3.1 Evolution of the Total Lactic
Acid Bacteria Population

In the production of wines requiring malolactic fer-
mentation, the bacterial microflora passes through
several phases (Figure 6.1). During the first days
of fermentation, as soon as the tanks are filled, they
are present in very variable quantities—most often
from 10? to 10* UFC/ml. The extent of the pop-
ulation depends on climatic conditions during the
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Fig. 6.1. Evolution of lactic acid bacteria population
during alcoholic and malolactic fermentation

last days of maturation. It is generally lower when
the conditions are propitious for healthy grapes
and in these situations a single bacterial colony
can be impossible to isolate on the berry. How-
ever, during the diverse operations from harvest
to filling the tank, the must is inoculated very
rapidly—probably by the equipment. During the
harvest period the bacteria, like the yeasts, pro-
gressively colonize the winery. In general, the last
tanks filled present the highest populations.

During the first days of alcoholic fermentation,
the bacteria and yeasts multiply. The latter, better
adapted to grape must, rapidly invade the medium
with elevated populations. During this time, the
bacteria multiply but their growth remains limited,
with a maximum population of 10* to 10° UFC/ml.
To a large extent their behavior at this time depends
on the pH of the medium and the grape sulfiting
level.

Normally, the doses of SO, added (about 5 g/hl)
at pHs between 3.2 and 3.4 do not prevent
their growth, but simply limit it. Then, from the
most active phase of alcoholic fermentation to the
depletion of sugars, the bacteria rapidly regress to
10? to 10° UFC/ml. This level also depends on
environmental conditions (pH and SO,).

Following alcoholic fermentation, the bacterial
population remains in a latent phase for a varying
period, which can last several months when the
pH, ethanol and temperature parameters are at their
lower limits. Usually, this phase lasts only for a
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few days, and in certain cases, it does not occur at
all. In the most frequently encountered situation,
the multiplication phase takes place after the wine
has been run off.

One microorganism follows the other: the yeasts
first and then the lactic acid bacteria. These are
ideal winemaking conditions, in which all of
the fermentable sugars are depleted before the
bacteria invade the medium. In the opposite case,
the bacteria multiply actively towards the end of
alcoholic fermentation: they ferment sugars using
the heterofermentative pathway and increase the
volatile acidity of the wine.

The growth phase lasts for several days and
raises the population to around 107 UFC/ml or
more. Evidently, its duration also depends on
the composition of the medium. The subsequent
stationary phase also varies. The bacteria then
begin the decline phase. As soon as the malic
acid is completely transformed, sulfiting is used
to eliminate the bacteria as quickly as possible.

The malolactic fermentation phase begins during
the growth phase, as soon as the total population
exceeds 107 UFC/ml. It cont