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Part 1

Introduction, Background and History

John A. Hudson and Alan J. Buglass

‘Drink! for you know not whence you came, nor why;
Drink! for you know not why you go, nor where.”
—Omar Khayyam.

Handbook of Alcoholic Beverages: Technical, Analytical and Nutritional Aspects Edited by Alan J. Buglass
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1.1

Alcoholic Beverages of the World: An
Introduction to the Contents of This Book

In many parts of the world, alcoholic beverages are an important part of day-to-day life. Their moderate
consumption in a social environment is seen as a boon for both body and soul. Many are the proposals of
marriage, forging of business partnerships and fruitful scientific discussions that have taken place through
the centuries over a drink or two in a bar, or over dinner at home. It is not by chance that Francis Crick and
James Watson celebrated their discovery of the double helix structure for DNA over pints of ale in the bar
of The Eagle, an old coaching inn close to the centre of Cambridge. Indeed, public drinking places are more
often than not meeting places: focal points for merriment, discussion, liaison and the sharing of dreams. From
the cosy English country pub, the sunny German Biergarten and the elegant Parisian café to the tavernas of
Italy and Greece, the small taverns high in the Andes, the bars of South Africa and the jumak of Korea, the
multitudes of alcoholic drinks consumed in all these places are potent social lubricants.

There is truly a fantastic range of alcoholic beverages to enjoy — something to suit almost everyone for
almost every occasion. At the heart of all alcoholic beverages is fermentation (Part 2), particularly alcoholic
fermentation, whereby sugars are converted to ethanol and many other minor products (Chapters 2.1 and
2.2). Many different fungi are able to promote at least some conversion of sugar to ethanol, but in doing so
they are often able to stamp their personalities on the beverage by producing characteristic flavor profiles
(Chapter 2.2), thus contributing to the rich diversity of alcoholic drinks. Likewise malolactic bacteria, by
performing malolactic fermentations under the right conditions, are able to positively influence the character
of alcoholic beverages (Chapter 2.3). Fermentations caused by certain other bacteria or fungi can have
undesirable influences on aroma and flavor (Chapter 2.4), but these are usually suppressed in favor of the
action of desirable microorganisms by the use of antiseptics and preservatives such as sulfites (Chapter 2.5).

Beers are enjoyed all over the world: they are brewed according to many different recipes and procedures,
giving many hundreds of different brands or styles, from pale Pilsners and wheat beers to brown ales, porters
and stouts (Chapter 2.6). Beverages brewed from cereals other than barley or wheat, such as maize, millet and
rice (and without the use of hops) are enjoyed by millions of people in Africa, Asia, and Central and South
America (Chapter 2.7). Some general information on beer and cereal beverages, and where they are brewed
can be found in Figures 1.1.1 and 1.1.2.

Cider and perry are produced in many countries in a wide range of styles and flavors by a variety of methods
(Section 2.8). Although from a biochemical and sensory viewpoint, cider and perry are closer to wine than

Handbook of Alcoholic Beverages: Technical, Analytical and Nutritional Aspects Edited by Alan J. Buglass
© 2011 John Wiley & Sons, Ltd. ISBN: 978-0-470-51202-9



4 Introduction, Background and History

2003 or 2004 Approximate beer production figures for selected European countries and the Russian Federation (in hl x 10%): Germany
(106 300), Russian Federation (70 000), U.K. (58 000), Spain (28 000), Poland (26 000), Netherlands (25 000), Czech Republic (19 000),
France (18 000), Belgium (17 400), Austria (9000), Denmark (8 300), Ireland (8 000), Slovakia (4700).

Hops are grown all over Europe, the best known areas being Bavaria (Germany), Bohemia (Czech Republic), Hereford (UK), Kent

L

(UK) and Saxony (Germany).

Cider and perry is made in many
European countries, especially in
Brittany and Normandy (France);
Asturias and Basque provinces
(Spain); East Anglia, Hereford
and Somerset (UK).

Pale Pilsner lagers are

the most common. Ales
are brewed in Belgium,
the British Isles, northern
France and Germany.
Wheat beers (Belgium

and Germany) are

top fermented, as are the
porters and stouts of the
UK and Ireland. Baltic
porters and stouts are
bottom fermented, as a
rule.

Belgium, Germany and
the UK still have relatively
large numbers of smaller
breweries.

Malted barley dominates, but
there are wheat beers, rye
beers (Germany) and oatmeal
stouts (UK).

Africa has many cereal
based indigenous brews,
such as shakporo and
pombe. Almost every state
has at least one brewery
owned by a European

or multinational company,
usually focusing on pale lagers.

Europe has some traditional
brews that pre-date modern

beer styles. These are found

in the Baltic countries, espegially
Finland (sahti) and Estonia
(kodudlu).

Russia produces mostly

pale lager beers, but there
are some good dark beers;
porters and stouts, mostly
bottom fermented.
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Some characterful lager
style beers are brewed in
Asia, especially in China,
India and the Philippines,

74

v Asia has many
indigenous cereal-
based brews, such
as makkoli (Korea)

and sake (Japan).
o

/

Australia and New Zealand produce

mostly pale lagers, brewed by big

companies in modern breweries. There ~
are also some admirable ales and stouts i)
brewed. Some cider is produced in both

countries.

»

Figure 1.1.1 Beer and Cider in Europe, Africa, Asia and Australasia. Thanks are due to Belhaven Brewery
Ltd, Coopers Brewery Ltd, Domaine Familial L. Dupont, Hite Co., Jennings plc, Keo Ltd, Brasserie Lindemans,
Nottingham Brewery Ltd, G. Schneider & Sohn GmbH and Whin Hill Cider for permission to use label and bottle
images
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Like USA, Canada's beer market

is dominated by pale lagers brewed
by a handful of large companies.
However, again like USA, there
has been an upsurge in the brewing
of ales and special lagers by a rapidly
growing number of microbreweries
and brewpubs since the 1990s.
Cider and perry are made in nearly
all the states, especially Quebec
and British Columbia.

USA can be considered to be the
world's prime brewing nation. Not
only is the country the biggest producer

of beer and the home of one of the

largest brewing companies (Anheuser
Busch), but also has the widest range

of beer styles (although these are not
necessarily universally available). Many

of these styles are derived from European
styles and are brewed mostly by smaller
regional and (especially) by the hundreds
of microbreweries and brewpubs that have
sprung up since the 1980s.

Although pale Pilsner style lagers
dominate the everyday market, the beer
drinker will find a huge range of ales

of all strengths, colors and flavors, as

well as wheat beers and high quality lagers.
Many of these beers, however, are not
widely distributed.

Light beers are popular in USA and Canada.
Cider and perry are produced in many states, by
both large and small companies. Good cider

is made from indigenous apples, but also &
nowadays from European cider apples. ¥

Hops are grown extensively in
Oregon, Washington State and
British Columbia. They are also
grown in some eastern states,
such as Vermont.

The Carribean islands
produce some characterful
lagers and stouts.

Central and South America
produce mainly pale lagers
from a relatively small
number of large breweries.
Mexico is one of the

biggest exporters of beer:
much of it going to the USA.
There are many indigenous
brews, such as chica, usually
made from maize and other
grains. Two of the biggest
drinks companies (which
includes brewing companies)
are partly Brazilian-owned.
Cider is produced in some
South American countries.
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Figure 1.1.2 Beer and cider in the Americas. Thanks are due to the Alaskan Brewing Co., Farnham Hill Cider,
Firestone Walker Brewing Co., McAuslan Brewing Inc., New Belgium Brewing, Red Hook Ale Brewery, Scotch-Irish

Brewing, Sierra Nevada Brewing Co. and Vancouver Island Brewery for permission to use label images
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beer, socially they are closer to beer, and so for the latter reason general information on these two drinks can
be found in Figures 1.1.1 and 1.1.2, alongside beers.

Wines are similarly enjoyed throughout the world, produced in a wide range of styles from many vine
varieties by numerous methods. They range from light sparkling wines and still, dry white wines through
rosé, red and sweet, white table wines (Chapter 2.9) to fortified wines (Chapter 2.10) and fortified/flavored
wines (Chapter 2.12). These are all made from grapes and some general facts concerning their production
and styles are given in Figures 1.1.3 and 1.1.4. Wines from fruit other than grapes or even from vegetables,
flowers, honey or sap (Chapter 2.11) are made in many parts of the world: general information on these drinks
can be also be found in Figures 1.1.3 and 1.1.4.

Apart from the multitude of biochemical reactions that occur during fermentation, important biochemical,
chemical and physical processes occur at other stages during the manufacture of alcoholic drinks. Included
here is the boiling process in the brewing of beer (Section 2.6.3); different wine maturation processes, such as
those for fino Sherry (Section 2.10.3) and Madeira (Section 2.10.6); clarification processes (centrifugation,
filtration and fining) and pasteurization (see for example Sections 2.6.9,2.8.5,2.8.6,2.9.4,3.2.5); and blending
and packaging (see Sections 2.6.10, 2.10.2 and 3.2.5).

Certain alcoholic beverages are brewed specifically for distillation, which converts them into distilled
beverages or spirits (Part 3). These are produced using a variety of distillation techniques and a range of
types of stills (Chapter 3.1). Thus malted cereal beverages are used to produce Scotch whisky (Chapter 3.2)
and other whiskeys (Chapter 3.3), as well as a number of other distilled drinks (Chapter 3.4) such as akvavit,
gin and vodka. Canes, roots, tubers and saps can also be used to make distilled beverages, such as arrack,
rum, schnapps and tequila (Chapters 3.5 and 3.8). Brandy is distilled wine and is produced in nearly all
wine-producing countries (Chapters 3.6 and 3.7). Likewise, fruit wines such as plum wine or cherry wine
can be converted to fruit brandies such as slivovitz and kirsch (Chapter 3.8) and spirits like brandy, gin or
Scotch whisky can be infused with fruit, herbs or spices and (often after redistillation), sweetened with sugar
or honey to make liqueurs (Chapter 3.9). Figures 1.1.5 and 1.1.6 give some general information on the wide
variety of distilled beverages and where they are made.

Science and technology now play major roles at all stages in the production of most alcoholic drinks —
from genesis in the barley field, hop garden, orchard or vineyard, through manufacture by fermentation,
distillation and other processes to maturation, clarification, blending and packaging. Quality assurance and
control have elevated the overall quality of many beverages to consistently high levels (Section 1.2.5). The
analytical methods that are used for the maintenance of quality are described in Part 4. Many of these
techniques also increase our knowledge and understanding of the various materials and processes involved
in alcoholic drinks production, as well as helping the brewer or winemaker to maximize the quality of
his or her product. The biological and chemical natures of the raw materials (Sections 2.6.2, 2.6.3, 2.8.2,
2.11.2,2.12.2, 3.2.2, for example) are of prime importance in the making of alcoholic beverages, as is the
chemical composition of the finished product, particularly with regard to sensory analysis (Chapter 4.7).
The quality and authenticity of a beverage can often be judged by the absence or presence (and relative
quantity) of certain constituents, as determined by one or more of the numerous methods described in Part 4:
by chromatographic (Chapter 4.3), spectroscopic (Chapter 4.4) or electrochemical methods (Chapter 4.5),
for example.

The levels of many alcoholic beverage components are now subject to legislative restriction, which means
samples must be checked by government or approved laboratories from time to time to ensure such components
are present below their maximum allowed levels or maximum residue levels (MRLs). Many producers also
perform analyses throughout the production process, as part of their quality assurance programs. These
components include some that are added deliberately as part of the production process (additives; see
Chapter 5.9 and plant flavorings; see Chapters 2.12 and Sections 3.9.3 and 5.11.2), as well as some that
are derived from the basic raw materials (e.g nitrogenous allergenic substances, Section 5.11.3) and some,
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Cabernet
Sauvignon

Chardonnay Pinot Noir

There are small wine industries in the UK, Belgium, Ireland, the Netherlands and even southern Scandinavia.
Good wines are made, often in state of the art wineries from Vinis vinifera crosses and hybrids that have been
bred for cool climates. These include Bacchus, Huxelrebe, Kerner, Miiller Thurgau, Schénburger and Seyval Blanc.
Classic varieties like Pinot Noir and Chardonnay are used to make very good sparkling wines by the Champagne
method. Fruit wines are made in several northern European countries.

Vineyard area

Wine production (2005) (hl x 10%) ‘\4[; (2005)
France 52004 Australia 14 000 styles of  wine (acres x 10%)
Italy 50556  China 12336 nade all I{O}er Russia, Spain 2990
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Other states (e.g. Zimbabwe)
make small amounts of wine. | 5 ‘{\)
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France produces the biggest quantities of the world's finest wines; nearly all the great wine styles have French
origins. This includes Burgundy (Chardonnay, Gamay Noir and Pinot Noir), Bordeaux (Cabernets, Merlot Noir,
Sauvignon Blanc and Sémillon), the Rhone valley (Syrah for red, Marsanne, Roussane and Viogner for white),
Alsace (mainly dry white wines), the Loire valley (light reds to sweet whites). Vermouth and fortified wines (e.g.
Muscat de Lunel) are also made. Spain and Portugal produce a wide range of wines, from dry white to sweet red,
including the great fortified wines, Madeira, Port and Sherry. Italy is the home of some great red wines, like
Barolo in the north and Brunello di Montalcino further south. Italy also produces the unique styles of reciotto and
ripasso. Vermouth and the fortified Marsala are also made. Germany, along with Alsace, make great wines from
the Rheinriesling. Other countries of central, southern and eastern Europe also make good wines in many styles
(e.g. Tokay of Hungary). Fruit wines are made all over Europe, but much of it is distilled (see Figure 1.1.5).
Australia has a large number of wineries that produce some great red wines, like Penfold's Grange, made from
classic varieties such as Cabernet Sauvignon and Shiraz (Syrah). There are also good white wines made from
Chardonnay, Rheinriesling, Sémillon and others, as well as great fortified Muscat wines. New Zealand makes
some especially flavory white wines from Gewiirztraminer and Sauvignon Blanc, and also lighter red wines
from Cabernets and Pinot Noir. Hybrids are still grown in New Zealand.

gﬁir?;lzor ®  Muscata
Petits Grains

Pinotage o
Rheinriesling

Figure 1.1.3 Wine in Europe, Africa, Asia and Australasia
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Zinfandel

" Colombard Riesling

Fruit wines, from pomegranate, through cherry to black raspberry are made throughout
Canada and USA, even in states with extensive v ineyard areas, such as California and New
York.

Many eastern, central and southern states produce wine from native American varieties
such as Catawba, Concord, Delaware, Niagara, Noah and Scuppernong. Wines are also
made from French-American hybrids, such as Baco Noir, Cascade, de Chaunac and

Marechal Foch.
Vineyard area (2005)
Wine production (2005) (acres x 10%)
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Pinot  Noir. ¥ vinifera
crosses, like Ruby Cabernet,
and less well known varieties,
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Although  the Spanish colonized
Chile, the major influence on the
Chilean wine industry is Italian
(through immigrants), French and
lately, Californian. The very large
Argentinian wine industry also owes
much to Italian immigrants. Very
good wines are made from classic
varieties, such as Cabernet Sauvignon,

Argentina, Brazil and Chile
are the most important wine
producers of South America.
Wine is still made from hybrids

Chardonnay, Merlot and Sauvignon Aih in Brazil, because of the hot, humid
Blanc. Argentina also makes wine from climate. Uraguay makes good
Malbec, as well as Barbera and other wine from less common V.
Italian varieties. Some South American vinifera varieties, like
states produce wine from other fruits, Gewiirztraminer and Tannat.

such as blackberry.

Sauvignon Rub ;
Yy
Blanc Cabernet

Barbera Malbec

Figure 1.1.4 Wine in the Americas
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Brandy (distilled wine) is the major spirit of mainland Europe. Cognac and Armagnac are the finest and best known, but brandy
is made in nearly all wine growing countries, from Spain to the Balkan countries of Greece and the former Yugoslavia. Grape
pomace spirit is made in France (marc) and Italy (grappa) in particular. Fruit brandies and liqueurs (many brandy-based) are
produced all over Europe. The former from Alsace are especially fine, but good fruit brandies are also made in Greece and the
former Yugoslavia.

In northern Europe, akvavit (also called schnapps) is popular. It is distilled from grains, roots or even fruit and is usually
flavored with herbs.

Vodka is a similar drink that is produced in Finland, Poland, other Baltic states and Russia. It is made mainly from cereals and is
sold mostly unflavored, often being used in cocktails and mixes. There are flavored versions of vodka. Gin is made in the
Netherlands, as are some liqueurs (e.g. cherry brandy). Russia produces brandy in the south of the country.

L
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a
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to the heavily peated
Island ~ whiskies. Irish
Whiskey  also  finds
world wide  popularity
and can be increasingly
found as single malts.
The Isle of Man and
Wales  also  produce
small amounts of whisky.
Gin is distilled in London
and  Plymouth.  Tiny
amounts of brandy and
apple brandy are made.
There is small range of
liqueurs, good examples
being sloe gin and the
Scotch whisky-based

Drambuie.
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in Africa is more or r,’j:]
less limited to South
Africa, where good
brandy is made.

and shochu of
L2 Japan). Some are
flavored (e.g.
%ﬂ with ginseng).
2 Many fruit and
other liqueur
wines are also
made here. Rum
is made in
s Indonesia (especially

{F Batavia) and the
& %Philippines.

pal sl::B) in several Middle-
E&stern” countries, such as
E and Lebanon.

(14

Figure 1.1.5 Spirits in Europe, Africa, Asia and Australasia. Thanks are due to Familial Dupont, Kilchoman
Distillery Co. Ltd., Keo Ltd., Glengoyne Distillery and The Rum Story, for permission to use label and bottle
images

such as ethyl carbamate (Section 5.11.5) that are sometimes formed during the manufacturing process. Also
included here are pesticide residues and various other contaminants (Chapter 5.10).

It has long been known that alcoholic beverages possess nutritional and health values, in both positive
(beneficial) and negative (detrimental) senses (Part 5). As public awareness and interest in nutrition and
health issues have grown during the past two or three decades, so scientific interest in the nutritional value
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During the last decade there has been a marked growth in microdistilleries, especially in the USA.
These distilleries produce a wide range of spirits, although mostly from grains: gin, rum, vodka
and whiskeys of various styles, mostly using batch column or pot stills.

Whiskey (whisky in Canada),

is distilled all over North America,
from mainly mixed grain mashes,
although maize (corn) dominates

the whiskeys of USA; wheat is

more important in Canada. Bourbon
is made from at least 51% maize,
with barley and rye. The whiskeys
of Kentucky, Tennessee and Virginia
are probably the most famous, but
much Canadian whisky is consumed
in the USA. Straight rye-an
whiskeys are making a\modest
resurgence in the US
(rye). Distilling is mo
and continuous colum
few pot stills are in use.

Tequila is the major spirit
of Mexico, although brandy

and rum are also produced. The Carribean countries

Tequila and mezcal are made produce much of the world's

from fermented Agave pulp bestrum. Light rum for mixed

and are much exported, especially drinks and cocktails is made

to the USA. throughout the area, but is typified

by those from Cuba and Puerto Rico.
Likewise, Heavier darker rums are

Many of the South American produced everywhere, but those
states are wine producers and of Demerara, Jamaica and

so also make brandy. Perhaps Martinique are the best known.

the best known brandy is pisco, % Both pot stills and continuous stills
made from Muscat wine in are used.

Peru, and from other wines

in Chile. Cachaca is the cane spirit

of Brazil. It is still produced

by hundreds of small to medium
distilling companies and its
exports are rising. Pot stills, as
well as batch and continuous
column stills are used. Brazil
grows much of the sugar cane
used for Carribean rum.

Figure 1.1.6  Distilled spirits and liqueurs in the Americas

of alcoholic drinks and their components has increased (Chapters 5.1-5.5). Several alcoholic drinks are
important for their macronutrients such as carbohydrates (Chapters 5.3 and 5.7) and many possess significant
quantities of micronutrients (Chapter 5.4) and ‘prebiotic’ components, such as oligosaccharides, lactic acid
bacteria and yeast. Ethanol, although it has a high calorific value itself, its presence in the diet can negatively
influence uptake and metabolism of nutrients (Chapter 5.5). The past 10 years in particular have also witnessed
arapid growth in scientific interest in the health values of specific components of beverages, notably ethanol
(Chapter 5.6), carbohydrates (Chapter 5.7), phenolic compounds (Chapter 5.8), additives (Chapter 5.9)
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and trace components (Chapter 5.11). Similarly, growth in public interest in health, safety, pollution and
environmental issues has catalyzed increased scientific activity in the study of pesticide residues and other
contaminants of alcoholic beverages and the raw materials from which they originate (Chapter 5.10).

The various alcoholic drinks industries are important parts of the food and drinks industry: they contribute
to a nation’s economic prosperity to a significant degree. Indeed in some countries, such as several in the
Caribbean area, the contribution is a major one. Moreover, the alcoholic drinks industries support numerous
other diverse industries, like glass, plastics, cork, engineering and tourist industries. Additionally, agriculture
has important ties with the alcoholic drinks industries: the growing of barley and other cereals for beer and
spirits production, hops for the brewing of beer, apples for cider making, grapes for the production of wine
and brandy, sugar cane for making rum and so on. Forestry provides cork, oak or chestnut wood to make
casks for the maturation of wine or spirits and other kinds of timber to produce stakes for the support of crops
such as grapevines.

According to the Wine Institute of California, in 2008, the wine industry in that state provided 309 000
jobs, produced an annual $51.8 billion in economic value for that state, generated $125.3 billion for the
US economy, paid $10.1 billion in wages in Calfornia ($25.2 billion nationwide), made $13 billion in state
and federal tax payments, attracted 19.7 million tourists per annum and generated wine-related tourism
expenditures of $2 billion in California. The Californian wine industry also gives $115 million in annual
charitable contributions and offers numerous intangible benefits to local communities, such as (amongst other
things) enhancing the general quality of life, bringing positive visibility to the community, building local pride,
offering cultural attractions, supporting local businesses, promoting responsible farming and winemaking,
and providing scenic pastoral landscapes. The Californian wine industry can reasonably be regarded as a
microcosm of the alcoholic beverage industry as a whole, where wineries, breweries and distilleries all over
the world play similar roles in support of their local and national communities. Although the alcoholic drinks
industry per se is not discussed in detail in this book, its presence obviously permeates the text of Parts 2 and
3 in particular, and also to a lesser extent that of Part 5.



1.2

History and Development of Alcoholic
Beverages

1.2.1 The Beginnings (From the earliest Times to ca. 1100 AD)

Serendipity is defined as the art of making fortunate chance discoveries. In prehistory a number of such
serendipitous events occurred, all of which were to have enormous consequences for humankind. We can
only speculate as to how these discoveries were made, and they probably took place on several separate
occasions. Amongst them was the observation that clay could be permanently hardened by the application
of a high temperature. This discovery was probably made by a sharp-eyed individual while examining the
remains of the fire around which the family had sat a few hours previously, and from this observation there
ultimately arose the art of making pottery. The first tiny beads of a smelted metal may likewise have been
observed in an old fire ring where hot charcoal in the fire had come into contact with a stone that contained an
appropriate ore, and as a result humans eventually progressed from the Neolithic Age to the Bronze Age. The
alcoholic beverages industry has over the years employed the products of both the potter and the metalworker,
but a serendipitous discovery of more immediate concern to us is that of fermentation, by which sugar is
converted to alcohol by microbial action. As in the cases of pottery manufacture and metal extraction, we can
speculate as to how this discovery might have taken place, but in this instance there is a charming legend that
describes the event.

According to the legend, the King of Persepolis is supposed to have tired of one of the ladies of his harem.
Finding herself banished, the young woman decided to end her life, so she drank some liquid from a jar
labeled ‘poison’ in the palace storeroom. The jar had originally contained grapes, the king’s favorite fruit,
and was thus labeled to prevent others from eating his special delicacy. The grapes in the jar had broken down
and the yeast on the grape skins had caused the juice to ferment, with the result that the woman found the
drink to be most pleasurable. She took a cup to the king who was likewise delighted, and the young lady was
duly restored to her position in the harem (Pellechia, 2006).

The one possible glimmer of truth in this legend is that it places the accidental discovery of vinous
fermentation in a location in present-day Iran. Archaeological evidence for the very early production of wine
has come from excavations carried out at a site in Iran in the Zagros mountains, north west of Persepolis.
Jars have been unearthed which have been dated at 5400-5000 BC and which have been found to contain
residues that almost certainly indicate that they were used for storing wine. Using a combination of analytical

Handbook of Alcoholic Beverages: Technical, Analytical and Nutritional Aspects Edited by Alan J. Buglass
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methods — wet chemical analysis, infrared spectroscopy and high performance liquid chromatography —
the jars were found to contain traces of tartaric acid and calcium tartrate. The only likely source of these
compounds is wine, and furthermore the jars also contained traces of terebinth tree resin (Winepros, 2007).
It is known that early winemakers used terebinth and other resins to help preserve wine, which would also
have added a characteristic taste. The tradition of adding resin to wine survives today in the Greek retsina
(Section 2.12.3), although this is now done solely for flavoring purposes. It should be noted that there are
other contenders for the location of the first production of wine, for the wild grape grows on the slopes of
mountains surrounding the Mesopotamian region, in areas in modern Syria, south eastern Turkey, Georgia
and Armenia, as well as northern Iran. These mountainous areas surround the so called ‘Fertile Crescent,’
which is the region where it is thought that humans first made the transition from a hunter-gatherer existence
to a more settled way of life in which crops were grown and animals domesticated.

The production of wine implies the deliberate cultivation of grapes, and an important early development
must have been the selection of a suitable variety of vine. Plants of the wild grapevine, Vitis vinifera sylvestris,
carry either male or female flowers, and pollination of the female flowers would therefore be a somewhat
chancy business. It is surmised that one or more of the early grape growers noticed a vine that produced
grapes much more consistently than was usual. This would have been a mutant that produced both male
and female flowers, and was thus self-pollinating. By cultivating vines from the seeds of this hermaphroditic
variety, now known as Vitis vinifera sativum, the early viticulturists were able to establish vineyards that gave
reasonable crops.

Knowledge of wine and winemaking was spread principally by trade and sometimes by conquest. Grape
cultivation was introduced into the Nile delta in Egypt in the third millennium BC, and winemaking scenes
are depicted in scenes on tomb walls of the Old Kingdom period (2650-2152 BC). Dark deposits from
the bottom of jars of the New Kingdom Period (1550-1070 BC) have been shown by LC/MS/MS (Sec-
tions 4.3.3 and 4.4.5) to be derived specifically from red wine (Guasch-Jané et al., 2004). Traces of
tartaric acid were discovered in these deposits and alkaline fusion of deposit samples produced syringic
acid, a well-known product of hydrolysis of polymeric tannins derived from malvidin-3-glucoside, the ma-
jor pigment of black grape skins. Although little wine was produced in Babylon, we know there must
have been a flourishing import trade (probably by boat or raft down the Tigris or Euphrates), for a set
of laws called the Code of Hammurabi was drawn up around 1800 BC which specified severe punish-
ments for dishonest wine sellers. Somewhat later, between 1200 and 800 BC, the Phoenicians, a seafaring
race living on the coast of what is now Lebanon and Israel, were instrumental in spreading knowledge of
grape cultivation and wine production further afield. Their influence spread along the north African coast,
where they founded the city of Carthage, and reached as far as the Iberian peninsular. The route by which
wine became known to the ancient Greeks is unclear, but it was certainly familiar to the preceding Minoan and
Mycenaean civilisations. Subsequently the Romans spread knowledge of wine even further afield into parts
of Europe north of the Alps. Some ideas relating to the spread of viticulture and winemaking are illustrated
in Figure 1.2.1, where dates become more uncertain the further back in time one goes.

An alcoholic beverage that almost certainly predates wine is beer, although in this case there is no attractive
legend to account for its discovery. The production of beer from grain is a multistage process, and serendipity
probably played a part on more than one occasion in the development of brewing. The modern procedure
involves allowing grain to germinate (sprout), stopping the germination by roasting, at which stage the
material is called malt, and then grinding the malt to produce grist. The grist is then mashed with hot water,
the resulting extract is filtered and is then boiled with sugar and hops. The hops are strained off, the liquid
(called ‘wort’) is cooled and run into a fermenting vessel, when the yeast is pitched in. After fermentation the
beer is clarified and distributed in casks (draught beer) or in bottles or cans. During the germination process
the complex polysaccharides in the seed are partially broken down into simple sugars, and these are then
turned into alcohol in the fermentation stage. The first step in the process may have been stumbled upon
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1. Records of viticulture and winemaking in the various empires of western Asia (now consisting
of Caucasian states, Iran and Iraq) from ~6000 BC

2. Export of vines, viticultural and winemaking techniques to Phoenicia and Egypt

and maybe other countries from ~3000 BC

3. Introduction of winemaking into Greece, Italy, North Africa, and Sicily by Phoenicians

and their descendants ~2000-1000 BC

4. Greeks took their ideas of viticulture to Andalusia, Italy and Provence ~1000-500 BC

5. Roman invaders took vines and winemaking technology to northern Europe, as far as Britain
from ~500 BC until the fall of the Roman Empire

Figure 1.2.1 Early movements of viticulture and winemaking. Dates are approximate only and modern names
of countries are given in ltalics

during the hunter-gatherer stage of human existence. It is possible that wild cereal seeds were collected, and
once they had sprouted they were carefully heated. This primitive malt would have kept better than untreated
seed, and would also have had a sweeter taste. Another accidental discovery might have occurred when malt
was left in contact with water, thus allowing the production of a crude beer when fermentation of the unfiltered
mash occurred as a result of infection by airborne microorganisms. All this is of course pure speculation, for
as with the origin of winemaking our detailed knowledge of the discovery of brewing is nonexistent.

As with winemaking, brewing could not become properly established until an agricultural way of life had
been adopted. Just as the early farmers selected a vine for cultivation that was more productive than the
wild variety, so in the case of cereals, higher yielding varieties were chosen. In this case the selection was
probably entirely accidental. The seeds of wild cereals are easily removed from the stem and dispersed by
the wind, but in some plants there is a genetic trait in which the seeds are more firmly attached to the plant.
When humans began to collect and sow seeds, more of the firmly attached seeds would have been available
for collection, and gradually this gene would have predominated in the cultivated cereals. We do not even
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. Beer brewed from baked bread in Sumerian and Babylonian empires: ca. 4000-2000 BC

. Beer exported to Egypt, where later it was brewed in a similar manner

. Beer and expertise exported to Palestine and other nearby countries: 3000 BC onwards

. Barley and wheat grown—beer brewed: ca. 1000 BC

. Emmer, einkorn (forerunners of wheat) and barley grown, beer brewed: 3000 BC onwards
. Interactions between peoples sometimes leading to possible spread of beer culture

. Migration to central Europe, with beer culture: ca. 500 BC

. There is evidence that Celtic tribes (ca. 500 BC onwards) were seasoned brewers, brewing
from grains, not bread

9. The Phoenicians were great sailors and traders; it is possible they spread beer culture: 1000
BC onwards

(o e R O R

Figure 1.2.2 Origins of beer. Major early civilizations of which there are records of brewing are indicated by
names and numerals. Arrows denote migrations, travels or exports. Double arrows denote interactions, including
displacements and conquests, relating to the latest of the approximate dates indicated. Modern names of countries
are in italics

know which cereal (barley, wheat or oats) was used to make the first beers, or whether the first cultivation of
cereals was for bread making or for brewing. Even the location of the first beer production is uncertain, and
while somewhere in the Fertile Crescent is most likely (Figure 1.2.2), beer was certainly produced at an early
date in Egypt. Whichever came first, brewing and baking technology developed side by side. It was known
that the froth from the fermenting vessel could be used to make dough rise, and that pieces of lightly baked
bread could be used to start fermentation. Neither practice necessarily implies that one technology was the
forerunner of the other.

The original beers would have been very different from today’s beverages. They were probably just
fermented mash. They would not just have been cloudy, they might have been something more like porridge
and could have been more of a food than a drink. They would have been more nutritious than the parent cereal
on account of the partially broken down carbohydrates and proteins that they contained, and they would have
had a pleasing inebriating effect. These original beers were probably not unlike the present day indigenous
cereal beverages of Africa — boozah (Egypt), pombe and others (Section 2.7.2). Sometimes when early beer
was consumed as a drink it was sucked into the mouth using a straw, and Egyptian pictograms show it being
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consumed in this way. Irrespective of whether bread or beer was produced first, humans gradually perfected
the art of making leavened bread and the technique of producing beer that was less like a glutinous mass and
more like the drink we know today.

Barley is the most widely used cereal in beer production today, but it is very likely that in the early days oats,
rye and wheat were employed as well. Indeed, maize, millet and sorghum are still used in fermented African
and South American beverages (Section 2.7.2), and rice is the base of many Asian alcoholic drinks (Section
2.7.1). In Europe, brewing technology would have gradually improved, especially in respect of drawing off
the fermented material from the mash tun to yield a liquid, which although still cloudy, was very different
from the likely consistency of the earliest beers. This process of clarification would have been aided by the
introduction into agriculture of hulled cereals. The hulls of the cereal grains would have provided an effective
filtration medium through which the beer passed when being drawn off the bottom of the vessel. Both bread
making and beer production would have advanced westwards from their birthplace in the near East as humans
adopted a settled agricultural way of life. Some archaeological evidence suggests that a kind of beer may
have arrived spread westwards much earlier than the dates indicated in Figure 1.2.2, which are based on
documentary evidence. In northern Europe the analysis of pollen grains and fragments of leaves, etc., found
in drinking cups from the Bronze Age would seem to indicate that alcoholic beverages were prepared at that
time using malted grain and a variety of additional sources of sugar such as honey and fruit juices (Hornsey,
2003a).

From the period when the Celts had conquered most of northern Europe (i.e. from about 500 BC), we
have documentary evidence concerning the drinks that were being consumed, for although the Celts left no
written record, some Roman authors gave accounts of Celtic habits and practices. The general impression
created by these authors is that wine was only drunk by the rulers and upper classes, being imported from the
Mediterranean region, whereas the ordinary folk drank beer (Figure 1.2.2). It was possible to transport and
trade good wine, but it was usually necessary to consume beer as soon as it was brewed at a place very close
to the location of its production.

When the Romans started to establish vineyards in their newly conquered territories, they were so suc-
cessful that wine production in Italy itself was being threatened. As a result the emperor Domitian issued
a decree late in the first century AD that limited the production of wine in the provinces and forced the
grubbing up of many vineyards. The decree was not revoked until late in the third century after which new
vineyards were developed in Gaul, and to some extent in Britain. The remains of a 35-hectare Romano-
British vineyard have been found near the village of Wollaston in Northamptonshire. After the collapse of
the Roman Empire, viticulture had to wait another 1000 years before further expansion into new areas of
the globe.

So far the focus has been on the Middle East and on Europe, and we have considered beverages formed
by fermenting a solution of sugars obtained either directly from grapes or indirectly from cereals such as
barley, wheat or oats. However, a large number of traditional alcoholic beverages have been produced from
other sources by indigenous peoples in various parts of the world, and many of these are still made today.
In general they are either akin to wine, in that a solution of sugar is obtained from a plant, which is then
fermented, or they are like beer, in that complex polysaccharides in a plant are first broken down to simpler
sugars, and then fermentation is allowed to occur. Three examples will be quoted.

Rice wines, the common nondistilled alcoholic beverage of eastern Asia, probably originating in China.
They include the Korean makkoli and the Japanese beverage sake and have been known since antiquity (Section
2.7.1). References to sake are made several times in the Kojiki, Japan’s first written history, compiled in
712 AD. It is usually described as rice wine, but in reality it is more akin to beer. Traditionally, the process
was started by chewing the rice and then spitting it into a pot, the enzymes in saliva causing the complex
carbohydrates to start breaking down into sugar. Inscriptions from the fourteenth century BC mention Chinese
millet wine, xiao mi jiu, being made the same way. Today the rice is treated with a mould/yeast starter (called



History and Development of Alcoholic Beverages 17

nuruk in Korea, koji in Japan and men in Vietnam) that contains appropriate enzymes to catalyze carbohydrate
breakdown and to perform fermentation (Wikipedia, 2007a). The indigenous peoples of South America
likewise consume a drink called cauim, made from starchy roots or from maize, with the breakdown of the
polysaccharides also being initiated by an enzyme in saliva (Wikipedia, 2007b). In Mexico the traditional
beverage is pulque, which is a kind of wine made by fermenting the sweet liquid obtained from the flower
stems of the maguey plant (Wikipedia, 2007¢c) (Section 2.7.2). Such beverages are part of the culture of the
regions in which they are made, but it is likely that primitive peoples used many other sources of sugar to
make alcoholic beverages. Quite passable drinks can be made by allowing the juice of many wild fruits to
ferment, and all that is needed to make a wine from a fruit such as the blackberry is a suitable container.
This is where the craft of the potter would have been first used in alcoholic beverage production, but even
animal skins might have served the purpose, and drinks made from wild fruits may have preceded settled
agriculture. Nowadays, many palatable drinks are made by the fermentation of juice from wild or cultivated
fruits (Chapter 2.11). It is probable that a fermented drink was made from the juice of the wild apple, but in the
United Kingdom, which today has the world’s highest per capita cider consumption, large-scale production
did not commence until the Middle Ages. A nonplant source of sugar that was used in many cultures from
1000 BC or earlier is honey, which was (and still is) fermented to make mead (Section 2.11.5). It was also
added to wine as a sweetener. There is a considerable body of evidence to show that honey has been used in
these ways for many centuries. For example, analysis of the pollen grains in the deposit found in a bronze bowl
from a rich celtic woman’s grave (late Hallstadt period) in lower Bavaria revealed a wide pollen diversity,
suggesting that the bowl contained mead that was produced from the honey of wild bees (Rosch, 2005). In
contrast, the pollen found in the deposits in early medieval Coptic amphorae from Saruna (Middle Egypt)
was of narrow diversity, suggesting the honey was derived from domesticated bees. Whether the amphorae
originally contained mead or honey-sweetened wine is not known (Rosch, 2005).

Returning to the drinks with which we are principally concerned, namely wine and beer, it was the
monasteries that kept alive much of the knowledge of methods of beer and wine production in northern
Europe in the centuries following the fall of the Roman Empire. The monasteries were self-contained entities,
running their own farms, and as far as vineyards were concerned, the monks and nuns had the discipline
to take the necessary care to maintain them in good order. Furthermore, the Christian religion demanded a
supply of wine for use in Holy Communion.

The first possible evidence of distillation per se comes from the discovery of still-like clay pots, dating
from the second millennium BC, in what was once Babylonia, although it is not known for certain what
was distilled. Although the first drawings of stills date from the Hellenistic school of alchemists (second
century AD), from written and archaelogical evidence it was probably the Arab alchemists who perfected
the art of distillation to an extent necessary to obtain fairly concentrated alcohol from a fermented beverage.
This was despite the teaching of Islam, which from its inception in the seventh century AD forbade the
consumption of alcoholic beverages. The Arabs became the world’s leading scientists, and were the first to
use distilled alcohol in medicine. The earliest piece of distillation apparatus (from Iran) that has survived
is Islamic and is dated between the tenth and twelfth centuries. Water cooling was not used, but it is
likely that careful distillation would have produced a solution of alcohol sufficiently concentrated to burn
(Hudson, 1992).

The Arab scientists originally referred to ethanol as distilled wine ( @<=« <3), but later the word arak ( 5 ),
meaning sweat (referring to the beads of distillate on the cooler parts of the still) came into general usage
(al-Hassan, 2009) and is still used for certain distilled drinks today (see Sections 3.5.5 and 3.5.6). Early names
for this spirit in European literature were aqua ardens (the water that burns) or aqua vitae (the water of life).
The word alcohol itself was not used until the sixteenth century, and has an extraordinary derivation. It comes
from the Arabic al koh’l, the name given to antimony sulfide, a material used by ladies to darken eyebrows
and eyelashes. It was purified by sublimation, a process bearing obvious similarities to distillation, and in
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time the name alcohol became associated with the process rather than the material. Eventually, anything
purified by sublimation was known as alcohol of,, and the spirit obtained by distillation of fermented grape
juice was known as alcohol of wine. In time this name was shortened to alcohol (Flood, 1963). Now the name
applies not only to ethanol (ethyl alcohol), but also to a wide range of chemical compounds bearing the OH
functional group. It was not until the Middle Ages that distilled alcoholic beverages were manufactured and
consumed (Section 1.2.2).

Microorganisms cannot survive in concentrated alcohol, which can be used as a preservative. However,
undistilled beverages are prone to spoilage, and its prevention has always been a matter of prime concern
for brewers and wine makers. We have seen how resins were used as preservatives in the earliest wines.
Other strategies that were adopted at a later period included the floating of a layer of olive oil on top of the
wine, and the tight stoppering of amphorae, both measures being designed to exclude the air. Sulfur dioxide,
obtained by burning elemental sulfur, was used as a fumigant in ancient times, and the Romans were the
first to use it as a preservative for wine (Robinson, 1995) (Section 2.5.2). The most important substance
added to beer for preservation is hops, although this strategy does not seem to have been employed until
about the ninth century, when a reference occurs to its use in Germany. At this time, most beers would have
been either unflavored or flavored with various herbs and plants, such as juniper, sweet gale and yarrow.
Although many of them would have been very strong (~8% ABYV), most would be consumed while they
still possessed a distinct prickle of carbon dioxide and probably within 24 h of pouring the beer from the
yeast lees.

By 1100 AD Europe was beginning to emerge from its so-called ‘Dark Ages.” This period is certainly dark
in the sense that there are few extant records concerning alcoholic beverage production or indeed almost any
aspect of human activity. However, from the Middle Ages onwards we are able to form a clearer picture of
our brewers, winemakers and distillers.

1.2.2 Medieval Times and Beyond (ca. 1100-1750)

It is in this period that we get the first indication of the quantities of beverages consumed. In northern Europe
the principal drink was beer, and at first glance the amounts brewed seem very large. Documents detailing the
consumption of brewing materials during a 40-day siege of Dover Castle in 1216 indicate an allowance of half
a gallon of beer per man per day (Hornsey, 2003b). Overall consumption in England and the Low Countries
in the late Middle Ages is estimated at a more modest (but still considerable) 65 gallons per head per year
(Wikipedia, 2007d). Beer also provided a significant proportion of the calorie intake of the population of
northern Europe. In southern Europe, wine, and no doubt other fruit juices, both fermented and unfermented,
remained the principal beverage.

The ecclesiastical establishments of monasteries continued to be extremely important during the early
Middle Ages. They often owned large tracts of land, and controlled many aspects of local economic affairs.
Among the activities of northern European monasteries was the brewing of beer, and they did good business
supplying the local population. Alongside the monastic breweries, beer was brewed in smaller quantities in
individual dwellings, often by the lady of the house. In some cases the product may have been solely for family
consumption, but often it was sold or traded as well. In England the dissolution of the monasteries by Henry
VIII put an end to their brewing activities, but by this time, many of the home breweries had been replaced
by establishments that not only brewed the beer, but also provided accommodation for its consumption.
It became a requirement for these establishments to be licensed, and a distinction was made between ale
houses, taverns (which sold both ale and wine) and inns, which also provided food and beds. In 1577 there
were 19 759 licensed premises in England, which equates to one for every 187 members of the population
(Hornsey, 2003c).
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With brewing being something of a cottage industry, it is hardly surprising that standards varied enormously
and that in consequence attempts were made to introduce some kind of quality control. In England, the official
charged with this duty was called the ale conner or ale taster. It was his job to assess the quality of ale before
it went on sale, and the vendor was expected to send for the official when the brew was ready. In some
areas the brewer erected an ale stake (a long pole with branches tied to the end) on the outside of the
house to indicate that the ale was ready to be sampled. No doubt the ale conner relied primarily on his
sense of taste, but according to legend, the conner used to pour some of the ale on to a wooden settle,
and then he used to sit in the pool of ale (he wore leather breeches for obvious reasons). If at the end of
about half an hour he could stand up without his breeches sticking to the settle, the ale was judged to be
of a satisfactory quality. In modern terms, the rationale behind this primitive method of analysis is that
stickiness in the beer would be caused by a significant quantity of residual sugar, meaning that fermentation
was incomplete and hence the alcohol content was low. The ale stake also served as an advertizement to the
public of the impending availability of the brew. In time different establishments started to put their own
distinguishing symbols on their ale stakes, and this is probably the origin of the pictorial signs found on pubs in
Britain today.

The practice of adding hops in the brewing process became much more widely adopted in the Middle
Ages. Hopped beers keep for a longer period, so the use of hops gave beers of relatively low alcohol content
areasonable lifetime. Originally the term beer meant that the brew had been hopped, the unhopped beverage
being referred to as ale, but now the terms are used interchangeably. In the early history of brewing, a great
many different substances were added to ale to enhance the flavor, and one author has identified 175 plants or
plant-derived products that have been used as flavoring, preserving or adulterating agents (Hornsey, 2003d).
Probably the most widely used additive before the general adoption of the hop was gruit, a Dutch term that
referred to a mixture of herbs whose precise composition varied, but which usually contained bog myrtle,
marsh rosemary and yarrow among the ingredients. Like these plants, the hop grows in the wild in northern
Europe, and its preserving effect on beer was probably discovered by accident. Hopped beers were first
exported from Bremen and Hamburg in the early Middle Ages, after which the practice of hopping beer
gradually spread to other parts of northern Europe. It is likely that initially hops were imported into Britain,
for there is no firm evidence for the deliberate cultivation of the crop before the fifteenth century.

The introduction of hops into brewing in Britain was accompanied by considerable controversy, and at
various times edicts were issued that sought to prohibit their use. The use of hops meant that the brewing
process became more complicated, for the filtered wort now had to be boiled with hops. The result was the
slow emergence of larger breweries, called common brewers, which supplied several retail outlets

We have seen that in the early days of brewing, not only could a number of cereals be used for making beer,
but many different herbs and spices could be added as preservatives or flavoring agents. In 1516, when Duke
Wilhelm of Bavaria passed the Reinheitsbebot (purity law), he enacted a piece of quality control legislation
that remains the oldest food regulation still in force anywhere in the world. The Reinheitsgebot decreed
that only barley, water and hops were to be used by commercial brewers in making beer. Over the preceding
millennia, the term beer had encompassed a considerable variety of beverages; now a consensus was emerging
as to what the term actually meant.

Turning our attention to the East, the history of sake, a typical rice wine, bears some resemblance to
that of beer. In tenth century Japan, temples and shrines began to brew sake, and were the main centers of
production for next 500 years. The Tamon-in Diary (1478—1618), written by monks of the Tamon-in temple,
records many details of brewing in the temple. The diary shows that a process akin to pasteurization and
the addition of ingredients to the main fermentation mash in three stages were established practices by this
time (Section 2.7.1). During the Maiji Restoration (ca. 1866), the Law allowed anyone with the money and
skill to construct and operate his own sake brewery, so the brewing of sake shifted away from the temples.
About 30 000 breweries were established around the country within a year. However, through the years, the
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government levied higher and higher taxes on the sake industry and within a few years the number of breweries
had fallen to 8000. Most of the breweries that survived this period were set up by wealthy landowners, who
grew rice crops and had rice left over at harvest time. Rather than letting the excess rice go to waste, they
set up breweries and distilleries, thereby creating valuable extra income from sales of rice wines and spirits
(shochu).

In southern Europe, wine remained the principal drink, being consumed by all social classes. This is not
to say that beer was unknown. Brewing was undoubtedly carried out on a domestic basis, but beer did not
become an article of commerce as it did in northern Europe. Methods of wine production south of the Alps
remained essentially the same as in Roman times. However, the expanding population increased demand,
and although beer was the common drink in northern Europe, the upper classes had a distinct taste for wine.
Increasing demand, and the difficulties of transport, resulted in ever higher prices in northern Europe for wine
imported from southern regions, with the result that local wine production was stimulated. Varieties of grape
that grew well in northern areas were cultivated, and regional centers of excellence developed, examples being
Bordeaux, Burgundy and the Rhine. The Church played an important role in this expansion, and monastic
orders such as the Benedictines helped to expand the northern European wine industry.

The Greeks and Romans had transported their wine in pottery amphorae. In more northern areas, with
their abundant oak forests, containers for storage and transportation were made from wood. The construction
of barrels, casks and vats that were completely impervious to liquids became a highly skilled task, and the
cooper became a vital craftsman in wine producing areas. Another northern European invention was the
wooden press, in which the juice is gently squeezed from the crushed grapes through the slatted sides. This
is in contrast to earlier techniques in which the grapes were crushed by a stone, or by human feet. Some
of the bigger European wineries or estates possessed enormous wooden presses to cope with big harvests.
Two very fine examples from the eighteenth century can be seen at the Stellenbosch Wine Museum, in South
Africa (Figure 1.2.3). Casks are still used to age some of the finest wines, but as a result of the development
of heavier and stronger glass, the bottle gradually became the standard container for the storage and transport
of wine from about the seventeenth century, although many wines, including red Bordeaux and Port, were
often shipped in cask to be bottled in a foreign country. Nowadays, most fine wines are bottled from casks at
the domaine or in the region of production, and the bottles are then transported to the point of sale. Although
some of the early bottles were sealed with wax, the use of cork stoppers soon became widespread. Cork
provides an excellent seal, but over a prolonged period a cork can dry out, thus allowing air to enter the bottle.
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Figure 1.2.3 Eighteenth century wine presses at Stellenbosch Wine Museum. Photographs taken by Marianne
Mackay
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Figure 1.2.4 Early wine bottles and an early corkscrew. These port wine bottles from (left to right) early, mid
and late eighteenth century, early nineteenth and twentieth century demonstrate the changing shape of the wine
bottle. Bottles and corkscrew are not drawn to scale

The first wine bottles were bulbous in shape with a flat base, and could only be stored in an upright position.
It was not until the latter half of the eighteenth century that cylindrical bottles with a narrow neck were made
(Figure 1.2.4). These could be stored horizontally, and hence the cork did not dry out. Although some of the
first corks may have been flanged or tapered, for upright storage of the bottles, later cylindrical bottles were
fitted with straight corks for storing horizontally. This development gave rise to the need for a tool to extract
the cork — the corkscrew. It is uncertain when the first corkscrews were used, but the first mention of the
‘bottle scrue’ was in 1720 (Young, 1979) and probably the earliest patent was taken out in 1795. A sketch of
an early corkscrew (date unknown) is shown in Figure 1.2.4.

A further improvement in glass technology enabled the process of making champagne to be perfected. In
the cool champagne region, fermentation proceeds slowly, so when the wine is bottled in the autumn some
sugar remains. Fermentation recommences in the bottle in the following spring when temperatures begin to
rise. The early glass wine bottles were unable to withstand the pressure of carbon dioxide, and most of the
wine was lost. The seventeenth century Benedictine monk Dom Pérignon experimented with stronger bottles
made from a newly invented type of glass that incorporated lead oxide, with the result that the production
of the famous sparkling wine became a reliable process. Nevertheless the wine was still cloudy owing to
the presence of dead yeast cells. The traditional clarification process is supposed to have been invented by a
widow, Madame Cliquot. The dead yeast cells are concentrated in the neck of the inverted bottle, that portion
of the wine is frozen, the bottle is opened to expel the frozen portion, and then finally recorked.

In the eighteenth century, wines fortified by the addition of brandy increased in popularity, especially in
Britain. In the Douro region of Portugal, fortification was originally employed at a monastery to arrest the
fermentation process, but a local aristocrat, the Marqués de Pombal, who had been Portuguese ambassador to
London, realized there would be a market in Britain for the sweet, high-alcohol red wine (port), and promoted
its export (Section 2.10.7). In the Jerez region of Spain, fortification was practiced for a different reason. A
second type of yeast, known as flor, occurs in the region and forms a bread-like film on the surface of the
wine maturing in the casks. It prevents the oxidation of the wine, and also imparts a characteristic flavor,
but needs an alcohol content of around 15.5% to grow, hence the need for fortification. The final product,
known as Sherry from an English corruption of the word Jerez, is a blend of the products of fermentations
from several different years (Section 2.10.2). Yet another fortified wine to achieve popularity in Britain and
its American colonies at this time was Madeira (Section 2.10.5). The Portuguese colony had been exporting
sweet Malmsey wine to Britain for some time when the practice of fortification was introduced, partly to
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improve the wine’s keeping properties, and partly to satisfy the British palate. It was then found that if the
fortified wine was kept in a warm environment (around 40 °C; 104 °F) for some months its quality improved
and it became fully stabilized — it could keep almost indefinitely. Legend has it that the effect of warming
was discovered accidentally when consignments were confined in the warm holds of ships bound for North
America or the East Indies. At one time more Madeira was imported into the American colonies than any
other wine.

A beverage that grew in popularity in England during the Middle Ages was cider. Although the Romans
established some apple orchards, there is no evidence of cider production before the Norman conquest. The
Normans brought with them the tradition of apple growing and cider making, and introduced varieties of
apple such as the Permain and Costard, which were particularly suited to cider making. It was once again
the monasteries that were the prime manufacturers and retailers of cider, although cider making was also
practised in manor houses and on farms.

The first spirits (i.e. distilled alcoholic beverages) were almost certainly originally imbibed for medicinal
rather than social reasons. The Italian city of Salerno was the location of the first medical school to be
established in western Europe, and it was here that many Greek, Latin and Arabic medical texts were
translated. A compendium of medicines from the Salerno school in the early Middle Ages refers to aqua
ardens (burning water). Certainly spirits produced at this date would have been somewhat ‘rough’ by modern
standards, and their restriction to medical applications is understandable.

Over the years distillation techniques improved, a particularly important innovation being the introduction
of water-cooled condensers, but in general the principal practitioners of distillation remained doctors and
apothecaries. Then in sixteenth century France the large-scale distillation of wine commenced, although it
was the Dutch who provided the chief stimulus to the expansion of production. Not only was there a demand
for the distilled beverage in the Netherlands, but the Dutch, being a great seafaring nation, needed large
quantities of the spirit to service their ships, both because it helped to stop the drinking water going brackish
and because it was a more efficient way of transporting the alcohol required for a long voyage. It was the
Dutch who set up distilleries in the wine producing regions of France, calling the product brandewijn (burnt
wine), from which the English word brandy derives.

At about the same time, a number of other spirits began to be made in quantity. Any fermented solution can
be concentrated by distillation, and in consequence a great many kinds of spirit are made. The taste depends
upon those compounds, apart from ethanol and water, which come over in the distillation process, and any
flavorings that are added during the process of manufacture. A spirit that was first produced on a large scale in
the late sixteenth century is vodka (Section 3.4.3), which today is almost solely ethanol and water, although
various flavorings have been used in the past. Many materials can be fermented to produce the alcohol prior
to distillation, but modern European legislation states that if vodka is prepared from anything other than
cereals or potatoes, this must be stated on the label (Rogers, 2007). Vodka now has a world-wide popularity,
but the traditional vodka belt stretches from the Nordic countries, through Poland and the Ukraine, to the far
east of Russia. Another spirit originating in the sixteenth century is Akvavit (Section 3.4.3). A drink of the
Scandinavian countries, it is based on alcohol distilled from potato or grain, and flavored with a variety of
herbs, most commonly caraway. The name Akvavit is a Nordic corruption of the Latin aqua vitae. Gin, which
was first produced in the Netherlands in around 1650 for medical purposes, is made mostly by redistillation
of grain spirit, to which a mixture of spices (‘botanicals’) has been added. Notable amongst the botanicals
in gin is the juniper berry or its essence (Section 3.4.2). In France the new spirit was called eau de genievre
(juniper water), which the English abbreviated to geneva and then to gin.

The whiskies of Scotland and Ireland are highly complex, both in their constitution and production.
According to legend, whiskies have been made in these countries since Celtic times, but as with other spirits,
larger-scale production commenced towards the end of the Middle Ages. The fermented malted barley is
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subjected to two distillations in copper stills of traditional design, which result in the spirit containing a
complex variety of compounds that contribute to the flavor. One major difference between Scotch whisky
(Chapter 3.2) and Irish whiskey (Section 3.3.1) is that in the former the malted barley is dried over smouldering
peat, whereas in the latter case sealed ovens are used. The distilled spirit is matured for many years in oak
casks (Whisky.com, 2007). The name whisky or whiskey is an English corruption of the Gaelic uisgebeatha,
which means water of life.

Rum (Section 3.5.2) is made by the distillation of fermented by-products of the cane sugar industry, e.g.
molasses or sugar cane juice, before being matured in oak casks. Production was already established in
Jamaica when the island was captured by the British from the Spanish in 1655. The British, like the Dutch,
had been in the habit of issuing brandy to their sailors, but their new conquest provided them with a more
reliable source of spirit, and the long association between rum and the Royal Navy commenced. Every sailor
received a daily tot of rum until the practice was abolished in 1970. No doubt in part because of its naval
associations, much rum was imported into Britain, via ports such as Whitehaven in Cumbria. Soon after the
production of rum commenced in the Caribbean, demand in the American colonies led to the establishment of
rum distilleries there, the first being in Boston in 1664. Another spirit manufactured in the American colonies
was applejack from cider. The traditional method of production was not by distillation, but by freezing, when
ice crystals formed leaving a more concentrated alcoholic solution behind — a process known as ‘jacking.’
Distillation was also used both in America and in the Calvados region of Normandy, where the famous apple
brandy is still produced (Section 3.8.2).

A liqueur (Chapter 3.9) is a distilled alcoholic beverage with added flavoring and a relatively high sugar
content. It was early in the sixteenth century that the first liqueur was prepared by a monk at the Benedictine
Abbey of Fécamp in northern France. The monks had previously made a medicine by infusing brandy with
various herbs, but it had an unpleasantly bitter taste. By adjusting the recipe the monks made a liqueur that
was highly palatable (Classicliquors.com, 2007). Today Benedictine is still produced to the original recipe,
although no longer by monks. Four different combinations of herbs and spices are prepared (27 ingredients
being used altogether) and each mixture is soaked in brandy. Each brandy is then distilled, aged in oak casks
and then the four are blended together and aged again. Another famous brandy-based liqueur, first prepared
by Carthusian monks in the seventeenth century and still made by them today, is Chartreuse. Supposedly over
100 herbs are used in its preparation. A third liqueur that also has an ancient pedigree is Drambuie, which
is based on whisky rather than brandy. Like many liqueurs the mixture of flavorings used is complex, and
includes heather honey and a variety of herbs. The recipe is supposed to have been given by Bonnie Prince
Charlie to Captain John Mackinnon in gratitude for the latter’s assistance in helping the Prince evade capture
by the pursuing English forces after the battle of Culloden in 1746. Drambuie was first produced on the Isle
of Skye, but it is now made near Edinburgh by a company owned by one of John Mackinnon’s descendants
(Rampantscotland.com, 2007).

In eastern Asia, soju (Section 3.4.4) was possibly the first distilled beverage, distilled for the first time
probably around 1300 AD, during the Mongol war with Korea. The Mongols had learned the technique of
distilling arak from the Persians during their invasion of central and western Asia around 1256. The technique
was then taken up by the Chinese and Koreans (and other Asian nations), whence the latter set up distilleries
originally around the city of Kaesong. Indeed, in the area surrounding Kaesong, soju is still sometimes known
as arak-ju. It is most likely that regular distilling of cereal mashes began in China and Korea at about the same
time, although it is possible that distilled drinks were produced before that time in certain areas of China that
were more closely linked with the trade routes to western Asia and the Arab countries.

In what is now Japan, awamori (Section 3.4.4) was probably the first distilled spirit, made from rice wine
in the Ryukyu Islands in the fifteenth century, possibly from techniques acquired from Thailand, where in
turn, the methods were probably picked up by traders or travellers from further west.
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1.2.3 The Industrial Revolution and the Influences of Science and Technology
(ca. 1750-1900)

Britain was the first nation to industrialize, and the so-called industrial revolution had a dramatic impact
on the production of all manner of articles of commerce. The technological advance that was to transform
the brewing industry was James Watt’s improvement in the steam engine. This was patented in 1769, and
the new engines were manufactured by the firm of Boulton and Watt from 1776. Watt’s design was much
more fuel efficient than the earlier Newcomen engine, which only found application in pumping coal mines
where the fuel was readily available at a low price. The first steam engine to be installed by a brewery started
work in London 1784 and by 1801 there were 14 in the capital. Breweries in the larger cities outside London
started to acquire steam engines from 1793. Steam engines were used to grind the malt and for various
pumping operations around the works. Even before the advent of the new engine, a relatively small number
of breweries had grown into large concerns at the expense of their smaller competitors; now it was only the
larger organizations that could afford the new machines and this further accelerated the growth of the large
breweries at the expense of the small fry.

Brewing benefited from many other technological innovations during the period 1750-1900, but two in
particular stand out as deserving a mention. The introduction of an effective means of cooling by refrigeration,
which commenced in the late 1860s, meant that beer could now be produced all the year round. The boiled
wort had to be cooled before fermentation could commence, and traditionally this had been done by simply
allowing the liquid to cool in open vessels, with the consequence that in the warmer summer months there
was a greater danger that spoilage would occur at this stage. Interestingly, one of the important contributors
to the science of thermodynamics, which provides the theoretical basis for refrigeration, was James Prescott
Joule (1818-1889), who was born into a brewing family and worked in his private laboratory adjacent to
the brewery in Manchester. The other new technology that had a huge impact on the brewing industry was
that of the railways. By 1860 the basic railway network of most of Britain and much of Europe had been
laid out, with the consequence that breweries could transport and sell their products many miles away. This
further consolidated the position of the larger breweries. When the Midland Railway opened its new London
terminus at St Pancras in 1868, the cast iron pillars supporting the roof of the undercroft were spaced so that
barrels of beer from Burton on Trent could be rolled between them.

Whilst Joule’s scientific work was not carried out with the intention of developing a technology that
would find application in breweries, other laboratory workers performed experiments that had more obvious
connections with the alcoholic beverage industries. The fermentation process was studied by the famous
French chemist Antoine Laurent Lavoisier (1743-1794), who weighed the sugar consumed and the alcohol
and carbon dioxide produced, and found them to be equal. This was the first experimental demonstration
of the law of conservation of matter, or as Lavoisier stated in 1789 °...in all operations of art and nature,
nothing is created; an equal quantity of matter exists both before and after the experiment...” There was,
however, uncertainty for many years over the precise nature of the fermentation process. By the late 1830s
it had been established that fermentation occurred in the presence of living yeast cells, which multiplied as
the fermentation progressed, and it was also known that if the yeast was killed by heating, then fermentation
ceased. However the idea that a living organism played an essential role in a chemical process was contrary
to contemporary chemical theory, and the idea was ridiculed in an anonymous article that appeared in 1839
in a journal edited by the famous German chemist Justus von Liebig (1803-1873).

The matter was resolved by the Frenchman Louis Pasteur (1822-1895), who in 1857 demonstrated con-
clusively that fermentation occurred as a result of the metabolic activity of yeast. Pasteur’s first researches
in this area were conducted as a result of problems experienced by a manufacturer who was producing
industrial alcohol by fermenting beet sugar. Lactic acid was being formed as well, and Pasteur demonstrated
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that this was caused by another microorganism (actually a bacterium). Pasteur soon succeeded in separating
the microorganisms responsible for several different kinds of fermentation — alcoholic, lactic, acetic, butyric,
etc. He was then able to show that many of the problems encountered in the wine industry were caused
by contamination with foreign organisms during the production process. This explanation led to methods
prevention of wine spoilage, among them the process of rapid heating and cooling the liquid, i.e. the process
known as pasteurisation.

Pasteur also investigated problems associated with the brewing of beer, and during his research he visited
Whitbread’s brewery in London. As in winemaking, Pasteur demonstrated that spoilage was caused by foreign
microorganisms, either added with the yeast, or introduced from the air. As a result of his work, breweries
soon began to use the microscope to examine their yeasts and their beers.

The labors of well-known figures such as Watt, Lavoisier and Pasteur were of enormous benefit to producers
of alcoholic beverages, but eventually the industry began to realize the advantages of employing its own
chemists to work in on-site laboratories. The first breweries recorded as appointing chemists were the London
firm of Truman, Hanbury and Buxton in 1831, and the firm of Allsop’s in Burton-on-Trent in 1845 (Russell
etal., 1977). By 1876 there were enough brewery scientists employed in Burton for them to form an informal
dining club called the Bacterium Club (Hornsey, 2003e). The brewery chemists analyzed the quality of
the water supply, monitored various aspects of the brewing process by means of instruments such as the
thermometer and hydrometer, and combated problems of infection and spoilage. Probably the best-known
brewery laboratory in the world was that founded by Carlsberg in Copenhagen in 1876, although from the
outset it was as much a research institute as a laboratory directed towards process control in the brewery
(Wikipedia, 2008). Its first director was Johan Kjeldahl (1849-1900) who devised a method of measuring
the quantity of protein in the grain used by the maltsters. The technique has been much used by biochemists
and food scientists ever since. His successor was Sgren Peder Lauritz Sgrensen (1868—1939), who devized
the pH scale for measuring acidity and alkalinity. At first, some companies preferred to use consultants
rather than appoint chemists as full-time employees. An example is provided by the famous English chemist
(Sir) Edward Frankland, who in the mid 1850s was acting as a consultant for Watney and Co. (Russell,
1996). Not surprisingly, some chemists encountered hostility when they introduced their new ideas into a
long-established industry. One new appointee in the late nineteenth century was greeted with the comment
‘Mr Chemist, you know everything. I only know one thing — I know you are wrong.’” (Institute of Brewing,
1986).

During the eighteenth and nineteenth centuries the major beer styles acquired the characteristics and the
names by which they are known today. Traditional English beers are produced by top fermentation, i.e. the
yeast floats on top of the fermenting liquid. English bitter and pale ale, two well-hopped beer styles (Section
2.6.13) are produced by this method. Porter (Section 2.6.13), which was especially associated with London
breweries, has fallen out of favor, but in recent years some breweries have revived it. Porter is usually of a
medium dark color as a result of the extent to which the malt is toasted. The Guinness brewery in Dublin
manufactured a darker product, which from 1820 was known as extra stout porter, subsequently abbreviated
to stout. However, the most popular kind of beer in the world today is lager, produced by bottom fermentation.
This type of beer was first brewed in cool caves in Europe about 500 years ago. Its production on a large scale
only became feasible after the introduction of refrigeration in 1876, as the fermentation is conducted at a
temperature of 5-10 °C, at which temperature the yeast sinks to the bottom. The beer is then allowed to age for
60-90 days in a store designated by the German word lager, and hence all bottom-fermented beers are known
as lagers. There are varieties of yeast that are specially adapted to bottom fermentation, and another major
achievement of the Carlsberg laboratory was the isolation of one of these, Saccharomyces carlsbergensis, by
Emil Christian Hansen in 1883. Lager beers have subsequently become enormously popular in Europe, the
USA and Australia. The town of Pilsen, in the Czech province of Bohemia, gave its name to a golden colored



26 Introduction, Background and History

bottom fermented beer variously known as Pilsener, Pilsner or Pils, and other varieties of lager are associated
with Ceské Budéjovice (Budweis), Dortmund, Munich and Vienna.

The winemaker, like the brewer, is faced with the problem of avoiding unwanted processes occurring
during production and storage, which will spoil the final product. It has already been noted that the Romans
used sulfur dioxide as a sterilant. The technique was to burn a sulfur candle in the vessel before adding the
wine. Sulfur dioxide acts both as an antimicrobial agent and as an antioxidant, and today it can be used at all
stages of the wine making process, from crushing to bottling. Fortunately the yeasts that cause fermentation
are less susceptible to sulfur dioxide than the spoilage organisms. Another practice dating from ancient times
was the addition of lead compounds to wine. Lead in solution inhibits the growth of microbes, and if lead
oxide is added to wine in which acetic fermentation has occurred, or in which the ethanol has been oxidized
significantly, it will react with the acetic acid to form lead acetate. This has a sweet taste, so lead oxide not
only arrested the spoilage of wine, but restored its taste. However, lead is poisonous to humans, and wine that
contained lead was responsible for a range of illnesses amongst consumers, which on occasions were fatal.
It was not until the eighteenth century that the dangers of adding lead compounds to wine were generally
accepted and the practice was outlawed.

Apart from Lavoisier and Pasteur, a number of other French scientists performed important work of rele-
vance to the alcoholic beverages industry, especially winemaking. In 1801 Jean-Antoine Chaptal (1756—1832)
published a book on winemaking, which had a significant impact, advocating that some traditional practices
should be discarded in favor of a more rational approach. Among his recommendations was that sugar could
be added to grape juice if without it the resulting wine contained too much acid relative to the alcohol to be
palatable. Although this idea had earlier been suggested by others, it was Chaptal’s advocacy that resulted in
its adoption, and the process is known today as chaptalisation.

In Europe in the nineteenth century, a series of disasters befell the wine industry. In the 1840s, powdery
mildew, a fungus native to the USA, was first found on European vines. It had the effect of reducing yields and
producing off flavors in the affected grapes. The problem gradually increased, especially in France, where the
vintage of 1854 was disastrous. Sulfur is an effective fungicide against powdery mildew, but it was only after
the crisis of 1854 that most French growers adopted the remedy. But much more serious was the phylloxera
epidemic, which commenced in the 1860s. Phylloxera are tiny yellow sap-sucking insects that attack the
roots of the vine, causing damage which, coupled with the secondary fungal infections introduced by the
insects, is lethal to the plant. Phylloxera was endemic in North America, where the native grapes species
were naturally resistant, but the European vinis vinifera was highly susceptible. The effect was devastating,
especially in France, where total wine production fell from 84.5 million hl in 1875 to 23.4 million hl some
20 years later. Many remedies were tried, which ranged from the rational (injecting insecticide into the soil)
to the superstitious (burying a dead toad under each vine), but the eventual solution was to graft European
grape varieties on to North American rootstocks. Suspicions that the taste of the grapes might be affected
proved unfounded. The two scientists most closely involved with developing this remedy were Charles
Valentine Riley (1843-1895), an entomologist working at the US Department of Agriculture, and Jules Emile
Planchon (1823-1888), head of botanical sciences at the University of Montpellier. As a result the European
wine industry recovered, but nevertheless many vineyards were never replanted. The solution to phylloxera
brought another problem in its wake, namely that of downy mildew, which was introduced on the imported
rootstocks. An effective agent to combat this fungus, a mixture of copper sulfate and hydrated lime, was
developed by Pierre-Marie-Alexis Millardet (1838—1902), professor of botany at the University of Bordeaux.
It is still used as a fungicide under the name Bordeaux mixture.

Just as the term ‘beer’ had come to acquire an agreed meaning, it was during this period that regulations were
first established concerning what practices were permissible for a certain type of wine and what nomenclature
could be adopted. An early demonstration of the importance of having agreed procedures associated with a
particular product was provided by port wine in the early eighteenth century. By 1730 the English thirst for
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port had risen so much that the producers were unable to meet the demand so they began to blend inferior
wines with the genuine ones from the Douro. They also added extra sugar for sweetness and elderberry juice
to obtain the required color, and they flavored the wine with pepper, cinnamon and ginger. The consumers
soon detected the reduction in quality, and in consequence the amount of port shipped to England fell by
more than 50% between 1728 and 1756, and the price fell by more than 80%. The Portuguese government
reacted by designating the area within which Douro wine could be made, thus creating the world’s first
officially controlled wine-growing region. The wine-making process was also supervised. These measures
were extremely effective, and by the 1770s exports to England were about 50% higher than they had been
before the malpractice commenced.

Legislation similar to that pioneered by Portugal now exists in many wine growing countries for their high
quality wines; an example being France which awards the designation Appelation Controlée (or Appelation
d’Origine Contro6lée). This delimits the geographical boundaries of the area in which the named wine can be
grown, and governs matters such as which grape varieties can be planted, how they should be pruned, when
the harvest may begin, etc. However, with the exception of Portugal, such legislation was not introduced
into most countries until the twentieth century, but well before that time distinctive styles of wine had come
to be associated with certain countries or regions. Thus the Bordeaux region of France became associated
with a style of high quality red wine called claret by the British, although the region is also famous for its
white wines. Other regions of France associated with particular wine styles are Burgundy (Bourgogne) and
Champagne. In 1855, prior to the Universal Exhibition in Paris, Napoleon III requested that a quality ranking
be given to the best Bordeaux wine-producing chateaux whose products were to be on display to visitors.
The result was the cru system of classification, in which the 61 best red wines were placed in five categories
ranging from Premieres Crus (first growths) to Cinquiemes Crus. All the wines were from the Médoc region
with the exception of one of the four Premieres Crus (Chateau Haut-Brion), which was from the Graves
region (Pessac). The white wine classification was limited to the sweet wines of Sauternes and Barsac, and
comprised one Premiére Cru Supérieur (Chateau d’Yquem), with 11 Premiéres Crus and 15 Deuxiémes Crus.
The classification has remained almost unchanged ever since, the only significant modifications being the
addition of another Cinquiéme Cru in 1856, and the elevation of Chateau Mouton Rothschild from Deuxi¢me
to Premiere Cru in 1973. Not to be outdone by Bordeaux, Burgundy soon introduced its own cru classification,
with the result that about 600 vineyards now qualify for the appellation Premier Cru, and 33 Grand Cru.
The Champagne region also introduced its own cru classification in which each of the 300 villages in the
region was given a percentage score indicating its grape growing potential. Grand Cru status is held by the 17
villages graded at 100%, and Premier Cru by the 38 villages graded at 90-99%. No village producing grapes
for Champagne is graded at less than 80%. Some growers make their own champagne, but most sell their
produce to the champagne houses or to cooperatives. Most champagne is therefore made from grapes from
a variety of sources, but the famous champagne houses (the Grandes Marques) strive to use grapes with the
highest possible average percentage score.

The story of whisky production in Scotland in this period is not so much one of changes in the methods
of production, but one of an ongoing battle between the thousands of illicit distillers and the excise men.
The Scottish Parliament had already started to tax the whisky in the preceding century, but after the Act
of Union between England and Scotland in 1707, the taxes became ever more oppressive. Evasion of an
unreasonable duty on the national beverage imposed by a government regarded as foreign was seen as
acceptable behavior, and anecdotes abound of illicit stills in the countryside, of whisky being stored under
pulpits or being transported in coffins, and there is one story of a 70 yard underground flue being constructed
from an illicit still to a cottage chimney so that the smoke would not arouse suspicion. The situation was
eventually brought under control when the Duke of Gordon, on whose land a number of illicit distillers
operated, proposed in the House of Lords that all distilleries should be licensed, and that a fair duty should be
paid on the whisky produced. This eminently sensible proposal was incorporated into the Excise Act of 1823,
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and enabled whisky distillers to operate legally and to make a fair profit. Within 10 years almost all the illicit
stills had disappeared.

A very similar situation existed in eighteenth century Ireland with the illicit production of their whiskey,
but in this case one of the hated excise men was to perform an a valuable service for the industry. In 1821
Aeneas Coffey (ca.1780-1852) commenced experiments to devise a still, which made illicit abstraction of
the product impossible. In 1824 Coffey resigned from the excise service to continue his experiments, and by
1830 his design was perfected. Aside from any possible benefits to the revenue, the Coffey still performed
fractional distillation on a continuous basis and thereby produced spirit more quickly and more cheaply than
the traditional pot still, which distils one batch at a time. The Coffey still (Section 3.1.3) continues to be
widely employed in the production of spirits.

Licensed Scotch whisky distilleries increased in number and size as a result of the 1823 Excise Act, and
this enabled modern whisky styles to evolve. The Coffey still was introduced for the manufacture of grain
whisky, which is made by adding unmalted barley or other grains to malted barley prior to grinding. Malt
whiskies are produced solely from malted barley, with two distillations being performed on the fermented
wort using traditional pot stills. Blended whiskies contain 10-50% malt whisky mixed with grain whisky. In
1877 the Distillers Company was formed by the amalgamation of six grain distilleries, and it eventually grew
to dominate the Scotch whisky industry. Whiskies are made in many countries, but to be called ‘Scotch’ a
whisky must have been distilled at a licensed Scottish distillery and must have been matured in oak casks in
Scotland for at least three years. Among the more famous whiskies produced outside Scotland is Bourbon,
which gets its name from a former county of that name in the state of Kentucky. It was first produced there in
the eighteenth century, and is made from a grain mixture containing mainly corn (maize), the remainder being
wheat and/or rye, and malted barley (Section 3.3.4). It is aged in charred oak barrels. At around the same
time the first whiskies were made in Canada by Scottish immigrants, and as a result the Canadian beverage
is spelt the Scottish way (whisky) rather than in the Irish or American manner (whiskey).

Like the whiskies, other spirits acquired their modern characteristics during this period. Cognac (Section
3.6.2) emerged as one of the most famous brandies, and to be called a cognac the brandy must be distilled
from wine made from certain specified white grape varieties grown in the Cognac region. The classification
system was introduced by Hennessy, the firm founded in Cognac by the Irish immigrant Richard Hennessy
in 1765, and indicates what period of aging in oak barrels the cognac has undergone, although the system
is used on other brandies as well. The letters ‘AC’ indicate two years’ ageing, ‘VS’ indicates three, “VSOP’
four and ‘XO’ six. In the nineteenth century, the Coffey still started to be used in the rum industry, and now
the majority of rum is distilled by this technique (Section 3.5.3). The Coffey still produces a lighter rum than
the pot still. After distillation the product is aged for at least a year, and is then usually blended to ensure
consistent quality. In the nineteenth century the liqueur industry expanded considerably, especially in France.
The most widely used technique is to add fruit or herbs to a spirit and then redistill (Sections 3.9.2 and 3.9.3).
The distillate is then sweetened and possibly further flavoring may be added in the form of essential oils or
clear vegetable extracts (Section 3.9.6)

1.2.4 Modern Times and Newer Processes (ca. 1900—Present Day)

In the early years of the twentieth century, the alcoholic beverages industry faced a threat that had been
growing slowly for many years. This came from various temperance groups and societies opposed to the
activities of the industry. They argued that alcohol consumption was a social evil, stressing that drunkenness
resulted in family poverty, domestic violence, crime, insanity, immorality and suicide, to name but a few.
Almost every country in the western world had its societies opposed to the industry, although their character
varied considerably (Section 5.6.1). The movement was weakest in France, where the production of wine was
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of huge economic importance and a matter of national pride, and its consumption was a national pastime.
In as far as there was opposition to alcohol in France, it was mainly spirits which came in for criticism, for
there was a reluctance to believe that the intoxicating principle in wine and spirits was the same substance
in different concentrations. The temperance movement was stronger in Britain and the USA, although the
many groups had different objectives. Some campaigned for an outright ban, while others wanted to ban just
the sale of spirits or restrict the locations where alcohol could be sold and the times at which it could be
purchased. In Britain it was the outbreak of World War I in 1914 that was the spur to the enactment of the first
legislation (Section 5.6.1). There was a fear that inebriated personnel might disclose information to enemy
spies, especially in the ports, and that drink might result in a reduction in efficiency of workers in factories
producing goods for the war effort. Accordingly, restrictions were placed on the opening hours of public
houses, brewers were forced to reduce the strength of their beer and excise duty was increased substantially.
By the end of the war, beer consumption in Britain had fallen dramatically.

In the USA, individual States had on occasions banned alcohol at various times in the nineteenth century,
but in 1920 the temperance movement achieved what it must have regarded as a triumph when prohibition
was introduced. Although this had a serious effect on the alcoholic beverages industry, not all producers were
forced to close. Products containing up to 0.5% alcohol by volume were permitted, and breweries produced
drinks marketed as ‘cereal beverages’ which satisfied this criterion. They were known by the public as ‘near
beer.” An illegal practice was to add alcohol to near beer through the cork using a syringe, and the product
was called ‘spiked’ or ‘needle’ beer. Some vineyards sold grape juice or bricks of dried grapes. These were
often marketed with the warning that they could produce an alcoholic beverage if mixed with sugar, water and
yeast — just what one needed to know for clandestine operations in the back kitchen. Not surprisingly alcohol
continued to be available through illicit shops and bars (‘speakeasies’). The ban undoubtedly encouraged
criminality, and the Chicago gangsters Al Capone and his rival Bugs Malone made millions of dollars by
selling illegal alcohol. In 1933 prohibition was rescinded. Prohibition was also in force in Canada around the
same time, but the laws were enacted (and repealed) on a province-by-province basis and in a much looser and
less well-defined manner. Nordic countries, with the exception of Denmark, also had periods of prohibition,
and they still strictly control the sale of alcohol.

In Britain demand for beer picked up after World War I, and the industry revived in the USA after prohibition.
However, in Britain, after the post World War I peak, there was a gradual decline in beer consumption. At
the same time the number of common brewers decreased, as a result of closure, merger or takeover, while
the size of the remaining companies increased. A typical example of this can be seen in Table 1.2.1, which
traces the number of breweries in the (now) city of Cambridge from the late nineteenth century to the present
day. This situation was partly due to the same factors that had started the process in the nineteenth century,
especially the continuing improvement of the transport system, but also the rise of the advertising industry
resulted in the promotion of nationally recognisable brands. Another reason was that many brewers owned a
considerable number of pubs (tied houses), and as a result they were taken over by larger brewers who wished to
increase the number of outlets for their products. The process of amalgamation has occurred the world over,
with the result today that the largest breweries (along with their brands) in many countries are owned by
national or international companies, most of which have diversified interests in other areas of the food, drink

Table 1.2.1 Decline in number of breweries in the borough (now city) of Cambridge, UK

Year 1888 1900 1925 1950 1975 1984 2008

Number of breweries 30 13 6 5 0 1 1+

*There are also two small breweries just outside the city boundary: one in Milton and one in Chittering.
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or leisure industries. Most of the world-famous beers are owned by these companies: for example Beck’s
(Germany) is owned by Anheuser Busch InBev, Pilsner Urquell (Czech Republic) by SABMiller and Guinness
(Ireland) by Diageo. By1999, the 10 largest groups controlled half the world beer market (see Section 1.3.2,
Tables 1.3.1 and 1.3.2).

Scientific research and technical innovation continued to play a crucial role in the development of the
industry. Beer was sold in bottles in England as early as the seventeenth century, but sealing the bottles was
a problem. Holding down conventional corks with copper wire was not always successful. The crown cork
(or crown cap) was invented in 1891, which not only provided a reliable seal, but meant that the bottling
process could be automated. Another problem that technical developments were able to overcome around
this time was that the bottled beers displayed cloudiness unless poured very carefully. This was due to a yeast
suspension from secondary fermentation occurring in the bottle. Cloudiness was not really noticeable in the
darker colored beers (porter and stout), but in the paler products that were gaining in popularity at this time
it was undesirable. A variety of techniques were employed to render the beer completely clear and prevent
further fermentation occurring. These included pasteurization, refrigeration and filtering (Section 2.6.9). Once
the possibility of secondary fermentation had been removed there was no way that further carbon dioxide
could be generated in the bottle to render the product sparkling, so the beer was artificially carbonated. These
technologies were developed for bottled beer at the end of the nineteenth century, but were also applied when
canned beer was introduced in 1935. Initially the cans were made of tinplate, but aluminium cans began to
be used from 1959. At about this time breweries started to supply bars and public houses with beer treated in
a similar manner and delivered in aluminium containers called kegs (Section 2.6.11). The barperson, rather
than pump the beer up from a wooden barrel by a hand pump (Section 2.6.11), merely turned a tap and the
beer was forced up by the pressure of carbon dioxide from a cylinder of the gas connected to the keg.

In the latter part of the twentieth century many breweries replaced their fermenting vessels with much
larger cylindroconical tanks (Section 2.6.8). At the end of the fermentation, the yeast sinks into the conical
lower portion of the vessel where it can be easily removed. An innovation for which there was initially much
enthusiasm around 1960 is continuous fermentation (Section 2.6.8). In principle the idea is very attractive, for
the yeast is immobilized and the wort passes through it on a continuous basis. This should result in a shorter
production time being required to produce the beer, involve less time spent on cleaning operations than with
the batch process, and hopefully give a more consistent product. However, although the process is used by
some breweries, particularly for rapid maturation, it has proved to be difficult to operate and it has not been
generally adopted.

Guinness’s bottled stout was a famous drink throughout Britain during the first half of the twentieth century,
advertized under the slogan ‘Guinness is Good for You.” In 1964 draught Guinness was introduced, with the
kegs containing nitrogen under high pressure, which resulted in a creamy head of fine bubbles forming on
the drink when the liquid was forced through fine holes in a plate in the tap. So successful was this that the
company embarked on research to replicate the effect on Guinness sold in cans. The result was the widget,
a hollow plastic insert in the can that contains both the beer and nitrogen under pressure. Opening the can
causes beer to squirt out of the widget, thus stirring the beer in the can and causing the release of further
dissolved nitrogen as small bubbles. The idea has been adopted by a number of other brands, which are known
as cream flow beers.

Towards the end of the twentieth century increasing health concerns created a demand for beers of reduced
alcohol and/or carbohydrate content (Chapters 2.13 and 5.7, respectively). These are variously marketed as
light (or lite), diet or low calorie beers. In the UK, for a beer to be described as alcohol-free it must contain
no more than 0.05% alcohol, whereas up to 0.5% alcohol is permitted in the rest of the European Union.
In the UK a beer designated as low alcohol must have no more than 1.2% alcohol. Thus consumer demand
has led to the production of beers somewhat similar to those forced on an unwilling American public during
prohibition.
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A much more significant example of consumer pressure altering the practice of breweries in the UK is
provided by the activities of CAMRA (Campaign for Real Ale) and similar groups. CAMRA was founded in
1971 to put pressure on breweries and public houses to provide traditionally produced cask-conditioned ales
as an alternative to the keg beers, which by then had become almost universal (Section 1.3 4). Older styles of
beers such as porter have been reintroduced, and the use of older flavorings such as coriander has been revived
(Section 2.6.13). The campaign has been an undoubted success and cask-conditioned ales are now available
in 65% of all public houses in the UK, and while overall beer consumption in the UK continues to fall slowly,
the sale of cask-conditioned ales continues to rise. An allied change is that many public houses are once again
brewing their own beer (real ale) in so-called microbreweries (Sections 1.3.3 and 1.3.4). This section of the
market is growing strongly, aided by the introduction by the UK Government of a lower duty on beer produced
by small breweries, and by increasing environmental concerns expressed by consumers (a locally produced
beer has fewer ‘beer-miles’). Among the many examples of microbreweries that can be cited is that owned by
the Kirkstile Inn in the small village of Loweswater in the English Lake District. The landlord currently sells
30 000 I per annum of his own beer, 6000 1 per annum of cask conditioned ales from other local breweries
and 9000 1 per annum of other beer, lager, Guinness and cider. If these figures seem large for a village with a
total population of around 200, it must be remembered that a large part of the consumption is by visitors who
come to this beautiful part of England and visit this lovely traditional hostelry. Another consumer demand
that has grown recently is that for organic beer (Section 1.3.12). Although sales are still small, beers produced
from organically grown barley and hops are increasing in popularity.

Looking again to the East, rice wine brewing technology advanced steadily during the twentieth century,
particularly in Japan. The Japanese Government opened the Sake Brewing Research Institute in 1904, which
was to become the focus of developments in sake brewing. Yeast and mould strains were isolated and those
that were most beneficial to the brewing process were identified and cultured. Amongst other changes,
enamel-coated steel tanks replaced wooden vats for the storage of sake. The tanks were not only considered
more hygenic than wooden vats, but they also prevented the 30% loss due to evaporation in wood vats, thereby
increasing the government’s tax revenue from sake. Like its western counterparts, sake has long been taxed
by the government. Again, like its western counterpart, the fortune of rice wine in general has been has been
subjected to the vagaries of ecomomic and social changes, including wars.

During the Russo-Japanese War in 1904-1905, the government banned the home brewing of sake and
toward the end of World War II, limitations were imposed on the use of rice for brewing, because of rice
shortages. The World War II period also witnessed necessary production changes and innovations, some of
which are still in use today. In the late seventeenth century, it had been discovered that small amounts of rice
wine spirit could be added to sake before pressing to extract extra aromas and flavors from the rice solids,
but during World War II, pure alcohol and glucose were added to relatively small quantities of rice mash,
giving a considerably increased yield of sake. Today, much of Japan’s sake is produced by a similar method,
although more traditional methods are still in use (Section 2.7.1). The popularity of sake in Japan has more or
less waned since 1945, in favor of shochu, domestic and imported whisky, wine and other drinks. However,
sake has become a popular drink in many other countries, new sake breweries springing up in countries as far
apart as Australia and the USA.

Prior to the annexation of Korea by Japan, rice wines were, along with soju, the everyday alcoholic
drink of the Korean people, much of it home-brewed. However, during the period of Japanese occupation
(1907-1945), the Government General of Choson collected a liquor tax from Korean people, which eventually
led to the near disappearance of traditional brewing in Korea. Even as early as 1916, the severe control of
alcohol liquor manufacture had reduced the variety of Korean alcoholic drinks to basic yackju, makkoli and
soju and the production of high quality Korean traditional alcoholic beverages had diminished. By 1930,
the recipes for brewing unique regional and provincial liquors had been put aside and these special drinks
had disappeared.
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After the liberation of Korea in 1945, a frequent shortage of rice and other grains led to a marked
deterioration in the overall quality and consistency of Korean rice wines. Since the 1990s, however, the
consistent use of rice for brewing, along with technical advances in the brewing process, has resulted in a
steady increase in quality of all the different kinds of rice wine, so that today the consumer has a wide choice
of high quality rice wines, including flavored versions (Section 2.7.1).

The grape wine industry in the twentieth century saw a series of dramatic changes, especially after the
end of World War II. Shifting patterns of demand and supply, changing consumer preferences and continued
improvement in transportation systems (especially containerized freight) all conspired to create opportunities
for some wine producers and problems for others. Demand fell steadily in the traditional wine consuming
countries of Europe, whereas production increased. In the late 1940s, per capita consumption of wine in
France stood at 150 1, but 50 years later it had declined to 60 1. The social and cultural changes responsible
for the decline have been much discussed, but one reason seems to be that as the standard of living has
improved, the average French family, instead of consuming large quantities of vin ordinaire with every meal,
now drinks smaller quantities of better quality wine. Another reason is the growing awareness of the dangers
of consuming alcohol at the workplace or before driving a car. The reduced consumption in France, which
was mirrored in other countries such as Italy, resulted in a vast European stockpile, called the ‘wine lake.” In
the early 1980s, the European Economic Community (as it was then called) sought to remedy the situation by
forcing the distillation of some of the surplus to produce industrial alcohol, and introducing a compensation
scheme to encourage farmers to pull up their vines and grow something else instead. This policy had the
effect of reducing the total area of vineyards in Europe from 4.5 million hectares in 1976 to 3.4 million in
1997, and the huge surplus of European wine has almost disappeared.

As demand was declining in Europe, more efficient methods of production were being introduced around
the world. Traditionally, caring for a vineyard had been a very labor intensive business, but the introduction
of tall tractors with wheels that could straddle a row of vines meant that operations such as spraying could be
carried out much more quickly and more thoroughly, and picking could be mechanized. Many changes have
been introduced into the winemaking process itself, the aim being to improve efficiency or quality (or both).
Refrigeration is often employed to preserve the quality of grapes or juice prior to fermentation, and some
winemakers delay fermentation for long periods so that production can be continued in batches for much
of the year. Although some winemakers still use traditional wooden vats and barrels for fermentation and
maturation, vessels made out of stainless steel are now common (Sections 2.9.1 and 2.9.2). These can be very
large compared to their wooden counterparts, and careful temperature control and cooling by refrigeration
may be required to dissipate some of the heat produced in fermentation. This is especially important for
white wines for which low temperature fermentation produces the best results. To press the juice from the
grapes, the traditional wooden basket press has now largely been replaced by the pneumatic press, in which
a slowly inflating airbag within a rotating perforated steel cylinder gently expresses the juice (Sections 2.9.1
and 2.9.2). Pumps and pipes are now universally employed to move liquids around. Sulfur dioxide is now
added to wine in the form of potassium or sodium metabisulfite, which being solid is much easier to handle
(Sections 2.5.2 and 2.5.3).

Traditional fermentation relies on yeasts existing on the skins of grapes or in the winery to enter the
vat naturally. Usually inoculation by these so-called wild yeasts occurs satisfactorily, but sometimes a
fermentation is slow to start, and a batch becomes stuck. Cultured yeast strains are now available to initiate
fermentation in a reliable and consistent manner, but their use is still attended by considerable controversy.
Another possibility available to the modern winemaker is to induce malolactic fermentation, the process by
which malic acid is converted to lactic acid. The organisms responsible are bacteria (e.g. Oenococcus oeni)
(Section 2.3.2) rather than yeasts. The process can occur naturally during primary alcoholic fermentation,
but the winemaker usually suppresses this using sulfur dioxide to prevent undesirable strains of bacteria
producing off flavors. Malolactic fermentation is then induced at a later stage by inoculation with a suitable
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strain of bacteria. Most red wines and an increasing number of whites now undergo this process, the effect
being to increase the stability of the wine, and to make it taste softer, but more complex. Research has been
done to investigate the possibility of carrying out wine fermentation on a continuous basis. Experiments have
been performed using yeast cultures immobilized on cuts of apple or quince, but so far this has not become a
standard method in wine production.

While few would disagree that the traditional Champagne method (Section 2.9.3) produces the best
sparkling wine, new (and less expensive) techniques were devised in the twentieth century. A simple method,
which is only used for the cheaper wines, is to pump in carbon dioxide under pressure immediately before
bottling. A more sophisticated process is one in which the carbon dioxide is produced by a second fermentation
in a large tank (cuvée close), rather than in the individual bottles as in the true Champagne method.

Beaujolais is a wine that has received more attention in the second half of the twentieth century, mainly
through the clever marketing of Beaujolais Nouveau. The fermentation technique employed is that of carbonic
maceration (Section 2.9.2), in which whole bunches of grapes are allowed to ferment in an atmosphere of
carbon dioxide. To a certain extent this used to occur naturally in barrels of grapes awaiting processing, when
the grapes at the bottom became crushed, started to ferment and the carbon dioxide released displaced the
air from around the grapes higher up. The process is now done on a controlled basis by pumping carbon
dioxide into tanks containing the grapes. Fermentation takes place within the intact grapes, and after pressing
and pasteurization to inhibit malolactic fermentation the wine is bottled. The carbonic maceration method
produces a light fruity wine low in tannins that is best if drunk young. Sales have soared as a result of publicity
surrounding the races to get the new wine to markets around the world immediately after the official release
day a few weeks after harvest.

There is general agreement that good quality wines benefit from being aged in new oak barrels, but this is
of course an expensive process and a modern alternative is to allow the wine to mature in a tank containing
oak chips (Section 2.9.5). Traditionalists rightly point out that the effect is not quite the same, but their
opposition to another innovation, namely plastic stoppers or screwcaps in place of corks, would appear to
have little foundation. Prior to bottling, most wine is clarified to remove any traces of sediment or any
remaining organisms. The new method of achieving this is by centrifugation or filtration, but the traditional
method of fining is still much used (Section 2.9.4). Beaten egg whites are often added to wine matured in
wooden barrels, while a type of clay called bentonite is used in larger tanks.

The alcohol content of wines varies considerably. Wines produced in cooler areas will, unless chaptalized
prior to fermentation, be lower in alcohol (sometimes lower than 9%), but in general the alcohol content
of wines has tended to increase in recent years, now typically being of the order of 12-14%, although
fashions change from country to country and from year to year. In consequence a demand has grown for
lower alcohol wines, and in the UK in 2007, the supermarket chain Sainsbury’s launched their ‘Ten%’ range
of wines. However in the same year the UK Food Standards Agency banned a company from selling wine
reduced to 8% alcohol because the technology used to reduce the alcohol content (spinning cone column)
(Section 2.13.3) was unauthorized. In California the Ariel company produces nonalcoholic wine (less than
0.5% alcohol) by the use of reverse osmosis (Section 2.13.3). Starting with wine of normal composition, the
process removes both alcohol and water, so the resulting syrup is diluted with pure water. In the same way
that a demand has arisen for organic beer, there is now likewise a market for organic wine, with the grapes
being grown without synthetic fertilizers fungicide or pesticides, and without the use of sulfur dioxide.

While wine continues to be by far the most popular drink based on a fermented fruit juice, cider sales have
been growing in recent years. In the UK one company, H.P. Bulmer, has more that 50% of the market (Sections
2.8.6 and 2.8.8). Perry experienced a surge in popularity in the UK after the launch of the Babycham brand
in 1953, but its popularity declined in the 1970s. However, it was probably Babycham more than any other
drink that introduced ladies in Britain to the pleasures of alcohol consumption. For many years concentrated
grape juice has been imported into Britain to be diluted and fermented to produce so-called ‘British’ wines.
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In the days when no grapes were grown in Britain for commercial production of wine, this labeling did not
cause confusion. Nowadays, as a result of the efforts of an intrepid band of pioneers (such as Ray Barrington
Brock, Edward Hyams, Gillian Pearkes, Sir Guy Salisbury-Jones and Jack Ward) and a warmer climate, the
country boasts over 350 vineyards and in consequence there is now an element of misunderstanding. The
wine from these British vineyards is labeled ‘English,” “Welsh’ or ‘United Kingdom.” Most of the vineyards
are located in the southern parts of England and Wales, but a bold experiment is taking place in the north of
England at High Cup Wines on the edge of the Pennines in Cumbria. The principal products are wines made
from fruits such as elderberry and damson, but six varieties of grapevines are grown. The most successful at
yielding wine so far has been the red V. vinifera—V. amurensis hybrid Rondo.

We have seen how international companies emerged in the brewing industry in the twentieth century.
A similar process occurred in the wines and spirits industries. One such company is the French concern
Pernod-Ricard, which was formed in 1975 by the merger of the rival Pernod and Ricard concerns. They both
manufactured pastis, a drink similar to absinthe, but with a lower alcohol content and without wormwood,
which was introduced after absinthe was banned in 1915. In recent years the company has acquired Irish
Distillers, Orlando Wyndham (makers of Jacob’s Creek wines), 38% of Seagram’s wines and spirits business
and Allied Domecq. Another large concern is the Japanese company Suntory, which produces beer and
spirits in Japan, and has also branched out into the genetic engineering of plants with the Australian company
Florigene, in which it now holds a 98.5% share. In 1987 a significant proportion of the Scotch whisky industry
came under the ownership of United Distillers, which was formed from the merger of the Distillers Company
Limited with Arthur Bell and Sons. It is now part of the Diageo group, which owns many world famous
brands of beers, wines and spirits, producing one third of all Scotch whisky.

In the second half of the twentieth century, the pattern of whisky consumption changed. In the 1950s,
the consumption of single malts was largely confined to Scotland, with the export trade consisting mainly
of blended whisky (that is to say malt whiskies blended with grain whiskies). Somewhat confusingly, the
term single malt refers to a blend of malt whiskies from a single distillery. In most cases, these will be malt
whiskies from different casks and from different distillation batches (from different years) vatted together in
a tank or vat for consistency, although the age statement on the bottle label (e.g. 15 years old) must reflect the
wood-maturation age youngest component (Section 3.2.5). Gradually the rest of the world acquired a taste
for single malts, with the result that they are now the flagship product of the industry worldwide. Demand
for blended whiskies, including ‘de luxe’ blends, is still high, especially in some European countries (France
and Italy) and in Asian countries such as India and South Korea.

Production of Korean soju, like rice wines, suffered under Japanese rule, but was revived after the liberation
of the country in 1945. However, Korea at that time was a poor country, a situation not helped by the
Korean War (1951-1953), and many of the traditional recipes had been obscured or even lost. On top of
that, raw materials for the production of soju, especially rice, were periodically scarce. During the period
1965-1991, the Korean government amalgamated and reorganized the distilleries into regional and provincial
conglomerates and forbade the direct production of soju from fermented rice mash. Instead, highly rectified
spirit from any source was mixed with water and flavorings to create what is known as diluted soju. Although
the restriction has now been lifted, this cheaper version of soju continues to be made this way and is presently
the more popular form of the drink, and altogether, soju may well be the world’s most highly consumed spirit
(Section 3.4.4).

The Korean government regulates the alcohol content of diluted soju to less than 35% ethanol by vol-
ume; in practice it is usually 20-25% ABYV. Since the 1990s, several regions have resumed the traditional
production of soju, by the distillation of grain (especially rice) mashes or wines, resulting in what is known
as distilled soju, the original version. The soju from the city and environs of Andong is the most famous of
all, with an ABV around 45% and having a powerful, malty character. There is now (2009) a trend amongst
distillers to produce lighter, less powerful traditional versions of soju with alcohol contents of around 20%
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(v:v) in reply of the popular move towards milder, less alcoholic spirits (a trend also occuring in Japan)
(Section 3.4.4).

1.2.5 The Development of Analytical Methods

We have seen how during the nineteenth and twentieth centuries there was an improving level of understanding
concerning many of the processes involved in alcoholic beverage production. The scientific explanations of
what had for many years been the work of craftsmen, and the introduction of new techniques, had resulted
in many changes in the production of beers wines and spirits. But not surprisingly there was an increasing
demand for the application of analytical methods to assist in achieving consistency by monitoring the various
stages of production of beverages, and assessing the quality of the final products.

Aside from the antics of the ale conner, an early method of quantitative measurement was the application
of the thermometer, used by brewers from around 1760 to measure the temperature of the hot water in the
mash tun prior to the grist being added. Previously the brewer had judged the temperature to be appropriate
if he could just tolerate immersing his hand in the water, or if the reflection of his face in the surface of the
water was just not obscured by the steam. A few years later the saccharometer was introduced. This was a
hydrometer that measured the specific gravity of the wort, and hence provided a measure of its sugar content.
These two pieces of apparatus remained the sole monitoring devices in use until the nineteenth century, when
breweries started to use the microscope. More recently an enormous number of analytical techniques have
been developed, many of which have found application in the alcoholic beverages industries.

The application of the thermometer and saccharometer did not require specialist staff working in a laboratory
for their application. When brewery laboratories were established from the mid nineteenth century, the trained
chemists hired to work in them introduced methods such as gravimetric and volumetric analysis. Both found
application in the analysis of water supplies used by breweries. Volumetric analysis was also used to measure
the acidity at any stage of production (Section 4.6.3). The Kjeldahl method for nitrogen (mentioned previously)
operates by converting the nitrogen to ammonia, which is then distilled off, absorbed into water and titrated
with standard acid (Section 4.6.3).

The importance of close analytical control in beer production was demonstrated by the so-called Manchester
beer epidemic of 1900, when about 7000 people became ill, of whom 70 died. It was discovered that all had
been consuming beer from the same two breweries, who in turn had obtained their sugar from Bostock and
Co. of Liverpool. The sugar contained arsenic, derived from the sulfuric acid used in its manufacture, which
in turn had been made using iron pyrites containing arsenic compounds, common impurities of iron pyrites.
Two years later arsenic was detected in beer from a Halifax brewery. On this occasion there were no fatalities,
and the source of the contamination was found to be the coke over which the malt had been dried. In 1903
a Royal Commission recommended that liquid foods should contain no more than 0.14 parts per million of
arsenic. The quantification of arsenic at such concentrations was achievable by the methods available at the
time, but previously the tests had not been carried out.

Almost all the techniques used to analyze beers wines and spirits were developed in other contexts, and then
found application in the alcoholic beverages industry. However, one very important method was developed by
an industry insider. He was Joseph William Lovibond (1833-1918), the son of a London brewer. He worked
with his father until 1869, when he went to be director of another brewery in Salisbury owned by the family.
Once there, he set about devising an objective method of measuring the color of wort and of beer. The color
of the wort provides an indication of its quality, and measuring the color of beer itself was important because
consumers were now demanding that it should be of a consistent appearance. This demand had arisen partly
because pewter tankards were being replaced by transparent beer glasses, and partly because the traditional
dark and somewhat murky porter beers were being superseded by the newer pale ales. In so far as attempts
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had previously been made to record the appearance of beer, it had been done solely by visual inspection,
using terms such as ‘very pale,” ‘fairly dark,” etc. Lovibond devised an instrument called a tintometer in
which a sample of beer or wort was placed in a small glass cell and viewed with one eye down a narrow
tube at the base of which was a white screen. The other eye looked at the same screen down a parallel tube
into which could be inserted up to three colored pieces of glass. Different glasses were inserted until the two
shades perceived by the observer were identical. The instrument was supplied with 450 standard glasses of
red yellow and blue colors of different intensities. Lovibond devised a notation system to describe the color
of the sample based on the combination of glasses used. From 1863 it had been permissible to add colorants
such as caramel to beer, and the tintometer also found application in the evaluation of colorant preparations.
In 1885 Lovibond founded a company to manufacture the tintometer. The company is still in existence, and
an updated version of the instrument continues to find application in breweries and in whisky distilleries, and
it can also be used to measure the color of wine (Section 4.4.3).

The Lovibond tintometer is an example of a kind of colorimeter called a comparator, as the color being
measured is compared to a previously prepared colored standard. Of much more widespread application
today are instruments that measure the proportion of light absorbed over a narrow band of wavelengths
(photoelectric colorimeters) or at an individual wavelength (spectrophotometers). A spectrophotometer can
also record the absorption spectrum over the entire visible (and ultraviolet) range, and therefore provides
an objective graphical representation of the light absorbing characteristics (and hence color) of a sample.
Colorimeters and spectrophotometers find important application in the quantitative estimation of individual
compounds in a mixture (Section 4.4.3). The usual procedure depends upon employing a chemical treatment
to react the compound being sought to yield a colored substance, whose absorbance (which is directly related
to concentration) is measured using a colorimeter or spectrophotometer. Two examples of this technique in
use at the present time are the Folin—Ciocalteu method for measuring phenolic antioxidants in wines, and the
Rebelein method for measuring the concentration of tartaric acid and tartrates in wine (Section 4.4.3).

The spectrophotometer provides an example of the entry into analytical chemistry of the kind of equipment
that is now widespread and commonplace. Using instruments containing sophisticated electronics and linked
to computers, the capabilities of analysts have been greatly extended. Alcoholic beverages, especially wine,
contain an enormously complex mixture of organic compounds, and until the middle of the twentieth century
the identification and quantification of most of these substances appeared to be a superhuman task. However,
there was an overpowering need to obtain a better understanding of beverage composition, partly to assist in
more rigorous quality control, and partly to quantify components that might convey health benefits or health
risks to consumers (e.g. anthocyanins and N-nitroso compounds, respectively). Modern instrumentation has
provided the means by which much of that need can be met.

Another benefit of the introduction of modern methods has been the increase in the speed at which analyses
can be performed. This is well illustrated by the various methods that have been used to analyze metals
in water and in drinks. The classical method of gravimetric analysis provides a very accurate measure of
the concentration of a metal such as calcium, but it is a slow procedure. In the 1920s the method of flame
photometry (Section 4.4.4) was developed, in which the solution under test is sprayed into a flame, with the
consequence that some of the metal atoms are excited and then emit light of characteristic wavelengths as
they return to the ground state. The light is passed through a suitable filter, and its intensity is measured,
thus providing a measure of the concentration of the metal. The method is reasonably sensitive for metals
such as sodium, potassium and calcium, but less so for metals such as copper (which could be in wine as
a result of treating the vines with Bordeaux mixture), since the proportion of excited atoms is very low.
In the 1950s the alternative technique of atomic absorption spectroscopy (Section 4.4.4) was developed, in
which the much greater proportion of unexcited atoms is measured by passing an intense beam of light of a
suitable wavelength through the flame and recording the resulting reduction in intensity. This technique can
measure a much greater number of metals to an acceptable degree of accuracy. However, more recently still,
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emission techniques have staged a comeback as a result of the development of plasma sources. In a plasma,
a much higher proportion of metal atoms are excited and then emit light, and the intensity of the emission is
measured. This technique (called inductively coupled plasma spectroscopy) is now the method of choice in
many laboratories (Section 4.4.4).

Today, rather than using a titrimetric procedure, the acidity of a beverage is measured using a pH meter
(Section 4.5.1). Although Sgrensen introduced the pH concept in the early years of the twentieth century, direct
reading pH meters were not available until soon after World War II, by which time the glass electrode, sensitive
to hydrogen ion concentration, had been perfected, and suitable electronics had been developed for measuring
the potential between the glass and reference electrodes. More recently a range of electrodes sensitive to other
ions have been developed, and these ion-selective electrodes provide a rapid and nondestructive method of
analysis (Section 4.5.1). One of the most important developments in this area has been the development of
electrodes responsive to sulfites in wine. One recent publication described such an electrode that owed its
sensitivity to sulfite by having the enzyme sulfite oxidase immobilized on its surface (Situmorang et al.,
1999).

Another electroanalytical method that has found increased application in recent years is that of conductivity
measurement (Section 4.5.1), which is used to measure tartrate concentration in wine. Tartaric acid and
tartrates are naturally present in grape juice, and may form crystals in the bottom of the wine bottle.
Traditionally this presented no problem, but many contemporary consumers dislike seeing the crystalline
deposit, and so tartrate removal, by cooling and filtering or by electrodialysis, is employed. Removal is
continued until the conductivity has fallen to a level that indicates that tartrate crystals are unlikely to be
deposited on storage.

The three techniques that have done most to revolutionize the identification of organic compounds are
infrared spectroscopy (IR) (Section 4.4.2), nuclear magnetic resonance (NMR) (Section 4.4.1) and mass
spectrometry (MS) (Section 4.4.5). An IR spectrophotometer records the various wavelength ranges at which
a compound absorbs in the infrared, the pattern being due to the various types of chemical bond present in the
molecule. In NMR the parameters under which a certain nucleus (e.g. 'H or 'C) resonates under the influence
of radiofrequency radiation in an intense magnetic field are recorded; the exact conditions depend on the
environment of that atom in the molecule. In MS a positive ion is generated from the molecule, which may
then fragment, and electrical and magnetic fields are used to focus the various ions in turn on to a detector.
The mass of the parent molecular ion and its fragmentation pattern are characteristic of the compound under
investigation.

These methods are most frequently employed for qualitative analysis on individual compounds once they
have been separated from the matrix in which they occur, but recently some quantitative applications have
been developed for the beverage industry in which the entire sample is subjected to analysis. Thus an NMR
spectrometer has been adapted in which an unopened bottle of wine can be placed in the machine to measure
the ethanoic (acetic) acid concentration (Section 4.4.1) (Weekley et al., 2003). This enables a judgement to
be made as to whether an old bottle of wine has been spoiled by oxidation occurring as a result of a porous
cork. Recent research has also been directed at the use of IR (Section 4.4.2) to monitor the progress of wine
fermentation. Fructose, glucose, ethanol and a number of organic acids are measured on a continuous basis.
Such methods are currently in their infancy, but they are likely to find wider application in the future.

However, more frequently, an individual compound is isolated from the matrix prior to analysis, and the most
widely used separation technique is that of chromatography. This term covers a range of methods in which a
sample of the mixture is injected into a mobile phase, which passes through a stationary phase. The compounds
in the mixture will be attracted to both phases, and if different compounds experience differential relative
degrees of attraction for the two phases, they will travel through the system at different rates. The technique was
first demonstrated in 1903 by the Russian botanist Michel Semenovich Tswett (1872-1919), who separated a
mixture of plant pigments using a vertical column containing calcium carbonate as the stationary phase, down
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which was passed benzene as the mobile phase. Since that time a variety chromatographic methods have
been developed, examples being thin layer (TLC) (where the stationary solid is coated on to a glass or plastic
plate and the mobile phase rises up the plate by capillary action) (Section 4.3.1), paper (where the stationary
phase is water held on paper and the water-immiscible mobile phase is soaked up by the paper) and gas-liquid
chromatography (GC) (Section 4.3.2), where the mobile phase is gaseous and the stationary phase is a
liquid held on solid beads). The technique most resembling Tswett’s original method is high performance
liquid chromatography (LC) (Section 4.3.3) where the mobile liquid is pumped through a column of stationary
solid under pressure. All these methods have found application in the beverages industry.

The straightforward application of chromatography in qualitative analysis involves identifying the separated
components by running known compounds under the same conditions. This is achieved in thin layer and
paper chromatography by placing the sample and known compounds side by side on the same plate or paper,
and then spraying the resulting dried chromatogram with a developing agent to reveal the final position of
the compounds. In the case of GC and LC a detector is employed to signal a change in composition of the
stream emerging from the column. The most widely used method of detection in GC is flame ionization,
in which the gases emerging from the column are combusted in a stream of hydrogen in a burner. As they
decompose, organic compounds produce ionic intermediates, which are detected by a pair of electrodes in
the flame. Spectrophotometric detectors are most common in LC. These are set to a wavelength at which
the analytes are known to absorb. Whatever the detection method, the retention time of a component in the
mixture is noted, and this is compared with the retention times of known compounds run under identical
conditions. The magnitude of the detector response (i.e. the area under the sample peak) provides a measure
of the quantity of the analyte. Such techniques are well suited to detecting adulterants that have been added
to alcoholic beverages. An infamous case occurred in 1985, when small quantities of Austrian wine were
found to contain diethylene glycol, which had been added to make the wine smoother and sweeter (and able
to command higher prices) (Prial, 1985). As a consequence, Austrian wine regulations are now some of the
most stringent to be found anywhere, and the Austrian wine industry has recovered from the serious setback
it received (Jarvis, 2005; Mariani, 2007).

Whilst chromatographic methods are by far the most important separation techniques employed in the
beverages industry (and in chemical analysis generally), methods based on the phenomenon of electrophoresis
are used as well (Section 4.6.1). The original method, introduced in the 1930s, used the application of an
electric field to separate charged molecules applied to a horizontal support medium of paper or gel soaked
in buffer. The rate of migration of an individual species depended on its size and charge. More recently the
method has been miniaturized and automated and is known as capillary zone electrophoresis (CZE) (Section
4.6.1). The separation is achieved in a capillary tube up to 100 cm long and up to 100 wm internal diameter,
and the emerging species are detected and quantified. An advantage of the method is that the bands of the
various substances are much sharper than with LC. The method is applicable to the separation of uncharged
molecules provided these can be converted to charged complexes (e.g. with borate), an example being its
application to the quantitative determination of anthocyanins in wine. A technique that is to some extent a
hybrid of CZE and LC is capillary electrochromatography (CEC). In CZE the buffer solution in the tube
migrates under the influence of the electric field, a process known as electro-osmotic flow. CEC likewise
employs as its mobile phase a buffer migrating under the influence of an applied electric field, but the capillary
tube also contains a stationary phase similar to that used in LC. The high pressures of conventional L.C are
thereby avoided, and the method has the advantages of sample microvolume and sharp bands associated
with CZE.

Most beverages are such complex mixtures that the analyst frequently requires a technique that will not only
separate the individual components, but identify them as well. This can be achieved by linking a GC or LC
apparatus to a mass spectrometer. Each compound yields a characteristic molecular ion and fragmentation
pattern that are identified by reference to a computer database. The classical methods of ionization are
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by electron impact (electron ionization or EI), which produces positive ions by electron loss, or by the
gentler method of chemical ionization (CI), which produces positive ions by protonation. These methods
are applicable to low mass thermally stable analytes. A more modern and even milder method of ionization
for thermally sensitive compounds is atmospheric pressure chemical ionization (APCI), which, however,
results in very little fragmentation of the positive ion. All these methods of ionization are applicable to small
molecules, but it is also necessary to be able to detect and characterize large molecules such as proteins,
as they affect the taste, clarity and stability of a beer or wine. For these samples a technique known as
electrospray ionization (ESI) is used. The protein molecules are not fragmented, but emerge with a range of
positive charges, typically in the range 410 to 422, and thus a spectrum of mass/charge ratios is produced.

It is frequently the case that the substances to be analyzed by GC-MS or LC-MS are present in such low
concentrations in the matrix that some kind of prior concentration stage is necessary. Sometimes solvent
extraction can be used, and on other occasions simultaneous distillation-extraction is appropriate (Sections
4.2.2 and 4.2.3). Other possibilities are the so-called sorptive methods, in which the solid phase sorbent
and liquid containing the components (the matrix) of interest are allowed a certain contact time. During
this time, components are selectively partitioned between sorbent phase and the matrix, usually according
to their relative polarities (Section 4.2.4). The major techniques are known as solid phase extraction (SPE),
solid phase microextraction (SPME) and stir bar sorptive extraction (SBSE). The sorbent material is often
silica-based, crosslinked polystyrene-divinylbenzene (e.g. for SPE) or polydimethylsiloxane (PDMS) (e.g.
for SPME and SBSE), but other materials are used. The sorbent and matrix are then separated and sub-
jected to either a thermal desorption process or solvent extraction to free the extracted components in a
more concentrated form. If thermal desorption is used, the liberated compounds are usually subjected to
GC-MS (Section 4.3.2), whereas if a solvent is used in the desorption stage, then LC-MS (Section 4.3.3) is
employed. These methods find considerable application in the estimation of a wide variety of compounds
occurring in beers, wines and spirits. Sometimes an analysis is required of the volatile compounds given
off by a beverage, in which case the sample is confined until the air in the space above (the headspace)
is saturated with the volatile compounds (Section 4.2.5). A sample from the headspace can then be in-
jected into a GC-MS apparatus, or if a concentration stage is necessary, a fiber of an SPME material can
be employed.

The mass spectrometer can also determine the ratios of isotopes of a particular element in a compound
(Section 4.4.5). This is most useful, because the ratio of '3C/'?C or 2H/'H in a sugar or in ethanol depends
upon the plant from which it was derived and the climatic area in which it was grown. As a result, fraudulent
practices such as the mislabeling of a wine to suggest it comes from another country or area, or the addition
of more than the allowed quantity of sugar during chaptalization, can be detected.

An even more sophisticated isotopic ratio technique is to use NMR (Section 4.4.1) to deduce the relative
abundance of a particular isotope (e.g. deuterium, 2H or D) at two different sites within a molecule. The
principal example has been to measure the ratio of methylene deuterium (CH; CHDOH) to methyl deuterium
(CH,DCH,O0H) in ethanol by comparing the intensities of the deuterium NMR signals for the CHD and
CH,D peaks. The technique, known as site-specific natural isotopic fractionation NMR (SNIF-NMR) can be
applied directly to spirits, when it is found that the ratio depends upon the plant from which the ethanol was
derived (e.g. potato or sugar cane) and the area of the world in which the plant was grown. The ethanol in
wines and beers is too dilute for direct application of the technique, so these beverages need to be concentrated
by distillation beforehand.

The ultimate analysis of any beer, wine or spirit is that performed by the consumer. His or her opinion is
what matters to the producer, and throughout the alcoholic beverage industry, expert tasters assess the quality
and development of their company products and give valuable advice on blending and adjustments to be made
before sale. Organoleptic assessment and sensory analysis are still of prime importance in the production of
alcoholic drinks (Chapter 4.7). Analytical instruments will continue to improve in their sophistication, and
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the individual components of the complex matrix that makes up any beer wine or spirit will be quantified with
ever greater accuracy. But in the future a totally new kind of instrument, the so-called artificial nose, may play
a significant role in assessing the quality of beverages. Such instruments are currently under development,
and consist of an array of sensors (Section 4.5.3), which detect individual compounds or specific groups of
compounds. In one design, the sensors are made of different types of electrically conducting plastic. The
conductivity of the sensors changes when the volatiles in the air are absorbed by the plastics. The changes in
conductivity of the various sensors is relayed to a computer, which is ‘taught’ to interpret the new pattern.
Artificial noses will probably find application in areas such as medical diagnosis (patients with diseases such
as cirrhosis exhale characteristic odors), airport security and in detecting spoilage in foods. In the beverages
industry, artificial noses have already found application. In the brewing process, a buttery off flavor can
develop owing to the presence of diacetyl, which is converted to tasteless butanediol if the batch is rested
(Section 2.6.4). An artificial nose can detect if a resting period is required.

The long history of alcoholic beverages commenced with a wine being tasted by a lady from the harem of
the king of Persepolis, and has now reached the stage when some degree of assessment can be achieved by an
artificial nose or a portable artificial tongue (Moreno i Codinachs et al., 2008). The enormous improvement
in the quality and consistency of alcoholic drinks over a period of thousands of years has been due to the
combined skills of craftsmen, technologists and scientists. There is no doubt that continuing changes, both
in the various production processes and in the methods of performing analyses on the intermediate and final
products, will yield further benefits for the industry and the consumer.
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1.3

Some Recent Trends and Developments

1.3.1 Overview

This section highlights some recent issues, developments and trends relating to alcoholic beverages and the
drinks industry. Generally, it is hoped that the topics of this section give some pointers to the near future of
alcoholic beverages. However, the authors feel disinclined to try to predict the detailed future of alcoholic
beverages, even after a good session in the public bar of the Kirkstile Inn. The selected topics relate to what
are perceived as major influences on the direction being followed by the world of alcoholic beverages and
some of these are presently major points of discussion or even controversy. They are, allowing for a certain
amount of overlap and connectivity between topics:

Giant multinational companies and globalization of products

Microbreweries, craft breweries and individualization of products

Renaissance of cask-conditioned and top-fermented beers: revival of traditional styles
Changes in beer drinking habits

Global growth in wine drinking

Growth of wine industries in countries with marginal climates

Revival of cider and perry

The rise of flavored alcoholic beverages (“alcopops’)

Health awareness, calorie counting and changes in social attitude towards alcoholic drinks
Binge drinking

Organic and biodynamic alcoholic drinks

Use of genetically modified (GM) crops and microorganisms.

Some of the above issues have already been referred to briefly in Section 1.2.4, but will now be discussed
in greater detail.

1.3.2 Big is Beautiful: Multinational Companies and the Globalization of
Alcoholic Beverages

Like other industries, the alcoholic drinks industry has witnessed the growth of national conglomerates since
the latter half of the nineteenth century and into the closing years of the twentieth century. The past 20 years
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Table 1.3.1 Brewery-based drinks companies (2006/2007)

Approx.
Approx. Output/ number of
Company hl x 10° (2004) Examples of beer brands Approx. revenue employees
Anhauser-Busch 193.4 Beck’s, Budweiser, Jupiler, $36 400 x10° > 100 000*
InBev Stella Artois (2008)
SABMiller 148.3 Castle Lager, Gambrinus, $18 620 x 10° 69 116 (2008)
Miller Genuine Draft, (2008)
Tyskie
Heineken 112.6 Amstel, Heineken, €11 829 x10° 57 557 (2006)
International Starobrno, Zyweicz (2006)
Carlsberg 92.0 Baltika, Carlsberg, Holsten, 44 750 x 10° 33 420 (2007)
Tetley, Tuborg DKK (2007)
Molson-Coors 49 Molson Ice, Coors Blue $6400 x 10° 9700 (2008)
Moon (2008)

Data from http://www.europeanbeerguide.net (2008).
*Projected values on sale of Anheuser-Busch to InBev in July 2008.

or so have seen the rapid growth of multinational companies so that today national and international markets
are dominated by a relatively small number of companies who own facilities (e.g. bottling plants, breweries,
cider factories, distilleries, malting houses, orchards, vineyards, farms, wineries, etc.) and employ thousands
of people in several countries. Although these companies tend to have diversified interests, many concentrate
on the production of particular beverages, such as beer (Table 1.3.1) or distilled beverages, liqueurs and wine
(Table 1.3.2). Several of these companies have interests in nonalcoholic beverages: for example, SABMiller
is the main bottler and distributor of Coca Cola, and Anheuser-Busch InBev is a large producer of soft
drinks and sports drinks. With the merger of Anheuser-Busch (USA) and InBev (Belgium/Brazil) in July
2008, the resulting company (Anheuser-Busch InBev) is the world’s largest brewing organization, overtaking
SABMiller. Anheuser-Busch held this accolade (calculated on revenue) for many years and was the last
large American brewing company to be majority owned and operated in the USA (Miller merged with South
African Breweries, and Coors merged with Molson earlier this century). It is estimated that the new company
will have yearly sales of around $36.4 billion (the sum of their individual annual sales before merger) and
will control around 25% of the world beer market (Spain and Goldstein, 2008).

Diageo, formed in 1997 from the merger of Guinness Plc and Grand Metropolitan Plc, is the world’s largest
broad-based alcoholic drinks company, closely followed by Pernod-Ricard (Table 1.3.2). Their businesses are
firmly based on aperitifs, liqueurs, spirits and (for Diageo) beer. Constellation Brands is the world’s biggest
producer of wine, with interests principally in the USA (especially California and New York State), Australia
and New Zealand. The company also owns the UK firm of Matthew Clark, the world’s second largest producer
of cider and perry, noted for Blackthorn cider and Babycham.

Apart from providing work and economic prosperity, these companies provide valuable social benefits by
sport sponsorships (e.g. of clubs or leagues), by organizing special events, by sponsorship of academic posts
and research programmes, and by making charitable donations at local and international levels. At a more
local level, the same can be said of many smaller alcoholic drinks companies.

Advancing technology and improved communications have helped the growth of these companies, and
although they possess production plants in many countries (or have some of their products made under license
by contract companies), there is a heavy reliance on transport, with its attendant rising costs and increasing
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Table 1.3.2  Spirits- and wine-based alcoholic drinks companies (2007)

Company (main
products in order of

importance) Revenue Employees Typical brands

Diageo (s, b, w) 7260 million GBP 24373 (2008)  Bailey’s Irish Cream, Captain Morgan,
(2007) Guinness, Johnnie Walker, Piat (wine),

$16142.8 million Red Stripe (beer), Smirnoff, Crown Royal

(2008)

Pernod* Ricard (s, w) €6443 million 17 680 (2007) Chivas Regal, Martell, Mumm, Pernod
(2007) Anise, Ricard Pastis, Wild Turkey,

Wyborowa
Baccardi (s, w) $5500 million - Baccardi Breezer, Baccardi Oro,

Benedictine, Bombay Sapphire, Dewar’s,
Drambuie, Martini & Rossi

Fortune Brands (s, w)* $7300 million 34000 (2007) Fundador, Canadian Club, Cockburn,
(2007) Courvoisier, Harveys, Jim Beam,
Teachers
Constellation Brands $5200 million 7700 (2007) Corona (beer), Hardy, Matthew Clark
w, b, ¢, s) (2007) (cider/perry), Paul Masson, Robert
Mondavi, Taylor, Tsingtao (beer)
Brown-Forman (s, w) $2 444 million 3350 (2006) Bolla, Casa Herradura, Fetzer, Finlandia,
(2006) Jack Daniels, Southern Comfort

b = beer, ¢ = cider/perry, s = spirits and liqueurs, w = wine (including fortified wine).
# After Pernod Ricard’s acquisition of Vin & Sprit from the Swedish government in 2009, that company is now (2010) estimated
to be the biggest.

pollution issues. These companies are also facing rising costs of basic materials, such as aluminium (for
cans), barley and hops. Furthermore, some of the products of these large companies are not viewed altogether
favorably by minor, but significant (and growing) consumer groups in a number of countries. Although the
companies all have wide portfolios of products, the beers in particular are predominantly of a uniform type —
pale lager. At least, this is the beer type that is promoted most heavily, through advertizing.

1.3.3 Small is Beautiful: The Growth in Microbreweries and Craft Breweries and the
Localization of Products

Numerous consumer groups and commercial associations have appeared over the past few decades in many
countries, notably Britain and the USA. Their aims vary, but are generally to protect and promote small-scale
operations, traditional minority products and traditional methods. The activities of some of these groups and
associations have fostered the growth in numbers of small-scale producers, the revival of dying minority
products and a great increase in consumer choice, through a greater diversity of products. In the UK, the
Society for Preservation of Beer from the Wood (SPBW) and the Campaign for Real Ale (CAMRA) have
been fighting against the monopolizing and rationalizing tendencies of big breweries and cider companies
since 1963 and 1972, respectively. CAMRA, in particular, has been successful in saving cask-conditioned ales
and ciders from possible extinction. It has revived the fortunes of the once popular mild ale and its successes
have inspired the setting up of many microbreweries and brewpubs in the UK and other countries, notably
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the USA, from the late 1970s to the present day. Additionally, CAMRA has inspired the establishment of
similar beer consumer groups in Europe, such as Objective Bierproevers (Belgium) and PINT (Netherlands).
Indeed, CAMRA, along with the two aforementioned groups set up the European Beer Consumers Union
(http://www.ebcu.org/) in 1990, which now has member groups in most European countries, with CAMRA
having over 95 000 members, Danske @lentusiaster (Denmark) over 10 000 and Zythos (Belgium) over 1000
members.

The interests of small-scale brewers in Britain are catered for by the Society of Independent Brewers
(SIBA), and in America by the Brewers Association. SIBA, which set up in 1980 as the Small Independent
Brewers Association, aims to provide high quality products and to protect and promote traditional styles, whilst
encouraging creativity, invention and innovation. It acts as a general focus point (http://www.siba.co.uk) and
helps its members promote, sell and distribute their beers via a ‘direct delivery system.” Likewise in Belgium,
the more specialized Hoge Raad voor Ambachtelijke Lambrikbieren promotes and protects lambic beers:
many famous lambic brewers (such as Lindemans and Timmermans) are members of this council. In the
USA, the Brewers Association (http://www.beertown.org/), formed from the Association of Brewers and
the Brewers Association of America promotes and protects American craft beer, American craft brewers and
the community of brewing enthusiasts.

1.3.4 Revival of Traditional Beer Styles

The late nineteenth and early twentieth centuries witnessed the growth of large regional and, eventually,
national brewing companies and the disappearance of many local breweries in many countries (for an
example, see Table 1.2.1 in Section 1.2.4). This was accompanied by the rapid domination of the brewing
industry by pale, bottom-fermented beers and the decline or loss of traditional styles (both top- and bottom-
fermented). An account of various styles of beer can be found in Section 2.6.13. Since the late 1970s, largely
as aresult of the activities and influence of consumer groups such as CAMRA, there have been revivals in both
the numbers of small-scale brewers and of the brewing of traditional styles of beer, particularly top-fermented
cask- and bottle-conditioned beers. Table 1.3.3 illustrates the growth in the number of breweries in many
countries since the late 1970s. Previous to that, all countries witnessed dramatic declines. The growth trend
is more or less worldwide, but is more pronounced in the USA and Britain, being most rapid in the 1980s and
1990s: it has leveled off in some countries, but growth continues in others, like the USA (Tables 1.3.4 and
1.3.5). A delayed growth rate in brewery numbers is apparent for some countries, notably Denmark (Table
1.3.3) and the other Scandinavian countries not listed in Table 1.3.3. Judging by the general level of interest in
the revival of traditional beer styles (and cider), as indicated in the web pages of the Scandinavian members of

Table 1.3.3 Numbers of breweries in various countries from 1956 to 2006

Country 1956 1976 1986 1996 2006
Belgium 563 115 124 (2004)
Czech Republic 330" 80 71 (1989) 83 96 (2005)
Denmark 155 24 (1977) 15 55
Germany 2928 1626 1234 1284

UK 404 142 281 499 633

USA 305 85 (1977) 1437

Data from http://www.europeanbeerguide.net (2008), Jackson (1977) and the Brewers Association (2008).
*Data for Czechoslovakia.
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Table 1.3.4 Beer production in the USA, 2003-2007 (hl)

Beer by brewery type 2004 2005 2007
Brewpub 740 395 762 399 844 652
Microbrewery 829118 896 055 1134 891
Regional craft 4118 989 4511 667 5906 398
Contract* 991 258 1143 053 1513 840
Non-craft (industrial) 205031 200 201 882 826 -

Data from the Brewers Association (2008).
*Beer brewed under contact for microbreweries and regional craft breweries.

the European Beer Consumers Union, the future promises some further growth of choice in these countries.
Of course, a greater number of small breweries does not necessarily mean higher quality, but it does mean
greater choice. With the level of education, assistance and expertise offered by both commercial/professional
societies like SIBA, the Brewers Association and the Master Brewers Association of America, and consumer
groups such as EBCU, it is likely that quality will be generally high.

Naturally, most of the breweries that have sprung up since the late 1970s were originally either brewpubs
or microbreweries. Some have gone and some have expanded into altogether bigger concerns. Based on 2007
sales, two (originally) craft brewers (Boston Beer Co. and Sierra Nevada Brewing Co. are number 5 and
number 7 (respectively) in the top 50 breweries of the USA. The Brewers Association in the USA defines
craft brewers as those producing less than 2 million barrels per year, where at least 50% of the production
is all malt beer and where less than 25% of the brewery is owned by an industry member who is not a craft
brewer. A microbrewery is one that produces less than 17 600 hl of per annum, with 75% of sales being off
site, whereas a brewpub is defined as brewing beer primarily for sale at a bar or restaurant: at least 25% of its
beer must be sold on site.

A considerable growth in craft beer output in both Britain and America has been in cask-conditioned ales.
In the UK, in 2008 (first half of year) although the volume of pub trade was down 8% on 2007 figures, sale
of cask-conditioned beers of SIBA members was up 8% during the same period (http://www.siba.co.uk).
Similarly in the USA, growth in craft beer production was up 12% during 2007 (Tables 1.3.4 and 1.3.5),
whilst the growth rate for imported beers and domestic noncraft beer production was just 1.4%, and it is
evident that cask-conditioned beers are gradually acquiring a wider audience (Garbee, 2008). However, to
bring some perspective into the picture, the overall US beer market in 2007 was 211 489 982 (US) barrels.
So, although craft beer production in the USA is only 4% or so of total production (Brewers Association,
2008), growth is steady (Tables 1.3.4 and 1.3.5), and it is worth remembering that just three decades ago
craft beer production in the USA was almost nil. Bottle-conditioned beers (especially ales) have also been

Table 1.3.5 Numbers of breweries according to type in the USA, 2005-2007

Brewery type 2005 2006 2007
Large noncraft 18 20 20
Regional noncraft 23 23 23
Regional craft 48 49 53
Micro 380 359 392
Brewpub 979 977 975

Data from the Brewers Association (2008).
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on the increase in many countries over the past decade — to such an extent that all the big UK supermarkets
(e.g. Asda, Budgen, Co-op, Marks and Spencer, Sainsbury, Tesco, Waitrose and others) and smaller chains
now (2009) normally stock several such beers. The past two or three decades have witnessed the rejuvenation
of some declining and even extinct beer styles such as Dampfbier, mild ale, oatmeal stout and porter. New
styles or extensions of already established styles have also appeared, especially in the area of flavored beers
(Section 2.6.13). In America, the last few years have witnessed the large brewing corporations turning their
hands to producing (relatively) small quantities of specialty beers with real character, such as Molson-Coors
Blue Moon brands and Michelob chocolate beers (Section 2.6.13).

1.3.5 Changes in Beer Drinking Habits

Over the past two decades, there have been gradual changes in the beer drinking habits of consumers in
certain European countries (Table 1.3.6). In particular, there has been a general shift away from drinking
in bars, pubs or restaurants to drinking at home, in Belgium and Britain. Likewise, in the UK, drinkers have
been gradually shifting away from draught beers to canned beers, indeed gradual shifts toward canned beers
can be seen for all the countries listed in Table 1.3.6. This trend can be correlated with the trend towards
greater beer consumption at home, but it should be noted that canned beers are available in some bars of certain
countries. Denmark is remarkable for having virtually all its beer being sold in draught or returnable bottle
form. From an ecological and environmental viewpoint, this is highly commendable, since these two forms
of beer packaging use less energy and cause least pollution. Most nonreturnable bottles and cans are probably
recycled, but these processes require considerable energy input, with the possibility of pollution. It can be
seen from Table 1.3.6 that the beer drinkers of Denmark, Germany and Ireland are the most conservative.
In Germany, since nonreturnable bottled beers are more likely to be bought in supermarkets and beers in

Table 1.3.6 Changes in beer package type by country (Europe, 1998-2001) and beer consumed at home
(1998-2001, with 2004 figure in square parentheses) (d = draught, rb = returnable bottle, nb = non-returnable
bottle, ¢ = can)

1998 (% home 1999 (% home 2000 (% home 2001 (% home
consumption) consumption) consumption) consumption)

Country d b nb ¢ d b nb ¢ d b nb ¢ d b nb ¢

Belgium 39.7 49.6 75 8.2 - - 39.0 46.0 2 13
(39 (39 (41) (42) [45]

Denmark 9.9 90.1 0 0 11.0 89.0 O 0
(74) (73) (75) (75)

Germany 199 599 4.7 154 - - 19.5 55,5 5.1 199
(65) (65) (65) (65)

Ireland 79.8 3.1 44 127 - - 769 47 3 154
an an (12) (12)

Sweden 12.5 26.7 0.5 60.3 - - 125 226 1 639
(79) (79) (79) (79)

UK 639 19 10.6 23.6 - - 60.4 12 11.6 26.8
(29) (32) 33) 35)

Data from http://www.europeanbeerguide.net (2008).
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returnable bottles are more likely to be bought from breweries or in bars, it can be concluded that the average
German beer drinker prefers bottled beers at home, but bottled beers are also popular in bars. The Irish are
easily the top draught beer drinkers of Europe, which means that they are also the most enthusiastic pub
goers. Britain and Belgium are not far behind, but shifts away from draught beer consumption in bars are
more pronounced in these two countries.

1.3.6 Global Growth in Wine Drinking

As far as beer drinking with respect to the consumption of other alcoholic beverages is concerned, there
is some evidence that the beer market in many countries has been unsteady or in decline for a number of
years. As long ago as 2005, the large US brewing companies of Anheuser-Busch and Molson-Coors reported
a 2-3% loss in net sales (Gross, 2005), which was blamed on younger consumers turning to wine and
spirits. It was also suggested that the reason for the switch was the growing gap between East/West Coast
professionals, who are more inclined to buy wine and spirits, and interior working people who are cutting
back on six-packs of Bud or Miller. Another reason contributing to the diverging fortunes of beer on the one
hand and wine and spirits on the other, is the general perception of wine (in particular) as a healthier drink
than beer — this is discussed in Section 1.3.10. The USA is a major wine producer (28 750 000 hl in 2005 — see
Chapter 1.1, Figure 1.1.4) and is also a keen wine importer. Growth in the number of Californian and
total number of US bonded wineries since 1970 is indicative of the rapid growth of the US wine market
(Table 1.3.7). California still provides the lion’s share of production, but there are now large industries
in New York State and other eastern and central states, as well Oregon and Washington States. In 50 years
(1957-2007), wine consumption in America has risen from 0.89 to 2.47 gallons per head of population per year
(Table 1.3.8 and Figure 1.3.1; 1 US gallon ~ 3.8 1).

World wine consumption is also increasing (Figure 1.3.2): between 2001 and 2005 there was a 4.15%
increase in consumption and it is estimated that between 2005 and 2010 there will be a further increase of
4.8%, giving a total of 238 825 million hl (30 384 billion bottles) of wine consumption (Wine News, 2007).
Table 1.3.8 shows trends in per capita wine consumption for selected countries between 2001 and 2005.
It can be seen that consumption is more or less level or slightly in decline in some major wine producing
countries, notably Argentina, France, Italy, South Africa and Spain. On the other hand, there are marked
upward trends in other wine producing countries, such as Australia, Chile, China, New Zealand, Portugal,
Russia and the USA. It is not certain whether political events have any influence on the data in Table 1.3.8
(e.g. Russia/Moldova and Czech Republic/Slovakia).

There is evidence that traditional wine drinking countries (mostly also wine producers) outside the European
Union are driving the growth in global wine drinking (Wine Business Insider, 2007). Between 1986 and 1990,
the five leading exporters of the EU (France, Germany, Italy, Portugal and Spain) held an average of 78.8% of
the world wine market, whilst the major producers of the southern hemisphere (Argentina, Australia, Chile,

Table 1.3.7 Rise in the number of bonded wineries in California and the United States from
1970 to 2007

Year 1970 1980 1990 2000 2007
Number of bonded Californian wineries 240 508 807 1450 2687
Number of bonded wineries in USA 441 920 1610 2904 5958

Data from the Wine Institute, 2008.
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Table 1.3.8 World per capita wine consumption 2001-2005 (liters per head of population per annum)

% Change between

2001 2002 2003 2004 2005 2001 and 2005
France 55.72 57.20 54.77 55.85 55.85 +0.24
Italy 51.86 47.66 50.48 48.16 48.16 -7.13
Portugal 44.29 43.84 49.88 46.67 46.67 +5.39
Spain 35.24 34.56 34.16 34.66 34.66 -1.67
Australia 19.62 19.77 20.71 23.93 24.67 +25.75
UK 16.16 16.36 17.53 18.97 18.97 +17.42
Argentina 30.15 30.03 29.09 28.81 28.81 -3.02
Chile 13.95 14.24 15.82 15.50 15.50 +11.11
New Zealand 14.87 16.09 16.19 16.44 16.68 +12.21
Russia 4.25 4.48 6.08 5.95 5.95 +40.09
Moldova 9.60 4.65 4.61 4.70 4.70 -51.05
Czech Republic 8.76 10.62 11.47 12.60 12.70 +44.93
Slovakia 11.77 11.18 10.90 11.03 11.03 —6.25
USA 7.90 7.92 8.16 8.41 8.69 +10.01
South Africa 8.99 8.79 7.89 8.37 8.37 —-6.85
China 0.84 0.87 0.88 0.88 0.91 +8.56

Data from the Wine Institute, 2008.

New Zealand and South Africa) held only 3.1%. In 2006, these figures were 62.2% and 27.4%, respectively,
if the output from the USA is included with that of the southern hemisphere. The countries with the largest
populations (China, Russia and the USA) all show markedly increased per capita wine consumption between
2001 and 2005 (Table 1.3.8) and so will make major contributions to the world upward trend. It is estimated
that by 2010, China and Russia will be in the world top 10 of both producers and consumers of wine (Wine
News, 2007).

Increase in wine consumption is more pronounced for more expensive wines and is projected at 17.12%
for wines selling for more than $10 per bottle, compared with 2.44% for wines that sell for under $5 per
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Figure 1.3.1 Per capita wine consumption in the USA, 1970-2007 (gallons per head per annum). Data from
the Wine Institute, 2008.
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Figure 1.3.2 World wine production 2001-2005 in hl x 103. Data from the Wine Institute, 2008

bottle during 2005-2010 (Wine News, 2007). This supports the notion that it is the more affluent members
of society who are either turning to wine or are increasing their consumption. Wine prices do not necessarily
reflect wine quality and upward trends in wine consumption according to wine type or style may be largely
driven by clever marketing and advertizing, perceived fashionability, status indication and perceived health
benefits. Red wines show the biggest increase in consumption between 2001 and 2005 (7.48%) and there
has been a renewed interest in rosé wines during this period (3.45% increase in consumption) (Wine News,
2007). It should be remembered that two decades ago, rosé wines were unfashionable. Sweet wines and sweet
fortified wines are currently unfashionable, for obscure reasons, but possibly because they are considered to
be ‘high calorie’ and ‘old people’s’ drinks’ by the young upwardly mobile consumers who spearhead the
global growth in wine consumption. Domestic sales of Australia’s fortified wines dropped from 27 million 1
per annum in 1993-1994 to 18.5 million | per annum in 2005-2006, although export trade remained fairly
firm (Shiraz, 2007). Home sales of liqueur Muscat and Tokay styles have become so low that a project jointly
financed by the government and the Muscat of Rutherglen group has been set up (2007) to revitalize this
section of the industry. Many wine savants are of the opinion that these wines and many of the sweet wines
of Europe constitute some of the greatest gems of the wine world. Many currently sell at prices that are far
below their real value, so developments in this area are awaited with interest.

1.3.7 Development of New Wine Industries

Over the past three decades, wine industries have started (or have significantly increased in size) in a number
of countries, many of which must be rated as marginal for the production of wine. For example, there
are now small industries in the UK (England and Wales), Belgium, the Netherlands, Denmark and other
Baltic/Scandinavian countries. Three of these countries, Belgium, England and Wales, have more or less
revived their wine industries following a period of zero commercial production. In the case of England and
Wales this was a centuries-long period (interrupted by just two or three localized short commercial eras)
brought about by the abundance of cheap wine from Europe. In the case of Belgium, commercial production
has been influenced by the proximity of France and by the devastation caused by two World Wars. In the
UK, wine production peaked in the early 1990s, but has leveled off in recent years to around 100 wineries
and about 700 hectares of vineyards (English Wine Producers, 2008). Average yield varies considerably from
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year to year, from over 30 hl/hectare (1992, 1996, 2006) to 10 hl/hectare or less (1988, 1997). Likewise, in
recent years total production varied widely from 1 280 000 I in 2005 to 2 526 700 1 in 2006.

The small vineyard areas of the Netherlands are in the south of the country near the Belgian border, whilst
the Belgian vineyards are mostly in the Ardennes area, not far from Luxembourg vineyards. Vitis vinifera
crosses and hybrids have been bred in France and Germany (mostly) to perform well in marginal climates.
V. vinifera crosses include Bacchus, Dornfelder, Faber, Huxelrebe, Kerner (and Kernling), Madeleine
Angevine 7672, Miiller Thurgau, Ortega, Reichensteiner and Schonburger, and hybrids include Orion,
Phoenix, Regent, Rondo and Seyval Blanc. Classic V. vinifera varieties such as Chardonnay, Gamay Noir,
Pinot Blanc, Pinot Gris, Pinot Meunier and Pinot Noir are also grown. Although contribution to world
growth in wine production by these countries is and will remain very small, they do add to the overall variety,
and sparkling wines made in England from Chardonnay, Pinot Meunier and Pinot Noir by the méthode
champenoise have won many international awards. Most of the wines from these countries are dry or medium
white, but rosé wines are also made and the proportion of red wines in UK wine production has risen from
7.1% in 1990 to 25.2% in 2006 and 28.3% in 2007 (English Wine Producers, 2008). It is more difficult to
produce good red wines in marginal growing conditions, so increase in red wine production and general
quality may be attributed to both increased expertise and generally warmer summers. Many established UK
winemakers have reported longer growing seasons, indicated by earlier blossoming and fruit maturation, in
recent years, compared with, say, the 1960s.

Wine industries are also growing in warmer climatic areas, which have been only recently globally
recognized as winegrowing areas. An example is given by British Columbia, whose wine industry has grown
rapidly since 1990, as shown in Table 1.3.9. The vineyards of BC range from the cool coastal areas around
Vancouver, where typical cool-climate, mild-winter varieties like Huxelrebe, Miiller Thurgau and Seyval
Blanc are grown, to the vineyards of the much warmer inland area of the Okanagan Valley. It is here that
most of the expansion described in Table 1.3.9 has occurred: French-American hybrids are grown for winter
hardiness and classic V. vinifera varieties such as Chardonnay, Merlot, Pinot Noir and Riesling will generally
ripen well in these vineyards.

India has a small but rapidly growing wine industry. Here, there is no worry about inclement summer
weather, or hard winters, provided the vines are pruned in September and cropped in February or March. This
southern hemisphere regime is required because of the searing heat and heavy rains in the middle months of
the year. Wines are made from V. vinifera varieties, such as Cabernet Sauvignon, Chenin Blanc, Sauvignon
Blanc and Syrah, but in some vineyards’ harvest must be carried out in the relative cool of night, using
refrigerated containers to convey the crop to the winery. Wineries such as Chateau d’Ori, Sula Vineyards
(at Nasik, near Mumbai) and Chateau Indage (near Pune) can look forward to supplying the blossoming

Table 1.3.9 Growth of the wine industry in British Columbia

Area under Number of Wine

Year production (hectares) wineries production (I)
1990 597 17 -

1994 870 - -

1999 1700 - 6 574 200
2004 2210 102 9985 200
2006 2684 131 13 802 563
2008 3683 143 -

Data from BC Wine Institute (http://www.winebc.com/).
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upwardly mobile Indian middle classes (with an estimated potential of 300 million!) over the next 10 years
(Fabricant, 2007).

1.3.8 Revival of Cider and Perry: the Magic of Ice

The 1950s and 1960s saw renewed interest in cider and perry, as larger companies such as H.P. Bulmer,
Gaymers, Merrydown, Showerings and others expanded, making their streamlined, industrialized and consis-
tent products widely available (Section 2.8.8). Although many smaller cider firms were swallowed up by the
larger companies, others survived and continue to produce distinctive and often traditional cider and perry.
Brittany, Normandy and northern Spain did not experience such a marked expansion of industrial cider as the
UK, and today most cider and perry from these areas is traditional.

In the UK, after a period of slower growth or equilibrium, revitalization has occurred in recent years in
two quite different directions. Firstly, demand for craft (mostly traditional) cider and perry has increased,
and this has been accompanied by a rise in the number of small-scale producers. No doubt this success is
partly influenced by the successes of the big cider companies (see next paragraph), but greater public interest
in health issues, natural or organic products and speciality or distinctive products must also be included
as contributing to this success. Likewise, the support of the European Union and the establishment of cider
production sites as major tourist attractions (like vineyards and wineries) have both helped boost sales. The EU
has promoted cider and perry in an attempt to revitalize rural economies by providing profitable markets for
apples and pears. New craft cider and perry producers have grown up alongside well-established companies
in all of the specially designated cider and perry areas of the EU.

In the other direction, large-scale factory cider has received an enormous boost in the UK through ad-
vertizing that presents the drink to young consumers as chic and fashionable. In particular Magners, (C&C,
Ireland), Bulmer’s Original, Frosty Jack’s and others have seen large increases in sales over just two or three
years, largely because of their association (through advertizing) with an otherwise humble commodity — ice.
The ‘over ice” phenomenon, no doubt boosted by the warm summers of 2003—2007, has probably done more
than anything else toward the 26% increase in 2007 UK cider sales over 2006 figures. Between March 2006
and March 2007, cider sales in the UK reached 1003 050401 pints (569 732 628 1): the first time that cider
sales have exceeded 1 billion pints (Anon, 2007).

In America, the cider/perry (pear cider) market is dominated by factory products, such as those of
E. & J. Gallo, HardCore, Woodchuck and Wyder’s (Canada). In 2005, US cider production was estimated at
6000000 US gallons (~22 800000 I) (Merwin, 2005): small compared with UK production and considering
the size of the US population. Although annual cider production has increased substantially since 2000,
growth in craft cider and perry production has not yet equaled growth in craft beer manufacture (Merwin,
2005) (Section 1.3.3). This may be because the American public is less familiar with cider (hard cider in the
USA - cider is carbonated apple juice) and US bankers are reluctant to lend money for the expansion of an
unfamiliar market. It appears as though craft cider and perry makers, like Fox Barrel (Colfax, California),
are having trouble securing loans to finance expansion to cope with a threefold increase in demand over two
years (Anderson, 2007). Indication that the production of craft (or ‘high end’) cider is gaining interest is
shown by the establishment of many new companies, mainly in winegrowing areas, such as California, the
Finger Lakes (New York), Oregon and Virginia (McNeill, 2008).

1.3.9 The Rise of Flavored Alcoholic Beverages (‘Alcopops’)

Alcopop is the common name for a flavored alcoholic beverage (FAB) that may be a pre-packed spirit (PPS),
a wine cooler type drink or a flavored malt beverage (FMB). Another collective term for these drinks is ready
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to drink (RTD), used in Australia and New Zealand. Essentially, FABs are distilled spirits, wine or malt
beverages to which fruit juice or other flavorings have been added. They are often available in 330 ml or 355
ml bottles, with ethanol contents of between ~4% and ~18% (v:v). Although prepacked versions of sangria
(red wine and orange juice), various wine coolers, gin and tonic and others have been around for some time,
the current popularity of FABs began in the late 1980s and early 1990s with the introduction of Bacardi
Breezer (rum-based), Two Dogs, Hooper’s Hooch, Smirnoff Ice (vodka-based), Mike’s Hard Lemonade,
Zima (malt beverage-based) and other brands. Slick advertizing, aimed at younger consumers led to rapid
success in the 1990s. Indeed, the falling sales of cider and perry in the UK during the mid to late 1990s (after
a period of growth — see Section 1.3.8) have been blamed on the rise of FABs (Pratley, 1996).

The very success of FABs, along with the character of the advertizing led to criticisms and complaints
in several countries that, these drinks were being consumed in significant quantities by underage drinkers
(under 18 in Europe; under 21 in the USA). The popular term alcopops was coined by critics in order to
link alcoholic and soft drinks (‘pop’) and to imply that FABs were aimed explicitly at underage consumers.
Numerous complaints from newspaper columnists and various ‘watchdog’ groups have been issued since the
1990s, relating to advertizing and underage drinking. In the USA, the Federal Trade Commission (FDA),
acting on complaints from the Center for Science in the Public Interest (CSPI) in 2001 and on a directive
from the House and Senate Appropriation Committee in 2003, investigated the possibility that FABs were
aimed specifically at underage drinkers (Evans et al., 2003). In both cases, the FDA found no evidence for
such assertions and concluded that the majority of FAB drinkers were over the age of 27.

In Europe, the most popular FABs are those of the premixed spirits type, but wine cooler type drinks and
beer cocktails are also popular in some countries. In Canada, PPS type beverages tend to dominate FAB sales,
whereas in the United States FMBs are more in evidence. Some of the spirits-based beverages have high
alcohol contents, which has led to several countries imposing higher excise taxes on FABs, bringing the level
of taxation up to that of spirits. This has happened in Ireland (2003), Germany (2004) and more recently in
Australia (2008) (Herald Sun, 2008). Additionally labeling and other legislation has been imposed in several
countries and certain states of the USA in order to remove any ambiguity regarding alcohol content. In EU
countries, FAB bottles carry the warning that they are not meant for consumption by people under the legal
drinking age. The state of California has recently (2008) passed legislation that compels manufacturers of
FABs for sale in California to include the label warning ‘Attention: this drink contains alcohol’ (PRNewswire,
2008). Earlier the same year, the state of Illinois passed a similar law, whilst also restricting advertizing and
other promotions away from the attention of children (Illinois Compiled Statutes, 2008). Labeling laws for
FABs need not be regarded as draconian, since similar laws are already in force, or will soon be in force,
for other alcoholic beverages in many countries. Despite other restrictions, many people (like the Australian
Opposition leader Brendan Nelson) feel that consumption of FABs (RTDs in Australia) will increase despite
extra taxation, but some people may turn to full-strength spirits (Herald Sun, 2008). The FDC report (Evans
et al., 2003) also mentioned that industry-based research suggested that most FMB drinkers regarded their
drinks as substitutes for beer and were unlikely to consume more than two or three drinks in a session, thus
indicating that this type of FAB at least is not associated with binge drinking (Section 1.3.11).

1.3.10 Calorie-Counting and Health Perception of Alcoholic Drinks

The past two decades have witnessed a surge in the general public’s interest in health issues, particularly
with regard to balanced, nutritional diets and exercise. This interest has naturally extended to alcoholic
drinks, where health-conscious people, influenced by advertizements promoting healthy lifestyles and by
dietary trends, generally perceive normal alcoholic beverages as being undesirable in a healthy, balanced
diet. In general, alcoholic drinks, especially beer, have not been promoted as being healthy by modern diet
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trendsetters, such as the South Beach diet (Agatston, 2003). The exception to this is red wine, which is
frequently promoted for its nutritional and beneficial health values. On the other hand, with regard to health,
beer is often regarded by people who are not primarily beer drinkers as the worst alcoholic beverage. In
particular, it is considered to be fattening by people who like alcoholic drinks, but who are seeking to control
their daily calorie intake (‘calorie counters’). This perception is considered by some brewers in Japan to be
a significant contributor to the decline in domestic beer sales over the past few years, with people either
abstaining or turning to shochu, the traditional distilled spirit (Anon, 2008). It will be demonstrated in Section
5.7.1 that beer and red wine are nutritionally similar and the major health benefit of low alcohol intake
(reduced risk of cardiovascular disease for certain individuals) is more or less the same for beer, spirits and
wine (Section 5.6.3).

The first reaction of brewers to win over health-conscious potential beer drinkers was the launching, in the
1990s onwards, of many brands of low carbohydrate beers, variously known as ‘low carb’, ‘light’ or ‘lite’
beers (Sections 5.7.1 and 5.7.2), although some well-established low carbohydrate beers for diabetics already
existed. The second reaction of brewers occurred this century with the launching of web-based educational
campaigns by individual brewery companies (e.g. Coors Brewing Ltd, 2002; Anheuser-Busch Inc., 2006) and
by other commercial organizations (e.g. the British Beer and Pub Association, 2005). The aim here was to
focus on beer’s natural, nutritional and health-giving values (assuming low to moderate intake) by providing
a general educational background. Apart from these, many of the normal brewery websites also mention the
naturalness or health-giving properties of beer.

Labeling legislation in many countries now requires the inclusion of nutritional information (per serving)
somewhere on the product container. For example, in the USA, the regulations set by the Alcohol and Tobacco
Tax and Trade Bureau (TBB) (2004) require average analysis values to include the number of calories, along
with the number of grams of carbohydrate, protein and fat per serving size. Other information (on the main or
on a subsidiary label) will include % alcohol (v:v) and in some countries, information regarding contribution
(per serving) to daily requirements and information on specific components, such as additives, cholesterol or
sodium content, also may be required. Legislation of this kind is really bringing alcoholic beverage labeling
in line with general packaged foodstuff labeling, legislation for which has existed in many countries for a
number of years.

How nutritional label information regarding alcoholic beverages influences the attitude and behavior of
consumers is not well understood and there are conflicting conclusions in the literature (Wright et al., 2008).
In a recent survey of consumers’ perceptions of alcoholic and nonalcoholic beverages, it was found that red
wine was perceived to be the overall most healthful drink (Wright ez al., 2008). The consumers were visitors
to a craft brewery and two wineries in northern California, who answered a verbal questionnaire on their
perception of the health value of drinks before and after being given nutritional information on the beverages.
The results showed that people at the wineries (mostly wine drinkers) and those at the brewery (mostly
beer drinkers) viewed beverages differently and their perception altered after seeing the information. It was
concluded that perceived health quality of a beverage is, in general, not the major driving force for choosing
that beverage: the brewery visitors thought red wine the most healthy drink. Also, beer drinkers were more
heavily influenced by the nutritional information, suggesting that inclusion of such information on product
labels will increase beer drinkers’ perceptions of the health quality of their beverage of choice.

1.3.11 Binge Drinking

Binge drinking can be defined in different ways, but it generally refers to the consumption of five or more
standard drinks in a relatively short space of time (e.g. part of an evening), so that blood alcohol concentration
reaches at least 0.08%. In Britain, binge drinking is sometimes defined as the consumption of more than 50%
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of the maximum weekly number of alcohol units in one session (i.e. on one night out or at one party). Of
course binge drinking, even amongst young people, is not a new phenomenon. However, the perceived scale
and severity of binge drinking amongst young adults and underage drinkers is a more modern phenomenon,
as is the strong drinking culture that accompanies it. Nowadays binge drinking often involves medium to
large groups of youths drinking ‘shots’ while playing drinking games such as ‘scrumpy hands,” ‘Edward
wineyhands’ or ‘Edward fortyhands.” Antisocial and even violent behavior is a frequent result of binge
drinking, as are drink-induced accidents or illnesses, such as those caused by ruptured bladders (Atkins,
2007). The latter place strains upon the hospital accident and emergency services, especially on Friday and
Saturday evenings, the main binge drinking times (BBC, 2003). There is little doubt that binge drinking is
more damaging to the health than drinking the same number of alcohol units over a much longer period of
time (Section 5.6.2).

Binge drinking takes various forms and varies in frequency and severity from country to country, but
appears to be most prevalent in northern Europe, Australia, New Zealand and the United States. All kinds
of alcoholic beverages can be used in binge drinking, but beer, cider, cocktails, FABs and spirits appear
to prevail over wine and related drinks. The origins of binge drinking cultures in different countries with
quite different sociological and political backgrounds are unknown, although many try to relate it to the
legal age of drinking, the availability of alcohol or the degree of severity of drinking laws. It seems likely,
however, that the desire to socialize and the potency of peer pressure (being seen to be fashionable or
‘part of the crowd’) play major roles. Remedies suggested by various governmental, health, drinks industry,
educational and other organizations range from drastic curtailing of the availability of alcoholic beverages
(e.g. by increasing the legal drinking age, increasing excise tax or deceasing the number of outlets) through
further liberalization of drinking laws (e.g. decreasing the drinking age limit and making alcoholic drinks
more freely available) to stricter enforcement of existing drinking laws, particularly with regard to antisocial
or violent behavior. Naturally, these suggestions have led to controversy and even greater media coverage.
For example, in the USA, the suggestion made by a group of college administrators that lowering the legal
drinking age from 21 to 18 may help curtail the growth of binge drinking by university and college students
(the main binge drinkers in America, it appears) has caused predictable reactions from the media (Editorial,
New York Times, 2008). The growth of binge drinking this century has triggered specific governmental and
other campaigns in a number of countries: in March 2008, the Australian government provided 53 million
Australian dollars for an advertizing and educational campaign against binge drinking (Cooper, 2008) and
the EU wine producers have launched a campaign designed to promote the cultural dimension of wine
and to contribute to the reduction of alcohol abuse (Euractiv, 2008; CEVI (Confédération Europeénne des
Vignerons Indépendants), 2008). Opposing remedial regimes suggested for application to the most modern
form of alcohol abuse are nothing new: in the past there have always been organizations that argue for
restriction (or even prohibition) and those that advocate liberalization to solve the same problem. Some argue
that liberalization doesn’t help, for example extension of UK bar opening times to 24 hours has not been
seen as a cure for binge drinking (Johnston, 2006). However, history has shown that it is simply impossible
to take care of every potential alcohol abuser and restriction or prohibition can lead to numerous other
problems (as in prohibition America, 1919—1933). There is no historical precedent to modern binge drinking,
as it involves most forms of alcoholic drinks, but it should be remembered that the British 2nd Gin Act
of 1736, in which licence and excise duties were imposed on gin distillers and penalties were imposed for
sale without licence, had the effect of doubling gin consumption in England. Ultimately, the 1751 Gin Act,
preventing distillers selling by retail or to unlicensed owners of inns and public houses saw an end to the ‘gin
epidemic.” The act also raised the duty on spirits and prevented recovery of drinking debts through the courts.
Additionally, the duty of £1 on a gallon of beer had been dropped in 1743 (Young, 1979). On this basis,
raising taxes or decreasing the availability of all types of alcoholic beverages is unlikely to curb modern binge
drinking.
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1.3.12 Organic and Biodynamic Production of Alcoholic Beverages

The term ‘organic’ applied to foodstuffs and alcoholic beverages generally refers to the production of crops
within a balanced farm ecosystem, without the use of artificial fertilizers or pesticides. Certain agricultural
practices, such as the use of cover crops, green manuring, crop rotation and crop diversity (growing several
crops together) are also features of organic farming. The last-mentioned is designed to provide a better
ecosystem for the farm, so that pests and diseases are minimized. For example, it is not uncommon for
viticulturalists in southern Europe to grow other fruit trees (e.g cherry trees) or walnut trees amongst the
vines. Additionally, the processes that convert the crop into an alcoholic beverage should be as natural as
possible and involve no or minimal additives. In practice, certain pesticides (e.g. sulfur, Bordeaux mixture
and preparations made from natural sources) are allowed and sulfur dioxide is allowed in winemaking up to
certain low levels (depending on the prevailing legislation — see Section 5.9.5). Organic beers are produced
from organically grown barley (and other cereals) and hops, but these beers may well have been filtered and
pasteurized. The same applies to organic cider, perry and wine.

Various nongovernmental organizations exist to oversee and help the production of organic crops, to
promote organic products, to expand the organic marketplace, to liaise with governmental bodies, such as
USDA (USA), DEFRA (UK) and the EU (most of Europe) and to issue certificates of guarantee for organic
products. These organizations include the Soil Association (UK), California Certified Organic Farmers
(CCOF) (USA), Stellar Certification Services (USA), Verein Deutscher Priadikatsweingiiter (Germany) and
the Soil and Health Association (New Zealand). The biodynamic organizations Demeter and Biodivin are
mentioned later.

In parallel with the rise in health awareness, growth of organic beer, cider and wine production and
consumption has been rapid during the past two decades: the California crop reports for 2005 showed the
area of certified organic vineyards constituted 18% of total bearing vineyard area in Mendocino County,
accounting for 1142 ha out of a total 6512 ha. Likewise, there are now (2008) over 2000 ha of organic
vineyards in Germany. Less than 20 years ago, both these figures would have been much closer to zero. The
CCOF reports that the vineyard area certified by itself has increased from 7761 acres in 2004 to 9240 acres
in 2007. For a number of notable, but relatively small-scale winemakers, such as E. Diirrbach at Domaine de
Trévallon (France), Frey (USA), Guerrieri-Rizzardi (Italy), Heller (USA) and J. Palacios (Spain), their output
is entirely organic, but much larger producers such as Fetzer (California) and Penfold’s (Australia) also make
solely organic and biodynamic wines or make an organic series of wines alongside their conventional wines.
Some breweries, such as Caledonian Brewery, Samuel Smith (both UK), Anheuser-Busch InBev (USA),
Pinkus Miiller and Riedenburger (Germany) brew organic beers along with conventional beers, whilst there
are some purely organic breweries (e.g. Peak, Otter Creek Brewing and Santa Cruz Brewery — all from the
USA). Organic beer sales are increasing, the 2005 sales being 40% up on 2004 sales (Associated Press, 2000).

Organic beverages tend to be more expensive than their conventional counterparts and although it is
probably true that some of the produce is market orientated, it appears that many producers use organic
techniques because they truly believe in them. Indeed, the organic (or biodynamic) aspect of some wines (e.g.
those of Guerrieri-Rizzardi, Jasper Hill and Descendientes de Palacios) takes a low profile. Because of the
meticulous care generally given to organically produced alcoholic beverages, their quality is usually high,
but whether they are better than their conventional equivalents depends very much on the taster. What can be
said is the presence of organic beverages greatly enriches the choice for the consumer.

From its genesis in the form of a series of lectures in 1924 on agriculture by the vitalist Austrian philosopher
Rudolf Steiner, biodynamic (BD) viticulture has been making big ethereal waves in the world of wine over
the last 10 years. BD wines are often mentioned in the same breath as organic wines, and indeed, under the
auspices of the Demeter and Biodivin certification bodies, organic vineyards can convert to BD by adopting
the special soil and plant preparations with reference to astrology, as originally advocated by Steiner. This
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involves making mixtures of animal, mineral and vegetable origin for soil improvement and highly diluted
plant preparations for crop spraying to improve plant health. It also involves keeping animals for biodiversity
and ecological balance. These, and the various winery operations (such as racking and bottling) are carried out
with strict reference to cycles of the moon and relative positions of constellations of the zodiac (Zacharkiw,
2008). The whole purpose of these procedures is to balance lunar and zodiacal influences in favor of the
vineyard, its workers and its products: in this way, the wine expresses its ‘terroir’ to maximum degree.

Biodynamic viticulture has become popular and much more high profile over the past few years. It now
includes some the world’s finest wine producers as adherents, including Castagna (Australia), Domaine
Chapoutier (France), Coulée de Serrant (France), Descendientes de J. Palacios (Spain), Grgich Hills (USA),
Millton Vineyard (New Zealand), Domaine Leroy (France) and Domaine Zind Humbrecht (France) (Crosariol,
2008). Critics often argue that improvement in vineyard health and wine quality may have occurred anyway if
standard organic farming had been used, without the mysticism and considerable extra effort of biodynamics
(Smith and Barquin, 2007; Chalker-Scott, 2004; Treue, 2002). Other critics say that the success of BD
viticulture owes more to the consummate skill of the winemakers: they would make superlative wine whether
or not BD practices were used.

Evidence for the efficacy of BD farming is mixed: in Switzerland, a 21-year project found that soil fertility
and biodiversity were improved by BD methods over organic or conventional culture (Mider et al., 2002).
On the other hand, the only detailed vineyard study (conducted between 1996 and 2003) concluded that BD
farming gave improved grape sugars and tannins in one year, but otherwise gave no further improvement on
those obtained using standard organic practices (Reeve et al., 2005). Wines of unquestionably high standard
are produced using the biodynamic method, although for the onlooker the controversy regarding exactly how
much the method itself contributes to high quality remains unsolved.

1.3.13 Use of Genetically Modified (GM) Crops and Microorganisms

Genetic modification of any kind remains a highly controversial issue and the first introductions of GM foods
has met with a good deal of consumer resistance in many countries. However, GM foods are now approved
in many countries, including those of the European Union (since 2004), subject to fulfillment of labeling
requirements. Genetic modification is carried out on crop plants in order to give them an additional genetic
characteristic (trait) that is beneficial to producer and consumer alike. Otherwise the genetic characteristics of
the original and modified plant remain identical. Alien genes, often from bacteria or fungi, are incorporated
into the plant genome, often by microparticle bombardment of plant cells or tissue. For example, an additional
gene may be added to confer disease resistance, insecticidal properties, resistance to herbicides or improved
food value. Before being released for general agricultural use, GM plants undergo extensive laboratory and
field trials that look for unfavorable influences on the environment (affects on beneficial soil bacteria, fungi,
beneficial insects, etc.), as well as examining the possibility of cross-pollinated propagation.

The first beer to be brewed using GM produce as part of the grain bill was Kenth Beer of the Oesterienbryg-
garna Brewery (Sweden) in 2005. This beer was brewed using maize that has a specific genetic modification
that makes it resistant to attack by Ostrinia nubilatis — the European corn borer. The variety, Zea mays L.
Yieldguard, has an added gene that expresses a truncated version of the insecticidal protein CrylAb, derived
from Bacillus thuringiensis (Bt) (Agrobios, 2008). CrylAb is lethal only to the juveniles (caterpillars) of
Lepidoptera species (butterfies and moths) and only then if the insects attempt to feed on the plant. Other
insects and animals are unaffected by this protein, their gut linings not having the required receptors. An
added advantage arises from the fact that minimization of insect feeding damage also minimizes attack by
pathogenic fungi, so the GM plants are effectively protected from fungal diseases.
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More recently, two GM barley lines have been investigated at trial field sites by researchers at the University
of Giessen and the Friederich-Alexander University of Erlangen-Niirnberg (Kogel, 2006; GMO Compass,
2006). One barley line has an additional gene that expresses endochitinase (derived from Trichoderma
herzianum), an enzyme that hydrolyzes fungal (but not insect) chitins. The plants are resistant to attack by
the soil fungi Rhizoctonia solani and R. oryzae, which cause barley root rot, a disease that is widespread in
many countries, especially the United States. The field trials are being conducted partly to determine whether
the presence of this GM barley line affects beneficial soil fungi: laboratory trials have already shown that
there is no effect. The second GM barley line has an extra gene that expresses a glucanase enzyme in the
kernels. Glucanases (Section 2.6.2) hydrolyze B-glucans in the cell walls of cereal kernels during malting,
hence they contribute much to the production of a haze-free beer. The German field trials are also testing
whether this GM barley line also affects beneficial soil fungi (supposing that some kernels drop to the soil
and decompose), since (3-glucans occur in the cell walls of almost all fungi. If these and other trials are
successful it is expected that GM barley may be commercially available in the near future, depending on the
extent of consumer resistance, which still tends to be high in some countries, especially in Europe. Here,
it is not unknown for GM opponent groups to exhibit rather more than passive resistance, as witnessed by
the persecution of Kenth beer (Moore, 2005) and the destruction of part of the University of Giessen’s GM
barley field (Kogel, 2006). A survey of consumer attitudes in Western Australia toward hypothetical GM beer
(brewed with either GM barley or GM yeast) indicated a general aversion to GM products, but significant
numbers of the survey subjects were willing to choose a GM beer at lower cost or even at premium cost if
the product could demonstrate additional health benefits (Burton and Pearse, 2002).

The use of GM yeasts in winemaking has been a battleground since the early days of the century (Lawton,
2002) and has continued for several years (Goode, 2005). At the time of writing (2008), two GM yeasts,
MLO1 (developed in South Africa by Volschenk and coworkers in 1997)) and ECMoO1 (developed in the
USA) have been approved by the Food and Drugs Administration in the United States, in 2005 and 2006,
respectively. The FDA treats the organisms as substances and has granted ‘generally recognized as safe’
(GRAS) status (see Section 5.9.5) to both. These yeasts are now available to winemakers in Canada and the
USA, and commercial wines (which at present do not need to be identified as being made using GM yeast)
have been produced. In many other countries, there are restrictions on the use of GM organisms, such as
yeasts, in foodstuffs, although in some of these countries research is taking place on producing genetically
engineered yeast for research or analysis purposes (Chambers, 2007; Cummins, 2007). There is a certain
natural genetic variation in wine yeasts, giving rise to a wide range of fermentation characteristics that result
in differences (though often subtle ones) in finished wines (Chapter 2.2). Non-GM mutagenic techniques
have the potential for producing tailor-made novel yeasts, but GM techniques are generally recognized as
offering greater scope (Chambers, 2007).

Genetic engineering of crops differs considerably from yeast genetic engineering. The former is based on
illegitimate recombinations resulting in unpredictable and uncontrollable sites of gene insertions, whereas the
latter uses legitimate recombination, which allows gene insertion at specific sites. Genetic engineering of yeast
falls into two major categories: transgenic and self-cloning. The former involves insertion of heterologous
genes (derived from different species or organisms) into S. cerevisiae, whereas the latter involves insertion of
genes from a different strain of the same species. The GM yeast MLO1, is S. cerevisiae with two extra genes,
one of which is a malate transporter gene from Schizosaccharomyces pombe (another fungus) and the second is
the malolactic enzyme gene from Oenococcus oeni (a bacterium) (Section 2.3.2). The advantage of this yeast is
that it performs alcoholic and malolactic fermentation at the same time, thus cutting back wine processing time
and producing wines with lower levels of biogenic amines, which are sometimes produced during conventional
MLF with certain lactic acid bacteria (Sections 2.3.14 and 5.11.3). The second commercially available GM
yeast ECMo01, derived from Davis (California) S. cerevisiae strain 522, contains three genes derived from
other strains of S. cerevisiae. These, DURIL,2 gene, a promoter gene and a terminator gene, increase the
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expression of urea amidolyase (urease), which catalyzes the hydrolysis of urea, a byproduct of alcoholic
fermentation (Sections 2.2.3 and 2.2.8). Urea reacts with ethanol during winemaking (and distillation)
processes to give the carcinogenic ethyl carbamate (urethane) (Sections 2.2.3, 2.2.8 and 5.11.4), although
other biochemical routes to this compound exist (Section 2.3.6). Fermentation trials have revealed that
ECMo01 produces red wines with levels of ethyl carbamate reduced by up to 89%, but with similar qualities
and characteristics of red wines produced by the parent strain (Heller, 2007). Other, as yet noncommercial,
GM yeasts include those possessing genes that facilitate glycoside hydrolysis to liberate aroma compounds,
those that allow production of more glycerol and those that endow antimicrobial power. There are many
others (see Cummings, 2005).

Scientific objection to the widespread commercial use of GM yeasts are centered on the possibility
of mutations caused by unknown chromosome rearrangements, with the possible formation of toxic end-
products (Cummings, 2005). Wine yeast cells have been shown to be hyperactive in mitotic recombination
and this is considered to be a contributor to the well-known genetic instability of wine yeasts (Sections 2.2.3
and 2.2.4). There is also concern about GM yeast cells (and their degradation products, such as RNAs) found
in bottles of wine being consumed and also there is fear of GM cells persisting in wine and in wineries (and
their environs) (Cummings, 2005). More generally, there is fear of contamination of native or traditional
specialized yeasts in wineries (Martenson, 2006). It is also felt by some that not enough health and safety
groundwork has been done regarding already sanctioned GM yeasts, and a rush of newly approved GM yeasts
would indeed exacerbate this situation (Cummings, 2005).

There have been field trials with GM grapevines since the late 1990s in many countries, including Australia,
France, Germany, Italy and the United States (Information Systems for Biotechnology, 2008). The aim is
mostly to breed plants that are resistant to attack by pathogenic fungi (e.g. Uncinula necator or Oidium
Tuckeri), bacteria or even viruses (e.g. nepovirus). The inserted genes include synthetic genes that express
antimicrobial peptides, or genes from Trichoderma harzianum that express fungal chitinase. Other aims of
transgenic vine breeding include modification of grape color or quality and regulation of the plant hormone
auxin, thus altering the vine’s life cycle. The majority of field test release applications are from university
departments, such as California, Cornell and the State University of New York, but field trials are also
conducted by private companies and wine research institutes (Cummings, 2005). There is concern over
what happens to GM-expressed compounds (e.g. antimicrobial agents) or to the inserted genes themselves
during winemaking (Cummings, 2005). Vines are rather prone to mutations (e.g. bud mutations) that produce
different strains of the same variety (a recent example is Kernling, derived from Kerner), which may differ,
for example, in grape skin color, vine life cycle, disease resistance or grape quality. What would happen to
donor genes in such a situation is unknown at the present time and may need longer trials to establish.
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2.1

Introduction: Overview of Fermentation
and Microorganisms

Natural fermentations have played a vital role in man’s development. Some of
these fermentations made changes in food materials that were quickly recognized as
desirable.

—N. Potter, 1986

Consumers have a considerable portion of their nutritional needs met through fermented foods and beverages.
Fermentation is of great significance because it provides mankind with a way to preserve foods and beverages
in a wide diversity of flavors, aromas and textures. The affluent Western world has the technology to preserve
food through canning and freezing, but the developing world still relies upon fermentation and dehydration
(Steinkraus, 1997). The microorganisms associated with fermentation constitute a diverse group, including
both prokaryotes (bacteria) and eukaryotes (yeasts and molds). The manufacture of alcoholic beverages and
cultured dairy products represent the leading fermentation industries worldwide. The word ‘fermentation’
can have a variety of meanings, from informal to more scientific definitions. Any definition needs to include
activities that produce alcoholic beverages or acidic dairy products, large-scale microbial processes occurring
with or without air, or any energy-releasing reaction that occurs under anaerobic conditions. It also covers
the spoilage of food by microbes, like the transformation of wine to vinegar by acetic acid bacteria.

In its broadest definition, fermentation is the anaerobic catabolism in which an organic compound serves
as both electron acceptor and donor, and in which ATP is produced by substrate level phosphorylation. In
catabolism (the breakdown of molecules), the electron donor, or more accurately, the chemical reaction in
which the electron donor is oxidized, is the source of energy. For chemotrophs (organisms that rely on a
chemical electron donor), two mechanisms of energy conservation are known, respiration and fermentation.
The final result is the production of ATP for the organism, which is then used in further reactions. Fermentation
and respiration differ in that respiration requires oxygen, or some other externally supplied terminal electron
acceptor, whereas in fermentation, the electron acceptor is generated from the initial substrate. In addition,
ATP is produced by different mechanisms during the two processes. In fermentation, as previously stated, it is
generated by catabolism of an organic compound (substrate-level phosphorylation), while in respiration, ATP
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is produced through coupling to the proton motive force in oxidative phosphorylation. Glycolysis (also called
the glycolytic pathway) is a series of 10 reactions that take place in the cytoplasm of all cells, beginning with
the metabolic process of chemical breakdown of glucose, and producing a three-carbon product, pyruvate.
These reactions are accompanied by the production of two molecules of ATP, and the reduction of two
molecules of NAD™ to NADH and H*.

Under anaerobic conditions, the total useful energy yield per glucose molecule is only two ATPs. When
oxygen is involved, and pyruvate can be completely oxidized, about 38 ATPs are produced. Looking at the
processes from a different perspective, cellular respiration occurs when the pyruvate is converted aerobically
to energy-poor carbon dioxide. Fermentation produces relatively energy-rich molecules such as lactic acid
or ethanol in anaerobic conditions, so the energy extracted from the original glucose molecule is far less
(Purves et al., 2001). Fermentation is therefore an incomplete oxidation, and organisms that are unable to
carry out aerobic respiration are energetically disadvantaged. However, some organisms are confined to totally
anaerobic environments, and their survival will be dependent on their ability to ferment, so it is a ubiquitous
process in nature. Catabolic targets can be as diverse as cellulose in the rumen of terrestrial herbivores, or
the simple monosaccharides found in the juice of various fruit. A medium such as grape juice, with a high
concentration of monosaccharides represents a nutrient-rich environment in which a host of organisms could
respire or ferment, if permitted. Management of the conditions in which grapes and their juice are protected
from, or exposed to, microorganisms is initially the job of the viticulturalist, and then the winemaker or
oenologist.

It could be argued the management of microorganisms is the most important task in the quest for excellence
in wine quality, but opinions on this vary. Robinson (2003), for example, writes, ‘It is a healthy sign that
more and more winemakers are admitting wine is made in the vineyard and not in the cellar, whereas
Fleet (2003) states that °. . .although grape cultivar and cultivation provide the foundations of wine flavour,
microorganisms, especially yeasts, impact on the subtlety and individuality of the flavour response.” Goode
(2005) argues, ‘.. .yeasts don’t get enough credit. When it comes to wine, grapes get all the glory.” The fact is
that no matter how good your grapes, without yeast to transform them, they would not become wine. Indeed,
even in the most modern production facilities, incorrect microbial choices and poor fermentation practices
will produce a bad product from good starting material.

In addition to yeast needing management, other organisms including fungi, acetic acid bacteria and
lactic bacteria also produce substances that can add to the organoleptic (sensory) qualities of the a product
(positively or negatively), and may affect the progress of fermentation. It is important to understand the
impact of microorganisms, and identify as many of the ecological interactions that occur between the
different microbial groups, species and strains involved in a single fermentation as possible. These interactions
encompass yeast—yeast, yeast—filamentous fungi and yeast-bacteria responses (Fleet, 2003).

The general processes involved in fermentation by yeast are discussed in more detail in Chapter 2.2, as
well as in the winemaking sections 2.9.1, 2.9.2 and 2.9.3. There is also discussion of alcoholic and other
fermentations relating to the brewing of beer (Sections 2.6.4, 2.6.5, 2.6.6 and 2.6.7), other cereal-based
beverages (Chapter 2.7) and to cider making (Section 2.8.4).

Malolactic fermentation is discussed in Chapter 2.3, as well as with respect to various drinks (Sections
2.8.4,2.9.1, 2.9.2 and 2.9.3). Additionally, Section 2.10.3 deals with some of the special characteristics of
flor yeasts and the fermentations performed by a broad spectrum of microorganisms are discussed in Sections
2.6.7,2.7.1 and 2.7.2.

Finally, the influence of microbiological activity (especially lactic acid bacteria, LAB) on the organoleptic
character of certain spirits is discussed in Sections 3.2.3, 3.5.4, 3.5.5 and 3.7.2, and the activities of spoilage
organisms are discussed in Chapter 2.4.
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2.1.1 Yeasts

Yeasts are ubiquitous in soils and on plant surfaces, but the microbial population found on fruit will vary
according to a number of factors, including the type of fruit, climatic influences and agricultural practices. The
developmental stage at which fruit is examined, and any physical damage will also play an important role in
which organisms are present. Although rich in sugars and other nutrients, the majority of microorganisms will
not thrive in grape juice and must, due to high acidity and low pH, high osmotic pressure of the concentrated
sugar in solution and (in a wine-making context) added sulfur dioxide.

Recent ecological evidence shows that the main yeast involved in most industrial alcoholic fermentations,
Saccharomyces cerevisiae, is isolated with extreme difficulty from conventional habitats, such as soil or the
surface of ripe fruit, but it is almost the only species colonizing the surfaces of the winery equipment (Martini,
1993). In fact, for all the importance of this yeast to mankind in brewing, baking, research and winemaking,
the origins and natural habitat of the species are still uncertain (Jackson, 2000). Saccharomyces cerevisiae is
unable to utilize the starch of barley, so when beer is produced, the grain is first germinated and the resulting
malt is extracted with hot water to yield wort containing fermentable mono-, di- and trisaccharides and other
yeast nutrients (Campbell, 2000) (Section 2.6.4).

The most frequently isolated species from grapes is the apiculate yeast, Kloeckera apiculata (and its sexual
counterpart Hanseniaspora uvarum), identifiable by its lemon-shaped cells, which normally accounts for
50% or more of the yeast population present (Pretorius, 2000). The other significant but smaller populations
identified on the surface of healthy grapes are the so-called ‘wild’ species of Candida, Cryptococcus, Pichia,
Klyveromyces, Brettanomyces, Hansenula, Aureobasidium pullulans, Metschnikowia and Rhodotorula, de-
pending on the stage of grape maturity (Fleet, 2003). In enology, a distinction is made between wild and wine
yeast by Boulton et al. (1996), who define those genera which are found on the grape and can carry out a
limited alcoholic fermentation with production of volatile esters, as ‘wild yeast,” and those that will carry out
a complete fermentation of grape juice without producing any atypical sensory effects, as ‘wine yeast.’

The ‘bloom’ on the cuticle of the grape, previously thought to consist of wine yeast in their millions, has
been proved to be a relatively dry and sterile environment of overlapping waxy plates where any yeast cells
will be in a dormant state (Jackson, 2000). Yeasts require moisture in order to be metabolically active and
unless the berry is damaged, the right conditions only occur on the cuticle when there is precipitation of some
sort in the vineyard. Actively metabolizing yeast are most frequently found around stomata or next to cracks
in the cuticle, where they form small colonies on nutrients seeping out of openings in the fruit (Martini et al.,
1996). Few yeasts grow on grape leaves or stems, but they may be found on the receptacle and pedicel.

Despite being present in very low numbers in the vineyard, crushing grapes under aseptic conditions,
and sampling during active fermentation will provide evidence that Saccharomyces cerevisiae, with its
combination of an efficient fermentative catabolism and relatively good alcohol tolerance, is the dominant,
and sometimes the only species that survives in a wine fermentation, with most others declining after a few
days (Pretorius, 2000). See also Sections 2.8.3 and 2.8.4 for details of microorganisms found on the skins of
apples and pears and their involvement in the production of traditional cider and perry.

The choice and treatment of the yeast by the producer can have a huge influence on the quality of the
beverage. Goode (2005) observes that of the 1000 or so volatile and flavor compounds that have been isolated
in wine, yeasts are responsible for the production of about 400 of these. This figure is also the one used by
Campbell (2000) to enumerate the metabolites that contribute to beer flavor. The effects of fermentation on
aroma are outlined in more detail in Section 2.2.9 and more specific discussions can be found in Sections
2.6.4 (beer), 2.8.4 (cider and perry) and 2.10.3 (flor Sherry).

It is fairly routine in wineries these days for the inoculum of S. cerevisiae to be rehydrated from a
freeze-dried form (known as active dry (wine) yeast or ADY), chosen for a particular set of characteristics
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by the winemaker, and added to achieve a population of 10°—10° cells/ml of juice or must. Although the
inoculation of juice with selected strains of Saccharomyces cerevisiae is routine in many wineries, there are
really only a few circumstances in which it is essential. If the grapes are in poor condition and harbor a
large population of wild yeasts, fungi and bacteria, an inoculation with a commercial killer yeast strain will
give the yeast a competitive advantage, and hopefully lead to a clean fermentation. After thermovinification,
microbial populations on the grapes have been killed off by high temperatures, and trying to conduct a
fermentation with natural yeast will be difficult, if not impossible. In the event that fermentation slows and
sticks, inoculation with a large population of actively fermenting yeast cells can kick-start the process, and
ferment any residual sugar. In order to initiate the secondary fermentation in sparkling wine production,
an inoculum of an appropriate strain is necessary, because conditions in the bottle or tank (fairly low pH,
presence of sulfur dioxide and reasonably high concentrations of alcohol) are not normally conducive to yeast
growth (Section 2.9.3).

The alternative to inoculation is to use the natural yeast populations on the grapes, in which case the
alcoholic fermentation will be characterized by the successional growth of various yeast species and strains,
where yeast—yeast interactions determine the ecology, (Fleet, 2003). The advantages of this practice are that
it costs nothing and very often the yeasts found naturally in an area are particularly suited to the type of wine
produced. The wild yeast may be responsible for the initiation of fermentations, but by mid fermentation,
S. cerevisiae represents almost all of the yeast isolatable, due to its tolerance of low temperature and pH, and
higher alcohol concentrations. It is widely acknowledged that non-Saccharomyces species are not as ethanol
tolerant as Saccharomyces species, resulting in S. cerevisiae dominating the fermentation at around 4% (v:v)
alcohol, reducing the impact of non-Saccharomyces species on the aroma and quality of the final product.
K. apiculata, C. stellata and C. krusei produced maximum ethanol concentrations in the range 2.7-6.6% when
grown as single cultures in grape juice (Heard and Fleet, 1988). These authors also noted that an increase in
pH from 3.0 to 3.5 increased the tolerance of apiculate yeasts to alcohol. Although the addition of SO; is
thought to inhibit or kill indigenous yeasts it is unlikely to kill the S. cerevisiae present (Jackson, 2000). The
presence of ‘killer’ yeast strains in either the inoculated or indigenous yeast can have an effect on the make up
of the populations of yeast present. Killer strains produce exocellular toxins that have a lethal effect on more
sensitive strains. Dominance of the inoculated strain if it does not possess a killer factor, is not always assured.
Killer activity has been observed in the genera Saccharomyces, Kluyveromyces and Hansenula (Palpacelli
et al., 1991). Killer factors are now deliberately included in many commercial dried yeast strains in order to
ensure their domination in solution.

Wild yeasts in low concentrations, at the beginning of fermentation, are known to provide depth and
complexity to the flavor and aroma of wine. A similar situation is believed to exist in the production of
traditional cider and perry (Section 2.8.4). However, if the species is able to withstand conditions that allow it
to completely ferment grape sugars (e.g. Schizosaccharomyces and Zygosaccharomyces species), the product
is far less appealing. It has long been advocated that the distinct nature of wines from long-established
vineyards and famous wineries come from the various yeast genera in residence, and even Brettanomyces
(“brett’) character is now thought to be part of the ‘terroir’ character of a particular wine. The decision to
inoculate with a reliable, ‘designer’ S. cerevisiae strain, or go with a natural fermentation and its associated
complexity is a stylistic choice or it is made according to the philosophy of the winemaker and brand.
There are certainly many winemakers who shy away from New-World techniques, and advocate a natural
fermentation from juice with a high solids content (rather than cultivated yeast-inoculated fermentation of
sterile juice), with the aim of producing a more characterful, individual product.

Traditional brewing yeasts are unlikely to be pure cultures, so there is also the requirement to maintain a
constant composition of the mixture (Campbell, 2000). One strain of the yeast population may predominate
in the early stages of the fermentation, another strain later and a third strain later still. The yeast ‘head’ must
be skimmed off several times during the fermentation to prevent it collapsing back into the beer and creating
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off flavors, but only part of the recovered yeast is selected for reuse in subsequent fermentations (see Sections
2.6.4 and 2.6.5). Flocculation of yeast in beer production is also an important characteristic, as too early
flocculation brings the fermentation to a premature end. Nonflocculent yeasts, however, remain in suspension
and have to be removed by centrifugation or filtration. Pioneer yeast taxonomist E.C. Hansen first recognized
pure brewing strains from beers in Belgium, Britain and Germany as S. cerevisiae, and differentiated them
from strains isolated from Czech and Bavarian beers (S. carlsbergensis, now known as S. ovarum). Pure
cultures of the latter yeast are now used worldwide for production of the Pilsener style of beer (Campbell,
2000) (Section 2.6.6).

Although yeasts are the organisms primarily associated with alcoholic fermentation, bacteria (and body
cells) perform innumerable anaerobic conversions that are as useful and important. Different fermentations
are distinguished by the final product of the process. In lactic acid fermentation, pyruvate is reduced to lactate.
This fermentation takes place in a number of different environments, as well as in muscle cells in the human
body. Lactic acid will accumulate in muscles that undergo anaerobic metabolism, leading to stiffness and
pain. Nerve cells, however, are unable to reduce pyruvate to lactic acid, as they lack the enzyme, and therefore,
without adequate oxygen, these cells (including those in the brain) rapidly cease functioning (Purves et al.,
2001).

2.1.2 Lactic Acid Bacteria

The fermentation carried out by lactic acid bacteria (LAB) is crucial in the production of other foodstuffs like
yogurt, cheese, sauerkraut and pickles. Traditionally, bacteria do not play a role in winemaking until after the
alcoholic fermentation. Nearly all red wines, and certain styles of white wine undergo the second or malolactic
fermentation (MLF), during which malic acid, and occasionally other substrates, are converted to lactic acid
(and other products) by lactic acid bacteria. This fermentation tends to happen naturally in the barrel during
red wine maturation, but can also be deliberately induced through inoculation with a bacterial starter culture.
The species most commonly used for this purpose in winemaking is Oenococcus oeni (previously known as
Leuconostoc oenos). As well as making wine ‘softer,” by converting malic to lactic acid, this fermentation adds
complexity to the wine and increases microbial stability by removing an important metabolic substrate from
solution. Lactic acid bacteria, like Saccharomyces cerevisiae, are unusual in their preference for fermentation
over respiration, and their ability to survive in the relatively harsh conditions in wine. They occur in grape
juice at low concentrations (10 cfu/ml) and usually decrease to even lower numbers during fermentation
unless there is a delay in the onset of fermentation, in which case they grow and utilize substances otherwise
available for the yeast. They can also produce acetic acid, which can limit yeast growth. Some authors
therefore consider inoculation with bacteria for malolactic fermentation before alcoholic fermentation to
be unwise. Swiegers et al., (2005) noted that during malolactic fermentation, bacteria do not only provide
deacidification, but they are also able to enhance the flavor profile of the wine. Malolactic fermentation is
considered in more detail in Chapter 2.3.

2.1.3 Molds and Spoilage Organisms

The influence of molds (filamentous fungi) on the modification of the composition of the grape juice is not a
subject of much investigation in the current literature. Their main influence occurs during grape cultivation,
when they cause grape spoilage. Damaged and diseased fruit may also have populations of filamentous
fungi such as Aspergillus, Botrytis, Penicillium, Plasmopara and Uncinula species. Fungal growth on grapes
can produce various metabolites and conditions that may disturb the ecology and growth of yeasts during
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alcoholic fermentation. There are reports that Botrytis cinerea, Aspergillus spp. and Penicillium spp. produce
metabolites that retard the growth of yeasts during fermentation (Fleet, 2003). The activities of Botrytis
cinerea in the vineyard may lead to high quality noble wines, or spoilage and taints, depending on climatic
conditions at the time of their involvement with the grapes. If wet conditions persist in the vineyard during
a period of infection, other organisms will become involved, leading to the formation of the notorious ‘grey
rot.” There is little that can be done with grapes in this condition. If weather conditions are conducive to the
formation of noble rot (i.e. short damp periods, followed by dry, warm conditions, when the grapes are ripe)
the effect of the mold will be to concentrate the sugar and flavor compounds in the berries through desiccation.
Good quality noble rot wines can fetch high prices, which will offset the loss of income normally achieved
through volume.

The role of specific species of molds in the notorious cork-taint problem and the microbiota associated
with various cork manufacturing processes are still not fully understood (Alvarez-Rodriguez et al., 2002),
but Trichoderma and Fusarium were able to carry out the conversion of 2.4,6-trichlorophenol to 2.4,6-
trichloroanisole when grown on cork. The role of Penicillium and Aspergillus in the production of corky and
moldy taints was also noted (Jackson, 2000).

Damaged grapes have increased populations of lactic and acetic acid bacteria that impact on yeasts during
alcoholic fermentation. Acetic acid bacteria have the ability to oxidize ethanol to acetic acid (vinegar) in the
presence of oxygen. Under anaerobic conditions, they are able to use quinones as hydrogen acceptors and
maintain a limited metabolism (Jackson, 2000). Their survival in tanks and bottles of wine without oxygen
present, while being unexpected, is therefore still possible. If there are traces of oxygen present, such as those
absorbed by wine during transfer operations or while in barrel, the survival of a population of acetic bacteria is
almost guaranteed. The bacteria grow on damaged fruit and the population may reach 10° cfu/ml, in affected
juice with the species Gluconobacter oxydans dominating. During alcoholic fermentation, populations of
the bacteria tend to decrease, but given the right opportunities, Acetobacter aceti may grow. The most well
known consequence of acetic acid bacterial activity is the production of volatile acidity, comprising mainly
acetic acid. Ethyl acetate, also an important component of volatile acidity, is produced through nonenzymic
esterification, as well as by other organisms and is not necessarily associated with acetic bacteria (Swiegers,
et al., 2005). The significance of acetic acid bacteria is greater than the production of ‘vinegar’ characters,
however. Acetic acid is known to be a growth inhibitor for yeasts, and the presence of a large population of
acetic or lactic acid bacteria can be antagonistic to yeast growth and may assist in causing stuck fermentations.
Spoilage organisms are discussed in more detail in Chapter 2.4.

Alcoholic fermentation and associated topics, covering all alcoholic beverages, are the subjects of a very
large number of research papers and have also been reviewed and summarized in many book chapters,
including Zoecklein et al. (1995), Boulton et al. (1996), Jackson (2000), Ribéreau-Gayon et al. (2000),
Boulton and Quain (2001) and Berry and Slaughter (2003).
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2.2

Alcoholic Fermentation

2.2.1 Introduction

Mankind has harnessed the abilities of yeast in brewing and bread making since the beginning of recorded
history, and yeasts are probably one of the earliest organisms to be domesticated. However, it was only clearly
established in the mid nineteenth century that conversion of glucose and fructose to ethanol and carbon
dioxide (fermentation) is a microbial process. Pasteur, in around 1876, showed that fermentation did not arise
spontaneously and isolated the yeasts responsible for it (Madigan et al., 2003). He also demonstrated the effect
of oxygen on the assimilation of sugar as well as the production of secondary products by fermentation, i.e.
glycerol and carbon dioxide. As noted in Chapter 2.1, the most significant species involved in winemaking
and brewing are Saccharomyces cerevisiae. According to Ribereau-Gayon and coworkers (2000a), after
investigating the delimitation of winemaking species, all the strains of ‘bayanus’ isolated in their study were
found to belong to the species S. cerevisiae. On the other hand, yeast called ‘uvarum’ principally belong
to the species S. bayanus. In short, yeast species involved in commercial fermentations for wine and beer
comprise a very large number of genetically similar strains, with varied technological properties. Yeast strain
can affect the rate of fermentation, the efficiency and success of conversion of sugar to ethanol, and the nature
and quantity of by-products.

2.2.2 Physiology and Morphology of Yeast

There are over 100 genera of yeast, representing around 700 species (Swiegers et al., 2005), but a limited
number are used in the production of beverages. In a winemaking context, for example, there may be up to
16 species involved, of which only one (S. cerevisiae) is of any real significance. Despite the considerable
phenotypic differences among the yeast strains used for commercial brewing and winemaking purposes,
most of them are now considered to be physiological strains of S. cerevisiae. The assignment of most of the
traditional wine yeast strains to a single species does not, however, imply that all strains of S. cerevisiae are
equally suitable for the various wine fermentations; they differ significantly in their fermentation performance
and their contribution to the final bouquet and quality of wine and distillates (Pretorius, 2000).

Yeasts used in brewing and winemaking (e.g. S. cerevisiae) are unicellular fungi that mainly belong to
the Ascomycetes (sac fungi) and Deuteromycetes (imperfect fungi) classes. They do not possess chlorophyll,
cannot photosynthesize (Madigan et al., 2003), and therefore utilize complex foods for their nutrients,

Handbook of Alcoholic Beverages: Technical, Analytical and Nutritional Aspects Edited by Alan J. Buglass
© 2011 John Wiley & Sons, Ltd. ISBN: 978-0-470-51202-9



Alcoholic Fermentation 73

which they can metabolize with or without oxygen present. Each yeast cell possesses one membrane bound
nucleus enclosing the chromosomes (in contrast to other fungi which may be multinuclear). The genome of
S. cerevisiae has been under scrutiny for decades, with no less than 12 genetic maps of the organism published
between 1960 and 1997 (Boulton and Quain, 2001a). It is probably reasonable to claim that S. cerevisiae
are genetically the best understood of all organisms, and this intimate knowledge of the genome has many
applications in fermentation technology. As fungi, S. cerevisiae are classified as ascomycetes because they
produce ascospores through meiosis (sexual reproduction). This is triggered when yeast are nutritionally
stressed, for example by deprivation of a carbon or nitrogen source. The diploid yeast in the population
produces four haploid nuclei, which are incorporated into four stress-resistant ascospores, encapsulated in
the ascus. Another characteristic of S. cerevisiae is that they are also able to grow vegetatively, i.e. they can
reproduce asexually by budding multilaterally or extruding a bud from a point on the mother cell (Jackson,
2000a). When this extrusion reaches about half the size of the parent cell it is pinched off and becomes a
daughter cell, leaving a ‘budscar’ on the mother cell. Buds may arise at any point on the mother cell surface, but
never again at the same site. Branched chaining (pseudohyphae) may occasionally follow multilateral budding
when buds fail to separate. Under optimal nutritional and cultural conditions S. cerevisiae double their mass
every 90 minutes (Pretorius, 2000). Vegetative reproduction is normal under the conditions found in must
and wine, as ascal development is suppressed by high concentrations of glucose, ethanol or carbon dioxide.

Like all plant cells, yeast have two cellular envelopes, the cell wall and cell membrane — the properties
of which distinguish them from other eukaryotes. The cell envelope, comprising a cell wall, periplasm and
plasma membrane, surrounds and encases the yeast cytoplasm. It makes up 15 to 20% of the dry weight of
the cell, and incorporates chitin, a major constituent of the cell walls of other fungi, but only as a component
of bud scars. The cell wall is fairly rigid, but a little elastic, and consists of mannoproteins and (3-glucans
(Feuillat, 2003). The B-glucans are of three types: fibrous (3-1,3), amorphous (3-1,3) or ramified B-1,6
glucans. The mannoproteins can be extracted and are important in the stability and clarity of the product.
The cell membrane is a selective barrier controlling exchanges between the living cell and environment. Like
the membranes of most eukaryotes, it is stable and mainly hydrophobic in nature. The principle components
of the membrane are lipids and proteins, as well as a number of other factors important in selectivity and
efficiency as a transport organ and barrier. The concentration of sterols in the cell membrane, for example,
affects the penetration of glucose into the cell, as well as yeast survival during fermentation (Larue et al.,
1980). Ribereau-Gayon and coworkers (2000b) stated that ergosterols are indispensable to yeast in complete
anaerobiosis. Membrane ATPase has a role in yeast resistance to alcohol, and the presence of ethanol will
slow the penetration of glucose and arginine into the cell and limit the output of protons from the membrane.
The membrane also permits the yeast to react to external stimuli like sex hormones. Optimum functioning
of the cell wall and membrane are essential for a successful fermentation, flocculation of the cells after
fermentation, the release metabolic products from the cell that add to flavor of the product, and autolytic
characters during sur lie (on lees) maturation after fermentation (Ribereau-Gayon et al., 2000c).

The structural organization of the cytoplasm, containing organelles such as the nucleus, endoplasmic
reticulum, Golgi apparatus, mitochondria and vacuoles, is maintained by a cytoskeleton. Several of these
organelles derive from an extended intramembranous system and are not completely independent of each
other (Pretorius, 2000).

2.2.3 Nutritional Requirements of Yeast
Yeasts have relatively simple nutritional needs. Unable to carry out photosynthesis, they require a reduced

carbon source, which can be as complicated a compound as a disaccharide or as simple as acetate. In addition,
they need the vitamin biotin and an organic nitrogen source such as ammonium, urea or the amino acids.
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Like most eukaryotic organisms, they also require nitrogen in an assimilable form, and a variety of salts
and trace elements for metabolic purposes. In brewing and winemaking terms, however, the most important
nutritional ability of yeast (specifically S. cerevisiae) is that in the absence of oxygen, they are able to transform
mono- and disaccharides to alcohol through the process of fermentation. As will be discussed subsequently,
they are also capable of respiration (using oxygen as a final electron acceptor during metabolism) under
specific conditions.

Of all nutrients assimilated by yeast during wine fermentations, nitrogen is quantitatively second only to
carbon. Research has found that the total nitrogen utilized during the catabolism of 200 g/l glucose when
all amino acids are in excess is around 400 mg/l, and nitrogen utilization is influenced by the presence of
air in the fermentation headspace, ammonium supplementation and initial glucose concentration (Jiranek
et al., 1995). S. cerevisiae is incapable of adequately hydrolyzing grape proteins to supplement nitrogen
deficiency, and relies therefore on the ammonium and amino acids present in the juice. Wine yeasts can
distinguish between readily and poorly used nitrogen sources. Ammonium is the preferred nitrogen source
and, as it is consumed, the amino acids are taken up in a pattern determined by their concentration relative
to the yeast’s requirements for biosynthesis and to total nitrogen availability. Deficiencies in the supply
of assimilable nitrogenous compounds remain the most common causes of poor fermentative performance
and sluggish or stuck fermentations, as nitrogen depletion irreversibly arrests hexose transport (Pretorius,
2000). Other problems related to the nitrogen composition of grape must include the formation of reduced-
sulfur compounds, in particular hydrogen sulfide, and the potential formation of ethyl carbamate from
metabolically produced urea. The ability to utilize a specific nitrogen-containing compound as a carbon
source depends on a variety of factors, e.g. the degradation of the amino acid proline for use as a nitrogen
source requires molecular oxygen. Addition of ammonium delays metabolism of amino acids, but increases
the total nitrogen consumed (Jiranek et al., 1995). The metabolism of individual amino acids varies between
strains of yeast, but arginine, serine, glutamate, threonine, aspartate and lysine typically comprise the bulk
of nitrogen used by yeast. Proline and arginine account for 30-65% of the total amino acid content of
grape juices, with high proline accumulation in grape must associated with grapevine stress, in particular
with low moisture (Pretorius, 2000). When a readily used nitrogen source (such as ammonium, glutamine
or asparagine) is present, genes involved in the uptake and catabolism of poorly utilized nitrogen sources
(including proline) are repressed. This repression impairs the assimilation of proline, as well as arginine, since
both amino acids depend on the proline utilization pathway. Since the proline content of wine is generally
not less than grape juice, it appears that proline is not taken up by wine yeast under anaerobic fermentative
conditions.

Bell and Henschke (2005) state that both the form and amount of yeast-assimilable nitrogen (YAN)
have implications for quality. Low must YAN leads to low yeast populations and poor fermentation vigor,
increased risk of sluggish fermentations and production of thiols and higher alcohols, and low production of
esters and long chain fatty acids. High must YAN increases biomass production, greater fermentation vigor,
increased production of volatile acidity, the possibility of protein hazes due to higher levels of protein and
microbial instability. Injudicious use of diammonium phosphate supplements often results in excessive levels
of residual nitrogen, leading to microbial instability and ethyl carbamate (and phosphate in the case of DAP)
accumulation in wine (Pretorius, 2000). The degree of supplementation of inorganic nitrogen in grape juice
is usually regulated. This implies that knowledge of the nitrogen content of grape juice and the requirement
for nitrogen by yeast are important considerations for optimal fermentation performance and the production
of wines that comply with the demands of regulatory authorities and consumers. Urea, short peptides and
nitrogenous bases (excluding thymine) can also be degraded by Saccharomyces. Nitrates, nitrite and most
of the other organic amines cannot be utilized (Jiranek et al., 1995). For more discussion on metabolism of
amino acids by brewers’ yeast in beer production, see Section 2.6.4.

The only vitamin that is required by Saccharomyces is biotin, although other vitamins can stimulate growth.
Saccharomyces quickly depletes the supply of vitamins in the medium. A number of metals, including
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iron, copper and manganese are also required at trace levels (Jackson, 2000b). Saccharomyces species
are somewhat limited in the compounds that can be used as carbon and energy sources, when compared
to other microorganisms. The monosaccharides glucose, fructose, mannose and galactose support growth
and metabolism, and the disaccharides sucrose, maltose and melibiose can be utilized by most strains of
S. cerevisiae, depending on their genetic background. Raffinose, a trisaccharide can also serve as substrate.
Substrates that support oxidative or respiratory growth are also limited: pyruvate, lactate, ethanol, acetate and
glycerol. Glycerol provides weak support when it is the only carbon source and energy source in a minimal,
defined medium (Walker, 1998a). Other organic acids or alcohols cannot be utilized as carbon and energy
sources by Saccharomyces, although some, such as malic acid, are metabolized to other compounds by some
strains. Pentoses are not utilized by the strains of S. cerevisiae used in winemaking.

2.2.4 The Use of Naturally Occurring (‘Wild’) Yeasts in Fermentations

Formerly, producers relied on making yeast starter cultures from juice (sulfited to eliminate wild yeast and
promote S. cerevisiae), which were inoculated into fermentors at 2-5% after several days of spontaneous fer-
mentation. Spontaneous fermentation can be regarded as a heterogeneous microbiological process involving
the sequential development of various yeasts and other microbiological species, affected by the prevailing
fermentation conditions in a particular vat or tank (Pretorius, 2000). When grape must is used as a culture
medium, selective pressures favor the yeasts with the most efficient fermentative catabolism, particularly
strains of S. cerevisiae and perhaps strains of closely related species such as S. bayanus. For this reason,
S. cerevisiae is almost universally preferred for initiating alcoholic fermentation, and has earned itself the
title of ‘the wine yeast.” For winemaking purposes, yeasts are frequently categorized as ‘wild’ yeasts or
‘wine’ yeasts. Generally speaking, these terms differentiate between yeast that are present naturally in the
fermentation medium as a result of contamination of surfaces of substrate and equipment with organisms or
spores, and yeast that is inoculated via a commercial starter culture (usually a single strain). All yeasts are
wild in the sense that they may occur naturally in the environment, however the majority are not well suited
to the conditions of alcoholic fermentation. Most wild yeasts are aerobic (Ribereau-Gayon et al., 2000d) and
they stop metabolizing when alcohol levels reach around 4%, or must density drops to 1.070-1.060. Although
they can play a positive role in the character of the product through ester formation, some wild yeast may
produce unwanted characters like volatile acidity, acetaldehyde and hydrogen sulfide. The practice of spon-
taneous fermentations remained prevalent in ‘Old World” wine-producing areas until the 1980s because of
the popular belief that superior yeast strains associated with a particular ‘terroir’ gave a distinctive style and
quality to wine. The final product of spontaneous grape must fermentation is a result of the combined action
of different yeast species, which contribute in different ways to the organoleptic properties of wine, (Shimazu
and Watanabe, 1981). Conversion of grape sugars to alcohol and other end products by mixed populations
of yeast may undoubtedly yield wine with distinct sensorial quality, often described as wine with a fuller,
rounder palate structure. This may well be the consequence of higher concentrations of glycerol and other
polyols produced by indigenous yeasts. Producers may utilize the various fermentative characteristics of wild
yeast in the early phase of fermentation to potentially improve the product, and achieve stylistic distinction
and vintage variability, as long as the process is managed carefully. Using natural flora also reduces costs
to the producer, if all goes as planned (quite the opposite if not). The outcome of spontaneous fermentation
depends not only on the numbers and diversity of yeasts present in must, but also upon grape chemistry and
processing protocol, and is difficult to predict.

The characteristics and metabolism of non-Saccharomyces yeasts are discussed in more detail in Chap-
ter 2.4. Also, further discussions on spontaneous fermentations can be found in Sections 2.6.7 (lambic beers),
2.7.2 (indigenous African beverages and Mexican pulque) and 2.8.4 (cider and perry). Also, the influences
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of various non-Saccharomyces yeasts and other microorganisms on the organoleptic qualities of spirits are
discussed in Sections 3.2.3 (Scotch whisky) and 3.7.3 (grape pomace spirits).

2.2.5 The Killer Factor

Certain yeast species, known as killer (zymocidal) strains, secrete exocellular toxins into their environment,
which are lethal to other, sensitive strains of yeast and therefore provide a competitive advantage in fer-
mentations (Ribereau-Gayon et al., 2000e). The killer phenomenon in S. cerevisiae is associated with the
presence of a proteinaceous toxin (zymocin), which is secreted by the zymocidal strains and is lethal to
sensitive strains of the same species. Some yeast strains are immune to these zymocins, but do not produce
active toxin. These are the so-called ‘neutral’ strains (Pretorius, 2000). The killer factor exists in most strains
of S. cerevisiae, as well as other genera including Hansenula, Kluyveromyces and Candida. Killer yeasts
offer both control (when inoculated to achieve a desired result) and a risk (when working as contaminating
agents). When used as inoculants they offer certain benefits, including domination over wild yeasts which
may cause delayed fermentation or production of off flavors, and protection in the wine from subsequent
infection by spoilage yeasts. Shimizu and coworkers (1985) studied the distribution of killer yeast strains
by geographical location. Australian wild yeast analysis showed killer strains only in S. cerevisiae. In Japan
similar analysis showed killer properties in S. cerevisiae and Hansenula strains whilst Beaujolais (France)
showed very high incidences (83%) of killer strains amongst a greater range of wild yeasts, including Saccha-
romyces, Kloeckera, Candida, Hansenula and Torulaspora. Most Mediterranean vineyards showed higher
incidences of killer properties (65-90%), probably due to a combination of viticultural practices, climate
and the extent of continual cultivation. In red wines, the killer function appears to be inactivated after about
three days, possibly due to complexing of the toxin proteins with tannins. As the killer factors are proteins,
their stability will be affected by ethanol levels, SO, concentration and by interactions with tannins and
fining agents. The killer function is also inactivated by high temperature and high pH (Shimizu, 1993), but is
favored by the acidic conditions of grape must (pH 2.8-3.8). Apart from sporadic reports, which imply that
the presence of killer yeast could contribute towards stuck (incomplete) or sluggish fermentations, zymocidal
S. cerevisiae strains have no negative effect on the wholesomeness and sensorial quality of wines that are
produced (Pretorius, 2000).

2.2.6 The Use of Selected (Cultured) Yeast Strains

In 1890, Miiller-Thurgau from Geisenheim introduced the concept of inoculating wine fermentations with
pure yeast starter cultures (Pretorius, 2000). Currently, yeast manufacturing companies market a wide variety
of dehydrated cultures of various S. cerevisiae strains. Most commercial freeze-dried cultures (or active dry
yeast, ADY) contain yeast that was originally selected by various manufacturers from successful natural
fermentations. In large-scale wine production, however, where rapid and reliable fermentations are essential
for consistent wine flavor and predictable quality, the use of selected pure yeast inocula of known ability
is preferred. These large wineries will be the main beneficiaries of programs aimed at producing new yeast
strains with even more reliable performance, reducing processing inputs and facilitating the production of
affordable high quality wines. The brewer or winemaker now has the option of selecting a commercial strain
for a specific attribute (for example, the ability to hydrolyze monoterpenes from glycolysated precursors).
There is a strong incentive to develop wine yeast strains with an ability to accumulate trehalose and glycogen
as starter cultures, because trehalose appears to stabilize cell membranes of lyophilized yeast, as well as their
cellular proteins by replacing water and forming a hydration shell around proteins. Glycerol accumulation
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seems to control the concentration of solutes inside the cell relative to that of the culture medium, thereby
counteracting the negative effects of dehydration.

The choice of yeast will be based on previous experience, the style of beverage required and the technical
specifications of the yeast culture. Selected ADY is sold freeze-dried in packets which should be stored in
a cool place and resealed if opened and not fully used. Yeast will still be viable if a packet is left unopened
until the next season (or the use by date). Rehydration according to the manufacturer’s recommendations is
important for the survival of the yeast, as it affects the cell membranes and if the wrong method is used,
viability will be reduced, for example if the recommended rehydration temperature is 3540 °C, 100% of
the yeast should be viable in this range (Morgan et al., 2006). In inoculated fermentations, the actively
growing starter culture dominates the native yeast species present in grape must, as long as the manufacturer’s
rehydration protocols are followed. There should be sufficient yeast to ferment the required juice if the dose
rate recommended by the manufacturer is used, (usually 10—15 g/hl or 10° cells/ml in a winemaking context
(Ribereau-Gayon et al., 2000f), giving a cell density upon inoculation of 1-3 million colony forming units
(cfu)/ml (Pretorius, 2000). Walker (1998b) noted the absolute requirement of oxygen by S. cerevisiae for
build up of cell numbers in the yeast starter, and ensuring adequate synthesis of sterols that aid yeast growth
and survival during fermentation. Hence the starter should be aerated before addition to must to ensure a high
count of active cells. If oxygen is deficient in the must, the lag phase between yeast addition and fermentation
onset will be prolonged, thereby increasing the chances of infection by spoilage organisms.

2.2.7 Fermentation Vessels

Fermentation systems will reflect the type of beverage being made, the tradition of the country of production
and the throughput of the producer. Vessel design, the method of operation and the variety of yeast used
are related. Traditional vessels continue to be used and replaced, even in newer concerns, as brewing and
winemaking tend to be conservative industries, and shortcomings of the systems are accepted as the price
to be paid for continuity of style and the perceived quality of the product (Boulton and Quain, 2001b). In
many countries, however, there is a trend towards fewer and larger producers with ever increasing batch
sizes. Larger fermentation vessels represent a considerable risk if the product in them is in any way atypical.
Material of construction, ease of cleaning, capacity, geometry, and monitoring and control facilities are all
important when a system is being considered for use.

2.2.8 The Growth of a Yeast Population

A typical fermentation is almost completely anaerobic. The molecular oxygen that is available in the processed
must or juice is quickly utilized by any microorganisms present in the medium. Yeasts require oxygen to
synthesize and assimilate substances vital to their reproduction. If the must is not aerated, oxygen will
become the limiting factor, yeast numbers will be too low to ferment effectively and the fermentation may
end prematurely. In these circumstances it is not unusual for the fermentation medium to become reductive
and hydrogen sulfide may be formed (Morgan et al., 2006). The modern trend in winemaking is to use large
doses of selected yeasts that have been grown in hyperaerated media and are rich in the necessary growth
factors. If aeration is required in order to enhance aromatic complexity, exposing the must to oxygen at the
beginning of the fermentation is much less risky and more effective then at the end, when the yeast growth
factors are depleted. Musts from rotted vintages should be aerated as little as possible due to the presence of
oxidative enzymes in solution. Red musts can be aerated to a greater extent to increase the rate of fermentation
(Morgan et al., 20006).
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Figure 2.2.1 Fermentation profile. This is a general profile; actual profiles depend on temperature and other
factors. See also Figure 2.6.17, Section 2.6.5

As stated previously (see Chapter 2.1), although Saccharomyces is virtually untraceable in the microbial
flora of the grape, it very quickly dominates the fermentation so that at completion a nearly pure culture of
this yeast is observed. Inoculation of the fermentation with Saccharomyces causes a faster domination of the
fermentation by this organism. The reason for this domination can be found in the specific adaptation to high
sugar, virtually anaerobic environments. Indeed, such environments appear to be the specific ecological niche
in which this organism can flourish and dominate all other microorganisms. Yeast cells multiply during grape
juice fermentation and their growth kinetics follow a typical microbial growth curve (Figure 2.2.1) which
reflects the growth of cell number and decrease in sugar concentration (° Brix).

Margalit (1996) identified four key stages in the growth pattern of yeasts, a ‘lag’ period during which the
yeast cells become acclimatized to conditions in the must and start multiplying; a period of rapid, exponential
growth to a final population of around 2 x 10% cells/ml; a stationary phase during which the number of
cells undergoing fission equals those dying, and a decline or death phase in which the number of cells dying
exceeds the number undergoing fission. Sugars are metabolized through the first three phases.

Factors affecting the growth of a yeast population, and therefore the progress and efficiency of a typical
fermentation are as follows: The sugar concentration can cause problems if it is too high, or too low. If it
is too low, the yeast will respire if there is any oxygen present, producing carbon dioxide and water instead
of ethanol. If it is too high, the osmotic pressure exerted on the yeast can delay the onset of fermentation.
Approximately 50% of the total available sugar is used during the exponential growth phase, while the rest is
fermented by the cells during the stationary phase. Sugar concentration may also influence the composition
and concentration of aroma compounds produced by the yeast (see Section 2.2.2).

Apart from the inhibitory effect of excessive sugar content on yeast growth and fermentation, the production
of excessive amounts of ethanol, coming from harvest of over-ripe grapes, is known to inhibit the uptake of
solutes (e.g. sugars and amino acids) and to inhibit yeast growth rate, viability and fermentation capacity.
The concentration of ethanol, as stated, can have an effect on yeast as it is a physiological toxin. The
physiological basis of ethanol toxicity is complex and not well understood, but it appears that ethanol mainly
impacts upon membrane structural integrity and membrane permeability (Pretorius, 2000). Resistance to
ethanol toxicity is strain dependent, and factors increasing resistance are linked to decreased membrane
permeability, for example the uptake of palmitic acid into the cell. Several factors are known to enhance
the inhibitory effects of ethanol. These factors include high fermentation temperatures, nutrient limitation
(especially oxygen, nitrogen, lipids and magnesium ions) and metabolic by products, such as other alcohols,
aldehydes, esters, organic acids (especially octanoic and decanoic acids), certain fatty acids, and carbonyl
and phenolic compounds. The effect of ethanol on suppression of sugar uptake by cells has been documented,
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and this effect is increased with increasing temperature. Higher alcohols are even more toxic than ethanol,
but normally do not occur in high enough concentrations during a normal fermentation to cause problems
(Pretorius, 2000). Cell viability and sensitivity to alcohol toxicity are increased at higher sugar levels, and
above 250 g/l, the likelihood of a stuck fermentation increases considerably (Jackson, 2000c), with ethanol
production declining significantly. The producer is confronted with the dilemma that, while ethanol is the
major desired metabolic product of grape juice fermentation, it is also a toxin that can lead to sluggish or
stuck fermentations. A sluggish fermentation is more likely in small volume fermentations and occurs when
the yeast ferment slowly and sometimes stop before the medium is dry.

Most so-called survival factors (e.g. certain saturated long chain fatty acids and sterols) are formed only
in the presence of molecular oxygen, which in part explains the great success in the use of commercial
starter cultures that are cultivated under highly aerobic conditions and in low glucose concentrations. These
starter yeast cells contain high levels of the survival factors that can be passed onto the progeny cells
during the six or seven generations of growth in a typical fermentation. Successful yeast cellular adaptation to
changes in chemical or physical environmental parameters during fermentation requires the timely perception
(sensing) of these parameters (e.g. fermentable sugars, assimilable nitrogen, oxygen, vitamins, minerals,
ergosterol, ethanol, acetic acid, fatty acids, sulfite, agrochemical residues, killer toxins and unsaturated
fatty acids), followed by accurate transmission of the information to the relevant compartments of the cell
(Pretorius, 2000). Signals of a physical nature include factors such as temperature, pH, agitation and osmotic
pressure in a complex, interconnected network.

Nutritional shortages can also give rise to a lagging or incomplete fermentation, naturally depending
on the degree of the limitation. As well as causing fermentation to slow down, a shortage of nutritive
substances, particularly nitrogen, can give rise to the formation of undesirable end products of metabolism,
such as hydrogen sulfide and acetic acid. Under most winemaking conditions, a minimum of 150-250 mg/1
assimilable nitrogen is recommended, and some authors have suggested levels as high as 500 mg/1 (Jackson,
2000c). Nitrogen utilization usually occurs early during fermentation, before 5% ethanol has accumulated
in the medium. Excess nitrogen has been linked to the formation of urea, which has been implicated in
the formation of ethyl carbamate, a carcinogen (Bell and Henschke, 2005) (see Section 5.11.5). Mid chain
length (Cg—Cjp) saturated fatty acids and phenols are also known to affect yeast if present in high enough
concentrations, affecting the progress of fermentations. Most manufactured lyophilized yeast has been grown
in the presence of sufficient sulfur dioxide to provide some sort of resistance, but this is strain variable, and
the preservative in high enough concentrations will impede membrane function in yeast, but at moderate
concentrations (50 mg/l), most fermentations will progress unimpeded. Sulfur dioxide does have some other
effects, for example, it inhibits acetic acid production, but favors glycerol synthesis. Elemental sulfur, if
present in the medium as a result of antifungal treatment of fruit, can be assimilated, and in the worst
case, reduced to hydrogen sulfide, thiols and mercaptans, thus adversely affecting the aroma of the resulting
product. It is usually a complex problem. Other factors affecting yeast growth include build up of toxic by
products, oxygen depletion, and carbon dioxide and osmotic pressure.

The lag phase usually lasts for 1-2 days, but may be longer if SO, concentrations are high, there is
insufficient yeast present or there are other inhibitory substances such as spray residues in solution. The
temperature should be controlled during the exponential growth phase to give the desired rate of fermentation.
During the exponential and stationary phase, the bulk of the sugar is converted into alcohol. Towards the
end of the stationary phase the population decreases, but significant sugar metabolism still takes place in the
absence of growth of the population. The sugar is utilized exclusively as an energy source during this stage,
and not as a carbon source in the production of biomass. The conversion to alcohol slows down towards
the end of the stationary phase as the yeasts run out of food and die. In the death phase, the total number
of cells remains constant but viability decreases. After this, there is little activity and fermentation finishes.
Yeast cells will precipitate, and form a dense layer at the bottom of the fermentation vessel. Depending on
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the strain, and temperature during this ‘sur lie’ period, autolysis will set in and cell contents will be released
back into the medium.

2.2.9 An Overview of Alcoholic Fermentation

Under anaerobic conditions, deprived of oxygen, yeast can only convert sugars to carbon dioxide and ethanol,
recovering less of the energy stored in the substrate molecules:

CsH12,06 + Yeast — 2C,HsOH + 2CO, + ATP(Energy) + Heat

A carbon compound (acetaldehyde) acts as terminal acceptor of electrons, which are generated during the
conversion of sugar metabolites to energy in the form of ATP, and ethanol is formed. The final concentration
of ethanol depends on the initial concentration of sugars (or other substrate) in the must or juice, as well as
the fermentation temperature, since some ethanol is lost during warmer, faster fermentations. In winemaking,
the sugar content of the grapes is therefore a very important factor when the time of harvesting is chosen. The
amount of residual sugar in solution after fermentation is also an important stylistic consideration and the
final sugar, acid and alcohol levels must be balanced in the finished product. Residual sugar is desirable in
dessert or sweet wine, but not in most table or dry wines. A better understanding of the factors that influence
sugar utilization and fermentation rate will allow for greater control over the fermentation parameters and
therefore allow better diagnosis of problem fermentations.

The main sugars present in grape must, glucose and fructose, are metabolized to pyruvate via the glycolytic
pathway in S. cerevisiae (as well as the majority of other organisms). In yeast, under fermentation conditions,
the pyruvate is then decarboxylated to acetaldehyde, and further reduced to ethanol. The rate of fermentation
and the amount of alcohol produced per unit of sugar during the transformation of grape must into wine is
of considerable commercial importance. During wine yeast glycolysis, one molecule of glucose or fructose
yields two molecules each of ethanol and carbon dioxide. However, the theoretical conversion of 180 g sugar
into 92 g ethanol (51.1%) and 88 g carbon dioxide (48.9%) could only be expected in the absence of any
yeast growth, production of other metabolites and loss of ethanol as vapor. In a model fermentation, about
95% of the sugar is converted into ethanol and carbon dioxide, 1% into cellular material and 4% into other
products such as glycerol (Pretorius, 2000).

All fermentation pathways are anaerobic. Fermentation is a complex process, involving around 30 different
steps, each with its own enzyme. Each 100 g of glucose theoretically produces 51.1 g of ethanol and 48.9 g
of carbon dioxide. As discussed previously (Chapter 2.1), yeasts draw their energy from degradation of
organic nutrients and the useful (‘free’) energy obtained is transported within cells as ATP. Depending
on aerobic conditions (with or without oxygen), yeast can degrade sugars using two metabolic pathways:
alcoholic fermentation and respiration. These two processes begin in the same way, glycolysis, where one
sugar molecule produces pyruvate and a net gain of two ATP molecules. The process of fermentation requires
two enzymes to metabolize pyruvate, the first is involved in the decarboxylation of pyruvate to acetaldehyde;
the second reduces the acetaldehyde to NAD™ and H* as well as ethyl alcohol (Purves et al., 2001). It does
not need oxygen or an electron transport system, and uses an organic molecule as the final electron acceptor.
When phosphate groups are removed from ATP to produce ADP or adenosine diphosphate, 30.5 kJ (7.3 kcal)
worth of energy per mole of compound is released, and some of this energy is coupled to useful activities
within the cell like transport, movement or synthesis. The rest is dissipated as heat.

In a liquid environment like grape juice, yeasts will settle to the bottom of the container and grow anaer-
obically, consuming any dissolved oxygen as they oxidize simple carbon sources, such as monosaccharides,
ethanol, acetate or glycerol, to carbon dioxide and water. On a nutrient surface or in a ventilated container,
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they grow aerobically, with each cell (or colony forming unit) forming visible colonies within a few days.
The pathway that operates is determined by the available substrate and the growth conditions.

A complete fermentation pathway begins with a substrate, includes glycolysis and results in various end
products. The different fermentation pathways typically are named for the end products that are formed. As
far as energy is concerned, fermentation itself does not generate ATP directly, but recycles a limited amount
of NAD" back into glycolysis to keep the process going, and each pass through glycolysis generates two
ATP molecules by substrate level phosphorylation. The change in free energy degrading a mole of glucose,
via pyruvate to acetaldehyde and ethanol (and CO,) is 167 kJ (40 kcal). Two ATP molecules are produced
yielding about 63 kJ/mol glucose of useful energy, the rest (around 104 kJ) is dissipated in the form of
heat (Jackson, 2000b). In respiration, the pyruvate is used with oxygen to produce nearly 15 times more
biologically usable energy, as described later in this section. The availability of oxygen plays an important
role in the metabolism, as molecular oxygen is the terminal electron acceptor during respiration, but it is
needed for other reasons during high sugar, anaerobic fermentations. Despite the gains to be made from
respiration, it is only in low sugar environments that yeast will respire pyruvate in preference to fermenting.
In high sugar environments (e.g. musts) yeasts can only metabolize sugars by the fermentative pathway. Even
in the presence of oxygen, respiration is impossible. This is known as the ‘Pasteur effect” (Ribéreau-Gayon
et al., 2000g). The aeration (oxygenation) of musts can still help alcoholic fermentation, but only because
it enhances the production of fatty acids and sterols required by yeast cell membranes for proper function.
According to Larue and coworkers (1980), aeration conditions of the medium determined the sterol content
of yeasts which act as growth factors, fermentation inhibitors and survival factors for the yeast, particularly
important if cells are to survive adverse conditions later in the fermentation. Ergosterol is the predominant
sterol in yeast cells, but zymosterol, lanosterol and others are also present. In the cells, sterols account for
6% by weight of the protoplasmic membrane dry matter. The sterol content of the cells also differs with the
strain of yeast and the conditions of culture. Molecular oxygen is also needed for the synthesis of the vitamin
nicotinic acid (Jackson, 2000b).

The first step in alcoholic fermentation is the transport of sugars into the cell. This can be done in one
of three ways: simple diffusion, facilitated (or carrier-mediated) diffusion or active transportation. Glucose,
fructose and mannose are transported via facilitated diffusion, a process that does require energy and shares the
same transportation system. Sucrose is sometimes used for enrichment, or chaptalization, in cool climate wine
areas. Yeast cannot metabolize this disaccharide directly and it is hydrolyzed outside the cell by an excreted
enzyme, invertase. The monosaccharides that result (glucose and fructose) are then transported into the cell
(Jackson, 2000c). The disaccharide maltose is transported into the cell via an active transport mechanism,
which requires energy. In other words, the rate of alcohol production by wine yeast is primarily limited by
the rate of glucose and fructose uptake, and the loss of hexose transport towards the end of fermentation may
result in reduced alcohol yields. Based on the spectacular increase in the amount of information on sugar
sensing and their entry into yeast cells that has come to the fore over the last few years, several laboratories
have identified this main point of control of glycolytic flux as one of the key targets for the improvement of
wine yeasts (Pretorius, 2000).

The most common pathway for glucose (as well as fructose and mannose) catabolism is glycolysis, and
the main purpose of this pathway under anaerobic conditions is energy production. It is noteworthy that when
cells capable of fermentation like S. cerevisiae become anaerobic, the rate of glycolysis speeds up 10 times or
more (Purves ef al., 2001), so a growth-sustaining level of energy generation is achieved despite the low yield
of ATP generated by the metabolism of glucose through this pathway. During glycolysis, parts of the original
glucose carbon skeleton will also be used for biomass formation or anabolism (the synthesis of biological
molecules, amino acids, nucleic acids, lipids etc., according to the need of the growing and multiplying cells).

The glycolytic pathway (or glycolysis) (Figure 2.2.2), the conversion of glucose to pyruvate, is a universal
pathway for glucose catabolism that is encountered throughout the eukaryotic kingdom, as well as in many
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GLYCOLYSIS
Enzyme involved Substrate Energy use/ generation
GLUCOSE
1.GLUCOSE-6-PHOSPHATE
I Phosphoglucoisomerase | ¢
2.FRUCTOSE-6-PHOSPHATE
I Input: ATP-> ADP
[ Phosphofructokinase l

3. FRUCTOSE-1,6-DIPHOSPHATE

Aldolase

4. DIHYDROXYACETONE-PHOSPHATE &
GLYCERALDEHYDE PHOSPHATE

Isomerase l
5. GLYCERALDEHYDE PHOSPHATE (2 X)
Triose phosphate
dehydrogenase l Input: Pi, NAD+ > NADH (x2) |
6. 1,3-DIPHOSPHOGLYCERATE (2 X)
Phosphoglycerate
kinase | Output: ADP> ATP (x2) I
7. 3-PHOSPHOGLYCERIC ACID (2 X)
Phosphoglycero
mutase
8. 2-PHOSPHOGLYCERIC ACID (2 X)
Enolase
9. PHOSPHOENOLPYRUVIC ACID (2 X)
l | Output: ADP> ATPx2) |
Pyruvate kinase .

10. PYRUVATE (2 X)

Figure 2.2.2 An overview of the glycolytic pathway
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Figure 2.2.3 An overview of alcoholic fermentation

prokaryotes. This pathway is active under both fermentative and respiratory metabolism. Glycolysis consists
of 10 steps, each catalyzed by a specific enzyme. The carbon skeleton of the sugar molecule is gradually
dismembered during this process, and energy from the bond breaking is harvested in the form of ATP
from ADP, and NADH from NAD™. The first steps in glycolysis require an input of energy in the form
of ATP, and serve to reorganize the sugar molecule. In fact, energy is invested in the first five reactions
of glycolysis, and harvested in reactions 6, 7 and 10 (Jackson, 2000c). In step 4, the six-carbon sugar is
split into two three-carbon moieties (glyceraldehydes and dihydroxyacetone) by the enzyme aldolase, and
the preparatory reactions are complete. Thereafter, dihydroxyacetone is converted to glyceraldehydes and
the two glyceraldehydes molecules are oxidized (hydrogen atoms with their electrons are removed), in the
process reducing NAD™ is to NADH. High energy bonds formed during glycolysis between phosphate groups
and the substrate molecules are gradually broken, and the phosphate groups transferred to ADP molecules to
form ATP.

During alcoholic fermentation (Figure 2.2.3), the pyruvate generated during glycolysis is converted to
acetaldehyde, releasing carbon dioxide as a by-product. In Saccharomyces, the NADH from glycolysis acts
as a reducing agent, and reduces acetaldehyde, which acts as the terminal electron acceptor, to ethanol.
This process is necessary to maintain an acceptable redox balance within the cell (Jackson, 2000a). In the
absence of oxygen, yeast cells are unable to transfer the energy stored in NADH to ADP and thus generate
ATP other than through the reduction of acetaldehyde. Without this step, and the regeneration of NAD™, the
fermentation of glucose would cease altogether. In the early phases of fermentation, growth and cell division
require considerable quantitities of reducing power (in short, the ability to get rid of excess electrons from
within the cell). This is achieved through glycolysis, the diversion of sugar through the pentose phosphate
pathway (to generate NADPH and precursors for nucleic acid synthesis), and the oxidation of pyruvic to acetic
acid. The incorporation and reduction of compounds such as acetaldehyde and acetic acid that are initially
released into the fermentation later on (Jackson, 2000c) helps to maintain the redox balance, and permit
continuing fermentation. In contrast, during the declining phase of the fermentation, NADH and NADPH
tend to accumulate.

Other organisms use other electron acceptors during fermentation and form, for example, reduced acids,
such as the lactic acid bacteria. These organisms utilize pyruvate as a hydrogen acceptor during the reduction
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to lactic acid, as do the cells of muscles in the human body during periods of strenuous activity (Purves et al.,
2001).

During respiration, which can be important in the earliest phases of the alcoholic fermentation and in all
phases of commercial yeast production, most of the energy of the catabolism of carbon compounds is captured
in the form of ATP. This is the result of the functioning of two metabolic pathways — the tricarboxylic or
citric acid cycle and the electron transport chain. A further substrate level phosphorylation occurs during the
succinyl-CoA-synthase reaction.

Fermentation and respiration are not mutually exclusive processes. If oxygen is available and glucose
concentrations are low, Saccharomyces will switch to respiration for ATP production if fermentation cannot
supply the ATP required for continued activity. This is not an instantaneous process, however, and yeasts
need a period of adaptation to different growth conditions.

The next stage in respiratory metabolism is the citric acid cycle, also known as Kreb’s cycle. Enzymes of
this cycle and the electron transportation chain are situated in an endogenous organelle, the mitochondrion.
Under anaerobic conditions, mature, fully functional mitochondria are not present in Saccharomyces. Since
respiration is entirely dependent on oxygen, the enzymes required are only synthesized when needed, so in this
respect, the availability of oxygen is a control mechanism for gene expression. In yeast, the expression of these
enzymes is also controlled by the concentrations of glucose and other fermentable sugars in the medium. The
expression is also suppressed by high concentrations of glucose and this regulatory phenomenon is known as
glucose repression or the Crabtree effect (Boulton and Quain, 2001c). When the substrate is not limiting (i.e.
present in high concentrations), yeasts depend entirely on fermentation or substrate level phosphorylation for
the production of ATP. If the sugar concentration becomes limiting, the yeast need to convert to the respiratory
metabolism in order to produce sufficient energy for continued growth and metabolism.

In the absence of oxygen, this metabolic shift will not take place. The citric acid cycle also provides the
intermediaries that are required for amino acid and nucleotide biosynthesis. The enzymes, which are required
for biosynthesis, are present in the cytoplasm in Saccharomyces under anaerobic conditions, as mitochondria
are not functional. The mitochondrial and cytoplasmic forms are isozymes, i.e. similar in structure, but the
product of different genes. The complete citric acid cycle does not exist in the cytoplasm under anaerobic
conditions, but a form of the pathway serves to generate biosynthetic intermediates or end products of amino
acid metabolism. Reverse flow along the pathway uses acetyl-CoA and helps form acetate esters. If the
conversion of acetaldehyde to ethanol regenerates only limited NAD™' from NADH, the reductive arm of the
citric acid cycle can be used for this purpose with the associated production of malic and succinic acids.
Otherwise, if reducing power in the form of nicotinamide adenine dinucleotide (NADH) is required, it can
be generated via the oxidative arm of the citric acid cycle. Yeasts can utilize another metabolic process,
the glyoxylate cycle (Walker 1998b), for the synthesis of sugars that are needed for cell wall structural
components, glucans and mannans, and for growth substrates such as ethanol and acetate, but this pathway is
only used if the cells grow in the absence of sugars. In the heterolactic malolactic acid bacteria, the pentose
phosphate pathway is used for the metabolism of pentoses (five-carbon sugars) as carbon and energy sources,
but Saccharomyces is not able to do this as the yeast requires this pathway for the formation of ribose-5-
phosphate, a precursor of nucleotide biosynthesis (Jackson, 2000c). Saccharomyces also uses the pentose
phosphate pathway for the formation of NADPH for biosynthetic purposes and erithrose-4-phosphate, which
is required for the synthesis of aromatic amino acids. The pentose phosphate pathway therefore functions
during both fermentative and respiratory growth.

In the cycle, pyruvate is decarboxylated and reacts with coenzyme A to form acetyl-CoA. The enzyme
that catalyzes this reaction is pyruvate-dehydrogenase. Acetyl-CoA condenses with a four-carbon acid,
oxalic acetate, to form citrate, a six-carbon acid, as well as a variety of other organic acid-intermediaries
(Walker, 1998c). Under fermentative conditions, decarboxylation of pyruvate to acetyl CoA is inactive. One
completed citric acid cycle generates two molecules of carbon dioxide and also regenerates oxalic acetate.



Alcoholic Fermentation 85

Three molecules of reduced (NADH) and one molecule of flavin adenine dinucleotide (FADH,) are also
generated.

Respiratory chain-linked NADH yields three molecules of ATP and two molecules of ATP from FADH,,
for a total of up to 14 molecules of ATP for each pyruvate that is metabolized. The generation of ATP during
respiration is called oxidative phosphorylation; that which is formed during glycolysis is known as substrate
level phosphorylation (Madigan et al., 2003).

A further substrate level phosphorylation occurs at the succinyl-CoA-synthase reaction. Thus two molecules
of pyruvate (equivalent to one glucose) moving through the citric acid cycle generate 30 molecules of ATP.
Two molecules of ATP are produced during glycolysis giving a total of 32. If the pyruvate is completely
oxidized to carbon dioxide, the two molecules of NADH that are produced during glycolysis can also be a
source of ATP. This NADH molecule is cytoplasmic and not mitochondrial, and in order to be able to generate
ATP the electrons must be transported to the mitochondria. Depending on the transportation mechanism that
is utilized, two or three ATP molecules can be obtained for each NADH molecule that is oxidized. So, a
single glucose molecule, when it is fully respired, will generate between 35 and 37 molecules ATP in total,
of which 33 to 35 are from the oxidative phosphorylation and two from substrate level phosphorylation
(Ribéreau-Gayon et al., 2000h). The energy yield from the yeast metabolism is therefore around 15 times
higher for aerobic sugar metabolism in comparison with anaerobic sugar metabolism.

To summarize then, under anaerobic conditions, or in a medium containing high levels of substrate,
yeast will metabolize through fermentative pathways, rather than through respiration. Fermentation, despite
producing so much less energy than respiration, still achieves two important metabolic goals. It uses NADH
to reduce the pyruvate (or one of its metabolites) generated by glycolysis, and consequently NADV is
regenerated. This ion is used once more in glycolysis, so the cell can carry on metabolizing glucose. Also,
fermentation allows the cell to produce a small amount of ATP through substrate level phosphorylation.
Metabolic intermediates needed for cell growth will be supplied by glycolysis, the pentose phosphate pathway
and the citric acid cycle.

Monitoring a fermentation allows the producer to ensure the fermentation is performing as required
and allows prompt remedial action if any problems develop. The normal methods used are measurement
of sugar (or, more accurately, dissolved solids) by hydrometry, measurement of temperature and sensory
evaluation. One mole (180 g) of glucose yields about 103 kJ (24.5 kcal) as heat, and each percent of sugar
(1° Brix) in the must generates enough heat during fermentation to raise its temperature by 1.3°C/l, if
no heat is lost. Hence, a wine must of 22 ° Brix would generate enough heat to raise its temperature by
nearly 30 °C during the fermentation process, although some of this heat will be lost with the evolved CO,
(Jackson, 2000b).

Important ‘fermentation problem indicators’ are high or low fermentation rate, temperature variations,
turbulence and production of off odors such as H,S. In difficult fermentations one of the first signs of a
problem is the yeast settling as the fermentation slows down. It is thought that yeast cells die very quickly at
the bottom of the tank due to sugar and nutrient depletion in that area, and that yeast that are in suspension
are more likely to survive. Certainly, brewers know that suspended yeast cells provide the most efficient
fermentation of beer wort (Section 2.6.4). Measures to rescue such ‘sluggish’ or ‘stuck’ fermentations include
the increase of fermentation temperature, addition of vitamin supplements, limited aeration by pumping over
and reinoculation (Pretorius, 2000).

Although alcohol is a major component of wine, there are many by-products of fermentation which will
have a major impact on quality. Glycerol is not only produced by yeasts, but can also serve as carbon source
in aerobically grown cultures. During wine fermentations, the main role of glycerol synthesis is to supply
the yeast cell with an osmotic stress-responsive solute and to equilibrate the intracellular redox balance by
converting the excess NADH generated during biomass formation to NAD" (Pretorius, 2000). Glycerol-3-
phosphate, the precursor of glycerol, is an essential intermediate in the biosynthesis of membrane lipids.



86 Fermented Beverages: Beers, Ciders, Wines and Related Drinks

Glycerol is viscous and has a slightly sweet taste (threshold 5.2 g/l in wine), giving smoothness, consistency
and overall body to the product, so if it is produced abundantly during fermentation, it is usually seen as a
positive contribution. The amount of glycerol produced by yeast during fermentation will vary according to
nitrogen composition, sugar levels, sulfur levels and pH of the grape must, as well as fermentation temperature,
aeration, choice of starter yeast strain and inoculation level. Typically, under controlled conditions, glycerol
concentrations are higher in red wines than in white wines, varying from 1 to 15 g/l. About 4-10% of the
carbon source is usually converted to glycerol, resulting in glycerol levels of 7-10% of that of ethanol. The
overproduction of glycerol by yeast at the expense of ethanol could fulfil a growing need for table wine with
lower levels of ethanol. Conversely, wine yeasts in which the glycerol pathway has been minimized would
yield more alcohol, which would be of great value for the production of brandy and other distilled products
(Pretorius, 2000) (Chapter 3.6).

The characteristic fruit flavors of wine are primarily due to a mixture of hexyl acetate, ethyl caproate,
ethyl caprylate, isoamyl acetate and 2-phenylethyl acetate. Some of these aroma compounds have specific
functions in the yeast cell, while others are still speculative (Pretorius and Lambrechts, 2000). Higher alcohols
are produced during alcoholic fermentation through the conversion of the branched chain amino acids present
in the medium (valine, leucine, isoleucine, threonine and phenylalanine), and are important precursors for
the formation of esters, which are associated with pleasant aromas. They can also be produced de novo from
a sugar substrate (Clemente-Jiminez et al., 2005). Their exact function is unknown, but they may serve to
detoxify any aldehydes produced during amino acid catabolism or be involved in the regulation of amino acid
anabolism. Moreover, oxidative deamination provides the yeast with a mechanism for obtaining nitrogen.
For this reason, amino acid metabolism to higher alcohols is restricted to the exponential growth phase.
Tropical fruit notes are linked to acetates of higher alcohols, i.e. alcohols with carbon numbers greater than
that of ethanol, such as isobutyl, isoamyl and active amyl alcohol. These compounds are produced by wine
yeasts during alcoholic fermentation from intermediates in the branched chain amino acids pathway leading
to production of isoleucine, leucine and valine by decarboxylation, transamination and reduction (Pretorius,
2000). At high concentrations, these higher alcohols have undesirable flavor and odor characteristics, but in
wine they are usually present at levels below their threshold values and therefore they contribute favorably.
Since higher alcohols are concentrated by the distilling process, they are not desired in wines that are to be
distilled for brandy production (Chapter 3.6).

The effect of yeast on aroma and flavor development of the product is further discussed in Section 2.2.11.

The amount of alcohol produced by the fermentation depends, as previously stated, upon the initial sugar
level and the strain of yeast used. Approximations can be made from the soluble solids level of the grapes,
but the final alcohol level of the wine still needs to be measured for labeling purposes. As alcohol is a toxin
as well as an intoxicant, there are strict regulations surrounding its production. Terminology for alcohol in
winemaking is therefore complex, and can be confusing. Alcohol that could be made from the natural sugar
in the wine is termed ‘potential alcohol,” and needs to be determined before the fermentation process starts.
Once this sugar has been converted to alcohol, it is termed the ‘natural’ alcohol of the wine. When alcohol is
derived from added sugar (chaptalization), the wine is termed ‘enriched’ and this amount (according to UK
legislation) has to be less than 3.5% (4.5% in poor years) (Morgan et al., 2006). ‘Actual’ alcohol is that which
is present in the wine after fermentation and chaptalization, and ‘total” alcohol is determined by adding the
contribution of potential alcohol from residual sugar in wine to the actual alcohol concentration. The way
in which the alcohol content is displayed on the label is also subject to regulation, for example, the alcohol
figure on a wine label must be accurate to within +0.5% and prominently displayed. Duty is usually payable
according to the alcoholic content of the wine. Alcohol is measured mainly by ebulliometry or distillation
followed by hydrometry or pycnometry (Iland et al., 2004), but there are many other methods (see Sections
4.3.2 and 4.6.3).
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2.2.10 Flocculation

Yeast flocculation is a physical process and is of fundamental importance in most brewing and winemaking
applications. During flocculation, yeast cells aggregate to form multicellular ‘flocs’ (or clumps) which
sediment rapidly from the medium through precipitation, or are entrained by carbon dioxide and taken to the
surface of the medium. The aggregation is brought on by interaction between lectin-like proteins on flocculent
cell surfaces and mannose receptors on other cells. This interaction starts in early stationary phase, and it has
been suggested that flocs form as a response of yeast cells to stress (Boulton and Quain, 2001d). Flocculation
is critical to yeast recovery in a brewing context (Section 2.6.4) and to postfermentation clarification during
winemaking. Yeasts can be removed through skimming the surface of the medium in open fermentors, or
racking off (cropping) sediments in closed vessels. In-process changes in yeast flocculance are reflected
in head formation during brewing. Although not usually quantified or monitored, yeast flocculation is a
high profile fermentation parameter and is as important to a successful fermentation process as the rate and
efficiency of conversion of sugar to alcohol.

If the fermentation is at the point where the producer wishes to finish it, a combination of refrigeration
and/or accelerated clarification is normally used. The time taken to cool the ferment sufficiently should be
taken into account and the ferment stopped earlier than the actual sugar level required. Clarification gets rid
of the active yeast and allows other methods to work. The addition of SO, by itself to stop fermentation does
not work in all cases, as the products formed during the fermentation (predominantly acetaldehyde) may
bind and inactivate the SO, before it has had a chance to act against the yeast. If the number of suspended
yeast cells has been lowered by clarification and activity reduced by cooling there is more chance it will
be successful. It may still be necessary to add a larger than usual amount of SO, to ensure cessation of
activity by the yeast. It is vital to keep a close check on the product towards the end of fermentation to see
whether it is developing detectable levels of hydrogen sulfide. This is particularly true in the case of wines
undergoing lees contact, which should be stirred through and, once the lees have settled, tasted. If there are
high levels of hydrogen sulfide, the wine should be immediately racked and aerated or a copper treatment
may be necessary, either by passing the wine over copper chips or by adding 0.2-0.4 mg/l copper sulfate
(Morgan et al., 2006).

A wine chemist (Mulder, ca. 1857), working over a century ago, stated:

‘A wine ferment . .. is not essentially different from a beer ferment, for both consist of membranous
cells which are formed out of gum or vegetable mucilage. Both possess albuminous contents, which
exude through the walls of the cells, and when brought into contact with sugar, cause it to ferment. These
contents are soluble in water, more so in vegetable acids, and peculiarly so in tartaric acid. So much
of the albuminous substance as is soluble is decomposed during fermentation, and more or less of its
products must be contained in the liquid.’

This quote is provided (with great respect to the author) to show how our knowledge of such a fundamental
process has increased in detail, accuracy and magnitude over time. S. cerevisiae has enjoyed a long and
distinguished history in the fermented food and beverage industries; it is without doubt the most important
commercial microorganism with GRAS (‘generally regarded as safe’) status. With the emergence of modern
molecular genetics, S. cerevisiae has again been harnessed to shift the frontiers of mankind’s newest revolution,
genetic engineering. S. cerevisiae was the first genetically modified organism (GMO), as distinguished from
a genetically modified product (GMP), to be cleared for food use, as a baking and brewing strain (Pretorius,
2000).
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2.2.11 Aroma Compounds and Fermentation

The aromatic potential inherent in grapes can either be realized or destroyed during the alcoholic fermentation.
The yeast S. cerevisiae synthesizes a variety of volatile aroma compounds that form a very important part
of the ‘character’ of the final wine and the task of choosing a yeast strain to produce desirable attributes in
the final wine is significant. The preferable flavors of wine depend on a balance of volatile constituents such
as acids, alcohols, aldehydes, ketones and esters, with yeast bouquet resulting largely from higher alcohols
and esters (Swiegers et al., 2005). Relative concentrations of the many by-products of fermentation can be
influenced by the choice of yeast, the nutritional factors and the environmental conditions of the fermentation.
Several studies suggest that the formation of varietal aroma is an integral part of yeast metabolism and not a
simple cleavage of aromatic moieties from nonvolatile precursors (Loscos et al., 2007; Koslitz et al., 2008).
The yeast chosen, given conditions in which it will ferment optimally, should produce the desired by-products,
and few off odors such as hydrogen sulfide, mercaptans or acetic acid. It is generally accepted that these
positive fermentation characters are easily lost during aging through oxidation and other chemical reactions
in the bottle, so a wine that is dependent on yeast bouquet and/or primary aroma will be designed to be
consumed early.

Some of the by-products of alcoholic fermentation are listed in Table 2.2.1, above. Glycerol provides
sweetness and viscosity to the wine, affecting mouthfeel (body), but not aroma. The normal content in wine
is 3—14 g/1 but there is a higher concentration in ‘noble rot” wines, as the fungus Botrytis cinerea produces
glycerol in significant quantities. Specific yeast strains and high temperatures will also cause higher glycerol
levels (Romano et al., 1997). Levels of acetaldehyde, the major volatile carbonyl compound found in wine,
vary between 10 and 75 mg/l. Wines exposed to air or to aerobic film-forming yeast will develop high levels
of acetaldehyde as the oxidation of ethanol, through chemical or metabolic means, will produce it. It is
characteristic of the aroma of oxidized or ‘madeirized’ wines like Madeira (Section 2.10.5) and also of flor
wines like fino Sherry (Section 2.10.3), and can be detected sensorially at concentrations as low as 0.5 mg/1
in aqueous ethanol (Francis and Newton, 2005), although the detection threshold would be significantly
higher in wine (see Chapter 4.7 for discussion of sensory analysis). Acetaldehyde is frequently confused
with ethyl acetate, which is a component of volatile acidity. The latter has the aroma of pear drops at lower
concentrations, and is sharp and vinegary at higher concentrations. Ethyl acetate adds to complexity at lower
concentrations, and is not considered to spoil a wine until levels become detectable (around 100-125 mg/1)
(Francis and Newton, 2005). It is produced by yeast and bacterial metabolism, as well as through the chemical
esterification of ethanol and acetic acid during wine aging. Acetic acid is formed by most yeast species during
fermentation, but some strains produce more than others (Swiegers et al., 2005). It has a sour, vinegary taste
and aroma and is the major component of volatile acidity. It is produced by yeast as an intermediate in the
pyruvate dehydrogenase pathway, but excessive concentrations are likely to be the result of metabolism of
ethanol by acetic acid bacteria. It can also been seen as an indicator that the yeast is struggling to survive, as
even S. cerevisiae strains that normally produce little acetic acid will show increases acetic acid production in
musts with high sugar concentrations, low temperatures and marginal nutrition. Under normal circumstances,
0.25-0.35 g/1 of acetic acid are produced during fermentation and concentrations of around 200 mg/l are
detectable in aqueous ethanol (Francis and Newton, 2005). However, concentrations of acetic acid up to
about 0.5 g/l do not have a detrimental effect on wine. The species Hanseniaspora/ Kloeckera is known
to produce large amounts of acetic acid and ethyl acetate during fermentation. (Henick-Kling ef al., 1998).
Research has also shown that it is a high producer of glycerol, esters and acetoin (Cadez et al., 2002). Acetoin
(3-hydroxybutanone) can be detected (organoleptically) at around 150 mg/l in aqueous ethanol and has a
buttery or creamy aroma (Francis and Newton, 2005). Diacetyl and 2,3-butanediol, which are known to
produce off flavors in higher concentrations, can be derived from acetoin, the former by chemical oxidation
and the latter by yeast reduction. Generally, for wines fermented with pure cultures of apiculate yeasts,
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Table 2.2.1 Some odorous byproducts of fermentation

Fermentation byproduct Characteristic odor description
Acetic acid Sour, vinegary

Acetone Nail varnish

Acetoin Buttery, creamy

Aldehydes (various) Buttery, fruity, nutty

Butanediol Sweet, sickly

Butyric acid Rancid butter

Carbonyl sulfide Ether, chemical

Diacetyl Buttery, cloying

Dimethyl sulfide Quince, truffle, stagnant water
Diethyl sulfide Ether, pungent

Dimethy! disulfide Quince, asparagus, garlic

Diethyl disulfide Garlic, rubber

Ethanal (acetaldehyde) Sherry-like, bruised apple, oxidized, unpleasant
Esters (various) Fruity, floral

Ethyl mercaptan, ethanethiol Onion, garlic

Formic acid Tart, pungent

Fumaric acid Smoky, pungent

Glycerol Mouthfeel, sweetness

Higher alcohols (various) Pleasant floral— sickly fusel aromas
Hydrogen sulfide Rotten egg

2-Mercaptoethanol Burnt rubber

Methionol Cooked cabbage, potato

Methyl mercaptan, methanethiol Stagnant water, canned vegetable
Propionic acid Cabbage, rancid

Source: Adapted from Swiegers et al. (2005)

high levels of acetoin are found in the final product, in contrast to mixed culture fermentations and pure
S. cerevisiae fermentations, which have low levels (Romano et al., 1993). This suggests acetoin may be
utilized by S. cerevisiae to form 2,3-butanediol. Control of the production of diacetyl during fermentation
is particularly important in the brewing of beer (Section 2.6.4). Higher alcohols (fusel oils) have agreeable
odors at low concentrations and contribute to wine complexity, but at higher concentrations they are cloying
and sickly. They are associated with fast, hot fermentations (Molina et al., 2007) and are derived from
amino acids via the Ehrlich pathway or synthesized as intermediates during sugar metabolism. Moreira and
coworkers (1999) examined aroma production in Hanseniaspora uvarum, H. guilliermondii and S. cerevisiae
in commercial culture media and grape musts, and found that media and wines fermented with H. uvarum
present a low content of higher alcohols and sulfur compounds. As previously mentioned, esters are the
products of reactions between alcohols and acids. They are very aromatic and provide aromas of banana,
apple, peach and tastes of hazelnut or butter. H. guilliermondii produces relatively large quantities of esters
(2-phenethyl acetate and isoamyl acetate in particular) and 2-phenylethanol, when inoculated as pure or mixed
cultures in commercial media and grape must (Moreira et al., 1999).

The effect on the aroma properties and chemical composition of coinoculating S. cerevisiae and Candida
stellata in Chardonnay wine was studied by Soden and coworkers (2000). The fermentation did not progress
to dryness and there was an increase in the concentration of glycerol and acetic acid. When the two species
were fermented separately, as expected, sensory descriptive analysis showed a substantial difference in aroma
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between the wines. The C. stellata produced significantly more intense ‘honey,” ‘apricot’ and ‘sauerkraut’
aromas, and diminished the ‘lime, ‘banana,” ‘tropical fruit’ and ‘floral’ aromas ascribed to S. cerevisiae.
The authors suggested that a reliable mixed culture fermentation strategy may be a way of exploiting
unconventional, fermentation-impaired yeasts for producing greater flavor diversity in wine.

Loscos and coworkers (2007) added an odorless flavor precursor fraction extracted from different nonfloral
grape varietals to grape must and fermented it with three different yeast strains. The addition of the precursor
fraction brought about a significant increase of the wine floral notes, irrespective of the yeast used. The levels
of 51 wine aroma chemicals were found to depend on the precursor fraction addition and, in most cases,
also on the yeast strain. Only 3-damascenone, a-ionone and vinylphenols were produced at concentrations
well above threshold. However, the concerted addition of groups of compounds has shown that lactones,
cinnamates, vanillins and terpenes are together active contributors to the floral note.

Oxygen can affect the onset, progression and duration of the fermentation, favoring the growth of yeast
cells and their fermentative activity (Ribéreau-Gayon et al., 2000i). Yeasts require oxygen to synthesize and
assimilate substances vital to their reproduction and if the must is not aerated sufficiently at the start of
fermentation, oxygen will become the limiting factor for yeast numbers. The aeration of grape must prior
to fermentation is usual in the winemaking process as a result of its transfers during the various processing
stages. In the absence of oxygen, cell metabolism can be altered at the start of the fermentative process
to favor the production of some aroma compounds, particularly esters and higher alcohols (Pretorius and
Lambrechts, 2000). Exposure to oxygen in the initial stages of fermentation seems to increase survival for
yeast during the declining phase of fermentation, leading to less residual sugar in the final wine. This may be
explained by the partial removal of toxic medium length (Cs—C,) fatty acid chains and accelerated synthesis
of long chain (C6—Cg) fatty acids and sterols, both factors contributing to a better sugar uptake through the
cell membrane. The amino acid proline, which is not assimilable under anaerobic conditions, can be used
as a supplementary nitrogen source in the presence of molecular oxygen. These effects seem to be more
pronounced upon indigenous yeast than on active dry yeast multiplied under aerobic conditions (Ribereau-
Gayon et al., 2000i). The modern trend is towards the aeration in white wines to preserve greater aromatic
complexity. This can be done using large doses of selected yeasts, which have been grown in hyperaerated
media and so are rich in growth factors. Nevertheless, a slow onset of fermentation at normal temperatures
indicates a lack of aeration (Zoecklein, 2006). If the fermentation medium is too reductive, yeast numbers may
be too low, the fermentation will be slow and may end prematurely. Under these circumstances, there is a far
greater chance that hydrogen sulfide will be formed. Therefore, early aeration of the must is recommended,
particularly when using indigenous yeasts. Musts from rotted vintages, however, should be aerated as little
as possible due to the risk of enzymic oxidation. Red musts can be aerated to a greater extent as the higher
levels of phenolics present protect the must from oxidation to a certain extent. Rojas and coworkers (2001)
found that highly aerobic conditions encouraged ester production by non-Saccharomyces yeast, whereas S.
cerevisiae produced higher levels in minimally aerobic conditions. In an experiment regarding the effect of
oxygen in the fermentative rate of different yeast strains, Valero er al. (2002) reported that the production
of all higher alcohols monitored were dependant on the oxygenation conditions. The yeast strains studied
(S. cerevisiae and S. capensis) produced lower concentrations of higher alcohols in musts in the absence of
oxygen, which was attributed to the decreased growth of both yeast races under anaerobic conditions. The
major esters studied showed a similar pattern, being produced in lesser quantities in the absence of aeration
in both yeast races. Wines with higher ester/higher alcohol ratios possess an enhanced fruity flavor and better
aroma quality, and there was a decrease in the ratio observed for the oxygenated wine compared to the
nonoxygenated wine (Valero et al., 2002). From these reports, it is therefore suggested that oxygen contact
with the fermenting must should be kept to a minimum, in order for the resulting secondary compounds
produced to have a positive impact on the sensory properties of the wine.
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Sulfides in wine have distinctive aromas such as rubber, onion, garlic, cabbage, kerosene etc. Hydrogen
sulfide in particular has a ‘bad egg’ aroma, and is a fault in wines that have had a stuck fermentation, or have
been made and stored reductively. Hydrogen sulfide is a normal by-product of yeast metabolism, and the small
quantities produced will escape with the carbon dioxide generated during fermentation. There can be several
causes for abnormally high sulfur levels in wine, which include: spray residues, fermentation conditions such
as low aeration, high temperatures and high solid levels, wild yeast strains, high concentrations of sulfur
dioxide and long lees contact (Zoecklein, 2006). Yeast metabolism and chemical breakdown may lead to
the production of volatile sulfur compounds from these sulfur sources, which can be very detrimental to the
aroma. Any excess of hydrogen sulfide, if not removed immediately, will react with the alcohols in the wine
to form other sulfides and mercaptans which have ‘oniony,” ‘rubbery,” ‘cabbagey’ or ‘gasworks’ aromas. Even
exposing wines to a source of heat or to light can initiate chemical reactions involving methionine, which
eventually lead to the production of methanethiol, which, on oxidation, forms dimethyl disulfide. Methionol
(olfactory perception threshold of 1200 wg/l) is an unpleasant compound which is associated with atypical
(premature) aging aroma in white wines. It is formed from an amino acid (methionine) in the grape juice,
which undergoes successive deamination and decarboxylation reactions during yeast metabolism to produce
methional and the alcohol.

Low levels of inorganic nitrogen may also cause hydrogen sulfide formation during fermentation. The
optimal concentration of fermentable nitrogen depends on several factors, including yeast species and strain,
and determining it is time consuming and expensive. Off odor formation in some yeast strains appears to be
relatively independent of total fermentable nitrogen status over a fairly wide range, and may be more closely
related to the ratio of certain amino acids in the must. However, yeast variability, with regard to reductive
odor defect, is greatest under conditions of low levels of nitrogen or other stress factors. It is for this reason
that most winemakers will automatically add diammonium phosphate (usually around 50 mg/1) to the must
as a failsafe.

During fermentation, high levels of sulfur dioxide bind acetaldehyde, but if not enough of this compound is
present, other juice components, such as sulfate, may be reduced instead, resulting in H,S formation. One of
the ways of avoiding this is to keep the concentration of sulfur dioxide before alcoholic fermentation below
8 g/hl (Zoecklein, 2006), or delaying sulfiting until after fermentation. It is important to act quickly if H,S is
detected during fermentation — wine should be aerated (briefly, so as to avoid oxidation of other components)
and diammonium phosphate added, in case the production of H,S is due to nutritional deficiencies. Hydrogen
sulfide is oxidized by oxygen under these conditions (2 H,S + O, — 2 H,O + 2 S). The wine can then be
racked, and the precipitated sulfur will be removed. One of the potential problems of using aeration to lower
the concentration of some low boiling point volatiles, like H,S and mercaptans, lies in the potential oxidation
of mercaptans to disulfides (see above). To help avoid unwanted oxidation, especially in white wines, H,S
may be removed by sparging the must or wine with inert gas, such as nitrogen. However, this may take a
significant quantity of gas, involve expense and manual labor, and may strip out positive aroma characteristics
as well as the hydrogen sulfide.

The sulfur odor (reductive) defect may be an indication that a wine has a low oxidation-reduction (redox)
potential, which can loosely be regarded as a measure of availability of oxygen (Zoecklein, 2006). The
presence of off odor sulfur-containing compounds in a wine, and the corresponding smell, requires low
oxygen concentrations (around —220 mV, compared to wine values of +220 mV to 4450 mV, when wine
is exposed to air). Reductive odor problems are not as great in barreled wines, due to the higher oxygen
(redox potential) of barrel maturation. At the end of alcoholic fermentation, the addition of sulfur dioxide
can represent a major cause of the formation of volatile sulfur compounds, mainly H,S and methanethiol,
in wines that have not been racked off the lees. Frequent barrel stirring to put the lees in suspension, and
limited oxidation across the staves, inhibits the formation of postfermentation sulfur volatiles by increasing
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the oxidation—reduction values. This occurs more rapidly in new barrels, as the oak contains more oxygen,
and pores in the wood have not yet been blocked by phenolic and tartrates deposits. During barrel aging,
volatile sulfur compounds generally decrease. All wines should undergo an odor screen for reductive-odor
defect before bottling (Zoecklein ef al., 1995).

The temperature of fermentation has a considerable effect on the aromatic character of the wine. Low
temperatures and slower fermentations are well known to help retain the fruit character of the juice. These
aromatic compounds are lost at high temperatures. White wines should be fermented at low temperatures to
preserve volatile aroma constituents that can be ‘boiled off” with fast release of carbon dioxide. There is also
a significant reduction in the levels of ethanol and glycerol produced at higher temperatures. Most authors
agree that the optimum fermentation temperature for dry white and rosé wine production is about 15-20
°C and the maximum 23 °C, though the current trend is to ferment at temperatures below 15 °C. ‘Noble
rot” wines are usually fermented a couple of degrees higher than this. Red wines should be fermented at
higher temperatures to maximize the extraction of color: the minimum recommended temperature for reds
is 20 °C, the optimum 25-30 °C and the maximum 32 °C. In a study conducted by Molina et al. (2007),
the influence of fermentation temperature on the production of yeast-derived aroma compounds at 15 °C and
28 °C was investigated. Higher concentrations of compounds related to fresh and fruity aromas were found at
15 °C, while higher concentrations of flowery related aroma compounds were found at 28 °C. The formation
rates of volatile aroma compounds varied according to growth stage. In addition, linear correlations between
the increases in concentration of higher alcohol and their corresponding acetates were obtained. These
results demonstrate that the fermentation temperature plays an important role in the wine final aroma profile,
and is therefore an important control parameter to fine tune wine quality during winemaking. In red wine
fermentations the temperature also has an effect on the extraction of the phenolics and color. If the rate
of fermentation is high, yeast growth and metabolism are encouraged, which then raises the temperature
even further, leading to an even faster rate of fermentation. If this process is allowed to continue the heat
produced may be sufficient to kill the yeast. This type of problem is more likely to occur in large volume
fermentations with insufficient cooling at high ambient temperatures. In smaller fermentations it can occur
if the cooling fails. Early recognition allows early intervention, which increases the chances of successfully
increasing the fermentation rate so the ferment does not stop. On the other hand, fermentations that are too
slow are inconvenient and give an increased probability of high acetic acid production. Lower temperature
fermentations also favor estery characters in the bouquet that may not be desired in more full-bodied styles.
The rate of fermentation and temperature should be chosen with the style of wine in mind, and both should
be monitored constantly.

The formation of volatile compounds during alcoholic fermentation depends not only on the yeast species,
but also on the particular strain (Pretorius and Lambrechts, 2000). It is important to know the potential
differences in volatile production by yeast in order to select the best species, strain or mixture thereof, to
produce a wine of a certain style and quality. Most cultured wine yeasts are not likely to produce off odors
in large quantities. If a wild fermentation is carried out it must be watched carefully so that action can be
taken if these faults develop. Some yeasts produce high ester concentrations (for example: strain QA 23) and
these are used for neutral grapes as the yeast characters can add to the wine. Other yeasts such as VL3 are
used with Sauvignon Blanc as they intensify the varietal aroma. In some cases yeasts such as CY 3079 are
chosen for their influence on the body of the wine. In red winemaking, yeasts such as F10 are chosen for
color and flavor extraction for early drinking reds. If fermentation difficulties are encountered, then EC1118
is a good strain to use. It can be used for restarting stuck ferments. In a study conducted by Patell and
Shibamoto (2003), Symphony grapes were fermented with 20 different strains of the yeast Saccharomyces.
Among 53 volatile compounds identified in the wines using gas chromatography/mass spectrometry, the
major volatile compounds found were seven alcohols, seven esters and four acids. Isoamyl alcohol was the
compound found in highest amounts with 19 yeast strains of Symphony wines. The amounts of isoamyl alcohol
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ranged from 6.04 mg/l (A350/VLI1/Fermiblanc) to 14.33 mg/l (Fermirouge). The other major compounds
were 2-phenylethanol, ethyl-2-hydroxy propionate, monoethyl succinate, octanoic acid and hexanoic acid.
Several esters, including ethyl-2-hydroxy propionate, may contribute to the fruity flavor of Symphony wines.
Overall, 18 S. cerevisiae yeast strains (except A350/VL1/Fermiblanc and T73) used to ferment Symphony
grapes produced the same major components, with certain variations in formation levels. The formation and
composition of the volatiles produced by A350/VL1/Fermiblanc and T73 yeast strains were significantly
different from the other strains.
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2.3

Malolactic Fermentation

2.3.1 Introduction

For centuries, winemakers observed that wines released small bubbles of gas and formed a haze, sometimes
months after the alcoholic fermentation had been completed, and even in the bottle. This often occurred in
the spring, when temperatures in the winery began to increase. Louis Pasteur and Hermann Miiller-Thurgau
recognized the bacterial causes of malolactic fermentation over a century ago, but it was not until the mid
1960s that the organism responsible was isolated, characterized and named Leuconostoc oenos by Ellen
Garvie (Bartowsky, 2005). This organism is now known as Oenococcus oeni.

Malolactic fermentation (MLF) is the bacterial-driven decarboxylation of diprotic (S)-(-)-malic acid (sharp
green apple character) to monoprotic (S)-(+4)- and/or (R)-(-)-lactic acid (softer, yoghurt character) and carbon
dioxide. It usually occurs after alcoholic fermentation, but studies investigating advantages of cofermentation
(inoculating yeast and lactic acid bacteria simultaneously) are ongoing (Jussier et al., 2006) and in the pro-
duction of traditional Spanish cider, alcoholic and malolactic fermentations proceed more or less concurrently
(Section 2.8.5).

In winemaking, it is one of the most difficult processes to control and can affect the final aroma and taste
balance of the product by modifying fruit derived aromas and producing aroma active compounds (Nielsen
and Richelieu, 1999). One of the main effects of the malolactic fermentation is deacidification, which is
particularly desirable for high acid wine produced in cool climate regions, such as New Zealand and the
United Kingdom. Malolactic fermentation is often spontaneous and difficult to stop in red winemaking,
possibly due to the higher temperatures involved and/or through the activities of indigenous lactic bacteria
found in cooperage. Producers will allow it to proceed or actively encourage it early in the life of a wine in
order to prevent it happening in the bottle. After undergoing a malolactic fermentation, and as long as residual
sugar levels are low, the wine is relatively microbiologically stable.

In addition to its occurrence in wine, this fermentation occurs in other fermented beverages, such as cider
(Lea and Drilleau, 2003) (Section 2.8.4). Lactobacillus and Pediococcus are amongst the important spoilage
organisms isolated from beer, and Van Vuuren (1976) noted that there is no doubt that the presence of
lactobacilli during brewing greatly influenced the quality of beer produced. Streptoccoccus and Leuconostoc
were also observed by this author to produce diacetyl in beer. Certain beers, such as the ‘spontaneous’ lambic
beers of Belgium (Section 2.6.7) and certain native beers and fermented drinks of Africa, Asia and South
America (Chapter 2.7) rely on the activities of LAB to contribute special character to the product. Likewise,
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certain LAB can contribute positive characteristics to the fermented malted barley wort used for distillation
into malt whisky, giving a product with greater complexity (Section 3.2.3). Nevertheless, in the production
of both standard bottom-fermented (lager) beers and top-fermented ales, LAB are spoilage organisms, their
presence being avoided at great lengths.

Lactic acid bacteria may also be present in significant numbers in base wine destined for brandy production
(Chapter 3.6). In a study conducted by du Plessis in 2002, spontaneous malolactic fermentation was found to
occur in around half the base wines studied, caused by populations of Lactobacillus paracasei, Lb. plantarum
and Oenococcus spp. Concentrations of isoamyl acetate, ethyl acetate and 2-phenyl acetate were found to
have decreased after the malolactic fermentation, but acetic acid, lactic acid and diethyl succinate increased.
These changes had a significant effect on the quality of distillates from these wines, and most panellists
preferred the distillates from wines that had not undergone MLF.

Many studies on the occurrence of malolactic fermentation in wine have indicated that lactic acid bacteria
originate from grapes and winery equipment. Generally, the organisms occur on the surface of grapes and
vine leaves (Wibowo et al., 1985) and as with acetic acid bacteria, the condition of the fruit has an influence.
Their numbers are greatly reduced when working in new installations or in very clean conditions.

2.3.2 Malolactic Bacteria: Morphology and Physiology

Lactic acid bacteria are important in winemaking for two major reasons, they affect wine quality and they
affect the economics of wine production (Wibowo et al., 1985). They are much smaller than yeasts, unicellular
without a defined nucleus, are fermentative, aerotolerant, tolerant of high acidity and sensitive to sulfur dioxide
in solution. The term ‘malolactic bacteria’ is usually used for those strains that prefer to metabolize malic
acid over sugars and citric acid, and are more resistant to low pHs. The utilization of sugars as carbon and
energy sources by lactic acid bacteria in wine has shown that there are species and strain differences in sugar
utilization, but many species can metabolize pentoses, tartaric acid and glycerol.

Lactic acid bacteria are more exacting (fastidious) in their nutritional requirements than yeasts, and glu-
cose and trehalose are generally preferred over other sugars (Liu, 2002). Morphology of the lactic bacteria
found in wine is outlined in Table 2.3.1 below. They are broadly divided into two groups. Homofermentative

Table 2.3.1 Comparison of major MLF bacteria in wine and cider

Cell characteristic Oenococcus Leuconostoc Lactobacillus Pediococcus
Morphology Spherical or Spherical or Long, slender rods, Spherical
lens-shaped lens-shaped sometimes bent cocci; occur
cocci; occur cocci; occur in tetrads
in pairs and in pairs and
chains chains
Approx. size (um) 0.6 x 1 0.6 x 1 0.8 x5 0.4 x1.4
Glucose Heterolactic Heterolactic Both heterolactic and Homolactic
fermentation homolactic
Species found in O. oeni L. mesen- About 16 species, including P. pentosaceus,
wine and cider teroides; Lb. brevis, Lb. buchneri, P damnosus,
Lb. casei, Lb. cellobiosis, P. parvulus

Lb. collinoides,
Lb. hilgardii and
Lb. plantarum
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bacteria produce 80-90% lactic acid from glucose, and heterofermentative species produce between 30
and 50% lactic acid from glucose, also producing acetic and succinic acids, glycerol and ethanol (Jackson,
2000a). Heterofermentative bacteria also metabolize citric acid to acetic acid, lactic acid and carbon dioxide
(Henick-Kling, 1995). In addition to being classed according to their products, they are also named according
to their cell shape: ‘coccus’ for round and ‘bacillus’ for rods. Homofermentative cocci include Pediococcus
cerevisiae, and heterofermentative cocci include the species Oenococcus oeni. Lactobacillus casei is an ex-
ample of a homofermentative bacillus, whereas Lactobacillus brevis and Lb. hilgardii are heterofermentative.
Lactobacillus and Pediococcus are capable of malolactic fermentation, but can produce undesirable charac-
teristics — especially if the fermentation happens in the bottle. As with refermentations after bottling caused
by the presence of yeasts, malolactic fermentations in the bottle can cause the production of carbon dioxide
with off odors of vegetative, vinegar, mousy or geranium characteristics if sorbic acid is present.

With the introduction of molecular techniques, Leuconostoc oenos was reclassified as Oenococcus oeni,
(Bartowsky, 2005). This species is generally preferred over other lactic acid bacteria in winemaking due to
its acid tolerance and favorable flavor profile. It is microaerophilic, meaning that it grows best at low oxygen
concentrations. O. oeni is heterofermentative and utilizes glucose via the phosphoketolase pathway, resulting
in approximately one-sixth carbon dioxide, one-third ethanol, acetic acid or acetaldehyde and the remainder
as lactic acid (Wibowo et al., 1985). However, if malic acid is present, this will be degraded before any
glucose. Over centuries of selective pressure, O. oeni has become adapted to high ethanol concentrations
(<15% v:v), low pH (as low as 2.9) and limited nutrient availability; conditions typical of a wine after
alcoholic fermentation. Although O. oeni can tolerate this harsh environment, it can be a difficult and
sometimes unreliable organism to work with. It is a fastidious organism and needs group B vitamins, an
organic nitrogenous base and 11 amino acids, most of which can be derived from yeast autolysis. Lack of
any one of these nutrients will inhibit growth.

2.3.3 Identification of Malolactic Bacteria

Lactic acid bacteria are Gram positive, catalase negative and fastidious. They require a medium rich in
nutrients and will grow on glucose—yeast-extract agar and will be inhibited by penicillin. Isolation of lactic
acid bacteria may also include the use of de Man Rogosa Sharpe agar (MRS) for the isolation of all three genera,
Leuconostoc, Pediococcus and Lactobacillus, tomato juice agar and Irrmann agar. Wibowo and coworkers
(1985) stated that no medium reliably recovers all of the malolactic species in a wine, and recommended the
simultaneous plating of samples onto the three agars mentioned above. The incubation time and temperature
are the same as that of acetic acid bacteria, but incubation of plates under an atmosphere enriched in carbon
dioxide or nitrogen can encourage faster growth of the colonies of lactic acid bacteria (Fleet, 1994). Once
isolated, a gram stain procedure can be performed and if the genera are all gram-positive, lactic acid bacteria
can be rapidly and conveniently identified to species level with commercially available API 50 CH test
galleries (Wibowo ef al., 1985).

2.3.4 Factors Affecting the Growth of Malolactic Bacteria

The survival and growth of the bacteria are dependant on certain conditions, such as temperature, pH and
sulfur dioxide levels. To encourage malolactic fermentation, the wine should have a pH of 3.3-3.5, no free
S0O,, total SO, less than 50 mg/l and a temperature of 18-25 °C. Conditions that promote bacterial growth
include extended skin contact, long lees contact with yeast autolysis and the inclusion of press fractions as the
level of nutrients is increased. Carbonic maceration also favors growth. The yeast strain used should undergo
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autolysis easily. When using indigenous bacteria (i.e. the population naturally present in the wine from grapes,
barrels or lees), it is advisable to keep the wine temperature maintained at 18-20 °C. The presence of the
bacteria can be very haphazard. Wineries vary greatly in the ease with which the MLF takes place. Often the
fermentation is harder to start in newly established, clean or modern wineries. Once one tank has fermented,
the lees may be used to inoculate other tanks if the wine showed no high increase in volatile acidity or other
organoleptic defect. The bacteria also prefer an environment free of sorbic acid with low levels of glucose
present (Morgan et al., 2006). Factors affecting the growth of lactic acid bacteria are discussed in more detail
below.

pH

Wibowo and coworkers (1985) stated that wine pH is one of the most important parameters that affect the
behavior of lactic acid bacteria in wines and in wines above pH 3.5, spoilage flora of Pediococcus and
Lactobacillus may grow. The pH of the medium needs to be considered in the selection of the bacterial
strain as it affects the growth rate and yield, as well as the bacterial activity and the nature of the substrates
involved. For most strains, minimal growth occurs at pH 3.0, and the lower the pH, the harder the malolactic
fermentation is to start. At acidities between pH 3.0 and 4.0, O. oeni is the primary genus, different strains of
which will dominate throughout MLF (Davis et al., 1986). The optimum pH for the start of the fermentation
is pH 3.5 to 3.8, and at pH 2.9 to 3.0 growth is possible, but slow. Inhibition of growth of O.oeni occurs above
pH 4.5.

Sulfur Dioxide

The pH also affects the levels of sulfur dioxide, which influences both acetic and lactic acid bacteria. The
higher the pH the lower the free sulfur dioxide, because the distribution of free or molecular sulfur dioxide in
solution is a pH dependent equilibrium and it is the molecular form that is antimicrobial (for more detail on
this see Chapter 2.5). Bacteria are more sensitive to SO, than yeasts, and so the wine is not sulfited after the
alcoholic fermentation if malolactic fermentation is desired.

Although bound sulfur dioxide has little inhibitory activity against most yeast and acetic acid bacteria,
at levels >50 mg/1 it is believed to be inhibitory toward lactic acid bacteria (Fugelsang, 1997). Most lactic
acid bacteria are sensitive to free SO, concentrations above 10 or 20 mg/l. Total SO; is usually kept below a
maximum value of 70 mg/1 (for reds) and 40 mg/l (for whites). Molecular levels of 0.6 mg/l are inhibitory,
whereas levels of 1.2—1.8 mg/l are strongly inhibitory. Keeping molecular levels below 0.2 mg/l is desirable
(Morgan et al., 2006). It should be noted that O. oeni can degrade acetaldehyde. Thus, if SO, were previously
added to the wine/must and subsequently became bound with acetaldehyde then the action of malolactic
bacteria upon this bound complex will result in an increase in free SO,. There is an interaction in effects
of temperature and sulfur dioxide on bacterial growth. When no SO, is present in the wine the optimum
temperature range for MLF is 23-25 °C (73-77 °F). However, this decreases with increasing concentrations
of SO,. Most strains of O. oeni either cease to grow or grow very slowly below 15 °C (59 °F). However,
cells remain viable at low temperatures (Jackson, 2000a). Activity increases up to an optmum of 20-25 °C
(Ribéreau-Gayon et al., 2000), and bacteria start to die off above 30 °C (> 86 °F).

Contact with Yeast Lees

Lees provide nutrients for the bacteria, and by stirring the fine yeast lees, nutrients are released into solution
even more effectively. Jackson (2000a) states that the polysaccharides released by yeast before and during
the death phase at the end of fermentation stimulate growth. Substances that are toxic to the bacteria, such as
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C10 and C12 fatty acids, which can be released during alcoholic fermentation, may inhibit growth if present
in high enough concentrations, but this is unusual.

Temperature

This is the most easily monitored and controlled of the factors influencing the fermentation. Wines should
be kept relatively warm if malolactic fermentation is required: the optimum temperature is between 20 and
37 °C in a laboratory culture. In wine (particularly when making white wine), it is not advisable to increase
temperatures above 15 °C due to the risk of spoilage, but malolactic fermentation is unlikely to start below
20 °C (Morgan et al., 2006). Depending on the temperature of the medium, the malolactic fermentation can
take from a few days to several weeks. The fermentation may start with difficulty below 15 °C, but once
started, it will carry on even if the temperature drops below 10 °C, but it may take several months to complete.
As stated, temperature also has an effect on the resistance of the bacteria to sulfur dioxide.

Alcohol Concentration

The growth of lactic acid bacteria is also strongly influenced by the alcohol concentration, which appears to
affect membrane function at higher concentrations. They are inhibited by levels above 13% v:v, and an 80%
reduction in conversion of malic to lactic acid has been observed above this concentration (Jackson, 2000a).
A few strains of lactic acid bacteria are able to grow in up to 15% v:v, but the higher the alcoholic strength,
the longer the fermentation will take. Species differ in their tolerance, with Lactobacillus most resistant, and
O. oeni most sensitive (Jackson, 2000a). Hence this must be taken into account when choosing a strain of
bacteria. O. oeni appears to adapt to high alcohol environments over time, but loses this adaptation when
returned to environments with lower alcohol concentrations.

Sorbic acid

This yeast inhibitor should not be added to a wine which is to (or may) undergo malolactic fermentation.
The bacteria transform sorbate to 2,4-hexanediol, which reacts with ethanol to form an ester, 2-ethoxy-3,4-
hexadiene. This has a strong smell of grass or geranium, and is the source of the ‘geranium taint’ (Jackson,
2000b).

2.3.5 Interactions Between Bacteria and Other Organisms

Interactions between coexisting yeast, usually S. cerevisiae and O. oeni (the most important MLF agent in
wine) can cause problems with both fermentations (Lonvaud-Funel ez al. 1988). S. cerevisiae releases ethanol,
sulfur dioxide and medium chain fatty acids, which inhibit the bacteria. The utilization of complex nutrients
such as amino acids by the yeast during the early stages of fermentation can complicate ensuing bacterial
growth. Some authors recommend the addition of lactic nutrients to the wine if a coinoculation is to occur
as yeasts tend to monopolize and consume most nutrients. Bacterial inhibition decreases towards the end of
fermentation. This is probably connected with the death phase of yeast, as autolyzing cells release nutrients
useful to the MLB. The growth of acetic acid bacteria during an alcoholic fermentation may favor O. oeni,
as acetic acid is a known inhibitor of S. cerevisiae. Above pH 3.5, Lactobacillus spp. and Pediococcus spp.
may have an advantage over O. oeni.
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2.3.6 Spontaneous Malolactic Fermentation

Malolactic fermentation can occur before, during or after alcoholic fermentation. In traditional Spanish cider
production, the two fermentations usually occur side by side (Section 2.8.5) (Blanco Gomis et al., 2003),
whereas in wine production, it is traditional for malolactic fermentation to occur after alcoholic fermentation,
and frequently it happened automatically when wines were stored in barrels for ageing and maturation.
However, using the natural bacterial population on the grapes and in the winery to conduct a spontaneous
malolactic fermentation can be risky. The producer will not necessarily know which species is carrying out
the fermentation, and the risks associated with this include degradation of glycerol to increase bitterness in
the product, production of volatile phenols, production of pyridines, which lead to mousy odors, production
of biogenic amines, degradation of arginine to ethyl carbamate and increased volatile acidity (du Toit, 2008).

Bacteria become resident in the wood or tartrate layer of cooperage, therefore a wine that has not been
through, nor is intended to go through the malolactic fermentation cannot be made in a barrel which has
previously been used for this purpose. Significant populations of bacteria are known to survive typical cleaning
regimes that are applied to wooden casks or vats (see Section 2.8.5).

Lactic acid bacteria release enzymes that react with soluble substances in oak barrels, creating a wider
range of flavors in a wine than would be produced in a sterile inert vessel. The MLF growth (lag) phase
associated with spontaneous MLF (wild/uncultured strains) presents a time of increased risk from spoilage
organisms due to the low SO, environment and the potential production of volatile acidity through the actions
of other organisms or oxidation. Acetic acid is also produced during bacterial growth from sugar and organic
acid degradation. Even under conditions chosen to stimulate development of the bacteria, the fermentation
can take months to begin (Jackson, 2000a). Additionally, spontaneous malolactic fermentation in high pH
and low SO, environments can be associated with unpleasant aromas and flavors, the source of which may
be Lactobacillus and Pediococcus populations. The producer also runs the risk of introducing potential
interference by bacteriophages (viral agents lethal to bacteria) present in a wild population.

When relying on wild bacteria, there can be no certainty of consistent results, but some producers feel
that a spontaneous fermentation will add complexity and interest to their wines. Additionally, some areas
in the world, which have been making wine in the same cellar (and region) for centuries, may have a
resident population of spores and lactic acid bacteria, which produce consistent and favorable results for
local producers. When using indigenous bacteria, it is advisable to keep the wine temperature maintained
at 18-20 °C. The presence of the bacteria in wineries can be very variable, giving a wide variation in ease
with which MLF takes place. Often the fermentation is harder to start in newly established, clean or modern
wineries (for similar observations regarding traditional cider, see Swaffield et al. (1997) and Section 2.8.5).

2.3.7 Inoculation with MLB Starter Culture

In recent years, the introduction of commercial freeze dried bacterial cultures of O. oeni for direct inoculation
into wine has ensured better control of the time of onset and the rate of MLF, reduced the potential for spoilage
by other bacteria. Inoculating with a prepared culture avoids the problems associated with the bacterial lag
phase by immediately providing the population necessary to conduct the fermentation. Commercially available
preparations are normally freeze dried cultures of O. oeni, but some cultures contain more than one species
of bacteria. Bacterial cultures are not easy to use as the bacteria are fastidious, but they are still more reliable
than relying on natural populations (Morgan et al., 2006). The winemaker also has more control over the
flavor modifications. Inoculation of the bacteria is usually conducted after the wine has been fermented dry by
yeast. This avoids the possibility of MLLB metabolizing the sugar and producing unwanted products such as
acetic acid. Some winemakers inoculate during or before the end of alcoholic fermentation, taking advantage
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of the low alcohol, higher nutrient environment. In the event that the malolactic fermentation completes soon
after alcoholic fermentation, sulfur dioxide can be added, and the wine is then protected from bacterial and
oxidative attack.

It is important that the MLB have enough nutrients to develop. Fermenting yeast (S. cerevisiae var.
‘bayanus’ in particular) can reduce the nutrients available to MLB considerably. Winemakers often add
an MLB nutrient when inoculating with MLB to assist their development. When considering the timing
of inoculation, the compatibility of yeast and LAB compatibility should also be considered. Inoculating
grape musts with wine yeast and lactic acid bacteria concurrently in order to induce simultaneous alcoholic
fermentation and malolactic fermentation can be an efficient alternative to overcome potential inhibition of
bacteria in wines because of high ethanol concentrations and reduced nutrient content. The simultaneous
inoculation of yeast and lactic acid bacteria was studied by Jussier et al. (2006) in cool climate Chardonnay
must. Glucose, fructose, acetaldehyde, several organic acids and nitrogenous compounds were measured
during the fermentations along with the final values of other key wine parameters. Sensory evaluation was
done after 12 months of storage. No negative impacts of simultaneous AF/MLF on fermentation or sensory
wine parameters were found. Acetic acid concentrations were slightly higher in wines after simultaneous
AF/MLEF, but the differences were not significant. Neither were any statistically significant differences found
in pH or total acidity, nor in the concentrations of ethanol, acetaldehyde, glycerol, citric and lactic acids, and
the nitrogen compounds arginine, ammonia, urea, citrulline and ornithine. Sensory evaluation by a semiexpert
panel confirmed the similarity of the wines. Simultaneous inoculation of yeast and bacteria did, however,
lead to considerable reductions in overall fermentation durations (Jussier et al., 2006).

Another winemaking option is partial malolactic fermentation, which is used when the producer wishes
to retain crisp acid and fruit character, but gain fullness and complexity from the bacterial metabolism. The
volume of wine will be divided in a certain ratio, one portion goes through full MLF and the other no MLF.
The two portions are then blended back together. The best method in providing bacterial stability therafter
is to sterile filter the wine through a 0.45 pm (0.45 micron) membrane filter, as well as dosing with sulfur
dioxide.

2.3.8 The Growth of Bacterial Populations

The growth of the lactic bacteria population may occur at the start of the alcoholic fermentation, during
fermentation, at the end or later. The latent period in between is partly due to the formation of alcohol by
the yeasts and can be prolonged by low temperatures after the alcoholic fermentation. Lactic acid bacteria
require a certain population level (10° cells/ml) to be reached before they can begin malolactic fermentation,
and inoculation will customarily achieve a million to 10 million cells per millitre (Jackson, 2000a). Due to the
stress that inoculated bacteria undergo in adapting to the wine environment, inoculations of the bacteria may
even be increased to population loads of at least 10 cells/ml. A bacterial population may simply be dormant
and become active when conditions are more favorable. This explains the often seen delay of malolactic
fermentation in bottled wines, as well as the increase in activity in cellared wines over the spring as cellar
temperatures rise. Usually natural/indigenous MLF fermentations can have a lag phase of weeks to several
months before they begin and this is prolonged at lower pH (Morgan et al., 2006). The bacterial population
will die back to 103-10* cfu/ml during alcoholic fermentation as cells lyse rapidly, but may rise to 10°~108
cfu/ml once growth initiates substantially (Jackson, 2000a). After exponential growth, cell populations decline
rapidly depending on the conditions (e.g. elevated temperatures or SO, will increase the rate). It is possible
that the population of strains of Lactobacillus and Pediococcus may increase at this point. The malic acid
breakdown usually occurs after the alcoholic fermentation when the bacterial population becomes greater
than 107 cells/ml.
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2.3.9 The Malolactic Fermentation Process

Malolactic fermentation is the conversion of (S)-(-)-malic acid to monocarboxylic (S)-(+)- or (R)-(-)-lactic
acid and carbon dioxide, catalyzed by malate decarboxylase, and requiring the coenzyme NAD* and man-
ganese (Mn?*) (Du Toit, 2008). Only (S)-(-)-malic acid will be converted by MLB, but whether (S)-(+)-
and/or (R)-(-)-lactic acid is produced depends on the bacterial strain and substrate involved. If O. oeni is the
MLB, which is frequently the case, then the major product is (S)-(+)-lactic acid, as shown in Figure 2.3.1.

(8)-(-)-Malic acid concentration in grape juice varies depending upon the climatic regions from which the
grapes are sourced; cool climate regions are often in the range 2-5 g/l, whereas in warm regions, grape juice
often contains less than 2 g/l (Zoecklein et al., 1995). Other substrates, such as residual sugars and citric acid
are often broken down to obtain energy. Tartaric acid is only degraded in wines whose pH is above 4.

The malolactic fermentation is summarized in Figure 2.3.1. It consists of three steps:

The uptake of malic acid from the external environment by a specific transporter, malate permease

The decarboxylation of malic to lactic acid with an increase in internal pH of the cell

The transport of lactic acid from the cell with one hydrogen ion, and an associated increase in proton
motive force over the cell membrane.

The increase in proton motive force triggers the production of ATP within the cell (Du Toit, 2008). For every
gram of malic acid metabolized, around two thirds is converted to lactic acid and a third to carbon dioxide,
evidenced by the slight ‘spritz’ often found in wines undergoing the fermentation. The decarboxylation of
malic acid (Figure 2.3.1) can reduce titratable acidity by between 1 and 4.6 g/l and increase pH by around
0.1-0.25.

Lactic acid bacteria are strictly fermentative. They have limited synthetic abilities, as stated previously,
and are unable to produce heme proteins, cytochromes or catalase. Despite this, they are able to grow in the
presence of limited amounts of oxygen, and detoxify oxygen radicals by accumulating large quantities of
manganese ions, or by producing peroxidase enzymes. Manganese detoxifies superoxide by converting it to
oxygen and peroxidase oxidizes peroxide to water (Section 5.8.4) (Jackson, 2000a). Although fermentative
metabolism is inefficient in terms of energy production as discussed in Chapters 2.1 and 2.2, by metabolizing
malic acid to lactic acid, acidity in the medium is reduced and the pH increased, which is beneficial for the
bacteria.

Both malic acid and citric acid in the wine are metabolized by O. oeni. The cofermentation of citrate and
glucose in O. oeni is physiologically important for this bacterium (Liu, 2002), and has been shown to enhance
its growth rate and biomass yield, which result from increased ATP synthesis both by substrate level phospho-
rylation via acetate kinase and by a chemiosmotic mechanism (proton motive force). The growth stimulation
of citrate—sugar cofermentation by the same mechanisms has also been reported in citrate-fermenting dairy
bacteria (Nielsen and Richelieu, 1999). Malolactic bacteria follow a similar metabolic pathway to that of
dairy lactic acid bacteria in the metabolism of citrate. Citrate is transformed to lactate, acetate, diacetyl,
acetoin and 2,3-butanediol. A small amount of citrate is converted to aspartate via oxaloacetate and aspartate
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Figure 2.3.1 Summary of MLF
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aminotransferase (Liu, 2002). From a winemaker’s point of view, the cometabolism of citrate—sugar increases
the formation of the volatile acid (acetate) in wine, which can affect the wine aroma detrimentally if present
at excessive levels.

Ethyl carbamate (EC) is an animal carcinogen found in many fermented foods and beverages, including
wine (Section 5.11.4). It is formed through the chemical reaction of ethanol and a precursor, such as citrulline,
urea or carbamyl phosphate (Liu, 2002). Citrulline is an intermediate in the degradation of arginine by lactic
acid bacteria. Arginine is a major amino acid present in wine: it is catabolized via the arginine deiminase
pathway (ADI). Arginine degradation via the ADI pathway produces ATP, which is necessary for survival
and growth of the bacteria. Carbamyl phosphate is also a precursor to pyrimidine and some bacteria can
synthesize carbamyl phosphate from glutamine, bicarbonate and ATP, so this is potentially another source of
ethyl carbamate. Factors affecting arginine degradation include LAB strain, pH, arginine concentration and
sugar type. Citrulline excreted during arginine degradation, and ornithine, can also be catabolized by some
wine LAB (Liu, 2002).

2.3.10 Production of Diacetyl

The most important enological significance associated with citrate fermentation is the production of diacetyl,
an aroma compound with a buttery, nutty flavor note. It has been demonstrated that threshold values in
different wines vary from 0.2 mg/l in Chardonnay wine to 0.9 mg/l in Pinot Noir and 2.8 mg/I in Cabernet
Sauvignon wine. In general, wines that have undergone malolactic fermentation have higher concentrations
of diacetyl (Martineau and Henick-Kling, 1995). The final level of diacetyl in wine is affected by a number of
factors, such as bacterial strain, wine type, sulfur dioxide and oxygen (Nielsen and Richelieu, 1999). It should
be pointed out that diacetyl is formed chemically from the oxidative decarboxylation of a-acetolactate, an
unstable intermediary compound produced during citrate metabolism (Bartowsky et al., 2002). O. oeni, as
well as a number of other bacteria contain diacetyl reductase that converts the flavorful diacetyl to the much
less flavorful acetoin and 2,3-butanediol. a-Acetolactic acid may decarboxylate spontaneously to acetoin
and, in oxidizing conditions, also to diacetyl (Nielsen and Richelieu, 1999). In lactic bacteria-fermented dairy
products, the latter reaction is now generally believed to be the only source of diacetyl.

After sulfiting, most wines are stored in tanks, barrels or bottles in a span ranging from a few months
to several years. During this storage, SO, levels will gradually reduce as the molecule reacts reversibly or
irreversibly with different compounds in the wine. Immediately after addition, some of the free SO, will
combine with diacetyl. As the reaction is reversible, it can be the case that the diacetyl concentrations will
increase later during storage as it is released once more into solution.

Oxygenation, high concentrations of citrate and sugars, lower temperature (18 °C), removal of yeast cells
before malolactic fermentation and low inoculation rate all favor the production of diacetyl (Martineau
and Henick-Kling, 1995). The presence of viable yeast cells during the fermentation, prolonged contact
with bacteria and addition of SO, cause diacetyl reduction. Besides the microbial activity, the final diacetyl
concentration in wine is also affected by the concentration of SO,, which reduces it significantly. For example,
addition of 80 mg of SO, per liter, which is within the range used in the wine industry, reduced the diacetyl
concentration from initially 20 to as low as 5 mg/l, i.e. by 75% (Nielsen and Richelieu, 1999).

2.3.11 Microbial Stability

Under certain conditions, malolactic fermentation can increase the microbial stability of a wine. Some spoilage
bacteria attack malic acid and by reducing its concentration, a more microbiologically stable wine will result.
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Lactic acid bacteria also consume nutrients (amino acids, nitrogen bases, vitamins) and this reduction has been
thought to increase microbial stability by limiting the potential growth of spoilage organisms. However, it has
been shown that wines that have completed MLF can still support O. oeni, Lactobacilus spp. or Pediococcus
spp., if SO, levels remain low (Morgan et al., 2006). Malolactic fermentation can also raise the pH above
3.5, which provides a more favorable environment for spoilage organisms.

2.3.12 Monitoring Malolactic Fermentation

The progress of the malolactic fermentation can be monitored qualitatively in wines by tracking the decrease
in malic acid and accompanying increase in lactic acid using paper or thin layer chromatography (Section
4.3.1). The usual criterion for completion of the malolactic fermentation, and subsequent addition of sulfur
dioxide, is the exhaustion of malic acid. This may result in an incomplete citric acid degradation in the wine
(Nielsen and Richelieu, 1999), leaving this as substrate for further bacterial activity if the wine is not sterile
filtered. Other methods, for example chromatography (Sections 4.3.1 and 4.3.3), enzymatic/colorimetric
analysis (Section 4.4.3) or infrared spectroscopy (Section 4.4.2) can also be used, but these are more complex
and require capital investment into appropriate equipment. In the event that the producer is able to quantify
the loss of malic acid, it is generally accepted that the MLF is complete when malic acid level falls below
0.1 g/l.

2.3.13 Finishing and/or Preventing Malolactic Fermentation

To prevent malolactic fermentation in wine, keeping maceration on skins and contact with yeast lees to a
minimum, and maintaining relatively high levels of SO, at completion of the alcoholic fermentation, are
required. Sterile filtration and pasteurization, if appropriate, are also good preventative measures, as this
reduces bacterial load. Lowering pH (below 3.1 for whites, below 3.3 for reds) and storage temperatures
(12 °C) will help prevent bacterial growth, as will sterile filtration to the 0.45 wm (micron) level. The use
of a commercial antibacterial lysozyme (an enzyme that destroys the bacterial cell walls by catalyzing the
hydrolysis of specific glucosidic links) can also help. In wine, an alcohol content of greater than 13% will
inhibit malolactic fermentation.

Once malolactic fermentation is over, the wine should be racked, filtered and sulfited (40-50 mg/I to
maintain the free levels at 2030 mg/1). At this point, it is vital to clean all winemaking equipment thoroughly
and maintain aseptic conditions in the winery.

Species associated with wine spoilage are generally members of Lactobacillus and Pediococcus genera.
Lactobacillus, for example, can cause acescence (excessive acetic acid) by metabolizing residual sugar or
tartaric acid. Both acetic acid and lactic acid bacteria are readily found in wines and the winery, but to minimize
excessive growth leading to possible wine spoilage, measures should be taken to reduce contamination. Basic
hygiene of winery equipment and the winery is essential and the proper storage of musts and wines will
minimize spoilage. The removal of grape skins, a major source of bacteria coming into the winery, and the
cleaning up of juice and wine spillages reduces the transfer of bacteria to the wine and equipment. Other
then the winemaking conditions and the use of antimicrobial agents, a further method to minimize the growth
of spoilage bacteria is the physical removal of such organisms by the way of filtration. The effectiveness
of filtration depends on the correct set up being used, to ensure the filters are not compromised, and this is
dependent on the wine style and the turbidity of the solution.
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2.3.14 Production of Biogenic Amines by Malolactic Bacteria

Some lactic acid bacteria possess enzymes that decarboxylate amino acids to form the corresponding amines
and carbon dioxide. Amines are toxic substances that have deleterious effects on human health if consumed
in excessive amounts and some people can suffer severe allergic reactions from ingesting very low levels
of amines in alcoholic beverages (Section 5.11.3). They are found in a range of fermented foods and
beverages, such as fermented fish, cheeses, beer and meat products (Liu, 2002). Lactobacilli, Lactococci and
Leuconostoc species isolated from beer, cheeses and meat starter cultures are known to produce histamine
and tyramine via the decarboxylation of the corresponding amino acids, histidine and tyrosine. The major
amines found in wine are histamine, tyramine, putrescine and phenylethylamine. The role of lactic bacteria
and the malolactic fermentation in the biogenesis of amines has now been defined, since the decarboxylation
of histidine to histamine and tyrosine to tyramine has been demonstrated with single strains of Lactobacillus
and Oenococcus (Liu, 2002). Lactic bacteria vary in their ability to produce amines from amino acids, and
in wine, it appears that the Lactobacillus and Pediococcus are the main producers. Histidine decarboxylase
activity is also common in Oenococcus, which is primarily responsible for histamine formation.

Glyoxal and methylglyoxal found in wine are toxic compounds and also have implications for human
health. It appears that Oenococci can produce glyoxal and methylglyoxal during malolactic fermentation.
However, definitive studies are required to link the production of glyoxal and methylglyoxal with specific
strains of Oenococci and other lactic bacteria.

2.3.15 Other Effects of MLF

It is generally accepted that the effect of the malolactic fermentation will vary according to the wine. It has
a reputation as a destroyer of fruit character, red wine color and acid balance in low acid wines from warm
areas. Also, MLF can be accompanied by by-products, sometimes of the sulfide or mercaptan type (cabbage,
canned asparagus or green vegetable notes), or at other times diacetyl is formed, which has a buttery odor.
Two consequences of deacidification during MLF are an increase in pH and a decrease in titratable acidity,
which obviously affect taste, but have other, indirect consequences for the producer. As stated previously,
an elevated wine pH can increase the susceptibility of wine to microbial spoilage. It can also decrease the
efficacy of sulfur dioxide, and have implications for color and oxidative stability.

If a reduction in acidity is desired and the wine style is not driven by varietal aroma and flavors, malolactic
fermentation may increase the quality of the wine. The malolactic fermentation is not encouraged in the
making of wine from ‘aromatic’ varieties (those rich in terpenoid content) like Riesling, Gewlirztraminer
and the Muscat family or indeed any whites where primary (grape) aroma is important. Although malolactic
fermentation traditionally occurred in red wine, some white wines, for example Chardonnay, can also benefit
from the increased complexity. Base wines for sparkling wine production can be fairly acidic (pH 3.0), and
most producers encourage malolactic fermentation in the base wine as it is impossible to remove bacteria
during degorgement.

Malolactic fermentation can help to alleviate astringency in a number of ways. A decrease in acidity will
decrease perceived astringency as the two sensations enhance each other. A raised pH may help polymerizing
reactions to progress at a faster rate, and soften tannins and malolactic bacteria also metabolize a small
percentage of the phenolics. A by-product of malolactic fermentation, ethyl lactate, often exceeds the sensory
threshold of 150 mg/1 giving fuller, enhanced mouthfeel.

Lactic acid bacteria are able to form exocellular polysaccharides (‘ropey’ wine) (for example, Pediococcus
spp. produce a trimeric 3-glucan, composed of three 3-D-glucose units), but it seems to need a combination
of factors including low sulfur dioxide and a mixed population of bacteria. In contrast to what is known
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about the phenomenon in wine, a great deal of information is available on the exocellular polysaccharides

in fermented dairy products. It appears that the bacteria in wine may be able to catabolize polysaccharides,

which is one reason why ‘ropey’ wines are not common. O. oeni has been shown to possess extracellular

B-(1-3)-glucanase activity and has the potential to degrade polysaccharides, such as 3-glucans (Liu, 2002).
In conclusion, as Bartowski (2005) states:

‘Living in wine can be very stressful for a cell; it requires a great deal of resilience to tolerate, amongst
other things, high levels of ethanol and a low pH. What is required of O. oeni to survive and grow in
such a hostile world? What distinguishes it biochemically and physiologically from most other bacteria,
which struggle and perish in this habitat, and that includes the sturdiest of the other LAB? We do not
have the answers yet, but we do have some ideas from research on other organisms, and work is well
underway in several laboratories to address them for O. oeni.’

2.3.16 Malolactic Fermentation and Aroma

The impact of malolactic fermentation on the taste of wine as a result of deacidification is well recognized,
but the effect on wine aroma and mouthfeel/body is ill-defined (Liu, 2002). Davis and coworkers (1985)
reviewed the contribution of MLF to wine aroma and found no consistent impact of MLF on wine aroma.
Nielsen and Richelieu (1999) cite studies (including that of Davis) that may be used to support the argument
that malolactic fermentation does not significantly affect the flavor of wine other than to adjust the acidity.
However, there are also those (e.g. McDaniel et al., 1987) that state that similar wines which have undergone
MLF can be distinguished fairly easily from those which have not. Swiegers and coworkers (2005) note
that research in progress shows that bacteria can significantly modify components and sensory properties in
wine. Since 1985, further work has been carried out to investigate the effect of MLF on sensory properties
of wine using a more stringent panel training method, gas chromatography (GC)-olfactometry and GC-mass
spectrometry (Liu, 2002). What is undeniable is that lactic acid bacteria produce a diverse range of products
during their activities (including succinate, acetate, acetoin, lactate, diacetyl, mannitol, higher alcohols and a
number of the biogenic amines) depending on available substrates and the strain of bacteria.

The compounds produced by lactic acid bacteria are claimed to modify or mask vegetal characters, and
impart nutty, lactic and/or earthy aromas. It is probably safe to say that the process mellows the product and
gives it complexity, but in some cases freshness, fruit and varietal aromas may be lost. The producer needs
to consider these issues when deciding whether to carry out a malolactic fermentation, for example, where
freshness and vivacity are important and in terpene-rich cultivars (like Riesling, Gewurztraminer and the
Muscat types), the process is seldom recommended. In the case of barrel-fermented and aged Chardonnays
(e.g. Burgundies) and red wines, where complexity is desirable, malolactic fermentation may enhance the
quality and style of the wine considerably.

Diacetyl

Diacetyl (2,3-butanedione) is one of the major by-products of citric acid metabolism, which is closely linked
to malolactic fermentation (du Toit, 2008). The compound imparts a buttery flavor to the wine, which benefits
neutral cultivars, but is generally thought to have a negative impact on aromatic varieties. Threshold levels
vary for different wines, depending on cultivar and style, as well as the personal preference of consumers.
Jackson (2000a) states that 1-4 mg/l of diacetyl adds ‘a desirable complexity’ to the fragrance, but at more
than 5 mg/l the aroma becomes overt and undesirable. On testing wines from 20 different regions, 28 different
producers and eight vintages, Bartowsky et al. (2002) found that Chardonnay wines showed levels of diacetyl
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between 0.3 to 0.6 mg/l, while reds (Cabernet Sauvignon, Merlot and Shiraz) showed 0.3 to 2.5 mg/l (mean
value 1.1 mg/l). The extent of diacetyl formation strain also depends on strain (e.g. Streptococci), as well as
oxygen and citric acid content.

Diacetyl appears to be a metabolic intermediary compound in the citric acid metabolism by O. oeni (Shimazu
et al., 1985). The higher the initial concentration of citric acid, the more diacetyl will be produced from MLF.
Citric acid metabolism begins at the same time that malic acid degradation occurs, but the degradation of
the citric acid is slower. Diacetyl concentration increases as citric acid is metabolized by the bacteria and
decreases again when most of the citric acid has been consumed. Maximum diacetyl concentration tends to
coincide with the exhaustion of malic acid during malolactic fermentation (Nielsen and Prahl, 1995). The
amount produced depends on the bacterial strain and cell multiplication: the lower the cell multiplication, the
lower the production of acetate and diacetyl. Under stressed slow growth conditions (where more diacetyl
and less acetic acid are produced) the environmental conditions affecting LAB, the amount of citric acid
available and the sulfur dioxide content, all influence the redox potential (oxygen content) of the wine.
S. cerevisiae irreversibly reduces diacetyl, and sulfur dioxide binds reversibly with diacetyl. The addition
of SO, will initially decrease the concentration of diacetyl, and increase the quantity of bound SO,. When
the diacetyl-SO, complex dissociates, however, the diacetyl and free SO, levels will increase. Semiaerobic
(2—4 mg/l oxygen) malolactic fermentations yielded higher concentrations of diacetyl, whereas anaerobic
(<0.2 mg/l oxygen) conditions yielded much lower concentrations. Also, it has been observed that the higher
the pH, the lower the diacetyl production (Wibowo et al., 1985).

Diacetyl is reduced irreversibly by lactic acid bacteria to acetoin and 2,3-butanediol, an odorless, but
sweet-tasting higher alcohol. These two compounds have no influence on wine aroma when present in their
normal concentrations in wine (de Revel et al., 1989). For a high diacetyl concentration, the wine should
be racked off the lees before inoculating with lactic acid bacteria and stabilized as soon as the malic acid
is catabolized. Malolactic nutrients may be required in this case, since the necessary nutrients have been
removed due to the racking/clarifying procedure. Since diacetyl is not considered desirable in red wines,
malolactic fermentation is usually conducted on yeast lees, which results in the diacetyl being catabolized by
the yeast (or the bacteria).

During malolactic fermentation in wine by O. oeni, the degradation of citric acid is delayed compared to
the degradation of malic acid (Nielsen and Richelieu, 1999). The total production of diacetyl and acetoin
during MLF by O. oeni is stimulated by increased citric acid concentrations in the wine. However, the
production of the two compounds is strongly dependent on the redox potential and O, concentration of the
wine (Nielsen and Richelieu, 1999). Maximum diacetyl concentration was found to occur when malic acid
levels were exhausted. Once the maximum was reached, levels of diacetyl began to drop due to degradation
of the compound by the bacteria. The authors noted that for control of the final diacetyl concentration in the
wine, it is important to be aware of this coincidence of maximum diacetyl concentration and exhaustion of
malic acid. If the wine is sulfited at this point, which is common at many wineries, all further microbiological
activity stops. The irreversible reduction of the diacetyl will also then stop, because this can be accomplished
only by living bacteria and yeast. If the buttery note from diacetyl is too overwhelming after exhaustion of
the malic acid, the authors advise the delay of sulfuring until the diacetyl concentration has been reduced by
the bacteria and yeast. Indeed, in the brewing of beer, it is usually necessary to allow a certain beer—yeast
contact time after fermentation in order to remove excess diacetyl (Section 2.6.4). Sulfite added to wine
reacts fast and rather strongly with diacetyl and also reduces the buttery flavor. However, in contrast to the
microbiological reduction by bacteria and yeast, this reaction is reversible. If some of the SO, evaporates
or combines with other compounds in the wine, the concentration of the flavor may later increase in the
wine again. This should be kept in mind when the time of sulfitation after the MLF is decided and when the
wine is stored in tanks or barrels and later bottled (Nielsen and Richelieu, 1999). The concentration of free
diacetyl in wine containing SO, may also depend on the concentration of other SO,-binding compounds,
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such as acetaldehyde, a-ketoglutaric acid and pyruvic acid, which are substantially reduced during MLF.
Several other factors can influence diacetyl formation and reduction. Low concentrations of sulfur dioxide,
lower temperature (18 °C), and low inoculation rate favor the production of diacetyl (Swiegers et al., 2005).
Temperature also has a strong influence on the perception of the buttery aroma of diacetyl, and anything over
30 °C will lead to an overestimation of the actual diacetyl concentration. If one wishes to accentuate the
buttery-nutty aroma of diacetyl in, say, a bottle of Chardonnay, it should be consumed at 20 °C rather than at
10 °C (Nielsen and Richelieu, 1999).

Hydrolysis of Grape Aroma Compounds

Detectable levels of 3-glucosidase activity were found in 11 commercial preparations of wine QOeno-
cocci (Liu, 2002), suggesting that these bacteria have the potential to hydrolyse glycoconjugates to affect
wine aroma and color. The sugar-bound monoterpenes are nonvolatile and flavorless. A glycosidase (e.g.
B-glucosidase) hydrolyzes the sugar bound monoterpenes to release the volatile, aromatic monoterpenes as
well as the sugar. The presence of glycosidase activity in lactic acid bacteria from sources other than wine
is known. An a-glucosidase has been isolated in Lactobacillus brevis from beer, and a 3-glucosidase was
purified and characterized from Leucenostoc mesenteroides isolated from cassava. Lb. plantarum strains
from cassava fermentation contain [3-glucosidase that can degrade cyanogenic glycosides, which suggests
that these enzymes may be used to detoxify food plants by way of enzymatic hydrolysis or fermentation.
This area merits further study (Liu, 2002).

Increased levels of glycosidically bound grape-derived aroma norisoprenoids (a-ionone, for example)
and monoterpenes, released through hydrolysis by bacterial endocellular 3-glucosidase enzyme (du Toit,
2008) will contribute positively to wine aroma. Ugliano and coworkers (2003) studied the ability of four
commercial preparations of O. oeni to hydrolyze wine aroma precursors by measuring the concentration of
free and bound Muscat glycosides at the end of malolactic fermentation in model wines. They concluded that
the O. oeni strains tested enhanced wine aroma through the hydrolysis of grape-derived bound secondary
metabolites significantly. Another side effect of bacterial activity may be the modification of color in red wine.
Anthocyanins are the main pigments of red grapes and young red wines, which are usually glycosidically
bound to sugars, such as glucose (see, for example, Sections 2.9.2, 2.10.7, 2.11.2 and 5.8.6). A bacterial
glycosidase (also referred to as anthocyanase) hydrolyzes the sugar bound anthocyanins to liberate the sugar
and the corresponding anthocyanidin during malolactic fermentation, the latter spontaneously converting to
brown or colorless compounds via condensation and other reactions (Liu, 2002).

Production of Volatile Phenols

Phenolic acids (mainly ferulic and p-coumaric acids) are natural constituents of grape juice and wine. These
phenolic compounds can be decarboxylated microbially during fermentation into volatile phenols such as
4-ethylguaiacol and 4-ethylphenol (Liu, 2002). The volatile phenols can contribute to wine aroma positively
or negatively, dependent on the concentration, due to their low detection thresholds and their distinctive
flavors. It has been observed that the concentration of volatile phenols increased markedly during malolactic
fermentation, suggesting that lactic acid bacteria might be involved. The metabolism of phenolic acids,
p-coumaric acids, in particular by Lb. plantarum and Brettanomyces spp., have been well characterized, unlike
the metabolism of phenolic acids by the more typical wine bacteria. Lactobacilli isolated from malt whisky
fermentation can also decarboxylate phenolic acids into volatile phenols. However, phenolic compounds can
favorably and unfavorably affect the physiology and growth of wine LAB, dependent on the concentration
and type of phenolic compounds. (Liu, 2002).
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Other By-products of Malolactic Fermentation

Esters, such as ethyl acetate and C,4 to Cy fatty acid ethyl esters, are largely, if not exclusively, responsible for
the fruity aroma of wine. Yeasts are known to produce these esters during alcoholic fermentation (Jackson,
2000c), and there is some evidence to suggest that ethyl esters, such as ethyl acetate, ethyl lactate, ethyl
hexanoate and ethyl octanoate, are formed by wine bacteria during malolactic fermentation. The ability of
wine lactic acid bacteria to synthesize esters needs to be verified, but the bacteria and Pseudomonas of dairy
origin are known to esterify alcohols and fatty acids. Dairy isolates of Lactococci, Lactobacilli, Streptococci
and Pseudomonas fragi form ethyl butanoate and ethyl hexanoate from ethanol and butanoic and hexanoic
acids (Liu, 2002). The concentrations of some esters decrease while others increase during storage of wines,
presumably due to acid hydrolysis and chemical esterification.

Wine contains various volatile aldehydes that contribute important sensory properties, of which acetalde-
hyde is quantitatively the most abundant aroma compound present in wine (Jackson, 2000a). The aldehydes,
including acetaldehyde, hexanal, cis-hexen-3-al and trans-hexen-2-al, cause the green, grassy and vegetative
off aroma in wine, and can negatively impact on primary aroma from grapes. The removal of aldehydes in
any wine except Sherry is beneficial to the quality of the product. Traditionally, sulfur dioxide is added to
bind acetaldehyde when this compound is in excess, but it has been found that some lactic acid bacteria
(specifically O. oeni) can catabolize acetaldehyde, converting it to ethanol and acetate (Liu, 2002), offering
an alternative approach to sulfur addition. Lactic bacteria (for example, dairy Lactococci and Lactobacilli)
may also produce acetaldehyde, but its production by O. oeni is still unclear (Liu, 2002).

Lactic acid bacteria can also metabolize glucose and fructose to acetic acid, lactic acid and mannitol,
which may impart vinegary characteristics, and glycerol to acrolein, which is very bitter. Amino acids may be
converted to the biogenic amines putrescine, cadaverine and histamine, which can cause allergic responses in
some individuals, and at higher levels, have off-putting aromas (as their names suggest). Undesirable odors
(cabbage, asparagus, canned vegetable) brought about by MLF are usually associated with the action of
Pediococci or Lactobacilli, or with MLF occurring above pH 3.5, whereas malolactic fermentation by O. oeni
below pH 3.5 is less likely to produce off odors (Jackson, 2000a).

Volatile sulfur compounds are produced via desulfuration of sulfur-containing amino acids, such as me-
thionine and cysteine. The secondary reactions of amino acid catabolism involve the conversion of the above
compounds (amines, a-keto acids and amino acids) to aldehydes. The reduction of the aldehydes to alcohols
and/or their oxidation to acids constitutes the final reactions of amino acid transformation (Liu, 2002). Few
studies have been conducted on the catabolism of amino acids other than arginine by lactic acid bacteria
in wine, but this could have a significant impact on wine quality, given that a range of compounds can be
produced.

In a study carried out by Zlotejablko and coworkers (2001), descriptive sensory profiles of Uruguayan
Tannat wines after malolactic fermentation were compared with control wines where MLF was prevented.
MLEF led to a significant decrease (P < 0.05) in secondary descriptors such as ‘berry fruit’ and ‘fresh
vegetative,” as well as a decrease in related tertiary descriptors such as ‘blackcurrant,” ‘apricot,” ‘cut green
grass’ and ‘green pepper.” The main differences in the chemical composition found following MLF were an
increase of the lactates (mainly ethyl lactate) over the sensory threshold, a significant decrease in ethyl esters
and acetates, and a small increase of 4-vinylguaiacol and 4-vinylphenol (smoky aromas) with one of the MLF
strains.

de Revel et al. (1999) studied lactic acid bacteria starter cultures in a white Sauvignon wine during partial
malolactic fermentation in barrels and found carbonyl substances were formed during fast bacterial growth
and metabolism of citric acid. Greater complexity was observed in the wood-matured wine after malolactic
fermentation compared to a wine not having undergone bacterial development, especially regarding buttered,
spiced, roasted, vanilla and smoked notes. The intensity of grape varietal character also decreased significantly.
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2.3.17 Lactic Spoilage

As discussed earlier in this section, uncontrolled metabolism by lactic acid bacteria as well as other substrates
may lead to the production of off odors within the wine. The fermentation of tartaric acid by bacteria occurs
only in very high pH wines (above pH 3.5) with low free sulfite levels. Tartaric acid is converted into lactic
acid, acetic acid and carbon dioxide, accompanied by a significant reduction in total acidity. This fault is
known as ‘tourne, and is primarily caused by Lb. brevis. The wine will appear cloudy with silky waves, gassy
and dull in color, and red wine will gain a brownish tinge. The wine becomes very flabby and can appear
‘mousy’ in extreme cases (Jackson, 2000b).

Lactic acid bacteria may ferment glycerol in musts made from immature rotted grapes, with the effect
being particularly noticeable in the press and lees wines, which have the lowest acidity. Glycerol is converted
to lactic and acetic acid, causing the wine to taste thin and acidic. Acrolein, a bitter tasting compound,
may also be formed, and putrid odors may develop. This spoilage (known as ‘amertume’) was common in
Burgundy at the end of the nineteenth century, but is now rare due to better pest control in the vineyard and
the widespread use of sulfur dioxide. A fault known as ‘lactic souring’ occurs when sugars are attacked by
any lactic acid bacteria, and on wines with stuck fermentations (particularly those which have overheated)
or on high pH wines (over pH 3.3) with residual sugars on which the malolactic fermentation is attempted
(Morgan et al., 2006). The sugars are converted to lactic and acetic acids, giving the wine a sweet/sour
taint. The risk of lactic souring can be reduced by good prefermentation clarification with sulfur dioxide
addition and good fermentation control, fermenting the wine to dryness. Lactic souring often occurs after a
normal alcoholic fermentation, as the nonfermentable sugars remaining are attacked. The resulting increase
in acidity is slight, and the gain in volatile acidity is only 0.1-0.4 g/l. There is little clouding, so the
spoilage often passes unnoticed, except for a slight loss of quality in the wine. To prevent this, wines of
low acidity should be racked, clarified and sulfited as early as possible after the alcoholic fermentation
(Morgan et al., 2006).

During an apparently normal malolactic fermentation, the lactic bacteria surround themselves with a
mucillaginous layer of polysaccharides (3-1,3-glucans) that connects them and makes the wine appear oily
and flowing in a viscous fashion (‘ropiness’). There is no increase in volatile acidity. This condition is
rare in table wines, as it only occurs in wines with no sulfur dioxide (e.g. those destined for distillation).
Strains of O. oeni and Pediococcus species have been isolated from ropey wines, but they are not always
present (Jackson, 2000b). Sometimes a combination of microorganisms in combination with lactic bacteria
may lead to a fault known as ‘mousiness.” The sensitivity of individuals to this taste varies greatly, but it is
most unpleasant to some people; often becoming apparent some time after the wine has left the mouth, and
being very persistent. There is no known cure. The causative organisms are certain lactic bacteria including
Lb. brevis, Lb. cellobiose, Pediococcus and/or Brettanomyces yeasts. These organisms are sensitive to free
sulfur dioxide, and so this fault does not occur if wines are normally sulfited. The transformation of the
antifungal agent sorbic acid by lactic acid bacteria to many other compounds may lead to the wine smelling
of crushed geranium leaves. There is no cure for the ‘geranium fault,” but it can be prevented by using sorbic
acid only in the presence of 20-30 mg/1 free sulfur dioxide (Morgan et al., 2006). The sorbic acid will inhibit
yeast development, and the sulfur dioxide will prevent lactic bacteria growth.

In conclusion, the current consensus would appear to be that malolactic fermentation can affect wine
aroma, even if the effect is as subtle as giving greater complexity. It would also appear that the impact of MLF
on wine flavor varies with wine LAB and wine type. It is certainly the case that further research is required
to relate the wine attributes altered during MLF to the production and/or degradation of a specific chemical
compounds by wine LAB (Liu, 2002). This information will help a producer to match the right strain of wine
LAB to the right style of beverage being produced so as to maximize or minimize a particular flavor attribute.



112 Fermented Beverages: Beers, Ciders, Wines and Related Drinks
References

Bartowsky, E.J. (2005) Oenococcus oeni and malolactic fermentation — moving into the molecular arena. Aust. J. Grape
Wine Res., 11, 174-187.

Bartowsky, E.J., L.L Francis, J.R. Bellon and P.A. Henschke. (2002) Is buttery aroma perception in wines predictable
from the diacetyl concentration? Aust. J. Grape Wine Res., 8, 180-185.

Blanco Gomis, D., J.J. Mangas-Alonso, S. Junco-Corjuedo et al. (2003) Ciders produced by two types of presses and
fermented in stainless steel and wooden vats. J. Inst. Brew., 109, 342-348.

Davis, C.R., D. Wibowo, R. Eschenbruch, T.H. Lee and G.H. Fleet. (1985) Practical implications of malolactic fermen-
tation in wine. J. Appl. Bacteriol., 63, 513-521.

Davis, C.R., D.J Wibowo, T.H. Lee and G.H Fleet. (1986) Growth and metabolism of lactic acid bacteria during and after
malolactic fermentation of wines at different pH. Appl. Environ. Microbiol., 51, 539-545.

Fleet, G.H. (1994) Wine Microbiology and Biotechnology. Harwood Academic, Chur, Switzerland, pp. 9-10.

Fugelsang, K.C. (1997) Wine Microbiology. Chapman & Hall International/Thomson Publishing, New York, pp. 147-148.

Henick-Kling, T. (1995) Control of malo-lactic fermentation in wine: energetics, flavour modification and methods of
starter culture preparation. J. Appl. Bacteriol. Symp. Suppl., 79, 29S-37S.

Jackson, R.S. (2000a) Wine Science: Principles, Practice and Perception, 2nd Edn. Academic Press/Elsevier, New York,
pp- 330-341.

Jackson, R.S. (2000b) Wine Science: Principles, Practice and Perception, 2nd Edn. Academic Press/Elsevier, New York,
pp- 417-419.

Jackson, R.S. (2000c) Wine Science: Principles, Practice and Perception, 2nd Edn. Academic Press/Elsevier, New York,
p- 306.

Jussier, D., A.D. Morneau, R. Mira de Orduiial, S. Krieger, G. Triolo and L. Dulau. (2006) Effect of simultaneous
inoculation with yeast and bacteria on fermentation kinetics and key wine parameters of cool-climate chardonnay.
Appl. Environ. Microbiol., 72, 221-2217.

Lea, A.G.H and J-F. Drilleau. Cidermaking. In Fermented Beverage Production. A.G.H. Lea and J.R. Piggott (Eds.),
Kluwer Academic/Plenum, New York, Chapter 4.

Liu, S.-Q. (2002) Malolactic fermentation in wine — beyond deacidification: a review. J. Appl. Microbiol., 92, 589—
601.

Lonvaud-Funel, A., A. Joyeux and C. Desens. (1988) Inhibition of malolactic fermentation of wines by products of yeast
metabolism. J. Sci. Food Agric., 44, 183-191.

Martineau, B. and T. Henick-Kling. (1995) Performance and diacetyl production of commercial strains of malolactic
bacteria in wine. J. Appl. Bacteriol., 78, 526-536.

McDaniel, M., L.A. Henderson, B.T. Watson Jr. and D. Heatherbell. (1987) Sensory panel training and screening for
descriptive analysis of the aroma of Pinot Noir wine fermented by several strains of malolactic bacteria. J. Sens. Stud.,
2, 149-167.

Morgan, P., C. Foss, T. Jane and M. McKay. (2006) Course notes for winemaking module PW203 for B.Sc Viticulture and
Oenology, as well as course notes for Summer Winemaking. Plumpton College, Ditchling, UK. Used with permission.

Nielsen, J.C. and C. Prahl. (1995) Metabolism of citric acid by Leuconostoc oenos in direct inoculation. Effect on wine
flavour. In: Oenologie 95, 5e Symposium International d’Oenologie, A. Lonvaud-Funel (Ed.), Tec & Doc, Paris, pp.
317-320.

Nielsen, J.C. and M. Richelieu. (1999) Control of flavor development in wine during and after malolactic fermentation
by Oenococcus oeni. Appl. Env. Microbiol., 65, 740-745.

du Plessis, H.-W. (2002) The Role of Lactic Acid Bacteria in Brandy Production. Thesis presented for the degree of Master
of Science at Stellenbosch University, Stellenbosch, South Africa.

de Revel, G., A. Bertrand and A. Lonvaud-Funel. (1989) Synthese des substances acétoiniques par Leuconostoc oenos.
Reduction du diacétyle. Connaiss. Vigne Vin, 1, 39-45.

de Revel, G., L. Pripis-Nicolau, A. Lonvaud-Funel and A. Bertrand. (1999) Contribution to the knowledge of malolactic
fermentation influence on wine aroma. J. Agric Food Chem., 47, 4003—4008.

Ribéreau-Gayon P., D. Dubourdieu, B. Doneche and A. Lonvaud. (2000) Handbook of Enology, Vol. 1, The Microbiology
of Wine and Vinifications. John Wiley & Sons, Ltd, Chichester, UK, pp. 170-177.



Malolactic Fermentation 113

Shimazu, Y., M. Uehara and M. Watanbe. (1985) Transformation of citric acid to acetic acid, acetoin and diacetyl by
wine making lactic acid bacteria. Agric. Biol. Chem., 49, 2147-2157.

Swaffield, C.H., J.A. Scott and B. Jarvis. (1997) Observations on the microbial ecology of traditional alcoholic cider
storage vats. Food Microbiol., 14, 353-361.

Swiegers, H., E. Bartowski, P. Henschke and I. Pretorius. (2005) Yeast and bacterial modulation of wine aroma and
flavour. In: AWRI: Advances in Wine Science. Commemorating 50 years of the Australian Wine Research Institute,
R. Blair, M Francis, and I. Pretorius (Eds.), AWRI, Glen Osmond, SA, Australia, pp. 159-187.

du Toit, M. (2008) Malolactic Fermentation in Wine. In Encyclopedia of Biotechnology in Agriculture and Food. Heldman,
D.R., D.G. Hoover and M.B. Wheeler (Eds.), CRC Press, Boca Raton, Florida, USA, pp. 387-389.

Ugliano, M., A.Genovese and L. Moio. (2003) Hydrolysis of wine aroma precursors during malolactic fermentation with
four commercial starter cultures of Oenococcus oeni. J. Agric. Food Chem., 51, 5073-5078.

Van Vuuren, H.J.J. (1976) Bacterial Contaminants and Spoilage of South African Beers. Thesis presented for the degree
of Master of Science at Stellenbosch University, Stellenbosch, South Africa, pp. 2-3.

Wibowo, D., R. Eschenbruch, C.R. Davis, G.H. Fleet and T.H. Lee. (1985) Occurrence and growth of lactic acid bacteria
in wine: a review. Am. J. Enol. Vitic., 36, 302-313.

Zlotejablko, A., F. Carrau, E. Boido, K. Medina, E. Dellacassa, A. Gdmbaro and A. Lloret. (2001) Effect of malolactic
fermentation on the aroma properties of Tannat wine. Austr. J. Grape Wine Res., 7, 27-32.



24

Acetic and Other Fermentations

2.4.1 Introduction

The fermentation pathway, along with glycolysis, is one of the most ancient metabolic processes, as it
appeared when the planetary environment was strictly anaerobic, and all life was prokaryotic The enzymes
for these ancient pathways are located in the cytoplasm, and not in the mitochondria (Purves et al., 2001).
At some point in the very distant past, cells on Earth gained the ability to photosynthesize and molecular
oxygen was added to the atmosphere, rendering most environments aerobic. Further evolution of cells in these
new environments led to the incorporation of mitochondria through endosymbiosis, and the development of
the citric acid cycle and the electron transport chain on and in the mitochondrial membranes. Respiration,
therefore, is a relatively recent evolutionary development compared to fermentation.

The organisms that are likely to be encountered during a beverage production process will incorporate a
wide variety of different metabolic styles, and many different fermentations are carried out by various bacteria
and eukaryotic body cells distinguished in most cases by the end product. However, microorganisms that are
not deliberately introduced to the fermentation medium by the producer will normally cause spoilage of the
product or problems with the production process.

Microbial spoilage occurs when microorganisms break down desirable constituents in fermented beverages
and produce undesirable substances. These changes may appear as turbidity, sediments, gassiness, color
change and sensory changes (off odor and off taste). In almost all cases the damage is irreparable and so
prevention, rather than cure, is the rule. Microorganisms causing spoilage during brewing and beer processing
are limited to a few genera of bacteria, wild yeasts and molds. Beer is an unfavorable growth medium for
most microorganisms due to the alcohol content, low pH and the presence of hop constituents, as well as
the lack of nutrients, but a few species will survive, and have deleterious effects on flavor and shelf life
(Goldammer, 2000). Wine, with an even higher alcohol content and similarly low pH is even less of an
environment conducive to the growth of microorganisms. However, a number of specialized organisms are
able to withstand the conditions, and complacency in the winemaking process will lead to high volatile
(acetic) acidity or excessive acetaldehyde. It is not only the wine that can sustain the growth of unwanted
microorganisms, but the equipment, including barrels, storage tanks, pumps, pipes and filters. Microorganisms
which cause spoilage are either aerobes: (require the presence of oxygen in air to reproduce) e.g. acetic bacteria
and yeasts; or facultative anaerobes: these can reproduce without the presence of oxygen, e.g. lactic bacteria.
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The other factors that affect the growth of microorganisms in fermented beverages are the acidity in
solution (only Acetobacter grow actively at pH 3.0—4.0), alcohol concentration, temperature and the use of
preservatives such as sulfur dioxide. The existence of fermentable sugars (above 10g/1) in a medium facilitates
the risk of spoilage — specifically by yeast. Growth factors, nutrients such as amino acids and vitamins, are
important in determining the growth of microorganisms. In wine, there are many opportunities for microbial
spoilage, but the winemaker has key controls at their disposal to ensure they are minimized. The conditions
necessary for proliferation and spoilage in a winery can be avoided with good hygiene, the use of antiseptic
agents like sulfur dioxide and management of storage conditions including higher temperatures and exposure
to oxygen. These are discussed in more detail later on in this section.

2.4.2 Acetic Acid Bacteria

Although no known pathogenic bacteria can survive in wine media, many others can grow and flourish. Two
of the most common bacteria found in the winery environment are acetic and lactic acid bacteria. There is an
almost permanent presence of acetic acid bacteria during every stage of winemaking and a change in the type
of bacteria present occurs during fermentation and storage. Acetobacter or acetic acid bacteria are able to
oxidize ethanol to acetic acid, a process vital to vinegar production. It was thought originally that exposure to
air was required for their growth, but it has been found they can use hydrogen acceptors other than oxygen so
they can remain viable for years in anaerobic conditions such as barrels or bottled wine (Jackson, 2000). There
are several genera of acetic acid bacteria, but the only one to jeopardize wine is Acetobacter (Ribéreau-Gayon
et al., 2000). This bacterium is capable of generating acetic acid in the absence of sulfur dioxide and in the
presence of oxygen. In addition, it can esterify acetic acid and ethanol to ethyl acetate, which produces the
unpleasant organoleptic characteristics of acescence (nail polish remover and vinegar odor). This organism
is also responsible for elevated volatile acidity in wines exposed to air where it develops on the surface as a
white layer (bloom).

The ability of acetic acid bacteria to metabolize sugar is atypical (Jackson, 2000). The pentose phosphate
pathway is used by these organisms exclusively for the oxidation of sugar to pyruvate sugars may also be
oxidized to gluconic and mono- and diketogluconic acids. In addition to oxidizing ethanol to acetic acid, acetic
acid bacteria can also oxidize other alcohols to their corresponding acids, for example butanol to butanoic
acid. In addition, polyols (molecules with more than one alcohol function, like glycerol) can be oxidized
to ketones (dihydroxyacetone results from metabolism of glycerol). Members of the genus Acetobacter can
further oxidize acetic acid to carbon dioxide and water, which is known as overoxidation.

Acetic bacteria can grow on the surface of the wine as a thin white film or as a thicker, more oily layer. It
is a very serious problem, especially for red wines produced in warm regions. ‘Mother of vinegar,” a thick,
hard, viscous mass, is formed by an acetic bacteria which is rarely found in wine, but often found in wineries
on dripping taps and leaking wine tank valves.

Acetic or ethanoic acid is the principal component of ‘volatile acidity’ or ‘VA, so called because its
concentration is measured in wine by distillation followed by titration with a base. It is acrid and bitter
to the palate and detectable at doses above 0.75 g/l as a vinegary taint, though lower concentrations will
considerably ‘thin’ a wine. The maximum legal limit (UK) is 1.08 g/l in white and rosé wines, and 1.2 g/l
in red wines (Robinson, 2006). The production of acetic acid is usually accompanied by its combination
with alcohol to form ethyl acetate. This has a characteristic (pear drop) aroma, which is usually easier to
detect in spoiled wines than the acetic acid itself (recognisable at 0.16 g/1). It is common for a wine to gain
0.1-0.2 g/1 VA (as acetic acid) during the alcoholic fermentation, due to the action of wild yeasts, especially
at high temperatures. Another 0.1g/1 may be produced during the malolactic fermentation, particularly if the
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temperature and pH of the wine are high. Any increase above 0.3 g/l indicates lactic or acetic spoilage. VA
is detectable in white wines at around 0.4 g/l and in red wines at around 0.5 g/l (Morgan et al., 2006).

It is recognized that the acetic acid bacteria form a distinct family of Gram-negative rod-shaped bacteria
characterized by their ability to oxidize ethanol to acetic acid (Jackson, 2000). Acetic acid bacteria from
the Acetobacteraceae family are divided into the genera Acetobacter and Gluconobacter. There are over
10 different species identified belonging to the genera, but Gluconobacter oxydans, Acetobacter aceti and
Acetobacter pasteurianus are the most frequently encountered in enology (Ribéreau-Gayon et al., 2000).
Goldammer (2000) stated that for all practical purposes there are only seven common genera of bacterial
contaminants in the brewery, and the Gram-negative spoilage bacteria in beer include Acetobacter spp,
Acetomonas spp, Zymomonas spp., Enterobacteriaceae spp. and Pectinatus spp. The concentration and
species of acetic acid bacteria introduced into the winery via the grapes can vary depending on the quality of
the fruit. On good quality red or white grapes the main species found is usually that of G. oxydans, whereas
on spoiled fruit, infected with Botrytis cinerea, the main bacteria species is that of A. aceti with the presence
of A. pasteurianus in smaller quantities. G. oxydans prefers glucose for its growth and this species is not
tolerant to alcohol, which explains why it is more readily found in the must and on good quality fruit, because
once the fruit becomes spoiled and there is fermentation caused either by the presence of wild yeasts on
the fruit or by controlled fermentation in the winery, alcohol levels rise. The other main area of acetic acid
bacteria contamination, except for poor hygiene of equipment, is that of the barrel. Used barrels, due to the
nature of the absorbency of the wood, retain wine and small quantities of bacteria. During maturation there
is a small ingress of oxygen into the barrel (about 30 mg/1 per year) which prevents the complete destruction
of the population which would occur if conditions were strictly anaerobic, e.g. in bottles (Ribéreau-Gayon
et al., 2000). Insects such as fruit fly (Drosophila) will carry acetic bacteria onto damaged berries. Acetic
bacteria are also present on all cellar surfaces, and even in normally sulfited wines. The numbers of acetic
bacteria will often increase greatly in the pomace in red wines, particularly in open tanks where the pomace
is not blanketed with carbon dioxide and is seldom immersed in fermenting must. Another factor increasing
the risk of acetic spoilage is high temperature. Spoilage is twice as fast at 28 °C as at 23 °C and twice as fast
at 23 °C as at 18 °C. The reproduction of acetic bacteria is greatly reduced at pH below 3.0 but rapid at pH
above 3.2. Wines with high alcohol levels are less prone to spoilage (Morgan et al., 2006).

Although acetic acid bacteria are classified as strictly aerobic, the ability of Acetobacter to grow under
semianaerobic conditions and produce acetic acid emphasizes the importance of careful handling of the
product during operations which may expose wine to air. Because of resistance to SO, control is by
minimizing air contact at wine surfaces and keeping temperatures low.

Identification of microorgansims, particularly bacteria, is not easy and producers more often than not
do not have access to the methods necessary for the task. The isolation of acetic acid bacteria requires an
appropriate medium (glucose—yeast-extract agar with calcium carbonate is a common one), which is then
incubated aerobically, usually for two to four days at a temperature of between 25 and 30 °C (Ribéreau-Gayon
et al., 2000). It is necessary to incorporate cycloheximide or pimaricin into the medium to inhibit the growth
of yeasts, and the calcium carbonate neutralizes the acid resulting from the acetic acid bacteria. This also
aids with identification, as the acid solubilizes the calcium carbonate leaving clear areas around each colony
forming unit. Further additions can be made to the media to inhibit the growth of lactic acid bacteria making
the isolation of acetic acid bacteria easier, and penicillin can be used for this purpose. Another addition that can
be made to the media is that of ethanol and the strong aroma of acetic acid arising from ethanol oxidation is a
good indication of the presence of acetic acid bacteria (Morgan et al., 2006). If yeasts are not present, a simple
Gram stain procedure can be performed on the isolate. The family of Acetobacteraceae are Gram-negative
rods due to the constituents of their cell walls and this differentiates them from lactic acid bacteria, which
are Gram-positive. Once isolated the acetic acid bacteria can be further identified to species level by their
abilities to oxidize calcium D,L-lactate, overoxidize ethanol, form water soluble pigments, oxidize glycerol,
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Table 2.4.1 Characteristics of acetic acid bacteria and Gluconobacter oxydans

Acetobacter Gluconobacter
Characteristic A. aceti A. pasteuranus A. hansenii G. oxydans
Overoxidation of ethanol + + + -
Growth on ethanol + some + -
Growth on sodium acetate + some - -
Ketogenesis from glycerol + - + +
Ketogenesis from sorbitol + - +
Ketogenesis from mannitol some - +
Oxidation of lactate to CO, and H,O + + + -
2-Ketogluconic acid produced from glucose + some some +
5-Ketogluconic acid produced from glucose + - some +
2,5-Diketogluconic acid produced from glucose - - - some

produce 5-ketogluconic acid from glucose and the ability to grow on media containing ethanol and sodium
acetate as sole carbon sources (see Table 2.4.1).

2.4.3 Lactic Acid Bacteria

Lactic acid bacteria, which affect both beer and wine as spoilage organisms, can be identified initially by
using a Gram stain. Lactobacillus spp. and Pediococcus spp. are both Gram-positive. Pediococcus spp.
metabolize a number of substrates including malic acid and/or sugars with different end products and
consequences for wine quality. They are less likely to grow if substrates have been depleted by a previous
malolactic fermentation. Lactobacillus is associated with wine spoilage, and is notorious for producing
excessive acetic acid by metabolizing sugar or tartaric acid, which can cause yeast inhibition and lead to stuck
fermentations. Pediococcus is one of the common lactic acid bacteria found in wine and its entire species
are homofermentative (transform sugar exclusively into lactic acid). They may produce increased volatile
acidity and polysaccharides that cause undesirable texture defects. Strains of Pediococcus damnosus produce
histamine (a biogenic amine), which can pose a health hazard for individuals sensitive to the compound (see
Section 5.11.3). Lactic souring, fourne, amertume, ‘ropiness’ and ‘mousiness’ are all wine faults caused, in
whole or in part, by lactic acid bacteria (Jackson, 2000). These faults and other activities of lactic acid bacteria
are discussed in detail in Section 2.3.1.

2.44 The Activities of Yeasts other than Saccharomyces

A spoilage yeast in a brewing context is defined as any yeast other than the pitching yeast (Goldammer, 2000).
Spoilage yeasts can be isolated at all stages of the brewing process from raw materials, wort, pitching yeast
and fermenting beer, through to the packaged product and the dispense system. They produce unintended
flavors, including hydrogen sulfide, estery, acidic, fatty acid and phenolic or medicinal notes. Turbidity is
another effect caused by growth of wild yeasts that remain after the culture yeast has been removed by filtering
or fining. In the presence of air, some spoilage yeasts can grow rapidly and form a film on the surface of the
beer, which can cause haze. Other effects may include primary yeast fermentation and separation difficulties,
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significantly lower terminal gravities, and a higher alcohol content in the finished beer. The lower terminal
gravities are due to the ability of wild yeast to ferment sugars (such as maltotetraose and dextrins) not used
by the primary yeast. A spoilage yeast infection is usually more of a problem for brewers not having a pure
culture yeast propagation system than for those who do. In a winemaking context, a spoilage yeast is any
yeast (including S. cerevisiae) that ferments residual sugars once a wine has been bottled, as it will in all
likelihood be spoiled. A number of different genera of yeast have been implicated in wine spoilage.

Pichia spp. are ascospore-producing yeasts which are capable of fermenting low levels of residual sugar,
but are inhibited by alcohol levels of near 10% at lower temperatures. At higher temperatures, growth may
be found in products of up to 13% alcohol. They are generally weak fermenters, but unrestricted growth
imparts an aldehydic character to wine (Zoecklein et al., 1995). The ascospores have a Saturn-shape and form
pseudomycelium. Hansenula strains are reported to form large amounts of acetic acid, (around 1-2 g/1), and
volatile esters, particularly ethyl acetate (up to 2 g/I) as well as isoamyl acetate (a pleasant, fruity banana odor
at low concentrations) under aerobic conditions. In the early stages of fermentation, the formation of these
volatile esters has been known to add limited flavor and bouquet to the wine. Boulton and Quain (2001) note
that an infection by Pichia will be limited to the initial aerobic phase of fermentation, but the organisms can
spoil unpasteurized draught beer, forming a haze and surface films. P. membranifaciens is known to give a
‘sauerkraut’ flavor.

Epiphytic yeasts, such as Kloeckera apiculata and Metschnikowia pulcherrima, are known to produce 2-
aminoacetophenone as a result of their metabolism of sugars, as well as acetic acid, ethyl acetate and diacetyl
(Jackson, 2000). The first compound has been implicated in the ‘atypical aging aroma’ in white wines,
for which various descriptors exist, ‘mothball’ and ‘wet wool’ being amongst them. With Hanseniaspora/
Kloeckera known to add quantities of glycerol, esters and acetoin to the complexity of the final product,
depending upon the strain present, a selection program with the aim of finding suitable apiculate yeast strains
for use in fermentation would give the benefit of reduction of undesirable products to levels below the spoilage
threshold and the increase of levels of desirable products not produced in sufficient levels by S. cerevisiae.

Zygosaccharomyces spp. are likely to be found in high sugar concentrations and are therefore commonly
associated with grape juice concentrates that are often used to adjust color and sugar in final wine blends.
It is far more common in white and rosé wines than red, for this reason, and because growth is somewhat
suppressed by polyphenols. The species can grow in a large range of sugar levels, high alcohol concentrations
and is resistant to yeast inhibitors like sulfur dioxide, sorbic acid and diethyl dicarbonate (Jackson, 2000). It
generates floccular and granular deposits, which look a little like sand, if there is an infestation in a bottle.
This spoilage yeast may produce carbon dioxide and turbidity once the wine has been bottled. Recent research
has demonstrated that temperature is the principle factor affecting the development of Zygosaccharomyces,
and as low a concentration as 1 cfu/10 1 of wine is sufficient to induce spoilage (Jackson, 2000). Boulton and
Quain (2001) state that this organism is infamous for spoiling soft drinks, fruit juices and high sugar products.

Brettanomyces species are notorious spoilage organisms on the one hand, but essential fermentative organ-
isms for certain types of beers, on the other hand. Brettanomyces bruxellensis (synonym Dekkera bruxellensis)
is an alcohol-tolerant asporogenic wild yeast isolated from British spontaneously fermented beer at the begin-
ning of last century. It gives rise to an organoleptically disastrous condition known as ‘brett’ when it infects
beers and wines, yet under different conditions it provides much of the sensory character associated with
certain spontaneously fermented beers, such as the lambic beers of Belgium (Section 2.6.7). Brettanomyces
species have been recognized as serious spoilage yeasts in wine for around 40 years, and depending on the
species can produce either mousy taints, smoky, spicy, medicinal and woody taints, or apple cider odors, high
levels of acetic acid and haziness. The influence of Brettanomyces and Dekkera on winemaking has been
reviewed by Oelofse et al. (2008).

Brettanomyces spp. include nine different species of which those found in wine include B. intermidius, and
B. lambicus (Jackson, 2000), both of which species produce 2-acetyltetrahydropyridines responsible for the
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‘mouse’ taint. Boulton and Quain (2001) state that Brettanomyces is notable for causing off flavor in bottle-
conditioned beers, and that the species succeeds Saccharomyces in the spontaneous fermentation of wort
(lambic and gueuze: see Section 2.6.7). The name Dekkera refers to the ascospore-forming (sporogenous)
form of this yeast, and Brettanomyces used for the non-spore-forming type. It is most well known for pro-
ducing high concentrations of volatile acids, esters and the volatile phenols 4-ethylphenol, 4-vinylphenol and
4-ethylguaiacol, which are largely responsible for the infamous ‘brett’ characteristic. The yeast is capable
of using many different carbon sources, including sugars extracted from wood and forming unpleasant sec-
ondary metabolites (Jackson, 2000), including the classic 4-ethylphenol (Band aid or Elastoplast), isovaleric
acid (rancid/vomitous) and all three of 2-acetyl-1-pyrroline (ACPY), 2-acetlyltetrahydopyridine (ACTPY)
and ethyltetrahydropyridine (ETPY), responsible for mousy off flavors (Herezstyn, 1986). It would seem that
the yeast generally leads to a typical ‘brett” aroma, with an associated degrading of varietal and fermentation
character: that is a loss of typicity. However, low levels of ‘brett’ may also add complexity to certain robust
styles of wines. Brettanomyces, however, is not easily controllable, and neither are the levels of products that
result from its fermentative pathways. Jackson (2000) noted that the taint may also derive from synthesis of
isobutyric, isovaleric and 2-methylbutyric acids. The organism is capable of growing in both red and white
wines, but the polyphenol composition, higher pH and cooperage use seem to encourage development in red
wine particularly. Populations of the yeast are ubiquitous in vineyards and wineries throughout the world, and
the species was originally isolated from high strength ‘stock’ beer (see Section 2.6.13). Fruit flies (Drosophila
melanogaster) can also be carriers of Brettanomyces.

The belief is that the main infection route in wine is through old barrels (Jackson, 2000), but it is just
as likely to be from an original population on the grapes. Microbial analyses of older and recently bottled
wines demonstrated the ability of certain wine microbial species to survive and grow in the bottle. Among
them, B. bruxellensis was predominant, necessitating effective methods for removing these microorganisms
before bottling (Renouf et al., 2007). It is only during the wine ageing process that Brettanomyces cells
slowly increase in number, which makes its presence difficult to detect before the sensory effects are noticed.
Another factor that may enhance risk of infection is the presence of residual sugars left over at the end of
fermentation as a result of high initial sugar levels at the start. Also, the addition of diammonium phosphate
as a supplementary nitrogen source for yeasts has also become routine in winemaking, which means that
amino acids are less likely to be metabolized, and may therefore form a nitrogen source for Brettanomyces.

2.4.5 Film Forming Yeasts

Yeasts can also ferment sugars, as well as other substrates, before a product has been bottled, during bulk
storage, if the conditions are conducive to growth. Yeast can form films on the surface of wine, and other
beverages, under aerobic conditions. The growth of any film forming yeast in wine is detrimental to quality
(Loureiro and Malfeita-Ferreira, 2003). Film forming yeasts require oxygen for growth and include the
genera Hansenula, Kloeckera, Pichia, Metchnikowia and Debaryomyces, as well as strains of S. cerevisia.
They produce acetic acid, 2-phenylethanol and ethyl acetate under oxidative conditions, from ethanol as well
as glycerol and organic acids. Uncontrolled growth results in decreased alcohol levels and total acidity/pH
changes (Zoecklein et al., 1995). The process of growth in a surface film is, of course, crucial to the production
of certain sherries and other wines, where they are known as ‘flor’ and where they oxidize ethanol to produce
acetaldehyde and at the same time protect the wine beneath the film from oxidation (Sections 2.10.3 and
2.10.4). Flor may be caused by several yeast species including strains of S. cerevisiae and Zygosaccharomyces
fermentati, and species of Candida, Hansenula and Pichia can be associated harmlessly with flor films, but
are a cause of spoilage when growing alone. Flor yeast growth in a production context is, of course, carefully
monitored. Sherry production is discussed in more detail in Sections 2.10.1-2.10.3.
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In wine, Candida spp. typically grow as surface yeasts, producing chalky white films on the surface of low
alcohol wines. In the presence of oxygen they are fast growers, using ethyl alcohol in addition to wine acids
as carbon sources, meaning Candida spp. have the potential to produce significant concentrations of volatile
compounds, such as acetic acid, ethyl acetate and 2-phenylethanol in wines.

After the alcoholic fermentation, all the surfaces in the winery are covered with very large populations of
yeasts. They should all be cleaned, if not disinfected, thoroughly. This is especially important if dealing with
wines with residual sugar.

2.4.6 Molds

Molds are non-chlorophyll-bearing plants that range in size from a single spore to large cell aggregates.
Commonly occurring types are species of Mucor, Penicillium, Aspergillus, Cladosporium and Rhizopus.
Molds are normally aerobic organisms and can grow over a wide pH and temperature range, although most
species prefer an acid pH (Goldammer, 2003) and higher temperatures.

In a study of tainted wines in the early 1990s, the most common off odor in wine was 2,4,6-trichloroanisole
(TCA), notorious as the compound responsible for cork taint (Jackson, 2000). The moldy odor may originate
from the growth of bacteria and filamentous fungi such as Penicillium roqueforti, P. citrinum and Aspergillus
versicolor on corks. The role of Penicillium in the formation of TCA has been noted (Jackson, 2000). Further
discussion on cork taint and its analytical assessment can be found in Section 4.2.4.

2.4.7 Prevention of Spoilage

The current trends in the wine industry are for wines with lower levels of sulfur dioxide and fewer pro-
cesses such as sterile filtration. Although this is laudable if the goal of the producer is to aim for the most
natural product possible, it is also risky, and should be coupled with increased hygiene controls and good
manufacturing practices to minimize contamination.

It remains the case that one of the most effective methods of preventing growth of microorganisms relies
on limiting microbial activity by addition of SO;, to which both film yeasts and lactic acid bacteria are
very susceptible (Sections 2.5.2 and 2.5.3). The main reason these groups are not as much of a problem in
white wines compared to red wines is the higher concentration of free SO, in white wines. In red wine, a
greater proportion of SO, is bound (e.g. to phenolic compounds) and is hence is less active. Maintaining
low pH has a strong inhibitory effect on lactic acid bacteria, especially in the presence of SO,. Lactobacillus
and Pediococcus are more pH sensitive than Leuconostoc. SO, addition is not always effective against
fermentative yeasts in sweet wines because of their higher tolerance to it and also because of the production
of acetaldehyde, which then binds the free SO,. Maintaining free SO, at moderate to high levels, and filtration
to 0.45 pm is the only sure way of preventing refermentation of any sugar present in a bottled wine.

Filtration techniques (Sections 2.6.9 and 2.9.4) were evaluated over several years after bottling by microbial
analysis and by volatile phenols measurements. The smaller the pore size, the more microbes were eliminated.
Elimination of bacteria required a 0.3 pm filter, but a 1.0 pm filter was efficient for yeast elimination. It has
been argued that filtration (especially tighter membrane filtrations) affect the quality of products. Renouf and
coworkers (2007), for example, found that volatile phenol concentrations were lower in less tightly filtered
wines and in unfiltered wines than in more tightly filtered wines.

Sorbic acid or its salts, such as potassium sorbate, are inhibitory to fermentative yeasts and are sometimes
added to sweet wines at levels up to 200 mg/l. Sorbic acid should always be used in conjunction with sulfur
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dioxide, and producers should note the possibility of formation of 2-ethoxy-3,4-hexadiene, which has a strong
geranium smell, by lactic acid bacteria against which sorbic acid is ineffective (Section 2.5.4) (Jackson, 2000).

Excluding oxygen, especially in finished wines, is essential for maintaining the quality of the product. Film
yeasts and acetic acid bacteria require atmospheric oxygen (apparently at low levels) so effective sealing of
containers and inert gas cover are important strategies to control their growth. It is important to monitor the
tops of tanks, especially if they are on ullage (air space) and do not have an inert gas cover. If a growth is
detected prompt action should be taken. To further prevent the growth of acetic acid bacteria in a product,
pasteurization or sterile filtering coupled with completely sterile conditions will eliminate them completely.
Although a certain amount of acetic acid is formed by yeasts and lactic bacteria, acetic spoilage as such can
only occur if the wine is in contact with oxygen for the duration of a few days, especially at low temperatures.
Aeration on racking is not enough to make a substantial difference, as an increase of 0.1 g/l of acetic acid
requires 0.24 1 of air per liter of wine (Morgan et al., 2006). Sulfiting is not totally effective, as the free sulfur
dioxide on the surface of a partially filled tank will rapidly be combined or oxidized.

Temperature is an important factor affecting microbial activity. The activity of bacteria is very slow or
nonexistent at temperatures below 15 °C, and yeast are inhibited, so storage of products at low temperatures
is advisable. Pasteurization may also be used to sterilize products. In a winemaking context, heating to 60 °C
for 5 mins or 70 °C for 6 s is sufficient. Short periods of heating at high temperatures are better than longer
periods at lower temperatures due to the chemical and physical impacts of prolonged heating on the flavor
and aroma of wine (Morgan et al., 2006).

Timing and magnitude of sulfur dioxide additions are important in prevention of Brettanomyces, as small
incremental doses of sulfur may encourage the selection of sulfur-resistant strains of Brettanomyces, which
dominate during storage and aging. Sanitation has been shown to be an important factor in keeping wild
spoilage yeasts from the final product, as reservoirs of wild yeast, bacteria and spores of both are found on
production equipment. Wooden cooperage, which is fairly common in the production of quality red wines,
is a well-known route for infection as Brettanomyces. The yeast produces [B-glucosidase which allows it
to metabolize cellobiose, a compound that results from the toasting process, present in both old and new
barrels. The enzyme cleaves the disaccharide cellobiose to produce glucose molecules, which are then used
for growth.

Many winemakers consider that the taint caused by powdery mildew in white wine results from the
mycelium of the fungus itself, and thus minimizing taint is based on minimizing the quantity of the mycelium
in the juice. The application of a high pressure, high volume water spray in the vineyard the day before harvest
is reported to have a positive effect in minimizing mycelium levels. Juice from powdery mildew-affected fruit
should be settled at the lowest temperature possible to achieve rapid settling, and pectolytic enzymes should
be used (Morgan et al., 2006).
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2.5

Preservatives Used in the Production of
Alcoholic Beverages

2.5.1 Introduction

Preservatives are added to beverages in order to protect them from microbial and oxidative effects, and to help
retain their original quality as long as possible (in the case of wine, this may be decades). Generally, additives
allowed in beverages and foodstuffs are strictly regulated, and anything added to a product in order to preserve
it would be subject to exactly the same regulation. There are nonadditive methods, such as pasteurization, that
will extend the shelf life of a product beyond a usual ‘fresh period,” but generally speaking, these methods only
work in the short term. It is also the case that heating can alter the organoleptic qualities of the product, which
is usually undesirable. Other methods of removing microbial content include different forms of filtration,
which are discussed in detail in Sections 2.4.7, 2.6.9, 2.8.5, 2.8.6 and 2.9.4. Cost of machinery, volume of
product, packaging preferences, even distribution (climate/transport/storage and shelf-time/retail outlet type),
all influence the method chosen to preserve the product.

2.5.2 Sulfur Dioxide (SO,)

Sulfur dioxide has a long history of use in preservation of foods and beverages. It is formed by burning sulfur
(32 g of sulfur reacts with 32 g of oxygen to give 64 g of sulfur dioxide), and dissolves in water and ethanol,
depending on the temperature. In Europe, the permitted sulfur additives for wine are sulfur dioxide (E220),
potassium bisulfite (E228) and potassium metabisulfite (E224) (Bird, 2005). Interestingly, SO is produced in
small quantities (between 12 and 64 mg/l) by yeast during fermentation (Jackson, 2000a). The formation of
SO, by S. cerevisiae is a strain characteristic, with the majority of strains (80%) producing less than 10 mg/1
of SO, and a few strains producing more than 30 mg/l, suggesting that completely sulfite-free wine is unlikely
to be produced without some form of removal. The amount produced also depends on the wine environment
and tends to be higher in highly clarified musts with low levels of suspended solids (Romano and Suzzi,
1993). Biological sulfite is always bound and is produced slowly so the effect on wine is difficult to assess,
although there is some evidence to suggest that some of the sulfite-producing yeast strains act to stabilize the
wines in a similar way to the addition of sulfur to the must. Sulfur dioxide per se can be produced by burning

Handbook of Alcoholic Beverages: Technical, Analytical and Nutritional Aspects Edited by Alan J. Buglass
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Figure 2.5.1 Various forms of free sulfur dioxide in solution

elemental sulfur in air, but nowadays is more likely to be obtained from a cylinder of compressed liquid (see
Section 5.9.2). Sulfur dioxide exists in both ‘free’ and ‘bound’ forms in solution: the free forms are molecular
SO, (SO»), sulfite (SO3%7), and bisulfite (HSO3") (Rotter, 2008) (Figure 2.5.1). Around 2% exists as the free
dissolved gas in wine, with most of it occurring as bisulfite ions (Jackson, 2000). The bound forms include
a range of compounds in which the molecule becomes associated with, or permanently bonded to, another
molecule like an aldehyde or a polyphenol. The total sulfur dioxide content of a wine is the sum of the free
and the bound concentrations.

Potassium metabisulfite dissociates in water to potassium ions (K™*) and singly ionized bisulfite (HSO3").
An equilibrium forms between the hydrogen ions present in the medium, sulfite, bisulfite and molecular
sulfur dioxide, of which at wine pH around 2% exists as the free dissolved gas (Jackson, 2000a). The
position of equilibrium and hence the concentration of each species depends the pH and to a lesser degree
the temperature of the environment (Figures 2.5.1 and 2.5.2). Free molecular SO; is the form that is most
active against microorganisms and it is present in greater concentrations at lower pH. Sulfur dioxide is thus
far more effective as an antimicrobial if the environment is acidic (Jackson, 2000b), and a lowering of pH by
even 0.1 units can greatly enhance the efficacy of its action.

Bound (combined) sulfur dioxide is bonded to sugars, phenolics, some minor wine acids and, especially,
acetaldehyde (ethanal) (Figure 2.5.3). When sulfur dioxide combines with acetaldehyde, it is rendered
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Figure 2.5.2  Effect of pH on forms of free sulfur dioxide
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Figure 2.5.3 Binding of SO, species by carbonyl compounds, with examples of carbonyl compounds found in
grape must and wine

permanently inactive because the bisulfite complex formed shows little tendency to dissociate (it has a high
dissociation constant, Kgiss). Most producers assume that around 50% of the SO, they add will become
bound when the total SO, is below 100 mg/l. Ketonic acids (for example, a-ketoglutaric acid, pyruvic acid
and galacturonic acid) also bind to SO, (Figure 2.5.3). Increased ketonic acid levels may be the result of
nutritional deficiency or stress during fermentation, and different yeast strains also produce varying levels
of these products. Keto sugars, keto sugar acids and glyoxals/dialdehydes (Figure 2.5.3) are found in higher
concentrations in grapes infected by Botrytis cinerea (e.g. Sauternes, Tokay and Trockenbeerenauslese wines)
and so these will may make a significant contribution to the binding of SO, species in the sweet wines, as some
will survive fermentation. Low fermentation temperatures, anaerobic fermentations, addition of ammonium
salts and use of nonketogenic yeast strains may all help minimize production of ketones and aldehydes, and
therefore the bound fraction of sulfur dioxide.

2.5.3 The Roles of SO,

Sulfur dioxide has a wide spectrum antimicrobial activity: about 1.5 mg/l concentration of molecular sulfur
dioxide is enough to inhibit most yeast and spoilage bacteria (Jackson, 2000b). The toxic action of the
molecule is thought to include inhibition of metabolism by reaction with coenzymes and by its reaction with
disulfide bonds in protein, thus leading to denaturing and destruction of tertiary structure (Figure 2.5.4). The
suphur dioxide in Figure 2.5.4 is depicted as bisulfite, which at biological pH is the most likely species. Some
organisms are more susceptible than others: acetic bacteria are most sensitive, followed by lactic bacteria and
so-called ‘wild’ yeasts, then cultured yeast (e.g. S. cerevisiae).

As an antimicrobial, sulfur dioxide has a strong effect when in the free form (hence the importance of
constantly monitoring free SO, at all stages) which affects the majority of natural yeasts commonly found
on grapes (Table 2.5.1). Sulfur dioxide is the only effective antimicrobial agent against lactic acid bacteria,
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Figure 2.5.4  Possible ways in which sulfites may inhibit growth of microorganisms
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Table 2.5.1 Profile of the most common yeasts found in grape juice fermentations conducted in Emillia

Romagna region, Italy

Yeast frequency in untreated grape juice

No SO, With SO,
Population at Population at Population at Sulphur
Population start end of start of end of Dioxide
Species of fermentation  fermentation fermentation fermentation resistance
Kloeckera very high very high absent absent none
Hanseniaspora very high very high absent absent none
Metschinikowia medium low absent absent none
Hansensula medium absent absent absent none
Pichia medium absent absent absent none
S. cerevisiae low low high very high very high
Saccharamycodes low low low low very high
Torulaspora low low low low very high
Zygosaccharamyces low low low low very high
Schizocaccharomyces low rare rare rare very high
Brettanomyces low low low low very high

Source: After Romano and Suzzi (1993).

*Until inoculated
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and greatly inhibits the growth of non-Saccharomyces yeasts, resulting in the variation of the aromatic
characteristics of fermented media. S. cerevisiae has a very high resistance to SO,, and dosing with this
preservative allows this species to dominate the fermentation, thus SO; inhibits wild yeast growth and favors
the added culture (Table 2.5.1) (Romano and Suzzi, 1993). Sulfur dioxide is also used to ‘stun’ wild yeasts
before the alcoholic fermentation to allow enough time for static settling. It is used at higher doses after the
alcoholic fermentation to protect wines from microbial spoilage. A 2% solution is often used to clean filters
and for sanitation purposes in the production area (Morgan et al., 2006).

Molecular SO; is most effective against lactic acid bacteria, but the ionic and bound forms also have an
effect. Evidence suggests that while levels of free SO, between 1 and 10 mg/l are sufficient to inhibit lactic
bacteria, in practice much depends on the specific species of bacteria, the pH and the amount of insoluble
solids present in solution (Morgan et al., 2006). Lower pH values and increasing ethanol concentrations work
synergistically to enhance the inhibitory effect of SO,. Evidence suggests that acetic acid bacteria are better
controlled by ensuring an absence of oxygen rather than by the use of SO,

Sulfur dioxide also acts as an antioxidant, but does not react directly with O,, rather with hydrogen peroxide
(H,0,) and acetaldehyde formed during oxidation of phenolic compounds. During this process cinnamic acid
derivatives, such as caffeic and caftaric acid, are enzymatically oxidized to their corresponding quinones
(Section 5.8.7), which results in the browning (via the formation of polymers) of juice exposed to O,. In wine
the same reaction is possible, but alcohol inhibits oxidative enzymes and thus the oxidation that takes place
is chemical in nature, and is a much slower process.

Acetaldehyde is the compound that binds to SO, most rapidly, and sulfur dioxide is said to ‘freshen’ the
aroma by effectively removing it from solution. The main factors influencing acetaldehyde concentrations
during fermentation are the yeast strain, the presence of other microorganisms and the juice thiamine content.
If acetaldehyde (a yeast inhibitor) is produced early on in the alcoholic fermentation, sulfur dioxide will
combine with it and allow the fermentation to proceed normally. After the fermentation, acetaldehyde can be
produced by oxidation of ethanol or by spoilage microorganisms.

Oxidative enzymes are responsible for premature ageing reactions (like browning) in certain products,
and the loss of aromas. As an antioxidant, sulfur dioxide rapidly inhibits catalytic action of tyrosinases (or
polyphenoloxidases), which cause the browning of juices and musts. Catechol oxidase is a membrane-derived
component of grapes, which can pass into juice following damage to berries at harvesting and crushing.
Laccase is a strongly oxidizing enzyme secreted into the berry by Botrytis cinerea. SO, also decolorizes
and stabilizes oxidation products against polymerization, by combining irreversibly with phenolic quinones
(if present) to form colorless addition products. This makes these constituents unavailable as substrates for
polyphenol oxidases.

Sulfur dioxide increases cell membrane permeability and helps substances (particularly phenolics) dissolve
into the must. Sulfur dioxide is said to suppress tastes of rot, earth and mustiness, and accentuate aromatic
qualities in wines, but if used incorrectly or in excess, it can be detected in the bouquet. It binds to anthocyanins,
and temporarily bleaches them by neutralizing the positive charge on the central oxygen heterocycle (ring
B — see Section 5.8.6, Figure 5.8.6), but this association is not permanent, and when free sulfur dioxide is
removed from solution, the portion attached to the anthocyanidins will dissociate, and the juice or wine will
regain its red color.

Liquid sulfur dioxide is sold as a gas compressed to liquid state. It is the cheapest way to buy sulfur dioxide
and is easy to use, but presents a potential health hazard since high concentrations of SO, are toxic (Section
5.9.2) and dosing musts or wines this way can be inaccurate and wasteful. Sulfur dioxide from cylinders is
often dissolved in water prior to utilization to give saturated ‘sulfurous acid’ solutions.

More commonly, sulfur dioxide is introduced to a medium as potassium or sodium metabisulfite (K,S,Os
or Na;S,0s), also known as ‘Campden tablets’ if sold in tablet form. It is a colorless powder and an almost
universally used additive to wine. Potassium or sodium metabisulfite both give approximately 57% and 67%



128 Fermented Beverages: Beers, Ciders, Wines and Related Drinks

(respectively) free SO, when dissolved, i.e. on dissolution, 1 kg metabisulfite will produce around 570 g
sulfur dioxide (Bird, 2005). Metabisulfite can be used as a 2.5%, 5% or 10% solution.

Sulfur matches or candles can be burnt to produce sulfur dioxide, but this is only recommended for
fumigating wooden barrels or casks; it should never be used with plastic or stainless steel vessels (Morgan
et al., 2006).

In white wine production, sulfur dioxide is usually added to the must as soon as it has been pressed.
Sometimes sulfur dioxide is added to the vintage before pressing (e.g. in vintages which are very sensitive
to oxidation), but it is recommended to destem first as phenolic extraction is increased. The amount of sulfur
dioxide to be added before alcoholic fermentation depends on the ripeness, health and temperature of the
vintage. Sulfur dioxide has a very low toxicity for humans if used at correct levels (Bird, 2005), however
there has been an increasing consumer focus on the ingestion of SO, from foods/drinks. Between 10 and
20% of the population is hypersensitive to sulfur dioxide and some of these will develop headaches and
gastric upsets even with wines containing normal doses (Section 5.9.2). Recommended doses vary a great
deal, but due to health concerns (especially regarding asthmatics), the use of SO, is strictly controlled, with
total additions being restricted by law to (for example) 160 mg/1 for reds and 210 mg/1 for dry whites (Section
5.9.5). Consideration should be given to the state of health of the crop, e.g. if levels of rot are high, more SO,
will be needed to combat laccase activity. Addition of the sulfur dioxide should be homogeneous to ensure
protection of all juice or wine fractions.

In winemaking, after alcoholic fermentation, unless a malolactic fermentation is required, 50-75 mg/1 of
sulfur dioxide is added on first racking (Morgan et al., 2006). The free level is measured after a few days,
and more sulfur dioxide may be added so as to maintain the free sulfur dioxide levels at 5 to 15 mg/1 for red
wines, 20-30 mg/1 for dry whites and 60—80 mg/1 for sweet whites. This dose depends on the temperature of
storage and the pH of the wine. There is no maximum legal limit for the free sulfur dioxide content of wine,
but the maximum total sulfur dioxide content in Europe is controlled by law (Section 5.9.5). The maximum
total sulfur dioxide content in most countries for dry white and rosé wines is around 210 mg/l, whereas that
for white or rosé wines with more than 5 g/l residual sugar is 260 mg/l (Morgan et al., 2006) (see also Section
5.9.5). The addition of SO, is particularly important for wine being aged in wood as it is difficult to ensure
complete air exclusion from all barrels with a resulting risk of film yeast growth.

As the sulfur dioxide content of wines must be below legal limits (Section 5.9.5), it is important to monitor
levels of total SO, throughout the production of wine. Measurement of total SO, in wine is usually done
by a modified Ripper method, in which the sulfur is titrated with iodine (Section 4.6.3). Once all the sulfur
dioxide has reacted with the iodine, any more iodine added to the wine will turn a starch indicator solution
blue. Sulfur dioxide can also be determined by aspiration and titration of aspirated, oxidized sulfur dioxide
with sodium hydroxide (Section 4.6.3) (Iland, et al., 2004).

2.5.4 Sorbic Acid

Sorbic acid is a short chain fatty acid used as a chemical preservative, primarily as a fungicide. Sorbic acid
inhibits fermentative yeasts (but not oxidative film yeasts) so is useful as a fermentation control. It has little
effect on lactic or acetic bacteria, and is relatively ineffective against Zygosaccharomyces bailli (Jackson,
2000c). The pure compound has a flavor similar to butter, but if impurities are present, it can seem rancid.
It will reinforce the antimicrobial effects of sulfur dioxide, but has a low threshold value (135 mg/l), and
some tasters perceive it at 50 mg/l, so should be used with care. pH affects the efficacy of this compound as a
preservative. At pH 3.1, 150 mg/l is adequate for antimicrobial action, whereas at pH 3.5, the effective dose
is more than 200 mg/l (Morgan et al., 2006). Lactic acid bacteria can convert it to 2-ethoxyhexa-3,5-diene
which has a ‘geranium leaf’ aroma (Jackson, 2000d) (Figure 2.5.5). It has no antioxidant action. It is sold
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Figure 2.5.5 Formation of malodorous products from sorbic acid

either as sorbic acid, which is poorly soluble, or as potassium sorbate (270g KS = 200g SA). Sorbic acid is
only used in conjunction with SO,, and in wines with residual sugar and a low yeast count (<100 cells/ml).

2.5.5 DMDC (Velcorin)

Diethyl dicarbonate, a preservative used in a number of beverages in the past, was formerly marketed as
Baycovin. At higher pH and higher temperatures, this compound is hydrolyzed to ethanol and carbon dioxide.
One of the breakdown byproducts is ethyl carbamate, which is carcinogenic (Section 5.11.5). Dimethyl
dicarbonate (DMDC) was developed as a replacement for DEDC, and cannot form ethyl carbamate, but
forms methyl carbamate on breakdown, which so far has not been found to be carcinogenic. It is a sterilant,
which has been used with dealcoholized wines, and may have some application in sterile bottling without
the use of membrane filters. Recent studies of the inhibitory effect of DMDC added to red wine media
(12% ethanol v:v; pH ~ 3.50) inoculated with cultured yeasts and bacterial populations showed that it
was (at the maximum legally permitted dose: 200 mg/l) an efficient preservative against low contamination
rates of yeasts (Costa ef al., 2008). DMDC at the 100 mg/l level was effective against initial inocula
of 500 cfu/ml of Dekkera bruxellensis, Lachanacea thermotolerans, Pichia guilliermondii, Saccharomyces
cerevisiae, Schizosaccharomyces pombe, Zygoascus hellenicus and Zygosaccharomyces bailii, but not against
all of them when inoculated at 10° cfu/ml. A combination of potassium metabisulfite (100 mg/l = 1 mg/l
of SO,) and DMDC (100 mg/l) was effective against yeast populations of 10° cfu/ml, but did not fully kill
S. cerevisiae or S. pombe. On the negative side, DMDC is ineffective against lactic acid and acetic acid
bacteria (Costa et al., 2008), is very corrosive, is not water soluble (Jackson, 2000c), and the equipment
needed for using it is cost prohibitive for most small wineries.

2.5.6 Ascorbic Acid (Vitamin C)

Ascorbic acid or vitamin C is a monobasic acid with a lactone ring occurring between carbons 1 and 4
(Zoecklein et al., 1995). It has long been used in the wine industry as an antioxidant, the reason being
the ability of the acid to rapidly remove molecular oxygen from juice or wine. Ascorbic acid has been
licensed for use in winemaking in the USA since the mid 1950s and other ‘new world’ countries, where it
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has been added to wine prebottling as a ‘preservative.” The reaction between ascorbate and oxygen takes
place almost 1700 times more rapidly than between sulfur dioxide (SO;) and O,. Ascorbic acid occurs
in grapes at low concentrations (up to 50 mg/l) and it is rapidly oxidized during racking and crushing of
grapes, but may be added to must or wine by the winemaker (maximum legal addition is 150 mg/l) (Morgan
et al., 2006). It serves to help preserve fragile aromas and prevent browning. It has no curative effect and
no antimicrobial action. Ascorbic acid may reduce oxidized phenols (quinones) back again to phenols, but
by-products of this reaction are dehydroascorbic acid and H,O,, the latter being a potent oxidizing agent
(Jackson, 2000b).

The formation of H,O, means that sufficient free SO, has to be present in the wine to react with it so
as to prevent further oxidation. Zoecklein and cowriters (1995) suggests that ascorbic acid has no obvious
antimicrobial or antioxidant benefit, and raises concerns that it may in fact have the opposite effects due to
its reactivity with molecular oxygen. It has the ability to catalyze oxidation of SO, and should only be used
where wines already have low levels of SO, (less than 100mg/1). It should not be used as an alternative to SO;.
Recent research certainly supports this view, showing that ascorbic acid seems at first to act as an antioxidant,
but when its concentrations are low, it can enhance oxidation in an artificial wine medium (Bradshaw et al.,
2004). By-products other than dehydroascorbic acid and H,O, have been identified and could lead to ascorbic
acid enhancing the yellow color of white wine. This should prompt winemakers to reassess the use of ascorbic
acid, as well as SO, levels in wine. It is usually recommended that ascorbic acid is used only in conjunction
with free SO,, which with H,O, forms H,SO, (sulfuric acid) (Bradshaw et al., 2004). Ascorbic acid is mostly
used for limiting oxidation before alcoholic fermentation (50 mg/l), protecting the wine against ferric haze,
and protecting the wine from oxidation when bottling (the ‘bottle sickness’ period is reduced). Ascorbic acid
is also widely used in fruit juices, beer and sparkling drinks. The concentration of ascorbic acid, even if
moderately high, does not adversely affect quality.

2.5.7 Pimaricin (Natamycin)

Natamycin, also known as pimaricin, is a substance produced by the bacterium Streptomyces natalensis
in order to prevent growth of competing yeasts and moulds. Pure natamycin has no color, odor or taste
(http://www.dsm.com/en_US/downloads/dfs/Fact_sheet_Natamycin_v6.pdf).

Natamycin is widely used in the food industry in juices, wine and yoghurt, and may be used in South Africa
in wine, but not in the EU as yet. It hydrolyzes after use, and loses its effect (Ribéreau-Gayon et al., 2006).
As natamycin is a ‘natural ingredient, it is also used in organic and biological cheeses. Natamycin binds to
ergosterol, a building block in cell walls of yeasts and molds, causing breach of the cell wall. Bacteria do
not contain ergosterol and are therefore not affected. Natamycin is effective in small quantities against most
yeasts and molds that may occur on food products.

2.5.8 Other Preservatives

Stead (1993) assessed the potential of hydroxycinnamic acids (including caffeic, coumaric and ferulic acids)
on the growth of three wine spoilage strains of Lactobacillus collinoides and one of Lb. brevis in tomato broth
containing 5% ethanol at pH 4.8. At concentrations of 500 and 1000 mg/l, all three compounds markedly
inhibited growth; coumaric and ferulic acids were more effective than caffeic acid. At a concentration of
100 mg/l, however, all compounds stimulated growth. In general, the strains of Lb. collinoides were more
susceptible both to inhibition and stimulation than Lb. brevis.
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2.6

Beer

A man who doesn’t care about the beer he drinks may as well not care about the
bread he eats.
—Michael Jackson, 1977

2.6.1 The Basic Brewing Processes

Nowadays, the term beer refers to any drink that is produced by the fermentation of sugars derived mostly or
entirely from malted cereals (principal of which is barley) and flavored with hops. Other flavorings, such as
cherries, citrus, coriander, juniper and spruce are also used for certain beer styles (see Section 2.6.13). Some
staple drinks of Africa, Asia and South America: fermented beverages based on maize, rice or sorghum, and
which do not involve flavoring with hops, are discussed in Chapter 2.7.

The basic source of fermentable sugars in the brewing of beer is malted barley grains, although other malted
cereal grains, notably wheat and rye, may be used, but usually in conjunction with malted barley. Unmalted
cereals, such as barley, wheat, torrified wheat, flaked maize, rice and others, are sometimes used as adjuncts
(minor ingredients) in the brewing of certain types of beers or in others to effect particular characteristics in the
finished product (Section 2.6.2). Also, some larger breweries use industrial enzymes to produce fermentable
sugars directly from the starch of unmalted grains such as rice, thus avoiding the malting process for at least
some of the mash (Section 2.6.2). Additionally, malt extracts, syrups and a variety of brewing sugars are used
(along with malted barley) in some breweries (Section 2.6.3).

The basic stages of brewing are shown in Figure 2.6.1, which refers to batch (or ‘gyle’) brewing (see
Section 2.6.5 for continuous fermentation). Malting and mashing can be considered as the first stages in
brewing. Malting is the controlled germination of barley (and other cereal) seeds. It leads to ‘modification’
of the barley constituents: certain chemical changes, caused by the action of released enzymes, occur in the
germinating grains (Section 2.6.2). Kilning (and/or roasting) then stops the modification processes and causes
other effects (flavoring and coloring), depending on the temperatures (Section 2.6.2). Many breweries buy
their barley already malted by large malting companies, such as Baird, Munton and Fison, Pauls and Simpson
(all UK), Dewolf-Cosyns, Dingemans (Belgium), Meusdoerffer, Weyermann (Germany), Cargill (Australia),
Gambrinus (Canada), Briess, Schreier (USA) and Malteries Franco-Belges (France). A few breweries still
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Figure 2.6.1 The basic brewing processes (optional items are given in square brackets)

malt their own barley, an example being Cooper’s of Adelaide, Australia. However, the big majority of
breweries buy malt from large malting companies or are supplied with malt from a malting company under
the same ownership as the brewery.

Whatever the source of malt, the brewery will require the best quality barley, carefully malted to certain
specifications, depending on the intended product. Quality control analysis of a malt sample will be carried
out in order to ensure that these specifications are met (Bamforth, 2002a). Likewise, analysis of the brewery’s
water (liquor) supply, especially with regard to Ca’*, SO4>~ and HCO3~ content, will be performed on a
regular basis. This is to ensure that the mashing process occurs at the optimum pH (~5.2) and that the correct
balance of salts is present for the type of beer being brewed (Section 2.6.2).

After mashing, the hot liquid (now called wort or gyle) is run off or pumped into a brewing kettle or
‘copper.” The barley husks act as a filter bed, but the wort can be clarified by further filtration if necessary.
The husks are then rinsed with a fine spray of a predetermined volume of hot liquor at a predetermined
temperature. This is known as sparging or lautering; it optimizes the extraction of sugars from the malted
grains. At this stage, the unhopped wort may be analyzed, at least for its original gravity (OG), so that the
extraction efficiency can be determined (Section 2.6.2).

The wort is boiled with hops (and any other flavorings), filtered and then cooled rapidly, as it is transferred
to the fermentation vessel. The boiling process not only stops enzyme action, sterilizes the wort and adds
flavors, but also coagulates some proteins that might otherwise cause the beer to be cloudy (Section 2.6.3).

Yeast is added to the cool, hopped wort and fermentation is conducted at a temperature and for a period of
time that depends on the type of beer being brewed (Section 2.6.4).

The fermentation progress can be monitored simply by measuring the drop in specific gravity (attenuation)
(Section 2.6.4), but more specific tests can be performed, according to the circumstances. Excess yeast is
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separated from the liquid as required; it can be compressed and used in a future brew, or can be used to make
health products. After a period of primary fermentation, the young (‘green’) beer is run off or pumped into
conditioning tanks where it continues fermentation; for traditional lager beers, this process can occur over
several weeks at low temperatures (~5 °C or 41 °F).

Alternatively, the young beer can be transferred directly to the casks for further fermentation (‘cask-
conditioning’). Finings and hops (‘dry hopping’) can be added at this stage. Extensive analytical and sensory
tests may be carried out on the beer at any stage of the fermentation process, before and after the beer leaves
the brewery. Most beers destined for can or bottle are pasteurized, chill filtered and then artificially carbonated,
although many bottle-conditioned beers exist (Sections 2.6.10 and 2.6.13). Many brewery-conditioned beers
intended for serving on draught are chill filtered, but not pasteurized (Section 2.6.9).

For detailed discussions on various aspects of beer production, the reader is referred to Hough et al. (1982),
Fix (1999), Hornsey (1999), Hughes and Baxter (c06+bib+0006), Iserentant (2003) and Paterson et al. (2003).

2.6.2 Malting and Mashing

Barley is the most important of the many cereals that are used in brewing. Hordeum vulgare and H. distichon
are the botanical names of the six-rowed and two-rowed species of the plant (respectively) producing the
seeds (grains, corns or kernels) that are so valuable to the brewer. The superiority of barley over other cereals
is a result of the higher starch to protein ratio and lower moisture content of its unmalted seed. Additionally,
barley is rather easier to grow than wheat, rye or maize: it is more tolerant of inclement weather and is less
liable to fungal infection. It is also easier to malt than other cereals.

Two-rowed barley is grown in areas with temperate growing seasons all around the world, from northern
USA and Canada to central and western Europe, including England and Scotland. Six-rowed barley is grown
in warmer climates, such as mid western USA. This produces grains with higher protein contents than two-
rowed types. Six-rowed barley grains are used in brewing, but certain varieties of two-rowed barley (often
winter sown varieties) form the mainstay of quality in the brewing industry. These include Harrington (USA),
Maris Otter (UK), Scarlett (Germany), Alexis and Prisma (Belgium). Other popular two-rowed malting
varieties include Chariot, Fanfare, Gallatin, Golden Promise, Halcyon, Merit, Optic, Pearl, Pipkin and Regina
and two popular six-rowed varieties (USA and Canada) are Legacy and Robust. Some of these barley varieties
(e.g. Optic and Pearl) are also used to produce malt whisky (Section 3.2.2). Many of these varieties are grown
by farmers under contract from the large malting companies, who then malt the harvested crop according to
specifications required by particular breweries, as described next.

Figure 2.6.2 shows a section through a typical barley grain. Such a grain contains 78-83% total carbohy-
drates (63—65% starch, 3—8% [-glucans, 4—7% pentosans and 4-5% cellulose), 10—12% proteins and amino
acids, 2-3% lipids and 2% minerals. Apart from these, water and flavonoid phenols (including proantho-
cyanidins) and low concentrations of many organic compounds are present.

Brewers prefer their malted barley with a high starch, low protein and low moisture content. When the
batches of harvested barley arrive at the malting plant, the maltster will immediately apply a number of tests
to representative samples of the grains from different batches. These are:

1. Visual tests (for maturity, signs of disease or damage and identity)
2. Determination of protein and moisture content, by near infrared spectroscopy(Section 4.4.2)
3. Viability tests, such as the tetrazolium dye test.

The last-named test uses triphenyltetrazolium chloride (TTC) to determine the viability of cereal grain
embryos. Intense, even staining of the aleurone layer is an indicator of viability; it predicts that the sample of
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Figure 2.6.2 Schematic cross section through a barley grain

barley has good malting qualities and will undergo extensive modification during malting (Briggs et al., 2009).
Colorless, soluble TTC is reduced to a scarlet insoluble formazan product at sites on cereal cell mitochondria,
including cytochrome oxidase, salicyl hydroxamic acid (SHAM)-sensitive oxidase and succinate oxidase.
Barley with poor malting potential undergoes poor or patchy staining of the aleurone layer, because of faulty
mitochondrial function, hence the intensity of tetrazolium staining of aleurone layers can be used as a guide
to the breeding of barleys with superior malting qualities.

If these tests give satisfactory results, the barley will be accepted and will then be transferred to silos for
storage. The maltster will then perform both physiological/anatomical tests and specific chemical tests on
samples of grain. The former include germinative capacity, germinative vigor and germinative energy tests;
these will be carried out periodically, so that the maltster can assess when seed dormancy is over and the
grains are ready for malting. The results of these tests may indicate the type of malting regime that can be
applied. Specific tests include moisture assessment, nitrogen content determination (Section 4.6.3), B-glucan
assessment (Section 4.4.3) and analysis for fungal toxins (especially deoxynivalenal, DON, from infection
by Fusarium species) (Section 5.11.4) and pesticide residues (Section 5.10.2).

The concentrations of fungal toxins and pesticide residues must be below regulatory limits: levels of DON
may be decreased by spraying the barley grains with sodium bisulfite solution prior to malting (Lake et al.,
2007). Apart from the above analyses, pale ale brewers require low levels of the dimethyl sulfide (DMS)
precursor S-methyl methionine (SSM) (Section 2.6.4) in the malt and may request its assessment. Once
satisfied, the maltster will carry out a pilot (small scale) malting before committing larger quantities. A
typical barley specification prior to malting is given below:

Germinative capacity >96% after 72 h

Germinative energy 95% after 72 h

Water content 12.0-13.0%

Protein content 9.0-11.5%

B-glucan content < 4%

Pesticide and fungal toxin residues within statutory limits
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Purity of barley variety >99%

The malting process consists of the following basic steps:
washing

soaking/aerating

germinating

drying (and/or roasting for brewing dark beers)

There are many ways in which each of these steps can be performed, and indeed a particular malting
plant may use different combinations of methods for particular kinds of malt. Modern malting plants, apart
from being partially or fully automated and generally working with hundreds of tonnes of grain at a time,
are designed to occupy minimal space, to waste less energy and water, to promote maximum hygiene and
ease of cleaning and to produce uniformly high quality malt. Traditional malting houses, which include a
germination floor (they are often known as ‘floor maltings’) are now quite scarce, but include small scale
operations associated with a small number of Scotch malt whisky distilleries (see Chapter 3.2, Figures 3.2.2
and 3.2.5; see also this section, Figure 2.6.5). They are much more labor intensive than modern malting
houses and are probably more wasteful on energy and water, but they do produce excellent malt and they
have an unmistakably romantic aura attached to them. The first two stages of malting, washing/steeping and
germination, along with a description of the biochemical and physiological changes that occur during these
stages, are outlined next for both traditional and modern malting plants. This is followed by an outline of the
final malting stages of drying (kilning) and roasting.

In the steeping vessel, the washed grains are subjected to a cycle of spraying and aeration. After about 24 h,
the water content of the grains reaches 45% or so and small roots (‘chits’) appear as first signs of germination.
In traditional malting plants, the grains are transferred to the malting floor to a depth of about 25 cm in order
to continue germination for 5-8 days, depending on the degree of modification required. Germination causes
profound biochemical changes to the barley grains, as summarized in Figure 2.6.3. During germination, the
first scene of action is the embryo. Influx of water promotes respiration of the embryo carbohydrates, which
provides energy for growth. As these carbohydrates are depleted, the scutellum cells produce hormones called

Q r@
2

1. Gibberellin release from embryo on steeping in water. 2. Release of hydrolytic enzymes from a leurone layer
and scutellum. 3. Hydrolysis of cell wall carbohydrates, proteins and some starch (to maltose and glucose)
4. Transport of sugars to embryo for metabolism (respiration) and growth.

Acrospire

Rootlet

g

Figure 2.6.3 Barley germination: summary of events
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gibberellins, which are released into the endosperm, where they stimulate the aleurone cells to produce a
variety of enzymes, as summarized below:

e Cytolytic enzymes: B-glucanases and cytases, for degrading the endosperm starch cell walls (composed
of ~75% [3-glucans, 20% pentosans (arabinoxylans) and 5% proteins)

e (Carbohydrases: a- and 3-amylases mainly, for degrading starch into maltose and other sugars such as
dextrins (a-glucans)

e Proteolytic enzymes (proteases): proteinases and peptidases, for degrading proteins into a-amino acids
and small peptides

e Oxidoreductase enzymes: thioredoxin (actually a thioredoxin-thioredoxin reductase-NADPH complex)
for reducing disulfide bridges of proteins (e.g. hordeins, a-amylase subtilisin inhibitor), thereby destroying
their tertiary structures and making them more susceptible to hydrolysis by proteases.

e Acidity regulating enzymes: phosphatase.

The actions of these enzymes during germination cause ‘modification’ of the barley: 3-glucan polymers,
proteins and a little starch are degraded to soluble products of lower molecular weights. On the other hand,
the maltster takes care to avoid overmodification: the aim is not to produce new barley plants.

Excessive quantities of soluble B-glucan oligomers (smaller polymers) in the wort can cause processing
problems and can also lead to haze problems in the finished beer (Section 2.6.9). In view of this it would
seem desirable that degradation of 3-glucan polymers and release of soluble 3-glucans is minimized and/or
extensive soluble (3-glucan degradation (to B-D-glucose) is promoted during malting and mashing.

In practice, during malting, degradation of B-glucans in the cell wall to soluble oligomers is limited,
whereas degradation of pentosans (arabinoxylans) is much more extensive. Experiments mimicking the
action of hydrolytic enzymes on cell wall constituents support this observation. Addition of purified enzymes
to purified barley cell walls have indicated that the action of 3-glucanase enzymes on [3-glucan polymers is
hampered by the presence of pentosan polymers, and especially because of the numbers of acetyl and feruloyl
sidechains in these polymers (Kanauchi and Bamforth, 2002). In fact, xylanases were the most effective
releasers of (-glucans, presumably because these enzymes were able to release all of the pentosan from
the cell walls. Also, esterases that hydrolyze acetyl and feruloyl groups released some [-glucan (but not
pentosan), suggesting that these side chains play an important role in the inaccessibility of the 3-glucans. No
more than 15% of total glucan present in the purified cell walls was released by various enzymes, under these
conditions.

Up to 40% of barley proteins are degraded during germination. Again, excess protein content in the beer
can lead to hazes, especially if the polyphenol content (Section 2.6.9) is also high. On the other hand,
starch degradation is only slight — a typical malt has 59% starch and 8% sugars, compared with 65% and
2%, respectively, in unmalted barley. This is despite the fact that o-amylase and associated enzymes are
synthesized in malted barley; the a-amylase activity of raw barley is typically less than 10% that of malted
barley. The major degradation of starch occurs during mashing, hence the hydrolytic reactions will be dealt
with there (see Figure 2.6.10). Structural characteristics a- and B-D-glucose, of a-glucans, -glucans and
starch are illustrated in Figure 2.6.4.

Germination time depends on barley characteristics, temperature and aeration of the malt bed, but is usually
around five days. Regular turning of the malt grains during germination ensures uniform modification. In a
traditional floor malting plant, this is known as ‘grubbing’ and is performed manually using a large wooden
fork (Figure 2.6.5).

Some of the more modern malting houses use the saladin box type (or rectangular enclosed floor type)
(Figure 2.6.5) for germination or the revolving drum type for both germination and kilning (see Section
3.2.3). Uniform germination is achieved by regular use of mechanical screws or rotation, respectively. The
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Figure 2.6.4 Clucose based carbohydrates in barley and malt

main advantages of these types of malting techniques are that they demand less space than traditional floor
malting, require less labor and use less energy and water.

Tower malting is an even more modern technique, best described by consideration of the malting plant
owned by the Bavaria Brewery (Lieshout, the Netherlands) at Eemshaven on the Dutch coast. The malting
process (which went into operation in 2005) is performed in steel sectionalized towers. The grains are steeped
in the top section (which can accommodate batches of 440 tonnes of barley), known as the ‘Ecosteep’ (Figure
2.6.5) because of its economical use of water. The section below is comprised of three rotatory germination
units, each capable of taking 440 tonnes of grains. Rotation is reckoned to result in uniform germination and
modification of the grains. The bottom section is a single floor rotating kiln deck for hot air kilning. Malt
houses like this are able to produce almost 140 000 tonnes of malt a year, the malt being of very uniform high
quality because of the rotating floors and gentle screw conveyors that discharge and spread the grains. Major
advantages of lower water usage (30% less than floor maltings) and better sanitation are claimed.

The least modified malt is preferred for traditional Pilsner style beers, whereas rather more highly modified
malts are used for pale ales. The extent of modification of malt grains can be assessed using a friabilimeter,
consisting of a rubber roller and a rotating sieve drum, through which the grains are passed. Satisfactorily
modified malt will break into small pieces and filter through the sieve, the percentage by weight that does this
being regarded as a measure of proper modification. The expectation is 90% friability or better. Alternatively,
the brewer can take a representative sample of malt grains and boil them in water for 30 min. This loosens
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(a) Grubbing the malt on Kilchoman distillery
malting floor

(d) ECO-steep

(e) Germbox horizontal germination plant

Figure 2.6.5 Traditional and modern maltings equipment. Photograph (a) by kind courtesy of Kilchoman dis-
tillery, Islay. Photographs (b)-(e) by kind courtesy of Bithler GmbH, Germany

the husks and allows inspection of the length of the acrospires of, say, 100 grains; the longer the acrospire
in relation to the grain length, the greater the modification. This gives the brewer a general picture of
extent of modification and may also indicate cases of overmodification, where the acrospire is longer than
the grain.

Germination stops when the malted barley grains are moved to the kiln and dried, usually in a stream of
hot air. This mild heating (85-90 °C) shrivels the rootlets (which fall off the grains) and partially inactivates
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some of the enzymes that promoted modification during germination. It also produces a very small amount
of coloring substances, so the resulting beer brewed from these malts alone will be a pale to full gold. These
are the base malts; not only are they used to brew pale beers, but they also form the main cereal ingredient of
most other beers (Section 2.6.1). During mashing, most of the enzymes are supplied by these malts.

Whilst malting necessarily results in the formation of acrospires and rootlets, growth of large rootlets leads
to significant loss (ca. 4%) of barley weight upon kilning, known as ‘malting loss.” At the present time,
potassium bromate is used by some maltsters to inhibit excessive rootlet growth during malting. A pilot plant
screening experiment using Lactobacillus plantarum 15GR as rootlet inhibitor resulted in a 50% reduction
in malting loss, but produced malted barley of similar quality to untreated barley (Schehl et al., 2007). The
L. pantarum strain performed significantly better than potassium bromate under these conditions (and is
probably considerably safer).

Stronger kilning, or roasting at higher temperatures, often in a slotted, rotating drum, produces colored
malts for brewing darker beers. The heat causes production of highly colored substances, caramelization
and the formation of flavor compounds, via the ‘Maillard reaction’ (Figure 2.6.6). Caramelization of sugars
causes the production of yellow-brown polymers and pleasantly aroma active furans, isomaltol and maltol.
However, most of the color (called ‘nonenzymic browning’) and flavor of dark malts arise from the Maillard
reaction, which is actually a complex multitude of reactions that begin with sugars and a-amino acids, amines
or peptides. Products include those similar to caramelization, plus strongly antioxidant ‘reductones,” Strecker
aldehydes, nitrogen heterocycles and mellanoidins, brown pigments that are also antioxidants (Coghe et al.,
2004).

Many of these compounds are flavor active, some being more attractive than others (Figure 2.6.6). To
minimize burnt flavors, some breweries, such as Diebels Altbier Brauerei of Issum, Germany, have requested
dehusking of the barley grains after malting, but before roasting. Prolonged exposure to high temperatures
disables more of the enzymes, so that the diastatic power (ability to hydrolyze starch molecules via amylases),
measured in °Lintner (°L) (Section 4.6.3), of most colored malts is low: zero for the darkest malts. A typical
pale malt would be expected to have around 130 °L of diastatic power (Bamforth, 2002b). Consequently, the
highly colored malts must be used in conjunction with base malts.

Amber, mild ale, Miinchner and Wiener malts are the palest of the colored malts. These still have consider-
able diastatic power, typically 40-70 °L (Fix, 1999b), and may be used as the major cereal in the ‘grain bill’
of certain beers (Section 2.6.13). They are produced from green malt by ramping the kiln temperature from
65 °C (when the moisture content has reached ~10%) to 85 °C, the depth of color depending on the ramping
programme and the time spent at higher temperatures.

Next are the caramel and crystal malts: these have a wide range of colors and other characteristics depending
on the roasting temperatures and the humidity and duration of heating. They are made by sending the green
malt directly to the roaster, where firstly the surface moisture is dried off at ~50 °C for a few minutes, then
a temperature of 65-75 °C is applied for 45 minutes to stimulate saccharification and crystallization. Next,
the temperature is increased to 80 °C for about the same period of time in order to dry the grains to about
5% moisture and to start color/flavor reactions. Finally, the latter processes are continued at temperatures of
120-160 °C for a period of time, depending on the depth of color and caramelization required. Two hours at
135 °C is typical for crystal malt.

Chocolate and black malts are the most highly colored of all malts, although roast (unmalted) barley gives
the strongest color of any adjunct (Section 2.6.13). Brown, chocolate and black malts are all produced by
roasting pale malts from the kiln. A gradual increase in the roaster temperature up to 230 °C is applied;
the higher the final temperature or the longer the time spent in the higher temperature range, the greater the
carbonization and the darker the malt will be.

The degree of malt coloration can be estimated by visible spectrophotometry or colorimetry (Section
4.4.3) and is expressed on scales devised by the American Society of Brewing Chemists (Standard Research
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Figure 2.6.6 (Continued)

Method, SRM, similar to the old Lovibond scale) or the European Brewing Convention (EBC). Table 2.6.1
displays typical characteristics of common malts. It should be kept in mind that these characteristics will
differ somewhat between maltsters and from season to season.

In recent years, there has been considerable interest in the malting of cereals other than barley and wheat,
such as sorghum or millett (Sorghum bicolor L. (Moench) and buckwheat (Fagopyrum esculentum), which are
infrequent components of European beers, but are commonly used to make indigenous brews of Africa and
Asia (Section 2.7.2). It has been found that a five day malting period at 26 °C led to an optimum sorghum malt
regarding starch modification, protein degradation and lipid degradation. Addition of such malt to a sorghum
flour porridge (which is often the way indigenous African brews are mashed and fermented) resulted in
an overall sixfold increase in carbohydrate digestibility and a fourfold increase in free amino acid content
(Correia et al., 2008). Malted indigenous Botswana surghum varieties were shown to have (3-amylase as the
major contributor of diastatic power, ranging from 55% to 88% (Letsididi et al., 2008). Limit dextrinase
was also high: up to 231 U/g for the variety Sefofu. The malted grains of several varieties showed desirable
amylolytic properties, indicating their potential use in the production of lager type beers.

Common buckwheat (with or without hulls), when malted at 16.5-20.2 °C showed similar free amino
acid and soluble nitrogen contents to those of malted barley. At 20.2 °C germination, the major di-
astatic power contributor was again (3-amylase (~127 U/g wet weight): optimum a-amylase activity was
~48 Ulg (wet weight) using hull-less buckwheat at 16.5 °C germination. Maximum apparent fermentabil-
ity was 56% with buckwheat germinated at 20.2 °C. Although fermentability and amylolytic levels were
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Table 2.6.1 Some characteristics of common barley malts

Approx. kilning Diastatic SMM?
or roasting ~ Colour/°SRM/ power/® H,O Total protein  content/mg g™'

Malt type temp/°C Lovibonds Lintner® content/% content/% malt
Pilsener 65-851 1.4-1.8 90-100 3.5 11.5 8-10
Pale 65-851 2.5-3.5 125-135 3.0 10.0 1-2
Wiener 65-851 3.0-4.0 50-70 4.0 11.5 -
Mild ale 65-851 3.5-4.5 55-70 3.0 10.5 1-2
Minchener 65-1051 4.0-7.0 40-65 4.5 11.5 -
Caramalt/crystal ~ 80-160 10-150 - 4.5-9.5 10.0-11.5 -
Chocolate Up to 230 300-500 - 3.5-5.0 11.5 -
Black Up to 230 500-600 - 3.5 11.5 -

IThe darker malts of this category are held in kiln at higher average temperatures

*Determined according to a standard reference method of the American Society of Brewing Chemists (ASBC) (Section 4.4.3).
Approximate conversion of SRM to EBC (European) units: EBC = 2.6(SRM — 0.46)

§A measure of the malt’s enzyme power, according to a standard procedure of the ASBC (Section 4.6.3)

#SMM = S-methylmethionine, the major dimethyl sulfide (DMS) precursor

generally low compared with malted barley, buckwheat malt is considered to have potential as a brewing
ingredient (Wijngaard et al., 2004), particularly with regard to gluten-free beers (Section 5.11.3).

The next stage in brewing is mashing: the malted barley grains are put through a screening machine (to
remove stones and other debris) before being crushed (‘milled’) and the resulting grist is mixed with hot
brewing liquor. This mash is left for a period of time at a fixed temperature, or is taken through a number of
temperature stages (‘rests’) by a temperature ramping process (Figure 2.6.7). Cereal adjuncts can be added
at the mixing stage and the acidity and mineral content of the liquor can be adjusted prior to mixing.

During mashing, starch is hydrolyzed by a- and 3-amylase to soluble sugars (mainly maltose and a-glucans
or dextrins). Proteins and (-glucans are hydrolyzed to soluble products by proteinases and 3-glucanases,
respectively. Additionally, there is believed to be some reaction between proteins and carbohydrates to
give glycoproteins, useful for haze stability and foam stability (‘head retention’). It has been observed that
the native barley hydrophobic protein, lipid transfer protein 1 (LPT1), which is a poor foam promoter, is
transformed during malting and mashing to a modified structure, which is a good foam promoter (Leisengang
and Stahl, 2005).
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Figure 2.6.7 Typical stepwise infusion mashing program
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Mashing lasts for about an hour or more depending on the regime, after which time, the sweet liquor (wort)
is run off through the grains into the brewing kettle, ready for the boiling stage. The spent grains are rinsed
through with hot liquor (‘sparging’) in order to maximize sugar extraction. Most of the above factors are
discussed in more detail in the next paragraphs.

Coarse milling tends to be favored by smaller breweries: the grains are cracked, but the hulls are left intact to
act as a filter bed for the wort. Some malting companies are able to supply microbreweries with small bags (10
kg) of crushed pale malt. Adjuncts such as flaked maize and rice hulls can aid this filtration process. Figure 2.6.8

NN
]

e

<Al
Grist hopper and mash tun ) Grist mill at Holden’s Closed kettles with stacks at Schneider Brewery, Kelheim,
at Nottingham Brewery Brewery (Woodsetton, Germany. Photo courtesy of G. Schneider & Sohn GmbH.
(Nottingham, UK). UK)

e !
Electric heating elements
in the kettle at Magpie
Brewery, Nottingham.

Hop back at Hardy’s and Hanson’s brewery Detail of the gas heating rings in
(Kimberley, UK). The copper is directly above. the kettle at Nottingham Brewery.

b
Enclosed kettle with stack at Hardy’s and Hanson’s Plate heat exchanger at
brewery. Holden’s brewery.

Figure 2.6.8 Some prefermentation brewery equipment. Photo courtesy of Luc Bohez from Brouwerij Lindemans,
Belgium. Photo courtesy of G. Schneider & Sohn, Niirnberg, Germany
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(@) Acidic salt hydrolysis (CaSOy4 and CaCly) () Alkaline salt hydrolysis (Ca(HCOs),)
Ca2+(aq) + 2H,0(1) ‘:\ Ca(OH),(aq) + 2H'(aq) HCO3(aq) ‘ﬁ‘ COx(g) + OH(aq)
(¢) Acidification of mash via reaction of Ca>" with malt phosphates and proteins

3Ca*'(aq) + 2HPOZ(aq) = Ca3(PO4)(s) + 2H(aq)

n/2Ca2+(aq) + protein(H)y(aq) ‘:)‘ protein(Ca)ys + nH'(aq)

(d) pH reduction of alkaline water by boiling (e) pH reduction of alkaline water by
heat addition of mineral acid
- rouse H2 SO4 or H3P04
Ca” (HCOs)y(aq) -» CaCOs(s) + COx(g) HCO3(aq) + H'(aq) =+ COa(g) + HO(l)
(f) pH reduction of alkaline water by (g) Acidification of mash by microbiological means

addition of slaked lime Lactobacillus

Caer(HCO_{)z(aq) + Ca2+(OH’)2 delbruckii ‘
Monosaccharides - CH3CH(OH)CO,H SOur
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HCOy (aq) + CH;CH(OH)CO,H(aq) # CH;CH(OH)COy'(aq) +
Add sour mash to normal mash COy(g) + Hy0(l) + H'(aq)

Figure 2.6.9 Salt hydrolysis, effect of Ca** on mash acidity and methods for reducing liquor or mash pH

shows malt mills, mash tuns and related equipment at a number of breweries. Many larger breweries prefer
to mill the malt grains into a fine powder. Because of the larger surface area, this results in a more effective
conversion of starch to sugars. Following this, a more efficient extraction of the sugars from the insoluble
residue can then be obtained by mash or membrane filtration (Kunze, 1996; Schneider and Weisser, 2004).

The mineral content and pH of the mashing liquor are of prime importance, not only because of the
influence that these have on the mashing process itself, but also because this liquid will be the medium for all
subsequent brewing stages. The hydrolytic enzymes in the mash require a medium pH of between 4.5 and 5.0
for maximum activity, and it is generally held that the maximum mash pH should be 5.4 (Fix, 1999). Because
of salt hydrolysis, the presence of significant concentrations of minerals (dissolved salts) in the liquor can
cause the mash pH to deviate either way from the optimum range (Figure 2.6.9). Now, a mash of pale malts
only and distilled water will have a pH close to 6.0, whereas a mash with substantial quantities of colored or
roast malts in its grain bill may have a pH of less than 5.0. Consequently, acidic salts in the liquor will be
beneficial in the brewing of pale beers, whereas alkaline salts will be more suitable for dark beers. Acidic salts
(in permanently hard water) include CaSO,4, CaCl, and MgSO,. alkaline salts (in temporarily hard water)
include Ca(HCO3),, Mg(HCO3), and CaCOs3. The mineral content of brewing liquor will depend on the local
geology and, if obtained from the local water company, on the water treatment implemented by that company.

Experience has shown that certain locations produce their best beer styles in accord with the mineral profile
of the local water, as outlined in Table 2.6.2 However, ‘incompatible’ beer styles have been brewed in such
areas for many years (or even centuries) by adjustment of mineral content and pH; indeed some of the best
pale ales are brewed in London and some of the best Pilsners in Dortmund, despite the high HCO3;~ content
of the local water in these two cities.

The most important salts are CaSO, and Ca(HCO3),, although salts of Mg?*, Nat and C1~ may also be
significant. Calcium ions in the brewing liquor are of benefit to brewers for many reasons:

e Reaction with malt phosphates and nonhydrolytic proteins lowers mash pH, which in turn enhances
hydrolytic enzyme activity
Reaction with nonhydrolytic proteins causes precipitation, thereby enhancing clarity
Calcium ions protect a-amylase from inhibition (denaturation) by heat



146  Fermented Beverages: Beers, Ciders, Wines and Related Drinks

Table 2.6.2 Approximate mineral composition (in mg/l or ppm) of famous brewing liquors (major ionic species
only)

Location [Ca?*] [SO427] [HCO;7] (Mg?*] [Cl7] Most famous beer style
Plzen (Pilsen) 10 5 15 2 5 Pilsener (pale lager)
Mdinchen (Munich) 70 10 150 18 2 Minchner (dark lager)
London 60 30 160 Porter (dark ale)
Dublin 50 80 160 4 19 Stout (black ale)

Wien$ (Vienna) 200 120 120 Wiener (amber lager)
Dortmund 220 120 270 Pale lager
Burton—upon-TrentsS 250 640 200 60 40 Pale ale

*Applies to much of the English Midlands
$Also contains ~60 mg/l of Na

Oxalates are precipitated by Ca?", hence minimizing hazes

Reduced pH reduces extraction of undesirable polyphenols and silicates from the malt grains

Reduced pH gives the wort and subsequent beer greater resistance to microbiological infection

The production of colored substances during the boiling stage (see Figure 2.6.6) is inhibited by Ca’* ions
Calcium ions aid yeast flocculation, thereby enhancing clarity.

Calcium deficient brewing liquors intended for pale beers are adjusted by addition of gypsum
(CaS04.2H,0) or calcium chloride dihydrate (CaCl,.2H,0), whereas liquors intended for dark beers are
adjusted with chalk (CaCOs3). A total Ca*t concentration of around 150 mg/l (ppm) is the usual aim. Coun-
tering the effect of calcium ions, high concentrations of bicarbonate are responsible for high pH brewing
liquors. If such untreated liquors are used to brew pale beers, several problems can arise. Firstly, hydrolytic
enzyme action is impaired in mashes of high pH, giving wort with lower sugar content and higher protein
content, which can lead to haze problems. Secondly, hop character is more pronounced — often to the point
of astringency — in the finished beer. Other problems may arise, but these are the main two.

Some of the more common methods used by brewers to lower liquor pH, by removal of HCO3;~, are
outlined in Figure 2.6.9 (d—g). On the positive side, high pH water is suitable for the brewing of dark beers.
During mashing, the alkalinity of the liquor is partially offset by the higher acidity of the dark malts. Also, the
presence of bicarbonate in the medium seems to decrease the astringency of some of the Maillard products
that are necessarily present in dark beers. This gives a certain mellowness of flavor, provided that the ‘hop
rate’ is low.

At the start of mashing (‘mashing in’), the liquor and the grist are often mixed in the proportion of around
2.5 1 of liquor to each kg of grist (~1 gal/3 Ib), although the extremes are from ~3.5 I/kg (thin mash) to
~1.5 l/kg (thick mash). Cereal adjuncts that possess gelatinized starch (flaked maize, torrified barley or
torrified wheat, for example) can be included in the grist at mashing in. Others, such as rice, unmalted barley
or wheat and sorghum need to be treated in the cereal cooker before mixing with the mash — see ‘double
infusion.’

There are many mashing regimes, but all of them use temperatures in excess of 60 °C for a period of time,
in order to enable the saccharification enzymes (the amylases and limit dextrinase) to hydrolyze starch to
soluble sugars. The most common mashing methods are:

Stepwise infusion
Infusion
Decoction
Double infusion.
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Figure 2.6.10 Scheme for saccharification of starch during mashing, showing a typical branched o-glucan
(dextran)

In practice, there are many variations within these methods, but their basic characteristics are discussed
next.

Stepwise infusion takes the mash through a series of temperature controlled stages, with ramping and rest
periods that are designed to optimize sequentially the conditions for different enzymes. Figure 2.6.7 shows a
typical program, although some breweries may skip one or more rest and temperature ramps and times will
vary between breweries or between different beer styles. Equilibration of pH occurs during stage 1, along
with cell wall and protein hydrolysis, catalyzed by 3-glucanases and xylanases, and carboxypeptidases and
endopeptidases, respectively. This continues into stage 2, where proteolytic activity reaches a maximum.
The a-amino acids produced here will provide nutrition for the yeast during fermentation, and some of the
peptides will contribute to head retention in the finished beer. Stage 2 is also responsible for a certain degree
of starch cell gelatinization, and saccharification begins here.

A further increase in temperature to stage 3 inactivates the proteolytic enzymes and provides the most
favorable conditions for the saccharification enzymes a-amylase, 3-amylase and limit dextrinase. The enzyme
a-amylase works best at temperatures close to 65 °C, but is relatively heat tolerant and is still viable at 70
°C or higher. It hydrolyzes the polymeric starch molecules randomly at (1—4) links to produce oligomeric
(medium sized molecules) a-glucans (dextrins), which cannot be fermented by normal brewing yeasts
(Figure 2.6.10). The enzyme 3-amylase is much more heat sensitive and is inactivated at temperatures above
65 °C. It hydrolyses the a-glucans at alternative (1—4) links, but cannot hydrolyze (1—6) links; it thus
produces maltotriose, maltose and glucose, and residual branched a-glucans (‘limit dextrins’) containing
from seven up to 25 glucose units (Figure 2.6.9). The third enzyme, limit dextrinase (LD), is normally present
in much lower concentrations than either of the two amylases (McCaffery et al., 2004). Hence its action is
limited, so that typically ~20 % of the starch in the mash remains as nonfermentable dextrins.

Performing stage 3 at 60 °C allows (3-amylase and limit dextrinase maximum efficiency and leads to highly
fermentable low dextrin worts, used for the brewing of ‘light’ (lite) beers and ‘diet Pils’ (Section 5.7.2),
especially if the pH of the mash is initially lowered (e.g. by the addition of CaCl,), and then readjusted.
Addition of certain reducing agents (e.g. dithiothreitol) also leads to inceased LD activity. Some brewers add
glucoamylase or pullulanase (of fungal origin) to the mash in order to accentuate the hydrolysis of branched
a-glucans (Section 5.7.2). At the other extreme, performing stage 3 at 70 °C (or higher) disables both 3-
amylase and limit dextrinase and produces a high dextrin wort, suitable for brewing certain low alcohol beers
(Chapter 2.13).
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Finally, the temperature can be raised to stage 4, where some of the a-glucans react with residual proteins to
give glycoproteins, substances that are known to increase beer foam stability (Ishibashi et al., 1997) (Section
2.6.9).

In practice, it has been found that for well-modified malt at 62 °C, the saccharification stage 3 requires only
20 min rest time for production of maximum sugars and free amino nitrogen (FAN) (Mitzscherling et al.,
2007). Indeed, a longer rest time at this temperature results in a mash with unnecessarily high levels of soluble
B-glucans, which may lead to filtration and haze problems further on in the brewing process (Kiihlbeck et al.,
2005).

Infusion mashing is the traditional method for ales. The mash is held at a fixed temperature (~65 °C) for
1-2 h, thus giving the amylases optimum conditions for starch hydrolysis. This method is especially good
with low protein malts (from two-rowed barley), traditionally used in the brewing of pale ales. However,
nowadays the infusion mash is also used in the brewing of many lagers, where more modified, low protein
malts are used in place of the traditional undermodified, higher protein malts.

Decoction mashing, however, is the traditional method for lager beers; it involves heating a part of the mash
to boiling point (>>100 °C) and mixing this back into the mash bulk, so that a predetermined temperature is
achieved, typically ~50 °C, for protein degradation. This process can be carried out twice (double decoction)
or three times (triple decoction), achieving a different rest temperature, by varying the bulk mash:boiled mash
ratio. As mentioned already, decoction is the traditional method for lagers, where undermodified, high protein
and enzymatically weak malts were once the norm. Decoction mashes are still used in many breweries in
southern Germany and Central Europe.

Double infusion mashing is used in the production of high adjunct beers, where the adjuncts are unmalted
(ungelatinized) cereals, such as rice, maize (corn) or sorghum. These adjuncts provide cheaper and low
flavor extracts, but they must be subjected to a cereal cooker to gelatinize the starch cells before use. This
adjunct wort is then mixed with a high diastatic malt wort (often produced from six-row barley), which has
sufficient enzymes for saccharification of the whole mixture. High adjunct beers are a common product of
many breweries on the North American continent.

On completion of the mashing process (by whatever method), the wort is separated from the grains, leaving
a considerable extract as residue on the small particles. Sparging is the name for the process of rinsing the
grains through with hot liquor (74-78 °C, but no higher) in order to maximize extraction. Lautering is
the name for the whole process, filtering plus rinsing. The sparge liquor should be about the same volume
as the mash liquor, too much (especially if pH >5.5) extracts polyphenols, lipids and other undesirable
substances, which can cause astringency, haze and staling problems (Section 2.6.12) in the finished beer.

Many brewers simply filter the wort and sparge washings through the bed of broken hulls and particles,
ready for the next stage, boiling. Rice hulls, added at the start of mashing, may help in the lautering of wheat
mash grains, because these do not possess their own hulls. Brewers in larger breweries will often use mash
filtration, having milled the malted barley into a powder for the mash (Schneider and Weisser, 2004); this gives
clear wort. Brewers are undecided on the influence of wort clarity on the characteristics of the finished beer,
but clear wort may benefit pale beers, whereas turbid wort may be better for full-bodied dark beers. Recent
research has shown that beers brewed from clear and turbid worts show little difference in quality (Kiihlbeck
et al., 2006). However, linoleic acid levels were higher in beer brewed from turbid wort, a condition that may
cause a premature onset of staling in the packaged beer if a long shelf life product is desired (Section 2.6.12).

2.6.3 Boiling the Wort

Boiling of the wort is an important part of the brewing process; only some local brews of certain coun-
tries around the Baltic Sea (see Sahti, Section 2.6.13) and some beverages based on rice or sorghum
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Figure 2.6.11 Effects of boiling the wort

(Sections 2.7.1 and 2.7.2) do not use boiled wort. The major ways in which boiling affects the wort are
shown in Figure 2.6.11; these will be discussed in greater detail in the next paragraphs, but much the greatest
emphasis will be placed upon flavor profile, bitterness, protein coagulation and clarity.

The brewing vessel in which boiling is carried out is known as the kettle, the wort boiler or the copper. The
last term pays homage to the fact that for many years copper was the metal of choice for construction of such
vessels, because of its superior heat conduction and malleability. Nowadays, stainless kettles are popular; they
are less easily corroded (‘pitted’) than copper and are easier to clean, but have inferior thermal conductivity.
There is also a tendency for insulating layers of air bubbles to form at the wort/steel interface and for wort
solids to bake onto the steel surface at the air/wort/steel interface. Both of these problems can be minimized
by the inclusion of impellers in the kettle, for agitation of the boiling wort. Direct heating of the kettle, using
natural gas or electrical heating elements, tends to be limited to craft breweries and microbreweries. If too
great a thermal load is applied without sufficient agitation, there is the likelihood of some charring and the
formation of unwanted bitter Maillard products (Section 2.6.2, Figure 2.6.6). Kettles in most breweries are
heated by either high pressure hot water or steam conducted from an external heating system known as a
callandria. This is done via an external jacket at the base of the kettle or by way of internal pipes or central
radiating panels (‘star heaters’). Many kettles are supplied with impellers or other forms of wort agitators,
such as fountain devices. Other kettles are designed to produce a ‘whirlpool” action (discussed later). Some
examples of kettles can be seen in Figure 2.6.8.

Whatever the design of the kettle, it is essential that the wort is boiled vigorously, for maximum extraction
of bittering substances from the hops, for maximum formation of ‘hot trub’ (a precipitate of proteins and
polyphenols, mostly) and to drive off unwanted volatile compounds, especially sulfur compounds. The kettle
should also be energy efficient, with low operating and maintenance costs. It should be easy to clean. High
pressure kettles are probably the most energy efficient, but undesirable volatile compounds cannot escape
unless the kettle possesses a condensate trap in the stack.

In recent years, many European brewers have replaced or supplemented their conventional externally
heated copper whirlpool systems with energy saving systems. These include Merlin, Schoko and Ziemann
systems (Mitter ef al., 2007). In the first system, the wort is boiled, transferred to a whirlpool and then boiled
again before cooling, etc. In the second two systems, the wort is boiled, transferred to a whirlpool and then
to either a flash evaporator (Schoko) or vacuum evaporator (Ziemann) prior to cooling, etc. These systems
give worts with very similar bittering units and iso-a-acid concentrations as conventional systems, although
levels of aroma substances can be lower, a situation that can be rectified by incremental addition of hops, as
in conventional boiling.
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Figure 2.6.12 Some bittering and aroma constituents of hops

An important aspect of boiling is the extraction of bittering substances and aroma compounds from the
flavoring agent, by far the most important of which is the hop flower or cone, which comes from the female
hop plant (Humulus lupulus). The hop flowers contain substantial amounts of resins (for bitterness) and
essential oils (for aroma and flavor). Both the resin and oil are composed of numerous compounds, many of
which belong to the terpenoid or norisoprenoid families of natural products (Figure 2.6.12). The phenolic
norisoprenoids, known collectively as a-acids and B-acids, are the principle source of bitterness, whereas
monoterpene and sesquiterpene hydrocarbons and their oxygenated derivatives are the main source of aroma
(Figure 2.6.12).

The hop is a perennial climbing plant that thrives in temperate climates. It is grown throughout the world,
the largest producers being Germany, USA, Russian Federation, Czech Republic, UK, Slovenia and Poland.
There are many varieties, but these can be divided into categories according to their a-acid content. Low
(~5%) a-acid varieties are often known as aroma or noble varieties and include Cascade (USA), Crystal
(USA), East Kent Goldings (UK), Fuggles (UK), Hallertau (Germany), Lubelski (Poland), Saaz (Czech
Republic, Germany) and Styrian Goldings (Slovenia). Moderate to high a-acid (8—15%) varieties, known as
bittering hops, include Brewer’s Gold (UK), Columbus (USA), Galena (USA), Northern Brewer (Germany,
UK) and Wye Target (UK).

Typical a-acid and $-acid compositions, as well as aroma compound compositions, are given for some
common hop varieties in Table 2.6.3. Cohumulone (Figure 2.6.12) is reckoned to be the most aggressive
bittering agent of the three main «-acids, especially if the hop cones are added late in the boiling stage.
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This is why the percentage cohumulone data is included in Table 2.6.3. Myrcene is one of the most pungent
of the aroma compounds, whereas humulene is much more subtle, but each compound will make its own
contribution and together they make up the aroma profile of a particular hop variety.

During boiling and fermentation, large quantities of aroma compounds are lost, through evaporation and
by numerous chemical transformations. However, given a particular hop variety and a fixed brewing regime,
the hop character of the finished beer should be reasonably constant from brew to brew. Many beers are
produced using a single hop variety, but others are brewed with two or more varieties, for a particular hop
character. It is quite common for high a-acid hops to be added at the start of boiling (‘first wort hops’), with
aroma hops being added toward the end of boiling, or for aroma hop only brews, hops being added at the start
and toward the end of the boiling. The aim here is to achieve an acceptable bitterness, whilst preserving an
attractive aroma. This aim can also be realized by the use of isomerized hop oils, produced by low pressure
steam distillation, at the conditioning stage, or by the dry hopping of cask-conditioned beers.

After harvesting, hops are dried and compressed packed into pockets or bags; many breweries use only
hop cones to produce their beers, although relatively small bags of vacuum packed hops, with longer shelf
lives, are available for small scale or home brewers.

However, because the compression packing ruptures many of the lupulin glands in the hop cones, oxidative
degradations and other transformations occur during prolonged storage. Loss of a-acids, in particular, can be
extensive (~50%) after 12 months storage, even at low temperatures. In the extreme, the carbonyl side chains
of a-acids (Figure 2.6.12) are oxidized to short chain carboxylic acids, which have definite cheesy notes.
The loss of a-acids during storage, may be partially compensated by the survival of (3-acids, in varieties with
low a-acid:-acid ratios (especially the aroma hops). Also, many of the hydrocarbon aroma compounds are
oxidized on storage to oxygenated derivatives (Figure 2.6.12).

The appearance of hops flowers changes markedly with time. Aged hops lose much of their fresh green
character and take on a much more yellow appearance; bags of such hops will often be found to have deposits
of yellow or even orange-brown powder at the bottom. In general, for ordinary beer, the quality will not be
as good as fresh hops, although lambic beer (Section 2.6.7) is traditionally brewed with old hops.

Recently, it has been discovered, using reversed phase HPLC with tandem mass spectrometric detection
to determine stilbene phenols in six American hop varieties, that cis-resveratrol can be found only in aged
hops, whereas cis- and trans-piceids, as well as trans-resveratrol were found in both fresh and aged (leaf
and pelleted) hops (Jerkovic and Collin, 2009). Thus, the concentration of cis-resveratrol can be used as an
indicator of hop freshness.

Some brewers use hop powders, pellets or extracts to supplement, or to replace entirely, hop cones in the
kettle. Hop pellets do not deteriorate so rapidly as cones, especially if kept at 0-5°C. They give a higher
degree of a-acid extraction/isomerization than cones and also simplify the use of a whirlpool in place of a
hopback. Some hop pellets are made from mechanically enriched powder: these are especially useful in the
dry hopping of cask-conditioned ales. Also, some pellets are made from hop powder containing ~1% (w:w)
of Mg(OH), or Ca(OH),. They are known as stabilized hop pellets because a substantial a- and (3-acids
are converted to their anions, which are more resistant to oxidation. Hop extracts are also used by some
breweries to supplement or replace hop cones in the kettle; this also aids whirlpool separation. Nowadays,
many hop extracts are made by using supercritical carbon dioxide (at ca. 10 °C and 50 atm. pressure) as the
extraction fluid, rather than organic solvents. These extractions can be fractionated: aroma compounds extract
first, followed by (-acids and finally a-acids. The first (essential oil) fraction is a useful (and much faster)
alternative to cones or pellets in dry hopping. Hop oil, produced by the low pressure (~0.02 mm Hg) steam
distillation of hop powder at 25 °C, can be added to bright beer in conditioning tanks and can also be used
for the dry hopping of cask-conditioned beers.

During boiling, many of the resin and essential oil constituents decrease in concentration, presumably
because of loss in vapors to the atmosphere, but some may also undergo isomerization or decomposition;
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Figure 2.6.13 Isomerization of humulone during boiling of hopped wort

terpenoids and norisoprenoids are generally prone to rearrangement when heated under mildly acidic con-
ditions. B-myrcene and linalool undergo a quadratic-like drop in concentration with boiling time, whereas
the decrease in concentration of many others (such as (3-caryophyllene, B-eudesmol, 3-farnesene, geraniol,
a-humulene, humulene oxide I and humulenol) with time follows a more linear curve (Kishimoto et al.,
2005). The norisoprenoid [3-damascenone, on the other hand, was found to increase its concentration slightly
during boiling and then markedly during the whirlpool step.

The principle isomerization is the conversion of a-acids to the much more soluble (and hence more
potent flavoring) iso-a-acids, by a ring contracting rearrangement, as illustrated for humulone-isohumulone,
in Figure 2.6.13. Many other isomerization products are formed (see Figure 2.6.13 for two examples) and
other reactions, such as hydrolysis and oxidation occur in abundance (Hough et al., 1982). Many of these
conversions are incomplete at the end of the boil (~1.5 h), particularly with respect to the formation of
iso-a-acids, so that % utilization (= [quantity of iso-a-acids formed/quantity of a-acids used] x 100) is
rarely greater than 40% when hop cones are used. Much higher utilizations are possible when isomerized hop
extracts are added to fermented wort.

Consistent bitterness is an important commercial factor in brewing, especially for larger breweries with
global markets. Bitterness may be expressed as International Bittering Units (IBU) and may be determined
by standard solvent extraction/colorimetric methods (Section 4.4.3) of the European Brewing Convention
(EBC) or American Society of Brewing Chemists (ASBC). Small scale brewers can estimate bitterness by
calculating a-acid units from the mass of hop cones used in the brew and assuming 10% utilization, after
5 min boil, 20% after 30 min and 30% after boiling for 1 h. The final isomerized a-acid units can be converted
to IBUs by multiplying by 75. Although this is only approximate, it is probably sufficiently close for most
brews. Sensory analysis does not always relate to bitterness units in blind tastings and certainly the quality
of hop flavor bears no relationship to IBUs (Fix, 1999c). Other flavoring agents, such as coriander (Section
2.6.13), can be added at the boiling stage, as can brewing sugars, syrups and caramel.
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The second important aspect of boiling is the precipitation of proteins, polyphenols and lipids, such as
long chain fatty acids and esters. Removal of proteins and polyphenols is important for haze stability in the
finished beer (Section 2.6.9), whereas removal of lipids will reduce the risk of premature ‘staling’ (Section
2.6.12).

Very soon after application of heat, a brown scum forms on the surface of the wort. Once boiling starts,
this scum breaks up into lumps that circulate within the boiling wort. It is known as ‘hot trub.” The general
opinion is that it is important to rid the hopped wort of the hot trub before the fermentation step. The three
major methods for doing this are the hopback, the coolship and the whirlpool.

The hopback is a vessel with a perforated false bottom (rather like a mash or lauter tun), such that when
the hopped wort is discharged into the vessel, the spent hop cones provide a filter bed (thickness ~15-
60 cm), filtering both the hops and the trub. Some brewers provide a bed of fresh hops on the false bottom
before discharge of the hot wort, thus aiding filtration and enhancing hop aroma. The hopback should not
allow hop material through (this may block the plate heat exchanger during cooling) and filtration of a whole
batch (‘gyle’) should take only 30 minutes or so, including a final rinse or sparge with hot liquor. Many
larger breweries use hop separators that incorporate screw conveyers to compress the sparged hops before
expulsion. A typical hopback is shown in Figure 2.6.8; it is located below the kettles.

The coolship is the simplest vessel for the removal of trub, and it (at least partially) cools the wort prior
to fermentation. It is a long, wide, shallow vessel, usually of stainless steel. Typically hot wort is left in the
coolship for about 3 h and is then pumped off the settled trub through plate heat exchangers. Less commonly,
the wort is left to cool fully in the coolship (~12 h), before being transferred to fermentation vessels. Here, the
risk of infection may be minimized by the use of sterile air ventilators. Coolships are still used in a very few
UK breweries and some breweries in Belgium (see Section 2.6.7 and Figure 2.6.18) and southern Germany.

The whirlpool tank, pioneered by Molson Breweries in Canada, is now the most widely used vessel for
the removal of hot trub, especially in breweries that use hop powder, pellets or extracts in the boil. Whirlpool
tanks are insulated stainless steel vessels with a vent or stack. They are cylindrical vessels with floors that
are flat, conical or inverted conical. The standard height to diameter ratio is between 0.3:1 and 1.5:1, with the
most popular being around 0.7:1. The hot wort enters the tank at an angle of about 25° to the vertical wall,
usually about one third tank height, at a speed of between ca. 3.6 and 15 m/s (~12-50 ft/s). The complex
circulatory fluid movements ultimately impose a centrifugal force on the trub particles, which are deposited
at the center of the tank floor. Larger breweries incorporate whirlpool tanks with vibrating screen filters and
wort return pumps in order to minimize an otherwise substantial product loss; other breweries use combined
kettle/whirlpools. These usually involve pumping the hot wort from the bottom of the kettle to just above the
surface of the wort, tangentially. Alternatively, an impeller, driven by a high speed motor with a clutched gear
drive, can be used to create the whirlpool.

Hot trub is composed mostly of proteins (derived from the malt), but it also contains some polyphenols
(from hops and malt), lipids and minerals, such as Zn>*. The presence of some of these substances in the
wort can lead to haze and premature staling problems in the finished beer. In order to reduce the amount of
potential haze forming substances in beer, some brewers add certain fining agents (‘kettle finings’) to the
boiling wort. The most common of these is Irish Moss, dried fronds of the red marine alga, Chondrus crispus.
Carrageenan, a polysaccharide consisting of a-D-galactose and other monosaccharides, with alternating 1—3
and 1—4 links, is responsible for the precipitating action of Irish Moss. Purified carrageenan can be used
in place of Irish Moss. A substantial number of monosaccharide side chain OH groups are esterified with
sulfate groups, hence carrageenan molecules are negatively charged. Haze active proteins carry an excess
of positively charged sites (side chains of the a-amino acids arginine and lysine, mainly) at wort pH (~5),
so when mixed with carrageenan, the protein colloidal sol flocculates. A danger of using Irish Moss or
carrageenan is the possibility of removing foam stabilizing glycoproteins, along with the haze active proteins.
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More recently, silica xerogel, polyvinylpolypyrrolidone (PVPP) and polyvinylpyrrolidone have been shown
to be shown to be more or less specific in their interaction with polyphenols, thus removing, at the boiling
stage, crucial haze forming agents, without affecting glycoprotein concentrations too much (Mitchell et al.,
2005; Leiper et al., 2002).

The third benefit of boiling is the removal of unwanted volatile compounds, including organic sulfur
compounds, many of which have low odor threshold values (OTV) (Section 4.7.3) and are unpleasant. A good
many organosulfur compounds can be found in hop oils (Hough et al., 1982b) and many others are degradation
products of these and possibly of organosulfur pesticide residues (Section 5.10.2). A normal, vigorous and
well ventilated boiling procedure should dispel most of these into the atmosphere. High protein malts
(e.g. from six-row barley) can contain relatively high levels of S-methyl methionine (SMM), a nonvolatile a-
aminoacid derivative. This compound undergoes thermal decomposition to the volatile dimethyl sulfide (DMS)
(Figure 2.6.14), which has an unpleasant odor in all but the lowest concentrations. DMS is produced during
the kilning of malt (Section 2.6.2), where most of it is vaporized. This is why the more highly kilned pale malts
and darker roasted malts contain the least SMM and DMS. Similarly, during boiling, DMS formed from SSM
is vaporized and, in well ventilated kettles, is dissipated into the atmosphere. Residual SSM can decompose
to DMS after boiling has finished, if the cooling rate is low (as in coolships), thus allowing organoleptically
detectable levels of DMS to remain in the beer, even after fermentation (which reduces DMS content). This
is more likely if high SSM malts are used. In the brewing of pale ales, this is rarely a problem, as low SSM
malts (e.g. from Maris Otter barley) are usually the choice. Also, a certain concentration of DMS in the beer is
considered desirable for many pale lagers, which otherwise may taste rather insipid. Wort is relatively rich in
flavor active Strecker aldehydes, such as 2-methylpropanal, 3-methylbutanal, 2-methylbutanal, benzaldehyde,
phenylactetaldehyde and other compounds, such as methional, that can produce off flavors in stored beer (De
Schutter et al., 2008). A 60 min boiling period can reduce significantly the concentrations of many of these
volatile components, although some, such as acetylfuran, $-damascenone (desirable for white wine, but not
for beer), methional and phenylacetaldehyde, tend to persist at high levels after boiling (De Schutter et al.,
2008).

Cooling the hot wort is necessary before the yeast is added (‘pitched’). For top fermentation (ales), pitching
temperature should be >15 °C, whereas for bottom fermentation (lager) a temperature of around 8—10 °C is
normally desirable. The original method was to transfer the wort to coolships. These are still used in a number
of breweries, but usually in conjunction with heat exchange type wort coolers, which are much more rapid
and much smaller cooling systems. The major disadvantages of coolships are the possibility of infection and
the large space required. The main idea behind heat exchangers is the rapid cooling of wort caused by the
transfer of heat, though a highly conducting wall, to a coolant fluid, often cold water. The resulting hot water
(~70 °C) can be used for the next mash or for cleaning purposes. Vertical shell type heat exchangers and
tube coolers are still in use, but plate heat exchangers are by far the most common (Figure 2.6.8). Using cold
water coolant, the wort will emerge from the exchanger at about 15 °C, suitable for top fermentation. A two
stage cooling process, using firstly cold water and then water—ethylene glycol, is needed to bring the wort
temperature down to 8 °C, ready for bottom fermentation.

During cooling of wort, further precipitation occurs; this is known as ‘cold trub’ or ‘cold break.” It occurs
throughout the yeast of the brewing process and consists of coagulated particles of protein—polyphenol
complexes, which would otherwise cause haze (Section 2.6.9) in the finished beer. Some North American
breweries encourage a good formation of cold trub, by running off the newly fermenting wort a day or so after
pitching the yeast. Others cool the wort to ~2 °C so that it forms slush ice. The temperature is then raised
to 8—10 °C and the wort is run off the sediment into a fermenting vessel before pitching. However, recent
research suggests that the presence of a small amount of trub particles has a beneficial effect on fermentation:
trub-containing worts were observed to ferment more rapidly to lower final gravity, lower pH and higher
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ethanol content compared with clarified worts under similar conditions (Kiihlbeck et al., 2007). It appears that
the particulate nature of trub improved suspended yeast cell concentrations, allowing optimum fermentation
efficiency and at the same time improved the evolution of CO; from the fermenting wort, thereby minimizing
the inhibitory effect of CO, on yeast metabolism. The presence of lipid and mineral nutrients in trub may

also play a part.
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2.6.4 Fermentation

The classification of yeast and a general discussion of alcoholic fermentation performed by the various Sac-
charomyces species (including S. cerevisiae and S. uvarum) can be found in Section 2.2.1. Other fermentations
— desirable and undesirable — are discussed briefly in Chapter 2.4, along with microorganisms that promote
them. Consequently, the discussion here will focus on aspects of fermentation that are directly relevant to the
brewer. Good accounts of the fermentation of beer wort can be found in other sources (e.g. Hornsey, 1999).

The two most widely used yeasts, ale and lager, belong to the same genus, but different species. Ale yeasts
are classified as S. cerevisiae and are related to baker’s yeast — indeed some of the indigenous beers of the
Baltic Sea countries are still brewed with baker’s yeast. Lager yeasts are described as S. uvarum, but until
recently they were classified as S. carlsbergensis, since they were first isolated and characterized by E. C.
Hansen of Carlsberg Brewery in the 1880s. Within these broad classifications are many strains (varieties) that
have different physiological and biochemical characteristics, often differing in subtle ways. Brewers strive to
maintain their own healthy stocks of yeast for consistent brewing and many breweries have colonies of their
yeasts propagated and preserved at yeast depositories (yeast banks), such as the National Collection of Yeast
Cultures, at Norwich, UK.

Yeast strains easily mutate and the brewer is wise to carry out various tests on yeast stocks and to generally
keep a watchful eye on yeast performance (such as attenuation behavior) and on certain physical characteristics
(such as flocculation and sedimentation). Flocculation of yeast cells during fermentation of wort is a genetic
characteristic that can be used to monitor yeast performance.

Brewing yeasts fall into three broad categories, although some authorities (Hough et al., 1982c) quote
no less than seven. The categories are strongly flocculating (sedimentary), powdery and nonflocculating and
all three types are used in brewing. These terms describe the yeast’s sedimentation tendencies: strongly
flocculating yeasts form sediments at an early stage in the alcoholic fermentation whilst nonflocculating types
remain largely in suspension, even toward the end of fermentation.

Yeast flocculation occurs via cell surface interactions involving mannans (poly-D-a-mannose), sugar-
binding proteins (known as flocculins or lectins, or more specifically zymolectins) and Ca®* ions. The
mannans are present on the cell surface at all times, but it is believed that in flocculent yeast strains,
zymolectins are expressed by the FLO genes when these are activated by lack of nutrients toward the end of
fermentative activity.

The mechanism is not fully understood, but is believed to involve zymolectins binding to mannans on
the surface of neighboring cells, leading ultimately to the formation of flocs of aggregated cells. Because of
reduced surface to volume ratio, the flocs sediment more rapidly than individual cells. A study of cell surface
hydrophobicity, charge density and zymolectin density of flocculent and nonflocculent strains of S. cerevisiae
showed a positive correlation between cell surface hydrophobicity and flocculation ability (Jin et al., 2001).
The role played by Ca’>* ions is unclear, though it has been shown that Pb>* competes reversibly with Ca>* and
inhibits flocculation. Using a fluorescent avidinfluorescein isothiocyanate (Avidin-FTC) microscopy probe, it
was observed that zymolectins were not fixed to the cell walls in the presence of Pb>* (Gouveia and Soares,
2004). This suggests that although the Pb>* ions (much larger than Ca?*) bind to the calcium ion binding sites
of the lectin molecules, the resulting protein conformations are unable to bind to the cell surface mannans.

More recently, yeast mitochondrial activity was shown to be higher in flocculent yeast strains than in
nonflocculent types (Strauss et al., 2007). The same authors also showed, for the first time, cell surface
protuberances to be composed of hydrophobic ‘3-OH oxylipins,” produced in mitochondria by incomplete
[3-oxidation of long chain fatty acid lipids. Scanning electron microscopy showed oxylipin binding sites and
protruding osmiophilic layers, sometimes extending from one cell wall to another. Thus yeast flocculation
may be mediated by oxylipin interactions as well as mannan—lectin-Ca’* interactions.
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A change in a brewery’s yeast flocculation behavior may be a sign that the strain is mutating or that
cropping is not being performed properly. For example, some brewery yeasts are composed of several strains
with varying degrees of flocculation behavior. Repeated ‘bottom cropping’ and repitching can rapidly lead
to domination by sedimentary strains and hence to a change in the brewery’s yeast characteristics (see also
Section 2.6.6). The brewer has unintentionally selected the sedimentary strains. Suspended yeast cells give the
best attenuation and the lowest levels of undesirable by-products (Fix, 1999d), so brewers who use strongly
flocculating or sedimentary strains regularly rouse the fermenting wort. The subjects of flocculation and
sedimentation will be considered once more, in terms of top- and bottom-fermentation (Section 2.6.5 and
2.6.6).

Attenuation is the drop in the wort specific gravity caused by fermentation, as sugars are converted to
ethanol, carbon dioxide and other products. The specific gravity (SG) or relative density of wort is the
density (in g/ml) of the wort divided by the density of water, which is taken as 1.000 g/ml at 17.5 °C. Thus,
wort with a specific gravity of 1.044 is 4.4% heavier than an equal volume of water. The temperature must
always be specified when quoting specific gravities and if it is not the same as the reference temperature of
17.5 °C, then a correction must be applied, although this is very small if the temperature difference is less than
5 °C. A convenient and widely used way of expressing this is the ‘gravity’ scale — the above wort is said to
have a gravity of 1044 (relative density x 10%). Another widely used scale, based upon the correlation of the
wort specific gravity with those of sucrose solutions of accurately known % (w:w) concentrations, is known
as the °Plato (°P) scale. This scale thus expresses extract as the percentage of sugar in the wort by weight.
The corresponding scale for wine is °Brix. Other scales, such as °Beaumé scale exist, but the gravity and
Plato scales will be used here. Specific gravity and °Plato can be measured by a hydrometer that is calibrated
in both scales: single scale hydrometers are also used, in which case the °Plato instrument is known as a
saccharometer. Digital density meters have become popular in recent years; they are robust, inexpensive, easy
to use and accurate (Section 4.6.3).

Although fermentable sugars make a big contribution to the specific gravity of wort, a contribution also
comes from nonfermentable solutes, such as certain carbohydrates, amino acids, proteins, minerals and others,
hence the majority of beers possess final gravities above 1000 (typically 1004—1008). Apparent attenuation
depends on the drop in gravity that occurs during fermentation and is given by Equation 2.6.1.

(OG — FG)

% apparent attenuation = m X

100 2.6.1)

where OG is the original gravity and FG the final gravity.

Bottom fermenting (lager) yeasts are generally high attenuators (~80%), whereas top fermenting (ale)
yeasts tend to be moderate attenuators (~77%), although there is some overlap in performance of the two
species. If attenuation is below 75%, then the yeast may be considered to be underperforming and some
attention may be necessary. More detail on attenuation can be found in Sections 2.6.5 and 2.6.6.

The ethanol content of beers is expressed as % ethanol v:v (= % alcohol by volume or %ABV) or less
commonly as % ethanol w:w. The apparent concentration of ethanol produced by the fermentation of hexose
sugars can be calculated from the stoichiometry of the Gay Lussac equation, C¢H1,0¢ — 2C,H5sOH + 2CO,.
Howeyver, the actual concentration of ethanol will be a little less than the calculated concentration because of
‘losses’; some of the sugars are used in metabolic pathways that do not produce ethanol (Chapter 2.2). Hence,
relating % ethanol content (w:w) (A) of a beer to the original and final gravities must take this into account.

Both the EBC and ASBC provide methods for brewers and customs officials to relate A to both the original
extract (OE) and the residual extract (RE), expressed in °Plato. The methods involve distillation of the beer:
A is determined from the specific gravity of the distillate and RE from the specific gravity of the residue
(Section 4.6.3). Thus OE and RE relate to original and final gravities, respectively. The ASBC formula is
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given by Equation 2.6.2.
OE = (2A+RE) —F (2.6.2)

where F is a correction factor that can be found from tables supplied by the ASBC.

Provided fermentation performance is satisfactory and ‘true to type,” a brewer will recover and store
substantial quantities of yeast from a current brew for fermentation of future brews. For this, a reliable
recovery method and storage system is required, one that collects a representative sample of the yeast colony
and maintains it in a viable state for a period of time, without contamination by wild yeasts or bacteria. This
important aspect of brewing will be dealt in more detail separately for top and bottom fermentations (Sections
2.6.5 and 2.6.6 respectively). Here, the major characteristics of wort fermentation will be discussed, starting
with the mixing of wort and yeast.

Pitching the yeast is the act of adding yeast to the wort, often as a slurry in water or fresh wort. In the early
stages of fermentation (but not in later stages), yeast cells need oxygen, so the wort and/or the yeast should
be aerated. Pitching should result in wort with about 16 x 10° live yeast cells per ml, after thorough mixing.
This corresponds to a pitching rate of about 0.2 kg per hl (=100 1). Higher pitching rates may lead to yeast
autolysis (Section 2.2.1) and the production of off flavors (Cahill et al., 1999). In some breweries, notably
in the USA and Canada, the wort is run off the cold trub into another vessel, some 24 h after pitching. In
this case, the initial fermentation vessel is known as a settling tank or starter tank. The majority of breweries,
however, carry out the fermentation of a batch of wort in a single vessel.

The early part of fermentation is characterized by a relatively gentle evolution of CO, and the formation
of a fine, white or cream foam on the surface of the wort. Attenuation is very slow at this stage, as the yeast
cells are more involved in various preparatory functions than in alcoholic fermentation itself. Initially, yeast
cells synthesize various steroids (such as ergosterol and zymosterol), using their own reserves of glycogen to
provide the energy for such syntheses. These sterols increase the permeability of the cell walls and plasma
membranes, allowing transport of nutrients from the wort that will be required for alcoholic fermentation.
These nutrients include certain sugars, NH;*, a-amino acids, phosphates, metal ions and various growth
factors, such as biotin. Transport in the opposite direction also occurs and certain permease enzymes can
carry specific solutes (sugars, a-amino acids and ionic species, such as NH;*, K*, phosphates and S0,27)
through the membrane in both directions. This is called active transport. Some permeases are constitutive
(they have a permanent presence), whereas others are induced only in the presence of a specific substrate. On
the other hand, proteins, sterols and carbohydrates embedded in the plasma membrane aid the diffusion of
certain other solutes, such as fatty acids; this is called aided transport. Simple diffusion may account for the
transport of other solutes.

The 