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Preface

We were encouraged by the reception given to
the first edition of this book. We had felt the need
for a single volume to cover the topic of fer-
mented alcoholic beverages in their present-day
diversity, and most of our reviewers seemed to
agree with us.

In this second edition the original chapters
have been variously updated. We have tried to
address some of the shortcomings of the previ-
ous book, in particular by including new chap-
ters on rum, on sparkling wine production, and
on a range of South American beverages. We
hope this will to some extent console the
reviewer who described us as ‘depressingly
Eurocentric’!

A single volume like this one can never be all
things to all its readers. For lack of space and
lack of authors, it does not cover fermented
milks, mead, or tropical beverages such as palm
and rice wines. Nor can it be a quality control or
an analytical laboratory manual for the beverage
industry. For those, the reader must look else-
where. Our aim has been to provide an authorita-
tive technical snapshot of the major alcoholic
beverages in the early years of a new millen-
nium—if we and our contributors have suc-
ceeded for the majority of our readers, then we
shall be happy!

As with the first edition, we thank our authors
for their hard work, and the publishers for their
forbearance and patience! Productions of this
sort are a team effort and we are grateful to
everyone, whether named or not, who has con-
tributed to this volume.

Andrew G.H. Lea
John R. Piggott, 2003

ix

From the preface
to the first edition

The production of fermented alcoholic bever-
ages is nowadays a technically sophisticated
business. Many people outside it, however, even
if they are familiar with the food industry over-
all, fail to appreciate just what advances have
been made in the last twenty or thirty years. In
part this is due to the blandishments of advertis-
ing, which tend to emphasise a traditional image
for mass market promotion at the expense of the
technological skills, and in part due to a lack of
readily available information on the production
processes themselves. This book attempts to
remedy the balance and to show that, far from
being a quaint and rustic activity, the production
of fermented beverages is a skilled and sophisti-
cated blend of tradition and technology.

We have chosen to organise the book princi-
pally by individual beverages or groups of bever-
ages, with the addition of a number of general
chapters to cover items of common concern such
as fermentation biochemistry, filtration and
flavour. While we have tried to eliminate exces-
sive duplication of information, we make no
apologies for the fact that certain important
aspects (e.g., the role of sulphur dioxide in wine
and cidermaking) are discussed on more than
one occasion. This only serves to underline their
importance and to ensure that each chapter is
moderately self-contained.

We have deliberately chosen an international
range of authors and in many cases we specifi-
cally went to the New World, to reinforce the
message that technology and quality can and do
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go hand in hand. The fermented beverage indus-
try worldwide has profited enormously from the
interchange of information between ‘new’ and
‘traditional’ production areas and product types,
to their continuing mutual benefit. We hope that
this book will play its part in this interchange
and that technical staff already within the indus-
try will find it a useful source of information
between one set of covers, perhaps providing
new ideas from fields which are not directly their
own. We hope for a much wider readership, too,
in colleges and research institutions, in the tech-

nical departments of the retail trade and indeed
from anyone who seeks an overall scientific
understanding of the modern production of fer-
mented beverages.

Finally we thank the contributors for their
work and the publishers for their patient support
and encouragement. If we have been successful
it is due to their efforts; if we have failed the
responsibility is ours alone.

Andrew G.H. Lea
John R. Piggott
1995
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Production of
Fermentable Extracts from
Cereals and Fruits

A. Paterson, ]. S. Swanston and ]. R. Piggott

INTRODUCTION

Alcoholic beverages are consumed primarily
because ethanol forms a significant component.
The principal organisms in most alcoholic bever-
age fermentations, yeasts, are able to produce
ethanol primarily through metabolism of the
low-molecular-weight sugars that can be trans-
ported into the cell cytoplasm. Thus, in pro-
duction processes utilizing cereals or tubers,
fermentations must be preceded by a depolymer-
ization of storage polysaccharides and proteins
yielding the sugars and amino acids that can be
utilized by the microorganism. In cereals, stor-
age polymers are enclosed by plant cell walls
into compartments that limit losses through
hydration, enzymic and also microbial attack. As
these cell walls are also predominantly formed
from polysaccharides, their breakdown yields
further sugars: hexoses, which can be metabo-
lized by the dominant yeast Saccharomyces cere-
visiae, and pentoses that are not metabolized by
S. cerevisiae but are frequently catabolized by
lactic acid bacteria.

Since cereals represent the major source of
storage carbohydrates, and the cell walls of
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monocotyledonous plants are different from
those of dicotyledons, this chapter will focus
largely on how fermentable solubles are pro-
duced from cereal crops. Since in Europe and
North America, barley and wheat are the domi-
nant cereals, these will be considered in depth
although special features of maize and rice will
also be discussed. Malting of barley will be dis-
cussed because the activity of enzymes derived
from this source is central to production of bev-
erages from cereals.

The major cereal storage carbohydrate is the
polysaccharide starch. In cereals starch is pres-
ent in granules, structures that are associated
with proteins. Both starch and protein represent
storage reserves for plants that can be depoly-
merized at the time of germination. In cereals,
storage is effected largely in a specific compart-
ment, the endosperm, during grain development
and at maturity enzymic activities in these stor-
age tissues are low. When required, polymers are
broken down to yield solubles that can diffuse to
the centers of metabolic activity, the embryo or
germ. Man has learned how to exploit this de-
polymerization by establishing by empirical
means how to elicit this solubilization and effect
a subsequent aqueous extraction without losing
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excessive amounts of carbohydrates in metabolic
activity. During the industrial germination pro-
cess, malting, there are profound changes in the
grain structure, largely related to degradation of
polymers in the starchy endosperm by endo-
genous enzymes. Solubilization and depolymer-
ization of carbohydrates and proteins continues
during and following extraction of malted cere-
als with hot water. However, effective break-
down of starch requires disruption of the gran-
ules in which the polysaccharide is preserved in
an inert form in the endosperm. Therefore a sol-
ubilization or the gelatinization process is used
to enhance enzymic access to hydrolyzable bonds.
This gelatinization, however, requires the use of
elevated temperatures that denature the enzymes
responsible for depolymerization of storage and
cell-wall polymers. Therefore, in industrial prac-
tice exogenous enzymes may be added to supple-
ment or replace activities lost through the ele-
vated temperatures needed to ensure maximal
solubilization of potentially fermentable mater-
ial. The aqueous extraction of cereals using hot
water is known as mashing and is central to the
economics of alcoholic beverage production.
Achieving the correct balance of appropriate
cereals at this stage in the process is important in
achieving optimal product character and yield of
ethanol. In addition to polysaccharides, amino
acids and lipids extracted during mashing can act
as precursors for reactions important in yeast
metabolism, beverage flavor and character.

This chapter will seek to review the nature of
the polymers that will yield the fermentables and
the processes by which low-molecular-weight
compounds are formed and extracted. Produc-
tion of beers, whiskies and neutral spirits untilize
similar biochemical pathways for cereal polymer
degradation; certain oriental beverages, however,
may utilize alternative processes.

Structure of Cereals

Grain Development

Cereals produce both male, pollen, and
female, ovary, sexual structures. In monocotyle-
dons the pollen grain, following release from the

anther, germinates on the stigma to form a pollen
tube. This tube, which contains two haploid male
nuclei, penetrates the embryo sac and one nu-
cleus then fuses with the haploid female nucleus
to form the diploid embryo (Palmer, 1989). In
barley, each haploid nucleus contains seven
chromosomes and the final diploid nucleus con-
tains fourteen. The second male nucleus fuses
with two polar embryo sac nuclei, yielding:the
endosperm which in barley is triploid, with 21
chromosomes.

The outer layer of pericarp of the embryo sac
becomes green as photosynthetic pigments are
laid down. Grain development proceeds with
division of cells in the endosperm, which termi-
nates with the inner cells ceasing to divide be-
fore those in the outer layers. Following comple-
tion of division, the endosperm cells proceed to
synthesize starch and swell. During this time the
outer cells differentiate to form the aleurone,
which in the mature grain will not contain starch
but will produce the enzymes essential for mo-
bilization of the endosperm storage polymers.
The aleurone layer in barley is generally three
cells deep, but in wheat, maize and rice it is only
a single cell in depth. In barley, the aleurone con-
tains > 90 % of the myo-inositol hexaphosphate
or phytic acid in the grain. This source of phos-
phorus is also an important influence on the pH
of the extraction liquor. The barley aleurone is
also rich in lipid (ca. 20 % by weight).

The developing grain is surrounded by the tis-
sue that will form the husk. In barley this is gener-
ally 10 % by weight of the final grain. In wheat
and rice, the husk becomes detached during
threshing. The cereal husk contains both silica and
lignin which increases resistance to mechanical
damage and acts as a barrier to microbial attack.
The husk, derived from parental leaf tissue, is
attached to the pericarp, an outer epidermal layer
of cuticular material originating from the ovary
wall. This pericarp is impervious to carbon diox-
ide and plant hormones, such as gibberellic acid.
Abrasion of this layer can lead to major changes
in the metabolism of the cells in the grain.

Lying between the pericarp and the aleurone
layer covering the endosperm is the testa, or
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testa-nucellus. In the mature grain this can be
observed to have two cuticular layers which are
rich in lipids. In certain barley cultivars, this tis-
sue is also pigmented. These layers appear to be
semipermeable and incomplete, in that the com-
plete endosperm is not covered.

The fundamental structures of barley and
wheat grains important in production of bever-
ages are summarized in Figure 1-1a, b. For a
detailed consideration of barley grain structure
the review of Palmer (1989) should be consulted.

The Cereal Endosperm

The component of cereals central to the interests
of the brewer or distiller is the starchy endosperm.
In the mature barley there are three distinct zones
in this tissue, differentiated by elongated cells,
larger purse-like cells or the smaller cells that lie
immediately below the aleurone. It has been esti-
mated that the typical barley endosperm contains
approximately 2.8 X 10° cells (Cochrane and Duf-
fus, 1981), whereas that of rice contains 1.8 X 10°
and wheat only 1.12 X 10°. In barley adequate
expansion of endosperm cells is a prerequisite for
synthesis of starch granules suitable for malting.

Cells of ventral
endosperm

Ventral furrow

Pericarp

Testa
Aleurone

Fig. 1-1(a)

Failure of this process may be a problem in adverse
growth or environmental conditions.

Cereal Storage Polymers

Starch

Starch is a homopolymer of p-glucopyranose
units linked primarily by c-(1-4) bonds, in con-
trast to cellulose and mixed B-(1-3)(1-4)-
glucans, formed from B-linked D-glucose resi-
dues. Starch polymers can be considered to have
the disaccharide maltose as the repeating unit.
This is important because the starches are homo-
polymers which can, by virtue of the repeating
nature of their structure, form crystalline regions
through intermolecular hydrogen bonding be-

(b)
Epidermal hairs (beard)
Pernicarp (fruit wall)
Testa (seed coat) —;
Aleurone layer ——
Starchy endosperm
Aleurone cells
———— Inner face
of crease
Ol SN
-~ '\\}'\
(Cr?lec()plile.) '\h ‘\_—T‘% —\“—\\\ I Scutelium
' shoot cap T\\\\
0 R .
. & ¢ Vi
% First teaf & \%\\v ascular strand
% Sho;t ‘a?ex \\\\\ \\\’F—\——‘\‘: Scutellar epithelium
T R = 3
g piblast S & ’:u_}

Primary root /@

Colecrhiza
(' root sheath ‘)

Figure 1-1 Fundamental structure of (a) barley and
(b) wheat. LS, longitudinal section; TS, tranverse sec-
tion; VS, vertical section. (Adapted from Palmer,
1989; Barnes, 1989.)
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tweeen o.-glucan chains. However these poly-
mers may also exist as soluble components, de-
pending upon their structure and molecular
weight, and this soluble form will be dominant
following gelatinization.

Starch was initially considered a single poly-
saccharide of complex structure but Meyer and
Bernfeld (1946) showed that two fractions, amy-
lose and amylopectin, with differing properties
could be discerned. In both the polymers the pre-
dominant bond is the a-(1-4) linkage, but in
amylopectins o-(1-6) bonds are also observed
and this branched structure modifies the property
of the polymer.

Amylose

Most plant starches contain between 15 and
25 % amylose, present as crystalline and amor-
phous forms in endosperm granules. Amorphous
amylose can leach from granules following hy-
dration by water and the soluble amylose chains
can adopt cither helical structures or parallel
alignments arizing from reformation of inter-
molecular hydrogen bonds. This latter structur-
ing results in spontaneous precipitation in aque-
ous solutions, referred to as retrogradation.
Iodine ions fit into amylose helices in solution,
forming the dark blue coloration that forms the
basis of the most popular quantitation (Morrison
and Laignelet, 1983). In cassava starch 50-75 %
of amylose is soluble (Raja et al., 1982). Amy-
lose polymers are considered to contain up to
approximately 10° glucopyranose units. Although
early studies considered that amylose polymers
were linear, it is now clear that there are a num-
ber of branch points in these molecules and in
maize amylose (degree of polymerization (DP)
930-990) it is reported that there are, on average,
5.3 chains per molecule (Takeda et al., 1988).

Amylopectins

Amylopectins are markedly higher in molecu-
lar weight than amyloses and exhibit more com-
plicated branched structures. The a-(1-4) bond
forms ca. 94-96 % of intermonomeric linkages
(Banks and Greenwood, 1975) with the residual
bonds being a~(1-6). The result is families of
molecules with chains of approximately 20-24

monomers, interlinked to form branched struc-
tures. These chains can be discriminated into A,
B and C types where only the C contains the free
reducing group. With both A and B chains, the
potential reducing end (C-1) of the chain is
bonded to the C-6 position of a glucose residue
on a further B or a C chain. From the model of
French (1972) in which clusters of A together
with certain B chains form crystallites linked by
amorphous B chains (Figure 1-2), the complexi-
ties of amylopectin structure can be discerned.
Since both A and B chains can also be discrimi-
nated into short (DP 11-25) and long (DP 52—
60) types, considerable scope for structural vari-
ation exists. As relationships between chain
types and lengths are complex and influenced by
growth temperature, genotype and species, it is
generally accepted that amylopectin polymers
have a cluster structure that will vary in relation
to their origin (French, 1984).

Starch Granules

Starch is synthesized in plant cells within sub-
cellular organelles separated from the cytoplasm
by double membranes. In cereal endosperms these
are amyloplasts, but in dicotyledons starch may
also be found in chloroplasts and chloro-
amyloplasts. In certain cereal amyloplasts, such as
those in wheat and barley, a single type ‘A’ gran-
ule is formed initially but subsequently a second
smaller type ‘B’ granule appears. Therefore, in
mature wheat grains, two distinct populations of
granules are observed, the larger type A (20-30
pm) and smaller spherical type B (2-10 pm). In
early development the type A are spherical but
with maturity these granules become elongated
and flattened as a result of the preferential accu-
mulation of starch in the equatorial plane. The
result is a spheroid with a distinct equatorial
groove (Figure 1-3). In maize, starch granules are
round or angular, whereas potato starch granules
are large and oval with eccentric hili.

Both the proportions of amylose and amy-
lopectin and the shape of the starch granules are
a function of the plant genotype. Crystallinity in
starches is predominantly a property of the amy-
lopectin fraction and is reflected as characteristic
patterns obtained in X-ray diffraction studies
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AB BA

Figure 1-2 Cluster model for starch amylopectin
structure. 1, crystallin; 2, amorphous regions of amy-
lopectin. (Adapted from French, 1972.)

(Hizukuri, 1969; Hizukuri, 1985). On the basis
of such approaches, structures have been divided
into type A, typical of cereal starches; type B,
typical of tubers and retrograded amylose; and
type C, observed with smooth pea and legume
starches. Of these patterns types A and B appear
to be distinctly different, with type C being an
intermediate form. Starch granules show bire-
fringence when illuminated with polarized light
implying there is a high degree of molecular
order. This order is confirmed in light and elec-
tron microscopic studies, in which sectioned
starch granules appear to contain ‘growth rings’
that radiate from the hilum, and within these
rings fine lamellae about 100 nm thick can be
discerned.

When starch granules are heated in excess
water, the polymers undergo an irreversible dis-
sociation of o-glucan chains during which hy-
dration disrupts the intermolecular hydrogen
bonding. This is accompanied by granule swell-
ing and carbohydrate leaching. This process,
gelatinization, is important in production of fer-
mentable carbohydrates from cereals since with-
out it a large part of the polysaccharides will be
lost to the process. Swelling begins in the amor-
phous regions within granules and progresses
from the hilum to the periphery. The amor-
phouse regions appear to promote breakdown of
the crystallite regions either by stripping of glu-
can chains from the double helices of amylo-
pectin (Biliarderis et al., 1980) or by melting of
these regions in the polymer (Evans and Hais-
man, 1982). The amorphous regions of starches
tend to behave rather differently from crystallites
and pass through a glass transition. The influ-
ences of differences in structure as such that
individual starches will have characteristic tem-
peratures for gelatinization. These can be deter-
mined as the temperature at which there is a loss
of both birefringence and X-ray diffraction pat-
terns. Certain starches show linear increases in
volume during gelatinization whereas in others,
such as in rice, the process occurs as two distinct
stages. When starches swell the polymers show
major increases in surface area accessible to
water-soluble molecules such as dyes and en-
zymes. During swelling amylose may also be
leached from the granule. Thus the hydration
effected in gelatinization is a prerequisite for
enzymic depolymerization of starches, sacchari-
fication. The literature that describes starch gela-
tinization is abundant (Biliarderis et al., 1986). It
is perhaps sufficient to indicate that the underly-
ing science is complex and the process markedly
influenced by the presence of salts, lipids and
many organic compounds as well as degree of
damage to starch granules, the pH and the pres-
ence or absence of amylolytic enzymes.

Starch Lipids

Typical commercial starches are between 97
and 99 % polysaccharide and up to 0.9 % pro-
tein. Normal starches appear to contain 0.1-
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Figure 1-3 Developmental stages of wheat A-type granules: top row, plan view; bottom row, side view. (Adapted

from Evers, 1974.)

0.9 % protein whereas high amylopectin or waxy
starches have < 0.4 % protein. Nonwaxy starches
contain approximately 1 % lipid and the waxy
starches somewhat less. Lipids present in
starches have been divided into three compo-
nents: internal, starch-surface and non-starch.
Non-starch lipids in cereals are derived largely
from the encapsulating spherosomes and other
membrane components. In most cereals, this
lipid component consists predominantly of tri-
glycerides and diacylphospholipids. In maize,
rice and sorghum, however, as the endosperm
matures lipolysis yields both free fatty acids and
monoacyl lipids which can be recovered from
starch derived from these cereals. Starch surface
lipids appear to be derived primarily from the
non-starch fraction and are, at least partially,
present as amylose-lipid complexes on starch
granule surfaces. Surface lipids have, however, a
higher contént of monoacyl lipids than the non-
starch component.

The major part of the true internal starch
lipids are lysophospholipids, being approxi-
mately 70 % lysophosphatidyl choline, 20 %
lysophosphatidyl ethanolamine and the residue
predominantly lysophosphatidy! glycerol. In bar-
ley and wheat, internal lipids are > 90 % lyso-
phospholipids. This lipid class forms only
approximately 70 % starch lipids in rice, 55 % in
sorghum and 40 % in maize. The residue is
essentially free fatty acids of which 40-60 %,
are saturated and the residue cis-unsaturates with
linoleic being more abundant than oleic or

linolenic acids (Morrison, 1988). Such mono-
acyl lipids may also form inclusion complexes
with amylose (Morrison, 1988) and this may
relate to the starch behavior. The lipid content of
both wheat and barley starch granules increases
with maturity and is inversely related to granule
size (Morrison and Gadan, 1987; McDonald and
Stark, 1988). In certain cereal mashes, starch
lysophospholipids may represent a source of
phosphorus for the yeast in fermentation.

Storage Proteins

The storage proteins are deposited in the
cereal endosperm, shortly after fertilization, in
discrete subcellular bodies. The storage proteins
assume a more amorphous form as the grain
matures and in the mature cereal form a matrix
in which the starch granules are embedded.
Cereal proteins are fractionated on the basis of
solubility in salt and aqueous ethanol solutions.
In barleys, the major storage proteins are the
hordeins and glutelins, both of which have high
contents of glutamine and proline. The total pro-
tein content varies between 8 and 13 % on a dry
weight basis; of this 70 % is found in the endo-
sperm and 20 % in the aleurone and scutellum. A
further 5 % has been reported to be a component
of the cell walls. The salt-soluble cereal proteins
are the albumin and globulin fractions, 3-5 %
and 10-20 % total protein, respectively. These
fractions include the enzymes that will partici-
pate in the modifications of the endosperm stor-
age polymers central to malting and mashing.
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The relationship between storage proteins and
starch in barley is complex and, as suggested by
Palmer (1989), perhaps central to malting quality.
It is clear that protein and starch contents are
inversely related. Moreover during grain develop-
ment, protein and starch matrices in the endo-
sperm can take different forms, with the extremes
being ‘mealiness’ and ‘steeliness’. Reductions in
protein content and number of small starch gran-
ules leads to mealiness which results in increases
in water-free spaces in the endosperm. In contrast,
in ‘steely’ endosperms there is reduced access for
the water required to effect hydration, and thus
limited opportunities for enzymic attack on the
storage polymers.

In wheat, endosperm proteins are generally
divided into five fractions on the basis of the clas-
sical extraction procedure of Osborne (1907):
albumins, globulins, gliadins, glutenins and ‘resi-
due’ proteins. The gluten that is important in form-
ing bread is generally a mixture of glutenins,
gliadins and ‘residue’ proteins. In production of

neutral spirit from grain, this protein fraction can
be recovered as a valuable by-product and sold on
to the food industries. The important endosperm
proteins in maize, the zeins, are related to wheat
gliadins and barley hordeins (Table 1-1; Utsumi,
1992). Zeins appear to be very compact mole-
cules with high contents of glutamine, leucine,
alanine and proline but are deficient in lysine.
Certain zeins are also rich in methionine. The
dominant storage proteins of rice are the glutelins
(ca. 80 %), related to the glutenins in wheat. In
each cereal the solubilities of storage proteins can
be related to the nitrogen compounds available for
yeast metabolism in the final aqueous extract.
Although in most cases cereals other than barley
are not used in malting, maize, rice and wheat are
treated with microbial enzymes or malts, follow-
ing cooking to induce gelatinization of starch, in
production of grain spirits and in many beers.

Cereal Lipids

In barley, lipids represent approximately 3.5 %
of the grain on a dry weight basis, predominantly

Table 1-1 Storage proteins in cereals

(a)

Barley endosperm Hot 70% ethanol Hot 50% propan-1-of

proteins extract (%) extract (%)

Hordein 35 50

Gilutelins 35 20

Albumins 10 10

Globulins 20 20

(b)

Prolamins Type Wheat Barley Rye

Sulphur-rich prolamins Monomers a/B-Gliadin v-Hordein v-Secalin
(30-50 kDa)

Aggregates  Low-molecular-weight B-Hordein
glutenin subunit

Sulphur-poor prolamins — w-Gliadin C-Hordein w-Secalin
(44-80 kDa)

High-molecular-weight — High-molecular-weight D-Hordein High-molecular-
prolamins glutenin subunit weight Secalin
(60-90 kDa)

Adapted from Palmer (1989) and Utsumi (1992).
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consisting of triglycerides in the aleurone and
spherosomes within the embryo. A minor percent-
age consists of endosperm phospholipids, part of
which are associated with the starch granules. Bar-
ley lipids are dominated by the unsaturated
linoleic (52 %) and oleic (28 %) acids with the sat-
urated palmitic acid being around 11 % of the
total. During germination of barley, increased
lipase activity is observed. Although this leads to
rapid lipid hydrolysis, kilned malted barley con-
tains ca. 3 % lipid suggesting metabolism of this
storage reserve is limited. The major part of this
lipid also appears to be retained within malt during
subsequent mashing processes, although both tem-
perature of extracting water and mechanical agita-
tion can influence the extent of this extraction.

In wheat the dissected germ may contain 25 %
lipid of which approximately 75 % are triglyc-
erides with the residue being non-polar lipids
and phospholipids. Approximately 70 % of wheat
fatty acids are unsaturated. In general the impor-
tance of lipids in alcoholic beverage production
is not related to ethanol formation but rather as
precursors for important classes of flavor-active
compound, such as ketones, and in off-flavor
development.

Cereal Cell Walls

Basic Structure

The cereal cell wall is important because these
structures limit access of enzymes and water
required to effect the depolymerizations that will
generate the fermentable solubles. In many pro-
cesses utilizing barley, the cell-wall material of
the husk is utilized as a primary filter-aid after
extraction of the solubles in mashing. Cell walls
in the endosperm will vary in structure depend-
ing on the position of cells within the tissue.
Although in the barley cultivar Triumph it has
been reported that the cell wall is 2 pm thick
(Palmer, 1989), other authors (Wischmann and
Schildbach, 1987) have suggested that the pres-
ence of a large number of small cells in the
endosperm has more influence on extraction of
the endosperm polymers than wall thickness.

Cereal cell walls contain both carbohydrate
and protein, although the latter is generally low,

1-6 % in barley endosperm cell walls. The poly-
peptides form a matrix that interacts with the
carbohydrates, which can be divided into those
formed from P-linked glucose residues, the glu-
cans and celluloses, and those containing pen-
tose sugars in varying proportions, the hemicel-
luloses or pentosans. The pentosans are in
cereals dominated by the arabinoxylan polymers.
Cereal cell-wall structure has been reviewed
definitively by Fincher and Stone (1987).

More recently, Kanauchi and Bamforth
(2001a) cultivated the fungus Trichoderma viride
on a medium containing a crude preparation of
barley endosperm cell walls and noted the order
in which enzymes of degradation were produced.
The same authors also noted the capacity of sev-
eral enzymes including esterases, xylanases and
arabinofuranosidase to enhance solubilization of
B-glucan from the cell walls (Kanauchi and Bam-
forth, 2001b), although only a small proportion
(up to 12 %) of the pentosan was released. From
these results Bamforth and Kanauchi (2001) pos-
tulated a model for the architecture of the
endosperm cell wall in which an incomplete layer
of pentosan was located in the outer regions,
restricting solubilization of glucan. This did not,
however, preclude glucanases accessing their
substrate nor, in the absence of enzyme activity, a
portion of the water-soluble glucan being brought
into solution. Enzyme activity, by removing all or
part of the outer layer, enhanced accessibility to
the glucan. The major portion of the pentosan
may, however, be located in the inner part of the
cell wall, possibly bound to the middle lamella
(Palmer, 1989).

The time of completion of cell walls during
grain development is rather varied, being nine
days after fertilization in rice, 20 days in wheat
and 30 days in barley. Endosperm cell walls are
also thinner in rice and maize than in wheat and
barley. Cell walls vary dramatically within a sin-
gle grain. Barley aleurone cell walls are reported
to be 65-67 % pentosan and 26-29 % glucan,
whereas in the endosperm walls are approxi-
mately 20 % pentosan and 70 % glucan. Aleu-
rone cell walls are also thicker than endosperm
walls in wheat, barley and rice and consist of two
distinct layers. The thinner, inner layer remains



Production of Fermentable Extracts from Cereals and Fuits 9

almost intact during germination whereas the
outer layer, which has a striated or lamellated
appearance, is largely degraded. Following alka-
line extractions, cellulosic microfibrils are evi-
dent in this outer layer. Aleurone cell walls have
large intercellular wall channels that appear to
allow communication between adjacent cells and
may assist movement of enzymes.

Rice endosperm cell walls appear to be rather
different from those in other cereals in that there
are significant contents of pectins and xyloglucan,
a hemicellulose not abundant in other cereals.

Glucans and Celluloses

Glucans and celluloses both consist of B-
linked glucose residues but the properties of
these polymers are distinctly different. Cellulose
residues are exclusively interlinked by B-(1-4)
bonds generating a repeating unit of the disaccha-
ride cellobiose. Hydrogen bonding between the
O-5 and the O-3" and O-2 and O-6' of adjacent
glucose units stabilizes the linear polymer into a
ribbon-like and rigid structure (Figure 1-4).
These chains are thus able to align and stack,
generating the elongated crystalline microfibrils
which have a major structural role in all plants.
Within the microfibrils, parallel chains are locked
into position by intermolecular hydrogen bond-
ing. Cellulose has, therefore, a definite crystalline
structure although within microfibrils the degree
of crystallinity may vary, generating regions that
are more amorphous. These cellulose microfibrils
represent a major structural element in cereal cell
walls and form the residue remaining after alka-
line extractions of cell wall material.

The glucans are a more diverse group of poly-
mers. Both B-(1-3) and B-(1-4) linkages are
abundant, and in most cereals the glucans appear

as a family of polymers varying in molecular
size and structure. Different fractions can be
obtained on the basis of solubility in water at dif-
ferent temperatures, or in alkali or in chaotropic
agents, such as urea. The water-soluble (1-3, 1-4)
B-glucans of barley appear to consist of ca. 70 %
B-(1-4) and 30 % B-(1-3) bonds. Although cer-
tain glucans appear to consist of clusters of two
or more P-(1-4)-linked residues, separated by
single B-(1-3) bonds, there appears to be no
repeating structure (Figure 1-5). In certain bar-
ley cultivars, more than 10 % of the fraction of
glucan that is soluble at 40 °C consists of blocks
of between four and fourteen B-(1-4)-linked resi-
dues. Such polymers may behave differently
from other glucans. In general, however, it is
accepted that barley glucan structure is domi-
nated by blocks of three (cellotriosyl) and four
(cellotetraosyl) B-(1-4)-linked units separated by
B-(1-3) linkages. An important consequence of
the structure of cereal glucans is related to their
average degree of polymerization (DP) of
> 1000: the value for barley is considered to be
on average between 1200 and 1850 residues.
Aqueous solutions of cereal glucans are very
viscous which may have a marked influence on
beverage production processes.

Hemicelluloses

The arabinoxylans are important components
of cereal cell walls although their structure and
breakdown in barley during malting is not well
understood.

The arabinoxylans appear to consist of linear
backbones of B-(1-4)-linked xylose units, with a
significant proportion of residues substituted at
0-2, O-3 or both atoms (Figure 1-6). The major
substituents are single o-L-arabinofuranosyl

OH

Figure 1-4 Intramolecular bonding in the cellulose B-glucan chain (from Fincher and Stone, 1987).
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Figure 1-5 Barley -glucan structures. (a) Distribution of linkages. G, B-glucosyl units; 4,(1-4) linkage; 3,(1-3)
linkage; red, reducing end; arrows, sites of hydrolysis by B-(1-3)(1-4) glucanases. (b) Perspective drawings of
computer-generated instantaneous conformations of B-glucans. (i) B-(1-4)-glucan; (ii) B-(1-3)-glucan; (iii) B-
(1-3)(1-4)-glucan; closed circles, (1-3)-linked residues. (From Fincher and Stone, 1987.)
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Figure 1-6 Barley arabinoxylan structure. (a) Distribution of arabinosyl residues. X, B-p-xylopyranosyl unit; A,
o-L-arabinofuranosyl unit; 4, B-(1-4) linkage. (b) Twisted ribbon conformation showing hydrogen bonding. (¢)
Substituents to B-(1-4)-xylon backbone. (From Fincher and Stone. 1987.)

residues, mainly linked to O-3 atoms. Single o-
p-glucuronopyranosyl residues and 4-O-methyl
esters are also O-2 linked to xylose units in ara-
binoxylans, and although generally these form
<2 % of residues, values as high as 9 % have
been reported. Disaccharide substituents such as
2-0-B-p-xylopyranosyl-L-arabinofuranosyl and
p-galactosyl-L-arabinofuranosyl residues are
also present as minor substituents. The ratio of
xylose to arabinose residues in pentosans can
vary markedly, generating fractions differing in
aqueous solubility. Arabinoxylans extracted with
water generally have xylose-arabinose ratios of
1.4-1.5, whereas those soluble only in alkali
have ratios of between 2 and 4. Arabinoxylans,
as do mixed glucans, form highly viscous aque-
ous solutions which may produce problems par-
ticularly when wheat is used in processes such as

production of grain spirits. The degree of arabi-
nose substitutions will influence the conforma-
tion adopted by arabinoxylans and the resulting
viscosity of solutions. This may be more impor-
tant than the degree of polymerization, which for
barley endosperm arabinoxylans has been esti-
mated as between 7500 and 38000, and in wheat
endosperms as 600—-38000.

Structural features of rice endosperm xyloglu-
cans are discussed by Watanabe (1984).

MALTING

Outline of Barley Malting

Most malts used in alcoholic beverage produc-
tion are produced from barley although other



12 FerMENTED BEVERAGE PrODUCTION

cereals are malted for production of certain spe-
ciality beers and North American spirits. This is
partly a reflection of the lipids present in barley,
since malting of other cereals produces distinctive
lipid-derived aromas, and lipids are major contrib-
utors to formation of cereal flavor compounds
through lipid oxidation. Interaction between lipids
and Maillard browning reactions is also an impor-
tant part of the malt flavor development during
kilning (Tressl et al., 1983; Eriksson, 1994).

Malting, originally a craft activity with proce-
dures derived by empirical means, has been
transformed by recent developments in technol-
ogy and an understanding of the underlying sci-
ence. Malts for brewing can be readily differenti-
ated from those used in distilling as being
derived from heavier grain kernels and having a
more friable endosperm. Essentially grain is
chosen by the maltster to meet the needs of the
brewer or distiller and indeed it is becoming
common in whisky production for the end-user
to specify barley cultivar. Moisture and nitrogen
contents will be quantified, and embryo viability
and germinative capacity assessed. Viability of
barley is a critical parameter and can be reduced
by short-term storage at high moisture content
(> 16 %), long-term storage at intermediate mois-
ture contents (15-16 %) or elevated tempera-
tures during drying. Viable grain may also in
practice fail to germinate because of dormancy, a
metabolic state that is not well understood but is
important in certain cultivars (Stowell, 1986).
Maltsters take care to assess such factors using
micro-malting procedures.

Grain is graded and then steeped in water,
with air rests to assist respiration, and allowed to
germinate at moisture contents between 43 and
49 %. The precize manner in which this hydra-
tion is effected may be important as certain bar-
leys exhibit a water sensitivity in that submerged
grain fails to germinate. Water uptake is initially
passive but after ca. 20 hours becomes active. In
the embryo the moisture content will rize to
60-65 %. During this germination, synthesis of
depolymerizing enzymes takes place in both the
aleurone and scutellum in response to secretion
of plant hormones (gibberellins) by the embryo.

Following diffusion through the endosperm, hy-
drolysis of cell wall material and starch and pro-
tein degradation will be initiated. These pro-
cesses will continue at an accelerated rate during
the mashing process. Germination is then termi-
nated at the appropriate point and enzymic de-
polymerization activities temporarily halted by
drying of the grain in kilns at moderately high
(brewer’s malt: 71-80 °C; distilling malts: 49—
60 °C) temperatures. Management of the energy
inputs into kilning is an important factor in the
economics of the process. During kilning impor-
tant non-enzymic or Maillard browning reac-
tions occur largely between malt sugars and
amino acids, but also including lipid breakdown
products, generating many flavor compounds
important to beverage and distillate character
(Bathgate and Cook, 1989).

The practice of barley malting has changed
markedly since the early 1970s so that the pro-
cess is now highly mechanized, requiring capital-
intensive plant and attention to the economics of
the process.

Changes in Barley Cell-Wall
Components During Malting

In the germinating barley, degradation of cell
walls starts adjacent to the embryo and spreads
in a broad band from the face of the scutellum
and subsequently inwards from the aleurone. It is
considered that the first stage in cell-wall break-
down is hydrolysis of the bonds between mixed
B-glucans and proteins by an acidic carboxypep-
tidase B-glucan solubilase (Bamforth et al.,
1979; Wallace, 1988). The glucan is then hydro-
lyzed by endo-B-(1-3)(1-4)-glucanase activity
which may either be endogenous or of microbial
origins (Palmer, 1989). Although pentosanases
or hemicellulases are also involved in cell-wall
breakdown, Henry (1988) has concluded that B-
glucan degradation is more obvious than break-
down of the pentosan component and various
authors have reported that much cell wall and
middle lamella material in malt remains even
after extensive endosperm modification.

It is clear, however, that effective degradation
of cell-wall carbohydrates will facilitate migra-



Production of Fermentable Extracts from Cereals and Fuits 13

tion of proteolytic and amylolytic enzymes and
thus allow efficient degradation of these poly-
mers. Indeed incomplete cell-wall breakdown
and endosperm modification has been shown to
leave unextracted starch and protein in spent
grain following mashing (Bathgate et al., 1974).

Changes in Endosperm Proteins

Roughly two-thirds of barley storage proteins
are located in the relatively inert endosperm tis-
sue and one-third in the active aleurone layer.
Protein is more abundant in the endosperm
underlying the aleurone. It is clear that during
hydrolysis of storage proteins into peptides which
are subsequently converted into amino acids, the
hordeins are preferentially degraded. In glutelins,
albumins and globulins, little quantitative change
is apparent during malting (MacLeod, 1979).
Breakdown of the protein matrix, nevertheless, is
important since this is a prerequisite for enzymic
attack on the starch granules.

Protein breakdown in barley can be divided
into three different phases. Initially, the protein
bodies of the aleurone and scutellum are degraded
by proteases and carboxypeptidases. This pro-
vides the amino acids necessary for synthesis of
the enzymes that will effect endosperm modifi-
cation. In the second phase, the storage proteins
of the endosperm are hydrolyzed to generate fur-
ther amino acids. In the third phase, proteins at
the axis are depolymerized and breakdown prod-
ucts are taken up by the scutellum.

Proteolytic activities are important because
during mashing amino acids are released into the
extracting water (Table 1-2). These will act as
nutrients for the fermenting yeast, producing
biomass or serving as precursors for flavor com-
pounds, and as buffering components for the pH
of the wort. Residual proteins will emerge from
the fermentation in beer production to contribute
either to the foam in the head or alternatively
haze formation.

Changes in Starch

Microscopic studies have shown that the break-
down of endosperm cell walls and protein matrix
precedes degradation of starch granules. In barley

the two types of starch granule, the larger type A
and smaller type B, are degraded in different man-
ners. The type B granules, associated with the
matrix proteins, appear to be broken down by sur-
face erosion. In the type A granules initial attack
is restricted to a small number of sites. The starch
depolymerizing enzymes appear to create chan-
nels with subsequent migration into the granule
center. The enzymes then attack outwards from
the channels into the crystalline starch.

Since germination in malting is carried out at
ambient temperatures (in the UK typically 15—
17 °C), starch is depolymerized by enzymes
while extensively hydrogen bonded in the gran-
ule. In mashing when starch will have been pre-
viously gelatinized, depolymerization or saccha-
rification is more rapid as the polymers will have
been hydrated. Initially mobilization of starch
takes place adjacent to the embryo near the ven-
trale crease. Attack proceeds to the distal edge of
the kernel and then by an inward movement into
the endosperm. Hydrolysis of intact starch gran-
ules is effected by oi-amylases which release dex-
trins that may be branched, containing o-(1-6)
bonds, or unbranched with only o~(1-4) bonds
linking residues. The former may be hydrolyzed
by limit-dextrinases, present both in the mature
and germinating barley (Sissons et al., 1993).
B-Amylase, an exo-acting enzyme, hydrolyses
product dextrins from the non-reducing end,

Table 1-2 Typical composition of a beer wort

Quantity

Constituent ()
Fructose 2.1
Glucose 9.1
Sucrose 2.3
Maltose 52.4
Maltotriose 12.8
Non-fermentable carbohydrate 23.9
Total nitrogen (as nitrogen) 0.8
Total amino acid (as nitrogen) 0.30
Total amino acid 1.65
Total phenolic constituents 0.25
a-Isoacids 0.035
Calcium ions 0.065
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generating maltose. This enzyme appears to be
present in the mature endosperm and, in some
varieties, it is largely in an inactive form bound
to matrix protein, with the active catalytic form
released by proteolytic activity in the germinat-
ing grain. In other varieties the majority of the
enzyme is in a free (unbound) state and can be
readily extracted from barley flour, by solubiliza-
tion in water. Allison and Swanston (1974) noted
differences in isozyme patterns between varieties
with high or low proportions of free B-amylase.
More recently these differences have been attrib-
uted to variation in P-amylase amino-acid
sequences. Although there are five differences
between the two patterns (Ma et al., 2002), it is
the substitution of cysteine for arginine at po-
sition 115 that promotes the formation of di-
sulfide bonds and increases the proportion of
bound B-amylase (Li et al., 2002). This change
also reduces pl and explains the differences
between the two types observed by iso-electric
focusing. Despite the synthesis and release of
these enzymes, however, it has been calculated
that, during malting, only 5-10 % of total endo-
sperm starch is degraded, mainly at the embry-
onic end (Greenwood and Thompson, 1961).

Depolymerization Activities
During Mashing

The Biochemistry of Mashing

Prior to mashing, malt is normally ground to
produce a meal, described in whisky and beer
production as the grist. This should not be
ground too finely as this will slow subsequent fil-
trations. The coarse flour is mixed with water
and the temperature increased either by heating
or mixing with further hot water. During this
hydration process the starch enzymes regain
their depolymerizing activities. As the gela-
tinization temperatures are reached, starch gran-
ule structure is lost following the hydration and
solubilization of the polymers. This dramatically
increases the rate of enzymic depolymerization.
The rate of heating during mashing is important
and should be related to the degree of modifica-

tion of the malt endosperm; particularly in
undermodified malts there is a requirement for
the relatively thermolabile B-glucanases and pro-
teases to complete cell wall degradation prior to
gelatinization or potential fermentables will be
retained within the grain and lost to the process.
The result of mashing is the final mixture of
carbohydrates, minerals or salts and potential
nitrogen sources for production of yeast biomass.
The components of malt can be supplemented by
other cereals or their products, known collectively
as adjuncts (Table 1-3). The resulting wort will be
a solution of fermentable and unfermentable sug-
ars, linear and branched dextrins, amino acids,
peptides and proteins, lipids, organic acids and
phosphates. The precise composition can be
rather varied, related to barley cultivar and cereal
adjunct, level of modification of malt, the en-
zymes present, both endogenous and in some
cases exogenous, and their relative activities.

Depolymerization of Starch Polymers

The central enzymes in mashing are the o-amy-
lases which are present in multiple forms, or
isozymes. These have been divided into three
groups (MacGregor and Ballance, 1980). Two of
these appear to be the products of separate fami-
lies of genes in the barley (Rogers, 1985); the
third (group III) has been found to consist of the
enzymes of the group II genes associated with a
small polypeptide inhibitor, which also inhibits
the activity of the protease subtilisin. The en-
zymes of the o-amylase group I are more active in
degradation of large starch granules than enzymes
of group II. The terminal glucose residue in dex-
trins produced by a-amylase activity is in the o-
configuration. Activities of these enzymes have
been reviewed by Berry and Paterson (1990).

The exo-acting B-amylases also yield the di-
saccharide maltose, with the free hydroxyl being
in the B-configuration. B-Amylase activity ceases
when an a-(1-6) branch point is reached. Size
exclusion chromatography has suggested the
presence of four different components, but these
proteins have similar antigenic properties and
appear to represent aggregates of a small number
of polypeptides.
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Although B-amylase is the main contributor to
the total starch degrading activity of barley malt
(Arends et al., 1995), it is relatively heat-labile
and, under certain circumstances, its activity dur-
ing mashing may be reduced sufficiently for starch
hydrolysis to become inadequate (MacGregor,
1990). However, Kihara et al (1998) noted that
recently released Japanese malting barleys pro-
duced B-amylase with higher levels of thermosta-
bility than that found in European, Australian or
North American varieties, increasing the fer-
mentability of the wort. Eglinton ef al. (1998)
found elevated levels of B-amylase thermostability
in an accession of the wild barley Hordeum spon-
taneum. These same authors also compared amino
acid sequences of B-amylase from varieties with
differing levels of thermostability and found three
substitutions in one of the Japanese high ther-
mostability types. One of these occurred in the C-
terminal region of the enzyme that was removed

when bound B-amylase was released during ger-
mination, so could not be responsible for the
enhanced thermostability. A second substitution
was later shown to be also present in a variety that
did not show enhanced thermostability (Kaneko ez
al., 2000). From these observations, it was con-
cluded that the higher levels of B-amylase ther-
mostability in Japanese barleys resulted from the
substitution of serine for leucine at position 347.
Other enzymes active in the process of starch
depolymerization are the limit dextrinases of
which an active, free form, an inactive bound
form and a third, latent form that is soluble, but
inactive have been reported (Sissons et al.,
1993), (Walker et al., 2001). The latent form
appears to be a complex of limit dextrinase and
barley protein inhibitors (Macri et al., 1993),
(MacGregor et al., 1994). The release of glucose
from the terminal non-reducing end of oligodex-
trins and maltose is achieved by a further

Table 1-3 Characteristics of adjuncts used in brewing

(a) Solid adjuncts
Gelatinization
Moisture Extract Protein Lipid temperature
Usage (%) (%)dry wt) (% drywt) (% drywt) range (°C)
Maize grits Need cooking 12 90 9.5 0.9 62-74
Rice grits Need cooking 12 92 7.5 0.6 61-78
Refined maize
starch Possibly cooked 11 103 0.5 0.05 62-74
Wheat flour Possibly cooked 1 86 8.5 0.76 58-64
Torrified barley No cooking 6 72 14.5 1.6 Pregelatinized
Flaked maize No cooking 9 83 9.5 0.6 Pregelatinized
(b) Liquid adjuncts?
Maltose +  Unfermentable
Extract Glucose Fructose Sucrose maltotriose sugars
Solid sucrose 102 0 0 100 0 0
Invert sugars
(glucose + fructose) 84 50 50 0 0 0
Maize (corn) syrup:
high glucose 82 43 0 0 37 20
Maize (corn) syrup:
high maltose 82 3 0 0 72 25

Composition as % dry weight. Adapted from Hough (1985).
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enzyme, o-glucosidase. The activity of these
enzymes is much reduced at the elevated temper-
atures used for gelatinization of starches and, at
mashing temperatures, o-amylases show the
dominant depolymerizing activity, with stability
being enhanced by the presence of calcium ions
in wort. Thus in brewing, the minerals content of
the mash water may be important in determining
the fermentables present in the wort and the
character of the final beer.

The limit dextrinase contained within malted
barley extracts appears to be more heat stable
than the purified enzyme and some activity is
retained at the temperatures encountered during
mashing (Stenholm and Home, 1999). However,
significant levels of branched dextrins persist
into the beer (Enevoldsen and Schmidt, 1973),
suggesting that the degree of debranching activ-
ity during mashing may be limited. This may be
due to the presence of starch degradation prod-
ucts that can inhibit limit dextrinase action
(MacGregor et al., 2002) in addition to the per-
sistence of a significant portion of the barley
protein inhibitors into the malt.

Cell-Wall Degradation

As both cell wall clucans and pentosans vary
in their solubility in hot water, different fractions
will dissolve as the temperature is increased to
gelatinize starches. The activity of B-glucanases
is much reduced at temperatures > 63 °C and
mixed B-glucans are converted to gums that
enhance wort viscosity and cause problems dur-
ing drainage. The gelatinization and depolymer-
ization of starch and solubilization of proteins at
mashing temperatures will also result in further
exposure of glucans and pentosans to hydration
and solubilization. As the temperatures at which
this will take place will be above those at which
their respective depolymerizing enzymes are
active, such cell wall carbohydrates appear as
soluble polymers in the wort.

Genes coding for heat-stable B-glucanases
occur in both fungi (Manonen et al., 1993) and
bacteria (Olsen et al., 1991) and could, therefore,
be targets for engineering into barley (McElroy
and Jacobsen, 1995). However, despite consider-

able advances in developing genetic modifica-
tion of barley (Jacobsen et al., 2000), both tech-
nical problems and adverse public perceptions of
genetically modified organisms currently remain
to be overcome.

The heat-lability of barley (1-3, 1-4)-B-glu-
canase may result from unfolding initiating in
the C-terminal loop, which appears to be an
unstable region of the enzyme (Stewart et al.,
2001). These authors used site-directed mutage-
nesis of a cDNA encoding the enzyme to intro-
duce eight amino-acid substitutions. Three that
conferred increased thermostability were all
located in the C-terminal loop. The largest
increase occurred with replacement of the histi-
dine at position 300 with proline, a mutation that
should decrease the entropy of the unfolded state
of the enzyme.

Protein and Nucleic Acid
Solubilization and Breakdown

It has been calculated (Barrett and Kirsop,
1971) that most of the amino acids, or free
o-amino nitrogen, extracted into the wort are re-
leased during malting rather than during mash-
ing. However, protein breakdown continues dur-
ing mashing as a two-stage process with an
initial solubilization being followed by hydroly-
sis into peptides which decrease in size as prote-
olysis proceeds. In the second phase, peptides
are converted into amino acids largely through
the action of carboxypeptidases (Enari, 1972). It
has been estimated that, in a typical malt wort,
approximately 60 % of protein-derived material
is present as amino acids, and 20 % as peptides.
The residue is still high-molecular-weight poly-
peptides that may contribute to haze in beers.

Nucleic acids, present in malted barley, are
solubilized and hydrolyzed to yield nucleotides
which are rapidly converted to purine and pyrimi-
dine nucleosides and finally free bases and sug-
ars. This process may also contribute to the phos-
phorus essential for formation of yeast biomass.

Lipid Extraction During Mashing

Lipid extraction is influenced by mashing
temperature, pH and thermo-mechanical proce-
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dures used in the process. If high temperatures
are used in mashing in combination with com-
pression of the malt during the final filtration,
elevated levels of lipid are extracted into the
wort. This may have an influence upon the sub-
sequent yeast synthesis of esters. It is, however,
considered important that sufficient unsaturated
fatty acids are present to produce appropriate
levels of yeast growth during the fermentation.

Continued Activities
During Distillery Fermentation

Degradation of Branched Dextrins

Branched dextrins have been detected in
Scotch whisky distillers worts and, as they are
not fermented by yeast, could represent a loss of
potential alcohol yield (Bringhurst ez al., 2001).
However unlike in brewing, distilling worts are
not boiled prior to fermentation, so enzymes,
including limit dextrinase, remain active under
both laboratory and production conditions. The
complexing of a portion of limit dextrinase to
proteinaceous inhibitors in the mash appears to
have beneficial effects. The complexed limit dex-
trinase survives inactivation during mashing
(Walker et al., 2001) and significant levels of
free limit dextrinase become available well into
fermentation, reducing final branched dextrin
content and increasing alcohol yield (Bringhurst
et al., 2001). The mechanism for the release of
free limit dextrinase is not fully understood, but
may relate to changes in pH during fermentation.

Formation of Ethyl Carbamate

Traces of ethyl carbamate occur in many fer-
mented foods and beverages and statutory limits
may be imposed, due to the reported carcino-
genic nature of the compound (Aylott et al.,
1987). In Scotch whisky, production of ethyl car-
bamate has been shown, primarily, to result from
modification to a precursor present in barley
malt (Cook et al., 1990). The cyanogenic glyco-
side epi-heterodendrin (EPH) (Erb et al., 1979)
is produced in the acrospires of germinating bar-
ley grain and survives through kilning and mash-

ing. During fermentation it is hydrolyzed by
yeast B-glucosidase to isobuteraldehyde cyano-
hydrin (IBAC), which is unstable at temperatures
above 50 °C, and dissociates during distillation
to release hydrogen cyanide. In the presence of
oxygen and copper, this, in turn, reacts with
ethanol to form ethyl carbamate (Cook, 1990).
Levels of EPH production are influenced by
the barley variety and by both the growing and
malting environments (Cook et al., 1990). In
addition, the relationship between acrospire
growth and EPH production appears to differ
between varieties (Swanston, 1999). However, a
number of varieties do not produce any EPH
(Cook and Oliver, 1991) and this was thought to
have resulted from a mutation, blocking the
pathway, that had occurred in an Arabian land
race used as a source of mildew resistance. Later
work (Swanston et al., 1999) confirmed the pres-
ence of a single genetic factor associated with
EPH production on the same chromosome as
several loci affecting disease resistance charac-
teristics. Initial selection for non-producers of
EPH was thus inadvertent, resulting from fairly
loose genetic linkage, but these types are now
preferred by many Scotch whisky distillers.

Multiple Parallel Fermentation

In conventional cereal fermentation, for exam-
ple for beer and whisky production, the two
essential stages of saccharification and alcoholic
fermentation are carried out sequentially. The
alternative approach is to use a non-malted sac-
charification, which runs simultaneously with
the alcoholic fermentation, characteristic of saké
and other oriental non-alcoholic fermented prod-
ucts. In this case the starch hydrolysis is
achieved by Aspergillus oryzae (koji). The tradi-
tional process involves steeping in water and
steaming of highly polished (removal of 25-50 %
of the grain) rice, which is then seeded with
spores of A. oryzae (Kondo, 1992). After 40-45
hours at 3040 °C the rice is cooled to prevent
further growth. Temperature and humidity con-
trol are crucial at this stage to control the fer-
mentation. A yeast culture (moto) is prepared,
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using either a spontaneous fermentation of air-
borne yeasts in a mixture of koji rice, steamed
rice and water, or a defined strain of cultured
yeast. Originally the fermentation was controlled
by the growth of lactic acid bacteria, which pre-
vented growth of spoilage organisms until they
themselves were killed by the increasing ethanol
concentration. Modern processes use an initial
addition of lactic acid and higher temperatures to
accelerate yeast growth. The final mash
(moromi) is then mixed in three stages with fur-
ther amounts of steamed rice, koji rice, and
water being added to the moto over a period of 4
days. Fermentation then proceeds for 15-18 days
to a final alcohol content of approximately 20 %,
temperature control being critical for maintain-
ing the balance of the fermentations. Distilled
alcohol may then be added to halt the fermenta-
tion. The glucose concentration in the mash does
not rise above 20 g I' during this process, allow-
ing the relatively high final ethanol concentra-
tion. At the conclusion of fermentation, the saké
is filtered, pasteurized, and may be aged for a
time before further pasteurization and bottling at
approximately 15 % ethanol. Modern variants of
the process involve high temperature saccharifi-
cation of rice prior to addition of yeast in making
moto, and in the extreme a high temperature sac-
charification of the entire brew before adding
moto, thus eliminating the system of mixing in
three stages altogether.

Fruits as Raw Materials

Fruit Juices and Their Composition

Grapes and apples are the crops most widely
grown for production of juices for fermented
beverages. Processing of fruit is frequently
largely mechanical, but, although this is conve-
nient, losses in terms of flavor and in juice qual-
ity may be high through poor practice. Process-
ing has a great influence on juice quality since
pure apple juice, for example, when expressed
from the fruit is essentially a colorless and odor-
less liquid. Within seconds a number of enzymic
reactions take place, the juice turns brown and

turbid and the characteristic odor of apple juice
appears. Such juices also tend to sediment on
storage (Lea, 1990). Grape juices have distinctly
varied properties conferred by their composition
(McLellan and Race, 1990): pigmentation through
the presence of anthocyanins, their glucosides
and condensation products (Hrazdina and
Moskowitz, 1981); taste arises from the balances
of organic acids, sugars and phenolic com-
pounds (Ribéreau-Gayon, 1964); and aroma
from a diverse mixture of secondary metabolites
(Schreier et al., 1976). This is typical of fruits.
From the total amounts and balance of sugars
and organic acids, sweetness and sourness in
fruit juices can be estimated.

In both apples and grapes, mono- and disac-
charides are the dominant carbohydrates. Lee
et al. (1970) have estimated that the average grape
contains per 100 g dry weight: 6.2 g glucose; 6.7 g
fructose; 1.8 g sucrose, 1.9 g maltose and 1.6 g of
sundry other mono- and oligosaccharides. In
addition there are pectic substances which also
appear in the juice. In apples, sugars constitute
between 7 and 14 % of the fruit on a fresh weight
basis, being almost entirely fructose, glucose and
sucrose with traces of other sugars including
xylose (Lea, 1990). Fructose always exceeds glu-
cose by a 2- to 3-fold ratio. Sucrose is frequently
present in similar amounts to glucose with con-
tents of glucose falling as fruit matures. In apples
low-molecular-weight sugars tend to increase
during storage as starch is broken down. In the
acidic conditions of most fruit juices, sucrose
undergoes an inversion or hydrolysis into fruc-
tose and glucose.

In apples and pears, sugars synthesized in the
leaves are transported to the fruit in the form of
sorbitol, whereas in other fruits sucrose is the
compound that is transported. In pears sorbitol
contents may be as high as 20 g 1! (Tanner and
Duperrex, 1968) whereas in apples values be-
tween 4 and 12 g 17! are typical. Starch may also
be an important component in early season and
under-ripe apples, forming up to 2 % of the fruit
on the basis of fresh weight. Starch granules are
found in a range of diameters between 1 and
16 um, compartmentalized within storage vac-
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uoles. If juices are heated above 60 °C during
their production, apple and pear starches gela-
tinize, which may cause problems.

Organic acids are present in fruits at concen-
trations related to a number of factors including
ripeness, genotype, season and climatic and agro-
nomic variations. In apples, the major organic
acid malic acid forms ca. 80 % of the total and is
present at concentrations between 0.18 and
1.4 %, typically around 0.5 %. The balance of the
acid content is largely quinic acid (0.04—0.46 %)
with traces of citramalic and shikimic acids. In
grapes, D-tartaric acid is predominant with signif-
icant quantities of malic acid. Many other acids
are present in minor quantities in grapes (McLel-
lan and Race, 1990). Grape juices are typically
between pH 3 and 4; apple juices near to pH 3.
Bertrand (1983) has concluded that for optimal
wine aroma grapes should reach a good level of
maturity so that pH of the must is relatively high.

The soluble protein content of many fruit
juices is very low and in apples is in the range
10-250 ppm but generally < 100 ppm. In apple
Juices, 89 % of the soluble nitrogen compounds
are free amino acids and of these 79 % is aspa-
ragine (Burroughs, 1984). In fresh apple juices
the next most abundant nitrogen sources are
glutamic and aspartic acids whereas tyrosine,
tryptophan and cysteine were not detected. It is
commonly believed that juices from dessert
apples contain more amino acids than those from
cider apples (Fisher, 1981) and that juices pro-
duced with apples from younger trees have
higher contents than those from older trees.
Amino acid contents of juices decrease with
storage, largely as a result of the Maillard
browning that takes place. This is in addition to
the enzymatic browning reactions in which cou-
pling of fruit phenols to polyphenols is promoted
by the oxidative action of phenol oxidases.

Polyphenols of various structures are impor-
tant to fruit-based fermented beverages such as
ciders and wines, as a means of providing both
mouthfeel and color. In the case of ciders, apple
polyphenols such as chlorogenic acid and the
epicatechin based oligomeric procyanidins play
the most significant roles in both regards, as

described in more detail by Lea (this book). In
white wines, the oxidation of caftaric acid medi-
ated by glutathione plays a major part in the for-
mation of desirable golden-yellow tints while
minimizing the advent of browning. In red
wines, the extraction of anthocyanin pigments
from grape skins during vinification is a matter
of prime importance (Boulton, this book). Dif-
ferentiation between certain red wines may be
possible by means of the differing acylation pat-
terns of the malvidin and peonidin glucosides
which they contain (Etievant et al., 1988).
Grapeskins and seeds also contain high levels of
oligomeric procyanidins whose contribution to
the astringency of red wines forms an integral
part of their character.

Volatile components confer distinctive flavors
to fruits themselves, but these are not always car-
ried through into their fermented counterparts in
any significant way. Thus, most of the volatile
aroma of cider derives from the action of yeast
during fermentation rather than being derived
directly from the volatiles of the fruit (Lea, this
book). On the other hand, certain distinctive
grape wine characters such as monoterpenes
may be correlated with the sensory intensity of
muscat flavors (Wagner et al. 1977) and the ‘bell
pepper’ aroma of Cabernet Sauvignon appears to
be inherent in the grape itself (Noble 1994).
These topics are further explored by Cole and
Noble (this book).

Fruit Pulping

Fruits have cell walls containing a greater range
of polysaccharides than those present in cereals. A
feature is the presence of the pectic substances,
classified generally as pectins if > 75 % of
monomers are esterified with methanol, or pectic
acids (Figure 1-8). These polymers are often also
referred to as galacturonans or rhamnogalac-
turonans on the basis of their relative contents of
galacturonic acid and rhamnose. Arabinans,
galactans and arabinogalactans are also referred to
as pectic substances and the last may be found as
linear and branched forms (Figure 1-8). The
pectin component can form a significant compo-
nent of fruits being 1.5-2.5 % of the wet weight of
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apple pomaces. The cell wall in pears also con-
tains approximately 16 % lignin, a polyphenol
more commonly associated with woods.

Pectins are concentrated in the middle lamella
between fruit cells (Figure 1-7). In intact tissue
pectic substances are generally insoluble and are
referred to as protopectins. Insolubility is a
reflection of polymer molecular weight although
divalent cations, such as Ca?*, also contribute to
retention of structure. The hemicellulose and
cellulose content of fruit cell walls (the term
pentosans being restricted to cereals) can also be
rather varied. It has been estimated that pear cell
walls contain 21.4 % glucose, 21 % xylose and
10 % arabinose (Jermyn and Isherwood, 1956),
whereas those of apples contain ca. 76 % glu-
cose, 1.2 % xylose and 6 % arabinose (Knee,
1973). A further complication is that a portion of
the polysaccharides may be present as proteogly-
can or polysaccharide-protein complexes.

This diversity and high content of cell wall car-
bohydrates can mean that processing of fruit re-
quires treatments with exogenous enzymes to
obtain adequate yields of juice of appropriate
quality. A number of different enzymes are known
to have roles in pectin solubilization and break-

down: polygalacturonases and pectin and pectate
lyases being frequently described in the scientific
literature although o-L-arabinofuranosidases and
arabanases also have roles. Pectin methylesterases
are also important in that these carboxylic acid
esterases hydrolyze the ester bond releasing meth-
anol into fruit musts. This may result in up to 2 %
methanol which confers a sharp, burning charac-
ter to distillates if the toxic compound is distilled
over into the final beverage. Pectin and pectate
lyases are frans-eliminases that are secreted by
microorganisms whereas the hydrolases are
endogenous to higher plant tissues.

Pulping of many fruits benefits from addition
of exogenous pectinases of microbial origins.
Enzyme treatments yield thin free-running juices
with good pressing properties whereas with
many fruits, notably blackcurrants, thermome-
chanical treatments alone generate semi-gelled
masses. A further desirable side reaction is the
presence of various glucosidases in industrial
pectinases which enhance contents of flavor
volatiles in musts through hydrolysis of precur-
sor glycosides. There are significant benefits in
the use of enzymes in breakage of grapes for
white wine production since losses of varietal

Nucleolus
Nucleus

Intercellular space

Middle lamella

Primary wall
Plasmalemma
Plastid

Starch grain
Cytoplasm

Figure 1-7 An idealized fruit cell structure (from Whitaker, 1984).
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(a) Rhamnogalacturonans
Main chain in pectins
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5
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(c) Arabinogalactans II
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6
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1 1
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1
B-D-Galp
6

1
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where R = L-Araf-(1- or B-L-Arap-(1-3)-L-Araf-(1-

(d) Arabinans

-5)—04-L-§\raf-(1-5)—a-L-Araf-(1-5)-a-L-Araf-(1-5)-a-L-Araf-(1-5)-a-L-Araf~(l-
3 3

1 1
1 1
a-L-Araf a-L-Araf

1
1
a-L-Araf

Figure 1-8 Hemicellulose arabinogalactan polymers in fruit (from Whitaker, 1984).

character can be reduced by minimization of
thermal-processing treatments.

The presence of solids in grape musts may
have an influence on the quality of the final wine.
It has been shown by Bertrand (1983) that the
presence of elevated levels of solids enhances
the rates of CO, release during fermentation
with a reduction in the final content of esters.

Hydrolysis of esters in maturing wines is also
favoured by low pH in the original must.

Implications of Processing Certain Fruits

Many fruits have specific problems or quali-
ties that require care in processing.

Certain cultivars of fruit may have individual
flavor characters requiring special processing pro-
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cedures. In Williams pear distillates the varietal
character arises from the presence of ethyl trans-
2-cis-4-decadienoate. To maximize ‘William pear’
character, pears are processed when they are soft
and nearly overripe. This requires extended stor-
age and processing by gentle mashing in the pres-
ence of acid to prevent bacterial infections (Diirr
and Tanner, 1983). Quinces also require special
treatment as the exteriors of these hard fruits have
hairs that contain volatile compounds which con-
fer an off-flavor to distillates (Schobinger ef al.,
1982). Excessive maceration of quinces should
also be avoided as the pips have high contents of
amygdalin. This is broken down to yield benzalde-
hyde, hydrogen cyanide and glucose. The legal
upper limit of prussic acid in cherry distillates is
40 ppm; the lethal dose for humans is ca. 70 mg.
The presence of this compound is thus a problem
common to many distillates produced from stone
fruits (Diirr and Tanner, 1983).

Kirsch character does not arize directly from
volatiles present in the cherries used in its pro-
duction. The fermented fruit mash is left for sev-
eral weeks exposed to the atmosphere. During
this period acetic acid formed by bacteria reacts
with other compounds to yield large amounts of
flavor-active esters that give the beverage its dis-
tinctive character. In raspberry distillates, where
fruit is often extracted with ethanol rather than
fermented because of the low sugar content of
this fruit, contact between raspberry pulp and
ethanol must be controlled. It is important to
avoid excessive extraction of the seed oils which
contain certain higher fatty acids: palmitic,
linoleic and linolenic acids. These are subse-
quently esterified and although the presence of a
limited amount of such esters enhances the per-
ceived intensity of the raspberry odor, an excess
generates off-flavors (Schone and Sparrer, 1975).

Care is required in mashing of many fruit.
Mashes, for example, from overripe plums have

(a) (b)

Figure 1-9 Structure of unusual compounds found in
rums. (a) Ionene (b) brevicomin and analogues (R =
Et, Pr, Bu) (from de Rijke and ter Heide, 1983).

a high pH and are consequently subject to bacte-
rial infections and consequently taints from bu-
tyric acid or acrolein. If grape solid residues are
left in contact with air for too long in production
of Marc distillates, undesirable levels of meth-
anol and acetaldehyde are formed (Diirr and
Tanner, 1983). Interestingly, acetaldehyde is
regarded as desirable and abundant in Puerto
Rican, Jamaican and Martinique rums (Nyka-
nen et al., 1968). Moreover 2-ethyl-3-methyl
butanoic acid, present in rums, probably arises
from bacterial fermentations. Although sugar
cane is a major crop for alcoholic beverage pro-
duction, the properties of molasses as a raw
material do not appear to be well understood.
The presence of many terpenoids in Cognac can
be explained by their presence in the grape, yet
a large variety of these compounds are also
found in rums (de Rijke and ter Heide, 1983).
Ionene (Figure 1-9) is also present in rum distil-
lates, the result of thermal degradation of vita-
min A and the presence of brevicomin (Figure
1-9), a pheromone isolated previously only
from the females of the western pine beetle
Dendroctonus brevicomis, has also been re-
ported in rums (de Rijke and ter Heide, 1983).
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Alcoholic
Beverage
Fermentations

D.R. Berry and ].C. Slaughter

YEAST

Most alcoholic beverage fermentations are car-
ried out using strains of the yeast Saccharomyces
cerevisiae. Although traditionally brewers distin-
guished between ale yeast S. cerevisiae and lager
yeast S. carlsbergensis, or S. uvarum as it was
later called, it is now recognized that these two
species are completely interfertile and should be
considered as one, namely S. cerevisiae (Gilliland,
1981). However, this is not to say that lager yeasts
do not have some distinctive features, since the
ability of the classical lager yeast to produce o-
galactosidase and metabolize melibiose is well
established. Similarly, strains defined as S. diasta-
ticus have a well-established ability to metabolize
low-molecular-weight dextrins, since they possess
a glucoamylase gene. However, these strains are
now considered to be strains of S. cerevisiae
rather than distinct species.

The majority of distillers use commercial
strains of S. cerevisiae, although the use of
Schizosaccharomyces pombe has been reported
for rum production. Saké yeast is also consid-
ered to be a strain of S. cerevisiae. The distinc-
tion between bottom-fermenting lager yeasts,
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which settle out at the end of the fermentation,
and top-fermenting ale yeasts, which rise to the
top of the fermentation and are skimmed off in
the foam, is again no longer valid, since many
ales are produced by yeasts that sediment out at
the end of the fermentation, and many processes
use centrifugation rather than the traditional
techniques to remove yeast (Gilliland, 1981).
The situation in wine is much more complex;
over 200 species of yeast have been isolated from
wine fermentations from some 28 genera (Kun-
kee & Goswell, 1977). In spite of a great deal of
research work by many laboratories, it is still not
clear which are the most important yeasts in wine
fermentation. Many modern wineries inoculate
the fermentation with special strains of yeast,
often S. cerevisiae, after having limited the
growth of wild yeasts with sulfur dioxide. How-
ever, many wineries consider that diversity of
yeast strains is essential for satisfactory flavor
development. It does seem likely that strains of
S. cerevisiae are important in all wine fermenta-
tions for the phase of rapid alcohol production.
Since the discovery of sexual breeding in
yeast by Winge in 1935, classical genetic tech-
niques have been used to obtain improved strains
of brewing and distilling yeasts and for yeasts
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for wine production. Since 1979, when there was
the first demonstration of genetic engineering in
yeast, these techniques have been used to intro-
duce new characteristics into strains of S. cere-
visiae. Some of these, such as the ability to fer-
ment starch, production of B-glucanases, and
modification of flavor profile, could potentially
be used in beverage fermentations. However, at
the present time consumer resistance to the use
of genetically engineered organisms has pre-
vented the introduction of such strains into com-
mercial processes.

Traditionally, inoculum was obtained for brew-
ing and distilling processes by removing yeast
from previous fermentations. In wine production,
the presence of endogenous yeast on the skins of
the grape was considered to be the source of the
yeast inoculum. In each of these cases, the popu-
lation of yeast obtained was mixed.

At the present time, most brewers continue to
use this technique for inoculum production.
Yeast is drawn off from a fermentation at the end
of the growth phase, cleaned up by washing with
acid, and stored before being inoculated into a
new fermentation. This may be a mixed inocu-
lum in some traditional breweries, but it is more
commonly a special strain developed for the
brand of beer being produced. This will have
originated from a laboratory culture and may be
replenished from this culture at intervals. Since
yeast is destroyed during distillation processes,
most distillers buy aerobically grown yeast to
inoculate their fermentations.

The situation with wineries is more complex.
Studies on yeast present on the surfaces of
grapes have indicated that between 10° and 10*
per ml colony-forming units can be found in
must. These yeasts, which have arisen from the
surface of grapes, contain several genera with
Kloekera and Hanseniaspora spp. constituting
50-75 % of the yeast present, and Candida, Klu-
vyeromyces, and Hansenula being frequently
present.

However, the yeast S. cerevisiae, which is so
dominant in wine fermentations, is either absent
or present in very low concentrations on sound
grapes and in fresh musts. It has become appar-

ent that the indigenous population of S. cere-
visiae develops in wineries as a result of growth
on the surfaces of winery equipment in such a
way that it permits each new batch of must to be
inoculated with the same strain of yeast.

Special cultures of S. cerevisiae are now widely
used in the wine industry and it is probable that
commercial strains of other yeasts will become
available to the industry. Quantitative studies have
shown that although other species of yeast do
grow during the first few days of the wine fermen-
tation, S. cerevisiae becomes dominant and is
probably responsible for most of the alcohol pro-
duction. This has been attributed to the higher
ethanol sensitivity of non-Saccharomyces yeasts.
The growth of non-Saccharomyces yeast appears
to be stronger in low-temperature fermentations
(below 20 °C), which are more characteristic of
red wine fermentations (Martini & Martini, 1990,
Fleet & Heard, 1993). Many wineries buy com-
mercially grown yeast to inoculate their fermenta-
tions; however, others are still dependent upon the
natural flora of yeast or yeast that is present in the
equipment and contaminates each new year’s
must as it is processed (Martini & Martini, 1990).
Most of the rest of this chapter will be concerned
with the physiology of S. cerevisiae in conditions
of growth that are relevant to the production of
alcoholic beverages.

PHYSIOLOGY OF YEAST GROWTH

Nutritional Requirements

In addition to requiring a carbon source and a
nitrogen source, yeast also has a requirement for
a range of metals such as magnesium, sodium,
potassium, iron, zinc, copper, and manganese
and other inorganic nutrients such as chloride,
sulfur, and phosphate. It also has a requirement
for vitamins, such as biotin, pantothenic acid,
inositol, thiamin, pyridoxine, and nicotinic acid,
if maximum rates of growth are to be achieved
(Rose, 1977; Hough, 1985). Since the produc-
tion of alcoholic beverages normally involves
the use of complex substrates such as wort and



musts, the supply of these requirements is not
normally a problem. If, however, complex sub-
strates are diluted with adjuncts, then minerals
and growth factors will be diluted and it may be
necessary to add supplements. In strictly anaero-
bic conditions S. cerevisiae also has a require-
ment for sterols and unsaturated fatty acids (see
below).

Carbohydrate Utilization

S. cerevisiae can grow on a limited range of
carbohydrates. Brewing and distilling strains
have the ability to take up and metabolize the
monosaccharides glucose, mannose, fructose,
and galactose; the disaccharide maltose; and the
trisaccharide maltotriose. The disaccharides
sucrose and melibiose can also be utilized, since
the yeast cells have wall-bound enzymes, namely
invertase and a-galactosidase, which hydrolyze
these sugars externally so that their constituent
hexoses can be assimilated. Some strains of Sac-
charomyces, the so-called diastatic strains, pro-
duce a glucoamylase that can attack a-(1-4)-
linked dextrins of moderate molecular weight.
Although the enzyme has been reported to act
randomly on the dextrin chain and to be able to
bypass a-(1-6) bonds, strains possessing this
enzyme are not capable of completely metabo-
lizing native starch (Stewart & Russell, 1987).
The exact properties displayed by a yeast cell
with regard to carbohydrate metabolism at any
point depend on the composition of the medium,
although the ability to take up and use glucose is
never lost. A major control influence is the phe-
nomenon known as catabolite or glucose repres-
sion. In the presence of readily metabolizable
sugars, such as glucose, it was perceived some
time ago that many cell functions such as mito-
chondrial respiration, synthesis of glucoamylase
and invertase, and utilization of galactose, mal-
tose, and maltotriose are repressed (Berry &
Brown, 1987). As more information has been
gathered, it has become clear that glucose also
induces the synthesis of some enzymes and leads
to the positive and negative covalent modifica-
tion of existing enzymes. It both induces and
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activates plasma membrane ATPase, the enzyme
responsible for creating a cross-membrane pro-
ton concentration gradient, thus stimulating
uptake of amino acids and simple ions that are
taken up via a proton symport system. It exerts
control over the glycolytic pathway enzymes—
particularly phosphofructokinase, fructose-6-
phosphate phosphatase, and pyruvate kinase—
through the RAS proteins, adenylate cyclase,
and protein phosphorylation/dephosphorylation
in such a way as to favor glycolysis over gluco-
neogenesis. The effect of this regulatory process
is that sugars are assimilated from a complex
mixture, such as a brewer’s wort, in a defined
sequence of glucose and fructose, followed by
maltose and then maltotriose. In a brewery, the
pitched yeast usually has a high invertase activ-
ity as it is collected from the end of a previous
fermentation, essentially a glucose-free medium.
Thus sucrose is usually utilized rapidly along
with glucose. Yeast cropped from a glucose
medium would not use sucrose until the glucose
was largely consumed due to the repressive
effect of glucose on invertase production.

Uptake of Glucose

Glucose can be seen as the preferred carbon
and energy source of yeast but, despite much
research effort, its mode of transport into the cell
was not well understood until the late 1990s.
Earlier work indicated that the process was by
facilitated diffusion and the apparent K,, varied
with the concentration of glucose in the medium.
A few hexose transporters open to variable
expression had been identified. Since publication
of the complete yeast genome sequence in 1996
(Goffeau et al), progress has been rapid.
Genomic studies have allowed identification of a
family of hexose transporters containing at least
20 proteins and, using this knowledge, mutants
unable to grow on glucose were constructed for
the first time. This required deletion of genes
HXTI to HXT7 and GAL2. Selected genes could
then be inserted singly into these mutants and
the characteristics of the transporter protein
studied (Boles & Hollenberg, 1997; Nelissen
etal., 1997). Hxtlp and 3p are low-affinity trans-
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porters, Hxt2p and 4p are moderately low, and
Hxt6p and 7p and Gal2p have a high affinity.
Snf3p and Rgt2p seem to be more involved with
sensing the external concentration of glucose
than with significant transport of the sugar.
Chemostat studies have shown that transcription
of HXTI-HXT7 in complete strains correlated
with the concentration of glucose in the medium
whereas transcription of GAL2 occurred only in
galactose-limited conditions. The kinetics of glu-
cose uptake under various conditions were con-
sistent with the earlier data from single trans-
porter strains (Diderich et al., 1999). Active
proteolytic degradation of the high-affinity glu-
cose transporters Hxt6p and Hxt7p has been
demonstrated when the concentration of glucose
in the medium was substantially raised (Krampe
et al., 1998). It is now clear that glucose (hexose)
transport in yeast is effected by a number of
transport proteins whose concentration in the
cell membrane is actively adjusted to the compo-
sition of the medium by control over gene tran-
scription and protein turnover. Both the ubiquitin
and vacuolar degradation processes seem to be
involved in the latter process. The kinetic proper-
ties of glucose uptake as displayed by whole
cells are therefore adjusted smoothly to the con-
centration of the sugar in the medium. A glucose
transporter of some sort is always being
expressed so that, while individual transporters
cannot be said to be constitutive, this is true of
the character (Ozcan & Johnston, 1999).

The exact nature of the glucose signal is still
uncertain, although some possible mechanisms
can be ruled out. Use of Axt] to Axt7 null strains
with single transporter genes reintroduced showed
that glucose repression occurred regardless of the
nature of the transporter. The strength of repres-
sion correlated best with the glucose consump-
tion rate. However, glucose itself is not the signal,
as the analogue, 2-deoxy-glucose, also stimulates
repression. The analogue can be phosphorylated
but not metabolized further, so the phosphoryla-
tion stage appears important rather than the
downstream stages of the glycolytic pathway.
This is supported by earlier observations that
deletion of the HXK?2 gene, which is normally

expressed constitutively, results in mutants that
do not show glucose repression but grow nor-
mally on glucose. It may also be the case that
yeast has more than one pathway for signaling the
availability of glucose, one pathway that requires
glucose uptake and involves Rgt2p and another
pathway that is independent of uptake.

Glucose and the Uptake of Maltose

Although in most brewery and distillery worts
glucose is not a major sugar, it exerts an undue
influence because of the repression of maltose
uptake and utilization. Maltose is the most
important fermentable carbohydrate, followed by
maltotriose, and the ability of the yeast to switch
smoothly from use of glucose and fructose to
maltose is very important in commercial fermen-
tation. A slight pause in fermentation is referred
to as a “maltose lag,” while in more extreme situ-
ations fermentation ceases altogether; this is
referred to as a “stuck fermentation.” Supple-
mentation of worts with glucose tends to exacer-
bate the problem because the switch in sugar
source is pushed further back in the fermentation
process when wort nutrients may become limit-
ing and the cells therefore lack the competence
to synthesize all the proteins necessary to make
the change.

Uptake and utilization of maltose requires the
expression of at least one of five highly homolo-
gous, but unlinked, sets of three genes. These are
known as the MAL loci, MALI to MAL4 and
MALG. Gene 1 codes for the maltose transporter,
gene 2 codes for maltase that hydrolyzes maltose
to glucose inside the cell, and gene 3 encodes a
regulatory protein. The uptake mechanism is
proton symport; transcription of the genes is
induced by maltose and repressed by glucose.
More specifically, maltose appears to induce
expression of MALx3, where x refers to the MAL
locas. This process is blocked by Migip in the
presence of glucose. Malx3p stimulates expres-
sion of MALI and MAL?2 resulting in the up-
take and utilization of maltose. Changes to the
MALx3 gene can lead to constitutive maltose uti-
lization, whereas disruption of MIGI results in
glucose-insensitive maltose metabolism.



Yeast strains able to utilize maltose in the
presence of glucose are of commercial interest to
both the brewing and baking industries. These
strains should be immune from problems with
the “maltose lag” and could possibly display a
faster rate of metabolism by using both sugars
simultaneously. At the moment, no generaliza-
tions seem possible and likely strains need to be
evaluated under the appropriate production con-
ditions to see if they can offer advantages with-
out introducing new problems.

Industrial yeasts are able to use maltotriose
completely, but this is usually the last of the fer-
mentable sugars to be absorbed. An a-glucoside
transporter encoded by the gene AG7/ has been
identified, and it is able to transport maltose,
sucrose, trehalose, a-methylglucoside, and mal-
totriose. A recent survey of 30 brewing strains
found that 29 contained AGT! and some of the
strains contained AGT! homologues, but the role
and control of the different genes in maltotriose
uptake remain to be clarified.

Glucose and the Uptake of Sucrose

As mentioned above, sucrose is not taken up
intact to any significant extent but is hydrolyzed
outside the cell membrane to glucose and fruc-
tose by the enzyme invertase. This enzyme is
located in the cell wall or the periplasmic space,
and this results in very important differences in
the fermentation characteristics of sucrose as
compared to maltose on the industrial scale.
Glucose represses synthesis of invertase just as
it represses maltose metabolism in the early
stages of wort fermentation. As the wort con-
centration of glucose declines, both sets of
genes are released from repression and the
enzyme systems for metabolism of both disac-
charides are produced. When this yeast is re-
pitched into fresh wort, which contains repress-
ing concentrations of glucose, both sets of genes
are turned off again and active degradation of
the maltose transporter and maltase occurs
within the cell so that maltose metabolism is
lost rapidly after pitching. However, as invertase
is located outside the plasma membrane, this
enzyme is unaffected by the cellular control sys-
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tems and the cells retain the ability to hydrolyze
sucrose.

Utilization of Nitrogen Sources

S. cerevisiae can metabolize a number of
nitrogen compounds. It can assimilate ammonia
readily through active transport and can grow
well with ammonium as the sole source of nitro-
gen except for a few vitamins such as biotin and
nicotinamide. Urea is also a good source of
nitrogen and is converted to ammonium within
the cell. Nitrate and nitrite cannot be used. All
«-amino acids can be taken up readily, as can
small peptides. Proline can only be used under
aerobic conditions, as its metabolism involves
an oxidase-catalyzed step. The organic com-
pounds vary greatly in their ability to sustain
growth as single compounds, but mixtures of
amino acids tend to support the best growth.
Yeast has no extracellular protease activity and
so cannot utilize large peptides or proteins. In
industrial practice, as media tend to contain a
wide range of amino acids and ammonium, and
in some cases urea may also be added, availabil-
ity of nitrogen is not usually a problem. In fact,
the amount of assimilable nitrogen may be
deliberately restricted to give just enough yeast
growth. This tends to improve the efficiency of
conversion of sugars to ethanol and CO, and
makes the resultant alcoholic liquor less sup-
portive of bacterial growth.

Differential uptake of nitrogen sources from
mixtures has been known since the 1960s and
appeared to result from control at the level
of repression of gene transcription (Hough,
1985). Transport systems for ammonium, for
amino acids in general, for small groups of
amino acids, and for individual amino acids
were all identified. Work using the yeast
genome has confirmed these ideas and identi-
fied 24 amino acid permease homologues, of
which 14 have a known function (Nelissen et
al., 1997). As this work progresses, significant
functions other than transporting amino acids
are becoming established. The genes SSYI and
PTR3 code for proteins that appear to have



30 FERMENTED BEVERAGE PRODUCTION

Starch Polysaccharides
Maltose Glucase

l phosphate
Glucose

phosphate

acid phoiphate

i

2C0A - 1+ 2 Acetyl CoA
+2CO, + 4H

Clucose & —— Fructose b
phosphate

Fructose 1,6
diphosphate

(2) Enol pyruvic L (2) Triose

2 molecules
diphosphate ; Triose phosphate

+4 Hy Inorqanic phosphate

14

(2NADH,) (2NAD)
\ 4

\ b
Py .

(2) Pyruvic —=(2) Acetaldchyde ~—;>—‘—'-—-> (2) Ethanol
acid +CO,

Figure 2-1a The Embden-Meyerhof-Parnas glycolytic pathway for glucose metabolism.

structures akin to the glucose uptake regulators
Snf3p and Rtg2, and deletion experiments have
shown a role for these genes in controt of the
transcription of the general amino acid perme-
ase gene. MEP2, the gene for the high-affinity
ammonium transporter, appears to be essential
for the transition to pseudohyphal growth that
occurs in response to ammonium starvation;
thus Mep2p may have a signaling function in
addition to its role in taking up ammonium at
low concentrations.

Ethanol Fermentation

During growth in anaerobic conditions such as
those occurring in alcoholic beverage fermenta-
tions, all the ATP required for the growth is gen-
erated by the process of glycolysis (Figure 2—1a).
Although some of the reactions of the TCA cycle
may function to generate organic acids (Figure
2-1b) for cellular biosynthesis, the cell does not
contain cytochromes and there is no generation
of ATP by oxidative phosphorylation.

The factors controlling the rate of a biosyn-
thetic pathway such as glycolysis are complex.
However, it is evident that the supply of ADP in
the cell is limited so that the overall rate of gly-
colysis will be limited by the rate that ATP is
utilized by the cell in biosynthetic and other
energy-requiring reactions and hence by the rate
that ADP is regenerated. The production of pyru-
vate from glucose by glycolysis also generates
two molecules of NADH. Again, the supply of
NAD" in the cell is limited, so unless NAD* can
be regenerated by NADH passing its hydrogen
atoms to another molecule, the process of gly-
colysis will stop and growth will cease. The
process of ethanol production is one in which
NAD" is regenerated by the hydrogens of NADH
being passed on to acetaldehyde, thus producing
ethanol. The yeast S. cerevisiae is an unusual
organism in that it can carry out this reaction
very efficiently, giving a high yield of alcohol
produced to glucose consumed. Clearly, some of
the carbohydrate provided will be utilized to pro-
duce and maintain yeast cells. The overall reac-
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tion for a brewery fermentation can be illustrated
by the following equation:

Maltose + amino acid—yeast + ethanol +

100g 0.5g S5¢ 48.8¢
carbon dioxide + 50 kCal (209 kJ) energy
46.8g
(dry weight)

Although in a well-run fermentation most of
the sugar is converted into ethanol, it is normal for
a small percentage to be converted into other
byproducts. They include glycerol, organic acids
such as succinate, and the flavor compounds that
are produced in all ethanol fermentations. Gly-
cerol is produced in the fermentation by the re-
duction of dihydroxyacetone phosphate, and this
reaction regenerates NAD" when the supply of
acetaldehyde is inadequate. A small amount of
glycerol is produced in all fermentations, but this
can be increased in certain conditions. Glycerol
production can be stimulated by growth in condi-
tions of high osmotic strength, growth in alkaline
media, and growth in the presence of compounds
that react with acetaldehyde, such as bisulfite. The

production of glycerol can be considered benefi-
cial in some fermentations—e.g., wine produc-
tion—but is an undesirable process in the produc-
tion of distilled beverages, since it represents a
waste of substrate. In a well-run alcohol fermenta-
tion, glycerol has been reported to constitute 5.8 %
of the total end product (minus carbon dioxide),
succinate 0.9 %, yeast cell material (dry matter)
1.2 %, and ethanol 92.1 % (Korhola et al., 1989).
In the early stages of alcoholic fermentations
the rate of alcohol production increases expo-
nentially in parallel with the increasing biomass.
Once yeast growth ceases, however, the rate of
production of ethanol proceeds linearly until the
available carbon sources have been consumed.
There is a reciprocal relationship between
ethanol production and decreasing sugars and
specific gravity. This period is often associated
with the accumulation of storage carbohydrates
such as glycogen in the yeast (Figure 2-2). These
reserved carbohydrates may be converted into
ethanol in a later stage of the fermentation when
ethanol production proceeds at a very slow rate.
Fermentations in which the inoculum was
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Figure 2-2 A small-scale malt whiskey fermentation showing changes in yeast cell number dry weight, carbohy-
drate content and viability, and bacterial numbers (from Ramsay & Berry, 1983).

obtained by recycling yeast from previous fer-
mentations can frequently suffer from a problem
known as a “sticking fermentation.” This occurs
when the yeast runs out of adequate supplies of
unsaturated fatty acids and sterols to support
growth. S. cerevisiae has a requirement for small
quantities of these compounds but is unable to
synthesize them in the absence of oxygen. This
requirement can be satisfied either by the supply
of unsaturated fatty acids and sterols in the
growth medium (they are normally present in
worts), or by the supply of adequate amounts of
oxygen either during the growth of the yeast or
during the fermentation itself. In brewing
processes, this is normally supplied by a short
period of aeration of the fermentation in a pro-
cess known as “raising” the fermentation. In dis-
tilling, this is not normally a problem since the
inoculum yeast is aerobically grown. In wine

production, it has been suggested that medium
chain-length fatty acids—e.g., decanoic acid and
octanoic acid—produced by the yeast may have
a key role in causing sticking fermentations.

In ideal conditions with an adequate supply of
carbohydrate, some strains of S. cerevisiae have
been shown to synthesize high concentrations of
ethanol, in the order of 20 %. However, this
does not mean that ethanol has no effect on the
fermentation. Ethanol is inhibitory to yeast
growth and metabolism and can slow down the
rate of fermentation at much lower concentra-
tions. It has also been demonstrated that the
inhibitory effect of ethanol is markedly influ-
enced by the growth conditions. Growth at high
temperatures (above 32-33 °C) and at low pH
values has a marked effect on the sensitivity of
the yeast to ethanol. The effect of ethanol may
also be influenced by the lipid content of the



medium as well as by the presence or absence of
several salts—e.g., magnesium. The presence of
other, higher alcohols in the fermentation may
also contribute to alcohol toxicity, since higher
alcohols are even more toxic than ethanol, their
toxicity being related to their lipid solubility
(Leao & van Uden, 1982).

The end of a fermentation may be associated
with a period of yeast autolysis. This is true of
any spirit fermentation in which the temperature
rises above 33 °C (Berry, 1984). It is also a char-
acteristic of processes in which yeast is left in
contact with the beverage over a long maturation
period, such as during champagne production.
During autolysis, some components are de-
graded by endogenous enzymes releasing a
range of products such as peptides, amino acids,
fatty acids, nucleotides, and nucleosides, which
can affect the essential properties of the bever-
age (Charpentier & Feuillat, 1993). As the scale
of manufacture of alcoholic beverages has in-
creased and the size of fermenters has become
larger, attention has been paid to the effects of
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high concentrations of carbon dioxide, which
can be generated at the bottom of the vessels. It
has been demonstrated by several groups that
carbon dioxide at 2-3 atmospheres can have an
inhibitory effect on yeast growth and can also
influence the rate of production of flavor com-
pounds (Kruger et al., 1992).

PRODUCTION OF
FLAVOR COMPOUNDS

When yeast ferments sugars, ethanol is not
the only product. Using modern methods of gas-
liquid chromatography, it is possible to demon-
strate that several hundred minor components
are also produced. Some of these make an
important contribution to the flavor of the prod-
uct of the fermentation, be it a beer, wine, or
wash for spirit production (MacDonald et al.,
1984; Berry & Watson, 1987). These can be
divided into several categories based on their
metabolic origins within the cell (Figure 2-3).
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Figure 2-3 Basic routes by which yeasts form the major flavor groups during fermentation (Ramsay, 1982).
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The most abundant of these are the higher alco-
hols whose production parallels that of ethanol.
However, many compounds present in smaller
amounts also have an important role to play in
flavor development. Fatty acids such as acetate,
medium-chain fatty acids such as caproate and
caprylate, and long-chain fatty acids can con-
tribute to the flavor directly or by being involved
in the formation of esters. Carbonyl compounds
such as acetaldehyde and diacetyl are present
in even lower concentrations but have very low
flavor thresholds so can play a key role in the
flavor of the product. The yeast may also be
involved in the production or modification of
sulfur compounds, which can be of critical im-
portance in the development of flavors and off-
flavors in alcoholic beverages.

Higher Alcohols

Higher alcohols are produced from the carbon
skeletons of amino acids. They may arise by the
decarboxylation and deamination of amino
acids present in the wort or by a biosynthetic
route using the amino acid biosynthetic pathway
of the yeast (Figure 2—4). Both these routes may
occur in the same fermentation, with a switch
from the degradative route to the biosynthetic
route occurring when the amino acids in the

wort have been metabolized. In general, condi-
tions that favor a high growth rate tend to stimu-
late the level of higher alcohol production.
These parameters include an elevated tempera-
ture, high inoculum levels, aeration of the
medium, and replacement of sugars such as
maltose by glucose. These general effects will
increase the levels of all higher alcohols present
in the medium; however, the levels of individual
higher alcohols can be manipulated by altering
the amount of the corresponding amino acid in
the wort or must, or by genetically manipulating
the organism so that producers may control the
amount of a given amino acid or higher alcohol.
This can be advantageous since certain amino
acids induce a distinctive flavor; for example,
phenylalanine stimulates phenyl ethanol pro-
duction, a higher alcohol that gives a roselike
aroma.

Organic Acids

The growth of all organisms including yeast
requires a supply of organic acids for essential
cell functions such as the production of cell
membranes. Some organic acids that are ex-
creted into the medium are derived from inter-
mediary metabolic pathways—for example,
acetate, malate, and succinate—but the major-
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ity of longer chain fatty acids are derived from
the fatty acid biosynthetic pathway. However,
fatty acids present in the medium can be assim-
ilated and incorporated into the structure of the
cell.

Acetate is the main organic acid excreted into
the growth medium. It is produced by the oxida-
tion of acetaldehyde by the removal of further
hydrogens in a reaction that is the opposite of the
normal reduction of acetaldehyde to ethanol. The
rate of acetate production can be stimulated, for
example, by the addition of alkali to the medium,
which tends to stimulate the yeast to produce
acetate and to adjust the medium to a more
acceptable pH. During most yeast fermentations,
the pH tends to decrease to around pH 3.5 to 4.
Medium-chain fatty acids may be excreted into
the medium and can give a goaty flavor to bever-
ages; however, higher molecular weight fatty
acids tend to be incorporated into the structures
of the cell, usually in the form of phospholipids.
Fatty acid production in general has been re-
ported to be stimulated by higher levels of phos-
phorus, magnesium, and biotin (MacDonald
etal., 1984).

The metabolism of malic acid is of some
importance in wine fermentations in which
malic acid is converted into lactic acid by lacto-
bacilli in a secondary fermentation known as the
malo-lactic fermentation. This is more common
in red wine fermentations than in the more acid
white wine processes.

Esters

Esters constitute a major class of flavor com-
pound in alcoholic beverages. They are pro-
duced by yeast during the fermentation in a
reaction between alcohols, produced during the
fermentation by the yeast, and acyl CoA mole-
cules, which are key intermediates in the pro-
duction of free organic acids. The amount of
esters produced is dependent on the relative
abundance of the corresponding alcohols and
acyl CoAs produced by the yeast. Since acetyl
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CoA and ethanol are the most abundant acids
and alcohols present in the fermentation, ethyl
acetate is normally the most abundant ester.
However, if good analytical techniques are
used, almost every combination of acyl CoA
and alcohol can be detected as esters in the fer-
mentation product. The level of alcohol pro-
duced in fermentations is dependent on the
nature of the product and can vary from less
than 4 % in beers through 7 % for spirit pro-
duction up to greater than 15 % in certain
wines. The concentration of esters produced is
normally increased as the level of alcohol rises
and one of the unlooked-for consequences of
high-gravity brewing has been an increase in
ester production as a result of the higher levels
of alcohol—and, indeed, higher alcohols—pro-
duced (MacDonald et al., 1984).

Factors influencing the availability of organic
acids and acyl CoAs are more complicated. Sat-
urated fatty acids can be produced in all condi-
tions, but unsaturated fatty acids and, in fact,
key steroids such as ergosterol can be produced
only when at least small quantities of air are
available. Under normal growth conditions,
most of the organic acids produced are then uti-
lized for membrane biosynthesis. Under condi-
tions of strict anaerobiosis, however, unsatu-
rated fatty acids and sterols cannot be produced,
so normal membrane formation is inhibited. In
these conditions, organic acids become avail-
able for conversion into esters, which are
excreted into the medium. Therefore, conditions
that restrict growth, such as lack of aeration or
nitrogen, should lead to an increase in ester for-
mation. If the time course of ester formation is
monitored throughout the fermentation, it is
apparent that the majority of esters are pro-
duced in the later stages of the fermentation in
contrast with the higher alcohols, which are
produced largely during the growth phase and
the period of rapid ethanol synthesis. Aeration
of worts, such as occurs in the process of rais-
ing the fermentation, or the addition of unsatu-
rated fatty acids and sterol by the addition of



36 FERMENTED BEVERAGE PRODUCTION

trub leads to a stimulation of growth and a
dramatic reduction in the level of ester produc-
tion. Growth of yeast in a well-aerated system
can totally suppress ester formation even in con-
ditions that favor a high level of ethanol produc-
tion (Berry & Watson, 1987).

Carbonyl Compounds

Carbonyl compounds, such as diacetyl, and
aldehydes, e.g., acetaldehyde, play an important
role in flavor development. Aldehydes tend to
have very low flavor thresholds and also tend to
have off-flavors. They are intermediates in
higher-alcohol production, and conditions that
favor higher-alcohol production also favor the
formation of small quantities of aldehydes.
These may be excreted but can be reabsorbed
and reduced by yeast to the corresponding alco-
hol during the later stages of the fermentation. It
has been reported that the level can be stimulated
by the addition of sulfite and sulfur dioxide. This
is most likely to occur in the production of grape
products or other processes in which sulfur diox-
ide is used to control the growth of wild yeast or
other microbial contaminants.

The most extensively studied carbonyl com-
pound is diacetyl, which makes an important
contribution to the flavor of lager-type beers, red

wine, and some distilled products such as
whisky and rum. Although its presence is con-
sidered essential for the correct flavor, excessive
production can lead to off-flavors. Diacetyl is
produced by the oxidative decarboxylation of
hydroxy acids (Figure 2—5). However, the final
concentration in the beverage is determined by
the balance between the rate of formation and
the rate of degradation. In the later stages of the
fermentation, diacetyl can be metabolized by
the yeast to acetoin and butane-2,3-dione.
Diacetyl and pentone-2,3-dione synthesis can
also be the result of contamination of the fer-
mentation by certain strains of bacteria such as
Pediococcus and Lactobacillus. Diketones, such
as diacetyl, tend not to accumulate in conditions
where there is sufficient active yeast present in
the fermentation to break down the diketone,
but although diketones may be produced more
rapidly in vigorous fermentations, they are also
metabolized more rapidly. However, in sticking
fermentations there may not be sufficient yeast
to break down diacetyl and it can, in such fer-
mentations, frequently accumulate (MacDonald
et al., 1984). It has been well documented that
lactobacilli influence spirit fermentations,
including the whisky fermentation (Berry,
1984). Lactobacilli are also evident in rum pro-
duction, and it is considered that their presence
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influences the character of the final product
(Fahrasmane & Ganou-Parfait, 1998). Yield of
ethanol is also influenced, and Narendranath et
al. (1997) have presented evidence that lacto-
bacilli can cause up to 7.8 % loss of ethanol in
the fermentation.

Malo-lactic Fermentation

The malo-lactate fermentation—the conver-
sion of malate to lactate—occurs in the produc-
tion of several beverages but has been mostly
investigated in wine production, since the con-
version of malate in the must to lactate is an
important feature of wine production. It is car-
ried out by malo-lactic bacteria and results in
deacidification, as indicated by an increase in pH
and a decrease in titrable acidity. The reaction is
carried out by the so-called malo-lactic enzyme,
which decarboxylates L-malate to L-lactate and
carbon dioxide. This is lost to the system in the
form of bubbles. The reaction involves Mn and
NAD+, but the latter does not decrease in
amount so does not appear to be directly in-
volved in the reaction as a substrate.

The malo-lactic fermentation can be carried
out by a range of lactic acid bacteria of the gen-
era Lactobacillus, Pediococcus, and Leuconos-
toc, which have been isolated from wines.
Which species predominates depends upon sev-
eral physiological parameters, but pH and
ethanol concentration are particularly impor-
tant. Oenococcus oenis (formerly Leuconostoc
oenos), the name given to all Leuconostoc
strains isolated from wines, is especially toler-
ant of low pH values, so it tends to predominate
in acid wines below pH 3.5. Since many bacte-
ria can have a deleterious effect on wine flavor,
modern wine production processes involve the
addition of high concentrations of starter cul-
tures of selected lactobacilli, which ensures that
the correct fermentation occurs (Henick-Kling,
1993). Lactobacilli in wine are not only able to
metabolize malate to lactate but can also
metabolize citrate present in wine into pyru-
vate, lactate, ethanol, acetate, and diacetyl
(Nielsen & Richelieu, 1999). The production of
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diacetyl is particularly important, since it can
directly influence flavor. The amount of diacetyl
produced is influenced by the quantity of cit-
rate, and the redox potential and oxygen con-
centration in the wine. The amount present is
also influenced by the concentration of free
SO,.

Since a high level of titrable acidity gives rise
to sourness, a reduction in it will lead to a reduc-
tion in the tartness of the wine. However, the
concomitant increase in pH can lead to a reduc-
tion in the stability of the wine and a potential
increase in microbial contamination. Strains of
Leuconostoc oenos are widely used as starter
cultures, not just because of their tolerance to pH
and ethanol concentration but also because of
the contribution that they make to mouth feel
and their influence on flavor. The influence of
Jactobacilli on wine development is augmented
in some wines such as Chardonnays by using a
sur lees treatment during their production. Sev-
eral other strategies have been investigated for
the control of the malo-lactate fermentation,
such as the use of immobilized enzymes (Vali-
hout & Formisyn, 1997) and genetically engi-
neered yeast (Bony et al., 1997).

The malo-lactic fermentation is also impor-
tant in the production of cider, and it has been
reported that temperature is an important para-
meter in controlling such a fermentation in cider
production (Herrero et al., 1999). Although the
rate of malate metabolism increased at higher
temperatures—e.g., 27 °C—22 °C was pre-
ferred, since at this temperature less acetic acid
is produced.

Sulfur Compounds

Although some 50 volatile sulfur compounds
have been identified in alcoholic beverages, the
majority of these are derived directly from raw
materials. However, some are derived by the sul-
fur metabolism of the yeast. Hydrogen sulfide
can be produced during the breakdown of
methionine and cysteine released during yeast
autolysis or protein turnover. It can also be gen-
erated from inorganic sulfur if this is present in
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the medium. Yeast can also produce dimethyl
sulfide (DMS) from such precursors as S-
methyl-methionine and p-dimethyl-Sulfoxide if
these are present in the medium. It is not consid-
ered that the yeast is an important source of
DMS, which is more likely to be present in high
quantities in raw materials such as malted barley.
However, yeast strain is considered to be an
important factor influencing the production of

hydrogen sulfide, since the amount formed under
defined conditions appears to be characteristic
for a particular strain. Normally, hydrogen sul-
fide produced during the fermentation is purged
by the effect of the rapid evolution of carbon
dioxide; in less vigorous fermentations and in
extended periods at the end of fermentations
when autolysis may be occurring, sulfury odors
can develop.
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Beers:
Recent Technological
Innovations in Brewing

D. Iserentant

INTRODUCTION

The brewing industry is a traditional one:
many brewers are using a technology that
remained basically unchanged over a period of
100 years. New technological breakthroughs are
seldom directly applied to the brewing process;
most of the brewers are afraid that the change
would harm either the quality or the image of
their beer. In recent years, the situation has been
changing: fusions and takeovers have created
big brewing groups, and increasing competition
in a shrinking beer market has forced the brewer
to be more cost effective than before. Techno-
logical innovations are used now to increase
productivity, to save energy, or to create new
products.

There will probably always be a market
for the small, traditional brewer. The larger
brewing groups, however, need to closely fol-
low technological changes. Successful incorpo-
ration of the technological innovations in the
brewing process will largely determine the
strength and the competitiveness of the brewery
in the future.

A. G. H. Lea et al. (eds.), Fermented Beverage Production
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THE TRADITIONAL
BREWING PROCESS

Raw Materials

Malt. The brewing process normally starts
from a starch-containing crop, from which, dur-
ing the brewing process, the starch is sacchari-
fied by the endogenous enzymatic activity of the
grain. The normal starch source is malted barley.
The barley used by the brewers differs from feed
barley: normally, the brewer prefers a two-row
spring barley with big kernels. Although the bar-
ley has some technical advantages—it is easy to
malt and the husks are an essential tool during
the lauter tun filtration—the use of barley is
historically determined rather than a techni-
cal or economical necessity. In many cases, a
smaller or larger part of the malt is replaced by
adjuncts—i.e., other starch sources (normally
rice or corn) or even sugar Syrups.

Barley is malted to induce the enzymatic
activity of the kernel and to obtain a first modifi-
cation of the grain (starch conversion into fer-
mentable sugars by amylases, but also cell wall
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polysaccharides degradation by the action of
B-glucanases and xylanases). The malting
process can be considered as an induction of the
germination of the grain and is followed by a
heat treatment—the kilning—to stop the germi-
nation process at an early stage. By choosing the
conditions of the malting and kilning processes,
different kinds of malts can be produced. One
important factor is the degree of malt modifica-
tion, i.e., the degree of starch and B-glucan
degradation obtained during malting. Another
important factor is the color of the malt. The
color is mainly determined by the kilning tem-
perature; pale malts, kilned at relatively low tem-
perature (about 80 °C as highest temperature)
are normally used for lager beer production.
Darker malts, kilned at higher temperatures (e.g.,
Munich, caramel, chocolate malt) are used for
the production of special beers. These special
malts are important for both the flavor and the
color of the special beers.

In some regional ales, a large part of the
malted barley is replaced by wheat, or some-
times rye or oat. The high amount of unmalted
cereal results in a hazy beer that is not filtered
but consumed as such (so-called white beers).

Water. Water makes about 90 % of the finished
beer; it"should not be neglected as a quality-
determining factor during the brewing process.
The brewing water has to meet the same high
standards as drinking water.

The mineral content of the brewing water is
very important: some minerals (magnesium,
zinc) are important for a fast and regular fermen-
tation. Moreover, salts may determine, among
other factors, the typical character of some spe-
cial beers. A well-known example is the high
sulfate character in the water of Burton-type ale.

Whereas brewers at one time were dependent
upon the water quality of the local source, it is
possible nowadays to adapt the water quality and
the mineral content of the water to the needs of
the process.

Hops. The use of hops in brewing dates back
to the Middle Ages. At that time, hops were
replacing the special spices that were used
before. Today, brewers still use hop for its bitter-

ing and aromatic properties. Hop, however, also
has antiseptic properties (Simpson & Hammond,
1991; Smith & Smith, 1993).

Hops are normally added during the kettle
boil: during the boiling process, the a-acids of
the hop are isomerized, which is important to
obtain the right bitterness in the final beer.
Sometimes, fresh hops are added during fermen-
tation of the finished beer to avoid the loss of
volatile acids during boiling and to retain the
aromatic qualities of hop in the beer. This proce-
dure is called “dry hopping.”

Hops can be added as hop cones or as milled
hop, but, more and more, the milled hop powder
is pressed into pellets and used as such. Hop pel-
lets have a higher bulk density than baled hops
and are easier to store and to handle. However,
the hop powder is rapidly accessible to oxida-
tion, and the pellets should be packed properly to
avoid deterioration.

The hop a-acids and flavors can also be ex-
tracted by a solvent (low-molecular-weight alco-
hols, ketones, hexane), or by liquid CO,. The
solubilization and isomerization of the hop
o-acids occurs more rapidly in extracts than with
whole hop cones. A comparison of the use of dif-
ferent hop extracts has recently been published
by Forster et al. (1996).

Yeast. Yeast is one of the most important
flavor-determining elements of the beer. Brew-
er’s yeast belongs to the genus Saccharomyces
and is now normally classified as Saccharomyces
cerevisiae (Yarrow, 1984). However, brewer’s
strains are more complex than the taxonomical
type strain: brewer’s yeast is normally polyploid
or aneuploid and sporulates rarely. Brewers
make a distinction between top-fermenting yeast
(formerly S. cerevisiae) and bottom-fermenting
yeast (formerly S. carisbergensis and S. uvarum).
Top-fermenting yeast, used for ales, ferments at
relatively high temperatures (18-25 °C), and the
yeast crops normally float at the top of the fer-
mented wort at the end of the fermentation. The
bottom yeast is used for lagers. The fermentation
temperature is lower (8—12 °C), and the yeast
flocculates to the bottom of the tank at the end of
the fermentation. Bottom yeast differs biochemi-



cally from top yeast by its use of melibiose and
raffinose. Recently, other phenotypical differ-
ences—such as the pattern of mixed carbohy-
drate fermentation, the carbohydrate transport,
and the sensitivity to cations—have been
described (Crumplen et al., 1993). Pedersen
(1983, 1985, 1986a, 1986b) compared exten-
sively the genomic organization of several lager
and ale strains. Whereas there is a large variabil-
ity among the top-fermenting strains, all the
lager strains seem to be related and may origi-
nate from one single strain, probably produced
by hybridization of a top-fermenting S. cere-
visige strain and a bottom-fermenting S. mona-
censis strain (Pedersen, 1986b).

Some special beer types are produced by
mixed cultures that may contain other yeast gen-
era such as Brettanomyces (in the case of
Gueuze) or even lactic acid bacteria (for Gueuze,
Berliner Weisse, acid ales of Flanders) (Martens
etal., 1997).

Wort Production

Mashing. The mashing procedure is intended
to produce and extract fermentable sugar from
malt. Therefore, the malt should be milled to
optimize the transformations and to improve the
solution of the extractable material. However, the
husk of the malt should remain intact to serve as
a natural filter during lauter tun or mash filtra-
tion. This can be achieved in a roll mill, where
the grist fractions are separately treated depend-
ing upon their size. Sometimes, the grains are
steam conditioned to enhance the moisture con-
tent of the husk (wet milling). This treatment
renders the husk less liable to fragmentation and
allows a finer milling of the other fractions.

The malt flour is mixed with water and heated
to allow enzymatic degradation of high-molecu-
lar-weight compounds, such as polysaccharides
and proteins. Single-temperature infusion mash-
ing is probably the simplest system: the mash is
kept at a temperature of approximately 65 °C for
a period of time. This mashing procedure is car-
ried out in a single vessel, which is used in most
cases for lautering (filtration to remove the insol-
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uble fraction), too. The infusion mash is often
used in the United Kingdom for the production
of ale wort. This system, however, can be used
only with well-modified malts; for less-modified
malts a temperature profile is applied during
mashing. The temperature is raised and kept for
a certain time period at the optimal temperature
for the specific enzymatic conversions that the
brewer wants to obtain. The temperature steps
are normally 50 °C (protein rest) as optimal tem-
perature for protease, 62 °C (maltose rest) to
allow the action of B-amylase, and 72 °C (sac-
charification rest) as optimal temperature for o-
amylase. oi-Amylase is an endo-enzyme that cuts
the starch into rather big fragments, whereas
B-amylase produces maltose. Because f3-amylase
works at a lower temperature than oi-amylase, it
is impossible to obtain a complete conversion of
starch into maltose by the conventional mashing
process: some larger polysaccharides (dextrines)
remain in the wort. The temperature steps should
be controlled carefully to obtain sufficient sac-
charification.

The temperature-profile mashing procedure
can be carried out by heating the mash in one
stirred vessel, or by the so-called decoction pro-
cedure. During the latter process, a part of the
mash is pumped into a second vessel, heated to
boiling temperature, and re-added to the main
mash. By mixing the two parts, the temperature
of the main mash is raised. The decoction proce-
dure is especially useful when adjuncts are used;
it allows a separate treatment of the unmalted
adjuncts that generally have a higher starch gela-
tinization temperature than malt.

Filtration. After the mash, the liquid (wort) is
separated from the spent grain. This is usually
done with a lauter tun or with a filter press. The
lauter tun is a vessel with a flat perforated bot-
tom. At the beginning of the filtration, the husks
settle rapidly to build up a natural filter on the
bottom of the vessel after a few minutes. During
this period, the wort is recirculated; once the fil-
ter is formed, the wort is filtered with the help of
the husks. A lauter tun gives wort of an excellent
quality—i.e., a clear wort that is low in lipid con-
tent—but the filtration is rather time consuming
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and the removal of the spent grains may be
difficult.

The strainmaster can be considered a special
form of lauter tun, but the vessel contains slotted
pipes of triangular cross-section instead of a per-
forated bottom. For the same floor space, the fil-
tration area is bigger than that of the lauter tun.
The runoff is rapid and the wort is of good qual-
ity, but, because of the method of discharge, the
spent grains are very wet.

The mash filter consists of several hollow
frames and plates, separated by filter cloths.
Wort is pumped in the frames and, similar to the
lauter tun, a filter is formed by the husks. This
form of filtration is more rapid and easier to
automatize than the lauter tun filtration, but the
filter wort contains more lipids and is not as clear
as that from the lauter tun.

After the main filtration, the filter is washed to
remove as much extractable sugar as possible
from the spent grains (sparging). This washing
improves the extract yield of the filtration, but
results in a dilution of the wort, which has to be
corrected by evaporation during boiling.

Wort boiling. The main reasons for wort boil-
ing are to inactivate the enzymes (amylases, pro-
teases, P-glucanases) and sterilize the medium
for the subsequent fermentation. However, boil-
ing of the wort has several secondary effects that
are nearly as important. During the 1.5- to
2-hour boiling period, proteins coagulate (hot
break), which plays an important role in the
physical stabilization of the beer: insufficient
protein coagulation would cause haze formation
during storage of the finished beer. Hop acids are
isomerized and new flavors are formed by
Maillard reactions. The same Maillard reactions
are darkening the color of the wort, which is an
important quality factor for pale beers. Unwanted
color formation may limit the total boiling time.

During boiling, some unwanted flavor com-
pounds—such as dimethylsulfide, which origi-
nates from the malt—are evaporated. Moreover,
the wort is concentrated at an evaporation rate of
about 8 % per hour.

The boiling is traditionally executed in a open-
top vessel at atmospheric pressure, and heat is

provided by a heat jacket or by an internal heat
exchanger.

Wort Fermentation and Maturation

Fermentation. After the wort boiling, the hot
break is removed (by a whirlpool, a centrifuge,
or a hot settling tank) and the wort is cooled,
oxygenated, and pitched with yeast. In most
breweries, pure yeast cultures are used. Usually
the yeast used for pitching is recuperated from a
previous fermentation. However, most brewers
reuse the yeast only a limited number of times,
to avoid yeast contamination and degeneration of
the strain. In that case, at regular time intervals, a
new yeast culture is propagated, starting at lab
scale from pure stock culture, to replace the
pitching yeast when this limit is reached.

The fermentation temperature and the dura-
tion of the fermentation depends upon the type
of beer—for a lager beer, it takes about seven
days with a wort of 12 °Plato (12 g sugar per
100 g solution; this is considered a “normal
gravity” wort). For ales, which are fermented at
higher temperature, the fermentation time is nor-
mally shorter.

During fermentation, the sugar (mainly mal-
tose and smaller amounts of glucose, sucrose,
fructose, and maltotriose) is converted into alco-
hol. There is an important flavor production dur-
ing this period, too: the esters (ethylacetate, iso-
amylacetate, etc.) and higher alcohols (propanol,
butanol, isoamylalcohol, etc.) will determine to a
great extent the character of the final beer.

For lager beer, the main fermentation is fol-
lowed by a maturation period of several weeks.
Most ales do not have such a long maturation
period and are filtered shortly after fermentation.
Indeed, several special post-fermentation treat-
ments such as refermentation in bottle or aging
in wooden casks are known for special regional
beers. In these cases, an adaptation of the normal
maturation and filtration process is required.

Formerly, the fermentation was carried out in
open vessels, but nowadays most brewers are
using closed cylindroconical vessels. These
tanks have a conical bottom that allows an easy



harvest of the yeast that flocculates to the bottom
of the tank during lager fermentation.

A review of beer-fermenter design and a
description of alternative forms of fermenters is
given by Maule (1986).

Maturation. After the main fermentation, the
flocculated yeast is removed and the beer is
cooled down for maturation. During maturation,
the remaining sugar is fermented and the beer
becomes saturated with the CO, produced. The
taste of the beer becomes refined, the most im-
portant transformation being the reduction of the
butter-like flavor diacetyl. Diacetyl is a byprod-
uct of the isoleucine/valine synthesis and is
formed by decarboxylation of ai-acetolactate
(Figure 3-1). Yeast reduces diacetyl to the flavor-
neutral compounds acetoin and butanediol. Dur-
ing the maturation, there is also a further floccu-
lation, leading to an improved clarification of the
beer. The classical maturation takes several
weeks or even months. It is carried out in a
closed horizontal vessel or, more often now, in a
cylindroconical vessel similar to that used for the
main fermentation. After maturation, the beer
can be filtered to remove the remaining yeast and
is then ready for bottling and consumption.

Pyruvate

acetohydroxyacid synthase

\ ILV2

-Acetolactate — diacetyl
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Figure 3-1 Diacetyl production by yeast. Diacetyl is
a byproduct of valine biosynthesis. Intermediates,
enzymes, and genes of the pathway are indicated.
o-Acetolactate is secreted by the cell and decarboxy-
lated in the medium to give diacetyl. Yeast cells can
take up diacetyl and reduce it to acetoin and butanediol.
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The products. Giving here a complete over-
view of all beer types is impossible: beer exists
in a large diversity of color, from colorless to
nearly black; in a large diversity of alcohol con-
tent, from alcohol free to products that have an
alcohol content up to 12 % volume; and in a
large diversity of taste, from rather neutral to bit-
ter, acidic, or even spicy. An overview of this
diversity can be found in special beer guides.
However, most of the special beers have a
regional character, and the majority of beer sold
all over the world is of the Pilsener type. Pilsener
is a pale beer (about 7 EBC color), with an origi-
nal gravity between 12 °Plato and 13 °Plato, an
alcohol percentage of about 5 % volume, and a
bitterness that is regionally determined, from
neutral in the United States to strongly bitter for
some German beers (EBC bitter units varying
between about 16 and 30).

NEW TECHNOLOGICAL
EVOLUTIONS

Raw Materials

New barley varieties. A review of the progress
in barley breeding is out of the scope of this
chapter. Reviews on this subject have been
published by Pitz (1990), P. Hayes (1991), and
Palmer (1992). A comparison of recently bred
barley varieties has been published by Schild-
bach (1998).

It may be expected that genetic modification
of barley will become an important tool in barley
improvement in the future (Lorz et al., 1995).

Improvement in malting technology. During
recent years, maltsters have become aware that
malting is not only a plant physiological process,
but that microorganisms play a determining role
in malt quality. This insight has led to the use of
starter cultures in malting. Boivin & Malanda
(1993) reported on the use of the bacterium
Lactobacillus plantarum and of the yeast Geo-
trichum candidum. Both strains were able to
reduce the production of the mycotoxin zearale-
one by the fungus Fusarium, but the yeast was
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more efficient in that respect. Haikara and
coworkers (Haikara et al., 1993, Haikara &
Laitila, 1995) applied lactic acid bacteria as
starter culture during steeping in laboratory and
pilot plant maltings. The Lactobacillus plan-
tarum strain used proved to be effective in limit-
ing the Fusarium contamination and in reducing
the deoxynivalenol and zearaleone formation
during malting (Laitila ez al., 1997). Moreover,
even severe problems in mash filterability,
caused by barley containing a high number of
split kernels, were readily alleviated by treating
the grain during steeping with a starter culture
(Laitila et al., 1999).

Physical pre-treatment of adjuncts. Several
researchers have proposed the use of pregela-
tinized adjuncts, so that the gelatinization during
mashing could be avoided, allowing a simpler
mashing procedure. A pregelatinized adjunct
would be a rather cheap replacement for malt
and could be used in relatively large amounts
(20-30 %).

Gelatinization of the adjunct can be achieved
by micronization or by extrusion. Micronization
is a process in which cereal grains are subjected
to infrared radiation generated from burner-
heated ceramics. Micronized wheat has been
successfully used in brewing. However, the use
of micronized wheat can lead to filtration prob-
lems and loss of brewhouse performance
(Brookes & Philliskirk, 1987; South, 1992).
Extrusion is a technique in which cereals are
compressed at relatively high temperature.
Although the technique was initially developed
for the plastics industry, many applications are
known in the food industry, especially for the
production of snack foods. The potential useful-
ness of extrusion to brewing has been demon-
strated by Briggs et al. (1986). Applications at
the moment are limited, but this may change in
the future, especially when non-classical starch
sources are used, such as sorghum (Dale et al.,
1989; Delcour et al., 1989).

Extrusion can also be applied to hops; this
improves the conversion of a-acids to a-isoacids
and results in a higher utilization of the bittering
components (Omrod & Sharpe, 1989; Westwood
& Crescenzi, 1989).

Sorghum. Sorghum is a traditional raw mate-
rial for some African beverages such as Kaffir
beer. The inability to cultivate barley in tropical
countries and the restriction on barley and malt
imports in some African countries stimulated
research into the use of sorghum or malted
sorghum for the production of lager beer.
Sorghum malt differs from barley malt in its
high gelatinization temperature (65-75 °C) and
its low B-amylase content (Dufour & Mélotte,
1992; Taylor, 1992). Moreover, the limited cell-
wall degradation leads to a poor wort and beer
filtration (Okon & Uwaifo, 1985; Morrall et al.,
1986; Aisien, 1988; Aniche & Palmer, 1990).
However, with an adapted mashing procedure
and the use of commercial enzymes, sorghum
malt can be used to produce an acceptable lager
beer (Olatunji et al., 1993). The use of unmalted
but extruded sorghum as a cereal adjunct in
brewing has also been studied (Dale et al., 1989;
Delcour et al., 1989).

To a lesser extent, millet has also been studied
as a possible malting crop in tropical countries
(Nout & Davies, 1982; Aisien et al., 1986;
Malleshi & Desikachar, 1986; Singh et al.,
1988).

Modified hop extracts. Several companies sell
hop extracts that are pre-isomerized under aque-
ous conditions. It is evident that the utilization
of a-acids is improved by the use of these
extracts. Modified isomerized hop extracts,
where the o-isoacids are reduced, are also com-
mercially available. The reduced a-isoacids have
a higher bittering potential and improve the
shelf-life stability of the beer in respect to the
so-called sun-struck flavor—i.e., the deteriora-
tion of the flavor under the influence of sunlight.
This feature is important when the beer is bot-
tled in clear or green bottles that do not provide
an adequate protection against sunlight. More-
over, the reduced o-isoacid extracts have an
important foam-stabilizing capacity—as do nor-
mal pre-isomerized hop extracts, although to a
lesser extent (Clark et al., 1991; Moir & Smith,
1995).

Smith and coworkers (1998) have attributed
the foam stabilizing and lacing properties of hop
to the isomerized derivative of adprehumulone.



A more detailed overview about advances in
hop technology, including the breeding, has been
published by Gardner (1997).

Genetically modified yeast strains. The evolu-
tion in genetics and molecular biology of yeasts
has made it possible to adapt the yeast strain to
the needs of the brewer. This approach could
finally result in a simplification of the brewing
process. All the important brewing groups have
studied the possibilities of genetic modification
of the brewing strains, and several interesting
strains have been constructed (for an extensive
review, see Iserentant, 1989). Several authors
(Young, 1981; Hammond & Eckersley, 1984;
Rocken, 1984; Sasaki et al., 1984; Fukui et al.,
1985) described the transfer of the so-called
“killer-factor” in yeast. The killer factor is a nat-
urally occurring yeast toxin that kills nonresis-
tant yeasts. Transfer of such a factor to a brewing
yeast would help to avoid wild yeast contamina-
tions of the brewing fermentations. Several of
the resulting killer strains behaved identically to
the parental brewing strains, in respect both to
the fermentation characteristics and to the flavor
profile of the final beer.

The transfer of amylolytic genes to a brewer’s
yeast has been another, extensively studied field.
An amylolytic yeast strain would allow the pro-
duction of a low-calorie beer without the addi-
tion of exogenous enzymes to convert dextrins in
fermentable sugar. Some attempts have been
made by mating (Emeis, 1971) and protoplast
fusion (Hockney & Freeman, 1979; Barney
et al., 1980), but the more direct approach of the
cloning of the amylolytic gene and its transfer to
a brewer’s yeast has been more successful. The
amyloglucosidase gene of S. diastaticus has been
transferred into brewing yeast by Meaden &
Tubb (1985), Sakai et al. (1988), and Vakeria &
Hinchliffe (1989). The resulting attenuation was
higher than for the untransformed brewing con-
trol, but about 70 % of the dextrins remained
unfermented because of a lack of o-(1,6)-
debranching activity so that branched dextrins
could not be hydrolyzed. The o-amylase and
amyloglucosidase genes of Schwanniomyces
have been expressed in brewing yeast by Strasser
et al. (1988), Lancashire et al. (1989), and
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Van de Spiegle et al. (1990). The resulting
strains are superattenuating without loss of their
positive brewing-yeast characteristics.

To improve the filtration characteristics of the
beer, strains have been constructed expressing
the B-glucanase gene from Bacillus subtilis
(Cantwell et al., 1985; Hinchliffe & Box, 1985;
Lancashire & Wilde, 1987) or the cellulase gene
from Trichoderma reesei (Enari et al., 1987).

Both Sone et al. (1987) and Penttild et al.
(1988) have cloned the a-acetolactate decar-
boxylase gene from Enterobacter aerogenes to
speed up the reduction of diacetyl and to shorten
the maturation time. The enzyme can transform
a-acetolactate directly into acetoin, whereas the
normal transformation by yeast is dependent
upon the slow, spontaneous decarboxylation of
the o-acetolactate. The yeast has been used on a
pilot scale: expression of the activity allows a
significant reduction of the production time
without any detectable change in fermentation
performance or in flavor of the final product
(Inoue et al., 1989; Suikho ef al., 1989). Similar
results have been obtained with a yeast, trans-
formed with the a-acetolactate decarboxylase of
Acetobacter aceti (Tada et al., 1995). A totally
different approach has been proposed by Mas-
schelein and coworkers (Dillemans et al., 1987;
Villaneuba et al., 1990; Goossens et al., 1991;
Goossens et al., 1993). They showed that
diacetyl formation can be prevented by avoiding
the accumulation of a-acetolactate. Increasing
the activity of the rate-limiting step, the reducto-
isomerase, by increasing the copy number of the
ILV5 gene (Figure 3—1) results in a decrease in
diacetyl production. This approach has the
advantage that no bacterial DNA has to be intro-
duced in the yeast.

Hansen & Kielland-Brandt (1995) describe
the construction of yeast strains with increased
sulfite production. The increased sulfite level is
supposed to prevent oxidation of the packaged
beer and to improve the flavor stability.

None of the genetically engineered strains are
in industrial use, so far. This is not the result of
technical shortcomings of the genetic construc-
tions, but rather a hesitance of the brewers to use
a strain that may be conceived as “not natural”
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by the public. The recent concerns expressed in
public opinion about genetically modified plants
has certainly slowed down the introduction of
genetically modified strains for industrial use.
However, genetically modified strains may be
used in the near future: an increasing familiarity
with the genetic techniques will lead to an
increased acceptance, and positive examples, in
both the medical and the food fields, will facili-
tate the introduction of genetically engineered
strains in brewing.

Wort Production

High pressure wort filtration. Filtration is
often the rate-limiting step in the brewhouse. For
years, the brewers have been looking for a fast
filtration system with a high extraction yield that
would give a wort quality comparable with the
lauter tun. A first attempt was made by
Van Waesberghe (1979), who developed a high-
pressure mash filter. This filter, however, had
several technical shortcomings and did not meet
the requirements.

Hermia et al. (1987) developed a mash filter
consisting of a hollow frame divided into two
parts by two elastic membranes. The frame is
inserted between two plates covered with a filter
cloth. The membranes can be inflated by com-
pressed air. The filter is filled at low pressure;
before sparging, the remaining extract is
removed by a precompression of the spent grain
caused by a first inflation of the membranes. The
filter cake is washed and, after this sparging, the
membranes compress the spent grains at high
pressure to remove the remaining liquid. Several
industrial filters based on this principle have
already been installed (Eyben et al., 1989; Melis
& Eyben, 1992). Improvements based on the
same principle have been described (Nguyen,
1995). The filter has a short filtration cycle and
produced a clear, high-quality wort at a high
extraction yield. The spent grains are dry
(between 28 and 38 % dry weight) and the filter
can easily be automatized. Moreover, the filter
allows the use of a very fine grist, so that the
expensive roll mills can be replaced by a cheaper

hammer mill. The use of a fine grist leads to a
more efficient saccharification: it is quite possi-
ble that a generalized use of the high-pressure
mash filter may result in a further simplification
of the mashing process.

Wort boiling. Various methods have been
devised to reduce the energy needs of the wort
boiling process.

Calandria. The need for energy saving
strongly stimulated the development of shorter
boiling processes and energy recuperation sys-
tems. A first improvement of the wort boiling
process was obtained by the use of an external
heat exchanger or calandria. The wort is circu-
lated through the heat exchanger, mostly by the
use of a pump. The advantage of this system is
that higher temperatures can be reached
(106-110 °C), resulting in an improved hop uti-
lization and a decreased boiling time.

Mechanical vapor compression. Mechanical
vapor compression is a system that can be applied
easily to any external boiling system (Hancock,
1985; Taki et al., 1987). The vapors from the cop-
pers are compressed; the compressed vapors have
a condensation temperature above boiling wort
and can serve as a heat source in the external
boiler. The vapor recompression technique has
been adapted to brew kettles with an internal
cooker, too (Klein-Carl & Reichert, 1991).

Low pressure boiling. Another system
designed to save energy is wort boiling with low
counterpressure (Lenz, 1982; Herrman, 1985). A
pressure-resistant wort kettle is essential; the
wort is heated to boiling temperature with an
external calandria and the temperature is further
raised to about 110 °C. The wort is kept at this
temperature for approximately 15 minutes, and
the boiling phase is followed by a pressure
release and a post-boiling phase of 10 minutes.
Vapor compression during all stages of the boil-
ing process leads to important energy savings.

Continuous high-temperature wort boiling.
The continuous wort-boiling technology has
been conceived to save steam and energy
(Chantrell, 1983). The wort temperature is raised
to 140 °C in three consecutive heat exchangers,
and the wort is held at this temperature for 3



minutes. Then, the pressure is reduced via two
expansion vessels and the vapors are used to heat
the heat exchangers. The energy saving, com-
pared with a conventional plant, is claimed to
be 69 %.

Wort boiling with limited evaporation. Re-
cently, the so-called Merlin system has been
developed, in which the wort flows in a thin film
over a conical heating surface. Due to the large
area of the heating surface, the removal of the
undesirable heating compounds is efficient and
the total evaporation can be reduced to about
4 % (compared to the conventional 8 %), so that
an energy saving up to 50 % can be obtained.
Results of industrial scale brews using this sys-
tem have been described by Weinzierl (1999).

Stripping. Another boiling system, where
energy saving is obtained by more efficient
removal of unwanted flavor compounds, is wort
stripping (Seldeslachts, 1999). Steam is used in a
stripping column to remove volatile compounds
from the wort. A saving of up to 46 % of the
energy consumption can be obtained.

High gravity brewing. High gravity brewing is
a process where wort is brewed at a higher grav-
ity than normal and where water is added after-
ward to dilute the product to the desired density.
The advantage of the system is that smaller vol-
umes can be used during the production so that
the productivity of the installation can be
increased. Normally, the wort is brewed at a
gravity between 13—18 °Plato, but in some cases,
even higher gravities can be used (very high
gravity wort). Although in theory, the wort can
be diluted to the desired density before fermen-
tation, normally both wort production and fer-
mentation are carried out at high gravity, to
obtain the volumetric advantage both in the
brewhouse and in the fermentation cellar. How-
ever, fermentation of high gravity worts may
cause a slowing down of the fermentation
process and will normally change the flavor pat-
tern of the beer. Moreover, when the final beer is
diluted with water, special attention has to be
given to sterilization and degassing of the water
to prevent unwanted contamination or oxidation
of the end product. Due to the fact that the dilu-
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tion reduces the CO, content of the diluted prod-
uct, additional CO, has to be added.

A recent review about high gravity brewing
has been published by Koukol (1997).

Fermentation and Maturation

Unitank fermentation (warm maturation). One
of the consequences of the introduction of the
cylindroconical fermentation vessel was the
development of a short fermentation and matura-
tion process for lager beer in one vessel. The fer-
mentation starts at the same temperature as a
conventional fermentation, or slightly higher.
However, when about half of the extract is fer-
mented, the temperature is raised to approxi-
mately 15 °C. This results in a faster diacetyl
reduction so that a rapid maturation is obtained.
The form of the tank allows easy removal of the
sedimented yeast during the fermentation so that
no yeast autolysis flavor is formed during the
period at high maturation temperature. Thanks to
the modified temperature profile, the whole
process of fermentation and maturation is short-
ened to about 14 days.

Continuous fermentation. In the 1970s, sev-
eral attempts were made to develop a continuous
fermentation process for brewing (Ault et al.,
1969; Portno, 1978). Continuous fermeatation
would give an interesting increase in productiv-
ity, because the typical lag phase of a batch fer-
mentation and the time loss between two batches
can be avoided. Most of the attempts were not
successful, mainly because of contamination
problems. However, at least some industrial
plants are still operating in a continuous way,
without problems worth mentioning (Davies,
1988; Dunbar et al., 1988). Whereas continuous
fermentation is certainly not generally accepted,
continuous yeast propagation is starting to find
acceptance and is already used in several
breweries.

Immobilization. Several research laboratories
studied the possibilities of yeast immobilization
for beer fermentation and maturation and tried to
develop the system up to an industrial scale.
Immobilization indeed has several benefits: the
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high cell load allows an increased volumetric
productivity, yeast growth is reduced so that the
substrate utilization is improved, the yeast
biomass can easily be removed from the beer,
and the immobilized system facilitates continu-
ous operation. A review of perspectives of
immobilized cell technology in brewing has
been recently published by Masschelein &
Vandenbussche (1999).

Carriers and reactor design. Yeast immobiliza-
tion can be realized by different methods, but gel
entrapment or surface entrapment is most often
used. Gel entrapment (e.g., calcium alginate
beads) is often the method of choice for the labo-
ratory, thanks to the ease with which the yeast-
charged beads can be produced and the pos-
sibility of analyzing the yeast biomass by
redissolving the beads. However, the gels lack
mechanical resistance and, in most cases, more
resistant surface-attachment matrices (e.g., glass
or ceramic beads) are chosen for pilot and
industrial-scale reactors. An overview of carriers
used for yeast immobilization is given by Hayes
etal. (1991).

The reactor design is a crucial parameter in
the application of immobilization to beer fer-
mentation. Fixed bed reactors are simple and
easy to operate, but, in the case of the main
fermentation, problems are encountered from the
CO,; production, which disturbs the bed struc-
ture. Moreover, because of the slower growth
pattern of the yeast in an immobilized column,
the beers contain higher levels of free amino
acids (Curin et al., 1987). Fluidized bed reactors
are more difficult to handle, but the CO, removal
is not a problem and they have the additional
advantage of a better amino acid utilization by
the yeast, which results in an improved flavor
profile of the beer (Masschelein, 1987; Cop
etal., 1989).

Application to the main fermentation. One of
the first applications of immobilized yeast to the
main fermentation of brewing was described by
Narziss & Hellich (1971): the yeast cells were
retained by a yeast filter element. White &
Portno (1978) described the first continuous
brewing fermentation with immobilized yeast

cells. They used a calcium alginate entrapment
matrix in a packed bed reactor. Pardanova et al.
(1982) proposed a similar packed bed reactor
with calcium alginate beads. An adapted form of
such a reactor has been described by Curin ef al.
(1987) for both discontinuous and continuous
wort fermentation at a pilot scale with a capacity
up to 90 Hl/week.

Godtfredsen et al. (1981) were able to produce
a low-calorie beer using a yeast co-immobilized
with an amyloglucosidase in calcium alginate
beads in order to obtain both dextrin degradation
and fermentation.

The main disadvantage of the gel-inclusion
matrices used in those systems is that the beads
are damaged by the yeast growth and the vigor-
ous CO, production and, as a consequence, the
yeast bleeds out of the fermenter. The use of
other, mechanically stronger carriers can solve
those problems. Linko & Kronl6f (1991) com-
pared the performance of DEAE cellulose,
ceramic beads, and glass beads as carriers during
the main fermentation. When porous glass is
used as a carrier, the flavor formation is stable
and the beer quality is similar to that of a beer
produced in a traditional fermentation. The same
authors combined the use of an immobilized
reactor with the use of a genetically modified
a-acetolactate decarboxylase-producing yeast.
In this system, the fermentation and maturation
time is reduced to 2—6 days (Kronlof & Linko,
1992).

Long-term experiments using immobilized
yeast columns with porous glass beads have been
described by Virkajarvi & Kronlof (1998).

Application to maturation. Beer maturation in
a traditional process is time consuming; shorten-
ing the process using immobilized yeast is an
interesting alternative. Moreover, maturation
with an immobilized yeast column is technically
easier than the use of an immobilized system for
the main fermentation: during maturation, both
yeast growth and CO, production are limited.
For these reasons, the application of immobiliza-
tion to beer maturation has been very successful,
and immobilized yeast columns are now used on
an industrial scale.



Researchers at the Kirin brewery described a
pilot installation (Nakanishi ez al., 1985, 1986;
Onaka et al., 1985) in which beer was passed in a
continuous way over a calcium alginate entrapped
yeast column, after an initial, aerobic, free-cell
fermentation. The aerobic phase was intended to
promote amino acid uptake and to limit the pro-
duction of the unwanted flavor compound
diacetyl. In later experiments, the alginate beads
have been replaced by a ceramic carrier, which is
more reliable (Ohno, personal communication).

Pajunen and coworkers (Pajunen et al., 1987,
1991; Groénqgvist et al, 1989) developed an
immobilized yeast reactor for continuous matu-
ration of beer after a classical free-cell main fer-
mentation. After the fermentation, the yeast is
removed by centrifugation and the beer is heat
treated to transform the heat-labile diacetyl pre-
cursor a-acetolactate into diacetyl. After this
treatment, the beer is passed over a packed bed
column consisting of yeast fixed on a DEAE-
cellulose carrier. During this passage, the dia-
cetyl is reduced to acetoin by the immobilized
yeast. The procedure allows the maturation time
to be shortened to a few hours, and the system is
now used on an industrial scale in the Sine-
brychoff brewery in Finland.

Low-alcohol beer. The interest in the produc-
tion of low-alcohol beers (see below) opened a
new application field for immobilized yeast. As
in the case of maturation, yeast growth and CO,
production are limited during the production of
low-alcohol beer. Immobilization offers an
advantage of high cell loading and flexibility in
production that cannot be reached by a free-cell
system.

Van de Winkel et al. (1991) chose a silicon
carbide multichannel membrane to immobilize
the yeast and develop a two-stage, external-loop
reactor. The same reactor has been adapted to
carry out the main fermentation (van de Winkel
et al., 1993). Aivasidis et al. (1991) proposed the
use of glass beads in a fluidized bed reactor. The
beer produced by this system was comparable
with a low-alcohol beer produced in the classical
way, in respect to both the analytical and the sen-
sorial characteristics.
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The Dutch brewery Bavaria immobilized yeast
on a packed bed DEAE cellulose column for the
industrial production of their alcohol-free beer
(Meersman, 1992). A similar column is used for
the immobilization of lactic acid bacteria. These
bacteria are used to obtain a wort acidification as
a first stage in the production process of the alco-
hol-free beer (Pittner ef al., 1993).

NEW PRODUCTS: LOW-ALCOHOL
BEER, ALCOHOL-FREE BEER,
AND ICE BEER

Low-Alcohol Beer and Alcohol-Free Beer

Several factors, such as the demand for
healthy drinks, the perceived social effects of
excessive alcohol consumption, and severe
drunk-driving legislation, have caused consider-
able market growth of reduced-alcohol beers
during the past few years. The terminology used
for reduced-alcohol beers is not clear: names like
light beer, low-alcohol beer, and alcohol-free
beer have different meanings in different coun-
tries. We consider all the malt-based products,
produced by a process specially intended to limit
the alcohol content of the final product, as
“reduced-alcohol beer.” Where necessary, the
alcohol content will be defined.

Several production processes have been
proposed for reduced-alcohol beers. Those
processes can be divided into two main groups,
the first being a physical treatment of the beer in
order to remove the ethanol produced, and the
second an adaptation of the existing brewing
and/or fermentation processes with the intention
to limit the ethanol production. In general, the
physical processes require specialized equip-
ment and have an inherently higher production
cost, whereas adaptation of the process nor-
mally can be carried out with the existing equip-
ment of the brewery but results in a beer with a
rather worty taste. Each process, however, has
its own advantages and disadvantages. The most
important processes are discussed in detail
below. A review of special processes published
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as US patents is given by Gonzales del Cueto
(1992).

Physical Removal of Ethanol

The most important processes to remove
ethanol from beer are distillation, vacuum distil-
lation, evaporation, reversed osmosis, and
dialysis. Detailed discussion of these methods
and schedules of the installations can be found in
Regan (1990), Lengnes (1990), and Stein
(1993).

Distillation. Distillation is one of the oldest
methods to produce reduced-alcohol beer. By
cooking the beer under atmospheric pressure and
diluting the concentrate with water up to the ini-
tial volume, a beer can be obtained with an alco-
hol percentage of 0.5 % volume. However,
because of the high temperature needed, the beer
has an unpleasant cooked character and the
method is rarely used now.

Vacuum distillation. An improvement of the
distillation process is obtained by applying a
vacuum, so that much lower temperatures
(50-60 °C) can be used. By this adaptation, the
occurrence of the burned flavor can be avoided,
but the beer loses several volatile flavor com-
pounds with the ethanol. This problem can be
solved by a two-step process in which, first, the
esters and other volatile compounds are removed
and then, in a second stage, the ethanol is
stripped from the beer. The alcohol-free beer is
cooled and mixed with the flavor compounds. By
this procedure, beer with very low ethanol con-
centration can be obtained.

Evaporation. Evaporation by a thin-film evap-
orator is the most sophisticated form of the dis-
tillation techniques. The installation allows the
use of low temperatures (between 30 °C and
40 °C) so that the thermal degradation of the
beer is minimized. Beer with a very low alcohol
percentage can be produced and the ethanol can
easily be furth-. concentrated by conventional
distillation. However, one still needs to add a
flavor “cocktail” to compensate for the loss in
volatile aroma compounds.

Reversed osmosis. Reversed osmosis is funda-
mentally different from the techniques described

above. Beer under high pressure (30 to 50 bar) is
passed through a reactor with a semipermeable
membrane. Water and low-molecular-weight
compounds such as ethanol pass through the
membrane while other compounds are retained.
The process has the advantage that it can be car-
ried out at low temperature, so that no thermal
degradation of the beer occurs. The loss of flavor
compounds is limited to compounds of low mo-
lecular weight. It is necessary to dilute the initial
beer with water to compensate for the loss of
water during the process. This dilution process
helps to avoid the clogging of the membrane. A
detailed description of the method is given by
von Hodenberg (1991). Beer produced with this
technique is much higher in esters and higher
alcohols than beer produced by evaporation
(Kavanagh et al., 1991). However, it is not
economically feasible with reversed osmosis to
produce a beer with an alcohol percentage lower
than 0.5 %.

Dialysis. Dialysis works on a principle similar
to reversed osmosis, but the driving force is the
concentration gradient rather than a high pres-
sure. In theory, the technique is simpler and
more attractive than reversed osmosis, but it is
only recently that industrial installations based
on this principle have been realized.

Beer is passed through a dialysis module with
cellulose membranes; the dialysate passes
through the reactor in counter current. Alcohol
passes through the membrane in the dialysate,
but the aroma compounds can be retained com-
pletely. An extensive description of the method
can be found in Donhauser ef al. (1991). The
technique is simple and works at low tempera-
ture and low pressure. There is no dilution
needed of the initial beer and the resulting prod-
uct is of excellent quality. The dialysate can eas-
ily be distilled and yields a high-value alcohol.
However, the application of dialysis is limited to
the production of beers with an ethanol content
higher than 0.5 %.

Adaptation of the Traditional Process

Although the physical removal of alcohol
certainly has a number of advantages—the most



important being the low alcohol content that
can be reached with some of the techniques—
the main disadvantage is the specialized and
costly equipment that is needed. For that reason,
several breweries prefer to produce reduced-
alcohol beer by an adaptation of the traditional
process.

Adaptation of the mashing method. The
simplest way to produce a low-alcohol beer is to
start from a low-gravity wort produced by low
gravity brewing or, normally, by a dilution of a
normal gravity wort. Although this procedure is
often used in combination with the limited fer-
mentation technique (see below), fermentation
of low-density wort on its own is not very suc-
cessful because the procedure results not only in
a low alcohol content, but also in a low flavor
content. Several techniques have been proposed
to solve this problem, the most elegant being
high-gravity brewing. Fermentation of a high-
gravity wort results in a beer in which the con-
tent of esters has disproportionally increased
compared with the ethanol concentration. Dilu-
tion of such a beer to a reduced-alcohol beer
results in a nearly normal flavor pattern. Colored
malts (e.g., Munich) are often used to obtain a
final beer with a normal color. The technique,
however, is limited to the production of beers
with 2 % alcohol or higher. For beers with a
lower alcohol content (1 % or higher), high-
temperature mashing can be used. By this
process, the production of fermentable sugars is
reduced by limiting the action of the saccharify-
ing B-amylase. B-Amylase is more heat-labile
than a-amylase: mashing at 80 °C inactivates the
B-amylase, whereas the action of the a-amylase
is unaffected. The method produces a wort with
a high dextrin/fermentable sugar ratio; the result-
ing beer has a high dextrin content. A similar
effect can be obtained by replacing a part of the
malt by starch hydrolysates (added after inactiva-
tion of the enzymes). Adaptations of the mashing
procedures to limit the B-amylase activity are
often used in combination with the production of
low-gravity wort and limited fermentation.

Other techniques, such as cold-water extrac-
tion, spent-grain extraction, and the Barrell
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patent, are discussed in Muller (1990) and
Lengnes (1990).

Adaptation of the fermentation. S. ludwigii is a
special yeast strain that ferments only glucose,
fructose, and sucrose. This yeast ferments about
15 % of the normally fermentable sugars. The
resulting beer is maltose rich, but the taste
impression of maltose is less sweet than that of
glucose or sucrose, so that the final beer is not
too sweet. An alternative way to prevent the con-
sumption of all fermentable sugars is checked
fermentation—i.e., termination of the main fer-
mentation (by rapid cooling and removal of the
yeast) before a complete attenuation has been
reached. The initial fermentation temperature is
generally low and the oxygenation of the wort is
limited to avoid diacetyl formation. As in the
case of the use of a special yeast strain, the
resulting maltose content of the final beer
is high.

Cold contact is a special form of checked fer-
mentation. It is the only form of limited fermen-
tation that allows the production of a beer with
an alcohol concentration below 0.05 %. The
process has initially been described by Schur
(1983). A standard wort is cooled to low temper-
ature (between —1 °C and 0 °C) and pitched
with yeast at high pitching rate. The yeast is left
in contact with the wort for several days.
Because of the low temperature, the metabolic
activity of the yeast is low, but there is an
adsorption of hop and wort compounds to the
surface of the yeast and some reduction occurs
of the carbonyl compounds from the wort that
are responsible for the worty flavor.

An adaptation of this process, in which the
yeast is immobilized (see above), is used by the
Dutch brewery Bavaria. In this case, immobiliza-
tion allows the use of very high yeast concentra-
tion without the risk of yeast autolysis that
causes severe off-flavors in the beer.

Ice Beer

In recent years, Ice beer has become increas-
ing popular in Northern America and in Europe.
Although it is marketed as a new product, it
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doesn’t differ considerably from the classical
lager beer. To produce Ice beer, matured beer is
cooled down to —4 °C and stored for a period of
about 2 weeks at a temperature between —4 °C
and —2 °C. This maturation at low temperature
results in a beer with a pleasant smooth taste.

CONCLUSION

The traditional brewery has changed: new
technologies such as immobilization or even
genetic engineering have found their application
in the brewing industry. This evolution will
speed up in the future. Some innovations in one
part of the brewing process can have serious
consequences for the rest of the process, result-
ing in a simplified brewing method or in higher
productivity. The introduction of the mash filter
allowed the utilization of finer grist, which led to
better saccharification and may result in an

adapted mashing process. The utilization of
cylindroconical vessels allowed the introduction
of the warm maturation and shortened the fer-
mentation and maturation time of lager beers.
Other technologies, such as immobilization, may
lead to even more important changes.

The situation becomes even more complicated
by the changing attitude of the consumer. The
demand for healthy products resulted in the cre-
ation of low-calorie and low-alcohol beers. Brew-
ers are experimenting with totally new products
such as colorless beer (Tripp et al., 1997) and
beverages situated between beer and soft drinks.
The new technologies are an indispensable tool in
the development of those new products.

The brewer has to be aware of this evolution:
the life cycle of a certain technology will be-
come shorter and shorter. Investments will not
last as long as before but should be conceived to
be flexible so that an easy adaptation is possible
to both new technologies and new products.
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Cidermaking

Andrew G.H. Lea
Jean-Frangois Drilleau

HISTORY AND DEFINITION

Cider is generally regarded as a drink made
from apples. In North America, the term “cider”
generally refers to cloudy unpasteurized apple
juice, unless qualified as “hard cider” to denote a
fermented product. In Europe, however, terms
such as cider, cidre (France), or sidra (Spain) are
exclusively reserved for the fermented product,
which is the topic of this chapter. German-speak-
ing countries also produce cider, where the prod-
uct is defined as Apfelwein or, colloquially,
Ebbelwoi or Viez. A similar fruit wine (perry) is
made throughout Europe on a much smaller
scale from pear juice.

The greatest production of fermented cider is in
England (ca 480 M liters p.a.), stretching in a
band from the West Midlands counties of Here-
ford and Worcester through Gloucestershire to
Somerset and Devon. Individual local operations
are also found in East Anglia, Kent, and Sussex.
Production in France is restricted to the northwest-

ern areas of Normandy and Brittany and is ca 115
M liters p.a.. German cidermaking (ca 100 M liters
p.a.) is centered mostly on a Triet/Frankfurt axis
with some production in the southerly Swabian
area. Smaller operations are found in northern
Spain (ca 70 M liters p.a.), Ireland (ca 45 M liters
p.a.), Belgium, Austria, Switzerland, Sweden, Fin-
land, South Africa, Australia, Central and South
America. In the United States, limited quantities
of hard cider for beverage consumption are made
in apple orcharding regions such as New England
and upstate New York, Michigan, California, and
the Pacific Northwest. In Canada, production is
found in Quebec and in British Columbia. Fer-
mented cider was common in North America from
colonial times until the late 19th century when it
went into considerable decline, but volumes are
now rapidly increasing and were of the order of 12
M liters p.a. in 1998. However, it is worth noting
that ca 100 M liters of fermented cider are also
produced annually in North America for direct
conversion to vinegar (Lea, 1989).
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Descriptions of cider and perry making in the
Mediterranean basin are found in the works of
the Roman writer Pliny during the first century
AD (Pliny the Elder (reissue) 1967). Thereafter,
its production appears to have moved north, so
that cidermaking was well-established in France
by the time of Charlemagne (9th century) and
had probably been introduced into England from
Normandy well before Duke William’s conquest
in 1066 (Revier, 1985; Roach, 1985). By the
17th and 18th centuries, its production in Eng-
land had reached something of an art form and
had become the subject of a number of learned
discourses. Most famous among these are John
Evelyn’s Pomona (1664), Worlidge’s Vinum Brit-
tanicum (1678), and Knight’s Treatise on Cider
and Perry (1801). At this time, cider was re-
garded in some circles as a competitor to Rhine
wines. Educated gentlemen such as Isaac New-
ton and Thomas Jefferson made cider on their
country estates in both Great Britain and Amer-
ica (Browne, 1945; Macomber, 1955). During
the 19th century the popularity and quality of
cider declined, until it became little more than a
cheap source of alcohol for itinerant farm work-
ers and acquired its unfortunate “scrumpy”
image. Increasingly since 1900, however, cider
has prospered into new markets, and the last
decade has seen an increase in sales against a
generally static or declining consumption pattern
for many other types of alcoholic drink. In
Britain, more than 90 % of cider production is
now concentrated in the hands of two large man-
ufacturers. The balance is accounted for by about
6 independent companies with national distribu-
tion or significant “own label” business, followed
by 100 or so “farmhouse” or “craft” operations
with primarily local sales. In France, one company
presently owns two-thirds of the business through
a large number of traditional brand names. How-
ever, production by small-scale French factories
(ateliers artisanaux) has increased to reach about
15-20 % of total cider sales.

Styles of cider are enormously diverse and not
easily categorized. Presently in the United King-
dom the greatest sale of cider is a clear and car-
bonated product, in bottle or in can, with varying

degrees of sweetness and with an alcohol content
ranging from 1.2-8.5 % v/v (which are the UK
legal limits, set by HM Customs and Excise
Notice 162). Brand names are particularly
important, since each company sells a wide
range of products. The flavor is generally light by
comparison with those available up to the 1970s.
This follows an increasing trend toward chaptal-
ization by addition of sugar syrups before fer-
mentation, so that many UK ciders contain only
30-50 % apple juice equivalent in finished retail
product (calculated from data given by Jarvis,
1993). New concepts such as high alcohol white
ciders, which became popular during the 1990s,
have their flavor deliberately stripped from them.
Such products are marketing-led “designer
drinks” and have no traditional counterparts.
Other designer ciders are colored or flavored—
e.g., with blackcurrant juice or malt liquor—or
are “ice-filtered.” History shows that most of
these variants are ephemeral and may have a rel-
atively short product life.

Ciders are also available on draught for pub
consumption and are usually served chilled, like
the lagers with which they are intended to com-
pete. There is a small market for cloudy or natu-
rally conditioned ciders, sold in casks or kegs
both for home use and for pub consumption,
particularly in the West Country. A number of
smaller craft manufacturers also offer high-qual-
ity still or lightly carbonated full juice ciders
with heavier and more complex flavor character-
istics than the large producers—often these are
based on a defined blend of known cider apples
that forms a positive selling point. Sadly, in the
tourist areas of Southwest England, acetic and
poorly made ciders are still sold to unsuspecting
visitors under the general title of “scrumpies” in
an attémpt to exploit an apparently traditional
niche. Although the term “traditional” defies
easy definition, there is a growing number of
smaller makers who have taken the best of tradi-
tional and modern practice to produce ciders of
genuine high quality that are perhaps similar to
those of the 18th century zenith.

The diversity of UK cider styles reflects the
relatively broad (and voluntary) British definition



as “a beverage obtained by the partial or com-
plete fermentation of the juice of apples . . . or
concentrated apple juice . . . with or without the
addition before or after fermentation of sugar or
potable water” (NACM, 1998). In France, Ger-
many, and Spain, the definitions and practices are
more restricted by specific vertical legislation,
and the products within these countries are very
different from those in Britain. Table 4-1 gives
an outline comparison of European ciders.

French consumers expect cider made in
France to be a sparkling beverage, mostly bright
with a low alcohol content together with residual
sugar, and characterized by sweetness and by
tannic and apple-like flavors. German and Swiss
ciders are slightly higher in alcohol and are rela-
tively dry and acidic to an English or French
palate. In Spain, mainly in Asturias, there is a
preference for a distinct vinegar-like flavor that
would be regarded as excessively acetic by other
European consumers. In Asturias, too, the pre-
sentation of the cider and its foaming properties
as it is poured into the glass represent important
quality attributes (Mangas et al., 1999). In France,
a specific style of chaptalized cider (cidre an-
glais) is now permitted, but it must not be called
cider and it is marketed as boisson fermentée a
base de pommes. The reasons for some of these
differences have a technological origin that will
become apparent later. Because of this great
diversity of cider styles, hopes of producing a
harmonized EU definition of cider are thankfully
unlikely ever to be successful.

It will be evident that cider is in effect an apple
wine, and good practice in both the cider making
and winemaking industries is closely similar, but
there is much less technological affinity between
cidermaking and beer brewing than is often sup-
posed. It is therefore ironic that, in the United
Kingdom at least, cider is marketed to compete
directly with beer and sold in similar fashion.
While the scientific literature of brewing and
winemaking is vast, with technical journals and
research institutes dedicated to both, the world lit-
erature on cidermaking is scant indeed. Much of it
originated from the Long Ashton Research Sta-
tion (LARS), near Bristol, United Kingdom,
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Table 4-1 Typical Legislative Differences be-
tween Ciders in the United Kingdom, France,
Germany, and Spain

Fermentable sugar (and concentrate)

addition

UK Permitted ad lib

F Not permitted, but concentrates may be
used up to 50 %

D Permitted to raise SG up to 1.055 maximum

ES Not permitted

Alcohol levels (actual)

UK 1.2-85%
F 1.5 % minimum, 3 % maximum for
cidre doux

D 5 % minimum
ES 4 % minimum, 4.5 % minimum for
sidra natural

Acid addition

UK Malic, citric, tartaric, lactic permitted ad lib
F Citric, malic only (maximum 5 g/l)

D Lactic only (maximum 3 g/l)

ES Tartaric, citric only (maximum 2 g/l)

Permitted sweeteners

UK Sugars and all artificial sweeteners
permitted ad lib

F Apple juice only permitted. Residual juice
sugar varies from < 28 g/l (brut) to > 35 g/l
(doux)

D Sugar only maximum 10 g/|

ES Sugar only maximum 80 g/l total (dulce);
nil for sidra natural

Permitted coloring

UK All food colors permitted ad lib

F Cochineal and caramel permitted
D Small amounts of caramel only
ES Caramel only

Permitted preservatives

UK Sulfite and sorbate only
F Sulfite only

D Sulfite and sorbate only
ES Sulfite and sorbate only

Sugar-free dry extract (minimum)
UK No longer specified

F 16 g/l; 18 g/l (cidre bouché)

D 18 g/l

ES 13 g/l; 14 g/l (sidra natural)

Note: This table should not be taken as a definitive
statement of the legal position.
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which opened in 1903 as a cider research institute
and closed that part of its work in 1986 when its
resources were switched by government into
arable crops research. However, the present suc-
cess of the UK industry is largely attributable to
the underpinning research conducted at LARS
during those years. Much of the knowledge
acquired over that time was authoritatively
reviewed by Beech & Davenport (1970), Beech
(1972a, 1972b), Beech & Carr (1977), and more
recently by Beech (1993). Other reviews include
those by Charley (from Warcollier 1949), Wallace
& Marsh (1953), Pollard & Beech (1957), Schan-
derl et al. (1981), Proulx & Nichols (1980),
Downing (1989), and Jarvis (1993, 2001).
Although there is no longer direct support from
UK government for cider research, the Pershore
College near Worcester maintains a “Centre of
Excellence” for cider with a particular brief to
help the competitiveness of small-scale produc-
ers. In France, the INRA station at Le Rheu, near
Rennes, supports a small state-funded program of
cider research. In Germany, Switzerland, and Aus-
tria, scientific expertise in cidermaking derives
from the state-funded wine research institutes at
Geisenheim, Trier, Widenswil, and Klosterneu-
berg. In Spain, the provincial authorities of
Asturias on the northern Atlantic coast maintain a
cider research department at Villaviciosa (Suarez
& Picinelli, 2001). In the United States, small
state-funded cider programs also exist—e.g., at
the New York Agriculture Experiment Station
(Cornell University).

RAW MATERIALS

Cider Apples

Apples are the primary raw material for cider-
making. The traditional classification for English
cider apples dates from Barker’s early work at
LARS but is still a very useful guideline today
(Table 4-2). The traditional French classification
is similar, being based on total phenolic and acid
determinations from laboratory-pressed juice.
This French classification is now being renewed

Table 4-2 Classification of cider apples

Acid (%) Tannin (%)
Sharp > 0.45 <0.2
Bittersharp >0.45 >0.2
Bittersweet <0.45 >0.2
Sweet <045 <0.2

in a research program aimed at quantifying the
individual native phenolic materials found in the
fruits themselves.

Not all ciders are made from true cider
apples—i.e., those grown for no other purpose—
and many modern English ciders have a high
proportion of dessert and culinary outgrades
(particularly Bramley), or are reinforced with
apple juice concentrate bought on the world mar-
ket. Some English cidermaking areas, typically
those in Norfolk, Kent, and Sussex, have always
utilized dessert and culinary fruit rather than the
specific cider varieties favored in the West Coun-
try. French cider apples are similar to those in
England, although the names are unfamiliar—
e.g., Bedan and Kermerrien (bittersweets), Petit
Jaune and Judor (sharps). In Asturias, it is
principally sharp and medium bittersweet culti-
vars that are used (Dapena et al., 1988). In
Central Europe, there are no true bittersweet
apples but a number of Mostdpfeln such as Tri-
erer Weinapfel, Bohnapfel, Borsdorfer, and
Blauacher (Scholten, 1992). More than 300
French cider cultivars are listed and described in
considerable detail in a recent volume by Bore &
Fleckinger (1997). Morgan & Richards (1993)
list and briefly describe 72 English cider culti-
vars among a list of around 2,000 apple types
maintained in the Brogdale Horticultural Trust
collection. Over 80 Somerset cider cultivars are
pictured and described by Copas (2001).

True cider cultivars, because they are selected
solely for this purpose, have a number of advan-
tages to the cidermaker. Chief among these are:

* potentially high sugar levels (up to 15 % is
not uncommon)
+ range of acidities from 0.1-1.0 %



« fibrous structure to make pressing easier
and juice yields higher

« the ability to mature for several weeks in
storage without losing texture while starch
converts to sugar

* a high tannin (polyphenol) level for body
and “mouthfeel” in the finished product.

In some cases, cider fruit is also characterized
by vintage quality, which is of particular concern
to the small traditional producer. Vintage-quality
fruit gives generally more complex and interest-
ing flavors to the cider than does bulk fruit. How-
ever, the vintage cultivars have generally lower
yields and are in some cases more difficult to
grow. Typical UK cultivars (bulk and vintage) are
given in Table 4-3. Further descriptions are given
in Williams & Child (1965), Williams (1987), and
Morgan & Richards (1993). Cider orcharding is a
specialized business and can differ markedly from
dessert fruit growing. Fruit size and finish are not
important, but ease of mechanical harvesting is.
Most modern cider orchards are of “bush” trees
grown as a center-leader hedgerow wall for easy
access by harvesting machinery. The trees are
planted at ca 300 per acre rather than ca 30 per
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acre, which was usual for the standard (long-
stemmed) trees found in traditional orchards.
Some new orchards of standard trees are now
being planted with regional grant-aid in the
United Kingdom, for their landscape value as well
as for cider production. Many cider cultivars are
strongly biennial in their cropping—for the
United Kingdom as a whole, biennial patterns
may become established for several years at a
time due to climatic factors. For example,
between 1975 and 1986, all odd years were “off”
and all even years were “on.” Biennial bearing can
be controlled by mechanical or chemical thinning
of flowers or fruitlets during the “on” year. Mod-
ern cider orcharding practice has been reviewed in
detail in a book edited by Williams (1988), and by
Copas and Umpleby (2002).

It is rare for cider to be made of a single culti-
var apple only. This is partly because the balance
of sugar, acid, and tannin required for a success-
ful product is difficult to achieve from any single
cultivar (with the possible exception of some bit-
tersharps such as Kingston Black and Stoke
Red), and so a blend to achieve the appropriate
balance is nearly always necessary (see Table
4-4). In addition, orcharding considerations

Table 4-3 Typical cider apple cultivars

Early season Mid/late season
Sharp/Bittersharp Breakwells Seedling Brown'’s Apple
Backwell Red* Frederick*
Crimson King*
Kingston Black*
Foxwhelp Stoke Red*
Bittersweet Ashton Bitter Dabinett*
Ellis Bitter Chisel Jersey
Major* Harry Masters Jersey*
Tremlett’s Bitter Yarlington Mill*
Taylors Michelin
Vilberie
Medaille d'Or*
Sweet Sweet Coppin*
Sweet Alford*
Northwood*

*Denotes vintage quality cultivars.
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Table 4-4 Composition of “ideal” cider apple juice

Fructose (g/100 mi)
Gilucose (g/100 ml)
Sucrose (g/100 mi)
Sorbitol (g/100 ml)
Starch

Pectin (g/100 mi)
Amino acids (mg/l)

Potassium (mg/l)
pH
Titratable acidity to pH 8.1 as
malic acid (g/100 ml)
Chiorogenic acid (mg/l)
Phloridzin (mg/l)
Epicatechin and procyanidins (mg/l)

7-11

1.5-3.0

2-4.5

0.2-1.0

Nil (but up to 2 % may be present in
unmatured fruit)

0.1-1

500-2000 (of which asparagine/
aspartic acid forms ca. 90 %)
1200

3.3-3.8

0.3-0.5

300-700
100-200
1000-1500

such as the need for cross-pollination and a
spread of harvesting period dictate the growth of
relatively mixed orchards. Most large cider com-
panies maintain a mixture of orchards under
their own direct control as well as having con-
tracts with outside growers. However, there are
few incentives for freelance cider orcharding,
since the fruit is unusable for any other purpose
if market requirements change, and in a glut year
the open-market price of fruit can drop dramati-
cally. The newer craft cidermakers, though they
may start with fruit from existing orchards, are
tending where possible to establish orchards of
preferred cultivars under their own control. In
France, the major factories are supplied from
specialized cider orchards growing about 15-20
preferred cultivars, as in England. However, sig-
nificant supplies of older varieties still exist in
France and continue to be used. Taking France,
England, and Spain as a whole, the total area
dedicated exclusively to cider orcharding in
those countries now amounts to some 18,000
hectares (AICV, 2000).

For the most part, the gross composition of
cider fruit is typically that of any apple (see Table
4-4). It is noteworthy, however, that juices from
standard trees in old orchards contain generally
far less soluble nitrogen than do juices from inten-

sively cultivated bush orchards (particularly those
in their early years). This reflects the nutrient sta-
tus of the trees and can have a direct bearing on
fermentation behavior and final cider quality, as
described later. It has also been shown that the
total polyphenol levels are inversely related to the
nutrient status of the tree (Lea & Beech, 1978).

A distinguishing feature of true cider fruit, par-
ticularly French and English bittersweets, is the
relatively high concentration of these polyphenols,
loosely known as “tannin,” which confers bitter-
ness and astringency on the finished beverage.
Although modern ciders are generally lower in
tannin than in the past, it still makes an important
contribution to overall mouthfeel of the beverage
and prevents it from becoming too insipid. The
polyphenols also inhibit the breakdown of fruit
pectin, which makes bittersweet apple pulp less
slimy and therefore easier to press. For many years
the nature of the tannin was obscure, but it has
now been established as a range of oligomeric pro-
cyanidins based on a flavanoid (-)epicatechin
structure. In cider apple juice, a range of oligomers
up to the heptamer is present. In addition to the
procyanidins, two other classes of polyphenol,
which are not true tannins, are also present. These
are the phenolic acids (chlorogenic and p-
coumaroyl quinic), together with phloretin gluco-



side (phloridzin) and the xyloglucoside (Lea,
1978, 1982, 1984). Examples of these components
are shown in Figure 4-1. Levels of all these com-
ponents in bittersweet cider cultivars may be ten-
fold higher than in dessert apples. It is not entirely
clear why this should be so, but since they are
characteristic also of wild Malus species it is prob-
able that they were not specifically bred out over
many generations (as they were from dessert
apples). Since the polyphenols make a major con-
tribution to flavor, color, and pressability and also
have weak antimicrobial properties, there was
every reason to retain them.

In France, a breeding program began in the
1990s aimed at providing new bittersweet culti-

(a) o)

HO ‘\
X o
s | COOH
HO )
HO

OH
OH

OH

b o OH

Glucose O

OH

() Ho

(@)

Figure 4-1 Typical phenolic components in cider
apples (from Lea, 1991). (a) Chlorogenic acid;
(b) phloridzin; (c) (-)epicatechin; (d) procyanidin B2.
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vars that exhibit good orchard behavior. In sup-
port of this, new research work on the phenolics
of cider apples has shown that the fruits of some
sharp cultivars contain the same amounts of total
phenolics as those of bittersweet cultivars. They
differ by containing more highly polymerized
procyanidins (e.g., in the cultivars Guillevic and
Avrolles) and by a lack of the simple catechins
and a predominance of the phenolic acids
(Sanoner et al., 1999). This work has also dem-
onstrated that cider apples may contain highly
polymeric procyanidins that are not present in
the juice and are only extractable into aqueous
acetone (Guyot et al., 1997, 1998). In Germany,
high-tannin cider fruit is not available, but the
sorb-apple fruits (Speierling) of Sorbus domes-
tica are added to some blends to provide this
character (Ritter ez al., 1993).

Apple juice concentrate (AJC) is now widely
used in English cidermaking and is permissible
also to a limited extent in France. The advantage
of a 70 ° Brix concentrate to the cidermaker is
that it may be stored for years or months with
relatively little deterioration compared to fresh
juice and can be bought at a spot-price on the
world market in almost any required specifica-
tion. True bittersweet concentrate is obviously in
very short supply, however, and is only available
from France at a premium price, or is sometimes
prepared in-house in the United Kingdom. The
perceived advantages of AJC can be so great, par-
ticularly if just-in-time business practices are fol-
lowed and retention of finished product is to be
minimized, that some companies work almost
entirely from this source. This extends even as far
as concentrating local juice in season rather than
using any of it fresh. Most companies, however,
use a mix of fresh juice and re-diluted AJC as
required. Other fermentable sugars from cane,
beet, or hydrolyzed corn syrup are also commonly
used as adjuncts in modern UK cidermaking.

Milling and Pressing

Where fresh fruit is used, milling and pressing
to extract the juice is an indispensable operation
(Downes, 1994). The fruit should be fully ripe
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and is generally stored for a few weeks after har-
vest so that all the starch can be converted into
sugar. Traditionally, milling was delayed until
the fruit would retain the impression of a
thumbprint when squeezed in the hand! The
apples must be sorted and washed before milling
to eliminate rotten fruit and orchard debris,
which have adverse effects on microbiological
status and ultimate cider quality. In the past, fruit
was crushed to a pulp by stone or wooden
rollers, followed by pressing in a “rack and
cloth” or “pack” press. In this technique, layers
of pulp are enclosed in woven synthetic cloths
and alternated with thin wooden racks to form a
“cheese,” which is then subjected to mechanical
pressure to extract the juice (formerly straw was
used to separate the layers). The cheese is then
stripped down and the pomace may be wetted
with ca 10 % its own weight of water and re-
pressed to obtain a further yield of slightly
weaker juice. Eventually the pomace is dis-
carded, sometimes being used for animal feed or
pectin production. This method of juice extrac-
tion has persisted from medieval times and is
still used in small-scale operations today, using
modern hydraulic equipment. Juice yields can be
very high (75 % or greater) with low levels of
suspended solids. However, the process is very
labor intensive and is economically unsuited to
large operations.

In Spain, a specific form of press has been
developed by the Asturian industry. These
presses constitute a vertical stainless steel cylin-
der set upon a tray. The cylinder is filled with
about 15 tons of milled pulp to a cake height of
about 1.7 meters. This is then slowly pressed by
a descending ram over a period of 16—60 hours,
during which the height reduces to about 0.25
meters. During this operation the ram may be
raised several times to allow the press cake to be
broken up to improve drainage and juice yield.

In the United Kingdom, most major cider pro-
ducers nowadays use a high-speed grater mill
that feeds a Bucher-Guyer HP horizontal piston
press. This is a semi-continuous system in which
pulp is enclosed in a compressible chamber
through which run a multitude of flexible juice

ducts enclosed in porous nylon socks. When the
piston is compressed, juice is forced out along
the ducts and is collected outside the chamber.
The piston is then withdrawn and the dry
pomace falls away before another charge of pulp
is added. The system is largely automated and
one operator can control the pressing of several
tons of fruit per hour. It is also flexible enough to
cope with fruit in poor condition, which may
need light continued pressure, and with a second
extraction of pomace by water leaching. Contin-
uous belt presses are a possible alternative to the
piston press. Although they are much cheaper to
purchase, they are not as flexible in operation
and are usually only suited to firm fruit in good
condition. Once the juice is prepared, by what-
ever means, it is coarsely screened and run off to
tanks of fiberglass, high-density polyethylene,
stainless steel, or (less commonly) wood for pre-
fermentation blending and additions.

An alternative traditional procedure is worthy
of description because of the scientific principles
that it embodies, and because in modified form it
is still used in France, although effectively obso-
lete in England. This is known in France as mac-
eration et cuvage (Revier, 1985; Beech, 1993).
The pulp is milled in the normal way and is then
packed more or less firmly into barrels to stand
at 5 °C for 2448 hours. During this time, large
amounts of pectin are solubilized from the mid-
dle lamella of the apple cell walls and leach out
into the juice. This pectin is also partly demethy-
lated by the native pectin methyl esterase (PME)
activity of the fruit. At the same time, polyphe-
nol oxidase (PPO) acts on the fruit “tannin” in
the presence of air to develop soluble color. If
this oxidation continues further, the oxidized
polyphenols (particularly procyanidins) are
tanned back onto the pulp and the level of solu-
ble polyphenols and color may be diminished.
The skilled cidermaker may thus control the
color and the bitterness/astringency of the juice
by varying the packing density in the barrels to
control the access of the pulp-bound PPO to air
and thereby the overall degree of oxidation (Fig-
ure 4-2). Different cultivars will vary in their
response to this treatment, depending on their
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Figure 4-2 Color changes in oxidizing apple juice and pulp (from Lea, 1994). Changes in total polyphenols are

also shown at the top of this figure.

maturity, the level of substrate, and the level of
PPO activity (which is increased in juices of
higher pH).

Once cuvage is completed, the juice is pressed
out in the normal way and run to further barrels
for the second stage of the process, the déféca-
tion (known as “keeving” in English). By main-
taining the juice at around 5 °C, PME activity
will slowly continue, whereas significant yeast
growth will not. Over a few days, therefore, the
demethylated pectate anion will combine with
juice cations (principally calcium, protein, and
asparagine) to form a gel that rises as the so-
called chapeau brun to the top of the barrel. This
is buoyed up by small bubbles of CO, from the
incipient fermentation. Some complexed mate-
rial will also sediment to the bottom, leaving a
clear liquid layer in the middle. If the keeving is
successful, this clear layer is carefully siphoned

or pumped away to a further tank for fermenta-
tion. If unsuccessful, and yeast growth overtakes
PME activity, a turbulent white head (chapeau
blanc) is formed that signifies premature fer-
mentation and consequent failure. The process is
extremely skilled, although it can be made some-
what more reliable by the addition of 500 ppm
calcium chloride (or a mixture of 300 ppm pow-
dered chalk and 400 ppm common salt) before
keeving. The added calcium helps the pectate gel
to form while the chloride controls the growth of
fermenting yeast. A further refinement of the
process is to add a fungal PME to boost the weak
natural activity in the fruit. Such an enzyme is
now available commercially (as Rapidase CPE
or Klercidre) to the industry in France, although
it must be very carefully prepared since the
slightest trace of polygalacturonase activity will
cleave the macromolecular pectate and prevent
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the gel from forming (Baron & Drilleau, 1982;
Grassin & Fauquembergue, 1994).

The traditional keeving process described
above is a static one, relying on spontaneous
flotation of the chapeau to the top of the vat. In
some French factories, a dynamic keeving proc-
ess is now used. After two days’ initial demeth-
ylation with added enzyme, the juice is pressur-
ized with nitrogen, dosed with calcium chloride,
and transferred to a continuous flotation tank.
The calcium pectate gel that forms in situ is
lifted to the top of the tank by the bubbles of
nitrogen that adhere to it. The chapeau is contin-
uously removed by a scraper to leave a clear
juice underneath that is then racked into another
vessel for fermentation.

The point of the keeving procedure is three-
fold. It produces a pectin-free juice that benefits
the clarity of the final cider, it controls both color
and tannin flavor, and it reduces the yeast and
amino nitrogen content of the juice in order to
retard the subsequent fermentation. In the con-
text of French cidermaking, as described later,
this is critical in retaining unfermented sugar for
a naturally sweet product.

Juice Additions

Before fermentation, the must has to be pre-
pared accordingly. In modern English cidermak-
ing, this consists of blending the fermentable
sugar sources (juice, AJC, and glucose syrups) to
the required level. This may be as high as SG
1.080-1.100 to give a final alcohol of 10-12 %
(or, exceptionally, up to 15 %), which is then
diluted before retail sale. Nutrients are also
added to ensure a complete and speedy fermen-
tation to dryness, unlike the traditional proce-
dure described above where care is taken that
nutrients are removed from the juice. Apple
juices contain considerably less free amino nitro-
gen than do grape musts and beer worts, which
can place a severe limit on yeast growth. It is
therefore usual to bring the level up to ca 100 mg
nitrogen per liter, which is achieved typically by
the addition of 250 ppm ammonium sulfate or
phosphate. Vitamins for yeast growth are usually

limiting in cider juices too, and so thiamine at
0.2 ppm is also recommended (thiamine is
destroyed by sulfite and so must not be added at
the same time as SO,). Pantothenate (2.5 ppm),
pyridoxine (1 ppm), and biotin (7.5 ppb) may be
useful, too. These additions are particularly
important if the must is made up with fer-
mentable adjuncts (which do not contain any
nutrients) or with AJC. In the latter case, much
of the original amino nitrogen and nitrogenous
vitamins are lost by the Maillard reaction with
fructose that takes place during concentrate stor-
age. Considerable losses (up to 50 % over three
months) have been recorded by numerous
authors (Lea, 1994).

It was demonstrated by Liithi (1958) that the
Maillard reaction produces a number of oxygen
and nitrogen heterocyclic compounds that are
strongly inhibitory to yeast. Among these is
5-hydroxymethyl furfural (HMF), although most
of the inhibitors remain poorly characterized and
HMEF is probably most useful as an indicator of a
whole range of related inhibitors. The yeast there-
fore needs assistance to overcome these inhib-
itors, and a good supply of nutrient and growth
factors (often from a proprietary yeast autolysate)
is therefore valuable. In severe cases, concen-
trates can be treated with activated charcoal to
reduce the HMF levels before fermentation be-
gins. Generally, yeast inhibition is a reflection of
AJC quality, since proper storage conditions
(4 °C) will minimize Maillard reaction and inhib-
itor formation. More recent work has, however,
cast doubt on the practical significance of yeast
inhibition by AJC, since the HMF levels recorded
by Liithi at ca 1000 ppm are much higher than
those found in modern vacuum concentrates at
<20 ppm (Jarvis et al., 1995.)

If clarified concentrates and adjuncts are to be
fermented, a source of insoluble solids is often
helpful. This allows the yeast cells a solid surface
on which to rest, and from which ethanol and
CO, can be liberated to the medium. Otherwise
the yeast tends to compact at the bottom of the
vat and a thin layer of these toxic end-products
builds up around each cell, so that metabolic
activity slowly ceases. There is therefore a case,



as in white wine fermentation (Ewart, this book),
for allowing the addition of bentonite at about
0.5 % to the must before fermentation (Ough &
Groat, 1978). This also aids the subsequent
clarification of the cider.

Many cidermakers will also routinely add a
pectolytic enzyme preparation prior to fermenta-
tion of fresh juice (AJC is, of course, already
depectinized during manufacture). While this
may not always be strictly necessary—since
fresh juice contains PME activity and yeast con-
tains a polygalacturonase, which together will
act to remove the pectin—it is a wise precaution.
If undegraded pectin persists at the end of fer-
mentation, it is much more difficult to clarify in
the presence of alcohol and can lead to intract-
able hazes. Pectolytic enzymes are sometimes
added initially to the fruit pulp, if cull apples
such as Cox are in use, to enhance pressability
and to increase yield as well (Lea, 1991, 1994).

The most significant adjunct in modern UK
cidermaking, as in white-wine making, is sulfur
dioxide, the modern version of the 17th century
sulfur candle. When originally introduced by
LARS in the 1950s, its main role was to control
the growth of acetic and lactic acid bacteria and
to suppress the activity of yeasts other than Sac-
charomyces while their natural population
slowly multiplied to dominate the fermentation.
Nowadays, with the ready availability of dried
active wine yeasts that can provide a massive
inoculum within hours, it is tempting to omit the
addition of SO,, in an attempt to cut down on
total sulfite usage or, in the case of ciders for
canning, where little sulfite can be tolerated. This
has often proved to be a false economy, however,
leading to a proliferation of spoilage bacteria
that generate off-flavors or that block membrane
filters in final processing.

As described elsewhere in this book, the effec-
tiveness of SO, is pH dependent since it is only
the undissociated form (so-called molecular
SO,) that has antimicrobial properties. Hence
cider juices should always be brought below pH
3.8 by the addition of malic acid before SO,
addition, and the amount to add should be reck-
oned from Table 4-5. With healthy fruit contain-
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Table 4-5 SO, Addition required to cider apple
juices

pH Addition required (mg/l)
3.0-3.3 75
3.3-35 100
3.5-3.8 150

Juices of pH > 3.8 (as in many full bittersweets)
should be brought down to this value by blending or
acid addition and 150 ppm SO, then added.

ing only small amounts of sulfite-binding com-
ponents, this should leave sufficient free SO, to
provide an effective sterilization before the addi-
tion of a yeast inoculum 12 hours later (Figure
4-3). If the original fruit is in poor condition, it
may contain large amounts of 5-ketofructose or
diketogluconic acid from bacterial activity that
will bind most of the added SO, and reduce its
effectiveness (Burroughs & Sparks, 1964, 1973).
Oxidized ascorbic acid, native to the apple, will
degrade to I-xylosone, which is also a strong sul-
fite binder. Modern juices made up from depec-
tinized apple juice concentrate contain relatively
large amounts of free galacturonic acid. Al-
though this is only a weak sulfite binder, its
effect becomes significant at the high concentra-
tions (thousands of ppm) that are present (Lea
et al., 2000; Jarvis & Lea, 2000).

FERMENTATION

Yeast Selection

In traditional cidermaking, no external source
of yeast is added. However, since the apples
themselves contain a mixed yeast microflora that
may be in the order of 5 x 10* cells/g stored fruit,
spontaneous fermentation will commence within
a few hours if the temperature of the juice is
above 10 °C (Beech, 1993). Even if the fruit is
well washed to remove superficial orchard con-
tamination, as it should be, the internal fruit
microflora together with inocula from pressing
cloths and equipment can give yeast counts up to
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Figure 4-3 Antimicrobial level of free SO, in cider apple juice. The amount of free SO, that should be present

after standing overnight is given by the shaded area.

10 cells/ml juice as it comes from the press.
Experience with Bucher-Guyer HP mills and
presses, fully sterilized just before use, shows
that yeast counts of ca 10* per ml are the mini-
mum that can be achieved in even the most fas-
tidious commercial operation.

The yeast species present are a diverse collec-
tion. In studies at LARS over many years, Beech
and colleagues identified the major species as
Candida pulcherrima (now known as Metschni-
kowia pulcherrima), species of Pichia, Torulop-
sis, Hansenula, and Kloeckera apiculata (now
known as Hanseniospora valbyensis). Strong
fermenters such as Saccharomyces cerevisiae
(uvarum) were not major constituents of the nat-
ural yeast microflora of the apples themselves,
and the presence of Saccharomyces in the juice
owed more to contamination from press cloths
and factory equipment, where the inoculum
appeared to persist from season to season.

In a traditional cider fermentation, therefore,
where no yeast is added and no sulfite is used,
the first few days are dominated by the non-Sac-
charomyces spp., which multiply quickly to pro-

duce a rapid evolution of gas and alcohol. They
also generate a distinctive range of flavors, char-
acterized by ethyl acetate, butyrate, and related
esters. As the alcohol level rises (2—4 %), these
initial fermenters begin to die out and the micro-
bial succession is taken over by Saccharomyces
uvarum. This yeast completes the conversion of
all the sugar to alcohol and the generation of a
more wine-like flavor. Once the Saccharomyces
have exhausted all the available sugar, the final
alcohol level is unlikely to exceed 8 % or so
from single-strength juice. This can leave the
product at the mercy of aerobic (film) yeasts
(Candida or Pichia species), which may com-
plete the unwanted conversion of alcohol to car-
bon dioxide and water unless the barrels are kept
completely filled. Bacterial infection may, of
course, also occur at this time.

If SO, is added to the initial juice, the non-
Saccharomyces yeasts and most bacteria are sup-
pressed or killed. This allows the Saccharomyces
spp. to multiply after a lag phase of several days,
and the fermentation then proceeds to dryness
with a more homogeneous and benign microflora



than in the case of an unsulfited juice. Secondary
infection is also less likely. This type of “semi-
natural” fermentation was initially encouraged
by Evelyn (1664), who recommended the use of
sulfur candles burnt in the barrels just before the
juice was added, and became the standard LARS
recommendation from the early 1950s.

Nowadays, however, few cidermakers in the
United Kingdom wait for the naturally selected
Saccharomyces to establish themselves. Since the
1960s, specific cultured yeasts have been added to
cider fermentations. Initially, these were often iso-
lated originally from the cider factories themselves
by the company microbiologists, and were propa-
gated on slope cultures and grown up to provide a
specific inoculum of “house” yeast. Other compa-
nies made use of known wine yeasts from research
stations worldwide—for many years, strains such
as Champagne Epernay, Geisenheim GEIl, and
Australian Wine Yeast 350R were popular. Apart
from their ability to multiply quickly and to domi-
nate a fermentation, they were recommended
because of their freedom from taint or hydrogen
sulfide production and for their ability to flocculate
compactly at the end of fermentation.

Since the 1980s, however, the use of active
dried wine yeast has become almost universal in
the mainstream UK cider industry, as the com-
mercial technology of preparing and storing such
yeasts has been perfected. Typical strains em-
ployed are Uvaferm CM and BC (a Montrachet
yeast via Germany and California and a Cham-
pagne S. bayanus, respectively), Lalvin EC1118
(another Champagne S. bayanus with killer fac-
tor) and Siha Number 3 (S. uvarum from a Ger-
man vineyard). The use of a mixed inoculum of
S. uvarum and S. bayanus is a widespread prac-
tice, on the grounds that the first yeast provides a
speedy start but the second will cope better with
the fermentation to dryness of the high-alcohol
bases that are now common throughout the
industry. These dried yeasts require no pre-prop-
agation and are simply hydrated in warm water
before pitching directly into the juice.

However, given the relatively high alcohol
production required and the nature of the musts
to be fermented in modern factory cidermaking,
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a period of deliberate aerobic yeast incubation
may be essential for sterol synthesis and subse-
quent fermentation success. The aerobic phase,
as in white-wine making, may take place either
during the preparation of the yeast inoculum or
during the early phase of fermentation (Ewart,
this book). The vitality and viability of cultured
cider yeasts under high stress conditions have
recently been investigated (Seward et al., 1996;
Dinsdale et al., 1999).

Traditional cidermakers, or those who are hop-
ing to reestablish tradition, do not necessarily fol-
low suit on yeast inoculation and may prefer
some element of the natural microflora to remain.
In Germany, there has been some concern that
fermentations dominated entirely by Saccha-
romyces are lacking in estery cider character (the
so-called Apiculatus-ton), and that the role of
Kloeckera apiculata (Hanseniospora valbyensis)
is important (Schanderl et al., 1981; Scholten,
1992). Similarly, in France, the need for a mixed
microflora is regarded as axiomatic, and recent
experimentation has focused on mixed inocula
of, for example, Metschnikowia pulcherrima and
S. uvarum in an attempt to produce a complex
and traditional flavor but under closer microbio-
logical control (Bizeau et al., 1992). Le Quere &
Drilleau (1996) compared single and mixed-
culture experimental ciders with commercial
French ciders, using Principal Components Anal-
ysis of 26 key flavor volatiles assayed by GC. The
experimental ciders fermented with a specific
mixed microflora of Saccharomyces uvarum and
Hanseniospora valbyensis were closer to the
commercial ciders than when fermented with a
single strain of yeast. They were not organolepti-
cally evaluated, however.

As noted above when discussing juice prepa-
ration, French practice before and during fer-
mentation differs markedly from English.
Whereas keeving has no place in UK factory
cidermaking, the French industry retains the
process in a modernized form. The juice is kept
cool after the addition of calcium chloride and
commercial PME to encourage the formation of
the chapeau brun. The juice is then clarified by
centrifugation or tangential ultrafiltration into
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tanks for an initial (natural) fermentation that
lasts for one to two weeks. No sulfiting is used at
this stage. The action of keeving followed by
clarification reduces the nutrient level by at least
50 % and also effects a total reduction of the
yeast microflora down to 10° cells/ml so that a
relatively slow fermentation is ensured (Beech &
Davenport, 1970). This is regarded as important,
not only from the viewpoint of overall flavor
development but also because French ciders
must retain a proportion of their natural sugar.
The ciders are centrifuged from the lees at a
sugar level of 80 g/l for ciders intended to be
sweet and 40 g/ for other ciders. A portion of
these part-fermented ciders is then kept cool
(3—4 °C) to arrest the fermentation as far as pos-
sible—if the sugar loss exceeds 1 g/ per month,
the ciders are further centrifuged to remove the
yeast crop and to inhibit the fermentation even
more. These sweet ciders are then blended before
sale with dryer ciders that have been allowed to
continue their fermentation at ambient tempera-
ture with a typical sugar loss of 5 g/l per month.
Everything is done to ensure that a slow fermen-
tation continues for as long as possible (Revier,
1985; Drilleau, 1988, 1989).

Modern English practice is almost completely
the opposite. The juices are prepared and inocu-
lated as described above, and then a rapid and
complete fermentation to absolute dryness is
encouraged. Although in most cases there is no
formal temperature control, a range of 15-25 °C
is considered desirable. Thus, a portion of the
fermenting juice is sometimes warmed to 25 °C
by pumping through an external heat exchanger
if it is slow to start or to finish. Most large UK
cidermakers take the view that a complete fer-
mentation to 1012 % alcohol in as little as two
weeks is a desirable objective. However, this atti-
tude is not universally held, since the flavor qual-
ity and stability of the finished ciders can be
compromised under such stringent conditions.

Malo-lactic Fermentation

Traditional ciders are very frequently subject to
a malo-lactic fermentation. As in wines, the major

desirable organism effecting this change appears
to be the heterofermentative coccus Leuconostoc
oenos, although other Lactobacillus spp. may also
be present (Beech & Carr, 1977; Carr, 1983,
1987; Salih et al., 1988). It is favored by a lack of
sulfiting during fermentation and storage and by a
certain amount of nutrient release from yeast
autolysis when the cider stands unracked on its
lees. In French cidermaking, where the primary
fermentation is very slow, the malo-lactic change
may occur concurrently with the yeast fermenta-
tion (Drilleau, 1992). In Spain, the long pressing
time and the high temperature lead to bacterial
and yeast growth commencing together during
pressing. The juices ferment to dryness over
20-30 days, during which time the yeast and
malo-lactic fermentations take place together. It is
probable that the distinctively acetic flavor of
Asturian ciders develops due to the further metab-
olism of lactate to acetate by lactic acid bacteria
rather than by the action of Acetobacter during
this period (Herrero ef al., 1999a, 1999b). In UK
cidermaking, the malo-lactic change is most
likely to occur once the primary yeast fermenta-
tion has finished and the cider is in bulk store.

The most obvious external feature of the
malo-lactic change is the decarboxylation of
malic to lactic acid and the consequent evolution
of gas. In traditional cidermaking, this process
often occurred with the advent of warmer
weather in springtime and coincided with the
flowering period of the trees. This gave rise to
the belief that the cider and the trees were some-
how working in sympathy! The acidity also falls
and the flavor becomes rounded and more com-
plex. Unfortunately, since this fermentation is
inhibited at low pH, those ciders that might ben-
efit most from acidity reduction are also those in
which it is least likely to occur. Conversely, those
ciders in which the malo-lactic fermentation
takes place most readily are those in which it is
often least welcome because of the pH rise that
accompanies it. (As a rule of thumb, ciders
above pH 3.8 are at increasing risk of bacterial or
film-yeast spoilage and cannot easily be pro-
tected by sulfiting, since too little molecular SO,
is available from the equilibrium at this pH.)



Work in France in recent years has shown that
the malo-lactic fermentation can be encouraged
by an appropriate inoculum of L. oenos into
maturing ciders. The appearance of L-lactic acid
is associated with the desirable aspects of malic
acid metabolism—unfortunately, the appearance
of p-lactic and acetic acids follows closely behind
and is associated with undesirable flavor aspects
(the so-called pigiire lactique). It has proved diffi-
cult to restrict the organisms to the desired L-lac-
tic change, although a low bacterial inoculum and
a high native polyphenol content appear to be of
benefit (Salih et al., 1987, Drilleau, 1992). The
use of immobilized L. oenos with concurrent
yeast fermentation in ciders has been investigated
and appears to offer some commercial potential
(Cabranes & Mangas, 1996; Cabranes et al., 1998;
Scott & O’Reilly, 1996; Nedovic et al., 2000).

In modern UK factory cidermaking, the malo-
lactic fermentation is generally regarded as a
nuisance and is not encouraged. In any case, the
prevailing conditions do not favor it, since sulfite
is generally used before and after fermentation
and the ciders do not stand on their yeast lees for
long. Nonetheless, spoilage of stored ciders by
rod-shaped lactic acid bacteria is not uncommon
and often manifests itself nowadays by blockage
of membrane filters during final packaging.
However, the organisms involved, in this case,
are not those that are associated with the tradi-
tionally desirable effect of the malo-lactic
change.

Sulfite Binding

The binding of added SO, to juice carbonyls
has already been mentioned above. Among these
binders are 5-ketofructose from rotten fruit, L-
xylosone from ascorbic acid, and galacturonic
acid from pectin. A further (and usually the prin-
cipal) source of sulfite binders in cider is gener-
ated during fermentation by the normal process
of glycolysis and the operation of the Krebs
cycle (Whiting, 1976). Pyruvate, a-ketoglu-
tarate, and acetaldehyde are all essential meta-
bolic intermediates in the production of ethanol
by yeast. However, they are all carbonyls that
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bind to SO,, and the amounts remaining at the
end of fermentation will impact directly on the
efficiency of any sulfite that is added to the cider
for storage (Burroughs & Sparks, 1964, 1973).
Acetaldehyde is by far the strongest binder, and
until all this component is bound, no free sulfite
can in practice remain in the cider. The other car-
bonyls bind less strongly and hence can coexist
partly unbound in equilibrium with free SO,.
The fate of SO, added to cider or wine is shown
diagrammatically in Figure 4—4. The percentage
of cider carbonyls that are bound at a given level
of free SO, is given in Table 4-6.

The carbonyl-bound sulfite has little antimi-
crobial action and yet it is determined as part of
the total SO, when legislative limits are to be
complied with. Given the constant pressure to
reduce the total amount of SO, that is added to
beverages, it is in the cidermaker’s interest to
ensure that the bound sulfite represents as little
of the total as possible. This can be achieved only
by minimizing the amounts of sulfite-binding
carbonyls.

It is known that the addition of thiamine, for
instance, will reduce the production of pyruvate
and a-ketoglutarate during fermentation, since
thiamine is an essential co-factor in the conver-
sion of pyruvate to ethanol. It is also known that
acetaldehyde production is reduced by added
pantothenate. Ironically, the production of these
binders is actually increased somewhat when
fermentations are conducted in the presence of
SO, (Beech, 1993). Juices fermented in the pres-
ence of large amounts (ca 300 ppm) of ascorbic
acid produce excessively high levels of all three
major carbonyls (up to 1000 ppm total), al-
though the mechanism for this is not clear. It is
also known that the malo-lactic fermentation can
help to reduce sulfite binding capacity because
of loss of pyruvate.

A new HPLC technique for the direct analysis
of sulfite-binding carbonyls in cider has recently
been devised (Lea et al., 2000). Using this pro-
cedure, Jarvis & Lea (2000) measured the
observed and predicted sulfite binding power of
12 commercial ciders and of 9 cider Saccha-
romyces strains fermented under various experi-
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Figure 44 Fate of SO, in cider and wine. As free SO, is added to the system (i.e., to the left-hand limb of the
diagram), it is consumed by the acetaldehyde present, shown by the bottom right-hand limb. Not until all the
acetaldehyde is bound (i.e., the bottom right-hand limb is full) can an equilibrium be established between other
components (top right-hand limb) and the free SO, required. Typical figures are shown (in mg/l) but the actual
concentrations will depend on the amounts of binding substances present in each batch. (From Jakob, 1991).

mental conditions. They found that not all the
sulfite-binding power of the commercial ciders
could necessarily be accounted for by the known
carbonyls. Cider yeast strains were shown to
vary over a twofold range in their production of
metabolic carbonyls and hence in their contribu-
tion to sulfite binding. For some yeasts, but not
all, the production of carbonyls could be halved
by nutrient and vitamin additions. The yeasts
with the greatest sulfite binding capacity were
also those with the greatest endogenous produc-

tion of sulfite from sulfate, increasing its level by
ca 50 ppm during fermentation. Clearly the
selection of a yeast and its nutrient requirements
is a key feature in minimizing the contribution of
fermentation to the sulfite binding capacity of a
cider. However, Jarvis & Lea (2000) also demon-
strated that the presence of microbially gener-
ated carbonyls as contaminants in the original
juice may still be a matter for concern and could
account for up to 25 % of the binding power of a
cider.



Table 4-6 Sulfite binding compounds in cider
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Percentage Typical level Bound SO,
bound? in cider (ppm) contribution (ppm)?

Naturally present

Glucose 0.1 7000 8

Galacturonic acid 4.4 1000 15

L-Xylosone 36 20 4

Acetaldehyde 99.8 25 35

Pyruvate 83 20 12

a-Ketoglutarate 58 15 4
From bacterial contamination

5-Ketofructose 70 — —

2,5-Diketogluconic acid 64 — -
Overall bound SO, 78
Total SO, (bound + free) 128

Calculated for 50 ppm free SO,.

Cider Color

The color of cider is determined by juice oxi-
dation or degradation and, in fact, it is possible
to make water-white high-tannin ciders if oxida-
tion is completely inhibited (Lea & Timberlake,
1978; Lea, 1982). The effect of pulp and/or
juice oxidation on juice color was described
above (see Figure 4-2), and this sets the primary
appearance of the juice that results from the
quinoidal oxidation products of phloridzin, epi-
catechin, and the procyanidins (Goodenough &
Lea, 1979; Goodenough et al., 1983; Lea, 1984;
Lea, 1991). This color will then be modified by
the addition of sulfite. If added immediately
after pressing, nearly all the color will be
(chemically and visually) reduced as the sulfite
binds to the quinoidal forms. If the sulfite is
added later, however, less reduction in color will
take place—presumably the quinones become
more tightly cross-linked and less susceptible to
nucleophilic addition and reduction. During
yeast fermentation, however, the initial color
diminishes by around 50 %. This is presumably
because of the strong reductive power of yeasts,
which readily reduce keto or carbonyl groups to

hydroxyls with consequent loss of the chro-
mophore. (Exposure to sterile air after fermen-
tation will slowly regenerate the color.) These
color changes are summarized in Figure 4-5.

The same considerations do not fully apply to
AJC, however. In this case, much of the color
results from Maillard browning during storage,
rather than from phenolic oxidation. The car-
bonyl-amino chromophores that result are resis-
tant to the reducing action of yeast, and so the
color drops only 10 % or so during fermentation.
Poor quality concentrate may therefore yield
ciders with excessive “natural” color.

In commercial UK practice, cider color for
any given product is now standardized by the
addition of caramel or other permitted food
color. By contrast, white ciders have had their
color deliberately removed either before or after
fermentation by the use of adsorbents such as
activated charcoal. It is interesting to note that a
maximum color level for UK ciders (40 EBC
units) has been set by HM Customs and Excise
quite distinct from that laid down in the Food
Colours Regulations. This is to maintain the dis-
tinction between ciders and beers since they are
taxed at different duty rates.
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Figure 4-5 Color changes during cider manufacture. (—) oxidized on pulp 1 h; (--) pressed immediately.

Cider Flavor

As with any beverage, the flavor of cider is a
combination of taste and aroma. Traditional
English and French ciders made from bittersweet
fruit have been distinguished by relatively high
levels of bitterness and astringency caused by
the procyanidins (tannin), as described in the
Raw Materials section. The oligomeric procyani-
dins (n = 2-4) are more bitter (“hard tannin”)
than the polymeric procyanidins (n = 5-7),
which are the more astringent (“soft tannin”)
(Peleg et al., 1999). The levels are initially set by
cultivar—thus Tremletts Bitter is more bitter
than the astringent Vilberie although both fruits
have the same level of procyanidins in total (Lea
& Arnold, 1978, 1983). Juice-processing condi-
tions (notably oxidation) also play a part in

determining the final nonvolatile flavor, since
oxidizing procyanidins become “tanned” onto
the apple pulp and both bitterness and astrin-
gency markedly diminish (Lea, 1990). The
change in phenolic levels during pulp or juice
oxidation is shown in Table 4-7. It is generally
accepted that oxidation of juice in the absence of
pulp tends to change the balance from bitterness
to astringency simply by increasing the molecu-
lar size of the procyanidins through random
oxidative polymerization (Cole & Noble, this
book). It has also been shown that the balance
between the sensations of bitterness and astrin-
gency can be modified by the presence of alco-
hol, which tends to enhance the perception of
bitterness and to suppress that of astringency
even when they derive from the same molecule
(Lea & Arnold, 1978). Furthermore, there is evi-



Table 4-7 Polyphenol levels in freshly pressed and oxidizing juices and pulps
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(a) Bramiey

Freshly pressed juice 6 h oxidation 6 h oxidation on
(15 min oxidation) after pressing pulp before pressing
Component (mg/l) (mg/l) (mg/l)
Phenolic acids 373 253 196
Epicatechin 27 7 2
Procyanidin B2 14 0 0
Phloridzin 39 32 30
Oxidized procyanidins 309 165 17
Total 762 457 245
(b) Dabinett
Freshly pressed juice 6 h oxidation 6 h oxidation on
(15 min oxidation) after pressing pulp before pressing
Component (mg/l) (mg/l) (mg/l)
Phenolic acids 686 564 109
Epicatechin 308 165 7
Procyanidin B2 306 163 8
Phloridzin 195 183 2
Oxidized procyanidins 788 1185 93
Total 2283 2260 219

dence that the flavor balance is also concentra-
tion dependent (Noble, 1990). Nowadays, the
heavily tannic flavors of traditional ciders are
much less in demand and the procyanidins are
noticeable in modern factory ciders only as a
part of the general mouthfeel.

The volatile flavor of cider is in most part qual-
itatively identical to that of all other fermented
beverages and derives to a large extent from the
yeast (Diirr, 1986; Cole & Noble, this book). As
described earlier, yeast species and strain can
have a significant effect on the generation of
volatile flavor components, which is also subject
to the effect of temperature, nutrient status, and so
forth. Hence the quantitative flavor balance can
vary. For instance, there is evidence that growth
of Hanseniospora valbyensis is favored over Sac-
charomyces at low temperatures, with consequent
flavor implications (Bilbao ef al., 1997). In con-
trolled trials from a number of orchard sites in

southern England reported by Barker (1943), it
was also noted that the higher quality “vintage”
cider cultivars demonstrated consistently lower
Juice nitrogen levels and hence slower fermenta-
tion rates when compared to cultivars of poorer
quality. There is little doubt that the cool, slow
mixed-microfiora fermentation of an unclarified
low-nutrient must will produce more flavor than
is obtained from the fast fermentation of a high-
nutrient must (though the desirability of this fla-
vor to the consumer depends both on the cider-
maker’s skill and on his intended market).

The fermentation of a sterile sugar solution
will readily produce a range of alcohols, aldehy-
des, and esters, all of which are found in ciders
(Williams, 1975), but it is the balance between
these components that partly typifies individual
alcoholic beverages. Traditionally, ciders have
been regarded as high in fusel alcohols, particu-
larly 2-phenyl ethanol, which has often been



78  FERMENTED BEVERAGE PRODUCTION

attributed to their low nutrient status. It is also
known that higher fusel levels are generated
from cloudy rather than clear juice fermentations
(Beech, 1993; Vidrih & Hribar, 1999). The sup-
posed hangover-generating properties of rough
traditional ciders may perhaps be attributable to
this and to high levels of ethyl acetate from the
apiculate fermentation.

Detailed work by Williams’s group over a
number of years listed several hundred com-
pounds as contributors to cider flavor (Williams
& Tucknott, 1971, 1978; Williams, 1974; Wil-
liams et al., 1978, 1980; Williams & May, 1981).
The origin of many of them is still unclear. Some
almost certainly arise from the fruit itself, partic-
ularly in the case of “vintage quality” cultivars
such as Kingston Black and Sweet Coppin, and
may give some further indication as to the nature
of this elusive quality. Many will be generated by
the yeast via well-known pathways, such as the
formation of esters from the appropriate alcohols
by the addition of acyl CoAs. However, the ini-
tial substrates may be fruit-specific. There is
increasing evidence that apples, and indeed most
fruits, contain nonvolatile glycosidic precursors
that are hydrolyzed by enzymic action when the
fruit is disrupted. Therefore, the high levels of
2-phenylethanol and its esters in ciders may not
derive from de novo synthesis by the yeast
(although this route is known), but from the
presence of a glycosidically bound form in the
fruit that is liberated and cleaved during fermen-
tation (Schwab & Schreier, 1988, 1990).

One of the most interesting, and perhaps
unique, volatile components of cider was de-
scribed by Williams et al. (1987) and also by
Hubert et al. (1990). Unpublished work in our
own laboratories using “odor-port dilution anal-
ysis” showed that it has the lowest sensory thres-
hold and therefore the greatest single odor con-
tribution of any cider volatile. It also has a
distinctive cidery aroma. Its molecular mass is
172, for which a number of structures were origi-
nally proposed including the acetal 1-ethoxyoct-
5-en-1-ol (Williams et al., 1987). In the first edi-
tion of this book, we suggested that it might
instead be the dioxane resulting from the conden-

sation of acetaldehyde with octane-1,3,-diol. The
diol itself is a relatively unusual alcohol that is
known to be present in apples and pears in a gly-
cosidically bound form and that can reach levels
of 100 ppm in stored fruit (Berger et al., 1988;
Beuerle & Schwab, 1997). Its unsaturated ana-
logue 5-octene-1,3-diol also occurs in apples and
would give a corresponding dioxane of molecu-
lar mass 170, for which we also had evidence.

Our hypothesis has since been confirmed by
Dietrich et al. (1997). Using GC-MS and NMR
techniques, they showed the existence of two
dioxane enantiomers each in a 9:1 ratio in
extracts from French ciders. The two main enan-
tiomers of 2-methyl 4-pentyl-1,3-dioxan and its
unsaturated analogue 2-methyl 4-(2-pentenyl)
1,3-dioxan were present in the cider at 22 and 8
ppm, respectively. In a subsequent paper, Kavva-
dias et al. (1999) demonstrated the existence in
ciders of 17 further dioxanes formed from the
same diols and a range of other fermentation car-
bonyls. It is almost certain that the two major
dioxanes are present in ciders above their odor
thresholds. Given the limited known distribution
of the precursor diols in fruits, these “cidery”
components result specifically from the action of
alcoholic fermentation on apples and pears and
could be largely responsible for the organoleptic
distinction of cider and perry from other fer-
mented beverages. Further work is needed, how-
ever, to confirm the sensory significance of these
newly reported flavor components.

A further group of components results from
the malo-lactic fermentation. It is well known
that diacetyl is synthesized from pyruvate by
Leuconostoc spp. and contributes positively to
buttery flavors in wines and ciders (though often
regarded as a defect in beers). Another group of
flavors described as “spicy” and “phenolic”
derives principally from the malo-lactic fermen-
tation in bittersweet ciders. These are typified by
ethyl phenol and ethyl catechol, which arise from
hydrolysis, decarboxylation, and reduction of
p-coumaroyl quinic and chlorogenic acids, re-
spectively (Beech & Carr, 1977). Although these
volatile phenols are not unique to cider, being
found in whiskies too, they are distinctive con-



tributors at low levels to the characteristic bitter-
sweet flavors of well-made traditional ciders from
the West Country or northwestern France. At
higher levels they contribute unpleasant ‘barn-
yard’ aromas, perhaps resulting from slow
growth of the spoilage yeast Brettanomyces in
cider during storage.

POST-FERMENTATION
OPERATIONS

Racking and Storage

Once fermentation is complete, ciders are
racked from the yeast lees for storage. Current
practices vary widely. In some UK factories,
racking and clarification take place as soon as
possible for virtually immediate blending and
packaging without any maturation. In others, the
ciders remain on their lees for several weeks and
are racked into inert tanks or oak vats for a matu-
ration period of several months. Contact with air
must of course be minimized, although carbon
dioxide and nitrogen blanketing is not as wide-
spread as in the white wine industry (Scott &
Swaffield, 1998). During this time a malo-lactic
fermentation may or may not be encouraged—if
considered desirable, no SO, must be added dur-
ing storage. Traditional maturation in old
wooden vats is an active microbial process
whose character probably arises from bacterial
inocula that are resident within the pores of the
wood (Swaffield et al., 1997). This is quite dis-
tinct from the aging process by direct flavor
transfer from new oak barrels that is now com-
monplace in the wine industry (Cole & Noble,
this book).

Initial clarification may be performed by the
natural settling of a well-flocculating yeast, by
centrifugation, by fining, or by a combination of
all three (filtration is generally left until the final
product is ready for packaging). Typical fining
agents are bentonite, gelatin, isinglass, or chitosan
(a partially de-acetylated chitin prepared from
crab-shell waste in North America or the Far
East). Gelatin forms a floc with native tannin in
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the cider and brings down other suspended mate-
rial by entrapment. Gelatin can also be used
together with bentonite for similar effect. The use
of the highly efficient gelatin/kieselsol system is
widespread in Germany but less common in the
United Kingdom, where instances of “overfining”
and persistent gelatin hazes, therefore, sometimes
occur. As a counsel of perfection, test-fining on a
small scale should always be carried out to mini-
mize the risk of overfining (Lea, 1994), but this
procedure is often ignored and a standard amount
of fining agent is added irrespective of actual
requirements. Ciders made from cloudy juice
concentrates can often prove extremely intractable
to fine and may give persistent hazes.

Nearly all ciders are blended before sale. In a
large factory, there may be dozens of different
fermentations running or maturing concurrently,
from different must sources and intended for dif-
ferent products. These form the base ciders from
which blending is performed according to the
cidermaker’s requirements. At this point, a con-
siderable amount of judgment and experience is
needed. In most companies, the maturing vats
will be tasted regularly so that the head cider-
maker and his key staff know exactly what is
available for blending according to the weekly
production schedule. Since supermarket buyers
and the companies’ own marketing departments
often dictate these schedules both for branded
and own-label products at very short notice, such
flexibility is vital in a large operation. Only the
smaller cidermakers, not tied to supermarket
contracts, now have the luxury of making their
own decisions in this respect.

Blending involves more than just the ciders
themselves. In the United Kingdom, water will
be added to the high-alcohol bases to give the
correct alcoholic strength for retail sale, together
with additions of sugar and other sweeteners,
malic or other acids, permitted food colors,
preservatives, and carbonation. Generally, UK
regulations permit for cider all those operations
or additives that are allowed by EU “horizontal”
food law. In France and Germany, specific “verti-
cal” legislation applies to cider so that, for exam-
ple, lactic acid is the only acidulant permitted in
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Germany and a maximum level of 3 % alcohol is
permitted for sweet ciders in France.

Final filtration may take place just before and
after blending. Generally, powder filters or
coarse disposable sheets are used to produce a
bright product, followed by near-sterile sheet or
membrane filtration (nominal 1-0.5 pm) to
remove all yeasts and most bacteria. Most ciders
are then pasteurized and/or carbonated into the
final pack. In some cases, in-bottle or tunnel pas-
teurization of glass bottles or cans is still used. In
other cases, the cider is hot filled into glass. With
the increasing use of PET bottles in most large
factories, HTST treatment in a flow-through pas-
teurizer and chiller is required, followed by near-
aseptic filling conditions. Alternatively, cold
aseptic filling after sterile membrane filtration
(0.2 pm) is used. Cross-flow ultrafiltration sys-
tems are now becoming more widespread in the
cider industry, despite occasional problems with
membrane blockage and poor throughput for
reasons covered later.

Nearly all cidermakers will aim to add 50 ppm
of SO, at filling to give an equilibrium level of
30 ppm free SO, in the beverage. This depends
on the level of sulfite binders in the cider, as
described earlier. For cans, the total level of SO,
compatible with the lacquer is often as little as
25 ppm. Otherwise, the base metal may be
attacked if the lacquer fails, with the resultant
formation of hydrogen sulfide in the pack.
Ciders destined for canning are often specially
fermented in the absence of sulfite throughout.
Ascorbic acid is sometimes used for its antioxi-
dant effect, but of course it has no antimicrobial
activity. Sorbic acid, although permitted in
ciders, is rarely used since it inhibits only yeast
and is only fully effective in the presence of SO,.
If attacked by bacterial action, it can give gera-
nium-like off-flavors caused by the production of
2-ethoxy-hex-3,5-diene.

Some smaller cidermakers bottle and sell their
products completely dry without added sugar. In
these cases no pasteurization is necessary,
although sulfite is often added to preserve fresh-
ness. Other “farm-gate” operations sweeten bulk
dry cider with sugar just before sale in polyethyl-

ene containers, but the shelf life of the product is
then very limited and it must be kept refriger-
ated. There is a certain market for “naturally
conditioned” ciders in kegs or small plastic bar-
rels. These are generally produced from fully fer-
mented dry ciders, to which an additional charge
of sugar and flocculating yeast has then been
added. The product is, of course, somewhat
cloudy but may remain in good condition for
many weeks because of the slow continued fer-
mentation. True “champagne” ciders, prepared
by fermentation in bottle followed by disgorge-
ment of yeast from the neck, have been effec-
tively absent from the UK market since the
1950s, although some craft cidermakers are
attempting to revive the style. At the time of
writing, the sale of such high quality ciders in
the United Kingdom is effectively crippled by
severe sparkling wine excise duties, which are far
in excess of those applied to other styles of cider.

A current approach to natural conditioned bot-
tled ciders by small makers in France relies on
slow fermentation to a sugar level some 10 g/l
higher than required for sale (e.g., 50 g/l for sale
at 40 g/1). The ciders are blended, centrifuged,
and filtered to near sterility. A small amount of
active dried yeast is then added and the cider is
bottled, the yeast being sufficient to allow a
slight fermentation in the bottle so that the cider
becomes sparkling. This approach to the natural
in-bottle conditioning of sweet cider is only
practicable after the slow fermentation of a
nutrient-poor must and the removal of its initial
yeast crop, so that excessive re-fermentation
does not occur.

Storage Disorders

The classical microbiological disorder of
stored bulk ciders is known as “cider sickness”
or framboisé in French (Beech & Carr, 1977,
Carr, 1987). This is caused by the bacterium
Zymomonas anaerobia, which ferments sugar in
bulk sweet ciders stored at pH values greater
than 3.7. When first described by Barker in 1906
it was commonplace, but it is virtually unknown
in English cidermaking today since the ciders are



generally at pH values below 3.5 and are never
stored sweet. However, it is still occasionally
encountered in France, where high pH bitter-
sweet ciders undergo a natural arrested fermen-
tation to leave them with considerable residual
sugar. The features of cider sickness are a
renewed and almost explosive fermentation,
accompanied by a raspberry or banana-skin
aroma and a dense white turbidity in the bever-
age. These have been attributed to acetaldehyde,
which is produced at high levels by Zymomonas.
The acetaldehyde reacts with the phenolic tan-
nins to produce an insoluble aldehyde-phenol
complex and consequent turbidity (the “Bake-
lite” reaction). The acetaldehyde also binds com-
pletely with any added SO, so that in practice the
bacterium cannot be controlled by sulfiting. It is
unlikely that the characteristic aroma derives
entirely from acetaldehyde, since the pure com-
pound does not smell of either banana or rasp-
berry. It is more likely that minor quantities of
other aroma components are formed but were
not identifiable when this disorder was first
described; it has not been re-investigated using
modern gas chromatography techniques. The
prevention of sickness is easy, simply following
the rules given above, but its cure is not possible.
The renewed fermentation is, therefore, allowed
to take its course and the (insipid) dry cider may
be blended-off to conceal its origins.

Drilleau (1976) described an alternative
explanation of cider sickness originating from
the work of Dupuy & Maugenet (1963), since
Zymomonas anaerobia has not yet been found in
French ciders. Under anaerobic conditions, the
organism Acetobacter rancens will ferment b
and L lactic acids into acetaldehyde, acetoin, and
CO,. Therefore, if the malo-lactic fermentation
is prevented and hence no lactic acid is available,
this form of cider sickness cannot occur. If
it does take place, the sugar may remain un-
changed, and therefore affected ciders may be
cured by re-fermentation with added yeast to
destroy the excess acetaldehyde. In this case, a
characteristic, slightly “sick” aroma remains,
indicating that acetaldehyde is not the only
volatile involved in this disorder.
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Another classical disorder, termed “ropiness,”
is also still encountered, especially in Spain
(Duenes et al., 1995; Fernandez et al., 1996).
This is caused by certain strains of lactic acid
bacteria (Lactobacillus and Leuconostoc spp.)
that synthesize a polymeric glucan (Carr, 1983,
1987). At low levels this increases the viscosity
of the cider, and when poured it appears oily in
texture with a detectable sheen. At higher con-
centrations of glucan, the texture thickens so that
the cider moves as a slimy “rope” when poured
from a bottle. The flavor is not much affected. If
not too severe, ropy cider can be cured by agitat-
ing vigorously to break up the glucan chains, fol-
lowed by the addition of 100 ppm SO, to prevent
further growth.

Lactic acid bacteria may also break down
glycerol, which is the major product of the yeast
fermentation other than ethanol. Anaerobic de-
gradation by Lactobacillus brevis and L. colli-
noides yields 3-hydroxypropanal, which can
spontaneously dehydrate in acid solution to form
propenal (otherwise known as acrolein) (Rent-
schler & Tanner, 1951). This can confer a bitter
taste to ciders and an unacceptable pungent
aroma when the cider is distilled, as in the pro-
duction of Calvados.

Sub-acute ropiness caused by lactic acid bac-
teria is relatively common and is a frequent,
though largely unrecognized, cause of membrane
or ultrafilter blockage since (unlike depth filters)
they have relatively little tolerance to the pres-
ence of small quantities of “coating” polysaccha-
rides. We have identified a number of such cases
in recent years where the blocking agent, once
isolated and characterized, proved to be of this
type. In some cases, the bacteria (both rods and
cocci) could also be identified upstream of the
membrane pre-filter, and the problem was traced
back to inadequate sulfiting, which caused the
bacteria to proliferate in storage.

Other related cases of filter blockage are
attributable to mannans (which may derive
from extracellular yeast polymers) or arabinans
(from insufficiently degraded pectin side chains
in AJC) (Brillouet et al., 1996). 1t is likely that
these phenomena have always existed, but have
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only become manifest following the introduc-
tion of new technologies based upon sub-
micron membranes or ultrafilters. There are
considerable parallels between these and the
similar situations in red wines described by
Boulton (this book).

Microbiological problems arising from acetic
acid bacteria (Acetobacter) or from osmotoler-
ant yeasts arising from AJC (e.g., Zygosaccha-
romyces bailli) are generally fairly obvious. The
latter organism is now endemic in modern com-
mercial cider factories because of the use of
AJC and because it is able to grow or to survive
under conditions of low water activity. It can be
a problem because of its resistance to SO, and,
therefore, if it contaminates a sweetened fin-
ished product, there is a significant chance of
renewed fermentation and the risk of exploding
bottles.

Another sulfite-resistant spoilage yeast is
often less well recognized since it grows slowly
in sweetened bottled ciders to form large flaky
clumps that do not necessarily appear to be
yeastlike on initial examination. This is Saccha-
romycodes ludwigii, which originates from the
cider fruit and displays particularly large cells
(25 pm diameter). Macroscopically it is often
mistaken for a so-called protein deposit.

True protein deposits in bottled ciders are
actually very rare because the native protein con-
tent of apple juice is so low (ca. 100 ppm). Such
deposits nearly always result from overfining at
some point in production where excess gelatin
has been added. Often this is further back in the
production chain than the cidermaker realizes.
Many apple juices that are used to prepare con-
centrate are fined with gelatin and kieselsol prior
to concentration in their country of origin. If this
is not done carefully, the concentrates when pur-
chased may contain relatively large amounts of
unstable protein still in the presence of colloidal
silica. This will not be apparent in the concen-
trate itself, since the protective effect of the high
solids prevents agglomeration and flocculation
from occurring. After fermentation and dilution,
however, the unstable protein may eventually
precipitate to form a haze or a deposit. These are

recognizable, after isolation and washing, by
their content of silicon and sulfur, using tech-
niques such as energy-dispersive X-ray micro-
analysis. The protein pattern may also be recog-
nized by the use of Fourier transform infrared
spectroscopy.

Many cider deposits also involve significant
quantities of polyphenols, in conjunction with
protein and polysaccharide. These are the classic
chillhazes of traditional ciders, more obvious
nowadays than in the past since ciders are more
frequently served chilled and consumers expect
to find a sparklingly bright product. Often the
cause can be traced back to oxidation, where the
oligomeric procyanidins have polymerized fur-
ther in the presence of metals such as iron and
copper (which are also usually detectable when
the deposits are analyzed). Complexation with
each other or with protein and pectin residues is
then sufficient to “shock out” a haze or a deposit
when the product is cooled. Even in the absence
of protein or of significant oxidation, such hazes
may still form at low pH as a result of breaking
and re-forming of carbon-carbon bonds between
the procyanidin units, leading to the slow
buildup of random polymers that eventually drop
out of solution. Since the parent unit (procyani-
din B2) has a molecular weight of only 580, even
the use of ultrafiltration through tight cut-off
membranes will not necessarily prevent haze for-
mation from occurring (Lea, 1994). SO, is, how-
ever, relatively effective, since it acts both as an
antioxidant and as a blocking nucleophile to trap
the carbonium ions that are formed during initial
bond fission (Lea, 1989).

Flavor Disorders

Flavor taints in ciders may arise from adventi-
tious contamination—e.g., the presence of naph-
thalene and related hydrocarbons in a situation
where tarred rope had been stored adjacent to a
cider keg. Such cases are impossible to predict
but are often obvious after a flavor extract is pre-
pared and analyzed by gas chromatography/mass
spectroscopy, since the tainting compound will
be of a structure never normally associated with



alcoholic beverages. However, many taints are
endogenous or arise from an imbalance in the
natural flavor profile resulting from microbiologi-
cal action. For instance, ethyl phenol, ethyl cate-
chol, and ethyl guaiacol are normal and desirable
constituents of ciders at low levels but can
become overt taints if unwanted bacterial action
or Brettanomyces yeast generates large amounts
from their nonvolatile precursors. A wide range
of sulfidic and “woody” notes are associated with
ciders and sometimes become regarded as taints.
However, they appear to have extremely low
thresholds (parts per trillion or less) and their
nature remains unknown.

A frequent cider taint is that of “mousiness.”
This was extensively investigated by Tucknott at
LARS (1977) and more recently by Heresztyn
and colleagues in Australia (Strauss & Heresz-
tyn, 1984; Craig & Heresztyn, 1984; Heresztyn,
1986). Current opinion is that isomers of
2-acetyl or ethyl tetrahydropyridine are the taint-
ing species, generated possibly by the growth of
Lactobacillus or Brettanomyces spp. under aero-
bic conditions in the presence of both lysine and
ethanol. Similar components (particularly the
2-acetyl derivative) are generated thermally dur-
ing the baking of bread, the precursors being
synthesized from proline by the yeast (Grosch &
Schieberle, 1991). In this case, they are not only
desirable but indeed essential to the “fresh-
baked” aroma, and they may also be responsible
for the “bready” flavor of some beers. In ciders
and wines, they are always regarded as objec-
tionable, although their recognition depends on
an interaction between cider and salivary pH. As
bases, they exist in the salt form in ciders and are
not detectable until converted to the free base
(volatile) form in the mouth. Hence, mousiness
is rarely detectable in the headspace aroma of
ciders, and takes a few seconds to appear when
the cider is tasted. In susceptible individuals,
however (those with high pH in the oral cavity),
the phenomenon is persistent and unpleasant. If
the pH value of an affected cider is raised above
7, all the salt is converted to the volatile base and
the mousy/bready character becomes detectable
in the headspace. Analysis by odor-port gas
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chromatography in our own laboratories has con-
firmed that several closely related compounds
are in fact present in “mousy” ciders.

A newly described taint in ciders is that caused
by indole. This compound is well known in meat
products, particularly pork, where it can form a
part of the so-called boar taint and is derived from
tryptophan breakdown (Wilkins, 1990). At very
low levels it is also found in many flower aromas,
and indeed it is often incorporated in soaps and
perfumes for its floral attributes. At levels in
excess of 200 parts per billion, however, its odor
becomes increasingly fecal and unpleasant. Work
in our own laboratories has identified indole as a
relatively widespread taint in ciders, which may
derive from an odorless precursor or salt since it
often appears and disappears from bottled prod-
ucts. Almost certainly it is not derived from tryp-
tophan, since this amino acid is virtually lacking
in apple juice, and in ciders no trace has been
found of skatole (3-methyl indole), which would
be a necessary intermediate. Current belief is that
it is generated de novo by the yeast from inor-
ganic nitrogen during its own synthesis of trypto-
phan, rather than its breakdown. The factors
favoring the synthesis of indole appear to be a
low juice content and a low yeast pitching rate,
coupled with a fast fermentation stimulated by
high temperature and the addition of simple inor-
ganic nutrients such as ammonium phosphate.
Under these conditions, the yeast vitamin require-
ments are not adequately met from endogenous
sources, and a specific deficiency in pyridoxine (a
known co-factor in transamination reactions)
appears to be the immediate cause of indole for-
mation. Industry sources suggest that indole for-
mation can therefore be suppressed by the addi-
tion of pyridoxine to the must at ca 1 ppm.

There are no adverse implications for human
health from the microbial metabolites in ciders
described in the preceding sections. Two areas of
potential concern in fresh apple juice (often
described as “apple cider” in the United States)
are those of verocytoxin from E. coli O157:H7
and patulin from Penicillium expansum. They
are not a risk in fermented ciders, since these
organisms and/or their metabolites do not sur-
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vive the fermentation process (Semanchek &
Golden, 1996; Stinson ef al., 1978; Burroughs,
1977), although their initial presence in the juice
should be regarded as an indicator of poor fruit
handling practices that need to be remedied. The
conversion of patulin to escladiol in fermenting
ciders has recently been elucidated (Moss and
Long, 2002).

CONCLUSION

Although a relatively minor alcoholic bever-
age in global terms, the production of cider has a
long tradition over much of Europe, and is now
finding increasing acceptance in other Western
markets such as North America and Australia.
Even the Far East is now subject to the first ten-
tative steps in cider production and marketing by
UK manufacturers. Styles of cider differ greatly,
but they are increasingly influenced by techno-
logical advances made in other parts of the fer-
mented beverage industry, so that it is now possi-
ble to understand and to control in broad terms
the character of each particular product. This

potential control applies over the whole industry,
from mainstream chaptalized ciders through to
full juice craft ciders. Enough scientific knowl-
edge now exists about all aspects of cidermak-
ing, such that the attainment of any particular
style should be consistently achievable by any-
one wishing to create it.

With this knowledge it should be possible to
maintain and expand the diversity of the whole
industry. There will undoubtedly be new cider
styles devised to suit new markets—for instance,
in Asia and North America. But the revival of
craft ciders in the United Kingdom, or the main-
tenance of that tradition in France and Spain,
should be welcomed and defended against the
bland uniformity that threatens to overwhelm
them. In the same way that the wine industry in
both the Old and New World sees strength in its
diversity of products, so should the cider indus-
try worldwide celebrate the individual styles that
it represents. In making both commercial and
technical progress, and in developing new mar-
kets for cider, it is important not to lose sight of
its traditions and its heritage as the fermented
juice of apples in all their variety.
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White Wines

Andrew Ewart

WINE STYLES AND
GRAPE VARIETIES

The wine styles produced in the New World
countries have their origins in those wines that
have evolved over an extended period of time in
the traditional winegrowing regions of Europe.
Whilst the European systems tend to be very
specific about which grape varieties can be used,
the New World winemaker is not so constrained
and may use a range of varieties in the produc-
tion of a particular wine style. This chapter cov-
ers white wine production primarily from a New
World viewpoint, but good practice in Europe is
nowadays often similar.

It is useful to classify the wine styles as follows:

* dry, white, floral and fruity wines

* medium-dry, white floral and fruity wines
» dry white full-bodied wines

* sweet white table wines

Dry, White, Floral and Fruity Wines

The models for the two main groupings here
are the Riesling from Germany and the

A. G. H. Lea et al. (eds.), Fermented Beverage Production

© Springer Science+Business Media New York 2003

Traminer from Alsace in France. These wines
typically have terpenes as major aroma and fla-
vor contributors (Table 5-1). Other grape vari-
eties used for this wine style include Frontignan
and a number of Muscat-flavored varieties. A
very strong breeding programme in Germany
has seen a substantial number of new floral-type
varieties grown, the most significant being
Miiller-Thurgau and Kerner. As a style, these
wines typically have low to moderate alcohol
(9-11 % v/v), high acidity (greater than 7.5 g/l
as tartaric acid), low pH (less than pH 3.3) and
an absence of malolactic aroma and flavor. Dry
wines are generally classified as having less
than 7.5 g/l residual sugar and table wines as
having between 8 and 14 % (v/v) alcohol. It
should be pointed out that Sauvignon blanc
wines as typified by those produced in New
Zealand also fit well into this category.

Medium-Dry, White,
Floral and Fruity Wines

This style originates with the sweet white
wines of Germany and, in particular, the wines of
the Mosel district. Spdtlese, Auslese, late picked
and late harvest are all terms used to describe
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Table 5-1 Classification of some grape varieties based on monoterpene content

Non-muscat
aromatic varieties

Muscat varieties

Varieties independent of
monoterpenes for flavor

Canada Muscat Traminer
Muscat of Alexandria Huxel
Muscat a petits grains blancs Kerner

Moscato bianco del Piemonte
Muscat Hamburg

Muscat Ottone

Italia

Riesling
Scheurebe
Schoénburger
Siegerrebe
Sylvaner
Warzer

Williams et al. (1986).

Morio Muskat
Mller Thurgau

Bacchus Merlot
Cabernet Sauvignon Nobling
Carignan Rkaziteli
Chardonnay Rulénder
Chasselas Sauvignon Blanc
Chenin Blanc Semillon
Cinsault Shiraz
Clairette Sultana
Dattier de Beyrouth Terret
Doradillo Trebbiano
Forta Verdelho
Grenache Viognier

wines in this category, which have residual sugars
after fermentation in the range of 10-30 g/I. The
wines should be fresh with a good acid balance.

Dry, White, Full-Bodied Wines

The classic wines of origin for this style are
the Grand Cru whites of Burgundy, where
Chardonnay is the specified variety. These wines
have higher alcohol levels (13—-14 % v/v), lower
titratable acidity (6—7 g/l as tartaric acid) and
higher pH values (< 3.5) than the floral and
fruity wines. The style has oak aromas and fla-
vors and the ‘buttery’ characteristics of a malo-
lactic fermentation. Whilst Chardonnay has gen-
erally been the grape variety of choice in the
New World, winemakers have been equally as
successful producing this style using the vari-
eties Semillon, Sauvignon Blanc and varying
blends of all three. The fruit is harvested late and
usually involves a degree of contact with oak
either during or postfermentation.

Sweet, White Table Wines

This wine style is characterized by a residual
sugar greater than 30 g/l and an acidity in the
range of 8 to 10 g/l and a pH in the order of
pH 3.3 to 3.7. These wines fall into two major

groupings; (i) those produced by Botrytis cinerea
infection and (ii) those produced by other tech-
niques of sugar concentration. The botrytized
sweet white wines are the most complex, the clas-
sic styles being the Trockenbeerenauslese of Ger-
many and the Sauternes of France. The German
wines tend to be low in alcohol (912 % v/v) and
high in residual sugar (120-150 g/1). The French
Sauternes, by comparison, have higher alcohol
(around 14 % v/v), residual sugar ranging from
65-100 g/ and distinct new oak aroma and flavor
characters in the wine (Table 5-2). The grape
varieties used in the production of the traditional
wines are Riesling, Semillon, Sauvignon Blanc
and Muscadelle. With Botrytis infection, the
grape varietal characters become lost and any
variety may be used with similar results. How-
ever, varieties differ in their susceptibility to
infection and this influences the degree of botry-
tis character in the final wine. The non-botrytized
sweet white table wines are often made with
Muscat flavored varieties or contain a proportion
of Muscat Gordo Blanco (Muscat of Alexandra)
juice to give the wine some distinctiveness. These
wines are made by stopping the fermentation
with residual sugar or back blending with con-
served grape juice, or may be made from grapes
partially dried on the vine or on mats on the
ground.
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Total
Residual Tartaric sulphur
sugar  Glycerol Alcohol acid  dioxide
Wine Country of origin () 9/ (9/) pH (9/1) (mg/l)
1975 Ch d'Yquem France 100.9 20.2 141 350 76 244
1976 Joh Jos Prum Germany 121.7 11.1 6.8 328 741 318
Beerenauslese
1975 Ch Rieussec France 77.9 14.7 14.1 348 7.3 334
1976 Heitz and Knod Germany 85.0 215 9.3 337 73 258
Beerenauslese
1978 Nederbury South Africa 173.5 12.5 109 386 8.6 106
Edelcure
1982 De Bortoli Australia 9.8 115 3.61 8.4 —
Botrytis Semillon
1983 Primo Estate Australia 20.1 106 289 11.6 —

Riesling

From S. Smith and Sons (Yalumba Wines).

IMPROVED PLANTING MATERIAL

Whilst there are a wide number of grape vari-
eties suitable for producing the wine styles des-
cribed above (Antcliffe, 1979; Galet, 1979; Dry
and Gregory, 1988), considerable effort has been
made worldwide to select improved vine material
within a variety. This process of clonal selection
has led to increased vine productivity and improved
fruit composition in terms of sugar, acid and pH.
From a wine quality point of view, it is important
to understand what effect this has on wine aroma
and flavor. Versini et al. (1989) indicated differing
levels of grape flavor compounds in a selection of
Traminer clones in Germany and Chardonnay
clones in Italy. Selection should be based on both
productivity and flavor. In the absence of flavor
differences, the most productive vines should be
selected. Ewart et al. (1993) report yield and com-
positional differences in selected clones of Sauvi-
gnon Blanc in South Australia but no significant
differences in wine quality. The selection of
improved plant material is in part the selection of
disease-free material, but in order to end up with
the best possible wine it is important to start with
genetically superior vines.

THE VINEYARD AND HARVEST

The Vineyard

One of the shortfalls of the New World produc-
tion philosophy has been the degree of special-
ization that has occurred. This has resulted in
rapid advances in the two disciplines of Viticul-
ture and Oenology but has to some extent broken
the integral linkage between growing the grapes
and making the wine. In order to achieve the best
outcome it is essential for the winemaker to
understand and have direct input in the produc-
tion of the grapes. It is only in this way that
he/she will end up with the grape quality required
for the designated end use.

The winemaker is increasingly required to
produce wines of varying style and to meet dif-
ferent price points in the market place. For the
super premium end of the market, estimating and
controlling grape yield is crucial to achieve vari-
etal intensity and mouthfeel in the wines. Whilst
yield is very important, the vine canopy architec-
ture and particularly the degree of fruit exposure
to sunlight can have a profound effect on the fla-
vors produced.
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Harvest

The optimum time of harvest is determined by
the wine style being produced. For the ‘fresh
fruity’ style, moderate alcohol, distinctive aroma
and flavor with a crisp acid finish and no astrin-
gent phenolics are the key criteria. For the full-
bodied wines, high alcohol, strong varietal flavor
and complexity become the desirable attributes,
which means harvesting at a later maturity.

In order to pick the grapes at the right stage of
maturity, it is important that the oenologist takes
an active role in sampling and monitoring the
vineyard, as the composition and quality of the
grapes will largely determine the outcome of
his/her winemaking. Ideally, sampling should
start 4 to 5 weeks before harvest, with the vine-
yard being sampled once a week initially and
then twice a week as harvest approaches. It is
important that the sample represents all the fruit
on the vine and not just the exterior clusters
which tend to be riper.

The objectives of the grower and the wine-
maker often differ. The growers wish to harvest
as soon as possible to minimize loss caused by

bird damage, disease or berry weight decrease,.

and hence they tend to take samples typically
riper than the final crushed grape produces.
Berry sampling is normally carried out with
vines being sampled across a vineyard, taking
into account topography and soil variations. Typ-
ically, a 100 berry sample is taken per hectare of
vines with 2-3 berries being taken per vine. A
total juice sample of approximately 300 berries
is required to provide enough juice for analyzing
sugar content, pH, titratable acidity and aroma
and flavor assessment (Iland et al., 2000). The
grape samples should be kept cool and the
amount of berry damage minimized to avoid oxi-
dation and subsequent change in the aroma and
flavor characteristics. Bunch sampling (30 clus-
ters per hectare) gives a reasonably representa-
tive sample whilst minimizing fruit damage. It
has been noted that the between-vine variation is
larger than the within-vine variation.

Crushing of the chilled fruit sample is carried
out in the presence of 80 mg/l SO, and 60 mg/1
ascorbic acid. Pectolytic enzymes are added at

approximately twice the recommended rate
(0.03 g/1) to ensure rapid clarification and the
sample stored in the refrigerator in a sealed con-
tainer (e.g. a capped 250 ml measuring cylinder).
The clear juice is removed the following day and
analyzed.

The assessment of aroma and flavor is crucial
since flavor adjustment of the must is not an
option available to the winemaker, although
sugar and acidity adjustments are allowed in
some countries. In cold climates, sugar is often a
permissible adjustment, and in warm to hot cli-
mates acid addition is regularly practiced. The
analysis of the development of flavor compounds
suggests that peak fruit flavor does not necessar-
ily occur at the optimum sugar-acid balance
(Figure 5-1). From a winemaking point of view,
the best composition of the must for dry white
wine production would be at 21 Brix, 5.0 g/l
acidity and pH 3.40. Beyond the second harvest
point, 22.8 Brix, the juice pH begins to rise dra-
matically and the acidity drops to unacceptably
low levels, both of which can be adjusted to
some degree by acid addition.

Hence, however subjective the technique, the
winemaker should try to qualify the flavor
changes taking place in the vineyard using
descriptors and, if possible, quantify differences
using intensity ratings. It is helpful to add an
additional 40 mg/1 SO, to a sample and retain it
for comparison with the following week’s sam-
ple. Examples of some of the descriptive flavor
changes in Chardonnay, Sauvignon Blanc and
Riesling are given in Table 5-3.

The other factor governing fruit quality and
harvesting decisions is the presence of mould or
spoilage organisms. Damaged fruit may begin
fermentation caused by wild yeast, or may
become infected with Acetobacter. Infection of
the grapes by moulds, particularly Penicillium
and Aspergillus, has been shown to produce off-
flavors in the wine (Nelson and Ough, 1966). A
number of techniques have been developed for
monitoring fruit condition including HPLC
analysis (Kupina, 1984) and laccase determina-
tion using a colorimetric reaction with syrin-
galdizine (Grassin and Dubourdieu, 1989). Lac-
case is a very active polyphenol oxidase enzyme
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Figure 5-1 Total volatile terpenes in Muller Thurgau at six harvest dates, Barossa Valley, Australia, 1984.

which is produced primarily by the mould Botry-
tis cinerea. In white juice and wine it causes
rapid browning.

Having determined the time of harvest, the
winemaker must ensure that the fruit reaches the
crusher with minimum deterioration in quality.
Of primary concern is the control of oxidation
and the inhibition of spoilage organisms. Both

these factors are aggravated by high temperature
and fruit breakdown. The avoidance of metal
contamination by using precoated metal picking
containers is an important quality factor. Har-
vesting the fruit cool, minimizing the amount of
handling and reducing the time between picking
and crushing all contribute to maintaining fruit
quality (Table 5-4).

Table 5-3 Descriptive flavor changes during maturation of three varieties of white grape

Riesling Sauvignon Blanc Chardonnay
Increasing Green/unripe grapes Green/unripe grapes Green/unripe grapes
Fruit Green/light floral Light herbaceous-grassy Cucumber
Maturity Citrus-lime Strong herbaceous Cashew

Broad floral Capsicum Tobacco

l Perfume floral Tropical fruit Melon

Herbaceous Ripe fig

Tropical fruit

Muscat

From Jordon and Croser (1983).
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Table 5-4 The effect of delayed processing on the composition of Colombard juice

Holding temperature 11°C

Holding temperature 22 °C

Titratable Titratable
Brix pH acidity Brix pH acidity
Control 23.17 3.25 8.9 23.17 3.25 8.9
Holding overnight 22.77* 3.26 8.0* 22.77* 3.28 8.0*
Holding 2 days 22.57* 3.48* 7.4 22.57* 3.51* 8.1*

*Treatment differs significantly from control at P < 0.05.

Adapted from Marais (1977).

In warm to hot climates, night harvesting using
mechanical harvesters has substantially reduced
the fruit temperature on arrival at the winery. It
is desirable that the fruit temperature is below
15 °C. With savings of between A$149/ha to
A$1150/ha for mechnically harvesting Shiraz
and Cabernet Sauvignon, respectively, the eco-
nomic realities of the process are evident (Cook
and Simes, 1985). Studies on the effect of
mechanical harvesting on wine quality have gen-
erally shown no difference between hand har-
vesting and mechanically harvested fruit (Noble
et al., 1975; Wagener, 1980). The even distribu-
tion of SO, (100 mg/kg as potassium metabisul-
phite powder) and ascorbic acid (80 mg/kg) to
the harvesting bins has further led to the control
of oxidation at the juice stage (Ewart et al.,
1987). The level of SO, required is dependent on
fruit maturity, temperature and environmental
conditions (Table 5-5).

Whilst the adoption of anti-oxidant proce-
dures is desirable for retaining fresh fruit charac-

ters in the resultant wines, the active introduc-
tion of oxygen to the must at the crusher is also
practiced (Guerzoni et al., 1981; Piva and
Arfelli, 1991). This ‘active oxidation’ (also
known as ‘hyperoxidation’) results in depletion
of polyphenol oxidase activity and the removal
of the phenolic substrates by polymerization and
precipitation (Table 5-6). The brown oxidation
products produced in the juice (monitored at 420
nm) are substantially removed during the fer-
mentation and the resultant wines, depleted of an
oxidisable substrate, are stable against further
oxidation. The loss of fresh fruit characters from
this treatment may not be detrimental to full-
bodied, full-flavored wines but does detract from
the floral, fruity style wines.

The process of crushing is intended to remove
the grapes from their stalks and to split open all
the grapes to enable juice extraction. Commer-
cial crushers either destem before passing the
grapes through adjustable rollers or destem after
crushing. The former is preferable as it mini-

Table 5-5 Sulphur dioxide additions to grape bins

Sulphur dioxide additions at various fruit temperatures (mg/kg)

Fruit pH Low (< 15 °C) Moderate (15-25 °C) High (> 25 °C)
Low (< 3.3) 60 70 80
Moderate (3.3-3.7) 80 90 100
High (> 3.7) 100 110 120

Mouldy fruit will require sulphur dioxide additions of 150-180 mg/kg.
Since potassium metabisulphite (PMS) contains ca. 50 % of available sulphur dioxide, the figures given in the
table should simply be doubled to obtain the amount of PMS to add.
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Table 5-6 Effect of inhibition of must oxidation on juice phenolics and browning levels in juice and wine

Total Phenolics

L Browning (OD 420 nm)

in juice
Treatment (280 nm) Juice Wine
Control (must oxidation permitted) 1.7¢8 0.48¢ 0.08¢
Carbon dioxide 150 g/kg fruit 1.52 0.44° 0.08°
Sulphur dioxide 50 mg/kg fruit 2.9° 0.09? 0.07°
Sulphur dioxide 100 mg/kg fruit 3.6° 0.082 0.062
Sulphur dioxide 100 mg/kg fruit plus 3.4¢ 0.082 0.07°

sodium erythorbate 50 mg/kg fruit

Values with the same letter are not significantly different at the 5 % level.

From Ewart et al. (1987).

mizes the possibility of stems being ground in
the rollers, thereby releasing bitter phenolics.
Likewise, careful adjustment of the rollers is
required to avoid crushing of the seeds. For flo-
ral, fruity wines, it is important to minimize phe-
nolic extraction and oxidation.

Once crushed, the must is pumped to a drainer
for the separation of the juice. If the fruit temper-
atures are much above 15 °C then an in-line must
chiller may be used to reduce the temperature to
5-10 °C. Maximizing flavor is one of the key
goals of the winemaker. Since most of the flavor
compounds are located in the skin region, flavor
extraction can be enhanced by leaving the juice in
contact with the skins for periods of up to 12
hours (Figure 5-2). An undesirable aspect of this
practice is an increase in the levels of phenolics
extracted. Chilling the must reduces the degree of
phenolic extraction and is an important quality
control parameter. The fuller bodied wine styles
can tolerate a higher degree of skin contact than
the light delicate fruity-floral wines. The free run
Jjuice from the drainer or press is the lowest in
phenolic material and is considered the best qual-
ity. One technique used to reduce phenolic levels
is to whole bunch press the fruit. This is time
consuming and results in lower free run juice
yield but does produce superior quality juice. In a
considerable number of wineries the press is used
as the draining vessel with the must being
pumped directly into it from the crusher.

Juice yield varies with variety and is usually in
the range of 550-650 1/tonne of grapes for free run

and an addition 50-100 1 from pressing. This yield
is also dependent on the type of press used and the
pressures exerted. The free run and pressings juice
are normally kept separate with the option of com-
bining them postfermentation. Heavy pressings
from a continuous screw press are usually only
suitable for the production of distillation wines.
During the transfer of the skins from the drainer to
the press and after making the pressings cut in the
case of the press being used as a drainer, an addi-
tional 100 mg/kg of SO, may be added.
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Valley Traminer 11.6 Be, pH 3.2, titratable acid 7.5
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terpenes (from Kluczko, 1985).
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PREFERMENTATION TREATMENTS

Amelioration or adjustment of the must and
clarification to remove solids are the two major
considerations prior to fermentation. The adjust-
ment of the must enables the winemaker to start
the fermentation with all juice components in bal-
ance. In a warm to hot climate the juice is likely to
require addition of acid, whilst in cool to cold cli-
mates sugar addition and deacidification may be
required. Juices high in pH and low in titratable
acid taste flat and unbalanced as well as being less
stable to oxidation and microbial spoilage. Musts

with low pH, whether naturally occurring or as a
consequence of acid adjustment, require less SO,
to control the native flora and to ensure the onset
of a desired fermentation. This is because pH plays
amajor role in dictating the form of SO, present in
the juice and hence its effectiveness in inhibiting
microorganisms. Free SO, exists in ionized and
molecular forms, the proportions of which are
determined by pH (Figure 5-3). The molecular
SO, is the form that is toxic to yeast. Sulphur diox-
ide bound to acetaldehyde or to other carbonyl
compounds has little or no anti-microbial activity
(Lea—this book). For juice with pH values below
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3.3, where previous sulphite additions have not
been made, SO, should be added at 60-80 mg/1. In
the case of juices with pH values above 3.7, this
should be increased to 100-120 mg/1.

The lowering of the pH prior to fermentation
results in cleaner wines free from off-odors
mainly because of the suppression of wild yeast
and bacteria in the juice stage and the early dom-
inance of the added yeast starter culture. The
lowering of the pH must be constrained by the
effects that the added acid has on the taste of the
wine. The relationship between pH and titratable
acidity is affected by the cations present in the
Juice, primarily potassium but also sodium. Once
the grapes are crushed and the compartmental-
ized potassium is released, salts of tartaric acid
(potassium hydrogen tartrate and dipotassium
tartrate) can form. The extent of cation exchange
is the sum of the cations present divided by the
sum of tartaric and malic acid in the must. The
extent of cation exchange (Boulton, 1990) means
that juices high in potassium and/or sodium have
high pH with high acidity, giving the winemaker
less room for adjustment.

During fermentation, and postfermentation
when carrying out cold stabilization, some of the
tartaric acid will precipitate out as potassium
hydrogen tartrate thus lowering the acidity. De-
pending on the pH of the wine at the time of stabi-
lization, the final pH will either be lower or higher
(Figure 5-4). In terms of pH reduction, it is advan-
tageous for a winemaker to have the pH value of
the wine below 3.56 prior to cold stabilization.

In the case of the high-acid musts, deacidifica-
tion can be achieved using either calcium carbon-
ate or the calcium ‘double salt’ precipitation of
malic and tartaric acid (Mattick et al., 1980). The
latter method is used on very high-acid musts in
cool climates, where both malic and tartaric acid
levels need to be reduced. The use of the special-
ized yeast Schizosaccharomyces pombe, which
reduces malic acid levels during fermentation,
has been generally unsuccessful because of the
off-flavors and aromas which it produces
(Rooyen and Tracey, 1987).

For mould-infected fruit, fining with bentonite
and in severe cases with carbon prior to fermen-
tation reduces off-odors and flavors, resulting in
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a cleaner ferment. It should be noted that carbon
will also strip fruit flavors and needs to be used
cautiously. Rates are typically 0.5-1.0 g/
depending on the degree of fruit mouldiness,
although the fermentation itself will remove a
certain amount of mouldy character. All fining
rates should be assessed by laboratory trials.
With a particular focus on low phenolics for the
floral and fruity wines the use of light sodium
caseinate/PVPP finings (20 to 80 ppm) is often
practiced on the free run juice and racked prior
to fermentation. For the pressings, higher rates
of PVPP typically 200 to 800 ppm are required
to strip the excess phenolics. The use of the com-
bined sodium caseinate and PVPP fining results
in better fruit flavor retention than using PVPP
on its own at the same rates.

For the production of the ‘floral-fruity’ style,
the removal of grape solids is essential. High
grape solids result in the production of higher
alcohols such as isobutanol, ‘active’ amyl alcohol
and isoamyl alcohol (2- and 3-methyl pentanol,
respectively) and a loss of the fruity ethyl esters
and acetate (Singleton et al., 1975; Klingshirn et
al., 1987). This process can be achieved by cold
settling (natural gravitation) or by mechanical
means such as filtration or centrifugation. For
cold settling, refrigeration is required to cool the
must to 5-8 °C, typically for 24 hours. Clarifica-
tion can be aided by the addition of pectolytic
enzymes. In some cases, fining agents such as
bentonite or gelatin and kieselsol are used in
place of enzymes. In general, a reduction of
solids to below 0.5 % is satisfactory, although a
number of winemakers advocate only fermenting
“filter bright’ juice. In this case, stuck or difficult
fermentations are often experienced unless the
yeast is aerobically propagated and given nitro-
gen supplements and inert solids. The solids in
juice provide a site for budding yeasts and for
carbon dioxide and ethanol release, so preventing
toxicity from the end products of metabolism.
The addition of grape solids, diatomaceous earth
or bentonite to such juices results in increased
fermentation rates (Groat and Ough, 1978). More
recent work with expanded cellulose fibres has
proved to be effective in preventing stuck fermen-
tations by providing budding sites for the yeast
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with entrapped oxygen within the fibrils. The cel-
lulose also absorbs yeast toxins thus reducing the
chance of stuck fermentations.

YEAST AND
FERMENTATION CONTROL

The winemaker’s objective is to ensure a rapid
onset of fermentation and for the fermentation to

proceed steadily to completion or dryness. Dur-
ing this process, the aim is to retain the fruit char-
acters of the grape, to enhance the production of
yeast-derived fermentation esters and to avoid the
production of off-odors such as hydrogen sul-
phide, mercaptans, ethyl acetate or acetic acid.
Effective control of the fermentation is
achieved by early dominance of a selected yeast
strain. Although such yeasts are classified gener-
ally as Saccharomyces cerevisiae, S. uvarum or



S. bayanus, considerable work carried out on
yeast strain selection has resulted in a wide vari-
ety of yeasts which are available for conducting
the fermentation (Kunkee, 1984; Rankine, 1968).
The required characteristics are those of being a
strong fermenter, not producing undesirable off-
odors, efficiently converting sugar to ethanol and
flocculating well. Different strains produce dif-
ferent balances of aromatic esters. This means
that the winemaker is able to select a yeast which
produces fruit-like esters and thus enhance wines
in the floral-fruity styles. These fermentation
esters are often short lived but do contribute to
the fresh fruit wine style for early consumption.
In the case of full-bodied, full-flavored wines,
a more neutral yeast which impinges less on
the varietal characteristics of the grape may be
the yeast of choice.

Traditionally, yeast starter cultures have been
built up from yeast slopes or from freeze-dried
cultures. The step build-up is 20 times the volume
at maximum cell count (1.6 X 108 cells/ml) in the
presence of vitamins (such as thiamine and pan-
tothenate) plus amino nitrogen supplements and
air. This promotes rapid cell growth and the pro-
duction of lipids and sterols, which are particu-
larly important in ensuring that the fermentation
of highly clarified juices goes to completion
(Monk, 1982). There is now a large selection of
active dried wine yeast available commercially
which alleviates the need to build up a starter cul-
ture from a stored slant. One of the problems with
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yeast is the apparent high rate of mutation and the
need to constantly re-evaluate and reselect strains.

Inoculation rates in white wines range from
3-5 % by volume using an actively fermenting
starter culture with the objective of achieving a
final cell count in the juice of 1 X 10° cells/ml.
Highly clarified juices which have been pro-
cessed and held under anaerobic conditions are
often difficult to ferment to dryness. It is crucial
that adequate starter culture preparation be
undertaken. Under anaerobic conditions yeast do
not produce sterols, which are essential for their
metabolism and growth (Table 5-7). It is there-
fore important that the yeasts are aerated during
the propagation phase, so that reserves of sterols
can be built up which enable the yeast to com-
plete the fermentation. In the case of dried yeast
inoculations the use of proprietary yeast supple-
ments, or diammonium phosphate plus cellulose
fibres is recommended.

Control of the fermentation rate is managed
by the use of refrigeration with temperatures
being maintained in the 10-15 °C range. The
objective is to maintain a steady fermentation
rate (0.74 to 1 ° Baume/day) and reduce the loss
of volatile esters which occurs at high fermenta-
tion temperatures. The fermentation temperature
also has a direct effect on the nature of the higher
alcohols formed during fermentation. Tempera-
tures in the 10~15 °C range result in the produc-
tion of fruity esters whilst temperatures around
20 °C produce the higher alcohols such as

Table 5-7 The influence of ergosterol, oleanolic and oleic acid on yeast fermentation after 48 hours in

synthetic grape juice

Aerobic fermentation

Anaerobic fermentation

Yeast Sugar Yeast Sugar
(cells/ml x 10%)  fermented (cells/ml X 10°)  fermented
Control 124 91 67 59
Ergosterol (86 mg/l) — — 74 58
Oleanolic acid (100 mg/l) — — 90 63
Oleic acid (20 mg/) — — 66 63
Ergosterol + oleic acid — — 83 74
Oleanolic + oleic acid — — 197 89

From Ribéreau-Gayon et al., 1975.
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isoamyl alcohol and hexanol (Ough and Amer-
ine, 1967).

The addition of the montmorillonite clay
bentonite to the fermentation will facilitate an
even fermentation of juice low in solids, will
ensure rapid clarification at the end of fermen-
tation and can achieve protein stability at lower
levels of bentonite fining than with postfermen-
tation additions (Ewart et al., 1980). Caution is
required when adding bentonite to the ferment
in order to achieve protein stability. It is impor-
tant to add the bentonite during the first half of
the fermentation. Additions at the start can
delay the onset of fermentation by flocculating
the yeast. Late additions require higher rates to
achieve stability and may prematurely end the
fermentation. Laboratory trials need to be con-
ducted to establish the level of bentonite
required to achieve protein stability. Since the
alcohol formed during fermentation will dena-
ture and precipitate some of the proteins, trials
determined on the juice will result in slightly
overfining the wine. Bentonite fining during
fermentation requires less bentonite to achieve
protein stability than immediate postfermenta-
tion additions. This protein stability procedure
is suitable for batch operations and has the
added advantage of minimizing postfermenta-
tion handling and the potential for oxidation.

Where wines of differing composition are to
be blended, protein stabilization should be car-
ried out after blending has taken place since a
change in wine pH may render some of the pre-
viously stable protein fractions unstable. Work
by Waters (1991) has shown that with increased
storage time the level of bentonite required to
protein stabilize the wine decreases. Thus if the
wine is to be held in storage for some time, as
with barrel-aged Chardonnay, fining at the end
of maturation is likely to result in lower levels of
bentonite being required. The wood tannins will
also aid in the p- _cipitation of unstable protein.

Fermentation monitoring consists of daily
checks of sugar (by hydrometer) and temperature.
In addition, the wines should be tasted to check
for the presence of undesirable odors or flavors.
Musts which are low in free amino nitrogen are

likely to produce hydrogen sulphide during fer-
mentation caused by the proteolytic activity of
yeast seeking a source of nitrogen and thereby
degrading sulphur-containing amino acids (Vos
and Gray, 1979). In such cases it is advisable to
add 200 mg/l diammonium phosphate at the start
of the fermentation and a further 100 mg/1 during
the fermentation if hydrogen sulphide is detected.
Diammonium phosphate additions are only effec-
tive during fermentation. If hydrogen sulphide
persists at the end of fermentation, treatment with
SO, and mild aeration is recommended before
resorting to the use of copper sulphate. Wine left
untreated will result in the hydrogen sulphide
forming the more stable ethyl or diethyl mercap-
tan which has a lower aroma threshold and hence
is more readily detected. These mercaptans have
onion or garlic type odors.

It is important for the winemaker to establish
whether is is hydrogen sulphide or ethyl mer-
captan present in the wine, since aeration will
remove hydrogen sulphide but will cause ethyl
mercaptan to form the more stable polymercap-
tan (diethyl mercaptan).

Laboratory trials should be conducted to
establish which sulphide form is present. Cad-
mium sulphate removes hydrogen sulphide only,
whereas copper sulphate removes hydrogen sul-
phide and ethyl mercaptan. Therefore with an
untreated sample the winemaker can establish
which form exists in the wine. If the sulphide
odor disappears with cadmium and copper sul-
phate treatment, the problem is hydrogen sul-
phide. If it is removed by copper sulphate only, it
is ethyl mercaptan and if it remains after copper
treatment, it is diethyl mercaptan. The laboratory
samples should be smelled only, as cadmium is
toxic when ingested. Laboratory trials must be
carried out to establish the minimum levels of
copper required, since copper in excess of 0.5
mg/1 can result in later instability problems and
the formation of white ‘copper casse’. Treatment
of the wine with 0.2 to 1.5 mg/1 of copper sul-
phate will remove hydrogen sulphide and ethyl
mercaptan but the double sulphide bond in
diethyl mercaptan has to be broken with ascorbic
acid (50 mg/1) before treatment with copper.



Sources of hydrogen sulphide include vine-
yard spray residues, particularly elemental sul-
phur which is used to control powdery mildew
on grapes. Work by Thomas et al. (1993) sug-
gests that elemental sulphur additions to the
must at rates typically found on the grapes is in
the range of 0 to 3.4 mg/l and does not result in
hydrogen sulphide production. This work also
found that during fermentation hydrogen sul-
phide production peaked at two stages, i.c.
between day 1 and day 2 and at the end of the
fermentation. Yeast strains vary considerably in
their ability to produce hydrogen sulphide,
which is a metabolic intermediary in the produc-
tion of cysteine and methionine (Eschenbruch,
1974). Thomas et al. (1993) found only the first
peak was influenced by yeast strain and that the
second peak, which is likely to lead to residual
hydrogen sulphide in the wine, was affected pri-
marily by the fermentation medium.

High juice solids also results in the production
of volatile sulphur compounds (Lavigne et al.,
1992). Occurrences of hydrogen sulphide have
been observed with clean wine after transfer into
caustic-washed stainless steel tanks which previ-
ously contained fermenting sulphidic wine. This
has pointed to manganese sulphide being the
source. The manganese sulphide can form on the
walls of the tank and becomes fixed during caus-
tic washing. It is then only released in a subse-
quent acid wine medium. A citric acid rinse of
the tank avoids the likelihood of this problem
occurring.

Fermentation of white wines is preferably car-
ried out in closed but vented vessels ranging
from oak barrels to large stainless steel tanks.
The floral, fruity wine styles are fermented in
stainless steel, since the volatiles extrated from
the wood mask the floral fruit attributes. How-
ever, wood characters enhance the complexity of
the full-bodied styles which are either fermented
in wood or aged in wood for a period as finished
wine. The general view of winemakers is that
fermentation in wood gives the best integration
of fruit and wood, avoiding some of the sappy
green characters which sometimes result when
finished wine is aged in new poorly cured oak
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casks. The disadvantage of such a practice is that
the effective life of the cask is reduced because
of yeast deposits which clog up in the pores in
the wood. Fermenting in the barrel is also more
labor intensive as it requires partially filling the
barrels and monitoring a large number of fer-
mentations rather than just one or two tanks.
Towards the end of the fermentation the barrels
have to be topped back full.

Temperature control in oak casks is usually
achieved by having the casks in a temperature-
controlled room or cool underground cellar.
However since wood is a fairly effective insula-
tor real temperature control is difficult. Once the
fermentation has begun to slow down, the tem-
perature should be allowed to rise to 15-18 °C to
facilitate the completion of fermentation. At this
stage, the vessel should be topped up to mini-
mize ullage (headspace) and all vessels less than
20 000 1 should be fitted with airlocks to permit
carbon dioxide out and to prevent air entering
the headspace. Once two consecutive hydrome-
ter readings are the same, a sample should be
analyzed for reducing sugars. The wine is con-
sidered dry when the reducing sugar reaches 2.5
g/l or less.

POSTFERMENTATION OPERATIONS

Once dry, the clear wine is racked off gross lees
to a carbon dioxide sparged tank, all hoses first
being purged with inert gas before transferring the
wine. Sulphur dioxide is added at 40—-50 mg/1 to
provide a free SO, level of 2025 mg/1 which pre-
vents oxidation. For the delicate fruity wine style,
the addition of 30 mg/l ascorbic acid is often
made as an additional anti-oxidant at each stage of
handling or transfer; SO, is relatively slow at
binding oxygen, whilst ascorbic acid is a rapid
oxygen scavenger. The form in which SO, exists
in wine is dependent on the wine pH (Figure 5-3).
At low pH values the dissociation is towards mol-
ecular SO, which is more reactive and has strong
anti-microbial activity, and hence the total SO,
addition required to produce a free SO, of 20 mg/1
is less tharf in wines of higher pH.
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One of the reasons for racking the wine as
soon as possible after the end of fermentation is
to avoid the formation of hydrogen sulphide from
the breakdown of yeast cells at the bottom of the
tank. This autolysis releases sulphur-containing
amino acids and, under the reductive conditions
existing in the bottom of large tanks, hydrogen
sulphide may form. Wine in large tanks can be
kept on yeast less for up to 2 weeks but should be
carefully monitored for the development of hy-
drogen sulphide and racked immediately if it is
detected. Barrel fermentation, by comparison,
often uses yeast autolysis as an added complexity
factor in the production of full-bodied wines.
Such wines may be left in contact with yeast lees
for up to 12 months without the formation of
hydrogen sulphide. The limited volume of the
barrel and the way in which the yeast deposits
around the walls of the cask means that there is
not a great depth of yeast lees at any particular
point. This, and the practice of resuspending the
yeast lees once a week for up to 4 months,
appears to prevent sulphide odors developing.

As no SO, is added to these barrel-fermented
wines at the end of yeast fermentation, a sec-
ondary malo-lactic (bacterial) fermentation often
takes place during extended lees contact. Inocula-
tion of the wine with an active culture of malo-
lactic bacteria is sometimes practiced and would
usually take place after the final stages of primary
fermentation. A range of malo-lactic bacteria
strains are now available in a freeze-dried form
which are grown up in sterile diluted grape juice
prior to inoculation (Krieger, 1993). The malo-
lactic fermentation can be monitored using paper
or thin-layer chromatography to follow the disap-
pearance of the malic acid and the enlargement of
the lactic-succinic acid spots (Iland et al., 2000).
More precise measurements of malic acid may be
made using enzymatic or HPLC assays (Amerine
and Ough, 1980). Typically Chardonnay wines
will have a proportion of the blend up to 40 %
having undergone a malo-lactic fermentation,
depending on the degree of buttery-diacetyl char-
acter sought by the winemaker.

In cold climates, deacidification by means of
malo-lactic fermentation is often required to

make the wines palatable. Once the desired level
of malolactic character has been achieved, SO, is
added to inhibit further bacterial activity. During
the malo-lactic fermentation, the wine is pro-
tected by the carbon dioxide which is released
from the decarboxylation of malic to lactic acid.
Once this process slows down, there is real dan-
ger of air entering the headspace resulting in
oxidative browning and, in the absence of SO,,
the encouragement of Acetobacter growth.

Postfermentation should see the free SO, lev-
els maintained at 20-25 mg/1 and all vessels full.
The introduction of variable capacity tanks has
been a successful method of eliminating head-
space in tanks. Otherwise if wine is to be stored
in a partially filled tank, the headspace must be
filled with inert gas. Carbon dioxide is the gas of
choice as it is heavier than air and forms a blan-
ket over the wine. However, high levels of dis-
solved carbon dioxide are undesirable in still
wines and, if gas blanketing is required during
the later stages of processing, nitrogen or a 70 %
nitrogen 30 % carbon dioxide mix is preferred.
Recent trials have successfully used argon and
argon/CO, as an inert gas for blanketing wine.
Argon has the advantage of being heavier than
air and is not soluble in the wine. The disadvan-
tage is the cost.

Wine blending, where required, should be car-
ried out prior to protein and tartrate stabilization.
Heat sensitive grape proteins have the ability to
denature in the bottle and cause clouding. These
proteins are removed by the use of bentonite,
which is added to the wine as a fining agent at
rates of 0.2 to 3.0 g/l. There are numerous tests
used worldwide to determine the protein stability
of wine samples. These tests generally use heat,
strong acid, tannin, ammonium sulphate or a
combination of these. The most reliable appears
to be heating the bentonite-fined and filtered
sample at 80 °C for 6 hours. After cooling to
room temperature, the samples are examined by
holding up to a bright light. The bentonite fining
level that produces no haze is then chosen for
fining the tank of wine.

Wines that have been fermented in contact
with bentonite should be checked to ensure they



are protein stable. Protein haze in wine is not
only caused by thermolabile proteins but can
also be the result of protein-tannin-metal com-
plexes. Recent work has shown that polysaccha-
ride fractions present in wine confer a degree of
protein stability and may offer an alternative
means of achieving protein stability in white
wines (Waters, 1991). Bentonite fining to re-
move protein has two disadvantages: one is the
large volume of lees (insoluble solids) formed at
the bottom of the tank and the other is the degree
of flavor stripping that takes place (Simpson,
1979; Ewart et al., 1980).

Tartrate stabilization is the removal from the
wine of excess potassium hydrogen tartrate and
calcium tartrate which may cause a crystalline
deposit in the bottom of the bottled wine. Whilst
these deposits are not harmful and the wine can
readily be decanted, their presence is regarded by
most consumers as being a defect. The standard
procedure for stabilizing wines is to hold them
just above their freezing point for 7 to 14 days.
This results in a decrease in the solubility of
potassium hydrogen tartrate and to a lesser
degree that of the calcium tartrate, resulting in
precipitation (Berg and Keefer, 1958; Berg and
Akiyoshi, 1971). This process can be speeded up
by seeding the wine with potassium hydrogen
tartrate crystals which serve as nuclei for crystal
growth thus eliminating the crystal induction
phase.

The ‘contact process’ for cold stabilization
uses very high seeding rates of potassium bitar-
trate (4-6 g/l) and achieves stabilization within
60-90 minutes (Rhein and Neradt, 1979). The
wines are filtered cold to remove tartrate crystals
still in suspension. Care must be taken to avoid
oxygen pickup during the handling of the cold
wine since oxygen is very soluble at low temper-
atures. All hose lines should be purged with gas
and all pump seals and hose fittings checked.
Alternative methods of tartrate stabilization
include ion exchange to remove potassium ions,
electrodialysis (Postel and Prasch, 1977), reverse
osmosis and the addition of crystal inhibitors
such as meta-tartaric acid and carboxymethyl
cellulose.
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Cold stability tests vary from the determina-
tion of the concentration product as a measure of
potential solubility (Berg and Keefer, 1958), to
holding a sample of wine at —2 °C for 7 days
and observing if crystals form. One of the most
reliable and simple tests is to monitor the change
in conductivity of a sample after the addition of
1 g/1 of potassium hydrogen tartrate. A change of
greater than 5 % in the conductivity indicates
that the wine is unstable and will need further
cold stabilization.

Oxidative stability is the third area of concern
to the winemaker. White wines are particularly
sensitive to oxidation because of their low phe-
nolic pool, and the results of oxidation are read-
ily apparent against the pale background color. In
order to increase the shelf-life and acceptability
of the product, the winemaker needs to ensure
that no undesirable oxidative changes will take
place once the wine is in the bottle. The argu-
ment for the oxidative treatment of the must (see
section 3) means that the phenolics which are
susceptible to oxidative browning have already
been precipitated, hence the wine postfermenta-
tion is no longer susceptible to further browning
reactions.

Dissolved oxygen in the wine should be re-
moved or reduced to below 0.5 ppm by sparging
with nitrogen before bottling. Wines which still
show a strong propensity to brown may be treated
with a phenolic-removing agent such as poly-
vinylpolypyrollidone (PVPP). However, it should
be noted that these agents will often strip the wine
of aroma and flavor. A less stringent fining agent,
which is also good at removing excess brown
color, is casein, a milk protein fraction which
denatures in the acid medium of wine causing a
floc to form. The floc precipitates carrying the
brown phenolic pigment with it. Removal is then
achieved by racking and filtration.

Clarification of white wines using fining agents
is achieved through the use of bentonite, or by
gelatin plus kieselsol (an aqueous colloidal silica).
The latter technique forms a floc in situ in the
wine, which brings down suspended material as it
settles. Mechanical clarification is carried out by
centrifugation, earth or pad filtration. Most wines
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will require a degree of filtration prior to bottling.
With suitable fining agents and for a dry wine this
may only be a polish filtration (where particles are
removed down to 5pm), but some wines may
require a three stage filtration and a final mem-
brane filtration (0.45-1.2 um) to remove bacteria
and yeast. The last is particularly important for
wines with residual sugar, to ensure that no fur-
ther fermentation takes place in the bottle. During
the final processing and bottling of the wine, con-
tact with air should be minimized and the free SO,
levels maintained at 25-30 mg/l. To minimize
oxygen pick up during filling, the bottles should
be purged with inert gas prior to and after filling.

The production of medium-dry white table
wines is similar to that previously outlined,
except that the finished wine retains fermentable
sugar and hence additional precautions need to
be undertaken to avoid refermentation. The most
desirable way to achieve residual sugar is to stop
the fermentation using refrigeration and to ster-
ile filter once the required sugar level is reached.
The alternatives involve the back blending of a
dry wine with grape juice concentrate of approx-
imately 60 ° Brix or preserved grape juice
(20-25 ° Brix). The juice is either sterile filtered
and stored under nitrogen, ion-exchanged to pH
2.5 and held at 65 mg/l free SO,, or is ion-
exchanged to pH 3.0 with 1500 mg/1 total SO,
added. This high sulphured juice is desulphured
prior to use by way of the Brimstone process
(Potter, 1979). The last two storage methods
result in considerable flavor loss.

Sweet white table wines are produced from
high-sugar grapes. The sugar concentration in
the grapes is achieved as a result of infection by
Botrytis cinerea, dehydration on the vine or on
racks after harvest and freezing of the bunches
(Eiswein). Wines produced from Botrytis-
infected grapes are the most complex and bal-
anced since the Botrytis metabolizes some of the
organic acids. As the berry contents are concen-
trated as a result of the increased permeability of
the epidermal cells, the final level of organic

acids remain about the same as that prior to
infection (Ribereau-Gayon et al., 1980). Simple
drying to achieve dehydration of the berries con-
centrates both sugar and acid and results in a
high-sugar, high-acid must.

Fermentation of botrytized must is difficult
because of the high sugar (35 ° Brix) and low
nitrogen levels and the presence of a yeast
inhibitor produced by the Botrytis. The grapes are
dehydrated and juice extraction is difficult. Skin
contact for 24 hours facilitates juice extraction
but also increases the extraction of the polysac-
charide B-glucan which results in extreme diffi-
culty when filtering the wines. Laccase is very
active in botrytized must and SO, additions of
150 mg/l are common in order to inhibit it. As
SO, becomes rapidly bound in these wines
because of the generation of carbonyl compounds
by the mould, it is advisable to add 0.5 mg/1 thi-
amin to reduce the level of pyruvic acid formed
during fermentation. This reduces the overall
sulphite-binding capacity. The addition of diam-
monium phosphate (200 mg/l) and the use of a
selected yeast strain which can cope with the
high osmotic pressure and will produce low lev-
els of volatile acidity is desirable (Creed et al.,
1988). Because the yeast is fermenting under
high stress conditions, these wines are typically
very high in volatile acidity and often approach
1.5 g/1. This, however, is part of the wine style.

Once the desired alcohol level has been
achieved, the wine is clarified and SO, is added
to give a free SO, concentration of 25 mg/l.
These wines are relatively stable and are unlikely
to undergo refermentation. This is not the case
with wines made from partially dried fruit either
from using the ‘cut cane’ technique (Meyer,
1969) or from harvesting the fruit and drying it
on racks. Wines made from such fruit need to be
stopped at the appropriate alcohol level, clari-
fied, cold stabilized and sterile filtered into bottle
with or without the addition of yeast inhibitors
such as sorbic acid or dimethyl pyrocarbonate
(DMPC).



White Wines 105

REFERENCES

Amerine, M.A. and Ough, C.S. (1980). Methods for Analysis
of Musts and Wines. Wiley, New York.

Antcliff, A.J. (1979). Major Wine Grape Varieties in Aus-
tralia. CSIRO.

Berg, H.W. and Akiyoshi, M. (1971). The utility of potassium
bitartrate concentration product value in wine processing.
Am J Enol Vitic 22, 127-134.

Berg, H.W. and Keefer, R.M. (1958). Analytical determina-
tion of tartrate stability in wine. I Potassium bitartrate. Am
J Enol Vitic 9, 180-193.

Boulton, R. (1980). The general relationship between potas-
sium, sodium and pH in grape juice and wine. Am J Enol
Vitic 31, 182-186.

Cook, V. and Simes, T. (1985). It can pay to mechanise your
vineyard. Aust Grapegrower and Winemaker 256, 74-78.
Creed, D.J., Ewart, A.J.W. and Sitters, J.H. (1988). Yeast
strains for botrytised wines. In Proc 2nd Int. Cool Climate
Viticulture and Oenology Symposium, Auckland, New

Zealand (eds) Smart, R.E. et al., pp. 324-327.

Day, R.F. (1981). Juice preparation procedures. In Grape
Quality Assessment from Vineyard to Juice Preparation.
ed. Lee, T.H. Aust Soc Vitic Oen, Adelaide, pp. 57-66.

Dry, PR. and Gregory, G.R. (1988). Grapevine Varieties. In
Viticulture, Vol. 1, Resources in Australia, (eds) Coombe,
B.G. and Dry, PR. Winetitles, Australia.

Eschenbruch, R. (1974). Sulphide and sulfite formation dur-
ing winemaking—a review. Am J Enol Vitic 25, 157-167.

Ewart, A.JW,, Phipps, G.J. and Iland, P.G. (1980). Bentonite
additions to wine: before, during or after fermentation.
Aust Grapegrower and Winemaker 196, 46-47, 54.

Ewart, A.J.W,, Sitters, J. H. and Brien, C.J. (1987). The use of
sodium erythorbate in white grape musts. Aust N Z Wine
Ind J, 59-64.

Ewart, A.J.W.,, Gawel, R., Thistlewood, S.P. and McCarthy,
M.G. (1993). Evaluation of must composition and wine
quality of six clones of Vitis vinifera cv. Sauvignon blanc.
Aust J Exp Agric, 33(7), 945-951.

Galet, P. (1979). A Practical Ampelography. Grapevine Iden-
tification. Comstock Publishing, Ithaca, New York.

Grassin, C. and Dubourdieu, D. (1989). Quantitative deter-
mination of Botrytis laccase in musts and wines by the
syringaldazine test. J Sci Food Agric 48(3), 369-376.

Groat, M. and Ough, C.S. (1978). Effects of insoluble solids
added to clarified musts on fermentation rate, wine com-
position and wine quality. Am J Enol Vitic 29, 112-119.

Guerzuni, M.E., Zironi, R., Intrieri, C. and Magnanini, E.
(1981). Stabilisation of white wine by early hyperoxida-
tion of must. Food Technol Aust 33, 442, 444-446.

Iland, P.G. (1987). Interpretation of acidity parameters in
grapes and wine. Aust Grapegrower and Winemaker 280,
81-85.

I[land, P.G., Ewart, A.J.W,, Sitters, J.H., Markides A. and
Bruer N.G.C. (2000). Techniques for quality monitoring
during winemaking. Patrick Iland Wine Promotions,
Campbelltown, South Australia.

Jordan, A.D. and Croser, B.J. (1983). Determination of grape
maturity by aroma/flavour assessment. In Proc Sth Aust
Wine Ind Tech Conf, Perth (eds). Lee, T.H. and Somers,
T.C. pp. 261-274.

Klingshirn, L.M., Liu, L.R. and Gallander, J.F. (1987).
Higher alcohol formation in wines related to the particle
size profiles of juice insoluble solids. Am J Enol Vitic
38(3), 207-210.

Kluczko, M. (1985). The effect of skin contact upon levels of
terpene extraction in Traminer and Riesling grapes. Thesis,
Roseworthy Agricultural College, South Australia, 5371.

Krieger, S.A., Hammes, W.P. and Henick-Kling, T. (1993).
How to use malolactic starter cultures in the winery. Aust
N. Z. Wine Ind J 8(2), 153-160.

Kunkee, R.E. (1984). Selection and modification of yeast for
wine fermentation. Food Microbiol 1, 315-332.

Kupina, S.A. (1984). Simultaneous quantitation of glycerol,
acetic acid and ethanol in grape juice by HPLC. Am J Enol
Vitic 35(2), 59-62.

Lavigne, V., Boidron, J.N. and Dubourdieu, D. (1992). The
production of heavy volatile compounds in the vinification
of dry whites. J Int Sci de Vigne et du Vin 26, 75-85.

Macris, B.J. and Markakis, P. (1974). Transport and toxicity
of sulfur dioxide in Saccharomyces cerevisiae var ellip-
soideus. J Sci Food Agric 25, 21-29.

Marais, J. (1977). The influence of holding on sugar and
acidity of harvested grapes. South Africa Bull HIl, Oen.
and Vitic. Res. Instit., Stellenbosch, South Africa.

Mattick, L.R., Plane, R.A. and Weirs, L.D. (1980). Lowering
wine acidity with carbonates. Am J Enol Vitic 3, 350-355.

Meyer, L. (1969). Effect of fruit cane severence of grape-
vines on must and wine yield and composition. Am J Enol
Vitic 20, 108-117.

Monk, PR. (1982). Effect of nitrogen and vitamin supple-
ments on yeast growth and rate of fermentation of Rhine
Riesling grape juice. Food Tech Aust 34, 328-332.

Nelson, K.E. and Ough, C.S. (1966). Chemical and sensory
effects of microorganisms on grape musts and wine. Am J
Enol Vitic 17, 38-47.

Noble, A.C., Ough, C.S. and Kasimatis, A.N. (1975). Effect
of leaf content and mechanical harvest on wine ‘Quality’.
Am J Enol Vitic 26, 158-163.

Ough, C.S. and Amerine, M.A. (1967). Studies with con-
trolled fermentation. Effect of fermentation temperature
on some volatile compounds in wine. Am J Enol Vitic 18,
149-156.



106  FERMENTED BEVERAGE PrODUCTION

Piva, A. and Arfelli, G. (1991). Techniques of vinification by
means of preventative oxidation of must. Vignevini 18,
37-43.

Postel, W. and Prasch, F. (1977). Electrodialysis studies on
the tartrate stabilisation of wine. Wein-Wirtschaft 113(45),
1277-1283.

Potter, R. (1979). The Brimstone process of desulfiting stored
grape juice. Food Tech Aust 31, 113-115.

Rankine, B.C. (1968). The importance of yeasts in determin-
ing the composition and quality of wines. Vitis 7, 22-49.
Rhein, O. and Neradt, F. (1979). Tartrate stabilisation by the

contact process. Am J Enol Vitic 30, 265-271.

Ribereau-Gayon, J., Peynaud, E., Ribereau-Gayon, P. and
Sudraud, P. (1975). Sciences et Techniques du Vin, 2,
Dunod Bordus, Paris, 342.

Ribereau-Gayon, J., Ribereau-Gayon, P. and Seguin, G.
(1980). Botrytis cinerea in enology. In Biology of Botrytis.
(eds) Coley-Smith, J.R., Verhoeff, K. and Jarvis, W.R.
Academic Press, London.

Rooyen, T.J. van and Tracey, R.P. (1987). Biological deacidi-
fication of musts induced by yeast or malolactic bacteria
and the effect on wine quality. South African J Enol Vitic
8(2), 60-69.

Simpson, R.F. (1979). Some important aroma components of
white wine. Food Tech Aust 31, 516-522.

Singleton, V.L., Sieberhagan, H.A., DeWet, P. and van Wyk,
C.J. (1975). Composition and sensory qualities of wines
prepared from white grapes by fermentation with and
without solids. Am J Enol Vitic 26, 62—69.

Thomas, C.S., Boulton, R.B., Silacci, M.W. and Gubher,
W.D. (1993). The effect of elemental sulfur, yeast strain
and fermentation medium on hydrogen sulfide production
during fermentation. Am J Enol Vitic 44, 211-216.

Versini, G., Rapp, A., Volkman, C. and Scienza, A. (1989).
Flavour compounds of clones from different varieties. In
Proc 5th Int Symp Grape Breeding Vitis 513-524.

Vos, PJ.A. and Gray, R.S. (1979). The origin and control of
hydrogen sulfide during fermentation of grape must. Am J
Enol Vitic 30, 187-197.

Wagener, G.W.W. (1980). The effect of mechanical harvest-
ing on wines of Chenin blanc grapes in South Africa. Vitis
19(4), 338-345.

Waters, E.J. (1991). Heat unstable wine proteins and their
interactions with wine polysaccharides. PhD Thesis, Uni-
versity of Adelaide, Australia.

Williams, P.J., Strauss, C.R., Aryan, A.P. and Wilson, B.
(1986). Grape flavour—a review of some pre and post har-
vest influences. In Proc 6th Aust Wine Ind Tech Conf, Ade-
laide, (ed.) Lee T.11. pp. 111-116.



6

Red Wines

Roger Boulton

STYLES OF RED TABLE WINES

The composition of a wine is determined by
the initial composition of the grapes and subse-
quently influenced by the cumulative effects of
the particular reactions that it undergoes during
the winemaking sequence. The combination of
these effects, the grape cultivar and composition
at harvest, pre-fermentation handling, fermenta-
tion conditions, microbial activity, barrel aging
and other actions constitute the ‘style’ in which
the wine is made. Red wine styles can range
from the methodical, traditional ones to proac-
tive and adaptive ones, with yet others being
some combination of the two. In some wine
styles, the effects of one or more of the aspects
of the style (such as tannin extraction from seeds
during fermentation or oak component extrac-
tion from the barrel during aging) can dominate
the flavor, color or aging potential of the wine
rather than being in balance. In other wine
styles, more subtle contributions of several
aspects are sought (by deliberately controlling
conditions and in some instances minimizing
them) in an attempt to make those of the grape
flavor of central importance and the wine enjoy-
able to drink when young.
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The vineyard site, the choice of cultivar and
the cultivation of the vine will predetermine the
potential for flavor and aroma components,
while it is the growing conditions of the season
that will determine the actual concentrations
of these components that are available to the
winemaker. In varietal wine styles this is of
major importance and the subsequent winemak-
ing actions will generally be aimed at maximiz-
ing the extraction and recovery of these fruit
characteristics.

The effect of cool growing conditions on the
development of certain distinctive components
such as the pyrazines of Cabernet Sauvignon
(and the white cultivar, Sauvignon blanc) has
been recognized since the 1970s. It is thought
that these findings also hold for Merlot, Cabernet
Franc and related cultivars. While the methoxy-
pyrazines have been shown to contribute much
of this character in Cabernet Sauvignon and
Sauvignon blanc (Bayonove et al., 1975) there
are no such distinguishing components yet iden-
tified for most other red wine grapes of commer-
cial importance throughout the world, such as
Syrah, Pinot noir, Durif, Zinfandel, Barbera,
Carignan, Sangiovese, Tempranillo, Gamay or
Grenache.



108  FERMENTED BEVERAGE PRODUCTION

In the case of the pyrazines in Cabernet Sauvi-
gnon, there are some winemakers and writers
who believe that these are characteristic, desir-
able components and indicators of appropriate
growing conditions, while there are others who
consider them to be a defect caused by unsuit-
able circumstances and to be avoided at all costs.
In other cultivars, the characteristics may be
compounds that are not of sensory importance in
the young wine but rather are the precursors of
aroma developments that will follow as the wine
ages either in the barrel or in the bottle.

The extent to which the fruit composition con-
tributes to the wine also depends on the nature
and extent of extraction and the chemical changes
that can accompany the subsequent treatments
and conditions to which it will be exposed.
These treatments begin with the nature of the
juice, skin and seed contacting prior to, during
and after the ethanol fermentation. They include
the practice of allowing a cool maceration before
the yeast fermentation and that of extended mac-
eration following it, as well as the distinctive
alternative of carbonic maceration. The impact
of the aging conditions varies with the cooperage
type, the source and age of the wood, the contact
time that is permitted and, to a lesser extent, the
temperature, humidity and their diurnal varia-
tion, during the aging period. The point of induc-
tion of the malo-lactic fermentation and the sub-
sequent sulphur dioxide regimen employed will
have significant effects on the extent to which
microbial tones are a factor in the wine. The
polymerization of pigments and certain aspects
of oxidation in the finished wine are also related
to the way in which the wine has been handled
after fermentation and during aging.

In recent years there has been a disturbing
trend in which a number of wine writers and
reviewers have confused oak aroma with wine
quality, and the natural response by many wine-
makers is to pursue heavily oaked styles in order
to have their wines favourably appraised. This is,
however, leading towards a single, oak-aged style
for most red wines that threatens to dampen out
the natural variations resulting from varietal, sea-
sonal and regional characteristics. It is these nat-

ural variations and the individual manipulations
of them during winemaking that provide the
diversity that can be found within any particular
wine style. Similarly, it is the diverse range of fla-
vors that exist within the red grape cultivars in
commercial production that has enabled a wide
spectrum of distinctive red wine styles to exist.

GRAPE MATURITY AND
HARVESTING

In some regions, the decision to harvest is
often controlled by the prevailing weather condi-
tions or the availability of labor to pick the
grapes, while in others it is often a conscious
choice based on the sugar content and, less com-
monly, features such as the phenolic composi-
tion, color, flavor or acidity measures.

The cultivars differ in their individual phenol-
ogy and this will determine the timing of develop-
mental stages in a given growing region. In typi-
cal ripening, the accumulation of sugar (on a per
berry basis) follows a sigmoidal curve being slow
at the beginning, increasing to the fastest rate at
intermediate sugar contents and then slowing as
the final level is approached. The formation of
phenolic components in the skins, including the
pigments, is delayed until the moderate sugar lev-
els are reached within the berry and the berry
cells begin to soften and expand, at the point of
veraison. They accumulate quickly and then level
off at a maximum level, sometimes declining
slightly as the sugar accumulation is completed.
At the point of veraison, the level of malic acid
declines because of respiratory activity while that
of tartaric acid remains nearly constant. The loss
of acidity and the uptake of potassium cause the
titratable acidity to fall and the pH to rise during
this period. While these changes generally occur
on a per berry basis, there are variations in the
actual concentrations because of changes in berry
volume throughout the season and secondary
variations on a diurnal basis. The volume of the
berry varies with the cube of its diameter and
small variations in berry diameter can lead to sig-
nificant changes in component concentrations.



The development of flavors and aromas that
are typical of the cultivar can follow a number of
different patterns depending on the cultivar in
question, differences in composition between the
pulp and the skin and the prevailing growing
conditions. The absolute levels are known to be
influenced by a number of factors ranging from
flowering, seed number and berry size and these
in turn by vine age, growing conditions and sun-
light exposure, with perhaps other contributions
from factors such as root temperature, vine water
status, cropping level and vine vigour. The pat-
terns of flavor change in most red cultivars are
not well understood as yet. This is complicated
by significant variations between the vines within
a vineyard, vineyard to vineyard variation in the
nature and intensity of the flavor characteristics
and it is sometimes compounded by differences
of opinion as to which components are responsi-
ble for varietal character.

The development of the distinctive flavor
components is thought to be independent of the
biosynthesis of phenolics and color. The exis-
tence of darkly colored or highly tannic wines
that have only low levels of distinctive aromas or
flavors is a demonstration of this. In new regions,
there will need to be a trial and error approach to
determining the optimal maturity and, as in most
regions, this will commonly be measured by the
sugar content. The use of sugar content is merely
an easily measured indicator of berry develop-
ment rather than one that is strongly tied to other
more significant components of berry composi-
tion. There is a critical assumption in such an
approach that the development of desirable com-
ponents always occurs in the same way with
respect to the sugar content.

With the understanding that only about one
third of the color and tannin of the grape will be
released into the wine and that different contribu-
tions are made by the skins, seeds and stems to
wine composition, it is not difficult to see that fac-
tors such as seed number, berry volume and skin
area per unit volume are often as important as the
concentrations of tannin and color in the berry.

The method of harvesting has less to do with
the release of berry components from red grapes
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than it does for grapes to be used for the produc-
tion of white and blush wines. The particular
case in which carbonic maceration is employed
requires that unbroken berries be delivered to the
winery and as such the use of mechanical har-
vesting and deep grape bins would be excluded.
In general, there is little evidence that mechani-
cally harvested grapes result in significantly dif-
ferent wines and it is now widely used for har-
vesting in vineyards that can accommodate it.

PREFERMENTATION OPTIONS

The delivery of grapes to the winery is often
the first point at which the winemaker can begin
to influence the compositional aspects of wine.
The grape cultivar will sometimes determine the
kind of handling to be used, that is broken berry
versus carbonic maceration. While the tradi-
tional application of the carbonic approach has
been used with the Rhone cultivars (Pinot noir,
Gamay, Carignan, Grenache, Syrah and Durif),
winemakers outside of Europe have also used
this approach with varying success and accep-
tance with Cabernet Sauvignon, Zinfandel and
other cultivars.

The widespread practice of cluster handling is
the breaking of berries and destemming of grape
clusters to provide a must that will form the
medium for the yeast fermentation. The grapes
are generally removed from the stems and the
berries crushed to form the must. The must is
generally transferred to a fermentor by a positive
displacement pump (a progressive cavity or rotary
vane type). There have been advances in the
design and selection of crushing equipment that
have emphasized berry breakage and must trans-
fer to provide a minimum of solids generation.

The fresh must may be cooled in a must cooler
(either a shell and tube or spiral heat exchanger)
and the skins may be steeped in the juice for a
day or more prior to yeast inoculation. Damaged,
machine-harvested and mold-infected fruit will
often be treated with the addition of sulphur
dioxide to levels of 50 to 75 mg/L to inhibit nat-
ural oxidases and to prevent spontaneous fer-
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mentation by natural yeasts. Clean and cool
musts will often be treated with additions of 50
mg/L sulphur dioxide or less to prevent the
development of natural yeast and bacterial popu-
lations as the trend towards no addition at this
stage has led to an increase in unwanted bacterial
populations in many young wines.

The variations to this approach involve the
partial crushing of clusters, destemming and the
transfer of some whole berries into the fermentor
along with the must and the less common prac-
tice of retaining a fraction or all of the stems in
the must. The extent to which whole berries are
included can vary from 10 to 50 % but typically
is in the region of 15 to 20 % when this approach
is employed. The practice of stem retention varies
with the condition of the stems, which can show
wide seasonal variation, and is generally less
than 50 % when used. The stems can cause sig-
nificant color loss because of anthocyanin
adsorption, but they also contribute to the tannin
extraction and provide a different phenol fraction
from that generally contributed by the skins and
seeds. The dry woody stems of some cultivars
can contribute herbaceous aromas to the wine,
but in general the stems are considered to be of
either little value or a negative influence.

A contrasting approach is the use of carbonic
maceration in which crushing is minimized or
avoided entirely. Instead, the clusters are placed
inside the fermentor, either stacked in trays or
bins or dumped in with a minimum of breakage.
(An alternative is the use of 1 or 2 tonne picking
bins or plastic containers that can be covered but
which facilitate the dumping and pressing of the
berries after the treatment.) The fermentor is
gassed with carbon dioxide to displace the air
(and its oxygen) and an internal metabolism of
the sugar and other metabolites by the grapes’
natural enzymes begins. This respiration is not
immediate and can take several days before it
begins. Its activity and progression are usually
monitored by the bubbling rate of the vented gas
as it passes through a cup or cylinder containing
a sulphite (or ethanol) solution. After a period of
time (usually 3 to 4 days), the carbon dioxide
begins to arrest the enzyme activity and the cel-

lular respiration ceases. At this point, the clusters
are transferred into the press and the expressed
liquid is usually inoculated and allowed to fer-
ment the remaining sugar in much the same way
as a white wine would be handled. The wine is
lighter in color and phenolic extraction than
those made in the traditional, crushed-berry con-
tacting method and it possesses characteristic
aromas resulting from the treatment. The method
requires hand-picked clusters that are free of
mold and the facilities to hold the grapes at tem-
peratures of 20 to 25 °C for several days.

In certain locations and in some seasons, the
lack of color or the presence of mold requires that
heat be used to enhance the extraction from skins
and the inactivation of mold-derived enzymes.
This treatment, known as thermovinification, is
applied to the skins prior to fermentation and the
fermentation is then conducted in the absence of
the skins or seeds. In practice, the clusters are
crushed and the must transferred to a tank from
which a fraction of the juice is drawn, heated to a
temperature of 45 to 55 °C and then pumped over
the skins either continuously or periodically to
obtain the desired extraction. The temperature
employed, the treatment time and the skin and
juice contacting, all contribute to the extent of
extraction. Such juices are generally intensely col-
ored but can easily be over-extracted with respect
to tannin. Much of the additional color will be lost
during the fermentation or shortly afterwards,
although significantly higher tannin levels usually
remain. The wines are usually fermented before
the composition is modified by the adsorptive (fin-
ing) treatments. The use of temperatures above
60 °C leads to a more complete but usually unac-
ceptable level of phenol extraction although such
conditions are used in pigment-recovery processes.

JUICE, SKIN AND SEED
CONTACTING

Of the phenols that are found in the seed and
skins of grapes, less than half will be available
for extraction into the wine. The proportion of
the anthocyanins and flavonoid phenols that are



released into the wine varies between 20 and
40 % depending on the cultivar and vineyard
location. Cabernet Sauvignon grapes can contain
an estimated 1.4 mg of anthocyanins and 4.3 mg
of phenols per g of fresh berries yet only 27 to
28 % of these can be found in the resultant wines
(Van Balen, 1984). Similar variations have also
been reported with Pinot Noir (Siegrist, 1985).

The contacting method employed will have a
significant effect on the rate and a lesser effect
on the extent of extraction, and a winemaker may
adopt a particular contacting approach based on
previous experience with the grapes to be used.
Within each of the following contacting ap-
proaches there are nuances that can be intro-
duced in an attempt to either enhance or dimin-
ish the natural variations in composition between
the cultivars, but fine control is prevented since
the composition is generally not known before
the extraction occurs.

The study of color and phenol extraction in
small-scale research fermentations is hampered
by the lack of dynamic similarity in the tempera-
ture profiles when compared to the correspond-
ing full-scale fermentations. This has long been
recognized by researchers, but it is quantitatively
demonstrated in the study by Scudamore-Smith
et al. (1990). As a result, it is particularly diffi-
cult to perform small-scale extraction studies to
compare such factors as vine manipulations,
clonal differences and contacting methods, espe-
cially when quantitative analyses and sensory
attributes are sought. The benefits and limita-
tions of alternative contacting methods are often
based on theoretical considerations or a limited
number of empirical observations that have
within them considerable variation caused by the
cultivar, vineyard conditions, growing season
and the individuals making the assessments.

Maceration Prior to Fermentation

In this approach the skins and seeds are per-
mitted to soak for a period of 1 to 2 days prior to
the initiation of the fermentation in an attempt to
get a more aqueous extraction without the effects
of ethanol on the grape cells. The must is gener-

Red Wines 111

ally cooled to between 15 and 20 °C to slow the
onset of a natural fermentation and is usually
pumped over once or twice each day to enhance
the extraction. A heavily colored juice is ob-
tained within 24 hours but the skins are retained
and the mixture is inoculated. The fermentation
usually proceeds slowly at first until the tempera-
ture rises to 25 °C or higher within 2 days. While
this approach is practiced by a number of winer-
ies, there are few analytical studies comparing
either young or aged wines obtained by the
method to those made by conventional contact-
ing. This approach is alternatively referred to as
‘cold maceration’ or ‘cold soaking’. While there
have been a number of commercial trials of the
influence of this extraction approach on the color
extraction, the retention of color and the devel-
opment of such wines during subsequent aging
needs to be more thoroughly investigated.

Conventional Maceration

The conventional approach to must contacting
is to transfer the new must into a fermentor, to
inoculate with yeast (and if desired, malo-lactic
bacteria) and to control the temperature in the
range 25 to 30 °C. Within the first day of active
fermentation, the skins will rise to the top of
the juice and form a skin ‘cap’ that usually occu-
pies about one third of the fermenting volume.
Throughout the fermentation period, usually
twice each day, juice will be drawn from the fer-
mentor and pumped up to the top of the fermen-
tor and distributed over the skin cap. This ‘pump-
over’ operation usually provides a predetermined
juice volume to the cap that will permeate the
cap, displacing interstitial juice and partly lower
the cap temperature. The setup used for the
pump-over operation varies from simple dis-
charge of a transfer hose into the headspace
above the skin cap to rotating sprinkler devices
suspended from the door in the roof.

The most common practice uses one juice vol-
ume during each pump-over operation and two
such operations per day. Some wineries use two
volumes per pump-over while others vary the
volume and frequency, often beginning with
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larger volumes or more frequent pump-overs in
the early stages of fermentation and then reduc-
ing this towards the point of pressing. In larger
fermentors, the cooling of the juice by external
heat exchangers is generally incorporated into
the pump-over operation.

An alternative to this approach is the draining
the wine from the skins and seeds and transfer-
ring it to a second tank. The wine is then returned
to the first tank, usually by splashing over the
skin cap. This procedure is variously referred to
as “de la stage” or “rack and return”. It appears to
provide a more complete mixing of the stratified
volume than would usually occur by the pump-
over operation, but there is little evidence that
this results in any significant difference in color
or tannin extraction. The method would allow for
alteration of the relative amount of seeds to skins
to be modified during the fermentation and that
distinguishes it from other approaches.

The use of rolling, cylindrical, fermenting ves-
sels, sometimes referred to as rotary fermentors
(Peyron and Feuillat, 1985), has found limited
acceptance. While the mixing of the skins and
Jjuice can be more extensive, there is little evi-
dence that this results in more extensive or more
suitable extraction, as is sometimes claimed. The
fermentors are restricted to relatively small vol-
umes because of limitations in heat removal, they
are relatively more expensive to install and are
not suitable for use as storage vessels.

The skins are especially rich in potassium
compared to the fleshy part of the grape and this
can effect changes in titratable acidity and pH
by altering the extent of neutralization of the
acid buffer as potassium extraction takes place.
The potassium concentration generally increases
slightly during the first days of fermentation then
commonly falls towards the later stages of the fer-
mentation (Van Balen, 1984). The potassium de-
crease in later fermentation is attributed to the
spontaneous precipitation of potassium bitartrate
(which is less soluble in the presence of ethanol)
and this can contribute to the pH and titratable
acid changes observed during fermentation.
While the titratable acidity will always fall be-
cause of the precipitation of potassium bitartrate,

the pH can fall, remain the same or rise , depend-
ing on whether the initial value is below, at or
above approximately 3.8 and whether tartaric acid
dominates the buffer capacity of the juice.

Maceration After the Fermentation

The practice of additional maceration follow-
ing the completion of the fermentation has tradi-
tionally been used in some regions of Europe.
The approach is claimed to provide additional
extraction from the skins, which modifies the
mouth feel of the young wine. Once the fermen-
tation has finished, the fermentor is closed and
left alone for between 1 and 3 weeks. When the
gas bubbles which provide the buoyancy of the
skin cap have left, it typically submerges and
the skins fall to the base of the fermentor and are
completely submerged. Studies of conventional
extractions indicate that the peak in color occurs
within the second day of fermentation (Ribereau-
Gayon, 1974; Somers and Evans, 1979; Van
Balen, 1984) while the total phenols usually
show complete extraction by the end of the fer-
mentation, typically after 5 or 6 days (Van Balen,
1984). It is doubtful that further extraction from
the skins can take place if effective mixing and
contacting has been provided during the fermen-
tation. The more likely event is the continued
extraction from the seeds which have usually
only provided about 70 to 80 % of their extract-
able pool by the end of a 5- or 6-day fermenta-
tion. Studies of the extended maceration practice
at wineries in California, primarily with Caber-
net Sauvignon and Merlot grapes, have generally
shown insignificant differences in pigment com-
position, or polymerization rates resulting from
this treatment and the only effects are due to
increases in the tannin content. The treatment is
sometimes claimed to enhance the polymeriza-
tion of pigment and the seed tannins but there is
little evidence that this is actually occurring.

Carbonic Maceration

An alternative method, in which the extraction
for the grape is quite different to that of conven-



tional contacting, is carbonic maceration. In this
approach, the intact berries are surrounded with
a carbon dioxide atmosphere and allowed to
respire and to have partial fermentation by the
grapes’ own glycolytic enzymes. Some wine-
makers add a small volume of fermenting juice
to the fermentor to provide the carbon dioxide
for the atmosphere. The onset of the transforma-
tion generally takes place after several days at a
preferred temperature of 35 °C and is usually
detected by gas generation. There is a vacuum
developed initially, then gas evolution during the
metabolic phase and finally cessation of gas pro-
duction when the fermentation has finished.

In the process, the cell walls in the skin be-
come permeable allowing the pigments, many of
the phenols and other extractables to leak into
the intracellular fluid. After 8 to 10 days of berry
fermentation, the enzymes lose their activity and
the process ceases. The clusters are then trans-
ferred into a press and the berries are broken to
yield their colored, partially fermented juice con-
taining 1 to 1.5 % ethanol by volume. This juice
is then inoculated and fermented to completion
at temperatures of 15 to 20 °C, without the skins.

The wines produced in this way are usually
lower in tannin with a distinctive aroma contri-
bution in addition to the fruit character. The lev-
els of varietal character are diminished and the
value of this is debatable. The main chemical
changes are the degradation of almost half of the
malic acid, consumption of ammonia and the
formation of the amide amino acids and suc-
cinic, fumaric and shikimic acids. A comprehen-
sive monograph covering most of the current
understanding of this process has recently been
published (Flanzy et al., 1987).

The aroma produced by this procedure is quite
distinct and Ducruet (1984) found four major
volatile components that were present in signifi-
cantly higher concentrations in wines made in this
way. The components were benzaldehyde, ethyl
salicylate, vinylbenzene and ethyl-9-decenoate;
the formation of the first three is attributed to their
involvement in the shikimic acid pathway.

While the traditional procedure employs car-
bon dioxide, the sugar conversion can be ex-
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tended, almost to completion, by the use of nitro-
gen instead of carbon dioxide. It appears that it is
the gas phase concentration of carbon dioxide that
leads to a loss of enzyme activity (V. L. Singleton,
personal communication). This would appear to
provide possible variations from the traditional
procedure that might be investigated further.

Color and Component Extraction During
Conventional Maceration

The extraction of the color, tannins and other
components from the skins and seeds during the
fermentation shows a pattern which depends
on the group involved. The following analysis
attempts to quantify the rates and modes of ex-
traction for the major groups so that strategies
aimed at more selective extraction can be devel-
oped. In some cases, such as for the anthocyanin
pigments, a partitioning equilibrium is estab-
lished between the skin cells and the wine in the
first few days, beyond which further extraction
cannot be attained. By comparison, the tannin
extracted from the seeds displays a two phase
extraction that can continue for several weeks.

The chemical components responsible for the
red and purple colors of red wines are the antho-
cyanins and these are found only in the outer lay-
ers of the skin of red wine grapes. In Vitis
vinifera cultivars these include malvidin, peoni-
din, petunidin, cyanidin and delphinidin, primar-
ily as their 3-glucosides (Singleton, 1988). The
glucosides often have a smaller fraction acylated
with acetic acid or one of the cinnamic acids.
Table 61 shows the distribution within the pig-
ments of young Cabernet Sauvignon and Merlot
wines (Nagel and Wulf, 1979). One notable
exception to the presence of acylated pigments
in V. vinifera grapes is the cultivar Pinot noir.
The anthocyanin patterns of other cultivars have
recently been quantified using HPLC techniques
(Port wine cultivars: Bakker and Timberlake,
1985; Syrah: Roggero et al., 1984; Tempranillo:
Hebrero et al., 1988; several cuitivars: Lay and
Dreager, 1991).

The procyanidins are polymers of the flavan-
3-ols that are between two and eight units in size.
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Table 6—-1 Pigment distribution in a young Cabernet Sauvignon wine

Anthocyanin

Concentration (mg/l)

Percentage of total

Delphinidin glucoside

Cyanidin glucoside

Petunidin glucoside

Peonidin glucoside

Malvidin glucoside

Malvidin glucoside acetate
Malvidin glucoside p-coumarate
Other acetates

Other cinnamates

Total

Source: Nagel & Wulf 1979.

49.4 12.9
2.8 0.7
30.5 8.0
12.9 34
144.8 37.9
77.0 20.2
15.8 4.1
414 10.8
7.5 2.0
382.1 100

They represent the major fraction within the
polymeric phenols or ‘tannin’ and their special
status results from their role in the polymeriza-
tion of the anthocyanins during the first years in
the life of a red wine.

In recent years, there have been a number of
important studies that have quantified the dimer
and, more recently, trimer procyanidin fractions
of several red wine cultivars (Ricardo da Silva,
1990). The four main dimers, generally referred
to as B1, B2, B3 and B4, have been quantified by
HPLC for Cabernet Sauvignon, Merlot and Mal-
bec (Salagoity-Auguste and Bertrand, 1984) and
for Carignan and Mourvedre (Ricardo da Silva et
al., 1992). Other studies have analyzed their lev-
els in wines from different cultivars and regions
(Etievant et al., 1988), their extraction from seeds
during fermentation (Oszmianski and Sapis,
1989) and their source in grape skins, seeds and
stems (Ricardo da Silva et al., 1992). While
other studies have addressed their interaction
with various proteins used for the fining of wines
(Ricardo da Silva et al., 1991), the role that these
components play in sensory and color stability is
not fully understood.

There is some experimental evidence (Kantz
and Singleton, 1990; Singleton and Trousdale,
1992) that the anthocyanins and procyanidin tan-
nins are involved in the formation of complexes
that help to keep both species in solution. This
feature was thought to be important in retaining

and stabilizing the pigments so that they are avail-
able to partake in the polymerization that occurs
during aging, especially during the first year when
most of the pigment polymerization takes place.
It has now been established that the procyanidins
are found in the grape skins of most red cultivars
and are they are extracted during the fermenta-
tion. One important exception to this pattern is
with grapes of Pinot noir which appears to lack
the procyanidins in its skins (Thorngate, 1992).

The alternative view is that it is the mono-
meric phenols, rather than the procyanidins or
larger tannins, which are responsible for the
anthocyanin complexing, color enhancement
and pigment stability, in what is referred to as
copigmentation. There is little evidence that the
polymers play a significant role in copigmenta-
tion and the results attributed to tannins using
extracts may have been due to the accompanying
phenolic monomers in these preparations. The
role of dimers in the copigmentation phenome-
non in wines has yet to be established.

The Role of Copigmentation

Our present understanding of the extraction
of the anthocyanins compared to other flavo-
noids favours the interpretation in which the
extracted anthocyanins quickly form stable coup-
lings with a group of monomeric components,
resulting in copigmentation complexes. The



effect of copigmentation is to allow additional
anthocyanins to partition from the skins into the
wine, resulting in higher total anthocyanin con-
tents and more intense color. Many of the major
monomeric phenols can act in this way, caffeic
acid and its esters, catechin and epicatechin, and
the flavones, myricetin, quercetin and kaemp-
ferol and many of these responses have previ-
ously been studied (Asen et al., 1972). All of
these components, commonly referred to as co-
factors, can cause copigmentation complexes to
be formed and these have higher extinction val-
ues than the original anthocyanins. Some of
them, the flavones for example, cause a shift in
the maximum wavelength of 10 to 20 nm from
red to blue. This phenomenon appears to be
source of the purpleness in many highly-colored
young red wines and between 30 to 40 % of the
color of young red wines is due to copigmenta-
tion, Figure 6-1 (Neri and Boulton, 1996).
Grapes which are low in these copigmentation
cofactors, will not be able to form significant
levels of copigmentation and will have corre-
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spondingly lower anthocyanin contents. This is
true of cultivars such as Pinot noir, and San-
giovese, while others such as Merlot, Durif and
Syrah have more copigmentation, contain more
anthocyanins and are much deeper in color. One
of the ironies in the color of red wines is that the
levels of these non-colored monomers have a
major contribution to their anthocyanin content
and the color that they display.

Evidence that it is the monomeric components
that are involved in copigmentation can be found
in experiments in which colorless cofactors,
added prior to fermentation have resulted in
wines higher in anthocyanin content and higher
levels of copigmentation and color. Further,
using only analysis of the monomeric compo-
nents, the color due to copigmentation has been
predicted and is in good agreement with that
measured in 25 wines from different cultivars.
This would not be possible if self association of
anthocyanins, complexes with procyanidins or
complexes with larger tannins was the explana-
tion for the color enhancement.
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Figure 6-1 The fraction of red wine color due to copigmentation (Neri and Boulton, 1996).
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The copigmentation is a dissociable equilib-
rium and this is progressively shifted as wines
are diluted with a buffer. This is the cause of the
no-Beer’s law nature of young red wine color
which was first noted by Boutaric et al. in 1937.
They suggested that it was due to complexes
between the pigments and other organic compo-
nents in the wine and noted that there was varia-
tion between wines in the extent to which it
occurred. It seems that all red grapes are limited
in the levels of these cofactors and that the
anthocyanins are generally in excess. The need
and limitation of cofactors to form such com-
plexes helps to explain why darkly colored
grapes sometimes produce only lightly-colored
wines, and why there is no relationship between
the levels of anthocyanins in grapes and those in
their corresponding wine.

The main copigmentation cofactors are flavo-
noid in nature and therefore found in the skins of
red grapes. It is true that some of these compo-
nents are also present in the skins of some white
grapes, but they are not at significant levels in
most white wines. This is because the juice is
drawn off the skins prior to fermentation and
some of the stronger cofactors have only low sol-
ubility. The possibility exists that the skins of
certain white grapes could actually increase the
color of a red wine if the red grapes have only
low levels of these cofactors. This would be a
special set of circumstances in which 1) the red
grapes are low in cofactors, or had mostly
weaker cofactors and the white is relatively high
in them, 2) the skins are present during pigment
extraction and 3) the white skins are in a minor-
ity in the mix. The need for the last condition
arises from the adsorption of anthocyanins onto
the white skins and the need to the color en-
hancement to outway the pigment depletion. The
traditional practices in Chianti and parts of the
Rhone Valley, where some white grapes are co-
fermented with red grapes, are good examples of
this condition. The empirical mixture seems to
be between 5 to 15 % white grapes and this
depends whether whole grapes or only their
skins are used. The results can be expected to
vary from season to season.

The Rates of Component Extraction

The extraction of skin and seed components is
thought by some to be a leaching process from a
porous matrix rather than one in which equilibria
are involved. There is a widespread belief that
longer contact time provides further extraction
particularly of color, when in fact this equilib-
rium has generally reached its final value by the
third day of contact, provided good contacting
between the juice and the skins has occurred.
The slower release and migration of polymeric
materials into wine cannot be entirely explained
in terms of their slower diffusivity, and control of
the rate resulting from changes in cell leakage
and release reactions is indicated. It is instructive
to reconsider the nature of these extractions in
order that the effects of temperature and contact-
ing technique on them can be understood.

The extraction curve for anthocyanins rises
steeply initially, reaches a peak and then de-
clines slightly during the remainder of the fer-
mentation. Several studies (Ribereau-Gayon,
1974; Somers and Evans, 1979; Nagel and
Waulf, 1979; Van Balen, 1984) show this general
pattern. The extraction of other phenolic com-
ponents (flavonoids, tannins and total phenols),
however, shows an exponential approach to a
final concentration (Van Balen, 1984). Figure
6-2 shows the extraction of flavonoids in a
Cabernet Sauvignon wine at 22 °C with half of
the final value being obtained by the end of the
second day. If the extraction is simply the diffu-
sion of pigments from the grape skin into the
juice, the concentration would be expected to
move exponentially towards the final level. The
rate of extraction under this condition can be
described by:

d[Flavonoid}/dt = k*[F. — F] (6.1)

which when integrated leads to the extraction
curve:

[Flavonoid] = F, + F.*[1— exp(—k*t)] (6.1a)

where F, is the initial concentration of flavonoids
in the juice and F, is the amount of extractable
flavonoids in the skins. The rate constant, k, re-
flects the rate at which the flavonoids are extracted
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Figure 6-2 The extraction of flavonoids into a Cabernet Sauvignon wine (Van Balen, 1984).

and would be proportional to the diffusion coef-
ficient of the molecules involved. Similar forms
of this equation can be written for other
extractable groups such as the polymeric phenols
(tannins) and the total phenols. The initial con-
centrations, extractable amounts and the rate
constants for the extraction during fermentation
of a Cabernet Sauvignon (Van Balen, 1984)<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>