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PREFACE

Some ten years have passed since the publication of the first edition of
Malting and Brewing Science, a period of many changes. As before, this
edition is an aid to teaching, particularly the MSc course in Brewing Science
at Birmingham University, but it is also aimed at the requirements of
other students of the science of malting and brewing throughout the world.
In general, technological aspects are covered more fully in this new edition,
although not malting and brewing practices that are exclusive to Britain.
Nevertheless, the amount of technological information available is too great
to be comprehensively covered in one book. Scientific principles and infor-
mation receive more attention, but for details of analytical procedures
reference should be made to the most recently published material of the Ameri-
can Society of Brewing Chemists, the European Brewery Convention and the
Institute of Brewing.

The new edition appears as two volumes because a single one would be
inconveniently bulky. The first volume outlines the entire process and leads
from barley, malting and water to the production of sweet wort. In the
second volume there are chapters on hops and hop products, production of
hopped wort, fermentation, yeast biology and all aspects of beer qualities and
treatment.

Decisions about the units of measurement proved difficult; metric units
commonly used in the Industry are given and in parentheses are equivalents
in degrees Fahrenheit, Imperial measures and UK barrels. Considerable
information on equivalents is given in a special section in each volume.

References given with each chapter are aimed at offering the reader an
entry into the appropriate literature. This restriction offers an economy of
space but often fails to mark the special contribution of particular authors.
Only for historical reasons or where a method bears the name of its developer
or where a diagram or table is acknowledged have authors’ names been
included in the text.
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Chapter 12

HOPS

12.1 Introduction [1, 2]

From medieval times, herbs have been used to flavour and preserve fermented
malt liquors but only the hop (Humulus lupulus L.) is used on a commercial
scale today. It is grown throughout the temperate regions of the world solely
to meet the demands of the brewing industry (Table 12.1). Hops of commerce
are the dried cones of the female plant but much of the crop is processed into
powder, pellets or extract. In Western Europe the yield of hops is now
expressed in zentners (1 zentner = 50 kg = 110 1b). Earlier, centals (100 Ib)
and hundredweight (112 Ib) were used in Britain.

TABLE 12.1
World hop production 1978

{s. H. STEINER, Hopfen GmbH Laupheim}

Countries producing more Acreage Yield Production
than 1000 Zentner (Hectare) (Ztr/Hectare) (Zentner)
England 5897 31-8 187 374
Germany (W) 17 622 344 606 602
Germany (E) 2 200 21-7 47 730
Czechoslovakia 10 400 19-4 201 757
France 864 34-8 30029
Belgium 850 32:3 27482
Yugoslavia 3240 26-7 86 632
Spain 1803 232 41 796
Poland 2 400 162 38 850
Roumania 800 18-8 15 000
Bulgaria 1200 13-3 16 000
USSR 13 000 169 220 000
Europe 61277 252 1 544 052
USA 12 546 397 498 269
Australia 1 060 342 36 260
Japan 1167 37:1 43 340
World 77 868 277 2160 533

389
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The brewing value of the hop is found in its resins and essential oils. In the
traditional brewing process hops are boiled with wort in a copper for 1-2 hr,
during which time the resins go into solution and are isomerized to produce
the bitter principles of beer. The majority of essential oil constituents will be
lost during 2 hr of boiling, so, to increase the hop aroma of their beers,
brewers either add a portion of choice aroma hops late in the boil or add them
to the beer during conditioning, either in tank or cask — a process known as
dry hopping.

The resins are also responsible for the preservative value of the hop
although the current view is that hops contribute little to the biological
stability of beer. In the past the results of both microbiological and chemical
assays were expressed in terms of preservative value (PV) and this term is
still sometimes used as though it was synonymous with the resin content.
The fractionation of the resins and their chemical constitutions is discussed
fully in Chapter 13, but it should be noted here that the majority of the
brewing value is found in the «-acid fraction of the resins and that hops can
contain 2-12 % of «-acid. \

12.2 Botany

Only two species of Humulus are recognized: Humulus lupupus L. (H.
americanus, H. neomexicanus, and H. cordifolius) and H. japonicus Sieb. et
Zucc. (H. scandens (Lour.) Merr). The latter is an annual ornamental climbing
plant from Japan devoid of resin and therefore of brewing value. The genus
Humulus is included in the natural family Cannabinaceae together with
Cannabis, which is only represented by C. sativa (Indian hemp, marihuana,
or hashish). Chemical similarities are seen between H. lupulus and C. sativa
but the resins of the two species are completely distinct. Those of the hop
provide the bitter principles of beer whilst those of Cannabis include the
psychotomimetic principles of the drug. Cannabis and Humulus spp. have
been grafted on to each other but the characteristic resins do not cross the
grafts [3].

The hop cone (Fig. 12.1) consists of (i) valueless stipular bracts and (i)
seed-bearing bracteoles attached to a central axis or strig. At the base of the
bracteoles the lupulin glands and seeds develop as the hop ripens. The
lupulin glands contain the brewing principles, both the resins and the essen-
tial oils. They can contain as much as 579 of a-acids and the sum of the
(x + B)-acids is equal to 73 + 6 %,. The ratio of /B acids can range from 0
to about 4-0. It is predicted that the maximum lupulin content that could be
obtained by breeding is about 32 9, w/w of the cone which corresponds to a
(x -+ B) content of the cone equal to 239 [4.]

The amount of seed in the hop cone will depend on the method of culti-
vation practised. On the Continent of Europe, the planting of male hops is



Stipular
bract

[-:0cm Bracteole

Fig. 12.1 Hop (Humulus Lupulus L.). (a) Part of axis (‘strig’) of cone; (b) Single mature hop
cone; (c) Bracteole with seed and lupulin glands; (d) Lupulin gland; (e) Male hop flowers.
(After BURGESS [1].)
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restricted by law to breeding stations and so hops are grown seedless, i.e. with
less than 2 9] w/w of seed. In England until 1976 male plants were deliberately
planted in hop gardens and many grow wild in the hedgerows so that the
hops were fertilized and contained up to 259 w/w seed. Lager brewers
will not use seeded hops so there was limited demand for English hops in
export markets. The English Hops Marketing Board therefore decided to
pursue the production of seedless hops and the isolated hop-growing area
of Hampshire went seedless in 1976. With the high «-acid varieties, Wye
Northdown, Wye Challenger, and Northern Brewer, the seedless hops were
richer in «-acid than those with seeds but the reverse was often true with low
«-acid varieties. Even with the high «-acid varieties, the overall yield of
a-acid/hectare was lower without pollination [5].

Seedless hops command a higher price than those with seeds but it will no
doubt be some time before all other English hop-growing areas only produce
seedless hops. An alternative approach to the production of seedless hops is
the breeding of triploid varieties which are sterile and thus do not produce
seed even in the presence of male hops. In America most hops are grown
seedless but in Oregon they are fertilized.

12.3 Cultivation [1, 2]

The hop is a hardy, climbing, herbaceous, perennial plant. The rootstock
therefore stays in the ground from year to year and the plant must be pro-
vided with some support on which to grow. Originally hops grew up pea-
sticks but today they are trained up strings to overhead wirework.

The construction of the wirework is the largest capital cost in setting
up a hop garden, or yard as it is called in the West Midlands. Before the
advent of mechanical picking in the fifties, the wirework in English gardens
was 3:75-4-25 m (12-5-14 ft) high but the modern trend is to higher wirework
as in America (4-0-5-5m; 13-18ft) and on the Continent (6:0-7-0 m;
20-23 ft). In height-of-wirework and spacing trials carried out at Wye
College, Kent, the maximum yield of most varieties, occurred at S m (16 ft)
but some, e.g. Bullion, Saaz and Wye Target, showed an increased yield at
5-5m (18 ft) [6].

The wirework must be sufficiently robust to support the full weight of
the crop in adverse (windy and wet) weather. The corner posts should be
at least 15cm (6in) in diameter and 1-25-1-40 m (4-4-5 ft) longer than
the height of the wirework. The other outside poles and the inside poles,
which are placed at every third hill in alternate rows, need not be quite as strong.
Anchor and anchor wire failures are the most common sources of damaged
wirework. With 5-5m (18 ft) wirework the tension in the anchor wires
increases from about 410 kg (900 1b) in March to 680 kg (1500 Ib) just
before harvest [7]. When wirework is set up lewing (coarse netting) is usually
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attached to the poles along the exposed edges of the garden to protect the
crop from wind damage and to reduce the fluctuating tensions on the wire-
work. The garden is also often surrounded by a tall thick hedge.

Apart from breeding, new varieties of hops are propagated vegetatively
from ‘setts’. These are produced (i) from hardwood cuttings taken from the
base of the bine, (i) by mist propagation or (iii) by layering. Forlayering, a bine
of a young plant is allowed to grow until it is about 0-6 m (2 ft) taller than the
distance to the next plant (‘hill’ in South-East England or ‘stock’ in the
West Midlands). One string is then cut down, the bine laid along the ground,
covered with soil and trained up the next hill. In the autumn the hardwood
bine is uncovered and cut up, each piece retaining a node, and planted out in
nursery beds. With mist propagation, growing shoots are cut up, each piece
with two nodes and each node with two leaves, and the cuttings planted
in sterilized peat, usually in pots. The cuttings are then placed in glass-houses
where the soil temperature is maintained at 21°C (70°F) and they are watered
automatically with a fine spray. The watering is controlled by an ‘electronic
leaf” which turns the water on whenever its surface is dry. Under these
conditions the plants remain turgid and rooting takes place in 10-14 days,
depending on the light intensity. The rooted cuttings are planted out in late
June. It should be emphasized that whatever the method of propagation
selected, only healthy plant material should be used. In order to reduce the
risk of infection, many commercial hop propagators have their nurseries
away from the main growing areas. For example, in England they are in
East Anglia away from the main hop-growing areas in the South-East and the
West Midlands.

One-year-old plants are used to lay out a new garden or yard. The rows are
usually about 2 m (65 ft) apart to allow tractors to pass for cultural opera-
tions. With the Butcher and Umbrella systems of stringing, the plants are
also put about 2 m (6-5 ft) apart but with the Worcester system they are put
closer together, about 1 m (3—4 ft). A firm hook is fixed in the ground next to
each hill and, in the early spring, strings are arranged from the hook to the
overhead wirework. The Umbrella system, with four strings to a hill, is the
most common and is the typical system of the Weald of Kent (Fig. 12.2a).
The Butcher system (Fig. 12.2b) which is popular in East Kent, uses three
strings while the Worcester method only utilizes two (Fig. 12.2c). In a series
of angle-of-growth trials it was found that growth was most rapid in plants
trained at 85° to the horizontal but the maximum yield was obtained from
plants grown at 65°.

In April or early May suitable bines are selected for training up the strings
and the remainder are sacrificed. Usually two bines are twined up each
string in a clockwise direction but for very vigorous varieties only one is
necessary. Bullion is a very vigorous variety, but in view of its susceptibility
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to downy mildew, many growers train two bines originally and remove the
surplus one in June. Additional training will be necessary until the end of
June by which time the bine will have reached the top of the string. As the
bine grows, leaves are stripped from the lower part of the plant, up to about
I'm (3 ft) to reduce the risk of infection from soil-borne organisms and spores,

Paraliel wire

T~ Hooks attached
to parallel wire

Bearing wire

e IR . R AT T vl Hill
S L ‘ : : e~

/

A

(a)

Top wires

Bracing string

Breast wire

Botrom wire
(b)
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(c)

Fig. 12.2 Wirework and stringing systems used to support hops. (a) Umbrella system; (b)
Butcher system; (c) Worcester system.

Traditional hop-growing practice makes heavy demands on labour.
In addition to stripping and training it was thought necessary to cultivate
between the plants and to earth up each hill. The modern trend is to reduce
labour requirements to the minimum and soil cultivation is being replaced
by applications of herbicides such as Simazine and Paraquat. Stripping is
being replaced by the use of chemical defoliants such as tar oil and complete
or partial self-training is also being carried out.

The rapid luxurious growth of the hop plant makes heavy demands on
soil rutrients. A normal crop may take up to 89-100 kg/hectare (80-90
Ib/acre) of nitrogen, 11-16 kg/hectare (10-15 Ib/acre) of phosphorus, 67-78
kg/hectare (60-70 Ib/acre) of potassium, and 78-89 kg/hectare (70-80 Ib/
acre) of calcium [1]. All these must be replaced with manures and fertilizers.
The amount of nitrogen added is critical; too little causes a marked reduction
in yield but too much results in vigorous growth with fewer cones on the
shaded part of the bine. Traditionally, half the required nitrogen was applied
as bulky organic matter such as dung or shoddy but these are generally in
short supply. Straw, together with inorganic fertilizers, is therefore used as an
alternative.

The development of the resins (x- and f-acids) and the essential oils during
ripening of the hop has been studied [8, 9]. In the Northern Hemisphere the
first traces of resin can be detected early in August, the B-acids appearing a
few days before the a-acids, and synthesis is almost complete by the end of the
month. Essential oil synthesis starts later and in some varieties resin synthesis
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may be complete before essential oil synthesis starts. Oxygenated components
and sesquiterpenes are developed first but as the hop ripens the synthesis of
myrcene becomes quantitatively the most important process [10]. Different
varieties mature at different rates and as a rule some early and some late
varieties are grown to spread picking over three to four weeks in September.

The characteristics by which a grower assesses that a hop is fit for picking
are [1]:

1. The bracts and bracteoles close towards the axis of the cone, giving it a
compact form. ‘

2. The full growth of the terminal bracteole, when seeded, causes it to
protrude from the top of the cone.

3. The bracts and bracteoles become firm and slightly resilient. They rustle
when squeezed in the hand and are rather easily detached from the axis.

4. The colour of the bracteoles and, to a less extent, of the bracts, changes to a
yellowish-green.

5. The contents of the seed become firm. The fruit coat (pericarp) becomes
brittle and of purplish colour.

6. The lupulin glands are completely filled with resins.

7. The aroma of the hop is fully developed.

Hops should be picked as soon as possible after they become ripe; overripe
cones tend to open and become more fragile, and thus may be easily shattered
by the wind, birds, or during picking. In all cases the hops should be picked
within ten days of ripening.

Before 1950 the English hop crop was entirely picked by hand using casual
labour from near-by cities; today more than 959 of the crop is picked by
machine. The hand-pickers worked in the gardens and picked the hops
directly into baskets or bins. After being measured the hops were transported
to the kiln for drying in coarse-woven sacks called pokes. With hand-picking
the bine is not detached and as it slowly withers some nutrients return to the
rootstock. This is not possible with machine-picking when the whole bine on
its string is cut off at the top of the wirework and 1-20-1-50 m (4-5 ft) from
the ground and carefully transported to the picking machine. In the USA a
few mobile harvesters are in use, in conjunction with stationary cleaning
equipment [11]. With stationary picking machines (Fig. 12.3), the bine is
attached to a trackway and enters the machine, depending on the design,
either horizontally or vertically. The hops and leaves are stripped from the
bine by numerous moving wire hooks and then passed over various screens to
separate the hop cones from the unwanted debris. According to EEC regula-
tions certified hops must not contain more than 6%, of leaf and stem and
more than 3% waste. The waste from the picking machine is composted, or
burnt if there is any possibility of disease.
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Green hops, whether picked by hand or machine, contain about 80 %, w/w
moisture and it is necessary to dry the hops as soon as possible after picking.
While waiting to be put on the kiln the hops must not be allowed to ‘sweat’
as this will seriously reduce the quality of the crop. To prevent this, the
coarse-woven pokes are stored on racks raised above the ground and well
ventilated.

12.4 Drying [1, 2, 12]
The principles involved in hop drying are similar to those involved in barley
drying and the kilning of malt (see Vol. I, Chapter 6).

COOLING ROOM

STORE FOR BAGS
OF GREEN HOPS

LOADING DOOR-— 5.4 UNLOADING DOOR \ 000N~}

SLIDE TO RETAIN HOPS. o
afounensnsensnaltenashd

SLIDE TO RETAIN HOPS

mwrar

Fig. 12.4 Modern Oast House. (After BURGESS [1].)

The traditional structure for hop drying was called an oast-house (Fig.12.4).
It was a round building with a slatted wooden floor 4-5 m (12-16 ft) from
the ground on which the hops were spread out on a horse-hair cloth to be
dried in a current of warm air. The air was heated by an open anthracite coal
fire and the natural draught assisted by tapering the roof above the drying
floor and fixing a cowl. Depending on the external wind velocity, air speeds of
between 0-5-75 m/min (0-19 ft/min) were achieved which were only capable
of drying a shallow 20-27 cm (8-12 in) bed of hops. The drying floor was
provided with two sets of doors; the green hops were loaded on one side and
and the dried cones removed into the cooling room on the opposite side.

In view of the cheaper building costs, modern kilns are more likely to be
rectangular than round, the air will be heated either by an open-flame oil
burner or by a closed stove and either forced or drawn through the bed of
hops with a powerful fan. Air speeds of about 15 m/min (50 ft/min) are
normal, although up to 30 m/min (100 ft/min) have been used. Above this
speed dried bracts may be blown off the kiln. Using these higher air speeds much
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deeper beds of hops (up to 60 cm; 2 ft) can be dried. The higher the air speed,
the higher the initial temperature can be (up to 55°C (130°F) at 12 m/min
(40 ft/min)). The temperature is then raised about 5°C (10°F)/hr until the
maximum temperature required 60-65°C (149-150°F) is reached. The
maximum temperature required is usually determined by the need to complete
the drying within 10 hr so that the kiln can be loaded twice a day. The lower
the temperature used however, the better the valuation the hops receive and
in no case should the temperature exceed 71°C (160°F). «-Acids are increas-
ingly destroyed at higher temperatures.

In normal English practice, hops are treated with sulphur dioxide as soon
as drying commences, by burning rock sulphur in the kiln. The value of this
procedure has been the subject of much debate. It causes the hops to lose
their green colour and to assume a more uniform bright yellowish tinge
which is rated highly in hand evaluation. Indeed, merchants often have
difficulty in evaluating hops which have not been sulphured. Sulphuring is
also said to prevent the formation of ‘raw’ aromas in the hops. On the other
hand, sulphuring causes a loss of a-acid and reduces the bittering potential of
the hop [13] which makes the process economically questionable. Indeed,
some brewer-growers, whose hops do not have to be valued by merchants, do
not sulphur their hops. In trials conducted by the Institute of Brewing, beers
produced from sulphured and unsulphured hops were judged of generally
equal merit although the latter were more bitter [14]. In some parts of
America such as Idaho, hops are not usually sulphured and on the continent
of Europe practice is also variable. In some cases merchants may sulphur
unsulphured hops themselves. On the kiln, sulphur is burnt in the first 3045
min to give a concentration of 1-4-1-5 g of sulphur dioxide/m? of air (1-4-1-5
0z/1000 ft2). Under-ripe hops require about 109, more sulphur, while hops
wet with dew or rain need about 109 less.

Hops are dried on the kiln to a moisture level of about 6 % but it is quite
difficult in practice to determine when this is reached, and the experience of
the oast man is important. The moisture remaining in the bed of hops is
unevenly distributed ; within the load it is concentrated in the top layer and
within the hop cone it is largely in the strig. Hops from the kiln are also very
hygroscopic and all these factors make sampling for conventional moisture
analysis difficult.

When the hops are judged dry, they are unloaded by removing them on
the ‘lifter’ cloths on to the conditioning room floor. Here they are left in heaps
covered with cloths to cool and to allow the remaining moisture to equilibrate
throughout the cone before packing. The final moisture level is about 10%.
In the EEC certified hops must not contain more than 12 9, moisture.

In traditional oasts the heated air is only passed through the bed of hops
once. Two- and even three-tiered kilns have been built which use the heat
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more efficiently [15]. The green hops are loaded on to the upper floor, which
consists of movable slats. Half-way through the drying period the floor is
tilted and the hops dropped to the lower level. The upper floor is then
reloaded. When the hops at the lower level are dry, they are removed and the
process is repeated. The lower deck may be fitted with trays to facilitate the
unloading. Qasts have also been developed [15] in which hops are collected
from the picking machine into bins which have open-mesh bottoms and are
mounted on rails. The hops remain in these bins during sulphuring, kilning,
and conditioning. Sulphuring is usually carried out first for about 30 min.
Several bins may then be loaded on to the kiln and dried in the traditional
manner or they may pass progressively over separate fan-heaters at different
temperatures. Continuous driers have been used on the Continent but not
extensively in Britain. Chemical methods for detecting the sulphuring of
hops have been described [48].

Most English hops are packed in strong jute and/or polypropylene sacks
about 2:1 m (7 ft) long and 0-6 m (2 ft) in diameter, called pockets. These
hold about 76 kg (1-5 cwt) of dried hops packed at a density of 137-145
kg/m3 (8:5-9 Ib/ft?). The empty pocket is suspended through a hole in the
cooling room floor beneath a press equipped with a circular foot and usually
operated by an electric motor. The base of the suspended pocket is supported
further by a strong canvas webbing belt. The cooled hops are pushed into the
pocket with a canvas shovel called a scuppet. When the pocket is full the
press is operated and then more hops are added. The process is repeated
until the pocket is tightly filled. The pocket is then supported on the webbing
belt while it is sewn up. The webbing belt is then released and the pocket
falls to the oast-house floor where it is stored until transported to the
merchant’s warehouse or coldstore.

In America, hops are packed in rectangular bales measuring 137 x 51 X 76
cm (4 ft6in x 1ft8in X 2 ft 6 in) containing about 90-7 kg (200 Ib) of hops
so that the density is about 108 kg/m? (13 1b/ft®). The baling press is essen-
tially a tall box with detachable steel sides in which a ram operates. The box
is lined with hessian and before the final filling a hessian cloth is placed over
the hops. While the hops are still compressed by the ram, the sides of the
box are removed and the two hessian cloths are sewn together. Bales are more
expensive to produce than pockets but occupy less space for transport and
storage. On the other hand, brewery workers prefer pockets which can be
rolled whereas bales have to be lifted. Also, tightly compressed hops disperse
less easily in the copper.

For export or when space is at a premium, bales (and sometimes pockets)
are compressed to half their original size and densities up to 577 kg/m?®
(36 1b/ft3) are achieved. Such compression causes no detectable effect on the
a-acid content of the hops but encourages a significant loss in essential oils,
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noticeably myrcene [16]. Microscopical examination shows that the majority
of the lupulin glands are ruptured in the highly compressed hops. Since
myrcene catalyses the oxidation of a-acid [17], it has been suggested that
extra compression could stabilize the «-acid content by allowing myrcene to
escape. A similar explanation can be advanced for the Weiner process for
stabilizing hops [18]. Here, the pocket or bale of hops is placed in a pressure
cylinder and subjected to a vacuum which causes the most volatile constit-
uents of the essential oil and considerable quantities of myrcene to be
removed. The vacuum is released by allowing carbon dioxide to enter the
cylinder. The pockets may then be stored normally or wrapped in polythene
sheeting.

Hops deteriorate on storage, in some cases significantly, before the next
season’s crop makes up 1009 of the hop grist (70-100 weeks). The chemical
changes undergone by both the resins and the essential oil are discussed in
Chapter 13, but one obvious feature is the development of a cheesy aroma in
old hops, due to the formation of volatile acids by oxidative cleavage of the
acyl side chains of the hop resins. The rate of deterioration appears to be a
varietal characteristic; some varieties, such as Bullion and Wye Target,
deteriorate much faster than others. The rate of deterioration also depends
upon temperature and is reduced by cold storage at 0-20°C (33°F). Aroma
hops, intended for late addition to the copper or dry hopping, must be cold
stored but it has been argued [19], without convincing most brewers, that this
is not necessary for copper hops added at the beginning of the boil (see [20]).

The acids responsible for the cheesy aroma are expelled during vigorous
wort boiling and some oxidation products of the hop resins are still capable
of bittering beer. In high «-acid varieties the ratio of «- to g-acids is usually
high (3: 1). When oxidation occurs, the amount of bitter g-acid oxidation
products produced is not sufficient to compensate for the loss of «x-acids, and
the bittering potential decreases. Low «-acid varieties, such as Hallertau,
Tettnanger, or Cascade, have a higher proportion of p-acids («: g = 1: 1).
Therefore the loss of «-acids is compensated for by -acid oxidation products,
and the bittering potential is virtually unchanged [21]. Until recently there
has been no accepted method for the analysis of these bitter oxidation
products of the hop resins and they are not included in estimates of the
a-acids. It follows therefore that «-acid analysis of partially deteriorated hops
will only give an imperfect guide to hopping rate and that this can be determined
more accurately from the a-acid content at harvest. Accordingly, the English
hop crop has been analysed for «-acid soon after harvest each year since 1970.
A sampling rate of 1 in 10 or 1 in 20 pockets is used. The hop storage index
(HSI) [21] is calculated from absorbance measurements made in the spectro-
scopic method for the analysis of the «- and B-acids in hops (see p. 433)
which is commonly used in America. From the hop storage index, estimates
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of the losses of a- and B-acids that have occurred during storage can be made,
and the initial level of - and B-acids in the hop computed. The hop storage
index cannot be obtained from the conductometric method of analysis of
a-acids commonly used in Europe.

12.5 Hop Products

Natural hop cones, normally dried and pressed, are a bulky product which
only contains 5-15 9 of active principles. Thus, any process of concentration
will reduce handling, transport, and storage costs. Mechanical concentration
is used to produce hop powders and pellets while solvent extraction is used
to manufacture hop extracts. In addition, the essential oil may be separated by
steam distillation.

12.5.1 HOP POWDERS
Three types of hop powder have been defined [22]:

Hop Powder. Any preparation made by grinding hops, without any mechanical
concentration.

Enriched Hop Powder. Any preparation made by grinding hops, with some
mechanical concentration.

Lupulin. A technically pure preparation of lupulin glands.

In order to produce hop powders the hops may be first dried at 65°C to
reduce the moisture content to between 69, and 7%. On account of their
inherent stickiness the hops are then cooled to between —35°C and —40°C
before being ground in a hammer mill. The hop powder produced will occupy
about one sixth of the volume of the hops used to produce it. Enriched or
concentrated hop powders [23, 24] are obtained by sieving hop powder at
—35°C when the fine particles contain the lupulin and brewing principles are
retained and the coarse particles, say 50 9, may be discarded. Further sieving
can give a powder that is essentially pure lupulin glands but with increasing
losses of a-acid and this is not normally necessary for brewing purposes.
Hop powders are not very convenient to handle and so they are usually
pressed, in the presence of liquid carbon dioxide, into pellets. The pellets are
then sealed into aluminium-PVC sachets in an atmosphere of nitrogen or
carbon dioxide.

Hop powders and pellets deteriorate on storage in the same manner as
hop cones [20]. Comminution increases the surface area and the risk of
aerial oxidation but the reduced volume allows packaging under an inert
atmosphere and/or a partial vacuum. Deterioration in cold store (0-4°C) is
less than at ambient temperature (10-30°C) but the loss of «-acid at ambient
temperature is considerably less than that experienced by baled hops of the
same variety [25, 26]. The replacement of whole hops in the copper by powder
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and/or pellets will only result in a small improvement in utilization but it
simplifies the separation of wort when a whirlpool separator can replace the
conventional hop back (see Chapter 15). Enriched hop pellets will be more
expensive to produce than normal pellets but if the capacity of the whirlpool is
limiting this may be justified. Enriched hop pellets are more convenient than
whole hops for dry hopping. Hop pellets containing bentonite are commerc-
ially available and in pilot scale brewing trials resulted in a 209, increase in
utilization [27]. Stabilized hop pellets [28] are prepared by mixing about 1%
w/w of magnesium (or calcium) hydroxide with the hop powder before
pressing into pellets. In the die the «-acids are converted into their more
stable salts. During the storage of stabilized hop pellets there is little loss of
bittering potential but some of the a-acids may isomerize into salts of iso-«-
acids. Stabilized pellets readily go into solution and are rapidly isomerized
during wort boiling. Stabilized pellets may be completely isomerized by
heating at 80°C for 2 hr with only small losses of B-acids and hop oil. Such
isomerized pellets give good utilization in the copper or may be used for dry
hopping [28].

12.5.2 HOP EXTRACTS [30]
Two types have been defined [22]:

Hop extracts. Any preparation prepared by solvent extraction of hops.
Isomerized hop extracts. Any preparation prepared by solvent extraction of
hops in which the «-acids have been isomerized.

Hops may be replaced partially or wholly in the copper by an equivalent
amount of straight hop extract but isomerized hop extract is usually added
later in the process. The preparation of isomerized hop extracts is discussed
later in Chapter 14 after consideration of the isomerization reaction. Many
solvents have been used to extract the brewing principles of hops; amongst
others hexane (b.p. 69°C), methanol (b.p. 64°C), methylene chloride (b.p.
40°C), and trichloroethylene (b.p. 87°C) have been used commercially. The
solution of resins and essential oils obtained is concentrated in a cyclone
evaporator, which minimizes heating time, and the final traces of solvent and
the more volatile essential oils are removed by heating the residue in a vacuum.
The extract is obtained as a viscous green syrup. One manufacturer combines
the solvent extract of hops with an aqueous extract of the spent hops as it is
claimed that the pectins, polyphenols, etc. in this fraction, provide a natural
base for the dispersion of the less soluble resins. Other manufacturers dilute
the solvent extract of hops with glucose syrup to a given «-acid content.
Solvent extracts of hops can contain up to 509 of «-acid dependent on the
variety of hops extracted. It is only economic to prepare extract from hops
rich in ¢-acid (i.e. > 8%). Since much of the essential oil is separated during
extract manufacture it is possible to use hops with a high resin content but an



404 MALTING AND BREWING SCIENCE

unacceptable ‘American’ aroma to prepare high quality extract with no trace
of the undesirable aroma.

Hop extracts are usually marketed in tins which only occupy 7% of the
space occupied by pockets, which makes them very suitable for export. Pure
resin extracts are stable when stored in sealed containers, either at 0°C or
25°C for at least six years. They are thus more stable than hops and, in years
when hops are plentiful and cheap on the open market, it may pay brewers to
lay down stocks of resin extract. Extracts which contain water-soluble
material are much less stable on storage.

The major question over the use of hop extracts is the problem of solvent
residues which, if present, introduce foreign substances into the beer. Not
only may they give an unacceptable taint to the beer but many commercial
solvents are toxic. In practice, traces of solvent in hop extract will be lost by
evaporation from a vigorous boil in a well-ventilated copper but probably not
completely from pressure coppers. Nevertheless the risk of solvent residues
make hop extracts unacceptable to many brewers. An important development,
therefore, is the use of carbon dioxide to extract hops. Carbon dioxide is a gas
at atmospheric pressure but at higher pressures it is liquified. Below the
critical temperature (31-1°C) a mixture of saturated liquid and vapour
exist together — liquid CO,. Above the critical temperature it is not possible to
liquify the gas no matter what pressure is applied. When hops are extracted
with supercritical carbon dioxide at 45-50°C and up to 400 atmospheres
pressure, most of the resins, essential oils and pigments are extracted. In
contrast, extraction with liquid CO, at 5-15°C and about 50 atmospheres
pressure selectively removes the important brewing principles. After evapora-
tion of the carbon dioxide a pale yellow extract is obtained which contains
40-44 9% of a-acids together with 8-acids and essential oils but which is free
of hard resins, polyphenols, fats, waxes and chlorophyll [31]. This high
quality extract with no possibility of organic solvent residue is finding wide
acceptance both for use in the copper and as the raw material for isomerized
extract manufacture [32, 33].

When a column of finely milled hops is extracted with liquid CO, at about
50 atm. pressure, chromatographic separation occurs. The early fractions are
rich in essential oil, the B-acids are concentrated in the middle fractions, and
the acids are found in the final fractions [34]. The early fractions (ca. 0-5 hr)
obtained at —20°C contains the bulk of the essential oil and is a suitable
material either for late addition to the copper or for dry hopping [35]. The
maximum solubility of the a-acids in liquid CO, occurs at 7°C and at this
temperature fractions can be obtained that are rich (66-70%) in «-acid.
These fractions, because of the low level of B-acids, are suitable for direct
conversion to isomerized extracts, The middle fractions, rich in B-acids butstill
containing «-acids can be used as copper extracts. Attempts are being made to
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chemically convert the -acid fraction into more valuable bittering materials.

Granular hop extract, which is commercially available, is prepared by
mixing hop powder with hop extract and pressing the mixture into pellets.
Such preparations have a similar level of «-acids to enriched hop powders
but lower levels of essential oil.

12.5.3 HOP OIL [36]

The essential oil of hops may be separated by steam distillation and is
commercially available. The industrial plant is fundamentally the same as the
analytical apparatus [37]: after condensation the oil separates from the
aqueous phase and is collected in a trap which allows the aqueous phase to
return to the boiler — a process known as cohobation. It follows that most
essential oil components will be lost during wort boiling from an open copper.
To overcome this, a few brewers add hop oil during conditioning. However,
some of the constituents of the essential oil are decomposed at 100°C so that
the aroma of hop oil can usually be distinguished from that of the hops
that produced it. Further, beers that have been dry-hopped are usually
preferred to those which have been treated with hop oil. A recent development
is the separation of the essential oil by steam distillation at 25°C under
reduced pressure (0-02 mm) which minimizes chemical changes [38]. This
gives rise to a stable emulsion containing 1000 to 2000 ppm of hop oil which
may be added directly to bright beer or beer at racking to produce beers with
a pleasant hop aroma similar to those obtained by dry hopping. Alter-
natively, liquid CO, extracts of hops contain the essential oil in its natural
form, unmodified by steam distillation, and can be used for imparting a good
hop aroma to beer. Liquid CO, solutions of the essential oil can be injected
directly into a beer main to give immediately beers with a good hop aroma
whereas traditional dry hopping requires 2-3 weeks. This method of addition
obviates the use of organic solvents or emulsifiers [39].

12.6 Varieties [40]
Until hop breeding started early in this century there had been little change in
the varieties or cultivars grown in the traditional regions. English Goldings
and Continental varieties such as Saaz and Hallertau Mittelfruh have been
grown for at least 250 years. Later, selections were made by individual
growers. For example, that made by Richard Fuggle of Brenchley, Kent, in
1875 was widely adopted and accounted for 77-8 9 of the English crop by 1950.
Hop breeding aims to satisfy both the brewer, who wants hops rich in
resin and essential oil that do not deteriorate rapidly, and the grower,
who wants varieties resistant to disease. In addition the grower wants
hops that will ripen at different times during the harvest season and which
will not shatter during machine picking. In Britain, hop breeding started
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at' Wye College, Kent, where many new varieties were raised by E. S. Salmon
between 1907 and 1954. In particular he aimed to produce hops with high
resin contents and for this purpose he introduced American hops into his
breeding programme. Of his varieties Brewers Gold (C9A), Bullion (Q43) and
Northern Brewer (WFB135) are the most important commercially today and
together occupy 459, of the West German, 659% of the Belgian, 6% of the
American, and 139 of the English hop growing area. These varieties are
considerably richer in resin (6~10 9 a-acid) than Fuggles or Goldings (3-6 %,
a-acid) but were not immediately accepted. Many American hops have a very
strong aroma and this feature was found in many of Salmon’s varieties. Thus,
although many British brewers accepted Northern Brewer, they rejected
Bullion and Brewers Gold on account of their ‘American’ aroma. Neverthe-
less, perfectly acceptable beers can be brewed from these hops if care is taken
to adjust the hop rate on the basis of the a«-acid content at harvest and
ensure that the copper is well ventilated to allow the escape of unwanted
volatile substances. Alternatively the hops may be processed into extract in
which the undesirable constituents of the essential oil are removed.

The spread of Verticillium wilt disease in the Weald of Kent in the 1930s
and later in the Hallertauer district of Germany placed new demands on
hop breeding programmes. All English commercial varieties were susceptible
to the disease for which there is no chemical control. W. G. Keyworth at
East Malling found that three of Salmon’s seedlings were resistant to the
disease. Keyworth’s Midseason (OR55) was intensively propagated and
distributed to wilt-infested farms but, on account of its ‘American’ aroma, it
was not popular with brewers. Another wilt-tolerant selection, Bramling
Cross (OT 48) was more acceptable. At that time the requirement was for a
wilt-tolerant Fuggle replacement and this was partly met by the introduction
of Janus (J2), Density (D1), and Defender (D3) in 1957 and by Whitbread’s
Golding Variety (1147). This last hop was originally raised by E. A. White in
1911 but it was only maintained on one farm until, in the thirties, it was
observed to be wilt-tolerant. Two further wilt-tolerant Fuggle replacements,
Progress (WE 1008) and Alliance (WE 1778), which were bred from Whit-
bread’s Golding Variety, were released in 1966 but by that time economic
pressures and technological advance dictated that the brewing industry
required high«-acid hops. Here Wye had anticipated the brewers’ requirements
and a series of new varieties were released in the 1970s (Table 12.2) of which
Wye Target and Wye Saxon are resistant to wilt. The three varieties: Wye
Northdown, Wye Challenger and Wye Target, together now comprise 45 %,
of the Engish hop area. The price of these high a-acid hops is partly determined
by their «-acid content and is adjusted for each 1% above or below the
standard values given in Table 12.2

Breeding programmes are also being carried out to develop varieties
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resistant to other diseases, in particular downy mildew. Plant breeders
aiming to produce resistance to one disease must also try to ensure that
their selections are not sensitive to another disease but this is not always easy
as Table 12.2 indicates. Most of the wilt-tolerant varieties are susceptible to
downy mildew but, in contrast to wilt, this can be partly controlled by
chemical treatment. Of the new varieties, Wye Northdown and Wye Challen-
ger are resistant to downy mildew. The relationships of many of the new
English varieties are illustrated in Fig. 12.5.

The most important hop growing areas of West Germany are Hallertau
(15 012 ha), Tettnang (1109 ha), Spalt (797 ha), Jura (512 ha), and Hersbrucker
Gebirge (169 ha), where traditional varieties, prized for their aromas, have
been grown for many years [41]. Following outbreaks of Verticillium wilt
in Hallertau, wilt-resistant varieties were planted so that more than one
variety is now grown in many areas. Somewhat surprisingly, Northern Brewer
and Brewer’s Gold, which are susceptible to English strains of Verticillium
wilt, were resistant to the German strain of the disease. Accordingly they were
widely planted in Germany together with Record, a Northern Brewer
seedling originally developed in Belgium. These hops are richer in resin but
lack the characteristic aroma of the traditional German varieties. This led to
a classification of hops into ‘“high-alpha” acid and ‘aroma’ varieties. The
‘alpha’ hops are added to the copper at the beginning of the boil and the
‘aroma’ hops are added later, e.g. 15 min before strike-off. However, such
distinctions are artificial as some of the new varieties combine high alpha
with a good aroma. Hop breeding started at Hiill in Germany in 1962 in
order to produce aroma varieties resistant to downy mildew but the appear-
ance of Verticillium wilt necessitated new breeding programmes. From these
Hiiller Bitterer was produced from Northern Brewer and a German male hop.
It is a medium-alpha aroma hop resistant to downy mildew and Verticillium
wilt which now occupies 9 %, of the West German hop growing area. Perle,
another Northern Brewer seedling with up to 99/ «-acid and a good aroma,
was released in 1978 and has been accepted by the German brewing industry
as being equivalent to Hallertau mittelfruh.

The second most important continental hop-growing country is Czecho-
slovakia where 759 of the crop is grown in the Saaz area around Zatec,
fifty miles north-west of Prague. Hops are grown in two areas of Yugoslavia —
in the Savinja Valley of Slovenia (2135 ha) and in the Backa region of Serbia
(1002 ha). In Slovenia the major variety is the Savinski or Styrian Golding,
a direct descendent of Fuggle. Breeding has resulted in the so-called Super
Styrians: Aurora, Atlas, Apolon, and Ahil. The first of these is related to
Northern Brewer, the others to Brewer’s Gold. The majority of French hops
are grown in Alsace although some are grown in Flanders adjacent to the
Belgium growing area around Poperinghe. In both these countries Brewer’s
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Gold and Northern Brewer are grown; in France an old variety Strisselspalt
is also grown while in Belgium Hallertau, Record, and Saaz make up the crop.
A considerable number of hops are grown in Poland, East Germany, and
Bulgaria but these, like those grown in the Soviet Union, do not normally find
their way into Western European markets.

In the United States hops are now grown along the western seaboard
in the states of Washington (8637 ha), Oregon (2215 ha), Idaho (1081 ha),
and California (593 ha) [40, 42]. The major varieties are Early, Late, and
California Clusters. These are medium-alpha varieties with characteristically
strong aromas which are sensitive to downy mildew. Yakima Cluster (L-1)
is a high yielding early maturing selection and L-8 is a Late Cluster selection;
these are now the major strains grown in Washington State. Talisman
resulted from a open pollenated seedling of Late Cluster. It is a medium-alpha
hop grown in Oregon and Idaho. High-alpha hops grown in the United
States include English (a collective trade term for Bullion and Brewer’s Gold)
and Comet, a selection from a cross between Sunshine (bred at Wye) and an
American male hop. Low-alpha aroma hops grown in the United States
include Fuggle, Hallertau, and Tettnang but the major hop in this class is
Cascade, an open pollenated seedling with Fuggle and the Russian Sere-
brianka in its pedigree. Also in this class are the triploids Columbia and
Willamette which were bred from the tetraploid Fuggle-T.

In Australia, Pride of Ringwood was bred from a cross between the
English variety Pride of Kent and a Tasmanian male hop. This high-yielding,
high-alpha selection now occupies most of the Australian hop growing area in
both Victoria and Tasmania. In Japan also, one variety, Shinshuwase,
occupies 959 of the hop growing area. In New Zealand varieties resistant to
Phytophthora root rot were developed in the 1960s namely First Choice,
Smooth Cone and CaliCross. From these, naturally seedless triploid varieties,
Sticklebract, Harley’s Fulbright, and Green Bullet have been developed.
Another new variety Super Alpha is a tetraploid hop reported to produce
high yields with up to 159, of «-acids.

12.7 Marketing
Hops are only grown to meet the requirements of the brewing industry

(Table 12.1) so it is in both the growers’ and the brewers’ interest that supply
equals demand. Both West Germany and the United States of America
export over 50 %, of their production and Czechoslovakia, Yugoslavia, and
Australia are significant exporters. Other countries produce hops essentially
for their own consumption.

In West Germany there is a completely free market with no regulation
of production and no control of price. Growers make forward contracts
for most of their crop with merchants who collect hops from the farm,
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grade them in their own warehouses, then sulphur, dry and pack them.
All hops are sealed and given a certificate as to origin and weight by a local
official. Prices are set by free negotiation for forward contracts or for spot
purchases at or after harvest time. There are thus large fluctuations in price
from year to year. Encouraged by EEC subsidies the area of hops grown in
West Germany doubled so that in the mid-70s there was a serious over-
production of hops, the price fell to a twenty-year low, and many brewers
laid in stocks of either hops or extract. Although the price paid did not cover
production costs few farmers went out of hops. Most German hop farms only
grow a few hectares, largely with family labour, and the capital costs involved
in wirework, driers, etc., are not readily redeemable. However, EEC grubbing
grants have helped to reduce the West German hop growing area towards a
more economic level. Another factor has been the replacement of the tradi-
tional aroma varieties with high-alpha varieties, thus increasing the production
of x-acids even more than the production of hops.

In the United States, the Hops Administrative Committee controls
production but not price. Each grower has a basic quota and an annual quota
based on the prospect of total sales. Most prices are negotiated as forward
contracts between the grower and the dealer on one hand and between the
dealer and the brewer on the other. American hop farms are much larger than
their European counterparts and their production costs are undoubtedly lower.

In Britain between 1932 and 1972 the Hops Marketing Board controlled
the supply of hops to meet the brewers’ requirements and regulated the price
on a cost-accounting basis. The grower had a guaranteed price for the bulk
of his crop — the annual quota. On the other hand, in years of shortage when
all their requirements could not be met, brewers got a large percentage of
their needs at a stabilized price. Such tight control was only applicable to a
self-contained domestic market and was contrary to the requirements of EEC
membership. It inhibited both the import and export of hops. Since 1977 the
Board has offered Primary Indexed forward contracts to brewers, which
contain inflation clauses and, for high-alpha hops, adjustment for deviation
from the standard «-acid content (Table 12.2). These controls are for
specific growths of hops. Under British practice the brewer who bought hops
from a particular garden or yard in one year has the first offer or ‘call’ on the
hops from the same garden in the following year. After the Primary contracts
have been settled the Board will offer the brewers Secondary Indexed contracts
fora named variety but not for a specific growth. Alternatively the brewer may
make spot purchases at or after harvest of uncommitted English or foreign hops.

All hops consigned to the Board are graded both on the basis of hand
evaluation and «-acid analysis. High-alpha hops will be placed in one of two
grades on the basis of hand evaluation and the price will also be adjusted on
the basis of the a-acid content. For other (aroma) varieties three grades are
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determined by hand evaluation: choicest, grade I and grade II.

Merchants show great skill in the hand evaluation of hops. Usually
three samples are cut from a pocket using a sharp knife. From the nature
of the cutting action an experienced examiner can tell whether or not the
hops are under-dried. He then inspects the sample visually taking note of the
colour and brightness of the sample, the uniformity and wholeness of the
cones, the amount of extraneous matter such as leaves, strig and seeds, and
any damage due to pests or diseases. EEC regulations require that commercial
hops shall not contain more than 69, w/w of leaf and stem. Finally the
merchant rubs a sample of the hops in his hand and sniffs the aroma. From
the stickiness of the rub he can make a rough estimate of the amount of resin
in the sample. This part of the evaluation has been superceded by chemical
analysis of the «-acid, but no instrument can replace the human nose in
assessing aroma.

12.8 Hop diseases [1,2]

Growing hops are liable to attack by both fungi and viruses. Severe attacks
can result in the partial or complete loss of a crop and those hops which
are salvaged will probably receive a low valuation. Accordingly, most
growers take control measures against diseases which are prevalent in their
locality. In Britain, the most important diseases are downy mildew, powdery
mildew, and Verticillium wilt of fungal origin, and the virus diseases: nettle-
head, mosaic, and split-leaf blotch.

12.8.1 DOWNY MILDEW -

Downy mildew is caused by the fungus Pseudoperonospora humuli (Miyabe
and Tak.), G. W. Wilson. It was first observed in Japan in 1905 and in the
United States in 1909. At that time hops were grown in the United States
along the east coast and the incidence of downy mildew was one of the major
factors which determined the transfer of the hop-growing industry to the west
coast. In Britain the disease was unknown before 1920 but since then it has
spread to all the hop-growing areas and some infection can be found in most
gardens. Epidemics can readily occur under suitable weather conditions
if control measures are not carried out. As discussed above, new varieties
resistant to downy mildew are now available.

The fungus is an obligate parasite for hops that overwinters as mycelium
-in an infected rootstock. In spring when the buds on the crown start to
lengthen, those infected with the mycelium produce thick stunted primary
basal spikes which are the most characteristic symptom of the disease
(Fig. 12.6). On the undersides of the leaves of these spikes are thick black
patches of sporangiophores which release the sporangia (Fig. 12.7) which
infect the whole of the growing plant. Near-by healthy shoots may become
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Fig. 12.6 Hop plant infected with downy Fig. 12.7 Downy mildew (Pseudoperono-
mildew. spora humuli).
Left: Healthy shoot. Right: Basal spike. Sporangiophore with sporangia.

infected and form secondary basal spikes. Infection of the growing tip of the
bine will cause extension to cease and a terminal spike will be formed.
Infection will also be rapidly transmitted to the leaves, the flowers, and the
cones. If sporangia land on a flower or ‘burr’ no cone will develop. If they
infect the cone later, a proportion of the bracts and bracteoles will become
brown giving the hop a variegated appearance which will receive a low
valuation.

Control involves the regular inspection of all the plants in the garden from
early spring when the first shoots appear. All infected basal spikes should be
removed together with the lower leaves, which would be the first to be
infected. All infected material should be burnt.

Traditional treatment of downy mildew involved the use of Bordeaux
mixture or other forms of copper but this is being replaced by systemic
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fungicides such as Metalaxyl (Ridomil ®) [43]. Application of Ridomil
as a soil drench when the hop plants were 10-15 cm high followed by a foliar
spray after 10—12 weeks has resulted in a crop free of all symptoms of downy
mildew in a year when climatic conditions favoured the disease. Alternatively,
fungicides may only be applied when climatic conditions favour infection [44].

Once the rootstock has been infected the mycelia may persist in it for at
least four years, even if no further infection occurs, so control measures must
be carried out each year. A very severe infection may kill the rootstock and
badly infected hills should then be grubbed and replaced by healthy material.

12.8.2 POWDERY MILDEW
Mould, white mould, red mould or powdery mildew are synonyms for
the disease produced by the fungus Sphaerotheca macularis (Wallr. ex
Fries) Jaczewski. The spores overwinter in the soil and usually mature in
May when they are ejected forcibly from their cases into the air and land on
young shoots or leaves. Here myriads of spores develop which are readily
dispersed through the garden. The spores landing on a leaf germinate under
humid conditions and cover the surface with hyphae. The damage to the
leaves is rarely serious but becomes so if the fungus alights on a burr or
immature cone. In late summer the fungus forms red spots or patches on
leaves or mature cones. Within these red patches minute black spore cases
form which fall to the ground when the cones shatter and so repeat the cycle.
For powdery mildew the systemic fungicide Triadimefon (Bayleton) is
replacing traditional treatments with sulphur or dinocap. Spraying should
start in April when the plants are about 0-3 m high.

12.8.3 VERTICILLIUM WILT
Two strains of Verticillium albo-atrum Reinke and Berth, are recognized:
(i) the mild strain (‘fluctuating’), non-lethal with symptoms fuctuating
in extent and intensity in the field, and (if) the virulent strain (‘progressive’),
lethal to Fuggle and other sensitive varieties in which there is a progressive
spread in the field; in tolerant varieties this strain is not lethal and causes
symptoms resembling those induced by the mild strain [45]. The two strains
can only be distinguished by the reaction of a sensitive host, such as Fuggles.
They cannot be distinguished in artificial culture. The mild strain was first
recognized in a garden at Penshurst, Kent in 1923 but it appears to be quite
common in some soil types and is found in most hop-growing countries. The
severity of the disease it produces is dependent on drainage and other
environmental conditions and so varies, or fluctuates, from year to year.

In 1930 a new virulent strain arose in a Fuggle garden near Paddock Wood,
Kent, which rapidly killed infected plants. By 1962 over half the farms in the
Weald of Kent and in Sussex had been infected, but fortunately the disease
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has been largely contained within this area and only isolated outbreaks
have occurred in other hop-growing areas of Britain.

If a hill, killed by progressive Verticillium wilt, is allowed to disintegrate,
the dead infected plant material will rapidly transfer the disease to the
adjacent hills and so through the garden. Wind-blown fragments and infected
soil on boots and wheels may well be responsible for introducing the disease
to other gardens.

Fig. 12.8 Verticillium wilt (Verticillium albo-atrum). (a) Conidiophore; conidial heads, and
conidia; (b) Groups of conidiophore; (c) ‘Dark mycelium’; (d) Conidia.

The infecting organism (Fig. 12.8) enters the roots of the host from the
soil where it occurs either as spores called conidia, or as mycelium in infected
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debris. The dark coffee-brown mycelia then spread through the vascular
system of the bine to the leaves which develop a characteristic ‘tiger stripe’,
become progressively yellow, then brown, and gradually wither and drop off.
The base of the bine may thicken and it becomes easily detached from the
rootstock. It is very difficult to distinguish between fluctuating and progressive
wilt and if either form is suspected expert advice should be sought without
“delay. The Progressive Verticillium Wilt Disease of Hops Order 1965 requires
the immediate notification by the grower of a suspected outbreak. With
progressive wilt the symptoms may appear any time from May onwards and
the bines infected usually die within a few days or weeks. With fluctuating
wilt the symptoms seldom appear before July and only a proportion of
the bines in any hill become infected. The mycelia enter the roots of both
wilt-sensitive and wilt-tolerant varieties but in the latter they do not usually
penetrate the endodermis, the layer of cells surrounding the vascular system
[46]. If the mycelia do enter the vascular system, balloon-shaped intrusions
called tyloses may develop to obstruct the passage of the mycelia up the bine,
These two defence systems are not absolutely efficient and so fluctuating wilt
develops.

Control of fluctuating wilt may be achieved by cutting out and burning
the infected bines but it is not usually necessary to dig up and burn the
rootstock which may not show any symptoms the following season. For
progressive wilt, the Order in Council referred to above requires (i) that the
grower shall burn on his premises all dead and dying bines and leaves from
infected plants, (if) that the infected rootstocks and those of adjoining hills
shall be lifted and burnt, (iii) that land so grubbed must not be replanted
except under licence, and (iv) that the movement, for planting elsewhere, of
any hop material from a farm known to have carried wilt is prohibited. It is
common for hop farmers to restrict entry of people on foot, animals, and
vehicles into hop gardens as far as possible in order to prevent conidia and
mycelia of the organism being carried in from affected gardens on feet or
tyres.

The virulent strain of V. albo-atrum will remain in the soil for 3-4 years
after an initial infection and chemical disinfection of the soil has had only
limited success. The disease can be eradicated from the soil by growing
non-susceptible plants such as grasses but it is essential that certain weeds are
eliminated. Groundsel, for example, is a symptomless carrier of the disease.
In the Weald, where there is a higher chance of reinfection, most gardens that
have been attacked by progressive wilt have been replanted with wilt-tolerant
varieties. This is not the practice elsewhere because the tolerant varieties could
become symptomless carriers of the disease.

Other fungal diseases which infect hops from time to time are canker
(Gibberella pulicaris (Fr.) Sacc.), armillaria root rot (Armillaria mellea
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(Fr.) Quel.), phytophthora root rot (Phytophthora citricola (Sawaba), and
sclerotinia canker (Sclerotinia sclerotiorum (Lib.) de Bary).

12.8.4 VIRUS DISEASES

Nettlehead, first described in 1894, is economically the most serious of the
virus diseases. At least two viruses are involved: Arabis mosaic virus and
Prunus necrotic ringspot virus. Both are sap-transmissible and the former is
carried by the eelworm Xiphinema in the soil. The same two viruses are also
responsible for another virus disease, split-leaf blotch.

Plants showing symptoms of nettlehead should be grubbed and the land left
fallow for two years (or eighteen months if treated with dichloropropene)
before being replanted with stocks certified as being free of the disease.

Before 1950 mosaic was regarded as being a lethal disease but since
then a mild strain of the virus has appeared. Hops infected with the latter
usually survive but with loss of vigour and yield. It is thought that all hops
can become infected with the virus, but while Goldings show the symptoms of
the disease others, including Fuggles, WGV, Bullion and Northern Brewer,
are symptomless carriers. For this reason Fuggles and Goldings should never
be planted in the same or even in adjacent gardens. The disease is spread by
the winged form of the damson-hop aphid which sucks sap containing the
virus from infected plants and transmits it to those which are healthy.
Infected plants should be grubbed immediately and replaced by clean stock.
Aphids should be controlled.

12.9 Pests [1, 2]

At least forty different insect species have been recorded as living on the hop,
but only a few of these are of economic importance and the control methods
necessary to combat these usually keep the others in check. The most serious
pest on the hop is the damson-hop aphid or hop-fly (Phorodon humuli

Fig. 12.9 Damson-hop aphid (Phorodon humuli Schr.).
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Schrank) (Fig. 12.9). As its name implies this insect has a complex life-cycle
infesting two host plants. It spends the winter as shiny black eggs in the bark
of Prunus spp., notably damson or sloe (blackthorn), but occasionally plum.
In early April, wingless female insects hatch out and give birth to live young
which rapidly multiply. After several generations winged females arise which
then migrate to the hop, infesting the undersides of the leaves and the growing
points. Once on the hop the insects continue to reproduce as wingless females
(plant lice or nits) and, if control measures are not taken, will rapidly infest
the whole plant including the cones. Infested cones will receive a low valuation
and may be unsaleable. The American Society of Brewing Chemists give
methods for estimating the number of aphids in a sample of hops [47].

The migration on to the hop usually starts in mid-May and continues until
mid-July with maximum activity in early June but in some years migration has
continued well into August. This makes control difficult because once aphids
enter the cones insecticidal sprays cannot reach them. Normally, spraying
with systemic organophosphorus insecticides starts as soon as the insects
appear on the hop plant and is repeated as necessary. Every effort is made to
eliminate the pest before burr formation in late July. The organophosphorus
insecticides are extremely toxic and residues must not remain on the hop at
harvest. Aphids develop resistance to systemic organophosphorus insecticides
and new agents are required every few years. At the time of writing mephos-
folan as a soil drench in May is a popular treatment.

Those aphids which survive the summer on the hop produce winged forms,
both male and female, in early September which migrate back to the damson.
Here wingless females are born which lay the eggs that survive the winter. It is
obviously desirable to eliminate Prunus spp., which can act as host to aphids
and the prunus necrotic ringspot virus, from the vicinity of the hop garden.

Fig. 12.10 Hop flea beetle (Psylliodes attenuata, Koch).

The red spider (Tetranchus urticae, Koch) was a major pest on the hop but
with the use of organophosphorus insecticides it virtually disappeared.
However, resistant strains appeared in the late 1960s which responded to
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dicofol but it now seems that strains resistant to this acaricide are developing.
The hop flea beetle (Psylliodes attenuata, Koch) (Fig. 12.10) which emerges in
late April and early May and can eat holes in young leaves, can usually be
controlled by dusting with DDT.

Other pests which may infect hops include the clay-coloured weevil
(Otiorrhynchus singularis L.), the hop root weevil (Epipolaeus caliginosus F.),
wireworms (Agriotes spp.), leather-jackets (Tipula spp.), slugs, and eelworms.
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Fig. 12.1]1 Some agricultural chemicals used in hop production.
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It will be seen from the foregoing that farmers have to use a wide range of
powerful agents (Fig. 12.11) to produce high yields of good quality, undamaged
hops. Brewers are worried that residues from these chemicals may persist on
the hops at harvest and so find their way into the beer. (The detection of such
residues is a difficult analytical problem.) Hop varieties selected for resistance
to disease, which require minimal chemical treatment, would be preferred but
the breeding of a variety resistant to all the pests and diseases which can
attack hops is unlikely.
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Chapter 13

THE CHEMISTRY OF HOP
CONSTITUENTS

Commercial hops have approximately the following percentage composition :

1. Water 10-0
2. Total resins 150
3. Essential oil 05
4. Tannins 4-0
5. Monosaccharides 2:0
6. Pectin 2:0
7. Amino acids 01
8. Proteins (N x 6-25) 150
9. Lipids and wax 30
10. Ash 80
11. Cellulose, lignin, etc. 40-4

100-0

Of these constituents, the resins and essential oil are peculiar to the hop and
are responsible for its brewing value. In wort boiling tannins, sugars, amino
acids, and proteins derived from the hop will go into solution and react as
discussed in Chapter 14 but in general the larger proportion of these consti-
tuents in beer will be derived from malt. The chemistry of the resins and
essential oil will be discussed in this chapter. During wort boiling, the «-acids
are isomerized into iso-a-acids but discussion of this most important reaction
is deferred until Chapter 14.

13.1 Hop resins [1, 2, 3]
Authoritative recommendations concerning the nomenclature of hop resin
components, published in 1969 [4], defined inter alia:

(a) Non-specific fractions

Total resins. The part of the hop constituents which is characterized by
solubility both in cold methanol and diethyl ether (mainly hard resins, un-
characterized soft resins, a-acids, and p-acids).

422



THE CHEMISTRY OF HOP CONSTITUENTS 423

Total soft resins. The fraction of the total resins which is characterized by
solubility in hexane (mainly a-acids, f-acids, and uncharacterized soft resins).
Hard resins. The fraction of the total resins which is characterized by in-
solubility in hexane. It is calculated as the difference between total resins
and total soft resins.

B-fraction. The total soft resins minus a-acids.

Uncharacterized soft resins. That portion of the total soft resins which has
not been characterized as specific compounds.

(b) Specific compounds and mixtures of specific compounds

The a-acids. These are mainly humulone, cohumulone, and adhumulone.
The B-acids. These are mainly lupulone, colupulone, and adlupulone.

The physical properties and structures of the individual «-acids and B-acids,
as given in the recommendations [4], are presented in Table 13.1, together
with some data on minor constituents. Other specific compounds defined are
discussed in Chapter 14.

The total resins and the total soft resins are to be determined by methods
recommended by the German Commission for Brewing Analysis [S5]. Agreed
procedures are necessary because differences based on solvent solubility are
not absolutely clear cut and some constituents may distribute between the two
fractions. The provision that the total resins should be soluble in cold methanol
is included to distinguish between the resins and wax. Hop wax, a mixture of
long chain alcohols, acids, esters, and hydrocarbons, together with B-sito-
sterol [6], will slowly crystallize from a cold methanolic solution but the
process is not quantitative [7].

In the older literature, the hard resins are sometimes described as the y-
fraction while the 3-resin is that part of the hard resin which is soluble in
water.

The a-acids can be separated from other soft resins by their ability to form
a lead salt which is insoluble in methanol. Thus, when a methanolic solution of
lead acetate is added to a methanolic solution of the soft resins, a bright
yellow precipitate forms which can be recovered by filtration or centrifugation.
For quantitative recovery of the lead salt of the «-acid, it is necessary to avoid
an excess of the lead acetate reagent. Free Pb?+ ions can be detected by the use
of sodium sulphide as an external indicator or by observing the increased
electrical conductivity of the solution. The «-acids may be recovered from the
lead salts by treating a suspension of the powdered salt in methanol either with
an equivalent quantity of sulphuric acid or by passing a stream of hydrogen
sulphide when the a-acids go into solution leaving an insoluble inorganic
residue. The latter technique is probably quicker but should be avoided if the
a-acids are to be introduced into beer at a later stage. Concentration of the
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filtrate affords the «-acids as a pale yellow oil from which humulone may
slowly crystallize on storage.

Concentration of the filtrate after precipitation of the lead salts of the
a-acids affords a crystalline B-acid, but in practice it is often more convenient
to dilute the residue with brine and extract the soft resin constituents into
light petroleum. Lupulone was first isolated by Lermer in 1863 when it
crystallized directly from an extract of continental hops. Humulone (1) and
lupulone (2) were the only hop resins characterized before 1950. Their
structures, except in minor detail, were worked out by Wollmer and Wieland.
The main reactions are set out in Fig. 13.1. A more detailed account with an
extensive bibliography is given elsewhere [1, 2, 3]. In 1952 the heterogeneous
nature of the a-acids was shown by counter-current distribution and partition
chromatography when two further analogues, cohumulone, and adhumulone,
were isolated. Their chemistry closely paralleled that of humulone and it was
found that the individual a-acids only differed in the nature of the acyl side-
chain (R) (Table 13.1). Trace amounts of further analogues, pre- and post-
humulone also occur.

The B-acids were found to be a similar mixture of analogues. Although they
are too sensitive to oxidation to be resolved by counter-current distribution,
they could be converted to tetrahydro-humulones (9) (Fig.13.1) which can be
separated by this technique. It was thus found that although the -acid which
crystallized from continental varieties of hops was indeed the isovaleryl
analogue, lupulone, that from English and American varieties was the
isobutyryl analogue, colupulone. In addition, adlupulone and an analogue
with a 4-methylhexanoyl side-chain are found (Table 13.1).

Separation of individual analogues by counter-current distribution,
partition, or reversed-phase chromatography is a lengthy process. A mixture
of a-acids and {-acids can be resolved into the individual analogues by gas
chromatography of the trimethylsilyl derivatives, by high pressure liquid
chromatography [8], or analysed by proton magnetic resonance spectroscopy
[9]. Alternatively, the acyl side-chains of «- and B-acids can be oxidized with
alkaline hydrogen peroxide and the mixture of isovaleric, isobutyric, and
2-methylbutyric acids formed analysed by gas chromatography. The same
mixture of acids can be obtained by pyrolysis of the lead salts of the a-acids.
Using these and similar techniques it has been established that the proportion
of adhumulone in the «-acids is fairly constantly 10~159%, of the mixture
but that the proportion of humulone and cohumulone varies with the variety
of the hop examined (Table 13.2). Thus Hallertau hops contain approx-
imately 209, of cohumulone in their a-acids, whereas Bullion may have
40-50 9, of the co-compound. With regard to the B-acids it is found that this
fraction is always richer in the isobutyryl analogue than the a-acid fraction
and a regression equation has been calculated to relate the two proportions [10].
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TABLE 13.2
The dependence of a-acid composition upon variety

Variety Cohumulone in «-acids
(%)

Hallertau 19-5
Wye Saxon 21
Saaz 22
Wye Challenger 26
Bramling 27
Wye Northdown 29
Fuggles 30
Eastwell Golding 30
Whitbread Golding Variety (1147) 32
Cascade 33
Bramling Cross (OT 48) 325
Northern Brewer 31
Wye Target 36
US Cluster 39
Keyworth’s Midseason (OR 55) 43
Brewer’s Gold 43
Bullion 46
Humulus neomexicanus 65

The percentage of colupulone in 8-acid is:
0-943 (% cohumulone in «-acid) + 20-2

The «-acids form crystalline adducts with 1,2-diaminobenzene (o-phenylene
diamine) and repeated recrystallization of the adduct of the mixed «-acids from
benzene or cyclohexane affords the humulone complex, m.p. 118°, free of that
of cohumulone. Decomposition of the adduct with hydrochloric acid gives
pure humulone.

It is difficult to write a single structure for the majority of hop resins
because they exhibit keto-enol tautomerism whereby ketones exist in equili-
brium with the related enol:

OH
N II \C—(lf
SH-C= — =0
ketone enol

With an isolated carbonyl group, as in acetone (15), the equilibrium lies well
on the ketone side:

(0] (l)H
CH,—C—CH, = > CH,;—C=CH,
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but B-dicarbonyl compounds, such as acetylacetone (16), exist largely in the
enol form which is stabilized by hydrogen bonding:

0 ' g
| I p— — .
CH, C-CH,-C-CH, H c/C*C/C\ CH H,C-C_ ~C-CH,
3 H 3 H
16

Most of the hop resins contain $-di- and B-tri-carbonyl functions which are
enolized. It is seldom possible to isolate the individual tautomers but estimates
of the relative proportions can be obtained by proton magnetic resonance
(PMR) spectroscopy and other physical methods. Irrespective of the major
component a tautomeric mixture can react in any form; if, for example, a
minor tautomer is consumed in a reaction it will be regenerated from the
major tautomers, according to the equilibrium, until the reaction is complete.
Thus phloroglucinol, the parent of the hop resin, exists almost entirely in the
trienol form (17) but can react as cyclohexone-1,3,5 trione (18) to form a tri-
oxime (19).

OH o) NOH
HO™ t “~OH oJi‘:Lo HONQNOH
17 18 19

~ PMR measurements show that humulone exists principally as a dienol.

Of the possible tautomer structures (1a-d), structure la is thought to represent
the major tautomer; structures 1b and 1d are excluded on the basis of optical
rotatory dispersion measurements andla was preferred over 1c by comparison
with model compounds [11].

OH o) OH OH ?H
R! COR R? COR R! .COR R!: C\R
HO” ¢ O HO” ¢ “OH 07> ¢ “OH 07 ¢ 0
HO R! HO R! HO R! HO R!

1a 1b 1c 1d
R=CH,-CH(CH;),
R!=CH,-CH=C(CH,),
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Similarly by PMR measurements the B-acids were found to exist as a mixture
of two tautomers (2a) and (2b) in the proportions 7: 3 [12].

All the natural o- and B-acids have been synthesized. Phloroglucinol is first
acylated to give the desired phloracylphenone (20), which is then alkylated

OH OH
R.CO(gll-/AlCl. COR
RCN/HCI1
I _
HO OH HO OH
17 20

with 1-bromo-3-methylbut-2-ene (isoprene hydrobromide) (22). Isoprene
hydrobromide is made by 1, 4-addition of hydrogen bromide to isoprene (21).

HZC:\\ H3C
/C —C\\H + HBr —> k=CH' CH,Br
H3C CHz HJ
21 22

Alkylation can give a mixture of mono- (23), di- (24) and (25), tri- (26) and
tetra- (27) isoprenylated derivatives. Using one molecule of alkylating agent
and base the mono-substituted derivative (23) can be obtained in good yield
and by reaction in liquid ammonia the tri-isoprenylated derivatives (26) or
B-acids can be obtained in up to 70 9 yield [13, 14]. It is more difficult to stop
the alkylation after di-substitution and the deoxyhumulones (24) can only be
obtained in 10-209; yield [15, 16, 17]. The di-substituted derivative (25) and
the tetra-substituted derivative (27) (lupones) [16] have been synthesized but
neither have been detected in hops. The mono-isoprenylated derivatives (23)
have been found in hops [18] and the mono-isoprenylated chalcone xantho-
humol (28) is the major constituent of the hard resin. Deoxyhumulones (24)
are present in mature hops but the concentration is only about 0-3 % [19]. The
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N OH 0
\ OH COR COR
COR HO OH HO OH
HO OH
23 F P N
24 25
| OH
_ COR
0 o)
= §
27

oxidation of deoxyhumulone (24) to humulone in the hop plant is stereo-
specific, probably enzymatic, giving rise to (R)(—)-humulone (1) [11]. In vitro
when deoxyhumulones are dissolved in a methanolic solution of lead acetate
and shaken in an atmosphere of oxygen they are converted, in low yield, into
the lead salts of racemic a-acids. Racemic (+4)- humulone has not been
resolved into its optically active forms. With improved yields these processes
are the basis of a commercial process to produce synthetic x-acids and iso-
a-acids [20].

HO OH H(HZ @OH

o
HCO

28 Xanthohumol

The biosynthesis of the hop resins occurs by similar routes. Experiments
with radioactively labelled substrates have established that the phloroglucinol
nucleus is formed from three molecules of acetic acid and not from sugars or
shikimate. The acyl side-chains are formed from amino acids or intermediates
in their biosynthesis. Thus, in humulone and lupulone they arise from leucine,
in the co-analogues from valine, and in the ad-analogues from isoleucine. The
amino acids themselves undergo transamination and decarboxylation to give
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the coenzyme A esters of isovaleric acid, isobutyric acid, and 2-methylbutyric
acid respectively. It is proposed [18] that these residues combine with malonyl-
CoA to give the polyketide (29) which isisoprenylated to (30) before cyclization
to the mono-isoprenylated acylphloroglucinol (23). This is then isoprenylated
further to deoxyhumulone (24) and the B-acids (26). However, phloro-
isobutyrophenone glucoside has been isolated from hops which suggests that
cyclization of the polyketide (29: R = Prf) can also occur before isoprenyl-
ation. The biological isoprenylating agent is either isopentenyl pyrophosphate
(32) or yy-dimethylallyl pyrophosphate (33). These intermediates are also
built up from acetic acid via mevalonic acid (31) as shown in Fig. 13.2. The
degradation of the humulone produced in a hop plant after injection with
(CH3COONa) gave fragments labelled in agreement with the proposed
scheme [21]. The same intermediates are probably responsible for the bio-
synthesis of the essential oil constituents (see p. 447).

CH, CH, CH,
=0 +¢~OH +(OH
CH;*COOH — 1+ ¢y, — cfi, cH, > cfi, cH,
*c':oon *éOOH HOOC* *COOH HOH,C* *COOH
31 Mevalonic acid
29 R-CO-CH,*CO-CH,-CO-CH,-CO-S-CoA j o
ch, ., 9 9% ., x L
/ ;C=CHCH20-P-0-1I>-0H “«— ;C—CHZ-CHZ-O-II’-O-IID-OH
CH; OH OH CH, OH OH
33 Dimethylallyl pyrophosphate 32 Isopentenyl pyrophosphate

O O O o

R S-CoA OH
~ COR

| HO OH

23
30

Fig. 13.2 Biosynthesis of hop resin intermediates.

In the fresh hop the «- and B-acids make up the bulk of the soft resin; the
deoxyhumulones contribute to the uncharacterized soft resins. Only the
o-acids have brewing value. The major constituent of the hard resin is
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xanthohumol (28). During storage of hops, powder, pellets, and, to a lesser
extent, extracts, the «- and -acids undergo oxidation. Some of these oxidation
products are capable of bittering beer and thus compensate, to some extent,
for the loss of «-acids.

Some of these oxidation products are soluble in hexane and are thus
uncharacterized soft resins. Others are more polar, insoluble in hexane but
soluble in ether; these are hard resins. However, even for those oxidation
products which have been characterized (see later) the relative solubilities are
often not reported, so it is impossible to classify them according to the above
scheme.

13.2 Analysis of hops and hop products [22, 23]

There is little international agreement about the methods used for the analysis
of hop resins. In Central Europe the classical Wollmer fractionation is often
required. Elsewhere in Europe and in Britain the lead conductometric
analysis for a-acids is the basis for commercial transactions. In the United
States the spectrophotometric method for the estimation of a- and f-acids is
commonly employed. Modified methods are often required for extracts. The
special methods required for isomerized extracts are discussed in Chapter 14.

Sampling of hops is extremely difficult due to their heterogeneous nature
and to the fact that mechanical treatment will dislodge the lupulin glands from
the cones [24, 25, 26]. At least five or ten samples should be taken from a pile
of uncompressed hops (approx. 200 g) and with pressed hops 109 of the
number of pockets which make up a purchase should be sampled using a
suitable tool. Samples should be tightly pressed in sealed tins for despatch and
and storage. Such tins should be allowed to attemperate for two hours before
being opened and samples should be weighed as quickly as possible as hops
rapidly gain or lose weight if not in equilibrium with their surroundings. Hop
extracts, especially those with water soluble materials, readily separate into
layers. Accordingly, hop extracts should be heated in their tins in a water bath
at 40°C for 30 min and then well mixed before sampling.

The moisture content of hops may be determined by (i) drying in an oven at
102-107°C for 1-1-5 hr [24, 25, 26] (ii) by drying in a vacuum at 60°C and
175~200 mm of Hg [26] and (iii) by azeotropic (Dean and Stark) distillation
[26].

A modified method for Wollmer analysis of hop extracts is given by the
EBC [25]. This method gives values for total resins and soft resins (and
hard resins by difference). The «-acid content can be determined by conducto-
metric lead titration of the soft resin which, when deducted from the soft
resin figure, gives a value for the B-fraction.

The a-acid content of hops can estimated by (a) titration with lead acetate,
(b) ultraviolet spectrophotometry, or (c) polarimetry:



THE CHEMISTRY OF HOP CONSTITUENTS 433

(a) Lead salt formation

Originally a-acids were estimated gravimetrically as their lead salts (see [22])
but this lengthy procedure has been superceded by conductometric estimation
of the end point in the titration of a-acids against lead acetate. Typically [24,
25, 26] a toluene extract of hops is diluted with methanol and the conduct-
ivity measured. Small aliquots (0-2 ml) of a methanolic solution of lead
acetate (2 or 4 %)) are added and the conductivity measured after each addition.
A graph is plotted of conductivity against volume of lead acetate solution
added and the end point determined from the intersection of two straight
lines (Fig. 13.3). The curves may show different shapes in other solvents [27].

Conductance

Lead acetate (ml)

Fig. 13.3 Conductometric titration of a-acids.

The absolute value of the conductivity is not required. The EBC Analysis
committee recommend that only this method should be used for commercial
transactions and since the method is not specific for «-acids results should be
expressed as the Lead Conductance Value (LCV) [28]. With fresh hops the
lead conductance value and the a-acid content are very similar. With older
hops oxidation products will be included in the LCV. Hop extracts, especially
those which contain water, may give abnormal titration curves. It is therefore
necessary to partition the extract between toluene and either sodium chloride
solution [24] or 0-1 M sodium phosphate buffer solution pH 7-0 [25,.27] and
dilute an aliquot of the toluene layer for titration. The addition of 209
dimethyl sulphoxide [25, 27] or pyridine [26, 27] to the conductometric
titration sharpens the curves obtained. The procedure has been critically
examined and modifications proposed [29] including automation [81].

(b) Spectrophotometric method [26]

The light absorption of the hop resins depends on the pH of the solution and
is accordingly measured under defined acidic or basic conditions. The
absorption curves of humulone and lupulone are given in Fig. 13.4. From
these curves regression equations were devised [30]. Optical density measure-
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Fig. 13.4 Absorption spectra of lupulone and humulone complex in acidic (0-002 N) and
alkaline (0-002 N) methanol [30].

ments were made in basic solution at 325 nm (A
(Anax for B-acids), and 275 nm (A
absorption), then:

max 10T a-acids), 355 nm
for both «- and B-acids background

'min

Concentration of a-acids = 73-79A435; — 51:56 4555 — 19-07 45,5 mg/l
Concentration of B-acids = 55:57 4555 — 47-59A595 + 5-104,,; mg/]

where A = absorbance or optical density at the specified wavelength. These
equations have large multiplying factors so that small errors in the measure-
ment of the optical density will be multiplied. The assumption that the
solution of resins is a binary mixture of «- and B-acids with constant back-
ground absorption is probably true with fresh hops but will not hold with
deteriorated samples. Based on this method of analysis the ratio of the OD at
275 nm/OD at 325 nm has been proposed as a hop storage index (HSI) [31].
The ratio increases from 0-24 in fresh hops to 2-5 in completely oxidized
lupulin. Over several seasons the regression equation:

% (& + B) lost = 110 log (HSI/0-25)
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was arrived at and used to compare the storage characteristics of commercial
varieties of hops. There was a linear relationship between the % (« + 8) lost,
determined from the HSI, and the formation of hard resin [32].

(c) Polarimetric analysis

The «-acids are the only important resin constituents which show optical
activity ([«]p?® — 237° in hexane, —206-24° in methanol, —212-53°in ethanol,
and —190-4° in ether). The major difficulty is the preparation of a solution of
resins sufficiently transparent to light. Special grades of silica gel and activated
charcoal which retain chlorophyll degradation products but not the resins
have been prepared and a satisfactory grade of charcoal can be made by
saturating a suspension of charcoal in ether with sulphur dioxide.

The polarimetric estimation is regarded as being the most specific method for
a-acids and gives accurate results with fresh hops. However, the naturally
occurring laevorotatory (—)-a-acids are racemized on heating or during
storage. Racemic (4 )-«-acids are not included in polarimetric estimates but
racemic (+)-iso-a-acids are as bitter as optically active iso-a-acids [27].
Polarimetric methods will thus give low results with old hops and with hop
extracts. The lead conductance value is regarded as giving a better indication
of brewing value.

More detailed analysis of hop resins, extracts, and isomerized extracts
requires resolution of the complex mixture before estimation. Counter-current
distribution was originally the method of choice but this has been superseded
by column chromatography on ion-exchange resins. The ASBC [26] describe
two such reference methods for the analysis of hops and/or extract. In both
the various classes of resin (e.g. a-acids, B-acids, etc.] are eluted together
without resolution of the individual analogues. HPLC (High pressure or high
precision liquid chromatography) will probably become the method of choice.
In some methods [29] the isobutyryl (co-) analogues are well resolved from the
parent isovaleryl analogue but this analogue is not resolved from the isomeric
2-methylbutyryl (ad-) component. Complete resolution of the individual
analogues has also been achieved but the optimum conditions have probably
not been found.

13.3 Chemical changes on storage
The enzymatic activity of the green hop will be terminated during kilning but
the composition of the hop will not remain constant and deterioration will
start to take place. At first there is a lag period, the length of which appears
to be a varietal characteristic, but thereafter the rate of loss of both «- and
B-acids can be fitted to either zero order or first order equations [33].

In a series of storage trials at 0 and 25°C in which conventional analyses
were augmented by brewing trials, it was found that the bittering power of



436 MALTING AND BREWING SCIENCE

stored hops did not decrease at such a rapid rate as their analysis indicated
(Fig. 13.5) [34]. In these experiments the recoveries of the «-acids from stored
hops by thin layer chromatography (TLC) was in good agreement with
polarimetric estimates, so undoubtedly some of the oxidation products of
the hop resins are capable of bittering beer. The oxidation products are
more polar than the «- and 8-acids themselves and therefore more soluble in
water and chloroform than in hydrocarbon solvents such as toluene. On the
basis of these experiments the economics of cold storage for copper hops was
questioned [34 ]and some breweries examined storage at ambient temperatures.
However, on a commercial scale over two years the loss of a-acids in terms of
brewing value was as high as 15-20%; of the original «-acids at harvest [35].
As mentioned earlier, the brewing value of hops with a low «/B ratio (1: 1) will
decrease less on storage than those with a high «/f ratio (3: 1).

A B Bittering value
' ""-\\\

-"._\.\\.
= ".__\\\\~
2 "'.. \\\\.
€ . ~
8 . S~a Lead acetate
h-] \\\ values
Q
g
|
]

a-Acids

Time ————

Fig. 13.5 Schematic diagram of changes in resin content and bittering value of hops during
storage. .-.-.-, Conductometric analysis using chloroform as extractant; --- Conductometric
analysis using toluene as extractant; ..., Polarimetric analysis.

Many oxidation products of the hop resins have now been characterized but
it is not known which of these are the most important bittering principles in
beer brewed from old hops. The development of cheesy aromas in old hops is
due to volatile fatty acids, principally isobutyric, isovaleric, and 2-methyl-
butyric acids, thought to be produced by oxidative cleavage of the acyl side
chains of the hop resins. The essential oil of fresh hops contains 1-3 %, of free
acids. After a storage period of three years the acids amounted to 20 %, [36].
The isoprenyl side chains of the hop resins can also be removed. Photolysis of
colupulone (2:R = Pr') affords deoxycohumulone (24:R = Pr!) which can be
subsequently oxidized to cohumulone (1: R = Pr'). These reactions are the
basis for a scheme to improve the utilization of the {$-acids into bittering
principles [37]. Mild acid hydrolysis, wort boiling, or atmospheric degradation
of B-acids causes loss of the isoprenyl side chains as either 2-methylbut-3-en-
2-01 (34) or 3-methylbut-2-en-1-0l (35) giving eventually the phloracyl-
phenone (20) [38].
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H3C\ H;C\
/C +-CH=CH, C=CH-CH,0OH
| /
H,C OH H,C
34 35

2-Methylbut-3-en-2-ol (34) is the principal volatile water soluble constituent
of hops [39] and is responsible for the soporific effect of hops [82]. Although
not present in the head-space vapour of green hops, it is present after kilning
and its concentration increases during storage [40]. Other substances in the
head-space vapour include 2-methylbut-2-ene, isoprene (21), acetone, methyl
isopropyl ketone, and methyl isobutyl ketone. The last two compounds arise
by degradation of the acyl side chains of the «- and B-acids [40].

13.4 Oxidation products of hop resins

Aerial oxidation of most hop resins can occur by attack of oxygen either in
the ring or on the isoprenyl (dimethylallyl) side chains. Oxidation in the ring
can often be studied in hydrogenated derivatives with saturated side chains.

(a) Deoxyhumulone (24) [41] (Fig. 13.6)

Autoxidation of deoxyhumulones (24) occurs in the ring to give (4-)-humulones
(1) or in the side chains to give products such as (36) and (37). The «-acids if
not removed from the mixture, by, for example, precipitation as their lead salts,
will be oxidized further. Racemic (4)-a-acids will be included in conducto-
metric but not in polarimetric estimations of a-acids.

(b) Humulone (1) [41] (Fig. 13.6)

Oxidation of humulone with m-chloroperbenzoic acid occurs only in the side
chain to give (35) but with most other reagents oxidation is accompanied by a
ring contraction analogous to the isomerization of humulone that occurs in
wort boiling (see Chapter 14). Thus, treatment of humulone with monoper-
phthalic acid gives the glycol (39). This may be an intermediate in the formation
of (40) which is obtained by autoxidation of humulonein light petroleum. This
latter compound (40) has a bitter taste and was reported to account for 209,
of the hard resin but its isolation could not be repeated. Probably more
important is the bitter tricyclo-dehydroisohumulone (41) which accounts for
0-39%; of stored hops and can occur in beer (up to 4 ppm) (see also [83]). It is
formed when humulone is boiled in water or, in better yield, by oxidation with
lead tetra-acetate. Oxidation of humulone with organic peroxides in the
presence of base gives humulinone (42) which is intensely bitter. However
there is conflicting evidence regarding its occurence in stored hops.
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(c) Lupulone (2) (Fig. 13.7)

The first oxidation products of the B-acids to be characterized were the
hulupones (44). Autoxidation of hexahydrocolupulone gives a hydroperoxide
which is readily converted into tetra-hydrocohulupone so the p-acids are
probably converted into hulupones (44) via the hydroperoxide (43). Hulupones
were not found in green hops but accumulate during storage (up to 1%).
They can be formed when hops are macerated with a solvent in a blender in
the presence of air so the original estimates of the amount of hulupones in hops
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were high. These bitter tasting oils are also produced to a limited extent when
B-acids are boiled in wort and account for about 5 9 of the bittering principles
present in beer. They can be prepared in the laboratory by oxidation of the
B-acids with sodium persulphate or by oxygenation in the presence of sodium
sulphite. Many patents describe procedures for converting the insoluble
B-acids into bittering principles which will be principally hulupones. Further
oxidation of hulupones in boiling ethanol gave hulupinic acid (45) by loss of
the acyl side chain. Hulupinic acid, which is not bitter, has been detected in the
hard resin of hops.

Oxidation of (co)-lupulone with alkaline peroxide gives rise to lupuloxinic
acid (46: R = COOH) which is readily decarboxylated to lupulenol (46: R
= H) but neither of these products has been found in hops or beer. However
the related trione, dehydrolupulenol (47) has been reported to account for 159
of the autoxidation products of the p-acids [42].

Autoxidation of colupulone gives a similar mixture of products to that
obtained by oxidation with sodium or ammonium persulphate. A major
product is the dihydrofuran (48) in which one of the isoprenyl side chains is
oxidized and cyclized. In other products (49)~(53) alternative cyclizations to
furan or pyran rings occur [43)]. Japanese workers have described a series of
oxidation products of lupulone of which the lupoxes contain one additional
oxygen atom (CyeH;,0;) and the lupdoxes two (CygHjsOg). Colupox a is
identical with the dihydrofuran (48) but the identity of the other products has
not been confirmed.

When oxygen was bubbled through a boiling solution of colupulone in an
aqueous buffer solution (pH 5:5) cohulupone (44: R = Pr') and four new
products were isolated. These were the C; -exo and -endo epimers of tricyclo-
oxycolupulone (TCOC) (54) and tricyclo-peroxycolupulone (55). These
compounds, which are not bitter, accounted for 809 of the B-acid. The
peroxy compounds (55) were formed first and the alcohols (54) on further
heating but neither is very soluble. They were not detected in beer [44].

13.5 The essential oil [1, 45, 46, 61]
Hops produce 0-1-1-5%; of essential oil mainly in the later stages of ripening
after the bulk of resin synthesis is complete.

The essential oil is a complex mixture of compounds which can readily be
separated into two fractions by chromatography upon silica gel. The fraction
eluted with light petroleum consists of hydrocarbons and can account for
50-80 9 of the whole oil. The remaining constituents, eluted with ether, consist
of compounds containing chemically bound oxygen, i.e. esters, carbonyl
components, and alcohols. The major constituents of the hydrocarbon
fraction were isolated and characterized by classical methods and include
myrcene (57) farnesene (63), humulene (64), and caryophyllene (65). The
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complexity of the essential oil was revealed by gas chromatography and
advances in this technique have led to the identification of an increasing
number of components which are listed in Tables 13.3, 13.4, 13.5 and 13.6.
Most have been identified by the refined technique of using a capillary column
capable of high resolution in conjunction with a time-of-flight mass spectro-
meter.

TABLE 13.5
Volatile acids in fresh and stored Spalter hops [36]

Concentration (ppm)

Fraction Acid At harvest Stored
number 1974 1977
1 ~ 2-Methylpropionic acid 16 220
2 2-Methylbutyric acid 165 690
3 3-Methylbutyric acid 165 690
4 Pentanoic acid 05 20
5 4-Methylpentanoic acid 20 40
6 Pent-2-enoic acid 02 13
7 Hexanoic acid 15 140
8 4-Methylpent-3-enoic acid 1 40
9 Hex-3-enoic acid — 25
10 Hex-2-enoic acid - 40
11 Heptanoic acid 22 95
12 4-Methylhex-2-enoic acid 5 15
13 Methylhexenoic acid 5 17
14 6-Methylheptanoic acid 5 78
15 Octanoic acid 4 46
16 Nonanoic acid 10 46
17 Nonenoic acid 1 15
18 8-Methylnonanoic acid —_ 5
19 Decanoic acid 3 15
20 Dec-4-enoic acid 10 65
21 Deca-4, 8-dienoic acid 3 22
22 Undecenoic acid — 2
23 Geranic acid _ 2
24 Benzoic acid — 5
25 4-Hydroxy-4-methylpent-2-enoic acid 1-5 70

By means of the biogenetic scheme set out in Fig.13.8 the interrelationships
of the hydrocarbons present in the essential oil can be seen. This scheme is
produced by analogy with work with other plants and had not been confirmed
for the hop. The biological isoprenylating agents isopentenyl pyrophosphate
(32) and dimethylallyl pyrophosphate (33) can condense together to form
geranyl pyrophosphate (56) which by transesterification can give rise to
geranyl acetate, propionate, and isobutyrate which are found in the oxygenated
fraction.
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Fig. 13.8 Biogenesis of the essential oil of hops.
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Elimination of phosphoric acid from geranyl pyrophosphate can give rise to
myrcene (57), the major constituent of the essential oil, and by rearrangement
the other monoterpenes ocimene (58), and a-(59) and B-(60)-pinene. Condens-
ation of geranyl pyrophosphate (56) with a further mole of isopentenyl
pyrophosphate (32) affords farnesyl pyrophosphate (62), which by a similar
mechanism to that involved in formation of myrcene from (56) can produce the
sesquiterpene farnesene (63). One cyclization of the farnesyl cation can afford
humulene (64) and caryophyllene (65) while alternative routes can give rise to
germacratriene (66) «-(67) and 3-(68) selinene, selina-3, 7 (11)-diene (69), selina-
4 (14), 7(11) -diene, (70), y-cadinene (71), 3-cadinene (72), and copaene (73).
Biogenetic relationships among the oxygenated components are not so
obvious. Some, for example, the geranyl esters and the autoxidation products
of humulene and caryophyllene, are produced by extensions of the above
scheme. Others can be produced by variations of the polyketide (acetogenin)
pathways and as by-products of schemes of amino acid biosynthesis. For
example, intermediates associated with the biosynthesis of isoleucine are
probably responsible for the side-chains of the ad-components of the hop
resins, and for 2-methylbutanol present in the essential oil as the isobutyryl,
propionyl, and 2-methylbutyryl esters. Geraniol and linalool contribute to
the floral note in hop aroma [84].

Like the resins, the essential oil constituents undergo oxidation during
storage. In particular, the autoxidation of myrcene [47] and humulene [48]
have been studied. In another investigation [36, 49] Spalter hops grown in the
Hallertau in 1974 were analysed at harvest and after three years’ storage at 0°C.
The fresh hops contained 1-63 g 0il/100 g (88 % hydrocarbons) which fell
during storage to 0-88 g 0il/100 g (7%, hydrocarbons). In the stored hops,
aldehydes and alcohols were detected and the level of ketones and, in parti-
cular, carboxylic acids (Table 13.5) increased. The ratio of the concentrations
of isovaleric acid/isobutyric acid appears to be a varietal characteristic and
may be of use in identification [36]. Some of these products will be formed by
oxidation of the resins and lipids in the hop cone rather than the original
essential oil constituents. Nevertheless the level of oxygenated terpenes and
sesquiterpenes increases significantly during storage (Table 13.6). For example,
caryophyllene epoxide (74), humulene epoxide I (75) and II (76), humulol (77),
and humulenol II(78) were formed during storage. In addition, the level of the
cyclic ethers (80)—(86), first found in Japanese hops, also increased on storage.
Many of these compounds survive into beer.

Sulphur-containing constituents of hop oil [85], although only present in
trace amounts, are potent flavouring agents (Table 13.7). They can be dis-
tinguished by gas chromatography using a flame photometric detector. Many
hops are treated in the field with elemental sulphur to control mildew and the
level of such treatment can affect the level of sulphur compounds in the oil
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[50, 51]. The sesquiterpenes caryophyllene and humulene react with elemental
sulphur under mild conditions to produce the episulphides (87), (88), and (89)
[52]. The level of these compounds is higher in oil prepared by steam distil-
lation at 100°C than in oil obtained by vacuum distillation at 25°C. Thus,
higher levels of these compounds are likely to be introduced into beer by late
addition of hops to the copper than by dry hopping. Myrcene reacts with
sulphur less readily, but with a suitable activator a mixture of at least 10
products is obtained of which (90) is the major constituent present in hop oil.

TABLE 13.7
Sulphur compounds in the Essential Oil of hops
Flavour

Name Structure threshold

(ppb)
Methanethiol CH SH
Dimethyl sulphide CH,S-CH, 715
Dimethyl disulphide CH,S'S-CH; 75
Dimethyl trisulphide CH,S-S-S-CH, 0.1

(2,3,4-Trithiapentane)
2,3,5-Trithiahexane CH,S'S-CH,S-CH,
Dimethyl tetrasulphide CH,S-S-S'S‘CH, 02
(2,3,4,5-Tetrathiahexane)

S-Methyl 2-methylpropanethioate (CH,); CH-CO-SCH, 40 (5)
S-Methyl 2-methylbutanethioate CH,;CH,CH(CH;)CO-S-CH, 1
S-Methyl 3-methylbutanethioate (CH;);CH-CH,CO-S-CH, 50
S-Methyl pentanethioate CH;(CH,);CO-S-CH; 10
S-Methyl 4-methylpentanethioate (CHg),CH-CH,CH,CO-SCH, 15
S-Methyl hexanethioate CH,(CH,),CO-S-CH, 1
S-Methyl heptanethioate CH34(CH,);CO-S-CH,

S-Methylthiomethyl 2-methylbutanethioate CH;CH,CH(CH;)CO-S-CH,S-CH, 1
S-Methylthiomethyl 3-methylbutanethioate (CH;),CH-CH,CO-S-CH,S-CH,

3-Methylthiophene 91) 500
3-(4-Methylpent-3-enyl) thiophene 92)
4-(4-Methylpent-3-enyl)-3,6-dihydro-1, (90) 10
2-dithiine
4,5-Epithiocaryophyllene 87 200
1,2-Epithiohumulene (88) 1800
4,5-Epithiohumulene (89) 1500
2-Methyl-5-thiahex-2-ene (CH;);C=CH-CH;'S-CH, 02
Methylthiohumulene C,sH3sS-CH,y

Several polysulphides occur in hop oil. Dimethyl trisulphide (2,3,4-
trithiapentane) occurs only in oil prepared from hops which have not been
treated with sulphur (dioxide) on the kiln. It is absent from oil prepared by
vacuum distillation at 25°C but is formed at 100°C from the precursor
S-methylcysteine sulphoxide (CH;SO-CH,CH(NH,)COOH). This precursor
is destroyed by sulphur dioxide when sulphur is burnt in the oast but is slowly
regeneraled on storage. Dimethyl tetrasulphide and 2,3,5-trithiahexane are
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also present in hop oil. These polysulphides have cooked vegetable, onion-
like, rubbery, sulphury flavours with low thresholds.

Hop oil contains a series of thioesters (Table 13.7); the combined amount
of which in steam-distilled hop oil usually exceeds 1000 ppm. The level of
thioesters in the oil does not appear to be affected either by treatment of hops
with elemental sulphur on the bine or by sulphur dioxide kilning [50].
Thioesters are formed in hops largely by the action of heat, so low levels will
be introduced into beer by dry hopping. Few sulphur volatiles survive 60 min
of wort boiling but after late addition of hops to the copper most of the sulphur
compounds discussed above are present in the wort including the thioesters.
During fermentation dimethyl trisulphide and some of the thioesters dis-
appear but some sulphur volatiles survive into the finished beer: S-methyl
2-methylbutanethiolate is the principal thioester to survive. This last ester
and S-methyl hexanethiolate, the thioester with the lowest taste threshold,
are the major thioesters introduced into beer by dry hopping [50].

The essential oil and the volatile degradation products of the resins together
are responsible for the characteristic aroma of hops and for the part this plays
in the aroma and flavour of beer. No one constituent has been found to have
the characteristic hop aroma which is probably made up by the synergistic
action of many components. Tasting trials established that 1 ppm of whole hop
oil was detected in water but that 3 ppm were necessary for detection in
beer. The oxygenated components are more potent flavouring agents than the
hydrocarbons; 0-3 ppm of the oxygenated fraction being detected in beer. Of
the hydrocarbons, myrcene has a stronger aroma than the sesquiterpenes [53].

The results of a more detailed survey of the odour intensities of individual
components of hop oil [54] are incorporated into Tables 13.3 and 13.4. By
means of a panel the threshold concentration (7)) in parts per 10° (ppb) at
which a component in distilled water could be detected by smell was meas-
ured. This was arbitrarily defined as one odour unit. If the fraction or
component concentration (F,) in the whole oil is also expressed in ppb then
the ratio F /T, = U_, the number of odour units attributable to any fraction or
component. If the sum of the odour units from individual fractions equals that
for the whole oil, the relative contributions by each fraction may be estimated.
As shown in Table 13.8 the sum of the odour units found in the hydrocarbon
and oxygenated fractions of a sample of oil from Brewer’s Gold was equal to
that of the whole oil.

The threshold values of twenty-five of the components found in the sample
of oil from Brewer’s Gold were estimated and are included in Tables 13.3 and
13.4. In this sample, the hydrocarbons accounted for 87 9/ of the oil but only
619 of the odour units. Myrcene, which comprised 639 of the oil, was
responsible for 58 % of the odour units. The twenty oxygenated components
studied accounted for 6-6 9 of the oil and provided 14 %, of the odour units
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leaving the balance of the oxygenated components (6-8 %) responsible for 259
of odour units. It is noteworthy that of the oxygenated components, methyl
thiohexanoate and methyl dec-4-enoate were the most potent constituents,
With threshold values of 0-3 and 3 ppb respectively they accounted for 4-8
and 3-0% of the odour units of the whole oil.

TABLE 13.8
Aroma of the Essential Oil from Brewer’s Gold [54]
Threshold Odour units Total
Whole oil conc. (7o) U, x 10-¢ odour units
o (ppb) (%)
Whole oil 100 12 83-3 100
Hydrocarbons 86 15 573 69
Oxygenated fraction 14 5 280 34

In considering these results attention should also be drawn to the fact that
most components can be detected by smell at a tenth of the concentration at
which they can be detected by taste in water and only higher concentrations
can be differentiated against the more complex background of beer.

It is generally accepted that when hops are added at the start of wort
boiling, few essential-oil constituents survive into the beer. To improve the hop
bouquet of beer brewers may add a portion of choice ‘aroma’ hops towards the
end of the boil or, in Britain, the beers may be dry hopped. In the practice of
dry hopping, hops, a sonic extract of hops, hop pellets and enriched hop
powder or lupulin are added to the finished beer, either in cask or conditioning
tank, and left in contact for a period up to three or four weeks with or without
periodic agitation. The major effect is due to essential-oil constituents,
notably myrcene, going into solution so that some brewers add hop oil
directly to the finished beer. But, as pointed out earlier, the aroma of hop oil
obtained by steam distillation at 100°C differs from that of the hop itself. Thus,
emulsions of hop oil obtained by vacuum steam distillation are being used to
impart a true hop aroma to finished beers [55].

Only small amounts of hop-oil constituents go into solution at wort boiling
and much of this material is lost or transformed during fermentation. In many
samples of American beer it was concluded there were insufficient hop-oil
constituents to affect the flavour, but one commercial beer with a pronounced
hop aroma contained 1079 ppb hydrocarbons (970 ppb myrcene) and over 42
ppb oxygenated components [56]. Transesterification of hop oil esters occurs
during fermentation, thus methyl dec-4-enoate and methyl-deca-4, 8-dienoate
present in hopped wort were converted into ethyl dec-4-enoate and ethyl deca-
4, 8-dienoate in beer [57].
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In a later study, the aroma constituents of a Bavarian (Pilsener) beer
brewed in Hallertau, near Munich, which possessed a desirable fine hop aroma,
was examined [58]. Neither the terpenes and sesquiterpenes nor the methyl
esters characterized in hop oil were detected but fraction IV (Table 13.6),
which contained terpenoids and sesquiterpenoids, possessed an intensive
pleasant hoppy odour. Noteworthy amongst the identified constituents are the
cyclic ethers (80)—(86) first found in Japanese hops, the flowery notes of which
contribute to hop aroma, and the sesquiterpenoids derived from humulene
such as humulene epoxide I, humulene epoxide II, humulol, and humulenol I1.
Similar results were found with American beers [60, 86]. Humuladienone (79)
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was present but not at the concentrations (30-70 ppb) found in Japanese beers
where it was thought to be responsible for the hoppy aroma associated with
beer: its threshold is reported as 100 ppb. Trace amounts of damascenone
(93) and B-ionone (94) are present in hops and beer. These degradation
products of B-carotene have very low threshold values of 0-:009 and 0-008 ppb
respectively. In addition to the thioesters discussed above, dlmethyl tri-
sulphide and the dithiine (90) have been detected in beer.
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Chapter 14

CHEMISTRY OF WORT BOILING
AND HOP EXTRACTION

14.1 Introduction

Wort boiling may be regarded as the turning-point in the brewing of beers;
it is omitted in distilling and vinegar brewing. At its simplest, in Bavarian”
practice, the all malt wort is boiled with hops for 1-2 hr, no other additions
being permitted by aw. Elsewhere the sweet-wort may be produced from a
mixed cereal grist (see Chapters 10 and 11) and additional carbohydrate may

be included in the boil either as brewing sugars or wort syrups (Chapter 8).

Further, part or all of the hop grist may be replaced by a suitable hop
extract. Indeed, it will be shown in the sequel that hops can be utilized more
efficiently if the hop principles are extracted and isomerized independently of
the boiling process. The pre-isomerized extract is then added to the beer after
fermentation.

Many complex reactions take place during wort boiling. As the wort is
heated the residual amylases and other enzymes are inactivated which termi-
nates the mashing process and fixes the carbohydrate composition of the
wort. At the boiling-point the wort is sterilized and the microflora of the
malt, hops, and other adjuncts used are destroyed. As the boil continues some
proteins are coagulated and some, together with simpler nitrogenous con-
stituents, interact with carbohydrates and/or polyphenolic constituents (tan-
nins). The insoluble precipitate resulting from these interactions is the ‘break’
or ‘trub’. Part of the break separates from the boiling wort (the hot break)
but a further amount precipitates as the wort is cooled (cold break). At the
same time the hop principles are extracted into solution and undergo trans-
formation or interact with other wort constituents. In open coppers about
109 of the volume is evaporated during one hour’s boil so that some of
the dilution caused by sparging is compensated. At the same time, most of the
steam-volatile essential oil of hops is lost. It is necessary that the bulk of the
essential oil is eliminated in this way or the flavour of hop oil would be too
pronounced. If green malt is employed in the cereal grist the ‘vegetable’ off-
flavour which develops is lost during the boiling process.
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14.2 Carbohydrates

Typical analyses of the carbohydrates present in brewery worts are given in
Table 14.1, from which it can be seen that the carbohydrates account for
91-929 of the extract, of which 68-75%; is normally fermentable by yeast.
Although hops may contain up to 29, of sugars, when used at the rate of
0-28 kg/hl (1 Ib/barrel) of 10° Plato wort (SG 1040) they only add 0-159 to
the total carbohydrates. Of the wort carbohydrates maltotetraose, more com-
plex polysaccharides, and dextrins, which together account for 23-28 9 of tnc
extract, will not normally be fermented and will persist into the finished beer.
If, as in vinegar brewing and whisky distilling, the boiling process is omitted,
enzymes will survive longer and the majority of the dextrins will be broken
down to fermentable sugars [2].

14.3 Nitrogenous constituents
The nitrogenous constituents of wort, which account for 3-5 9/ of the extract,
are extremely diverse in molecular size and include amino acids, peptides,
polypeptides, proteins, nucleic acids, and their degradation products. Some
of these nitrogenous constituents are essential factors for yeast growth during
fermentation and the wort must contain an adequate supply of these nutrients.
It is generally believed, however, that the yeast is only capable of assimilating
simple amino acids and peptides. Indeed, most of the amino acids in the
wort, with the exception of proline, are assimilated during fermentation.
On the other hand, the majority of the proteins are not assimilated during
fermentation, and those which persist into the beer will slowly react with
polyphenolic constituents to form non-biological haze. Part of the more
sensitive proteins are eliminated as ‘break’ during wort boiling and a further
portion as chill haze during conditioning. Proteins, however, must not
be eliminated entirely as they are associated with important beer characters
such as the head-forming properties and the development of a full palate.
It is not surprising, in view of the complex nature of the nitrogenous
constituents of wort, that it has been difficult to find meaningful methods of
fractionation and analysis. The total soluble nitrogen (TSN) can conveniently
be measured by Kjeldahl estimation on an aliquot of the hot-water extract and
this is probably more reliable than measurement of the permanently soluble
nitrogen (PSN), i.e. that remaining after removal of the coagulable nitrogen
by boiling. The amount of protein coagulated during wort boiling depends
inter alia on the pH and the duration and vigour of boiling. The latter is
particularly difficult to control, so that the Institute of Brewing Analysis Com-
mittee recommended evaporation of the sample to half volume and dilution
back to the original volume when estimating PSN [3]. Above pH 5 the amount
of protein coagulated is constant, but at lower pHs it is substantially reduced
(Table 14.2). Further, the cold break is only 10-209% of the hot break, and



CHEMISTRY OF WORT BOILING AND HOP EXTRACTION 459

the presence of hops does not significantly alter the amount of nitrogen coagu-
lated. Similar results were obtained using decoction mashing (Table 14.3).

TABLE 14.2
Loss of nitrogen during wort boiling [4]

N precipitated during
pH before wort N precipitated in 2 hr boiling and subsequent

boiling boiling (mg/1) cooling (mg/l)
6-65 251 298
6-18 262 294
521 259 287
4.01 206 248
2-48 129 167

The wort used contained about 24 9 wort solids.

TABLE 143
Change in pH during wort boiling [5]
H of wort
p of wor Nitrogen precipitated (mg/l)
Before boiling After boiling
3hr 6 hr 3 hr boil 6 hr boil
6-06 5-69 546 72 80
563 5-39 522 69 79
509 499 4-86 67 76

Adjusting the last results to allow for the fact that the wort only contained
129 of wort solids, the amount of nitrogen precipitated is still considerably
less than that for infusion mashing. Furthermore, the pH level has little
influence in the range studied but the fall in pH during boiling is noteworthy
and is associated with the precipitation of calcium phosphate and phytate
(see Chapter 9). It will also be seen that even after three hours’ boil, more
nitrogen is precipitated if the boil is continued for a further three hours. This
illustrates the difficulties in removing all the potential haze-forming proteins
by boiling.

The changes involved in the coagulation of proteins are not completely
understood. In addition to their linear structure formed by peptide linkage
between the constituent x-amino acids, proteins possess secondary and ter-
tiary structure produced by folding and rotating peptide chains into con-
formations held in place by hydrogen bonding and disulphide bridges and this
structure may be destroyed at denaturation. Proteins are amphoteric;
although the «-amino group and the carboxylic acid of the neutral amino
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acids are involved in peptide linkage; aspartic and glutamic acids provide
negatively charged centres and the basic amino acids, lysine, arginine, and
histidine provide positively charged centres in the macromolecule. It seems
likely that these charged centres are also hydrated. The acidic groups may be
blocked by formation of the corresponding amides, but these are hydrolysed
much more readily than the peptide links. Proteins are most readily coagu-
lated at the isoelectric point, the pH at which the numbers of positive and
negative charges are equal. The neutral molecules rapidly lose their hydro-
philic nature and become hydrophobic and insoluble. In vigorously boiling
wort such ultra-microscopic particles cling together and form large flocs
which separate, leaving clear wort. Worts held at 98-100°C (208-212°F)
without boiling or agitation sometimes remain turbid.

Several methods have been described for fractionating the nitrogenous
constituents of wort. In the scheme of Lundin and Schroderheim [6] the wort
is acidified with sulphuric acid and fraction A is precipitated by tannin. The
nitrogen in this fraction is estimated by difference between the original wort
nitrogen and that remaining in solution and usually amounts to 20~-309; of
the total. This fraction is regarded as containing the high molecular weight
proteins which, if not removed during wort boiling and cooling, are liable to
lead to haze formation in finished beer. Fractions A and B are precipitated
from another aliquot of acidified wort with sodium molybdate. The material
remaining in solution (fraction C) represents principally amino acids and
simple peptides while fraction B, estimated by difference, is assumed to com-
prise polypeptides of intermediate molecular weight. Results obtained by
Lundin’s procedure were compared [7] with those obtained using the method
of Myrbick and Myrbédck [8], which employs magnesium sulphate to pre-
cipitate the protein fraction and uranyl acetate to remove the intermediate
fraction, and were generally similar. Again, the effect of other precipitants on
wort were investigated [7] and the method developed by Cohn [9] for blood-
serum proteins applied to the fractionation of wort and beer [10]. All the
fractions precipitated were undialysable and the bulk of the foam stabilizing
activity was in particular fractions derived from the malt used. The simpler
nitrogenous constituents are not precipitated in the above schemes. Some
information about the proportions of high molecular weight proteins in wort
have thus been obtained but the precise significance of the results remains in
doubt. More precise information about the distribution of the high molecular
weight nitrogen is provided by gel filtration. Using a range of gels which
retard the passage of increasingly larger molecules, the results shown in
Table 14.4 were obtained for Congress worts. It will be seen that much of the
high molecular weight protein is lost on boiling. A method for determining high
molecular weight nitrogen by gel filtration has been developed [12], and this
method, or some modification thereof, is likely to become standard practice.
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TABLE 144
Effect of boiling on the MW distribution of wort proteins [11]
Mol. wt. <5000 5-10 000 10-50 000 50-100 000 > 1000 000
Boiled for 95 min 0-0175 0-0125 0-0040 0-:0010 0
Not boiled 0-0336 0-0185 0-0101 0-0023 0-0028

The simpler nitrogenous constituents of wort consist principally of a-amino
acids which can be estimated by the colour reaction either with indane-1,2,
3-trione hydrate (ninhydrin) or 2,4,6-trinitrobenzenesulphonic acid. With
ninhydrin, «-amino acids develop a violet colour which can be measured at
570 nm while proline, an important imino acid in wort and beer, gives a
yellow colour measured at 440 nm. 2,4,6-Trinitrobenzenesulphonic acid is
more specific for amino acids and does not react with proline or ammonia. It
forms yellow derivatives which can be estimated colorimetrically at 340 nm.

TABLE 145
Free amino acids in wort and beer [15] (mg/100 cm?)
Wort Beer
Nitrogen and amino acids Wort hopped Beer refermented

Total nitrogen 88-0 84-8 626 470
Low molecular nitrogen alcohol-soluble 634 69-5 507 351
Total «-amino nitrogen 427 380 210 13:0
Alcohol-soluble x-amino nitrogen 376 30.8 18-2 2:5
Alanine 9-8 10-2 77 1-8
y-Amino-butyric acid 83 79 96 2:5
Arginine 13-8 59 30 06
Aspartic acid 70 9-8 1-6 1-0
Glutamic acid 64 33 0-8 07
Glycine 2-3 2:6 2-1 1-3
Histidine 57 3-8 2-8 02
Isoleucine 62 65 2-1 03
Leucine 181 17-5 4-7 0-7
Lysine 149 107 22 0-5
Phenylalanine 13-7 14-0 4-4 0-6
Proline (imino acid) 457 483 31-8 333
Threonine 59 7-3 03 03
Tyrosine 10-6 9-3 59 111
Valine 119 16:0 68 04
Serine + Asparagine mMm in 100 cm?® 168-6 171-8 79 56
Ammonia 24 24 17 10

Earlier methods of estimating the a-amino nitrogen, due to Van Slyke, con-
sisted of gasometric analysis of the nitrogen evolved when amino compounds
were treated with nitrous acid or, alternatively of the carbon dioxide evolved
on treatment with ninhydrin. The amino acids are readily absorbed on ion-
exchange resins from which they can be eluted quantitatively either as a group



462 MALTING AND BREWING SCIENCE

or individually with a gradient of buffer solutions of increasing pH. The
original method of a gradient elution, due to Moore and Stein [13], took the
best part of a week for a complete amino acid analysis but later developments
[14] allow measurements to be made automatically during two hours. Using
the original method the results given in Table 14.5 were obtained [15]. It will
be seen that, in general, there are only small changes in the concentration of
the individual amino acids during wort boiling. In this experiment there was
an increase in the concentration of aspartic acid, valine, and threonine, prob-
ably due to contributions from the hops, but more noteworthy is the appre-
ciable loss of the basic amino acids, arginine, histidine, and lysine. The
summarized results in Table 14.6 show that both total and «-amino nitrogen
are lost when wort is boiled without hops but this is compensated to some
extent by the nitrogenous constituents of the hops which go into solution.

An automatic method of amino acid analysis has been applied to many
brewing problems and, in particular, much data have been accumulated on the
fate of amino acids during wort boiling in a commercial brewery [16]. Under
these conditions there was no increase in the amount of threonine and valine
in the wort after hop boiling but similar losses of the basic amino acids were
observed.

TABLE 14.6
Loss of nitrogen by boiling of wort [15]
Wort Wort Wort
before boiled boiled
boiling with hops without hops
Total nitrogen,
(mg/100 cm?) 86-0 819 815
a~-Amino nitrogen
(mg/100 cm?) 360 350 330
pH 56 57 57
Colour 50 110 12

14.4 Carbohydrate-nitrogenous constituent interactions [17]

It will be noticed in Table 14.6 that the loss of a-amino nitrogen during wort
boiling is accompanied by an increase in the colour of the wort. This so-called
browning reaction is due to complex series of interactions between primary
amines and reducing sugars which take place in many biological systems. In
the brewing process, the browning reaction occurs when malt is kilned
(Chapter 4) and continues during wort boiling. It is estimated for American
beer that about one third of the final wort colour is produced during malt
kilning, the other two thirds during wort boiling. Browning reactions are
also the basis for the production of caramel. The structure of the brown
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pigments formed is unknown; they are polymers of fairly high molecular
weight soluble in water but insoluble in most organic solvents. Brown and
black pigments (melanins) are formed in some biological systems by the action
of polyphenol oxidase on a suitable substrate (e.g. tyrosine) but the browning
reactions discussed here are not catalysed by enzymes, and, in general,
do not require the presence of oxygen. The reaction is sometimes named after
the French chemist Maillard and the products known as melanoidins.

Non-enzymatic browning has been reviewed extensively [17] and only the
more significant reactions will be discussed here. The various intermediates
involved in browning that have been characterized, and the reactions pro-
posed, are summarized in Fig. 14.1. Aldose sugars such as glucose or xylose
(1) condense with primary amines to give aldosylamines (2). The aldosyl-
amines formed when the primary amine in the system is an amino acid
have only been isolated as salts, metal complexes, or esters. They are com-
paratively unstable and may be either hydrolysed back to their original
components or undergo an Amadori rearrangement to a ketosamine (4). For
example, writing the sugars in the pyranose form, p-glucosylglycine (11),
rearranges to D-fructosylglycine (12).

CH,OH
° NH-C \pH
-CH,-COOH —>
HO\QH HON_HY/CH, -NH- cH, - cooH
" OH HO
1 12

Ketosamines are comparatively stable especially in the absence of water.
Crystalline ketosamines have been isolated from the reaction of glucose with
amino acids; glycine, alanine, valine, aspartic acid, phenylalanine, tryptophan,
and proline and the first three have been isolated from malt [18]. Some
ketosamines are stable in dilute aqueous solution but all rapidly decompose
in dilute alkali and rather slowly in hot acid. They readily condense with a
further molecule of an aldose (1) to give diketosamines (5) of which di-
fructoseglycine (5 : R = CH,OH; R’ = CH,”COOH) has been obtained
crystalline. The diketosamines are much more labile than the monoketos-
amines. Difructoseglycine is 66 %, decomposed in 3 min at 100°C and pH 5-5
and difructosealanine decomposes rather more rapidly [19]. The degradation
products of difructoseglycine (5:R = CH,OH; R’ = CH,-COOH) have
been characterized as 3-deoxyosulose (7), cis-osulos-3-ene (8) and hydroxy-
methylfurfural (9 : R == CH,OH). 3-Deoxyosulose reacting as the enol (6) is
probably the most important precursor of the brown pigment at pH 5-5 [19].
Only a negligible amount of hydroxymethylfurfural (9 : R = CH,OH) are
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formed at this pH. Similarly at pH 3-6 less than 209, of brown pigments are
formed via hydroxymethylfurfural. cis-Osulos-3-ene is readily converted to
hydroxymethylfurfural; and half conversion in 0-03-N acetic acid at 100°C
takes 12 min. On the other hand, frams-osulos-3-ene (as the hydrate 10),
which is also formed by decomposition of difructoseglycine, is converted
forty times more slowly. Under stronger acid conditions hydroxymethyl-
furfural is converted to laevulic (levulinic) acid.

The scheme presented in Fig. 14.1 is based on the aldose sugars and a similar
series of reactions can be envisaged starting with a ketose sugar as fructose
(see [17(b)]). Examination of the scheme also reveals that the amino compound
may be regarded as being a catalyst for the degradation of the sugars before
it is itself incorporated into the brown pigment. The implication that the
amino compound is not decomposed itself is true with simple amines but
a-amino acids undergo the Strecker reaction [20] with «-dicarbonyl
compounds:

~, ~
H,

C=0 C-N
I + R-CH(NH,)-COOH — || + R-CHO + CO,
C=0 C-OH

-~ -~

The amino acid is degraded to an aldehyde with one less carbon atom and
carbon dioxide, while the nitrogen combines with the dicarbonyl compound.

The classical example of the Strecker reaction is that of the amino acids with
ninhydrin (indane-1, 2, 3-trione) while in the browning reaction 3-deoxy-
osulone (7) is probably the dicarbonyl precursor. It can be speculated that
the resultant amino compound (13) could condense with another molecule of
3-deoxyosulose (7) to form the brown pigment. On the other hand formal-
dehyde, acetaldehyde, propionaldehyde, (iso)butyraldehyde, (iso) valeral-
dehyde, and furfural have been isolated from boiling wort [21]. With the
exception of the last compound the aldehydes originate from the amino
acids, glycine, alanine, x-aminobutyric acid (or glutamic acid), valine and
leucine by Strecker degradation. Although most of these aldehydes will be
lost in the condensate or reduced during fermentation they are powerful
flavouring agents. For example, isobutyraldehyde can be detected by smell
at 0-9 ppb [22]. During the storage of beer the melanoidins present can
oxidize the higher alcohols, produced by fermentation, to similar aldehydes,
which give rise to stale flavours in beer [23].

The properties of the melanoidin complexes depend upon the nature of
the amino compound and sugar from which they are prepared. They have
characteristic flavours no doubt due, in part, to the relevant aldehydes.
For example, the melanoidin from ammonia has been described as bitter [24],
that from glycine reminiscent of bread crust [24] or beers [25] and that from
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alanine as bread crust [24], while the valine complex is described as fine malt
[24]. The leucine melanoidin has been described as malty [24] or as fresh
bread [25] and that for phenylalanine as dead roses, which is the odour of
phenylacetaldehyde [25].

TABLE 14.7

Derivatives of pyrrole, thiazole and pyridine in roasted barley [30], malt [31], and
beer [31, 32]

P 3 4 3 s N3

[, ] . |
5 & 2 5 S)Z 6 Ilq/l
H 1
29 Pyrrole 30 Thiazole 31 Pyridine

Unsubstituted Unsubstituted Unsubstituted

2-Methyl 4-Methyl Methyl
5-Methyl
Dimethyl

1-Acetyl

2-Acetyl (23) 2-Acetyl 2-Acetyl

3-Acetyl

2-Formyl-1-methyl
2-Formyl-5-methyl
1-Ethyl-2-formyl
1-Furfuryvl
5-Hydroxyethyl-4-methyl

As mentioned above browning reactions occur when malt is kilned and
the amount of melanoidins formed depends upon the kilning temperature.
Thus crystal malt and roasted barley are richer in melanoidins than lager
or pale ale malts. In addition to 5-hydroxymethylfurfural (Fig 14.1;9, R =
CH,0H) other heterocyclic compounds resulting from browning have been
found in beers (Fig 14.2). The level of 2-acetylfuran (23), 2-acetylthiophene
(24), furfuryl alcohol (17), 5-methylfurfural (19), and 5-methylthiophene-
carboxaldehyde (21) is higher in ales than lagers [26] which is probably due to
the kilning temperature of the malt used. Compared with pale ale malt,
crystal malt contains enhanced levels of most of the compounds shown in
Fig. 14.2 but the level of these compounds in beers brewed therefrom is, with
the exception of maltol (28) and furfuryl mercaptan (26), below the taste
threshold level [27]. Maltol (3-hydroxy-2-methylpyran-4-one) (28) and
ijsomaltol (27) are reported to have similar but distinguishable caramel
flavours with isomaltol more fruity than maltol [28]. These compounds are
obtained from the reaction of sugars with secondary amines [29]. One such
secondary amine in wort and beer is pyrrolidine formed by the decarboxyl-
ation of proline. Smaller amounts of other heterocyclic bases have been
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detected in roasted barley [30], malt [31], and beer [31, 32] (Tables 14.7 and
14.8). The pyrazines (Table 14.8) are potent flavouring agents in many foods
[33]. They are formed by condensation of the aminoketones formed in the
Strecker reaction between a-amino acids and a-dicarbonyl compounds:

R! 1 2
\CH—NH2 -H,0 R /N R —2H Rl N\ Rz
| — —_— | :
RZ/C=O R2 N/ R! R? N/ R!

(3%; R' =R?=H)

TABLE 148
Pyrazines in roasted barley [30], malt [31] and beer [31, 32]

4 4
) X
6
6l N/ 2 } N/ 2
1 1

32 Pyrazine 33 5H-Cyclopentapyrazine
Concentration (ppb)
Pyrazine - Malt Beer
1 Methylpyrazine 280 70
2 2,5-Dimethylpyrazine 130 110
3 2,6-Dimethylpyrazine 120 35
4  2,3-Dimethylpyrazine 200 15
5 Ethylpyrazine 140 10
6 2-Ethyl-6-methylpyrazine 80 35
7 2-Ethyl-5-methylpyrazine 40
8 2-Ethyl-3-methylpyrazine 80 +
9 Trimethylpyrazine 320 20
10  2-Ethyl-3,6-dimethylpyrazine 10 20
11  2-Ethyl-3,5-dimethylpyrazine 30 10
12 2-Ethyl-5,6-dimethylpyrazine 10 +
13 Tetramethylpyrazine 110 +
14  6,7-Dihydro-5H-cyclopentapyrazine + 10
15 5-Methyl-6,7-dihydro-5H-cyclopentapyrazine 20 15
16 2-Methyl-6,7-dihydro-5H-cyclopentapyrazine 20 10
17 5-Methylcyclopentapyrazine 10 +
18 2-Furylpyrazine + 25
19  2-(2‘-Furyl)methylpyrazine - 10
20  2-(2'-Furyl)dimethylpyrazine — +

+ Detected but not quantified. — Not detected.

The level of the various pyrazines has been monitored throughout the brewing
process [34]. As well as the expected rise in the level of pyrazines during
wort boiling, further increases occurred during fermentation.

Hexose sugars such as glucose, galactose, mannose, fructose, and sorbose
also react with secondary amines (24 hr in basic ethanol at 70-80°C) to give
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aminohexose reductones (34), which behave as true reductones [29, 35].
Reductones contain the grouping -C(OH) =C(OH)-(|3 = O and the best

N
R,R,N OH RiR:N OH
S UO_

H,C~ OH H.,C~ OH
34

characterized reductone is undoubtedly ascorbic acid (vitamin C) (35) which
has been detected in green malt and in the leaves of green hops but is destroyed
during kilning, ‘

o=C O=CI
C-OH C=0
[ o |
(IZ-OH CI =0
HCI HC
HO-CH HO-CH
CH,0H CH,OH
35 36

Ascorbic acid, and other reductones, readily combine with oxygen and
accordingly ascorbic acid finds use as a chill-proofing agent in beer (see
Chapter 22). Ascorbic acid (35) is reversibly oxidized to dehydroascorbic acid
(36) but more extensive decomposition occurs under quite mild conditions.
In model experiments designed to assess the efficiency of various substances
to degrade valine to isobutyraldehyde by the Strecker mechanism, dehydro-
ascorbic acid (36) was 5-10 times as active as fructose which, in turn, was 2-3
times more active than glucose or sucrose, or ascorbic, pyruvic, or chlorogenic
(41) acids [36]. Ascorbic acid is usually estimated colorimetrically with the
oxidation-reductionindicator, 2,6-dichlorophenolindophenol, but other reduc-
tones including aminohexose reductones (34) will interfere.

Under optimum conditions, as in caramel formation, most of the reactions
discussed in this section will occur in reasonable yield. However, in wort
boiling the yields of the various reactions are low and by far the majority of
the sugars and amino compounds survive wort boiling unchanged. In one
series of experiments [37] 8:6% of the total amino acids and 3-89; of the
sugars (maltose, glucose, and fructose) were lost during wort boiling. This
implies that about 1 mmol of amino acids and 10 mmol of sugars per litre
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were involved in melanoidin formation. Of the amino acids 829 of the
threonine present was utilized but hardly any of the proline. However, in
other experiments the basic amino acids were found to react most readily
during wort boiling [15, 16].

Thus, the browning reactions are largely responsible for the colour and
characteristic flavour of wort and beer. The measurement of the colour of
worts, beers, and caramel is discussed in Chapter 22. Browning reactions can
be inhibited by sulphur dioxide which reacts either with 3-deoxyosulose (7) or
osulos-3-ene (8) and thus prevents pigment formation [38]. Alternatively, the
colour of worts can be reduced by shorter periods of heating but at higher
temperatures [39]. Satisfactory coagulation of protein and isomerization of
a-acids was obtained by heating under pressure for 300 s at 130°C, 180 s at
140°C or 100 s at 150°C.

14.4.1 CARAMEL

The ultimate product cf the browning reaction is caramel. Caramel is a
permitted colouring matter and, in Britain, its use, sale and purity criteria
are regulated by the Colouring Matter in Food Regulations 1973 [40].
Three types of caramel are manufactured: (i) electropositive caramel (approx.
50 000 EBC colour units) which is prepared using ammonia; (ii) electro-
negative caramel (26 000 EBC colour units), which is prepared using am-
monium metabisulphite; and (iii) spirit caramel (20 000-25 000 EBC colour
units) which, in order to be soluble in alcoholic and acetic acid solutions, is
prepared without the use of ammonia.

The electropositive caramel used by the brewing industry is prepared from
glucose syrups with high dextrose equivalents and 0.880 ammonia. They are
allowed to react together at ambient temperature for at least one week, then at
90°C overnight, and finally at 120°C for about 3 hr. Heating must be carefully
controlled to maintain a balance between colour and viscosity. At the appro-
priate time the mixture is cooled to 80°C, softened water added, and the
product blended as required [41]. The product contains 28 1b extract/112 1b,
659, of solids, 2:5-5-0 % nitrogen. The isoelectric point lies between 5-0 and
7-0 but gel electrophoresis shows the heterogeneous nature of the product.
The level of copper (<5 ppm), iron (<20 ppm), and arsenic (<3 ppm) is
controlled.

H3C| N
|
[NJ
H
37

Electronegative caramels cannot be used in beer as they coprecipitate with
the electropositive finings. Certain caramels have been found to contain
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4-methylimidazole (37) which is toxic to rabbits, mice, and chickens. The
World Health Organization has proposed a limit of 200 mg 4-methylimida-
zole/200 kg caramel having a colour intensity of 20 000 EBC units. None of
the commercial samples examined exceeded this limit [42].

Caramel may be used either in the copper or in primings to make minor
adjustments to the colour of beer but the fundamental colour of the beer will
be determined by the choice of malt grist and the grade of adjuncts added to
the copper.

14.5 Protein-polyphenol (tannin) interactions

Fundamentally, tannins are extractives of various plants which react with
the proteins in animal hides to produce leather [43]. Such extractives are
polyphenolic in nature so that unfortunately the term tannin is also used to
cover all polyphenolic materials in a plant extract whether or not they have
the ability to tan leather. In the brewing process polyphenolic constituents
from both malt and hops react with proteins; (¥) during wort boiling to form
the hot break, (ii) during cooling to form the cold break, and (iii) during
conditioning and storage when chill haze and permanent haze slowly develop.
Tannins may be divided into hydrolysable tannins and non-hydrolysable or
condensed tannins, and commercial tanning materials consist largely of
hydrolysable polymers of gallic acid (38 : R = R’ = OH) (see [44] for a re-
view). Gallic acid was found to occur in hop polyphenols as long ago as 1820
but has not been detected in malt polyphenolics so that the polyphenolic
constituents extracted at wort boiling are largely condensed tannins. Both
simple and polymerized phenols are extracted at wort boiling and the simple
constituents may conveniently be divided into three classes:

(a) Derivatives of hydroxybenzoic and hydroxycinnamic acids

As well as gallic acid (38 : R = R’ = OH), whose occurrence in hops was
mentioned above, p-hydroxybenzoic acid (38 : R = R’ = H), vanillic acid
(39 : R = O-CH;; R’ = H), syringic acid (38 : R = R’ = O-CH,), p-cou-
maric acid (39 : R = R’ = H), and ferulic acid (39.: R = O-CH,, R’ = H)
have been detected in barley, malt and beer (see [45] and references there
cited). Protocatechuic acid (38 : R = OH, R’ = H) and caffeic acid (39 :
R = OH, R’ = H) have also been detected in hops. These acids, as well as
occurring in free state, are also found as esters and glycosides. For example, in
hydrolysates of beer polyphenols in addition to the acids listed above, sinapic
acid (39 : R = R’ = O-CHj,) and gentisic acid (40) have been found. Caffeic
acid (39 : R = OH; R’ = H) is found bound as chlorogenic acid (41) and
neochlorogenic acid (42) in hops. Chlorogenic acid has also been found in
certain malts. The level of many of these compounds has been monitored
throughout the brewing process [34].
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(b) Flavanols

The flavanols, which are extracted principally from hops, consist of quercetin
(43:R = H, R’ = H) and kaempferol (44 : R = H) and their glycosides.
Fourteen glycosides have been characterized in hops including quercitrin
(43 : R =rhamnosyl, R’ = H), isoquercitrin (43 : R = f-D-glucosyl, R’ = H),
rutin (43 : R = B-L-thamnosido-6-B-D-glucosyl, R’ = H), and astragalin
(44 : R = B-D-glucosyl). Much smaller amounts of myricetin (43 : R = H,
R’ = OCH,;) have been detected in English hops.

(c) Proanthocyanidins, anthocyanogens and catechins [46]

The red and blue pigments found in flowers are due to anthocyanidins or
their glycosides, anthocyanins. Also widely distributed in the plant kingdom
are a group of compounds originally called leucoanthocyanins which liberate
anthocyanidins on acid hydrolysis. For example, substances which liberate
the anthocyanidins, cyanidin (57) and delphinidin (58) on acid hydrolysis are
found both in hops and malt. These compounds are not leuco-compounds
within the classical meaning of organic chemistry, i.e. the colour-forming
reaction is not reversible, and it was suggested that the precursors should be
known as anthocyanogens. This term has been widely accepted in the
brewing literature. However it has been shown that there are two classes of
anthocyanogens and Weinges [47] has proposed that monomeric derivatives
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of flavan-3, 4-diol, e.g. (54), should be called leucoanthocyanidins and
that compounds with two or more linked flavan-3-ol units should be called
condensed proanthocyanidins. The related flavan-3-ol (+)-catechin (49) is
present in barley, hops and beer (0-5-7-0 ppm) together with smaller amounts
of (—)-epicatechin (51), (4 )-gallocatechin (50), and (—)-epigallocatechin (52).
Many workers have detected anthocyanogens: in brewing materials but were
unable to isolate them due to their extreme sensitivity to acids and aerial
oxidation. By chromatography on a dextran gel Gramshaw [48] was able to
isolate six anthocyanogens from a beer polyamide absorbate. One of these
compounds was assigned the 3,3’, 4,4’, 5,7-hexahydroxyflavan structure (54)
but this identification has been questioned [49].
OH
OOH

HO Y OH OH
HO OH

R
45 Procyanidin B-1 OH 47 Procyanidin B-3
epicatechin 8 1 catechin
| HO O, OH |
catechin : catechin
Ngq ¢ oH

49 Catechin (R = H)
50 Gallocatechin (R = OH)

oy O C
OH
OH HO : OH
.’ OH HOQZOJ” OH
HO "OH

HO OH
R
46 Procyanidin B-2 ©OH 48 Procyanidin B-4
epicatechin catechin
| HO oL .- OH | .
epicatechin epicatechin
"OH

HO

51 epiCatechin (R = H)
52 epiGallocatechin (R = OH)
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Flavan-3,4-diols are now thought to be of limited natural occurrence
whereas dimeric proanthocyanidins are widely distributed in nature. Weinges
has characterized four dimeric procyanidins B-1 to B-4 (45)—(48). Of these
procyanidins B-3 (dimeric catechin) is present in barley and malt [50] and
procyanidins B-1, B-2, B-3, and B-4 are present in hops [51].

Malt contains 90-400 ppm of procyanidin B-3 of which half is extracted
during infusion mashing but considerable losses occur during wort boiling and
fermentation (Table 14.9) [52]. Increasing the length of the boil reduces the
level of dimeric polyphenols in beer (Table 14.10). Nevertheless commercial
beers contain 0-5-4-0 mg/l and one experimental beer contained 22-0 mg/l
of procyanidin B-3 [53].

TABLE 149
Losses of dimeric polyphenols during brewing [52]
Malt Dimeric polyphenols found
(mg/1)
Potential
Barley contribution
cultivar In grain to beer Sweet wort  Boiled wort Beer
(mg/kg) (mg/1)
Maris Otter 250 38 18-3 95 79
Maris Otter 230 35 15-5 7-0 63
Julia 155 23 11-4 60 49
Maris Mink 210 32 - - 60
TABLE 14.10
Effect of wort boiling on the loss of dimeric polyphenols [52]
Dimeric
polyphenols Shelf-life Air in

Malt Length of boil in beer of beer headspace

(hr) (mg/l) (days) (ml)
Maris Otter (A) 10 150 45 10
Maris Otter (A) 1-5 92 66 1-1
Maris Otter (A) 2:0 81 70 1-1
Julia (B) 10 7-8 77 09
Julia (B) 1-5 33 98 11

With acid procyanidin B-1 and B-3 yield catechin and cyanidin while
procyanidin B-2 and B-4 give epicatechin and cyanidin. The formation of
cyanidin (Fig. 14.3) proceeds via the carbonium ion (55) and the same
intermediate is involved in the conversion of the flavan-3,4-diol (54) into
cyanidin. If the carbonium ion (55) is generated, from (54), in the presence
of catechin a dimeric procyanidin B is formed. Similarly, if the carbonium ion
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is generated in the presence of procyanidin B this will lead to a trimer (59)
similar to that isolated by Gramshaw (Compound 58). It can easily be
envisaged that further condensation of the triflavan (59) with a carbonium ion,
as (55), will lead to polymeric anthocyanogens. These materials are involved
in the development of non-biological hazes in beer as will be discussed in
Chapter 22.

R R
OH OH
o H
H OH
H H — '
Co e O

v H H
Ho@i’/\t- oH Ho\@oj;— OH
HO 1y OH 1y OH
47 Procyanidin B-3 (R = H)
53 Prodelphinidin B-3 (R = OH)

OH
H
0. OH
+ (+)-Catechin (49)
OH
Y H
55
[
R
e
H
0y.- OH
# “OH
57 Cyanidin (R = H) ’ 56

58 Delphinidin (R = OH)

Fig. 14.3 Acid degradation of anthocyanogens.

The prodelphinidins are less well characterized. Barley and beer contain
a biflavan which gives catechin and delphinidin (58) on treatment with acid
in agreement with structure (53) with either procyanidin B-1 or B-3 stereo-
chemistry [51, 54]. Evidence for the occurrence of a [catechin—gallocatechin]
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biflavan in beer has been presented [54] but [gallocatechin—gallocatechin]
biflavans have not been reported.

Procyanidin B-3, [catechin—catechin] should not be confused with
dicatechin (60), formed by acid treatment of catechin, which also may be
present in beer [54].

Polymeric proanthocyanidins in several plant species have a homogeneous
polyflavan-3-ol structure (61) with mol. wt. in the regions 1800-6400 which
corresponds to 6-22 flavan-3-ol units [55].

61

Protein—phenol interactions [56] in the brewing process have principally
been studied with regard to the formation of non-biological haze in bottled
beer (Chapter 22) but similar reactions undoubtedly take place during wort
boiling. Proteins and phenolic compounds initially react together by hydrogen
bonding. The bond between phenols and N-substituted amides, such as the
peptide links in proteins, is the strongest type of hydrogen bond. Accordingly,
urea, NH,-CO-NH,, is used to displace weaker hydrogen bonds and to
destroy tertiary structure in proteins. Similarly, polyphenols are adsorbed on
synthetic polyamides such as nylon or polyvinylpyrrolidone but such reactions
are usually reversible and the polyphenols can be displaced. On storage,
oxidation may occur with the formation of covalent bonds between proteins
and polyphenols. The mechanism of these reactions is not completely
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understood but one suggestion (Fig. 14.4) is that catechol residues (62), as in,
for example, chlorogenic acid (41), catechin (49), and procyanidins (45)—(48),
are oxidized to o-quinones (63). Such quinones readily react with amino
acids and free amino and thiol groups in proteins to give substituted catechols
(64)—(66). These, in turn, may be oxidized again to give substituted o-quinones,
such as (68), which react further to give cross-linked products, such as (69).
In addition, the o-quinones may react with amino acids by a Strecker
reaction (p. 465).
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62 63
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OH OH OH
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R!-CH-COOH R?
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Fig. 14.4 Proposed reactions of polyphenols with reactive groups in proteins (after Pierpoint

57D

A general colorimetric method for estimating phenols by coupling with
diazotized p-aminobenzoic acid has been developed and used to investigate
the changes in phenolic constituents during mashing and wort boiling [58].
Dialysable and non-dialysable compounds and the level of anthocyanogens
were measured. The pattern of extraction of phenolic constituents is shown
in Fig. 9.6 and the changes during wort boiling in Table 14.11. These latter
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TABLE 14.11
Phenolic constituents of worts at beginning and end of copper boil [58]

Beginning of boil Hopped worts % change

Wort Specific gravity Total Dialysable Total Dialysable Total Dialysable

1 1-0798 815 615 990 625 +21-0 +1-6
2 1-0750 770 585 810 595 +35-0 +13
3 1-0414 340 400 360 480 +59  +200
4 1-0140 190 145 160 160 —155 +100
S 1-0066 180 135 140 135 —~22.0 0

results are the net effect of the extraction of hop material and the removal of
phenols on the break with coagulated protein. Boiling with strong wort causes
an increase in the totalcontent of phenolic material, little of which is dialysable.
Protein—flavanoid reactions have been regarded as reversible [58].

Protein + flavanoid = Soluble Complex — Complex precipitate

With each species of flavanoid the free phenol is regarded as being in equili-
brium with the flavanoid—protein complex. Much evidence has been cited,
however, that simple polyphenols do not react with protein to form insoluble
haze and that only polymerized polyphenols are immediate haze precursors
[59]. The addition of polymeric polyphenols, from various sources, to beer
resulted in immediate haze formation.

The fate of the dimeric polyphenols in brewing is illustrated in Table 14.9
and it seems probable that even less of the higher oligomeric polyphenols
will remain in solution after wort boiling. However, following aeration and
the change of pH during fermentation, simple phenols will polymerize and
then react with protein to form chill and permanent haze. Different types of
polyphenol can copolymerize and permanent bonding between polyphenols
and proteins may also occur by copolymerization of the polyphenols with the
phenolic residues of proteins such as tyrosine, phenylalanine, and tryptophan.

The role of protein—polyphenol interactions with regard to the development
of non-biological haze is discussed further in Chapter 22 together with the
methods employed to inhibit these reactions and prolong the shelf-life of
bottled beer.

14.6 Hop resin interactions [60, 61, 62]

The hop resins, discussed in Chapter 13, may be regarded as a further class
of polyphenolic compounds and as such will react with protein and nitro-
genous compounds by hydrogen bonding and may well copolymerize with
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the compounds discussed above. In addition they undergo a series of reactions
leading to the bittering principles of beer.
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Fig. 14.5 Solubilities of humulinic acid, humulone, and lupulone [63].

The hop resins are not very soluble in wort; the solubility of humulone and
lupulone is dependent on temperature as illustrated in Fig. 14.5. [63]. Thus at
the pH of wort (5-0) only 40 mg of humulone is soluble in one litre of water at
25°C and 60 mg/l at 100°C. The solubility of lupulone is much less: 1-:2 and
9-0 mg/1 at 25°C and 100°C respectively. If, therefore, hops containing, say,
59% of a-acid are used at a rate of 0-28 kg/hl (1 Ib/barrel), all the «-acid
could go into solution at 100°C to produce a wort containing 56-6 mg of
a-acid/l. However, on cooling such a wort, humulone would be precipitated
on to the break from the supersaturated solution. After fermentation, when
the pH drops to 4-0, and the wort is conditioned at about 0°C any humulone
in excess of 5mg/l (Fig. 14.5) will be precipitated, and in practice only
small amounts of humulone are detected in finished beer. The most important
bittering principles found in beer are the iso-a-acids formed from «-acids
during wort boiling.
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Fig. 14.6 Isomerization and hydrolysis of humulone (R=CH;CHMe;) (without stereo-
chemistry).

Hydrolysis of humulone (70) gives humulinic acid, m.p. 95°C (73), now
known as trans-humulinic acid, isobutyraldehyde (76), and isohexenoic acid
(75) (Fig. 14.6). The five-membered ring structure of humulinic acid was
established by the reactions set out in Fig. 13.1. In 1925 it was suggested that
the hydrolysis proceeded through an intermediate which was formulated as
(71) but not isolated at that time [64]. Later, structure (71) was assigned to the
bitter-tasting resinous oil obtained by boiling humulone with N/15 sodium
hydroxide for 3 min [65]. It was originally called ‘Resin A’ [65] but later the
term isohumulone was adopted [66]. It was also envisaged that isohumulone
could be hydrolysed to isobutyraldehyde (76) and ‘Resin B’ (4-acetylhumulinic
acid) (74) and that the latter would break down to humulinic and acetic acids.
The existence of ‘Resin B’ was not substantiated until 1968 when it was
suggested that this mode of hydrolysis proceeded via allo-isohumulone (72).

The structures assigned to isohumulone (71), humulinic acid (73), and
4-acetylhumulinic acid (74) each contain two chiral centres and should exist
as two pairs of enantiomers. Since natural (R) (—)-humulone is a single
enantiomer only two diastereoisomeric forms are found ; these are the cis and
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trans isomers (the enantiomers of these forms would be obtained from
unnatural (S) (4)-humulone).
The following definitions have been given [67]:

The iso-a-acids. These are mainly isohumulone, isocohumulone, and iso-
adhumulone.

Isohumulone. The mixture of cis- and trans-isohumulone. Similarly iso-
cohumulone refers to the mixture of cis- and trans-isocohumulone and
isoadhumulone refers to the mixture of cis- and trans- isoadhumulone.
cis-Isohumulone. The iso-a-acid with empirical formula C,H,,0;. It is an
oil with the higher partition coefficient in a phase system of a hydrocarbon
and a buffer, and contains an isovaleryl side-chain. Cis means that the
3-methyl-2-butenyl side-chain and the tertiary hydroxyl group are on the same
side of the ring.

trans-Isohumulone. The iso-a-acid with the empirical formula C,H,,Os,
with m.p. 72°C and the lower partition coefficient in a phase system of a
hydrocarbon and a buffer and contains an isovaleryl side-chain. Trans
means that the 3-methyl-2-butenyl side-chain and the tertiary hydroxyl group
are on opposite sides of the ring,

cis-Isocohumulone. As in cis-Isohumulone, but with reference to C, HysO;
and an isobutyryl side-chain.

trans-Isocohumulone. As in trans-Isohumulone, but with reference to Cy,H,30;
and an isobutyryl side-chain.

cis-Isoadhumulone. As in cis-isohumulone, but with reference to a 2-methyl-
butyryl side-chain.

trans-Isoadhumulone. As in trans-isohumulone, but with reference to a
2-methylbutyryl side-chain.

Allo-iso-a-acids. These are the isomers of the iso-a-acids having a shifted
double bond in the isohexenoyl side-chain. Of each allo-iso-«-acid there is a
cis and a trans form.

Humulinic acids. These consist of cis and trans forms of humulinic, co-
humulinic, and adhumulinic acids.

cis- Humulinic acid. Has empirical formula C,;H,,0, with m.p. 68°C and the
higher partition coefficient in a phase system of a hydrocarbon and a buffer.
Cis means the 3-methyl-2-butenyl side-chain and the alcoholic ring hydroxyl
group are on the same side of the ring.

trans- Humulinic acid. Has empirical formula C,;H,;,0, with m.p. 95°C
and the lower partition coefficent in a phase system of a hydrocarbon and a
buffer. Trans means the 3-methyl-2-butenyl side-chain and the alcoholic ring
hydroxyl group are on opposite sides of the ring.

Examination of the bittering principles of beer by counter-current distribu-
tion resolved them into three products, later shown to correspond to the
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isomerization products of the three a-acids present in hops [68]. It was noted,
however, that the distribution curves for each product, isohumulone, iso-
cohumulone, and isoadhumulone were about 159, broader than those
calculated for a pure substance and two distribution curves could be accom-
modated under the broadened pattern [69]. The same broadened pattern
was given by isohumulone prepared by boiling humulone with N/15 sodium
hydroxide for 3 min [65] or with 0-1 N sodium carbonate solution for 20 min
[70]. Further evidence for the heterogeneous nature of isohumulone was
provided by reversed-phase chromatography [71]. The product of boiling
humulone in a buffer solution at pH 5-0 gave rise to two peaks while the
bittering substances of beer gave rise to six peaks, two for each isohumulone.
Eventually, in 1964-5, the two isomers of isohumulone were separated on a
preparative scale; (/) by reversed-phase chromatography [72], (i) by counter-
current distribution after 2000 transfers [73], and (iif) by partition chromato-
graphy on silica gel using a solvent mixture of iso-octane (2, 2, 4-trimethyl-
pentane) and ethyl acetate [74]. It was also found that humulone can also be
isomerized into trans-isohumulone by irradiation with visible light [74]. The
properties of the two isomers of isohumulone are given in Table 14.12. With
regard to bitterness, one group reports that (4-)-cis-isohumulone, (—)-trans-
isohumulone, and racemic (4)-trans-isohumulone do not show significant
differences in bitter taste or bittering power [73, 75] but others think that
cis-isohumulone is slightly more bitter than the trans-isomer [74, 76].

TABLE 14.12
Properties of cis- and trans-isohumulone
cis- trans-

Structure (R = CO-CH,'CH = C(CHy),) 81 80
Melting point 0il 72°
[«]p (methanol) [73] +47-6° —7-8°
Partition coefficient in iso-octane phosphate-

citrate buffer solution (pH 5-5) 0-784 0-61
pH at which eluted from reversed phase

column [72] 60 5-8

Light absorption [73] Amax(nm)
227 (¢ 10 740) 233 (< 11 860)

in acidic methanol 280 (£11270) 272 (¢ 10 160)
. . 255 (18810) 255 (c 18 280)
in alkaline methanol 270%(c 14690)  270*(e 10 160)

* Value at shoulder of curve.

The structures assigned to the two forms of isohumulone followed from
earlier studies on humulinic acid. A second isomer of humulinic acid,
m.p. 68°C, cis-humulinic acid, was isolated by countercurrent distribution of
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the mother liquors remaining after crystallization of the known trans-
humulinic acid [77, 78]. It was also prepared by a chemical route: oxidation of
trans-humulinic acid with bismuth oxide gave dehydrohumulinic acid (78)
and reduction of this product with sodium borohydride afforded the cis-
isomer.

Treatment of cis-humulinic acid with alkali caused it to revert to the trans
form; the equilibrium mixture consists of over 909 of frans-humulinic acid.
Oxidation of cis-shumulinic acid with bismuth oxide also gave dehydro-
humulinic acid [79]. This result suggested that the two humulinic acids were
epimeric at C-4 and this was confirmed by proton magnetic resonance
spectroscopy [79]. Thus in frans-humulinic acid (77 or 80 : R = H) the C-4
hydroxy group and the C-5 isopentenyl chain have the rrans configuration and
lie on opposite sides of the planar cyclopentenone ring. In cis-humulinic acid
(79 or 81 : R = H) both bulky substituents lie on the same side of the ring.
All these compounds exist as mixtures of tautomers.

These observations were readily extended to explain the occurrence of two
isomeric isohumulones (80 and 81; R = CO-CH,-CH = C (CH,),). In the
proton magnetic resonance spectrum of isohumulone, the signal given by the
proton at C-5 was split. This indicates that it was a mixture of 60¢/ of the
isomer (81; R = CO-CH,-CH = C(CH,),) with cis-humulinic acid stereo-
chemistry and 409/ of the isomer (80; R = CO-CH,:CH = C(CHj,),) with
trans-humulinic acid stereochemistry [80]. In isohumulone there are two
bulky substituents at C-4 so the two isomers will have similar stabilities.
The proportions of the two isomers found by proton magnetic resonance
spectroscopy were in good agreement with the estimates obtained from
countercurrent distribution and reversed-phase chromatography [69, 71].
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When the two stereoisomers were separated the structural assignments made
on the mixture were confirmed.

81

The gross structure of the iso-a-acids has been substantiated by an elegant
synthesis of (4)-isohumulone [81]. The product was an oil which gave an
infrared spectrum identical with that of isohumulone and which on hydrolysis
afforded trans-humulinic acid. (4-)-Isocohumulone and (4)-isoadhumulone
were later synthesized by the same route [82]. The overall yields in these
syntheses are low so that synthetic iso-ax-acids are more readily available
by isomerization of synthetic a-acids [83] (see Chapter 13).

The isomerization of humulone is chemically a type of benzilic acid or
acyloin rearrangement and the mechanism is illustrated in Fig. 14.7. The
isomerization follows first-order kinetics in buffer solutions of constant
pH but in wort the rate falls off probably on account of the lowering of pH.

Further study of the isomerization of humulone into isohumulone has
shown that both in 0-1 N sodium carbonate solutions (pH 10-0) and in a
phosphate buffer solution (pH 9-0) some hydrolysis to humulinic acid occurs

. [72, 85]. In the pH range 6-5-8-0, the isomerization is catalysed by bivalent
metals as Ca?+t, Mg?+, Cd?** and Mn3* in particular, the Mg?+ catalysed
isomerization of humulone affords isohumulone free of humulinic acids [86].

The two isomers of isohumulone are not readily converted into one
another but this is possible via humulone since the humulone-isohumulone
isomerization is reversible [87, 88]. For example, when isohumulone is
heated alone in a sealed tube, in a buffer solution (pH 4-5), in wort, or
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in 0-1 N sodium carbonate it yields 10-15% of humulone. This yield is not
improved on prolonged heating when increasing amounts of decomposition
products are formed so that after 3540 hr no a-acid or iso-a-acid remain
[88]. Isohumulone is also isomerized into humulone in 10-15Y; yield when
it is shaken in a two-phase system of iso-octane and a buffer solution (pH 5.0)
[87]. It follows that isohumulone of 100 % purity cannot be obtained directly
using 0-1 N sodium carbonate solution and that some reversion back into
humulone may occur during counter-current distribution of isohumulone.

H O'.O

cis trans

Fig. 14.7 Isomerization mechanism of humulone [84].

The products obtained by isomerizing humulone in a phosphate buffer
solution (pH 9-0) for 2 hr have been analysed in detail using counter-current
distribution (Table 14.13). Both cis- and trans-humulinic acids were isolated
in optically active forms. The allo-iso-humulones (K = 0-41) were readily
separated from the isohumulones (K = 0-87) but the mixture of allo-iso-
humulone isomers was not resolved even after 1000 transfers. The proton
magnetic resonance spectrum of the mixture, however, established the
presence of (80 and 81) (R = CO-CH = CH-CH(CH,),) [73, 89]. Later
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cis- and trans-allo-isohumulone were resolved: trans-allo-isohumulone
(80; R = CO-CH = CH-CH (CH,),) is a crystalline solid, m.p. 40°C,
[x]p + 14° [85]. The yield of allo-isohumulone when humulone was boiled in
wort for 4 hr was 4:5%, [89]. The hydrated isohumulones are oils with the
structures (80 and 81) (R = CO-CH,CH (OH)-CH (CH,),). It is very
probable that they are also formed during wort boiling and occur in beer [85].
A further product of the isomerization is cis-4-acetylhumulinic acid (81;
R = CO-CHj,), the product postulated earlier as ‘Resin B’ [65]. Both cis-
and trans-4-acetylhumulinic acids have now been isolated from the hydrolysis
of humulone and isohumulone. It is thought that the reaction proceeds via
allo-isohumulone [90].

TABLE 14.13
Products obtained by heating humulone in a buffer solution (pH 9.0) for 2 hr [85]

Isohumulones 57
Allo-isohumulones 8
Hydrated isohumulones 5
Humulinic acids 2
Front fraction 1-5

Unaccounted (oxidation products) (x)26

The isomerization of tetrahydrohumulone (82) at pH 9-0 has also been
studied to avoid complications due to the reactivity of the unsaturated side-
chains of humulone. In addition to recovered tetrahydrohumulone (36 %),
cis- and trans-tetrahydroisohumulone (51%), and cis and trans-dihydro-
humulinic acid (2-6 %), cis-tetrahydrohumulinone (83: with side-chain double
bonds saturated) is isolated in 3 % yield [91].

OH _ 0o ©
COBu' X
HO 0 HO-- OH
HO Si

It thus appears possible that some humulone is oxidized to cis-humulinone
(83) during wort boiling. cis-Humulinone was previously unknown, but has
now been prepared [91] by isomerization of the trans isomer which is readily
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available by oxidation of humulone using a hydroperoxide in the presence of
sodium hydrogen carbonate (see Chapter 13).

In another investigation [135] (—)-humulone was kept in boiling water,
open to the air, for 2-5 hr. In addition to cis- and frans-isohumulone four
products were characterized. One was tricyclodehydroisohumulone (structure
(41) p. 438), the others (85), (86), and (86a) were isomeric with humulone.
The compound tentatively assigned structure (86a) was unstable and readily
took up another atom of oxygen to give a product probably related to the
abeo-iso-a-acids. Three abeo-iso-a-acids [92] have been isolated, two of
which contained one more oxygen atom than isohumulone while the third
contained two extra oxygen atoms (C, H3,0-) (see p. 790).

o O
o) OH
O
Z
(86a)
(0]
N COR
HO OH
CcO
/
CH,
70 Humulone 87 Anti-isohumulone 88 Anti-acetylhumulinic acid
A
HO oH t OH
HO CO CO
N | CH3
89 Deacylated 90 Deacylated 91 Deacylated 92 Deacylated
humulone anti-isohumulone anti-acetylhumulinic acid anti-humulinic acid

Fig. 14.8 Products of the ‘reversed’ isomerization of humulone.
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In the normal isomerization of humulone (70) the bond between C-1 and
C-6 is broken and a new bond is formed between C-1 and the carbonyl group
at C-5 (Fig. 14.6). The ‘reversed’ isomerization of humulone (Fig. 14.8), in
which the bond between C-5 and C-6 is broken and the new bond formed
between C-5 and the carbonyl on C-1, has now been found to occur and the
anti-products account for about 109, of the isomerization mixture [93].
By boiling humulone in a buffer solution at pH 11-0 the cis- and trans-isomers
of both anti-isohumulone (87) and anti-acetylhumulinic acid (88) are formed.
The anti-isohumulones (87) are twice as bitter as the normal isohumulones (71)
and are the most bitter tasting hop acids known [94]. In the mixture of
anti-isohumulones the cis isomer predominates (cis/trans ratio 20: 1). Also
present in the isomerization mixture are deacylated anti-derivatives: deacyl-
ated anti-isohumulone (90), deacylated anti-acetylhumulinic acid (91),
and deacylated anti-humulinic acid (92) [93]. Deacylated humulone (89)
is readily isomerized to these products whereas the deacylation of anti-
isohumulone only occurs to a limited extent (<2 %) so it has been proposed
[95] that (90), (91) and (92) are formed via deacylated humulone (89).
However, the relative ease of deacylation of humulone and anti-isohumulone
has not been reported. Deacylated derivatives of isohumulone have not been
characterized in isomerization mixtures.

o
COR 0 COR
o OH o OH
F Y Vi ™
93 94
0
x COR
HO OH
OH
Z x
95

To a small extent the B-acids (93) are isomerized in a similar manner to the
«-acids to give (95), which is readily deacylated to (96) [96]. Both (95) and (96)
are unstable in acid and give a complex mixture of pyrans. When colupulone
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is heated under reflux in unhopped wort for 2 hr, a similar mixture was
obtained in 19 yield and 90 %; of the colupulone is recovered. Both (95) and
(96) have been found in isomerized hop extracts. They are reported as having
a harsh bitterness with a marked after-bitterness [96].

Thus, the reactions that the «-acids of hops can undergo during wort
boiling are extremely complex. It is probable that new products and reaction
pathways will be elucidated but the most important reaction remains, at least
in fresh hops, the isomerization of the a-acids into the cis and trans isomers of
the iso-w-acids. In this respect the efficiency of hop utilization can be defined

by the expression:

(amount of iso-a-acids present)
(amount of «-acids used)

% utilization = X 1009

In conventional brewing practice only about 509, of the «-acids available
in the hops go into solution during wort boiling and, with most strains of
yeast, further losses occur during fermentation so that the overall utilization
will seldom exceed 409, and may be as low as 10%,. In wort boiling higher
utilization is obtained from weak worts than from strong worts and, as may
be anticipated from the solubility of humulone (Fig. 14.5), hops are utilized
more efficiently at low rates than at high ones. Indeed, it was concluded that
the solability of humulone was the limiting factor in its utilization [97].
When pure humulone is added to boiling wort it remains as an oily layer on the
surface or as droplets of minimal surface area in suspension for the first
1-5 hr of boiling. Only after this period is the majority of the resin (humulone +
isohumulone) in solution and on the break (approx. 95% recovery). Only
about 79 of the humulone added was lost on the break irrespective of the
amount of break formed [97]. In trials using pure humulone, only 50-60%;,
of the resin added was isomerized during 1-5 hr boil. In contrast, 65-75 % of
the a-acids present in hops are isomerized in the same period, which supports
the view that the isomerization of humulone is catalysed by the presence of
hop cones, break, or even an inert surface such as Celite [98]. The effi-
ciency of the utilization increases at high pH values and falls with low
ones, but only small variations are possible in conventional practice. If
hops are extracted and the resins isomerized away from the copper in dilute
alkaline solutions, the iso-a-acids can be obtained in almost quantitative
yield. When such isomerized hop extracts are used to bitter fermented wort,
greatly superior utilization can be achieved [99] (see Section 14.7).

The level of a-acid in hops falls during storage but the bittering potential
of the hops does not fall to the same extent (Fig. 13.5). This is because
many of the oxidation products of both a- and -acids discussed in Chapter 13
are capable of bittering beer. However, at the present time, the nature of
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the major bittering principles in beer brewed from old hops is not known.

Mention should be made of the alleged superior utilization of cohumulone.
Analysis of the proportions of the isobutyryl, isovaleryl, and 2-methylbutyryl
analogues in the bittering substances of beer indicated that the proportion of
isocohumulones in beer was greater than the proportion of cohumulone in the
hops used. This suggested that cohumulone was utilized more efficiently than
the other a-acids and the average efficiencies were given as: cohumulone, 36 %;
humulone 20%;; and adhumulone, 26% [100]. However, further study
revealed that the bittering principles of beer also contained material derived
from the B-acids (93) which was not resolved from the iso-a-acids in the
systems then used [101]. As was mentioned in Chapter 13, B-acids are always
richer in the isobutyryl analogue than the «-acids according to the regression
equation:

% colupulone in B-acids = 0-943 (9, cohumulone in «-acid) + 20-2 [102].

It follows that any contamination of the isohumulones with material derived
from B-acids will lead to a higher proportion of isobutyryl analogues. At
least two groups of principles derived from the f3-acids are present in beer
in approximately equal proportions [101]. One of these was identified as
the hulupones (94). Hulupones are known oxidation products of the B-acids
(see Chapter 13) and are formed to a limited extent during wort boiling,
although one estimate is that only 19 of the available B-acid is converted
to hulupone [103].

The contamination of the iso-a-acids with material derived from the
B-acids provides a satisfactory explanation for some of the reported superior
utilization of cohumulone. But the levels of hulupones and other products
derived from the B-acids found so far cannot account for all the superior
utilization claimed. In brewing trials using mixed a-acids, and thus excluding
interference from B-acids, cohumulone was utilized slightly better than
the other analogues [104]. Support is given by the pK, values quoted in
Table 13.1 which indicate that cohumulone is appreciably more dissociated in
wort than the other two analogues. However, more recent work has estab-
lished that isohumulone is concentrated more than isocohumulone into the
head and foam fractions of beer [105]. The results of one trial brew indicate
that humulone and cohumulone are utilized to the same extent into wort but
that isohumulone is preferentially removed with fermenter skimmings,
yeast, and trub so that there is a superior utilization of cohumulone into beer
[106].

It is known that increasing the pH of beer produces a coarser bitter flavour
so it follows that the undissociated iso-a-acids have a finer bitter flavour than
the dissociated anion. Thus, Rigby [106] has proposed that there is a similar
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difference between the dissociation constants of the iso-a-acids as there is
between the a-acids (Table 13.1). (Accurate measurements of the pK, of iso-
w-acids is difficult : values quoted vary from 3-2-5-2.) Accordingly iso-
cohumulone is appreciably more dissociated in beer than isohumulone and
beers brewed from hops rich in humulone will have a finer bitter flavour.
In practice traditional continental and US breweries have preferred hop
varieties with low proportions of cohumulone in their «-acids and this
feature is now sought in US hop breeding programmes.

14.7 Analysis of bitter principles

The estimation of iso-a-acids in wort, beer, and isomerized hop extracts is
usually based on their light-absorption properties (Table 14.12). Measure-
ments are made at 275 nm in acid solution or 255 nm in alkaline solution.
Humulinic acids, which possess no bitterness, show similar light absorption
to the iso-a-acids. Both «- and B-acids show appreciable absorption at
the wavelengths mentioned so all these must be absent from the extract
analysed. Hulupones exhibit 80-90 %, of the absorption of the iso-a-acids at
these wavelengths but, since they are also bitter, it is often not regarded as so
important to exclude them from the analysis. Beer produced by conventional
wort boiling will contain only trace amounts of «-acids and humulinic acids,
and iso-a-acids may be estimated directly on an isooctane extract of the beer.
Worts, on the other hand, may also contain appreciable amounts of «-acids
and isomerized hop extracts may contain «-acids, iso-a-acids, and humulinic
acids.

In the internationally agreed method [107, 108] degassed, acidified beer
(10-0 ml) is extracted with isooctane (2,2,4-trimethylpentane) (20 ml) and,
after centrifugation, the absorbance of the isooctane layer is read at 275 nm
in a 1 cm cell against a blank of pure isooctane when

Bitterness Units (BU) = 50 x Absorbance.

This is a modification of the method of Moltke and Meilgaard [109]
who used 20 ml of acidified beer and 20 ml of isooctane and gave the
regression equation as:

isohumulones (mg/l) = (28-6 x OD) — 5-9

This method gave a better correlation with tasting trials than the second
method of Rigby and Bethune [110]. In order to avoid assumptions about
the chemical nature of the bittering principles in beer the EBC Analysis
Committee simplified the regression equation and expressed the results as
Bitterness Units [111].

The ASBC [108] retain the second method of Ribgy and Bethune [110]
as it provides a more accurate estimate of the iso-ax-acids in beer. In this
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method acidified beer (15 ml) is extracted with isooctane (15 ml) for 30 min.
An aliquot (10 ml) of the isooctane layer is then washed with a mixture of
methanol and 4N hydrochloric acid (68:32 v/v) (10 ml). After separation of
the phases a portion of the isooctane layer (5 ml) is diluted with alkaline
methanol (to 25 ml) and the absorbance read at 255 nm. The regression
equation is:

Iso-a-acids (IAA) (mg/l) = (Absorbance x 96-15) + 0-4

This method gave a better correlation with the iso-a-acid content found by
countercurrent distribution than the first method which omits the acid washing
stage. It was subsequently found that the acid washing stage removed three
unknown bitter principles from beer brewed with old hops [112].

For accurate analyses of individual components, or groups of components,
in wort, beer, or hop extracts, they must be separated from all interfering
matter. Countercurrent distribution is a convenient way of achieving this
and for a long time was the reference method to which other analytical
methods were related. Modified CCD methods for estimating the iso-a-acids
[113, 114] and the «-acids [114] have been described. However, the finding
[87] that isohumulone can revert back to humulone under the conditions of
CCD meant that it could no longer be regarded as the absolute method.
Ion-exchange chromatography has been adopted as a reference method by the
ASBC [108]. High pressure liquid chromatography is being developed and
will probably become the method of choice. Groups of resins have been
resolved [115, 116, 117] and it has been used to estimate isohumulone and
isocohumulone in beer [105].

The bittering substances in beer have also been resolved by thin
layer chromatography. Using a 0-025 cm layer of Kieselgel G nach Stahl and
benzene-ether (16: 1) as solvent, they have been separated into nine main
fractions. cis-Isohumulones (R;0-65), trans-isohumulones (R, 0-47), hulupones
(R;0-82), and «-acids (R;0-36) are the major components accounting for 80 %,
of the light petroleum extract [118]. Applying the method to commercial beers
it was found that 88-100 9/ of values found in the Brenner estimations are due
to cis- and trans-isohumulone but there are real differences in the ratio of
cis-[trans-isohumulone (1-9-3-1) between samples [119]. The beers examined
also contained hulupones (1:1-4-8 ppm) and «-acids (<50 ppm). These
results may be compared with earlier estimates of hop resin derivatives
obtained by isomerizing humulone at pH 9-0 (Table 14.13).

14.8 Isomerized hop extracts [127]
As mentioned above the a-acids can be isomerized into iso-a-acids in almost

quantitative yield using dilute alkaline solutions. Such isomerized extracts
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can be used to bitter bright beer with a high (approx. 85 %) overall utilization
of «-acid. The isomerized extract must be free of «- and $-acids and other
hop resins which would not dissolve in the bright beer and thus necess-
itate a further filtration with the concomitant loss of iso-x-acid. a-Acids
are stronger acids than B-acids and are usually separated from a solvent or
liquid carbon dioxide extract of hops by partition with aqueous solution of
either sodium or potassium carbonate or sodium or potassium hydroxide.
The aqueous solutions are then boiled to effect the isomerization and the
solution of iso-x-acids obtained metered either into conditioning tanks or
bright beer [120]. Care must be taken, especially if using alkali hydroxides,
that no hydrolysis of the iso-a-acids to humulinic acids occurs during the
isomerization. The resins remaining after the removal of the a-acids may be
added to the copper either with or without deliberate oxidation of the 8-acids
to hulupones.

The isomerization of «-acids is catalysed by calcium or magnesium ions,
either in methanol solution or the solid state, without the formation of
humulinic acid [86]. In the latter case the calcium and/or magnesium salts of
the a-acids are heated at 70°C for 20 min to effect the isomerization. The
iso-a-acid salts are usually ground to a fine powder (particles < 10 pm)
which is added to conditioning tanks where a contact time of at least 24 hr is
necessary to achieve 859 utilization [121]. A modification of this process
involves heating stabilized hop pellets, in which the «-acids are in the form of
their calcium or magnesium salts, at 80°C for 2 hr to form isomerized pellets
which contain the calcium and/or magnesium salts of iso-e-acids [122].
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The analysis of isomerized hop extracts is difficult as they may contain
unreacted «-acids, B-acids, and humulinic acids, in addition to the required
iso-a-acids. A preliminary qualitative analysis by thin layer chromatography
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[118] should be carried out. For quantitative work ion-exchange chromato-
graphy is recommended [123]. Some of the beers produced using early
isomerized hop extracts showed a strong tendency to gush as is discussed in
Chapter 22,

Another type of commercial hop extract is made by borohydride reduction of
an isomerized extract of «-acids and is claimed to be less sensitive to light than
a normal isomerized extract [124]. When beer, particularly lager beer, is
exposed to sunlight in clear bottles it develops an unpleasant ‘sun-struck’
flavour due to the formation of isopentenyl mercaptan (98). It is envisaged
that photolysis of isohumulone cleaves the isohexenoyl side-chain to form a
3-methylbut-2-enyl radical which reacts with hydrogen sulphide, or any
available thiol, in the beer to produce (98) [125].

In the reduction of isohumulone with sodium borohydride the carbonyl
group in the isohexenoyl side-chain is reduced to a secondary alcohol to give
the so-called p-isohumulones [126]. Since a new asymmetric centre is pro-
duced each isomer of isohumulone affords two p-isohumulones (97). The
principal isomer from trans-isohumulone (p-isohumulone A;, m.p. 80°C)
is reported to be 50 %/ as bitter as isohumulone and that from cis-isohumulone
(p-isohumulone B,, m.p. 78-80°C) 809, as bitter as isohumulone [126].
p-Isohumulones are claimed to be less sensitive to photolysis, but in view of
their reduced bittering power, extracts containing them are unlikely to be
widely accepted. p-Isohumulones have not been characterized as normal
constituents of beer but may be formed, in small amounts, from iso-a-acids
during the fermentation.
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Chapter 15

METHODS OF WORT BOILING
AND HOP EXTRACTION

The previous chapter was concerned with the many complex chemical
processes and physical changes taking place during wort boiling. Under no
set of practical conditions can all of these be fully optimized. It is understand-
able therefore that various breweries select different conditions of wort
boiling and that these differences are reflected to some degree in the character
of the beers produced. Illustrating the complexity of the situation, the
various unit operations involved in wort boiling, hop separation, and wort
cooling are set out below [1].

(a) Wort boiling

. Heat transfer and evaporation.

. Sterilization and enzyme denaturation.

. Coagulation of protein and tannin material (trub formation).

. Reaction of hop constituents.

. Reaction of other materials in the wort, e.g. colour production.

. Extraction of hop constituents.

. Distillation of volatile materials (miscible and immiscible wort and hop
volatiles).
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(b) Hop and trub separation

1. Filtration.
2. Separation of spent hop material and of hot trub.
3. Leaching or extraction of solid material by sparging.

(c) Wort cooling

1. Heat transfer.
2. Production of cold trub.
3. Gas absorption (aeration or oxygenation).

499
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15.1 Choice of materials [3]
In mediaeval times, wort was boiled in iron cauldrons over open fires but as

the scale of production increased, the vessels were covered over and fitted
with a chimney or stack to carry steam out of the building. To construct
these more complex vessels, copper, rather than cast iron, became the material
of choice because of its malleability, superior conductivity and better resist-
ance to corrosion. Accordingly, vessels in which wort boiling is carried out
are often called ‘coppers’, even if the metal of construction is not copper,
Other terms used are ‘kettles’ or ‘wort boilers.’

TABLE 15.1
Comparison between copper and stainless steel

Property Copper  Stainless steel
Density (kg/m?) 8930 7930
Specific heat (J/kg K) 385 510
Thermal conductivity (W/m K) 385 150
Yield stress (MN/m?) 75 230
Heat flux (kW/m?) 80* 601

* For conventional jacketted kettle. t For flat stainless steel panels.

In the last twenty years, stainless steel has become popular as a material of
construction of brewery vessels, especially vessels that are of relatively
simple shape and constructed of cold-rolled stainless steel sheet. Copper is
extremely attractive but is more expensive to purchase and maintain than
stainless steel. It has a much higher thermal conductivity but for construction
of vessels has to be of greater thickness than stainless steel sheet (Table 15.1).
Copper sheet is more suitable however for complex shapes of vessels and can

be joined by rivetting and brazing whereas stainless steel is welded.
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Fig. 15.1 Heat flux data from an electrically heated platinum wire in water [2]. (a) Pure
convection heat transferred to water/air interface where evaporation occurs; (b) Nucleate
boiling: bubbles condense in super-heated liquid; (c) Nucleate boiling: bubbles rise to
surface; (d) Partial nucleate boiling and unstable nucleate film; (e) Stable film boiling;
(f) Radiation coming into play.
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Cold-rolled stainless steel surfaces (typically 316 [EN58J] austenitic grade)
are very easily cleaned by hot 2-4 9/ caustic soda solutions while copper is
more slowly cleaned and tends to corrode unless corrosion inhibitors are
present. Copper surfaces (because of their submicroscopic pitting and their
effect of lowering wetting angles) are much more easily wetted than those of
stainless steel. This property of ‘wettability’ can be extremely important in
the formation and release of steam bubbles at the interface between the
vessel and the wort (Fig. 15.1). Thus, under the conditions prevailing in a
wort kettle, copper allows nucleated boiling while stainless steel tends to give
film boiling. Circumstances can arise with stainless steel heating surfaces
where the steam bubbles accumulate and provide a stable insulating blanket
between hot metal surface and the wort. Unless this blanket is swept away by
strong convection currents, the heat flux (the amount of heat imparted to the
wort) will have little relationship to the amount of heat energy available. In-
deed, increasing the steam pressure may make matters worse by increasing the
thickness of the insulating steam blanket. Thus heat transfer coefficients begin
to fall when a steam gauge pressure of 3 bar is exceeded in a stainless steel
heater; for copper the maximum heat transfer coefficient is achieved when
the steam pressure is about 5 bar. Another factor is that, at and above the
air-wort interface, the hot stainless steel tends to bake wort solids onto its
surface. Increasing steam pressure tends to increase the degree of baking and
therefore insulation. Strong agitation of the wort aided by mechanical impel-
lors plus relatively low heat fluxes will therefore improve heat transfer and
reduce the accumulation of baked wort solids on the vessel surface.

Finally, copper is not entirely inert during wort boiling and appears to
catalyse oxidation reactions involving polyphenols, giving rise to greater
colour in boiled worts than is the case with stainless steel. While this may not
be desirable, the oxidation of some compounds with sulphydryl groupings
in copper vessels is said to reduce undesirable sulphurous aromas from the
final beer.

15.2 Heating the copper [3, 4]

Coppers were originally heated over open coal fires housed in iron furnaces.
The fire could not be made up until some wort had been transferred to the
copper, otherwise the wort would char on the hot plates and also there would
be a possibility that the copper would deform and leak at the seams. When
boiling was complete, the fire would have to be drawn, even though a fresh
charge of sweet wort was available. Direct fired coppers are still in use but
they are rare and instead of coal (calorific efficiency was 40~50%,), oil or
natural gas are used (calorific efficiency 68-709/). When direct fired vessels
were in vogue, large breweries tended to have many small coppers in order
to give greater flexibility and reduce the time sweet wort had to be held before
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boiling. With the advent of steam heating, some breweries continued using
many small coppers to even out the steam demand and maintain flexibility.
Other breweries have recognized the lower cost of installing and maintaining
one or two large coppers. The calorific efficiency of well-lagged steam-heated
coppers can be as high as 90-959 but the steam generator will not be as
efficient as this and the overall efficiency will be 65-709%,.

In the last 20 years, some breweries have installed coppers heated by high-
pressure hot water. Typically the water would be in the range 145-170°C
(293-338°F) and to maintain the water as a liquid the gauge pressure would
be about 17 bar. In contrast, a typical steam heated copper would use low
pressure dry saturated steam at 148°C (298°F) and 3-5-bar gauge pressure.
High pressure hot water systems involve circulation of the liquid from the
heater to the copper and back to the heater. A considerable amount of heat
energy is held in the volume of water circulated so that sudden large demands
on the heating system are met more easily. The high pressure hot water system
needs careful lagging, is normally held at its operating temperature except at
periods of maintenance shut-down, and is relatively expensive. However,
certain complications associated with steam heating are absent, such as the
need for condensate traps, strainers and pressure-reducing valves. For large,
flat-sided stainless steel wort kettles that deal with several brews per day, and
operate seven days in the week, the high pressure hot water system is often
preferred: There is less trouble with achieving satisfactory heat flux and with
baking of wort solids, and the large heat panels do not accumulate condensate
and gas.

There are several objectives to be achieved in the design of a copper. Thus
the wort must be thoroughly mixed by either strong ebullition or by vigorous
agitation. There must be a high and localized heat transfer rate and to attain
this there should be high heat transfer coefficients. Heat energy must be used
efficiently. There must be easy, inexpensive and effective cleaning in-place,
and finally low capital and operating costs.

Coppers may be heated either by jackets or by heat exchangers in a loop
outside the vessel. The external heating jacket may be symmetrically arranged
around the vessel or, in order to encourage a rolling boil, the jacket may be
placed asymmetrically. Internal exchangers which often operate at up to
5-bar (gauge) steam pressure include coils, panels radiating from a common
supply pipe (star heaters), or a series of vertical hollow pipes. Such exchangers
are often surmounted by a vertical hollow pipe which leads rising wort up to a
splash plate like a fountain. (The effect is something like a coffee percolator.)
External heaters may take the form of plates, spiral coils, or shell and tubes.
The last type is normally called an external calandria.

1t is desirable to heat wort in the copper as soon as possible and therefore
there is usually provision for low pressure (say up to 3-bar gauge pressure)
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heaters in the base of the vessel to operate independently from those higher in
the vessel (which may be at 5-bar gauge pressure). Therefore as soon as wort
is run into the copper it can be heated, without wasting heat from the upper
heaters and without baking the wort as it rises to these upper heaters. With
external heaters, this requirement for independent heaters is not necessary
providing that the wort circulates through the loop either by being impelled
with an axial flow pump or in some instances rather more slowly by thermo-
syphonic action.

15.3 Types of copper
Modern coppers tend to be of four general types. There are the slab-sided

stainless steel ones with asymmetric heating surfaces, often heated by high
pressure hot water (Fig. 15.2). A second type is the symmetrical copper with
jackets or internal heating element(s) or both (Fig. 15.3). There is the
symmetrical copper with a dimple in the base, jacket heaters and an agitator
(Fig. 15.4). Finally, there is the external calandria copper as shown in
Fig. 15.5. The advantages of the external calandria are (i) the heating can
commence when only 109, of the charge of wort is in the copper, (ii) the
wort is boiled very vigorously, (iii) there is less foaming of wort than with
other coppers so that the head-space can be less than the usual 25 % of total
volume, (iv) the copper is easily cleaned by circulating detergent rather than
wort through the loop, and (v) the volumes of wort in the copper can be very
varied. As has already been mentioned, other types of copper have to receive
a minimum volume of wort so that the heater is covered. Furthermore any
coils or other internal heaters are not easy to clean.

| Inspection window

Heating surface

Fig. 15.2 Asymmetric copper design. The end wall shown is manufactured in uniform
size but the design capacity of the copper may be varied by different lengths of side wall.
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Fig. 15.3 A symmetric copper with asymmetrically disposed steam jackets.

A stainless steel vessel suitable for boiling 1000 hl (611 brl) of wort using
an external calandria might have the following characteristics. The diameter
is 5-8 m (19 ft) and the height of the straight sides is 4 m (13 ft); a conical
base has an included angle of 150° (Fig. 15.5). This provides for a surface
area of 125 m? (1345 ft?). The thickness of the vessel is 3-5 mm (0-12-0-20
inches or 8 gauge) and is lagged with phenolic foam to a thickness of 50 mm.
(Smaller coppers may be constructed from lighter gauge stainless steel,
say 2-2-5 mm, especially if they are strengthened by a framework.) From this,
it can be calculated that the empty copper would be approximately 17-20
tonne (or ton) and the full copper would be 120 tonne (or ton). Because of this
substantial weight, the vessel needs supporting on a ring or webbing around
the periphery of the vessel — usually at the top of the cone. In its turn the ring
is supported by three or four legs; alternatively it can be integral with the
floor supports so that the lower part of the vessel is suspended into the room
below. The circulating loop tube should be about 0-3 m (1 ft) diameter and
some 1-5-2-5 mm (0-05-0-10 in) thickness, leading to an axial flow pump
(which is used to initiate circulation) and thence to the heat-exchanger, and
finally into the vessel. Sometimes two or more circulating loops and ex-
changers are used in conjunction with a large vessel. The vessel is not a
pressure vessel but some features of a pressure vessel design and construction
are incorporated, especially for large coppers of this kind. Thus the vertical
welds are not in line, but are staggered and no opening into the vessel cuts
across a weld. Some external calandria are designed for low pressure dry
saturated steam, others for high pressure hot water. Very careful consideration
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has to be taken in the design of the heat-exchanger to the volume of wort to
be boiled, its gravity, the minimum time required to bring the wort to
boiling, the amount of water to be evaporated and the frequency of cleaning

[4].
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Fig. 15.4 (a) A symmetrical copper with symmetrically disposed steam jackets, dimple and
agitator. (Courtesy of A.Ziemann, GmbH.) (b) A ‘star’ heater for mounting in the base of a
copper.

15.4 Heat economy [5]

It will be appreciated that in the initial stages of heating the wort in the
copper, the heat energy load is very high. This is because the temperature has
to be raised from say 70 to 102°C (158-216°F). From this unsteady state,
the steady state is eventually reached when the copper is full, the wort is
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Fig. 15.5 External calandria copper.
boiling and water is being evaporated. At the steady state, the steam or hot
water requirements are less and are uniform. The relevant equations are:
do
“dr
This equation is the simplest for expressing a particular unsteady state. Q is
the heat provided, ¢ is time, U is the overall heat transfer coefficient, 4 is
the area for transfer and T is the temperature difference at time ¢.

g=UAAT, (15.2)

This is the steady-state equation in which g is the heat transfer rate and T,
is the difference between the condensing temperature of steam and the
temperature at which the wort boils.

The overall coefficient U,, referable to the tube outside diameter is cal-
culated from:

=UAAT (15.1)

d, x
k7 Xt R Ry (15.3)
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where d,, d; and d_, are the outside, inside and mean diameter of the walls,
h; is the inside film coefficient and 4, the corresponding outside one, x is the
thickness of the wall, & the thermal conductivity of the material, R, is the
resistance relating to the inside fouling coefficient and R, the corresponding
outside fouling coefficient. For thin-walled tubes, the equation (15.3) can be
simplified to:

1 1

1 x
U=7,+E+-/?+R1+R2 (15.4)

Typical resistance values are given in Table 15.2.

TABLE 15.2
Typical heat transfer coefficients (kWim?* K)

Steam side (low pressure) 5-6
High pressure hot water side 2-5
Wort side (clean) 1-6
Wort side (dirty) 1-2
Vessel wall (copper) (k/x) 19-25
Vessel wall (stainless) (k/x) 75
Overall heat transfer coefficient for clean stainless

steel kettle 1-0
Corresponding coefficient for dirty kettle 0S5

Many breweries clean their coppers after 6-12 brews, despite the fact that
after say 10 brews only 75 % of the maximum evaporation is achieved. The
reasons for infrequent cleaning are (7) the difficulty of finding ‘down time’ in
an intensive schedule of many brews per day, (ii) the cost of cleaning, includ-
ing fitting cleaning equipment, supplying hot water, detergent and disposing
of and paying for effluent produced, (iif) the oversizing of the heat exchange
surfaces and (iv) the tendency of many breweries to require less evaporation
because last wort runnings are discarded or recycled.

The boiling of wort in a copper tends to make a brewhouse hot and humid.
In order to conserve heat energy and provide acceptable working conditions,
the copper is well insulated on the sides and base, but often not on the upper
surfaces. Heat recovery from the stack of the copper is well worth considering,
although not all breweries are equipped for it. The heat recovered can be
used for either raising the temperature of mashing-in water or detergent
solutions used for cleaning in-place; 2258 kJ are released for every kg of steam
condensed and consequently the temperature of the water to be heated
could, for instance, be raised 50°C (122°F), say from 15 to 65°C (59-149°F).
Typically in such condensers the heat transfer coefficients are 5 kW/m? K on
the steam side and 3 kW/m? on the water side.
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Because the steam carries with it wort solids and steam-volatile components,
the heat-exchanger becomes fouled and needs periodic cleaning. The heat
recovery can be set against the price of steam. For example, assume 1000 hl
(105 kg) wort is to be boiled for one hour and the evaporation rate is 8 % per
hour, the weight of water evaporated is 8000 kg. If the efficiency of heater in
the copper is 909, the steam used will be 8889 kg. At say 0-8 pence/kg, this
will be just over £71. In practice, one metric ton of steam is needed for
boiling 100-150 hl of wort, and from the boiling of 100 hl of wort, heat can be
recovered to raise the temperature of 50 hl of water from 25°C (77°F) to
85°C (185°F) assuming 75 9 recovery of the heat energy [3].

15.5 Temperature and pressure [6-11]

The temperature of wort boiling at ambient pressure will depend on a
number of factors. Thus, the greater the gravity (extract) of the wort, the
higher will be the temperature. Hydrostatic pressure will also increase the
boiling temperature. Conversely, breweries situated at high altitudes will
have their wort boiling at lower temperatures unless they pressurize the
coppers. The use of pressurized coppers is controversial, some authorities
claiming better utilization [7] and others poorer utilization of «-acids [6].
In general, pressure coppers are not favoured for producing pale beers
because the greater temperatures lead to darker wort colours than with non-
pressurized coppers. Undoubtedly even a small increase in pressure within
the copper over atmospheric (0-2 bar) will speed the chemical and physical
changes taking place in the copper. Thus boiling time can be reduced in a
pressure copper from 90 min to something between 45 and 60 min. At the
extreme is the claim that 98 s at 150°C (302°F) or 180 s at 140°C (284°F)
will give similar results to 90 min at 100°C (212°F), as shown in Table 15.3.

TABLE 15.3

Comparison between conventional boiling and high pressure short time
copper boiling [11]

Boiling conditions
90 min, 100°C  98's, 150°C

% extract (°Plato) 10-6 109

pH 5-45 534
Colour (°EBC) 90 69

Total nitrogen (mg/100 ml) 93-3 93-0

Coagulable nitrogen (mg/100 ml) 34 1-4

Bitterness (EBU) 460 44-7

Iso-«-Acid content (mg/l) 41-0 38-2

a-Acid content (mg/1) 12:3 12:0

Tannins (mg/1) 171 159

Anthocyanogens (mg/1) 65 57
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One of the difficulties about pressure boiling is that undesirable volatiles
are not steam-volatilized sufficiently, especially when whole hops, powder
or pellets are added to the copper. In this connection, many US breweries
assist the removal of undesirable essential oils by keeping man-holes open
while the coppers boil. The air thus drawn into the vessels improves the
draught up the stack and hence volatilization. Some coppers have condensate
traps in the throat of the stack to prevent condensed volatiles returning to the
boiling wort.

It has long been known that vigorous boiling gives better percentage
utilization and enhances other chemical and physical changes during copper
boil. Equally, it has been known that rather similar results can be obtained by
simmering around 100°C (212°F) providing that there is intense mechanical
agitation of the wort [9]. The question arises whether wort treatment could
usefully be carried out at temperatures below 100°C. Sweet worts were held
for 90 min at 85°C (185°F) in the presence of hop extracts and compared with
similar worts held for 90 min under boiling conditions (Table 15.4). The
unboiled wort and derived beer were lower in colour and bitter substances
and higher in total nitrogen than the standard wort and beer. The unboiled
worts were cloudy while the shelf life of the derived beer was lower and its
flavour was different from the standard.

TABLE 154
The effect of replacing wort boiling by an 85°C hold [10]

Boiling conditions

Standard boil 85°C hold

for 90 min for 90 min
Wort pH 5-06 5-20
Colour (°EBC) 11-5 100
Total N (mg/100 ml) 749 794
Amino N (mg/100 ml) 19-4 19-0
Bitter substances (mg/l) 459 375
Beer pH 3-82 3-84
Colour (°EBC) 11-0 90
Total N (mg/100 ml) 439 47-2
Amino N (mg/100 ml) 37 3.7
Bitter substances (mg/l) 209 163
Head retention (s) 95 96
Shelf life (weeks) 16 12

15.6 Operating a copper
Worts from the mash tun, lauter tun or mash filter may be run directly into
the copper. However, with some brewing schedules the copper may be engaged
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in boiling the wort of the previous brew when first runnings of wort leave
the wort separator. Under these circumstances the wort is either diverted
temporarily into the mash mixing vessel (if it is free) or into a heated, insulated
buffer tank (a sweet wort back or underback). Worts must not be allowed
to cool below 55°C (131°F) - preferably 65°C (149°F) - because there may
be opportunity for infection by thermophilic bacteria such as Lactobacillus
delbrueckii. In older breweries in Britain, the coppers were often sited high
in the building so that worts from the mash tun had to be pumped a consider-
able height. With traditional lager breweries, the coppers are usually slightly
below the level of the lauter tun, alongside mash conversion vessels and mash
coppers. A centrifugal pump is used for transferring wort in contrast to a
rotary positive displacement pump (such as a Monopump which could be
used for pumping mash).

When the contents of a mash tun or other wort separator are to be divided
between two or more coppers, this can be achieved in several ways. The two
coppers may be filled simultaneously by means of a split main in which case
the gravity and composition of the wort will be the same in each. However,
both coppers must wait until the final worts have reached them before the
boiling time commences. Even if the wort is simmering at this time, the
demand for steam by synchronous operation may be considered excessive.
Alternatively, one copper may be filled, and boiling commenced, while the
other receives weaker worts. After boiling, when the coppers are cast, the
worts can be mixed in various proportions to give rise, after fermentation, to
several different beers varying in original gravity. This complex mixing
arrangement is known as a parti-gyle system.

Boiling worts in the absence of hop material presents problems to the
brewer. The surface tension of the wort is sufficiently high to encourage
foaming and there have been catastrophic incidents when coppers have
boiled over because hop material has not been added. Hops may be added as
whole cones, freshly minced hops, powder, pellets or extract. The choice
influences the final beer flavour, the costs of the various forms, the facilities
available in the brewery for storing and handling them and finally the percent-
age utilization achieved. Alternatively, part of the hop bitterness may be
added to the copper and the balance provided at the beer treatment stage in
the form of isomerized extract [12].

Longer boiling times are normally required for whole hops and there may
be problems in getting accurate weights of representative samples into the
copper, especially if a complex blend of hops has to be introduced. With
whole hops in external calandria coppers, contaminating materials such as
string, wire and nails may cause breakdowns of the circulating pump.
Pellets are particularly easy to weigh accurately and add to the copper.
Extracts are viscous and are introduced either after preheating opened cans
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of the material or the cans are pierced repeatedly and suspended in or above
the hot wort in the copper. Many breweries add hops to vessels containing
stronger worts at a rate greater than to coppers holding weaker worts. Better
percentage utilization is obtained if this practice is reversed. Many breweries
add hops at the beginning of the boil and postpone adding the remainder
until part way through the boil. Very commonly, the hops with the most
attractive aroma are added very close to the end of the boil (aroma hops).
North American breweries usually add their native hops at the beginning of
the boil (say 140 g/hl or 0-5 Ib/brl). Aroma hops such as Saaz or Hallertau
are added some 15 min before cast. Some breweries are convinced that this
practice is well worthwhile because of the hoppy aroma imparted to their
beers, while others are equally convinced that the practice is either too
expensive or even worthless. Very few breweries now reuse their hops in
successive brews but, when highly hopped beers were in vogue, this practice
was common [13].

The production of high gravity beers can be achieved by adding consider-
able volumes of syrup before the wort comes to boil — if for instance nine parts
of wort of 10°P (SG 1040) were mixed with one part of syrup of 36-4°P
(SG 1150), the resultant gravity would be about 12-6°P (SG 1051). Great care
must be taken to ensure that the syrup becomes well mixed with the wort
before charring of the dense syrup occurs on the heating surfaces. Another
consideration is whether the modified wort has the appropriate composition
with respect to carbohydrates and amino acids, and whether this will
influence yeast growth and final flavour of the beer. Addition of sugar
solutions to the copper are common where sugar is cheap or where sweet
beers are required. These ‘copper sugars’ may be produced from cane sugar
or beet sugar or a mixture; it is now rare to find the use of inverted sugar for
this purpose.

A few breweries add negatively charged colloidal material to their coppers
in order to promote hot trub formation. This copper fining material is usually
Irish moss, the dried red marine alga Chondrus crispus (plus some Gigartina
stellata). It is added at 4-8 g/hl and fining action arises because polysaccharide
called carrageenan is extracted by hot wort. This substance (or substances) is
made up of chains of galactose, and occasionally anhydrogalactose, units
linked alternately 1-3 and 1-4. Some of the free hydroxyl groups are esterified
with sulphate groups, hence the negative charge [14], Purified preparations of
carrageenan may be substituted for the natural product. Alternatively, a few
breweries add silica gel.

A further practice which is becoming progressively rare is to add calcium
sulphate to the copper, sometimes with other salts, in order to adjust the
calcium concentration of the wort. The rationale is presumably to use the
circulation and boiling currents to dissolve the salts and bring about a lower
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pH of the wort. But a-amylase activity in mashing depends on sufficient
calcium being present, therefore it seems better to have all the calcium
available in the mashing and sparging water.

It used to be considered desirable to have oxidation conditions in the copper
but, in recent years the view has swung away from this idea because of
adverse effects of oxygen on colour, flavour, flavour stability and haze
formation. The absorption of oxygen during mashing-in is low (3-8 mg
O,/]) but later steps in the mashing and lautering process are much greater
(25-100 mg O,/l). However in the copper, oxygen absorption is low again
(3-15mg O,/l) and the same is true during wort clarification [15]. When
wort boiling is carried out in the absence of hops and with gas bubbling
through, it was observed that less hot trub formed when oxygen was used
than when carbon dioxide or ni:rogen was employed [16]. In this connection,
it has been suggested that one protein fraction will coagulate during the
copper boil, providing that it is not oxidized. If the oxidation occurs, coagula-
tion is delayed until the pH falls during fermentation [33].

W

Sprayball for copper throat

Sprayball

Swivel point
Attachment for

~ vertical arm

Fountain

Heating elements

/ . Steam jacket

Reaction jet

Fig. 15.6 Copper heated by steam jacket and rod-like elements showing arrangements for
cleaning in-place. The reaction jet is detached from the revolving horizontal bar after
cleaning is completed.

At the end of the boil, the copper is cast and the wort is run to a clarifying
unit. The copper may then be used immediately, or rinsed with water, or
fully cleaned with detergent. In some respects, coppers are the most difficult
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vesseis in the brewery to clean, especially if they have internal coils, tubes
and fountains. The amount of scale after 6-12 brews is very substantial,
calling for particularly effective cleaning in-place. The throat of the stack
requires spraying, usually with a spray ball. Other spray balls and rotating
jet sprays are located so that all surfaces within the copper are sprayed. Some
coppers are fitted with a bearing supported just below the throat of the stack.
The bearing carries a rotating horizontal branch with a reaction jet at one
end and at the other a vertical arm which is attached only during cleaning.
This terminates in a spray or jet (Fig. 15.6). As has been mentioned, coppers
with external calandria are relatively simple to clean, normally relying on the
circulating pump and a single spray ball above the fountain.

15.7 Continuous wort boiling [1, 3, 17-19]

There have been many attempts at continuous wort boiling, with varying
degrees of success but few examples are to be seen in large-scale commercial
use. In some, the wort boiling is a separate operation from hop extraction
[17]. In others, the principle of a continuous belt is adopted, bearing a thin
film of hops through boiling wort (and eventually through sparge water to
recover extract) [18]. The Centribrew continuous wort production system has
been installed in a few breweries [19]. It features a tank receiving shredded
hops, hop pellets or extracts which are mixed with wort. From here, the wort
is heated to 150°C by steam injection at 6-8 bar but pressurized so that it
does not boil. The wort is then led through a special reactor and held for
about 2 min and thence to a vacuum vessel with integral condenser, where
volatiles are ‘flashed off.’

The lack of success of most continuous wort boiling plants may possibly
be due to difficulties concerned with inadequate release of undesirable
volatiles, leading to abnormal beer flavours and aromas. Fundamentally,
this is expressed by the Rayleigh equation which for batch boiling is

i‘_‘z(l_E>a—1 [1]
Xo 1

where x; = final concentration of volatile component, x, = initial concen-
tration of volatile component, E = percentage evaporation, and o« = volatility
relative to water.

Thus for 109 evaporation, which might be considered the average loss/hr
for an open copper, some 86-5% of a component (of relative volatility 20)
would be lost. However for continuous boiling the Rayleigh equation
becomes:

X 1
Xo 1+ E@—1)
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and so for 10 9; evaporation only 65 % of a component will be lost. In practice,
it may be difficult to achieve 109, evaporation,

15.8 Wort clarification

Wort, when boiled in the copper, should be brilliantly clear with suspended
large particles of trub and spent-hop material. If whole hops are used in the
copper, the amount of spent hops will be 0-7-1-4 kg/hl (2:5-5-0 Ib/brl) wet
weight, The amount of trub will be in the order of 0-21-0-28 kg/hl (0-75-1-0
Ib/brl) wet weight — roughly 80-85¢9; water. The hot trub is made up of
protein—tannin material plus insoluble salts, some hop resin material, and a
significant proportion of the lipid material that was present in the sweet
wort and hops. Trub particles may be as big as 5-10 mm diameter but in any
conditions of shear, these break down first into particles of 30-80 wm and
then to elementary particles of 0-5-1-5 pm [20]. The latter may look super-
ficially like bacterial cocci but they are irregular in shape, variable in size
and dissolve readily in alkali. Table 15.5 gives details of the composition of
hot trub and spent hops. It will be seen that the trub has a reasonably high
level of digestible protein and is much superior, from a nutritive point of
view, than spent hops. In many breweries, the spent hops and trub are returned
to the lauter tun or mash tun to cover the spent grains. There they can
drain with spent grains and the liquor obtained can either be run to drain or
used for mashing-in. No nutritive problems seem to arise when the mixture
of spent materials are fed to cattle and such wet feed is extensively used in the
UK [21].

TABLE 15.5
Nutritive analysis of spent brewhouse materials [21]
Spent grain Spent hops Hot trub
Dry matter (%) 20-0, 22-0 250 —
Crude protein (%) 19-8, 20-5 17:2 354
Digestible crude protein (%) 120, 149 52 219
Crude fibre (%) 18-0, 18-6 236 23
Ether extract (%) 68, 64 7-6 1-5
Ash (%) 42, 45 60 7-4
Qil (%) not determined not determined 15

When the wort is cast from the copper, it is necessary to remove spent hops
and trub, and the method originally used was straining or sieving. With a small
brewery, the wort was run into a pipe which was expanded at its end into a
perforated ball. The solid material was retained and the clarified wort was
run to the cooler. In larger breweries, this same idea was developed for the
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hop Montejus (Fig. 15.7) and in ale breweries for the hop back (Fig. 15.8).
Additional features include equipment for the recirculation of worts, the
sparging of extract from the spent hops and trub, and the mechanical dis-
charge of the spent material.

Wort in
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Wort discharge

<«———— Hops discharge

Fig. 15.7 Hop Montejus for sieving wort discharged from the copper.
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Fig. 15.8 Hop back.

The hop back may be an open vessel but, because of the steam generated
during its operation, it is almost invariably covered and the steam plus
volatiles extracted by a stack. Wort from the copper is run into the hop back
and is strained by the slotted base - the slots are about 1-55 mm (0-06 in)
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wide and occupy 25-309; of the area of the base plates. As the spent hop
material accumulates, it progressively improves the straining action so
that hot trub is retained. In order to take advantage of this, the wort which
in the earliest stages passed through the slotted base is recycled. A hop back
is a large vessel and in many respects resembles an infusion mash tun. It is
only applicable where whole hops are used. With general reduction in the
amount of hops added to the copper, the depth of spent hops in the back
may be insufficient to get efficient clarification. A bed of 30-60 cm (1-2 ft) is
considered best, while a 15 cm (6 in) bed is the minimal depth.

Some brewers put fresh hops into the hop back in the hope that this will
impart hoppiness to the final beers. From the hop back, the wort is pumped
directly to the cooler or held in a buffer tank before cooling. A considerable
amount of wort is left entrained in the spent hops and is normally recovered
by sparging with hot water (8 l/kg spent hops or 0-8 gal/lb). Finally, spent
hops and hot trub are removed from the hop back and cleaning may take
place either after every brew or following several brews.

Fig. 15.9 Hop separator. 1. Valve; 2. Level control electrodes; 3. Level control; 4. Screw-
conveyor; 5. Strainer area; 6. Compression chamber; 7. Fasteners; 8. Strainer basket;
9. Three-way valve (wort return and sparge water); 10. Return pipe; 11. Wort discharge;
12. Clean-out valve. Spent hopsaredischarged at the top. (Courtesy of A. Ziemann, GmbH).

In many breweries, the removal of the spent hop material and the hot trub
from the wort occurs in two separate stages. Hop separators (Fig. 15:9)
receive the wort from the copper and strain it through wire mesh. The separa-
ted spent hops are scraped from the mesh by a screw-conveyor and transferred
to a part of the separator where they can be compressed and sparged before
being ejected.
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When breweries use hop pellets, powder or extract, rather than whole hops,
hop backs and hop separators are not applicable. The wort from the copper
is clarified in much the same way as wort coming out of the hop separators.
One old method was to use a shallow sedimentation tank and run off the
clear wort at the top of the tank. This method involves not only clarification
but wort cooling and will be mentioned later. Filtration to remove hot trub
might at first sight be a possibility but because kieselguhr partly dissolves
in hot wort and also since wort develops cold trub on cooling, only filtration
of cooled wort is normally practised. Centrifugal separation of hot trub (and
spent hop powder or ground hops) is employed in some breweries, usually
with large continuous, automatic rejection centrifuges. As with other methods
of separation, it is often necessary on economic grounds to recover wort from
the separated material.

The most popular separation device applicable whatever the method of
hopping, developed by the Molson Breweries in Canada, is called the whirl-
pool tank [22]. It comprises a vertical cylindrical tank into which the wort is
pumped at fairly high velocity (Fig. 15.10). The batch of wort circulates within
the tank and eventually the solids are deposited as a heap in the centre of the
base. Clear wort can be run off and the trub plus any spent hop material can
be recovered. There are considerable variations in the constructional details
and modes of operation of whirlpool tanks, often leading to varying success
with separation of the solids.

It has recently been stated that the ‘mechanics of whirlpool separation,
although basically quite simple in concept, do not easily lead to either mathe-
matical or experimental analysis’ [23]. Whirlpool tanks are normally con-
structed of cold-rolled stainless steel and have an insulating jacket. The
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Fig. 15.10 Whirlpool tanks of various designs. (a) With conical base; (b) Combined copper
and whirlpool tank; (c) Whirlpool separator with inclined base. 1. Vent stack; 2. Spray-
water inlet; 3. Spray ring with nozzles; 4. Tangential wort inlet; 5. Liquid level indicator;
6. Manhole; 7. Water shield ring for concrete base; 8. Concrete base; 9. Three-way valve
for discharge of wort and sludge. (Courtesy of A. Ziemann, GmbH.)

height to diameter ratio is in the region 0-67-0-77 : 1 and the head-space is
about 209. There is considerable controversy about the base of the vessel;
some are flat, others have a cup or well to retain the solids, others are conical
and, finally, some have a cone rising towards the top of the vessel. It is
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probable that the processes of forming a discrete deposit of solid material,
retaining the material while wort is drained from the vessel, and finally
removing the material easily and efficiently during cleaning, are to some extent
incompatible. There is also controversy about the point at which wort is
introduced; some vessels have the pipe about a quarter to a third of the way
up the vessel, others have it near the final wort depth. In general, the vessels
with lower pipes seem more popular.

Wort velocity varies greatly in the operation of these vessels; in one survey
it ranged from 1:4-12 m/s (4-6-40 ft/s), averaging 6-5 m/s (21-5 ft/s) [24].
Some authorities consider that the initial rotational speed must be as high
as possible. The entry pipe is usually set approximately tangentially to the
vertical wall of the tank, but it has been stated that 20-30° to the tangent
gives the maximum efficiency of energy conversion [25].

Recently, vessels have been installed in breweries which can act both as
coppers and separators (Fig. 15.10b). This leads to an economy in the
number of vessels but it must be remembered that the whirlpool acts as a
buffer tank and is relatively inexpensive as a separate vessel.

The wort entering the whirlpool tank initially rotates about the vertical
axis. This rotational movement in the upper layers of liquid tends to throw
particles radially outwards. As the tank fills up, the wort at the bottom of the
vessel will, because of friction with the base of the tank, lose this rotation.
A pressure gradient builds up which causes the wort to flow radially inwards
at the base where the particles tend to be carried inwards to the centre. The
drag of the vessel base reduces the velocity of the wort stream and so the
particles tend to be deposited at the centre. From the centre, the wort rises.
The circulatory currents appear to assist in the flocculation of hot trub
particles because, compared with simple sedimentation, the particles are
larger and more granular.

High gravity worts do not give such rapid clarification as worts of lower
extract because the difference between the density of particles and the wort
is less (Stokes’ Law). If no hop material is present, separation is poorer and
the best result has been claimed for hop powder [26]. Additions of Irish
Moss, polyvinylpyrrolidone, nylon 66 and particularly bentonite, have
been stated to improve separation [26]. Anaerobic conditions are also said
to increase the amount of material deposited, particularly by injecting carbon
dioxide into the wort line when pumping into the whirlpool tank [26).

In order to speed withdrawal of clear wort, there are usually draw-off pipes
at various heights. It is normal to run several brews through the whirlpool
tank before removing the solids. The consistency of the solids changes with
time and eventually the mass will set like concrete due to oxidative copoly-
merization of proteins and polyphenols. Two methods of removing the
solids are the use of a high pressure water spray jet lowered to 2 m (6 ft) from
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the base, and the incorporation of a ‘hedgehog’ spray jet in the base of the
vessel. The slurry of hot trub material may be transferred to the mash copper,
mash tun or lauter tun [27]. Alternatively it can be passed to a vibrating screen
and the recovered weak wort pumped back to join wort cast from the
copper (Fig. 15.11). The best separation occurs using a 30 um screen [28].
Trub with a moisture of 809, can be added to spent grains for cattle feed.
After removal of the trub, the vessel may be cleaned using 2-4 9 hot caustic
soda solution, usually with additives, and then rinsed.

—-«— Vent
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H~— "
————

Cooling Tubes carrying

air out ,—/ wort down

and sterile air up
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H) Cooling

B: air in
Cooling
water out
:ﬂ<____ Cooling
B: water in
Glycol
out
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mn

Cold glycol
H in

Cold * wort out

Fig. 15.12 Wort cooler which allows for aeration.

Wort freed from spent hop material and trub is cooled in order that it
can be pitched with yeast. In very old breweries, the wort is cooled in shallow
open vessels, using only air cooling. These open coolers or coolships had
three functions: cooling, aeration of the wort and separation of cold trub.
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Originally they were open to the atmosphere, but in order to avoid microbio-
logical contamination it is preferable to use cooled sterile air. In order to
have greater economy of space, vertical coolers were introduced in which the
wort flowed continuously as a thin film over a vertical metal surface cooled
with chilled water (or other coolant). Such coolers aerated the wort as well
as cooling, but there was no removal of cold trub. Most breweries now use
plate heat-exchangers, which cool, but neither aerate the wort nor separate
cold trub. However, coolers involving aeration are still used by some modern
breweries (Fig. 15.12). Wort enters at the top of the cooler and flows down
through a series of stainless steel tubes. It is cooled progressively, first by air,
then water and finally glycol. During its fall, it is exposed to sterilized air
introduced at the bottom of the tubes. A unit capable of cooling 450 hi/hr
(275 brl/hr) would be about 7 m (23 ft) high and 2 m (6 ft) diameter [34].

04
ve

(b)

Fig. 15.13 (a) Principles of the plate heat-exchanger; (b) A typical flow grouping.



METHODS OF WORT BOILING AND HOP EXTRACTION 523

Although there are some shell and tube coolers used, plate heat-exchangers
are far more common. They comprise a stainless steel frame carrying a large
number of vertically arranged stainless steel plates which are compressed
together. Each plate has a series of indentations and a rubber sealant gasket
around its periphery. There are four circular holes cut in the corners of the
plate. When the plates are pressed together, they seal at the rubber gaskets
and the indentations form channels. Between two plates, say @ and b, the
channels allow coolant to flow in at hole 1 and out at the diametrically
opposite one which we will call 3. Between the next pair of plates, b and ¢
the wort enters through hole 4 and passes through channels before leaving at
the diametrically opposite hole 2. Coolant would then pass between plates
¢ and d, and so on (Fig. 15.13). The channels are designed to give very turbu-
lent flow and good heat transfer. Any build-up of scale from either the wort
or the coolant, or both, seriously reduces the heat transfer. The plate heat-
exchanger may comprise two or more stages, so that wort may run counter-
current to water in the first section while a second stage may reduce the wort
temperature still further by using glycol or alcohol as a refrigerant. In
this connection it is usual to cool lager worts to 6-12°C (11-54°F), depending
on the fermentation temperature to be employed. Worts for ales are cooled
to about 15°C (59°C). Another important consideration of wort coolers is
their ability to generate considerable volumes of hot water (at say 70°C) for
mashing, and for cleaning equipment.

15.9 Removal of cold trub

During the cooling of wort, cold trub progressively precipitates. It is impossible
to remove all the potential precipitate because the trub continues to form
during fermentation and subsequent beer cooling (Fig. 15.14). However,
many breweries, especially those concerned with lager fermentation, remove
much of the cold trub; some use kieselguhr filtration (see Chapter 20) while
others centrifuge. An additional method involves flotation of cold trub: air
is forced through cooled wort by a Venturi tube and mixing pump. After
wort has been held a few hours in a collecting vessel, air bubbles plus cold
trub collect at the surface and can be skimmed off as a compact layer. This
method is claimed to be superior to sedimentation or filtration in the removal
of cold trub [29]. It must be emphasized that great care must be taken to
ensure that wort held at temperatures in the range 0-60°C (32-140°F) does
not become infected.

A recent survey [30] has shown that in Swiss breweries, the cold break
content of beers varied over a wide range, independent of separating pro-
cedure. The effects on fermentation, maturation and beer clarification were
not significant., During the course of successive fermentations, the preference
of tasting panels shifted from beers where cold trub had not been removed
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to beers where partial removal had been practised. The overall impression
from other studies is that the presence of cold trub may stimulate the rate
of fermentation, possibly by providing nuclei for carbon dioxide release;
on the other hand, with more delicate beers there seems to be more possibility
of having unacceptable sulphury aroma and taste.

300

Cold break (mg/ml)

| | | 1 ] | | 1 |
o 10 20 30 40 50 60 70 80

Temperature (°C)

Fig. 15.14 Amount of cold trub formed at various temperatures.

In New Zealand, worts are normally chilled to the point where slush-ice
forms. This procedure permits the short storage of wort, but the main
advantage appears to be the stability of the derived beers from the point of
view of haze formation.

The production of cold trub has received little biochemical study. Many
years ago, it was claimed that to get maximum trub production it was
necessary to cool slowly over the range 49-26°C (120-80°F), at least 30's
being required, and mechanical agitation being desirable [31]. Later results
[32] described worts where the best cold trub formation occurred when cooling
from 60-21°C (140-70°F) took place in 3 s or less. An hypothesis explaining
the reasons for fast cooling and slow cooling worts states that there are two
or more protein fractions with isoelectric points above pH 6-0, and at least
one with an isoelectric point (IEP) of about pH 3-9, mutual flocculation
between fractions of opposite charge occurring [33]. One of the fractions with
an IEP of over pH 60 has the ability to change by oxidation to material with
an IEP of about pH 3-9. Some worts have a high content of this positively
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charged material. They should be cooled slowly and aerated so that more of
the negatively charged material is produced which can coprecipitate with the
positively-charged material present.

15.10 Wort aeration

As mentioned previously, wort aeration may occur during cooling of wort.
Yeasts vary in their requirements for oxygen (see Chapters 17 and 18) in the
range of approximately 4-14 mg/l, dependent inter alia on the strain used
and the content of unsaturated lipids. Wort saturated with air contains
approximately 8 mg/1 of oxygen at 15°C (59°F) but wort saturated with oxygen
will contain about five-fold this amount. Thus oxygen-saturated water at
10°C and standard atmospheric pressure contains 54-3 mg/l. Wort takes up
rather less oxygen than water. Breweries may either spray wort to pick up
atmospheric oxygen or inject air or oxygen into the wort stream, the injection
relating to hot wort or cold wort as appropriate. When injected into wort at
the hot end of a cooler, air will give a darker coloured wort than if added at
the cold end. Oxygen will have a much more pronounced effect with respect
to this and other oxidative reactions. This is due to chemical combination of
oxygen with the wort constituents, particularly polyphenolic ones. Physical
solution of oxygen will be less than if injection occurred at the cold end and
more foaming of wort may occur. It may be that the air or oxygen is sterilized
when put in contact with hot wort but this depends on the size of the bubbles.
Certainly the turbulence of the wort in its passage through the cooler will aid
solution of the oxygen. There are a few breweries that optimize the situation
by injecting sterile air or oxygen between two stages of a plate heat-exchanger,
with the temperature at 10-15°C (50-59°F). Finally, it should be emphasized
that oxygenation must be restricted, otherwise fermentation is too vigorous,
yeast growth excessive, and beer quality suffers. Probably the most popular
treatment is injection of air or oxygen at the cold end of the wort cooler.
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Chapter 16

BIOLOGY OF YEASTS

16.1 Yeast taxonomy

Brewers have repeatedly experienced the need to identify a yeast in order
that they can search the appropriate literature for information on the yeast
in question, or be able to recognize the yeast on a subsequent occasion. It
may be that they wish to be assured that a particular sample of pitching
yeast is the strain which they propagated initially from laboratory stocks.
On the other hand, they may be anxious to know if a yeast strain which has
contaminated their pure culture of pitching yeast is, according to other
brewers’ experience, likely to cause the beer to spoil. Because yeasts are
microscopic in size, and change both their shape and size considerably
according to the medium in which they grow, simple microscopic examination
rarely suffices and identification is normally based on a range of morpho-
logical and biochemical criteria.

It might be expected that identification of a large number of yeasts should
lead to an arrangement of these micro-organisms into groups, families, sub-
families, genera, species, and varieties in much the same way as higher plants
have been classified. Biological classification (or taxonomy) is normally
based on probable evolutionary relationships between organisms and,
because it is never possible to be absolutely sure of such relationships, the
classification may be based on certain logical assumptions. For instance,
similarities in mode of reproduction are rated more important than similarities
in gross shape and size, since the latter are more prone to be influenced by the
age of the cell and the nature of its environment. When groups of organisms
that are closely similar are classified, the basis of classification tends to
become more and more arbitrary and therefore debatable. An example of this
is the classification of strains of brewing yeast where it is clearly a matter
of classifying on the basis of industrially useful characters such as rate of
growth and the ability to sediment, etc.

Defining the word ‘yeast’ is very difficult indeed because it is a convenient
label for a wide range of fungi where the usual growth form is unicellular [1].
Until 1931, the classification of yeasts was extremely confused and no system
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gained general acceptance. Since that time, however, a series of monographs
has been produced by a group of dedicated research workers in the Nether-
lands that has helped greatly in achieving a satisfactory system of classification
[2-7]. Nevertheless, there are still some rather puzzling arbitrary decisions;
thus black yeast-like fungi are excluded from a consideration of yeasts, but
red, pink, and yellow forms are included.

Yeasts are Protists. The Protista are organisms which possess characteristics
of cells of higher organisms, but show a simpler level of biological organ-
ization. The yeasts are higher protists because they possess a true nucleus
(i.e., are eukaryotic) and cytoplasmic organelles (plastids) e.g., mitochondria.
Higher protists comprise the algae, protozoa, fungi and slime moulds. All
yeasts are classified as fungi, that is, non-photosynthetic higher protists with
arigid cell wall and existing either as unicellular organisms or as a mycelium.
The mycelium is a rigid, branched system of tubes of fairly uniform diameter
containing a multinucleate cytoplasm.

The fungi are divided into the following main groups:

1. The Phycomycetes are those in which the vegetative structure normally
comprises mycelia which are not divided into cells by cross-walls. The
group is subdivided according to the mode of sexual reproduction. Thus
those that have male and female sex cells of the same shape and size
are termed Zygomycetes, e.g. Mucor and Rhizopus (bread moulds).
Those that have female sex cells which are larger than the male cells are
Oomycetes, e.g. Pseudoperonospora (downy mildew of hops).

2. The Ascomycetes have mycelia which are divided by cross-walls and
their characteristic spores (ascospores) are produced within a sac called
an ascus. In many cases these organisms also produce other spores
called conidia which, unlike the ascospores, are not produced as a
consequence of fusion of sex cells. This is the largest group of fungi
(about 35 000 species) and includes many well-known genera of yeasts,
and the moulds Aspergillus and Penicillium that are used extensively in
microbiological industries.

3. The Basidiomycetes have mycelia that are divided by cross-walls and
their characteristic spores (basidiospores) are produced in tetrads by
extrusions arising from the cells (basidia). Fusion of two nuclei occurs in
each basidium and the basidiospores are formed after reduction division
(meiosis) of this ‘fusion nucleus’ when the number of chromosomes in
each cell becomes halved. The group includes the rust and smut diseases
of agricultural crops and species with large fruiting bodies such as
bracket fungi of trees, mushrooms, and toadstools.

4. The Fungi Imperfecti. This is a heterogeneous group of fungi in which
sexual reproduction is unknown. Some of the examples may have no
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sexual phase but in other instances such a phase may not yet have been
discovered. From time to time, a species within the group discloses its
identity with one of the other groups (usually the Ascomycetes) by
producing sexual cells and then it is transferred to the appropriate group.
Examples of the Fungi Imperfecti are the organisms causing ringworm
and athlete’s foot in man, Verticillium wilt of hops, Fusarium infection
of barley, etc.

The yeasts which form ascospores are termed ‘ascosporogenous’, €.g.
Saccharomyces, Pichia and Hansenula. Those that produce external spores,
and are probably representatives of the Basidiomycetes, are termed ‘ballisto-
sporogenous’, e.g. Sporobolomyces. Finally, those yeasts which have no known
sexual stage and are therefore Fungi Imperfecti, are called ‘anascosporo-
genous.” From this preliminary trichotomy the yeasts, comprising about 350
species in 39 genera, are classified according to a number of morphological
and physiological characteristics (Table 16.1) in order to arrive first at the
generic name, and then the specific name.

TABLE 16.1
Some criteria used in the classification of yeasts

Morphological characteristics Physiological characteristics

(a) Growth form on selected solid media. (a) Production of CO, in anaerobic growth
in liquid medium in the presence of a
single source of carbon (fermentation).

(b) Size and shape of cells in liquid media. (b) Growth in the presence of a single source
of carbon (assimilation).
(c) Mode of reproduction. (c) Assimilation of single sources of
nitrogen, e.g. nitrate, ethylamine.
(d) Ascospore number and shape (or (d) Production of pigments.

ballistospore formation).

(e) Formation of a pellicle (skin) or ring (e) Production of esters.
at the surface of liquid media.

(f) Nature of the sediment in liquid media.

An indication of the range of morphology encountered amongst the
different genera of yeasts is given in Fig. 16.1. Cells may be oval, spherical,
apiculate (lemon-shaped) or elongated. Division is most commonly by the
process of multilateral budding whereby a bud may be formed at any point
on the cell surface e.g., Saccharomyces sp. In bipolar budding (e.g., Nadsonia
sp., Kloeckera sp.), only the poles of an elongated cell are sites for bud forma-
tion, whereas in binary fission (e.g. Schizosaccharomyces sp.), a cross-wall
is laid down within the cell after elongation. Following multilateral budding,
failure of buds to separate from their parent cell results in the development
of branched chains of cells. In yeasts exhibiting polar budding or binary
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fission, failure of cells to separate produces a single filament. Such branched
and unbranched filaments are referred to as pseudomycelia. Some yeasts are
capable of producing true mycelia but often only under certain cultural
conditions, for example in a thin film of solid medium between glass slides.
Also included in the morphological examination of yeasts is the ability to
produce spores, the nature of the sexual process, e.g. whether conjugation of
cells occurs, and the shape of spores produced, e.g. spherical, hat, saturn
(see Fig. 16.1).

Loy

Fig. 16.1 1. Drawings of (a) S. cerevisiae (multilateral budding); (b) Schizosaccharomyces
pombe (binary fission); (c) Nadsonia Sp. (bipolar budding); (d) pseudomycelium of Pichia
membranaefaciens. 2. Asci and ascopores of (a) Saccharomyces Sp.; (b) Pichia Sp. (hat-
shaped spores); (c) Hansenula saturnus (saturn-shaped spores).

Magnification: 1(a), (b), (c), — 6 pm; 1(d), — 10 um; 2(a), (b), (¢), — 3 pm.

Classification to genus is often achieved by morphological tests supple-
mented with a few physiological tests, whereas classification to species level
relies heavily on the latter. As an example of the use of physiological criteria
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for classifying members of a genus to the species level, Table 16.2 shows
fermentation reactions of species of the genus Saccharomyces. It is important
to note that many taxonomists believe that assigning species on the basis of
one or a few tests only, such as the difference between S. cerevisige and
S. diastaticus, is unacceptable and current schemes would name both S.
cerevisiade. Whilst the ‘lumping’ process has undoubted merits for the taxono-
mist, the brewing scientist is required to distinguish between these organisms,
therefore, in brewing, the former species names such as S. diastaticus are
likely to remain in use. This is equally true for the brewing distinction
between S. carlsbergenis and S. cerevisiae, which the taxonomist will in future
‘lump’ as S. cerevisiae. To the brewer however, these are distinct organisms
and differ in several important respects in their brewing characteristics
(e.g. optimum fermentation temperature). Such characteristics, however, have
no place in the criteria used for classical taxonomy.

TABLE 16.2

Fermentation reactions of some species of Saccharomyces*
{Table simplified from reference [7]}

Species Galactose  Sucrose  Maltose Meiibiose Starch

S. bayanus -
S. capensis
S. cerevisiae
S. diastaticus
S. inusitatus
S. uvarum (carlsbergensis) +

b4+ 4+

+

++++++
4+ 1+
|

+ —_

* These species accepted in reference [7] are all classified as S. cerevisiae in reference {9].

From the practical standpoint of identifying yeasts, the classical taxonomic
approach suffers from the major disadvantage that assignment to genus
often necessitates the demonstration of spore formation. Many yeasts isolated
from their natural habitats often fail to sporulate readily and will do so only
either at low frequency or on a particular medium. Furthermore the process
of sporulation may take up to 4 weeks. Accordingly, schemes for identifying
yeasts which do not rely heavily on spore formation are of considerable
value. One such scheme employs a computer-made series of keys [8, 9].
It provides two keys specifically related to yeasts encountered in brewing;
one uses physiological tests and microscopic examination, and the other
physiological tests only [9]. These keys are of great value for identifying
‘non-Saccharomyces’ yeasts, but no longer accept many specific names, e.g.
diastaticus and fermentati.

Another scheme uses a very small number of simple morphological and
physiological tests, together with serological tests using six antisera [10].
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This scheme is limited to fourteen genera of yeast; however its principal
advantage is that results are obtained in a few days. Agreement with the
classical methods is good although, as is to be expected, some differences are
found.

Serological tests rely on the highly specific reaction between antibodies
and antigens. The antigens used are whole (dead) cells of a particular yeast
strain which are injected into experimental animals, particularly rabbits.
The rabbit produces antibodies to certain chemical groupings (the antigens)
on the surface of the yeast. After a course of injections, some blood is taken
from the rabbit and the red blood cells are removed. The resultant serum,
when mixed with a suspension of the yeast cells used, causes cell agglutination.
The serum is therefore an antiserum to the particular yeast strain used. This
antiserum will agglutinate other strains of yeast which bear the appropriate
antigen and such strains are said to be serologically related.

An antiserum may be exhaustively reacted with a yeast by separating
and discarding agglutinated cells and repeating the process several times.
The product is termed an absorbed antiserum. An antiserum raised to a
selected yeast when absorbed by a related strain will no longer agglutinate
the latter but may still agglutinate the former. This is because there are
still present in the absorbed antiserum, antibodies produced to antigens
present on the selected strain, but not present on the related strain.

TABLE 16.3

Agglutination of Saccharomyces species by S. carlsbergensis (Strain NCYC 1116)
antiserum before and after absorption
{Simplified from results of cAMPBELL and BRUDZYNSKI (1966) [19]}

Agglutination after absorption with:

Yeast Unabsorbed
suspensions S. carlsbergensis S. carlsbergensis S.rouxii S. cerevisiae
under test 396, 397, 1116 399, 511, 519, 170,381 1006, 1027,

529, 530 1062

S. carlsbergensis

396, 397, 1116 + .- + + +
S. carlsbergensis

399, 511, 519,

529, 530 + — - - -
S. rouxii

170, 381 + - + - +
S. cerevisiae

1006, 1027,

1062 + - + - -

Antigenic reactions can therefore be exploited in cross-absorption tech-
niques in which a group of yeasts is tested to reveal which are common antigens
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in the group and which are unique antigens. An example of the cross-
absorption technique is given in Table 16.3 which demonstrates that there
are two serological groups within the species S. carlsbergensis. Antiserum
produced using S. carlsbergensis 1116 will cause agglutination of strains of
S. carlsbergensis, S. cerevisiae, and S. rouxii. There are, therefore, antigens
present on the walls of each of these strains which will react to corresponding
antibodies in the serum. In other words, since antibodies are specific to
particular antigens, the strains referred to above must have certain antigens
in common. When the antiserum is mixed with 1116 (or strains 396 and 397)
reaction of the antibodies occurs with specific antigens giving agglutination.
The agglutinated mass is then removed, but the ‘absorbed antiserum’ so
produced will not now agglutinate any of the yeasts under test. Therefore,
agglutination is complete in the case of 1116 and all antibodies have been
removed in the process. This represents a confirmatory control. The results
for antiserum mixed with 396 and 397 demonstrate their close antigenic
similarity to 1116. If fresh 1116 antiserum is absorbed with S. carisbergensis
strains 399, 511, etc., and is mixed with cells of 1116, 396, or 397, there
is agglutination, This shows that 399 and its group cannot react with all
the antibodies of the antiserum. Thus this group lacks one or more antigens
present in 1116. The table also shows that (i) 1116 antiserum absorbed with
S. carlsbergensis strains 399, 511, etc., will agglutinate with S. rouxii and
S. cerevisiae. (Therefore the latter two species have antigens in common
with the 1116 group of S. carlsbergensis, and not present in the 399 group
of S. carlsbergensis.) (ii) The last vertical column in Table 16.3 shows that
S. rouxii shares antigens with the 1116 group of S. carlsbergensis which are
not present in S. cerevisiae strains.

This technique has been used extensively to discover the antigenic rela-
tionships between (7) several genera of yeast, (if) species of selected genera,
and (iii) strains of selected species [11-14]. Because it has been shown that
changes in yeast cell-wall composition occurring towards the end of fer-
mentation do not change the antigenic structure of the yeasts, the value of the
tests is enhanced [15].

A useful extension of cross-absorption methods involves the coupling of
antibodies with a fluorescent dye such as fluorescein. Detection of specific
antigen-antibody reaction is then not dependent on agglutination of a large
number of cells but on the fluorescence of individual cells that are coated
with the specific antibody-dye complex. The fluorescence can be seen under a
suitable microscope using quartz-iodine illumination, enabling a single
fluorescent cell to be identified among thousands of non-fluorescing cells [16].
This technique has been so developed that it is used in routine microbiological
control in breweries to detect extremely small proportions of unwanted ‘wild’
yeasts in pure-culture brewing yeasts (see Chapter 21).
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Other serological methods have been used in examining extracts of yeasts
rather than whole cells; a suitable extracting material is phenol. They include
the Ouchterlony technique [17] in which the antiserum is placed in a hole
cut in the centre of an agar plate. Extracts of various yeasts are placed in a
series of holes cut at equal distances from the first. Agglutination lines
appear when the antiserum and extracts diffuse, meet, and react, but the ratio
of amount of antigen to antibody is critical to get satisfactory agglutination
lines. Different antigens will tend to produce agglutination lines at different
distances from the central hole in relation to diffusion characteristics.

In immunoelectrophoretic methods [18] two spots of yeast extract are
placed on an agar gel covering a microscope slide. They are situated one
on either side of a trough cut in the agar and running most of the length
of the slide. An electric current is then induced to flow along the gel to
electrophorese the two spots of yeast extract. A specific antiserum is then
added to the trough and agglutination occurs after diffusion of the antibodies
and the antigens which have been separated by electrophoresis.

Strains of Saccharomyces cerevisiae and S. carlsbergensis used for brewing
have been classified for many years on the basis of their performance in
brewery fermentations. This classification has been extended by serological
analysis, e.g. two serological groups of S. carisbergensis may be recognized
[19]. Recently classification of brewing yeasts by numerical taxonomic
techniques [20] based on brewing performance has been made. Using a
computer and principal coordinate analysis it was found that ale brewing
strains could be classified into five groups and each group could be further
subdivided into two sub-groups. A comparison of the antigenic composition
of the strains by immunoelectrophoresis of cell extracts with the classification
based on brewing properties showed significant relationships between the
presence of certain antigens and the properties of the yeast head and deposited
yeast at the end of a fermentation [21].

Classification of brewing yeasts and selection of suitable strains for brewing
receive some treatment in Chapters 18 and 19.

16.2 Ecology of yeasts [22-24]

Yeasts depend strictly on the presence of organic carbon compounds as
energy and carbon sources because they are not photosynthetic organisms.
The organic carbon may be in the form of carbohydrates or polyols or acid
derivatives of them. Hydrocarbons, including n-paraffins, provide suitable
sources of organic carbon for species of Candida and, therefore, oil products
can be used to produce yeast that can be incorporated into animal feeds.
Species of Cryptococcus, Rhodotorula, Candida, and Torulopsis are unable to
assimilate a wide variety of carbon compounds, are abundant in fruit juices,
sugary plant exudates, and other materials rich in simple sugars.
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Certain yeasts are able to grow at very low temperatures and such psychro-
philes are common in Arctic soils and waters. Thus Trichosporon scottii
grows in the range of —10-10°C (14-50°F). Similar adaptation to low
temperatures has led to yeasts being important spoilage agents of frozen
foods. Other yeasts are only able to grow in the range 28-42°C (82-108°F)
because they have adapted to an existence in the gut of warm-blooded animals.
Among human and animal pathogens are species of the genera Candida,
Cryptococcus, Torulopsis, Pityrosporum, Trichosporon and Rhodotorula.
Symbiosis of some yeasts with certain insects is also well documented.
Competition for nutrients is a most important factor in the distribution of
yeasts. Against bacteria, yeasts have the advantage of growing well at
relatively low pH values, but they are suppressed by certain antibiotics
secreted by bacteria. In certain cases, a form of symbiosis with bacteria may
develop, as in the case of the microbial complexes used for yoghourt and for
bees-wine fermentations.

Soil provides a habitat for many yeasts either permanently or as a temporary
home to escape desiccation. Desiccation is often prevented by the secretion of
extracellular slime by the yeasts. Poor soil, such as seashore sand, may
contain few yeasts but rich agricultural soils often have as many as 40 000
viable yeasts per gram of soil. Leaves and other plant material, particularly
rotting fruit, are also rich sources of yeasts. From the vegetative layer above
the soil surface, yeasts are blown by air currents. The dominant yeasts
encountered in one survey of urban New Zealand air were species of Crypto-
coccus, Rhodotorula, Sporobolomyces and Debaryomyces. On average there
was one viable yeast cell per 0-56 m?® (per 2 ft3). A wide range of yeasts has
also been identified in samples taken in marine areas, including species of
Candida, Cryptococcus Rhodotorula and Debaryomyces.

During the ripening of fruits, one group of yeast species gives way to
another group. Thus on grapes, species of Candida, Torulopsis, Kloeckera
and Hanseniaspora are replaced by strains of Saccharomyces cerevisiae and
S. cerevisiage var ellipsoideus (which is the variety used for production of
wine). In the production of Kaffir beer from sorghum malt, strains of S.
cerevisiae, Candida krusei, and Kloeckera apiculata have been isolated
from the malt. Cider orchards are characterized by a high level of Candida
pulcherrima. There is no clear indication from yeast ecology how Saccharo-
myces carlsbergensis and S. cerevisiae came to be universally employed for
beer production. Strong sugar solutions such as honey and maple syrup tend
to be infected by species of Zygosaccharomyces, Hanseniaspora, and Candida,
these osmophilic yeasts, along with Saccharomyces mellis and S. rouxii, are
important spoilage organisms of fruit and syrups. The spread of yeasts on ripe
fruit is aided by insects and in particular fruit flies ( Drosophila sp.).
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16.3 Structure of Saccharomyces cerevisiae [25]

Cells of brewing strains are usually spherical or ellipsoidal in shape and their
size varies between species, strains and even within a culture of a pure strain.
Some values for mean diameter (assuming spherical cells) and dry cell mass
are given in Table 16.4. All members of the genus Saccharomyces reproduce
by multilateral budding.

TABLE 164
Mean diameters and dry cell mass for strains of S. cerevisiae

Mean diameter*  Dry mass/cell

(pm) (pg)
NCYC 1006 13-4 40
(Brewing yeast)
NCYC 738 55 10
(Wild yeast)
A8209B 7-0 —_

(Haploid ‘genetic’ strain)

* Obtained using a Coulter Counter.

Using a light microscope (magnification X 1000), unstained cells may be
seen to contain a vacuole and various small ‘bodies’ (inclusions) both within
the vacuole and cytoplasm. Specific optical (e.g. phase-contrast) or staining
techniques may be used to show the presence of the nucleus and the bud and
birth scars on the cell wall. Detailed information on the structure of the cell
is obtained only by using the electron microscope. Scanning electron micro-
scopy may be used to examine the cell surface and transmission electron
microscopy to observe sections through the yeast cell. Techniques of fixation
and staining may induce artefacts and therefore much detailed analysis uses
the method of freeze-fracturing of fresh, unfixed material to prepare cells for
analysis.

A diagram of a section through a typical yeast cell is shown in Fig. 16.2.
The cell is bounded by a wall which may bear one or several scars, and
within the wall lies the cell membrane. Connected with the membrane and
extending into the cytoplasm is the endoplasmic reticulum. This membranous
system also appears to connect with the nuclear membrane which forms
the boundary of the nucleus. Other organelles within the cytoplasm are
the mitochondria and vacuoles, the latter often containing granular material.
Lipid droplets may also be found in the cytoplasm.

During the budding process, division of nucleus and production of new
organelles occurs, these are distributed between the mother cell and bud.
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Fig. 16.2 Diagram of an electron micrograph of a section through a resting cell of bakers’
yeast (Saccharomyces cerevisiae). ER, endoplasmic reticulum; M, mitochondrion; N,
nucleus; Nm, nuclear membrane; Nn, nucleolus; Pi, invagination; Pl, plasmalemma;
V, vacuole; Vp, polymetaphosphate granule; W, cell wall; Ws, bud scar; L, lipid granule
(sphaerosome).

16.3.1 THE NUCLEUS

This organelle is approximately 1-5pm in diameter and is bounded by a
double membrane containing pores of some 0-1 pm diameter. A dense crescent-
shaped area within the nucleus is referred to as the nucleolus. Within the
nucleus resides the genetic material. In Saccharomyces, clearly-defined
chromosomes have not been observed; however genetic evidence shows
that the haploid cell nucleus contains at least 17 chromosomes (linkage
groups) and several fragments (see Fig. 16.9, p. 554). The difficulties experi-
enced in attempting to make yeast chromosomes visible most probably
arise because they are much smaller than those of other eukaryotes. Each
chromosome is expected to be composed of a single molecule of double-helical
DNA associated with basic (histone-like) proteins. During the S phase of
cell growth (see Chapter 18), each chromosome is replicated and during
the subsequent phases the duplicated chromosomes are separated. This
asexual process involving mitotic nuclear division occurs wholly within the
confines of the nuclear membrane, which remains intact throughout the
process as two nuclei are formed.
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16.3.2 THE MITOCHONDRIA [25, 26]

At all stages of the growth cycle, when growing under aerobic conditions in
the presence of low concentrations of glucose, yeast cells contain several
mitochondria. However one of these organelles is always highly branched
and larger than the others. Rapidly-growing cells contain only a few mito-
chondria and these are transformed into a population of numerous small
organelles in stationary phase cells [27]. Each mitochondrion is bounded by
a double membrane, the innermost one is often folded and extends into the
lumen of the organelle as invaginations (cristae).

Mitochondria are associated with (i) the components of the electron
transport system (respiratory chain), (i) the synthesis of ATP during respira-
tion, and (i7) the oxidative reactions of the tricarboxylic acid (Krebs’) cycle.

To a large extent, mitochondrial development and activity is under the
control of mitochondrial genes located in mitochondrial DNA (mtDNA).
This single circular molecule has a molecular weight of approximately
50 x 108. For complete mitochondrial development and function, nuclear
(chromosomal) genes are also required. Within the mitochondrion mtDNA
is transcribed into messenger RNA (mRNA) and translated into protein.
Protein synthesis occurs on 70 S ribosomes whose synthesis is under mtDNA
control. This protein-synthesizing machinery is quite distinct from that
present in the cytoplasm of the cell which uses 80 S ribosomes encoded by
yeast nuclear DNA. These differences between cytoplasmic and mitochondrial
protein synthesis account for the disruption of mitochondrial function by
certain antibiotics, e.g. erythromycin. Mutants whose mitochondrial protein
synthesis is resistant to these antibiotics may be isolated and have contributed
much to the study of mitochondrial function. Furthermore evidence is
available which shows that mitochondrial mutations also affect the per-
meability of the cytoplasmic membrane [28]. Mitochondria may therefore
influence the growth of yeast by affecting the flow of nutrients into the cell.

Under anaerobic conditions or in the presence of high levels of glucose in
the medium (see Chapter 17), the mitochondria differ morphologically from
those of aerobically-grown cells in that they lack tricarboxylic acid cycle
enzymes and some components of the respiratory chain. These changes
are reflected in the inability of yeast to respire glucose and, when caused
by high levels of this monosaccharide, are manifestations of the Crabtree
effect (see Chapter 17). When cells exhibiting the Crabtree effect are given
oxygen in a medium containing low levels of glucose (< 0-4%), fully func-
tional mitochondria develop in 6-8 hr. Rapid synthesis of respiratory chain
components (e.g. cytochromes) occurs during the first hour and after 3 hr
the inner mitochondrial membrane has developed.

Mutant forms of yeast which are incapable of respiring glucose arise
spontaneously at frequencies of 0-59 or higher. These strains have mito-
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chondria with permanently impaired activity and arise usually because of
mutation of mtDNA, although some nuclear mutations have a similar effect.
Such strains produce small colonies when grown on agar media containing
glucose, are unable to reduce certain dyes (e.g., tetrazolium salts), and
cannot grow on ethanol or glycerol as sole sources of carbon. These mutant
forms are called cytoplasmic or nuclear ‘petites’ (depending on the site of
mutation) or respiratory-deficient; the wild types being referred to as ‘grande’
or respiratory-sufficient. The petite mutation is irreversible and may be
induced by agents such as acridine orange or ethidium bromide, the latter
substance causing the complete elimination of mtDNA from the cell [29].

16.3.3 THE VACUOLE

Yeast cells in stationary phase of growth often contain a single large vacuole.
Within this organelle there are usually several dense ‘granules’ (volutin
granules) of polyphosphate. During exponential growth there may be one or
several vacuoles in the cell and they often lack granular inclusions, possibly
indicating the mobilization of a phosphate reserve during active growth.
Vacuoles are bounded by a single membrane and contain hydrolytic enzymes
whose function is to recycle (‘turn-over’) the macromolecular components of
the cell e.g. protein, nucleic acids. The vacuolar membrane isolates these lytic
enzymes from the cytoplasm. It is of interest that these enzymes have no
substantial carbohydrate moiety, in contrast to extracellular enzymes of yeast.
Disintegration of the membrane, which is encouraged by high temperature,
alkaline pH, the absence of nutrients and certain organic solvents, results in
the autolysis of the cell. Leaving yeast for long periods in contact with beer
may also induce autolysis and the products released impart a bitter taste
(yeast-bite) to the beverage.

16.3.4 MEMBRANES

Membraneous structures play a crucial role in the organization of the yeast
cell. The membrane (plasmalemma) is some 8 nm thick and is invaginated to
protrude into the cytoplasm. The plasmalemma is the site of cell wall syn-
thesis, excretion of metabolites, secretion of extracellular enzymes and the
regulated uptake of nutrients. Enzymes responsible for transporting nutrients
are located in the membrane which also exhibits an ATPase activity which
may be involved in the movement of molecules against concentration
gradients.

The membrane is composed of lipid and phospholipid and contains
proteins and sterols. The absolute requirement for unsaturated fats and sterols
in membranes accounts for much of the oxygen requirement of brewing
yeast strains (see Chapter 18). The nature of the unsaturated fats in the cell
membrane affects its properties, e.g. in relation to ethanol tolerance [30].
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The endoplasmic reticulum of the yeast cell is a folded double-membrane
structure which permeates the cytoplasm. The lumen between the membranes
is 20 nm wide. From the reticulum, spherical vesicles develop, which can
penetrate the plasmalemma and release their contents. Such vesicles appear
to be involved in the synthesis of the cell wall, particularly that of developing
buds.

Other membraneous structures which are either associated with or develop
from the endoplasmic reticulum are (i) the Golgi bodies, which may be
associated with cell wall synthesis, (i) lipid droplets (sphaerosomes) and (iif)
microbodies containing catalase.

16.3.5 THE CYTOPLASM

Within the free space of the cytoplasm reside all those intracellular enzymes
which are not located in organelles. For example, the enzymes of the glycolytic
pathway, the fatty acid synthase complex, the protein synthesizing system
and all other enzymes involved in the metabolism of the yeast cell. Addition-
ally, metabolic intermediates and storage compounds such as trehalose and
starch reside in the cytoplasm.

16.3.6 THE YEAST CELL WALL [25, 31]

The cell wall represents some 30 9; of the total dry mass of the cell and is in the
range of 100-200 nm thick. Procedures for purifying cell wall material are, of
necessity, arbitrary and rely on the differential centrifugation of broken cells.
The degree and extent of contamination of wall preparations will therefore
be a function of the preparatory methods used. Chemical analysis reveals that
60-85 9 of the dry weight of the walls is made up of a mixture of approximately
equal proportions of f-glucans and a-mannans. In addition, some 8 %; each of
lipid and protein, 3 % inorganic material (mainly phosphate) and 2 9; hexose-
amine are present. A small amount of chitin is also found. The proportions
of glucan and mannan vary according to the strain of yeast and are influenced
by the conditions of growth. Thus high levels of glucose in the medium and
anaerobic conditions give walls of greater glucan content.

The glucan of the yeast wall comprises at least three separate molecular
species (i) an alkali-soluble $(1-3) glucan [32], (i) an alkali-insoluble £(1-3)
glucan which is also insoluble in acetic acid [33] and (ii7) an alkali-insoluble,
acid-soluble B(1-6) glucan [34]. The detailed properties of these molecules are
still unknown; however, it seems highly probable that branched B-glucans
constitute the fibrillar component of the cell wall, since treatment of cells with
B-glucanases produces sphaeroplasts. Much of the hexoseamine is found as
chitin (8(1-4) linked N-acetyl glucosamine residues) which is the principal
component of the bud scars [35], but some hexoseamine is associated with
the wall mannan.
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Fig. 16.3 Yeast phosphomanno-protein. M, mannose; Gin Ac, N-acetyl glucosamine; asn,
asparagnine; ser, serine; thr, threonine.

The best characterized component of the cell wall is the a-mannan [36]
(Fig. 16.3). The molecule is made up of an inner core of a repeating «-(1-6)
chain of mannose residues with short side chains of «-(1-2) and «~(1-3) linked
residues. At the end of this inner core are two N-acetyl glucosamine residues
(chitobiose) and the terminal one is attached to the carboxylic acid residue
in the side chain of an aspartic acid residue of a protein. Attached to the
opposite end of the inner core molecule is an outer chain of 100-150 mannose
residues. This unit consists of an «(1-6) backbone with «(1-2) and «(1-3) side
chains, some of which contain phosphodiester linkages. In addition to this
complex molecule, and attached to the same protein vig serine and threonine
hydroxyl groups, are short a(1-2) and a(1-3) chains of mannose residues. Other
observations on the structure of the wall reveal that glucan is also covalently
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associated with protein [37] and that cross-linking between glucose and
mannose may occur.

The biosynthesis of the mannan inner core involves dolichol pyrophosphate
derivatives containing N-acetyl glucosamine and several mannose residues
[38]. The participation of the polyprenol (dolichol) in the biosynthesis of the
mannan inner core in yeast is analagous to its role in animal tissues as a
mechanism for the glycosylation of proteins.

The cell wall protein is rich in the amino acids glutamate and aspartate.
Its role is two-fold: firstly it acts as a structural molecule and secondly it is
found in extracellular enzymes. Treatment of yeast cells with reducing agents
(2-mercaptoethanol, dithiothreitol) is often a prerequisite for obtaining
successful sphaeroplast formation especially from stationary phase cells [39].
Thus the removal of protein disu’'phide br dges increases the accessibility of
the B-glucan to enzyme action. In dimorphic yeasts, i.e. those which can change
from mycelial to unicellular form, the synthesis of a protein disulphide
reductase increases the plasticity of the wall as dimorphic change occurs
[40, 41]. The change itself is influenced by temperature, dissolved oxygen
concentration and the nitrogen to carbon ratio in the growth medium [42].

The extracellular enzymes of yeast are glycoproteins and include invertase
and acid phosphatase. Strains of Saccharomyces carlsbergensis but not S.
cerevisiae also possess melibiase. Yeast invertase has a minimum molecular
weight of 27 000 contains 50 %, mannan and 2-3 9} glucosamine [43]. The
precise location of the extracellular enzymes is still uncertain. They may
occupy the space (periplasm) between the membrane and the bulk of the wall
components, be anchored to the membrane via protein or covalently associated
with other mannan or even glucan molecules.

It is clear that the three-dimensional structure of the yeast wall is highly
complex and not likely to exist as a bilayer of inner glucan and outer mannan
as earlier proposed [44].

Some information on the chemical nature of the cell wall has been obtained
using various enzyme preparations. The most frequent use of enzymic
attack on cell walls however is to obtain sphaeroplast preparations. ‘Helicase’
[45] (a mixed enzyme preparation containing 3-glucanase) from the digestive
gland of the snail Helix pomatia and ‘Zymolyase’ [46] from cultures of Arthro-
bacter luteus are the most commonly employed. Treatment of washed
whole cells (obtained from an exponentially growing culture) at pH 6 in the
presence of 1-1-5 M sorbitol or mannitol (as osmotic stabilizer) is used. The
cell wall is degraded and sphaeroplasts are formed. Spherical sphaeroplasts
are produced irrespective of the shape of the whole cells. Sphaeroplasts
are unable to divide but maintain their metabolic functions. e.g., macro-
molecule synthesis [47] and extracellular enzyme production [48]. Careful
lysis of sphaeroplasts in hypotonic media, often in the presence of detergents,
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is used to prepare nuclei, mitochondria, enzymes and nucleic acids. Sphaero-
plasts may regenerate (under suitable conditions) to whole cells - a procedure
of considerable importance to techniques for genetically manipulating yeast
strains (see below).

In the budding process of Saccharomyces cerevisiae [25, 49] there is a local
weakening of the yeast cell wall that may possibly be brought about by
protein disulphide reductase. The cytoplasm is extruded from this weakened
zone and is immediately bounded by new cell-wall material. At all stages
during bud development, the cell walls of mother and bud are contiguous.
The new cell-wall material can be distinguished by the use of fluorescent
antibodies. Vesicles derived from the endoplasmic reticulum congregate at
the site of cell-wall synthesis. The plasmalemma is invaginated at the junction
of bud and mother cell and after the bud nucleus, mitochondria, etc., have
migrated into the bud, the invaginated region fuses to form a septum of two
membranes. Two new cell walls are constructed between the membranes, the
one closer to the mother cell is particularly rich in mannan-protein and
hexoseamine and forms a prominent bud scar when the bud eventually
detaches. The scar is delimited by a raised ring of cell-wall material and is
easily seen in isolated cell walls viewed by phase-contrast microscopy or when
stained with primulin and seen by fluorescence microscopy. In contrast
the birth scar on the bud is distinguished only with difficulty. As many as
fifty bud scars may be formed on an individual cell [50].

16.4 The role of the yeast cell wall in brewing

The yeast cell wall confers certain important properties from the point
of view of brewing. Thus, some brewing yeasts rise to the surface of the
fermenting wort towards the end of fermentation (top yeasts) while others
sediment (bottom yeasts). This distinction is a reflection of differences in
composition of the yeast cell wall, although the chemical nature of these
differences is not known. The ability of top yeasts to accumulate at the
liquid-air interface can be demonstrated in water [51]. Shaken in a very
clean tube, the yeast persists so well at the interface that what appears to be a
type of skin is visible at the meniscus. Bottom yeasts fail to form such a
‘skin’ and this simple test is therefore valuable in practice for distinguishing
between top and bottom yeasts. Other factors are undoubtedly involved in
head-formation such as the transport of yeast clusters to the surface on the
interfaces of carbon dioxide bubbles. Chains of cells or loosely-packed flocs
are particularly favoured by such flotation.

The generation of a yeast-head or barm is a separate process from the
maintenance of the head. Some yeasts form unstable heads and other strains
will only barm in vessels over a critical volume and height. Barm stability is
possibly akin to the stability of beer foam at dispense, that is, foam-retention.
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Carbon-dioxide bubbles are surrounded by thin films of beer in both cases
but the barm is complicated by the presence of yeast cells. Yeast cells cling
to the outside of the bubble lamellae. The foam is more stable if the bubbles
are small and of even size, if the beer viscosity is high, and surface-tension is
low. It is known that some top yeasts will form no head in unhopped wort
[53]. This may be due to the greater surface tension of unhopped compared with
hopped wort. It has also been claimed [54] that high levels of nitrogen in
wort result in poor yeast-heads but it is not easy to offer a completely
satisfactory explanation for this.

One might expect sedimentary yeasts to be those that increase their
effective size by the clumping of cells or by inducing complex charged shells to
form around them. It is curious, however, that most bottom yeasts employed
commercially have very little ability to group together. This applies both to
the formation of chains of cells arising from non-separation of mother
cell and buds, and to the aggregation of cells into flocs. Increase in effective
size might possibly depend on the existence of electrically-charged shells
surrounding the yeast cells but it should be noted that substantial sedi-
mentation of cells of only 5 um diameter will occur in 2 m (6 ft) depth of beer
in 2-4 days. There is also experimental evidence that sedimentation rates do
not conform to those calculated from Stokes’ Law but are in fact some 50%,
greater than calculated. According to the Law, the velocity of sedimentation is
inversely proportional to viscosity of the liquid and proportional both to
the difference of the specific gravities of particles and liquid, and to the
square of the radius of the particles. (The specific gravity of yeast has been
calculated to be about 1-073.) It is possible that adsorption of protein and
polyphenolic material on the surface of the yeast during fermentation may
play some part in modifiying the rate of sedimentation.

There are several tests which are concerned with sedimentation rates
of yeast samples. The Burns test [55] and its variants [56] measure the
volume of yeast-which sediments into the base of a conical centrifuge tube
from a given volume of defined yeast suspension in a specified time, There
have been modifications [57] in which the yeast is suspended in beer under
carefully standardized conditions; cell concentrations are measured over a
number of hours, just below the surface of beer. Concentrations fall steadily
until, at a time and cell count which is characteristic for the yeast, the rate of
fall changes abruptly. Sedimentation then proceeds at a steady but much
lower rate that is characteristic of single cells; the faster initial rate is that of
aggregated cells. Measurement of the increase in cell concentrations, following
deflocculation with the enzyme pronase, has also been used [51].

The clumping of certain yeast strains into flocs or aggregates has an
influence upon both yeast-head formation and the sedimentation of bottom
yeasts by creating larger units. With flocculent strains, the aggregation can be
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encouraged by gentle rocking of a yeast suspension in a tube, but redispersion
of the cells is just as easily achieved, merely by vigorous shaking. All growing
cells tend to be non-flocculent but strains differ greatly with maturity in their
ability to flocculate in a variety of circumstances [52]. Thus, some strains will
flocculate in aqueous suspension, providing divalentions (particularly calcium)
are present. Other strains, while failing under these conditions to flocculate,
will do so when ethanol at 3% w/v concentration is added. Some strains
are more flocculent at pH 3.5 in weak calcium chloride solution than at pH
5-0; others present the reverse picture. Most strains in a flocculent condition
will disperse in the presence of sugars, notably mannose and maltose.
Sucrose is inferior in this respect but it is a better dispersant than glucose.
Most yeasts therefore disperse when added to wort and will only flocculate
when most of the sugar has been used or removed during fermentation.

It appears unlikely that a single mechanism of flocculation exists for
all yeast strains, although it is generally agreed that the presence of calcium
ions is essential for flocculation to occur [5S8-61]. One obvious interpretation
is that the divalent metal ion forms salt bridges with negative charges on the
surfaces of adjacent yeast cells [58]. The observations that (i) 2-epoxypropane
(which specifically esterifies carboxylic acid residues) abolishes flocculence
[58], (if) that the electrophoretic mobility of yeasts entering stationary phase
increases with flocculent but not non-flocculent yeasts and is characteristic of
the presence of charged carboxylic acid, and not phosphate, residues [62],
and (i) that treating flocculent yeasts with the proteolytic enzyme pronase
abolishes flocculence [63], indicate that protein carboxylic acid residues
(presumably the side chains of glutamate and aspartate) furnish most of the
negative charges which react with calcium.

In strains of Saccharomyces cerevisiae, wort peptides rich in glutamic and
aspartic acids have been shown to induce flocculence [61]. This phenomenon
may be observed either with a single strain or with two strains neither of
which is flocculent by itself (co-flocculence). Ale strains have been classified as
(/) non-flocculent, (i) flocculent without inducer, (iif) flocculent only in the
presence of inducer, and (iv) co-flocculent. All classes are distinguished from
strains which form a head as a result of chain formation [61]. Strains of S.
carlsbergensis studied show either non-flocculence or flocculate without the
need for an inducer. The wort peptides are envisaged as acting as spacer
molecules forming salt bridges with two calcium ions each of which forms
an additional bridge with the yeast cell wall.

A limitation of the salt-bridging hypothesis is that at pH values less than
4-6 (i.e., beer pH) carboxylic acid residues are protonated and consequently
flocs would be expected to disperse. The fact that dispersal does not occur
has led to the view that additional factors, principally hydrogen-bond
formation, are responsible for floc stability under acid conditions. Hydrogen
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bonds could readily form between hydroxyl groups on the cell-wall poly-
saccharides of adjacent cells. Agents known to disrupt hydrogen bonds do
indeed disperse flocs. Furthermore, the ability of the monosaccharides
glucose and mannose to disperse flocs could arise by their competing for
sites of hydrogen bonding [58].

Attempts to demonstrate differences in the chemical composition of the
walls of flocculent and non-flocculent yeasts indicate an elevated level of
mannan [63] and increased phosphorous content in the walls of flocculent
strains [64]. In view of the covalent association between mannan, phospho-
mannan and protein, both observations could indicate an increase in the
amount of a specific protein in the cell wall.

An alternative view of the role of calcium in flocculation arises from
very careful observations showing that only very small amounts are required
and that strontium and barium ions, but not those of magnesium and
manganese, inhibit the effect of calcium [59]. This evidence of a very high
specificity shown by the flocculation system for calcium was interpreted as
being inconsistent with the salt-bridging hypothesis, and indicating that a
protein in the cell wall might require calcium for activity. Proteins called
lectins, such as concanavalin A (Con A) (from the Jack-Bean Canavalia
ensiformis), are well known in higher plants. Each protomer of Con A binds
one manganese and one calcium ion in order to form a multimeric molecule
which then specifically and strongly binds to «(1-2) linked mannose residues
[65, 66]. The ability of one yeast strain to be flocculated by a polysaccharide
constituent of wort has also been interpreted as indicating the presence of
lectin-like activity in the yeast cell wall.

16.5 Life cycle and genetics

Knowledge of the life cycle and genetics of Saccharomyces cerevisiae has
been obtained using strains selected for their suitability for analysis. Such
strains, often termed ‘laboratory’ or ‘genetic’, have their origins in commerc-
ially used bakers’ yeast.

The ‘laboratory’ strains have been analysed genetically to produce a map
denoting the positions of genes on chromosomes, to study gene function,
and examine all aspects of yeast biochemistry. Much of the information
obtained is of great value in attempting to understand commercial processes
and making improvements to commercial yeasts.

The following discussion is supplemented, at the end of this Chapter,
with a glossary of the specialized terms used.

16.5.1 LIFE CYCLE
The life cycle of S. cerevisiae (Fig. 16.4) may be considered (for convenience)
as beginning in the vegetative stage of reproduction. Haploid yeast cells
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reproduce by budding, during which the chromosomes are duplicated by the
process of mitosis. DNA replication occurs during the S phase of the cell
cycle (see Chapter 18), separation of the replicated chromosomes and division
of the nucleus is completed by the end of the M phase. So long as reproduction
continues, the process of budding and mitosis will proceed and the cells are
said to reproduce in the vegetative state in the haplophase of the life cycle.

DIPLOPHASE
afx ™~

meiosis

HOMOTHALLIC @
(spores fuse to give diploid) ASCI
—8—F
ZYGOTE\ afox /
o) gz

N\ o “oc" FAPLOPHASE Ca&)“
063\ — HETEROTHALLIC

ma'tinq of (if spores are isolated,
haplo.ld cells‘ of “a” HAPLOPHAS E or. are in contact only
opposite mating type with spores of same

mating type, they will
form stable haploid clones)

Fig. 16.4 Life cycle of Saccharomyces cerevisiae: a and « refer to the genes controlling mating
response.

If haploid cells fuse, nuclear fusion follows and a diploid nucleus (one
containing two sets, twice the haploid number, of chromosomes) is formed.
The immediate product of such a fusion process is termed a zygote. From
the zygote develop diploid cells which reproduce vegetatively by budding;
the nucleus divides mitotically and the cells are said to be in the diplophase.

When diplophase cells are transferred to a medium deficient in nutrients
(sporulation medium) the nucleus undergoes meiosis (reduction division)
(Fig. 16.5). Chromosomes come together as homologous pairs, each pair
containing the equivalent chromosome of the two haploid sets which formed
the diploid nucleus. DNA synthesis is initiated so that each chromosome is
replicated. During this process, ‘breaking and rejoining’ (crossing-over) of
replicating DNA may occur, resulting in the reciprocal translocation of
segments of the genetic material from one homologue to the other. Separation
of the homologous pairs completes the first division of meiosis (Fig. 16.5(6)).
Subsequently, separation of the replicas of each individual chromosome



548 MALTING AND BREWING SCIENCE

completes the second division of meiosis (Fig. 16.5(7) and (8)). The overall
effect is to produce four haploid nuclei (in some yeasts a subsequent mitotic
division generates a total of eight). Each nucleus, together with a portion of
the cytoplasm of the cell, becomes an ascospore (spore) and the group of
spores (usually four) is encased in an ascus derived from the original cell.
Since it is likely that the genetic make-up of the original haploids differed
and that some genetic exchange occurred, then the haploid spores will have
different genetic constitutions from those of their parents.

Fig. 16.5 Phases of the reduction division in meiosis showing the behaviour of the chromo-
somes. 1. Chromosomes as single threads; 2. Chromosomes pair; 3. Chromosomes are
replicated, each now comprises two chromatids; 4. Chromosomes break and rejoin; 5.
Repulsion of centromeres (small circles): this represents the tetrad stage of meiosis; 6. Two
cells formed; 7. Second division; 8. Four haploid cells. 1-6 are events of the first, and 7-8
those of the second meiotic division.
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In S. cerevisiae, ascospores are not liberated from the ascus and will fuse
to produce diploid cells. Physical separation of the spores is therefore
necessary for genetic analysis (see below). Separated ascospores will ‘ger-
minate’ to produce haploid cells.

From the point of view of the life cycle, two types of yeast are apparent
(Fig. 16.4): so-called ‘homothallic’ and ‘heterothallic’ strains. Spores of
homothallic strains even when physically separated from one another will
germinate and self-diploidize, i.e. fuse with their mitotic progeny. Homo-
thallism is determined by the presence of a dominant allele HO. Hetero-
thallic strains carry a non-functioning form of the 4o and it is these strains
that are most commonly used for genetic analysis.

Heterothallic strains exhibit mating types, designated a and «. Only
haploid cells of opposite mating type may fuse to form zygotes. The gene for
mating type, M AT, is located on chromosome III; in « strains it is designated
MATu, and in a strains M ATa. These genes are responsible for the control of
mating specific genes such as those which produce the sex pheromones
(a and « factors). Each acts upon a cell of opposite, but not the same, mating
type. When exposed to « and a factors respectively @ and « cells agglutinate,
are arrested in the G1 phase of the cell cycle and produce aberrantly shaped
cells (shmoos) [67]. ‘Shmoo’ formation evidences a number of cell wall
structural changes which culminate in wall, membrane and nuclear fusion.

Under certain conditions S. cerevisiae strains are able to switch mating type.
On chromosome III, MAT occupies a medial position and its @ and « alleles
behave as stable genes. In addition to the expressed M AT locus, chromosome
III carries two ‘silent’ (unexpressed) copies, thus on the distal left arm is
a silent copy of MATa designated HML, and on the distal right arm a silent
copy of MATa (HMR). Certain mutations in other genes, gross deletions
of chromosome III, or the presence of the dominant gene HO, all result
in the expression of the silent copies. In the presence of HO and as often
as once every cell division, the MAT locus is physically removed from
chromosome III and either HMR or HML inserted in its place. In its new
location, the formerly silent copy is now expressed and determines the mating
type of the cell [67], a if HMR is inserted and « with HML.

This amazing sequence of events appears to be a means of maintaining
diploid cells (since mixed cultures of @ and « cells will fuse). This would tend
to confer a greater degree of genetic stability because, with two copies of
every gene, simultaneous mutation of both would be extremely unlikely.

16.5.2 YEAST GENETICS [68-70]

Genetic analysis in S. cerevisiae is performed by hybridizing (mating)
haploid strains of opposite mating type, selecting the diploids produced and
forcing these to undergo meiosis and sporulation. Sporulation is forced by
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inoculating actively growing diploid cells onto the surface of an agar medium
containing 0-19; or less of glucose, 1% potassium acetate and 0-25%, yeast
extract. After 2-3 days incubation at 30°C, asci may be identified by micro-
scopic examination. A suspension of asci is treated with ‘helicase’ to degrade
the ascus wall and the spores of each ascus (which remain adhered to one
another) are separated by micromanipulation. Individual spores are permitted
to germinate and the haploid cells produced grow to form colonies, which are
subsequently tested for the presence or absence of various traits. This type of
procedure is referred to as tetrad analysis because the spores are the products
of meiosis, which commences with a tetrad comprising four chromatids of
each homologous pair of chromosomes (Fig. 16.6).

In haploid cells, differences in genetic make-up (genotype) have an excellent
chance (since only one copy of each allele is present) of being expressed in the
properties of the organism (phenotype). Thus auxotrophy (nutritional
requirement) may be detected by replica plating colonies of cells grown on
complete medium to one lacking a particular nutrient, such as histidine.
Failure to grow shows a particular requirement, in this case, histidine.
Auxotrophic and other mutations (e.g. colony morphology) are readily
obtained by exposing haploid cells to ionizing radiation or chemical mutagens.

Genetic analysis sets out to answer three fundamental questions about
the genetic determinant for a given phenotypic character: (7) is it located on a
chromosome or in the cytoplasm? (i.e., nuclear or cytoplasmic), (if) to which
chromosome does it belong and what is its position relative to other genes on
the chromosome? (linkage and map position), (ii/) how many different genes
give the same phenotype ? (complementation analysis).

If a gene is nuclear, then a diploid carrying two alleles of the gene will
produce by meiosis four spores, two of which will carry one allele, and two
the other. Thus, tetrad analysis is said to yield 2: 2 segregation for nuclear
genes. If a genetic determinant is cytoplasmic, and many copies are present,
then when spores are formed cytoplasmic elements will be encased in each
spore coat. Thus, in the case of cytoplasmic inheritance, tetrad analysis will
usually show 4: 0 segregation.

In tests of linkage, a haploid strain bearing the allele of interest is crossed
with strains of opposite mating type which carry known alleles. In analyses
involving allelic pairs of two different genes which reside on different chromo-
somes (i.e. are unlinked), then two arrangements of chromosomes are possible
at meiosis I. Arrangement 1 (Fig. 16.6) will result in the production of an
ascus containing 2 spores of the same phenotypes as the parent strains - this
is a Parental Ditype (PD ascus). Arrangement 2 will however produce pairs
of spores with non-parental phenotypes (ab and AB)- this is a non-
Parental Ditype ascus (NPD). Any single genetic exchange which occurs
between one pair of alleles on sister chromatids (Fig. 16.6) will generate a
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tetratype ascus with 4 spores of different phenotypes, one each of the parental
types (aB, Ab), and one each of the non-parental types (ab and AB). Sincs
each arrangement (1 or 2, Fig. 16.6) of chromosomes at division I is equally
probable, then crosses with unlinked genes will always give a ratio of PD asci/
NPD asci which does not differ significantly from 1: 1, irrespective of any
genetic exchange which may occur. Data may be tested using the Chi-square
test so long as > 5 asci in each class are obtained.

Meiosis I Meiosis [I
-
T—r
A b

a B
e -
(b) a ’ b T Ascus

A
A B

Fig. 16.7 Meiosis in a diploid formed by a hypothetical cross aB x Ab. It is assumed that
the genes A and B reside on the same chromosome (i.e. are linked). For simplicity only the
relevant homologous pair of chromosomes is shown. (a) No genetic exchange occurs. (b)
Genetic exchange - a single crossover between A and B. (See text and legend to Fig. 16.6
for further details.)

PD Ascus

Where two genes reside on the same chromosome (Fig. 16.7(a)), they will
tend to segregate together, the closer they are, the more likely this will
be (Fig. 16.7(a)). Thus, in such a situation the ratio PD: NPD will always be
significantly greater than 1: 1. If genetic exchange occurs between alleles,
asingle exchange (Fig. 16.7(b)) will generate a T ascus, and a double exchange
(two crossover events) may produce either a T, PD or NPD ascus. If the
restriction that no crossovers of greater multiplicity than 2 occur, then the
following equation can be used to obtain the distance in centiMorgans
(cM) [71].

T 4 6NPD

i in cM = ——— ] 1 16.
Distance in ¢ 1 (T TPD T NPD) 00 (16.1)
Because of the assumptions embodied in formulating this equation, it

is only reliable for distances of up to 35 cM. An alternative set of equations is
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available which take into account all types of multiple crossover; however,
their solution requires iteration using a computer [72, 73]. A graph of the
relationship between the two methods of calculation is available to enable
equation (16.1) to be used and the values corrected [74].

Meiosis [ Meiosis IT

i
[

(t— oY

E—

T Ascus

:1 .
[H
s
, ’F
A A
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Fig. 16.8 Meiosis in a diploid formed by a hypothetical cross aB x Ab. It is assumed that
A is a centromere linked gene and that B is a gene not linked to A. For simplicity only the
two relevant homologous pairs of chromosomes are shown. (See text and legend to Fig.
16.6 for further details.)

Mapping in yeast may also be carried out using centromere marker genes.
Such genes are so close to the centromere of the chromosome that the prob-
ability of crossing-over occurring between the gene and its centromere is very
low (Fig. 16.8(A)). Therefore an allele on a different chromosome (Fig. 16.8(B)),
which exchanges with its own centromere (i.e., crossing-over occurs between
them), will generate a tetratype ascus (Fig. 16.8). Accordingly the distance
between the gene and its own centromere is given by:

T

This distance calculated using equation (16.2) is referred to as the 9 second
division segregation (9SDS) and the assumptions embodied in its use
may be compensated for by use of an appropriate correction [74].

Mapping in yeast may also be accomplished by a random spore procedure
avoiding the need to manipulate asci [69, 70] and by analysis of mitotic
segregants [68, 70].

The genetic map of S. cerevisiae is presented in Fig. 16.9 and a glossary of
gene symbols in Table 16.5. Gene symbols are normally assigned three letters.
Upper case letters show that the allele is dominant (i.e., in diploids containing
the dominant allele, the cells exhibit the trait e.g. CUP/cup diploids are copper
resistant).

When a series of independently isolated recessive mutants, which have the
same phenotype (e.g. his mutants; all require histidine), is available the
question arises as to whether or not they are alleles of the same gene. Under
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these circumstances, one uses complementation analysis [69, 70]. Two
haploids, each carrying one independently-isolated mutation, are mated and
the diploid tested for the presence of the mutant phenotype. If the diploid is
mutant, it can be concluded that the original lesions are in the same gene.

TABLE 16.5

Glossary of gene symbols

Gene

symbol Phenotype

Gene

symbol Phenotype

ade
AMY
ant
arg
aro
asp
AXE
bar

BOR
can
car
cdc
cen
chl
cho
cly
cpa

cry
cUP
cyc
cyh
cys
dal
dbl
dur
eth
fas
fdp

fik
FLO
fol
fro
gal
glc
glk

his
HML
HMR
HO

Adenine requiring

Antimycin resistance

Antibiotic resistance

Arginine requiring

Aromatic amino acid requiring
Aspartic acid requiring
Axenomycin resistance

a Cells lack barrier effect on o
factor

Borrelidin resistance

Canavanine resistance

Arginine catabolism defective

Cell division cycle block at 36°C
Centromere

Chromosome loss

Choline requiring

Cell lysis at 36°C

Arginine requiring in presence of
excess uracil

Cryptopleurine resistance

Copper resistance

Chytochrome c¢ deficiency
Cycloheximide resistance

Cysteine requiring

Allantoin degradation deficient
Alcian blue dye binding deficient
Urea degradation deficient
Ethionine resistance

Fatty acid synthetase deficient
Unable to grow on glucose,
fructose, sucrose or mannose
Resistance to catabolite repression
Flocculation

Folinic acid requiring

Frothing

Galactose non-utilizer

Glycogen storage

Glucokinase deficient (unable to
use glucose)

Histidine requiring

Mating type cassette

Mating type cassette _
Homothallic switching

hom
hxk
ils

ilv
kar
kex
lap
let
leu
Its
lys
mak
MAL
mar

MAT
mes

met
MGL
min
mnn
mut

nul
ole
oli
osm
pdx
pep
pet

pgi
ek

pha
pho
prb
prt
pur
pyk

Homoserine requiring

Hexokinase deficient
Isoleucyl-tRNA synthetase de-
ficient; no growth at 36°C
Isoleucine-plus-valine requiring
Nuclear fusion defective

Unable to express killer phenotype
Leucine aminopeptidase deficient
Lethal

Leucine requiring
Low-temperature sensitive

Lysine requiring

Maintenance of killer deficient
Maltose fermentation positive
Partial expression of mating type
cassettes

Mating type locus
Methionyl-tRNA synthetase de-
fective; no growth at 36°C
Methionine requiring

a-Methyl glucoside fermenter
Inhibited by methionine

Mannan synthesis defective
Elevated spontaneous mutation
rate

Non-mater

Oleic acid requiring

Oligomycin resistance

Sensitive to low osmotic pressure
Pyridoxine requiring

Proteinase deficient

Petite; unable to grow on non-
fermentable carbon sources
Phosphoglucose isomerase de-
ficient

3-Phosphoglycerate kinase de-
ficient

Phenylalanine requiring
Phosphatase deficient

Proteinase deficient

Protein synthesis defective at 36°C
Purine excretion

Pyruvate kinase deficient
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TABLE 16.5 (continued)

Gene Gene
symbol Phenotype symbol Phenotype
rl Radiation sensitive SUF/suf Suppression of frameshift mutation
rad Radiation (u.v. or ionizing) sensi- | suh Suppression of his2-1
tive SUP/sup Suppression of nonsense mutation
RDN  Ribosomal DNA structural genes | SUS  Suppression of serl
rev Non-revertible swi Homothallic switching deficient
ROC  Roccal resistance tem Trichodermin resistance
rme Meiosis independent of mating | thi Thiamine requiring
type heterozygosity thr Threonine requiring
rna Unable to grow at 36°C; block in | #il Thiaisoleucine resistance
RNA synthesis tmp Thymidine monophosphate re-
SAD  Sporulation regulation quiring
ser Serine requiring tra Triazylalanine resistant
ski Super-killer trp Tryptophan requiring
sot Supression of dTMP uptake 1s Lethal, temperature sensitive
spd Sporulation not repressed on rich | s/ Lethal, temperature sensitive
media tsm Lethal, temperature sensitive
spe Spermidine resistance tup dTMP uptake positive
spo Sporulation deficient tyr Tyrosine requiring
sst Supersensitive to « factor umr Non-u.v. revertible
ste Sterile ura Uracil requiring
SUC  Sucrose fermenter

If the diploid has non-mutant (wild-type) phenotype, and it can be shown
that they map at different positions (random spore analysis is most often used)
then the lesions are in different genes. Such genes are named by adding a
number after the letter code, e. g. his1, his2. Different genes which influence the
same phenotype often produce proteins controlling for example a biosynthetic
pathway. In this way the pathway and enzymes involved, in for example,
histidine biosynthesis were elucidated.

Fundamental genetic analysis of ‘laboratory’ strains generates information
of commercial significance e.g. the presence of two genes for flocculation,
FLO1 (a dominant allele) and flo3 a recessive gene [75, 76]. A full genetic
description of yeast is indespensible to the use of newer techniques for
manipulating the genotypes of commercial yeast strains.

16.6 Techniques of strain improvement [17, 78]

Processes for strain improvement include: (i) mutagenesis and selection,
(i) hybridization procedures with or without segregation, and (iif) trans-
formation with ‘naked DNA’ or with recombinant DNA vectors.

Mutation may be induced using chemical or physical mutagenic agents
or spontaneously occurring mutants selected from a population. Selection
of spontaneous mutants has the advantage that undesired mutations which
may result from the use of mutagens, are not present. Continuous culture
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of cells under conditions of nutrient limitation is a useful procedure for
selecting mutants which utilize a nutrient more efficiently, e.g. inorganic
phosphate [79], and might be used, for example, to increase a cell’s ability to
utilize maltotriose.

Hybridization of cells using the sexual cycle (i.e. breeding) is a process
much exploited with higher plants and animals, and in improving baker’s
yeast strains, but has not been used extensively with brewing strains. Brewing
yeasts, possibly because of their polyploid or aneuploid nature, sporulate
poorly, produce few viable spores and difficulty is experienced in isolating
stable mating strains. Some success has been obtained in this way in producing:
(i) hybrids of S. cerevisiae and S. diastaticus, thus combining brewing
properties with the ability to utilize wort dextrins [80] and (if) yeasts with
higher rates of attenuation [81]. In order to avoid the necessity of obtaining
stable mating strains of brewing yeast, two further hybridization procedures
may be adopted, namely rare-mating and protoplast (sphaeroplast) fusion.

In rare-mating, hybrids are formed (at low frequency) between auxotrophic
respiratory-sufficient and prototrophic respiratory-deficient strains. The
hybrids will grow on defined media lacking the nutritional requirements of the
auxotrophic parent and containing a source of carbon (e.g. glycerol) which
may only be used by respiratory-sufficient cells. Respiratory-deficient brewing
yeasts are readily obtained (e.g. by eliminating mtDNA using ethidium
bromide) however strains carrying several auxotrophic mutations are not.
Accordingly the procedure used normally employs an auxotrophic laboratory
strain. This procedure has been used to hybridize a¢a and aa auxotrophic
diploids with respiratory-deficient brewing yeasts [81]; some of the hybrids
obtained were apparently tetraploid and sporulated freely. It has also been
used to generate hybrids between haploid strains and brewing yeasts [82].
If one of the strains contains the nuclear allele kar which restricts nuclear
fusion in hybrids [83], then cells containing mixed cytoplasms and the nucleus
of either one or other parent (heteroplasmons) may be obtained. This
method has been exploited to obtain brewing yeasts with the ability to kill
wild yeasts [82]. Crosses employing kar have also been used to transfer
single chromosomes from one yeast to another, thus creating aneuploids
(84, 85].

Protoplast fusion is an efficient means of hybridizing yeast strains. Sphaero-
plasts are mixed in a medium containing an osmotic stabilizer and fusion
induced by the addition of polyethylene glycol and calcium ions. The fused
products may be regenerated (i.e. encouraged to form new cell walls) in a
medium containing 3%, agar [86]. This technique has been used to render a
brewing strain amenable to genetic analysis [87] to transfer flocculence from
haploids to brewing strains and form hybrids of brewing ale and lager
strains [78). To date, however, most strains produced in this way have proved
unsatisfactory for brewing purposes.
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The various techniques of hybridization involving nuclear fusion described
above may well prove to be the methods of choice when improvements are
sought which depend upon the action of many genes, e.g. fermentation rate.
Where single-gene changes are concerned, transformation is probably the
method of choice for manipulating brewing yeasts.

Transformation is the process whereby naked DNA from one organism
(the donor) is introduced into another (the recipient) and becomes part of the
heritable genetic material of the latter. Early reports of transformation
[88] were criticized for lack of appropriate controls [89]. Subsequently, other
workers have reported the successful transformation of whole yeasts [90];
however the current trend is to use sphaeroplasts as recipients. This stems
from the unequivocal demonstration (using plasmid DNA) of the presence of
donor DNA in recipient cells [91]. Transformation has been used to transfer
flocculence to a non-flocculent laboratory strain using a laboratory strain as a
source of DNA [92], ability to utilize maltotriose to a laboratory strain
using brewing yeast DNA as donor [78] and the ability to utilize wort dextrins
to a brewing yeast using wild yeast DNA as donor [93]. Transformation
frequencies are low and some means of selecting for transformed cells is
essential. When extracellular enzyme activity such as dextrinase is trans-
formed, transformants will grow on dextrin as sole carbon source. In the
transformation of the ability to use maltotriose, sphaeroplasts were re-
generated and then screened for their ability to use the trisaccharide. In the
case of transformation of flocculent ability it was necessary to score for adenine
prototrophy (knowing in advance that FLO 1 and ade 1 are linked) and then
screen prototrophs for flocculence. This technique of cotransformation
demands a detailed knowledge of the yeast genetic map and in this case an
adenine auxotroph as recipient, the FLO 1 ADE 1 DNA was shown to have
been incorporated (integrated) into chromosome 1.

Techniques are now available for recombining DNA molecules in vitro and
so produce vehicles (hybrid vectors — chimaeras) for the transformation of
microorganisms [94]. Fragments of DNA from a donor (or cDNA; a DNA
copy of an isolated mRNA) are integrated into vectors. Vectors are usually
derived from small bacterial plasmids and are covalently closed circular DNA
molecules (cccDNA) capable of replication in bacteria. The plasmids are
opened (restricted) using specific restriction-endonucleases and mixed with
DNA from a donor prepared by restriction or by mechanical shearing. By one
of several enzymatic procedures the vector and donor DNA molecules are
prepared so that they anneal (base pair) with one another thereby forming
hybrid circular molecules. These molecules are then closed (ligated) to produce
cccDNA hybrids which may then be used for transformation. In yeasts,
transformed cells are usually detected by transforming auxotrophs to
prototrophy using hybrid vectors carrying the wild-type allele.
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A major problem in recombinant DNA technology is detecting the trans-
formant which contains the donor gene of interest. Several procedures are
available and are thoroughly discussed in reference [94]. Once detected the
transformant may be grown in pure culture and the clone obtained will
possess the hybrid vector containing the desired gene from the donor - hence
the term ‘gene-cloning’.

Five types of hybrid vector are currently available for gene-cloning in yeast
(Table 16.6): (i) those containing yeast nuclear alleles (e.g. pYeleul0)
which when used as transforming agents integrate into the yeast chromosomes,
(i) those containing both yeast nuclear and yeast plasmid (2 um) DNA (e.g.
pJDB219); these vectors may integrate but also may exist as cytoplasmic
elements, (iii) vectors containing the centromere of a yeast chromosome
(YRp7) these do not integrate but reside in the nucleus and behave as ‘mini
chromosomes’, (iv) a vector comprising wholly yeast DNA sequences (pC504)
and (v) a hybrid between 2pm DNA and mtDNA. Those vectors containing
bacterial plasmid DNA may also be used to clone genes in E. coli.

The enormous potential of recombinant DNA technology will undoubtedly
be exploited in the near future for the genetic manipulation of brewing yeast
strains.

TABLE 16.6
Some hybrid vectors for recombinant DNA techniques in Yeast

Hybrid vector Bacterial plasmid* Yeast nuclear Yeast plasmid
component component component
pC504 [101] None HISA 2 um DNA**#
p JDB219 [99] pMB9 LEU2 2 um DNA
p Yearg 1 [102] ColEl ARG4 None
p Ye leu 10 [91] ColEl LEU2 None
p Ye trp 1 [102] ColEl TRPS5 None
YEp6 [98] pBR322 HIS3 2 um DNA
YIpl [98] pBR322 HIS3 None
YRp7** [95] pBR322 TRP1
YT 11 [100] pBR325 LEU2 2 um DNA
Lgt. Sc 2601 [102] Bacteriophage HIS3 None
lambda
Un-named [103] None None mtDNA and
2 um DNA

* Details of the structure and properties of plasmids are given in reference [94].
** Contains the centromere of chromosome IV.
*** See reference [104] for details of 2 um DNA.
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APPENDIX

Glossary of genetic terms

Allelic

Allele

Aneuploid

Ascus
Ascospore

Auxotroph

Centromere

Complementation

Crossing-over

Cytoplasmic

Deletion
Diploid

Diplophase
Dominant
Genome
Genotype
Grande
Haploid
Haplophase

Heteroplasmon

Heterothallic
Heterozygous

Homologous
chromosomes

Homothallic
Homozygous

Two or more genes occupying the same relative position (locus) on
homologous chromosomes.

Any one of several forms of a gene which may occupy the same locus
on a chromosome.

Having more or less than an integral multiple of the haploid (qv)
number of chromosomes.

The body which contains the ascospores (qv).
The haploid (qv) product of meiosis (qv). Usually 4 per ascus.

A strain requiring a growth factor (e.g. amino acid) not required by
the wild type or prototroph (qv).

A specialized region of a chromosome, the point of attachment to the
apparatus regulating nuclear division.

The restoration of wild-type phenotype when different recessive (qv)
mutations producing the same mutant phenotype (e.g. his-1 and
his-3) are present in the same cell,

The exchange of genetic material between homologous chromosomes.

Pertaining to material of a cell which is outside the nucleus but within
the plasma membrane.

A mutation involving the loss of a segment of DNA

Having two homologous sets of chromosomes i.e. twice the haploid
(qv) number.

Vegetative growth of diploid cells.

The form of a gene expressed in the presence of other forms.
A complete set of nuclear (qv) and/or cytoplasmic genes.
The genetic make-up of a strain.

Respiratory sufficient (qv)

Having a single set of chromosomes.

Vegetative growth of a haploid strain.

A cell containing the cytoplasmic elements of two strains but the
nucleus of only one of them.

Exhibiting ‘sexuality’ i.e. cells may be either of two mating types.
The presence of two different alleles of a gene in the same nucleus.

A pair of chromosomes in a diploid (qv). Each chromosome contains
genes governing the same characters and is derived from a different
haploid.

Failing to possess mating types.
Having two or more copies of the same allele in a nucleus.
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Hybridization
Karyogamy
Linkage-group
Mating type

Meiosis

Mitosis

Mutagen

Mutation
NPD

Nuclear

PD ascus

Petite

Phenotype

Plasmid

Polyploid

Rare-mating

Recessive

Recombinant

Respiratory
deficient

Respiratory
sufficient

Segregation

Spore
Sporulation

The fusion of two cells often followed by the fusion of nuclei.
Fusion of nuclei.
Genes which are found on the same chromosome.

In yeast either a (MATa) or « (MAT«) alleles which determine the
ability of cells to hybridize with those of opposite type.

Reduction division where the diploid number of chromosomes is
reduced to the haploid number.

Duplication and division of chromosomes during vegetative growth,
the number present initially is maintained.

A chemical or physical agent which alters the structure (base sequence)
of DNA.

A change in the structure (base sequence) of DNA.

An ascus containing two pairs of spores with different phenotypes
from those of either haploid parent — non-parental ditype.

Pertaining to the nucleus — the organelle which contains the chromo-
somes.

An ascus containing two pairs of spores one pair having an identical
phenotype to one parent the other to the other parent - parental
ditype.

Respiratory deficient (gv).
The characteristics expressed by an organism.

Genetic determinants which may replicate independently and separ-
ately from the chromosomes — usually a small circular molecule of
DNA.

Having three (triploid), four (tetraploid) or more integral sets of the
haploid number of chromosomes.

A low frequency mating event occurring without the involvement of
mating type.

The form of a gene expressed only in the homozygous state (qv).

The progeny of a cross which contain combinations of alleles different
from those of the parents. Result from crossing-over (qv).

Unable to oxidize glucose to CO, and H,0. Lack complete mito-
chrondrial function. Produce small (petite) colonies on glucose media,
do not grow on glycerol or ethanol.

Able to oxidize glucose to CO, and H,O. Have complete mitochon-
drial function. Produce large (grande) colonies on glucose media,
grow on glycerol and ethanol.

The separation of the members of a pair or number of alleles originally
present in the same cell into different cells (e.g. spores).

Ascospore (qv).

The process whereby a vegetative cell is transformed into an ascus
and the production of ascospores by meiosis (qv).
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Tetrad The four chromatids of a homologous pair of chromosomes at the
first division of meiosis.

T ascus An ascus containing 4 spores each of a different phenotype - tetratype
ascus.

Tetraploid see Polyploid.

Transformation The process whereby genetic characters are acquired by one strain
from another when the former is treated with DNA prepared from the
latter.

Vector A plasmid (qv) molecule capable of being joined in vitro to pieces of
DNA to form a recombinant molecule for transformation (qv).

Wild-type The ‘natural’ non-mutated form of a strain-used to prepare
auxotrophs.

A more comprehensive bibliography may be found in references [96] and [97].
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Chapter 17

METABOLISM OF WORT BY YEAST

17.1 Nutritional requirements [1]

Yeast will grow fermentatively in simple media which contain fermentable
carbohydrates to supply energy and carbon ‘skeletons’ for biosynthesis,
adequate nitrogen for protein synthesis, mineral salts and one or more
growth factors. Yeasts also require molecular oxygen (see Chapters 16, 18
and pp. 604-608, this chapter).

Sources of carbon include the monosaccharide hexose sugars D-glucose,
D-fructose, D-mannose and D-galactose. Saccharomyces strains are able to use
xylulose but not other pentose sugars e.g. xylose [3]. Disaccharides may
also serve as sources of carbon and energy, thus sucrose and maltose, but not
lactose, are utilized by brewing yeasts. The disaccharide melibiose («-O-4-D-
galactopyranosyl-D-glucopyranose) is metabolized by S. carisbergensis but
not by S. cerevisiae and growth on this sugar may be employed to distinguish
ale and lager yeasts. The trisaccharides raffinose (used completely by S.
carlsbergensis and partially by S. cerevisiae) and maltotriose may also serve
as carbon sources. Higher polymers of glucose such as maltotetraose and
dextrins are not metabolized by brewers’ yeast.

Under aerobic conditions yeast may also use glycerol, ethanol and lactic
acid which are themselves the products of anaerobic (fermentative) growth.
Similarly the organic acids acetic, citric and malic are also metabolized by
some species. Other compounds, generated by cellular metabolism, which
appear in the medium and may be subsequently taken up by the cells, include
pyruvic acid and acetaldehyde. In addition yeast cells may ‘fix’ carbon
dioxide to provide up to 5% of their carbon requirement [4].

The nitrogen requirement of the brewing yeast cell may be met by ammo-
nium ions (in which case the cell synthesizes the necessary carbon constit-
uents of amino acids from fermentable sugars), amino acids or low molecular
weight peptides [5]. Brewing strains do not appear to produce extracellular
proteolytic enzymes and thus are unable to use polypeptides or proteins.
Many yeast strains do however possess these abilities [6] and one strain of
Saccharomyces has been reported to produce an extracellular protease [7].
Saccharomyces strains are unable to use either molecular nitrogen or nitrate
ions.

566
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The requirement for minerals resembles that of other living cells and a
supply of potassium, iron, calcium, magnesium, manganese, copper and zinc
is necessary. Many of these metal ions and others are essential for the activity
of enzymes. Relatively large amounts of phosphate and sulphate are also
needed by brewing yeasts.

17.1.2 GROWTH FACTORS [3, 8]

It is usual for brewing yeasts to require one or more accessory nutrients
(nutrilites), and most if not all strains show an absolute requirement for
biotin. In the absence of growth factors, the yeast cells may fail to grow,
grow very slowly or grow only after a prolonged lag. In many cases addition
of nutrilites will stimulate the rate of growth even though there is no absolute
requirement for them (Fig. 17.1). Strains vary considerably with respect to
their need for growth factors (Table 17.1). In a survey of 61 strains of S.
carlsbergensis [9], biotin was required by all strains. Pantothentic acid, meso-
inositol, nicotinic acid, thiamine, p-amino-benzoic acid and pyridoxine were
found to stimulate the growth of some (but not all) strains. In some cases
strains required either thiamine or pyridoxine for growth. The roles of various
growth factors in yeast metabolism are indicated in Table 17.2. With the
exception of meso-inositol they all act as essential cofactors of enzyme
function. In addition to the nutrilites already mentioned, some yeast strains
require the nucleotides uracil and guanine. Some instances are also known
where particular amino acids are required (e.g. methionine) when ammonium
ions represent the only major source of nitrogen.

of Growth

Amount

Days

Fig. 17.1 The amount of growth obtained over a period of days when a particular yeast
strain was cultured in a series of media differing in the accessory growth factors present.
Medium 1 is deficient in inositol, 2 in pantothenic acid, 3 in biotin, 4 in thiamine, 5 in
pyridoxine, 6 in thiamine plus pyridoxine, 7 in nicotinic acid, 8 in p-aminobenzoic acid, and
9 is a complete medium. A represents moderate, B poor growth levels.
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TABLE 17.1
The requirement of some strains of Saccharomyces carlsbergensis for growth factors [9])
Strain Pantothenic Thia- Pyri- Nicotinic Uracil and
No. Biotin acid Inositol mine doxine acid guanine
9 + + S - — — +
26 + + - - s -
34 + + - - - - S
44 + + - - - - S
59 + + + S S - S
66 + S S - - - S
7 + + + - S - +
G + + — S S S -

<+ Definitely essential or markedly stimulatory for growth; S stimulatory; — not essential.

TABLE 17.2
Nutrilites (vitamins) required for full growth on synthetic media by a range of yeasts
Nutrilite required  Active form within Function
cell
Biotin Biotin Coenzyme in carboxylation and transcarboxy-
lation
(meso) Inositol Phospholipids Numerous effects upon carbohydrate and
lipid metabolism, membrane integrity
Pantothenic acid Coenzyme A As above
Thiamine Thiamine Coenzyme in oxo-acid decarboxylation and
pyrophosphate oxidation
Pyridoxine Pyridoxal phosphate Coenzyme for transamination, decarboxyla-
tion and racemization
Nicotinic acid
(Niacin) NAD and NADP Coenzymes for dehydrogenases
p-Aminobenzoic Folic acid and Coenzymes for transfer of one carbon units
acid tetrahydrofolate e.g. glycine—-serine
compounds

Brewers’ wort normally contains all the nutrients required by the yeast cell.
The principal source of carbohydrate is maltose although significant amounts
of glucose, fructose, sucrose, maltotriose as well as non-metabolizable
pentoses, oligosaccharides and dextrins are also present (Volume 1, Chapter
9). The yeasts’ requirement for nitrogen is satisfied by ammonium ions, amino
acids and peptides. Ample quantities of minerals and nutrilites are also
available in malt wort. Worts of low assimilable nitrogen content, prepared
using carbohydrate adjuncts, may be deficient in nitrogen and also in growth
factors, particularly biotin. Worts may be supplemented by adding ‘yeast
foods’ containing yeast extract (and hence a supply of nutrilites), metal ions
(e.g. Zn*+), ammonium and phosphate. More complex formulations may also
be employed [10].
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17.2 Permeation of the yeast cell [2, 11-15]

Most substances dissolved in the medium surrounding yeast cells diffuse
freely through the cell walls to the plasma membranes. There is adsorption of
certain materials by the outer layers of the cell walls during the diffusion.
For instance, hop bitter substances, polyphenols, and nitrogenous compounds
of wort tend to be adsorbed. The plasma membrane isolates the living cell or
protoplast from its environment and controls the movement of materials in
and out of the cell. Substances which are soluble in lipid, an important
constituent of the membrane, tend to penetrate readily. Thus, unbranched
long-chain fatty acids and «-oxo-acids penetrate more quickly than the
corresponding short-chain acids which are less soluble in lipid. If the acids are
dissociated, they enter the cell either slowly or not at all.

In addition to lipid, the plasma membrane also contains protein and
carbohydrate, and most low molecular weight compounds penetrate because of
their association with these constituents. There is some evidence also for
minute pores in the membrane which sieve the ions and molecules bombarding
its surface. Three methods of entry have been recognized: (i) simple net
diffusion involving a concentration gradient, (ii) facilitated diffusion or
catalysed diffusion which is probably enzymic in nature (this brings about
entry of a substance faster than would be expected from simple diffusion
but is motivated by a concentration gradient), and (ii/) methods which
involve the expenditure of metabolic energy by the yeast cell to concentrate
the substance within the cell, sometimes against the concentration gradient
to a level far in excess of that in the medium. This is called active transport
and is believed in at least some instances to be mediated by specific transport
enzymes Or permeases.

A permease (carrier [16]) is assumed to have the characteristics of an
enzyme and thus exhibits stereospecificity for the transported solute. It can
traverse the cell membrane, thus transporting the solute from the outside to the
inside of the cell, and both influx and efflux of solute occur. The transport will
usually exhibit saturation (Michaelis—-Menten) kinetics, Enzymes involved in
facilitated diffusion or active transport (i.e. permeases and molecules respon-
sible for the intracellular modification of the transported solute) may be either
constitutive or inducible. This means that the system may be present at all
times (constitutive) or developed by the cell only in the presence of the
transported solute (inducible). Clearly for induction to occur some of the
solute must enter the cell either by way of a small (constitutive) amount of the
transport system or by another means (e.g. diffusion). When the inducer
concentration falls to zero or below a critical level, the transport system fails to
operate; thus a degree of control on the entry of the inducer is exercised.
The presence of glucose in the medium may prevent the synthesis of the
transport system (catabolite repression) thereby enabling glucose to be
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utilized and preventing unnecessary synthesis of the enzymes of the transport
system.

Simple diffusion probably accounts for the uptake of undissociated organic
acids by the yeast cell. Facilitated diffusion may be involved in the transport
of sugars [17], although the fact that some are taken up against a concentra-
tion gradient could indicate that active transport occurs [18]. Active transport
processes are used to transport amino acids and the ions of potassium,
magnesium, phosphorus and sulphate.

17.2.1 UPTAKE OF WORT SUGARS

The glucose, fructose and sucrose present in wort are rapidly utilized
by brewers’ yeast. Sucrose is hydrolysed, at the outer surface of the cell,
to glucose and fructose by an external invertase. The monosaccharides
produced, as well as those already present, are transported into the cell
by a constitutive permease (glucose permease). The transport system shows
that many monosaccharides (Table 17.3) have a somewhat higher affinity
(lower K, value) for glucose than for fructose, which is utilized more slowly.
In some strains of yeast two different carriers may be present, each showing
different stereospecificities with regard to the transported monosaccharides
[19]. Consequently, sugars with the same stereospecific grouping will compete
for the same carrier.

TABLE 17.3

Specificity of the constitutive hexose transport in Saccharomyces cerevisiae. The

hexoses are listed in order of their apparent affinities with the order of magnitude of

the Michaelis constants in molfl, assuming no major differences in maximal rate
among substrates [12]

10-3 D-Glucose
2-Deoxy-D-glucose
D-Glucosone

10 -2 p-Fructose
D-Mannose
p-Allose
N-Acetyl-p-glucosamine

10— p-Xylose
D-Arabinose
3-0-Methyl-p-glucose
L-Sorbose
p-Lyxose
1, 5-Anhydro-p-glucitol

1 L-Fucose
D-Mannoheptulose
D-Galactose
L-Xylose

10 D-Ribose
D-Fucose

> 20 L-Rhamnose, L-Arabinose, Sorbitol
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The uptake of maltose and maltotriose is mediated by specific inducible
permeases [20, 21], A coordinated induction of an «-glucosidase (maltase)
also occurs, so that on entering the cell both sugars are hydrolyzed to glucose
[22, 23]. Neither the permeases nor the maltase are synthesized in the presence
of glucose (>049, w/v for brewing yeasts [24]) and hence are said to be
catabolite repressed [25].

In bacteria, enzymes which are subject to catabolite repression are only
synthesized when an addition complex between cyclic adenosine mono-
phosphate (cAMP) and a specific protein (CAMP binding protein) is present.
This complex interacts with the genome to permit transcription of the DNA
and hence, ultimately, the synthesis of the enzyme(s). (With inducible
enzyme systems, transcription remains blocked unless the inducer is also
present.) When cells are grown on glucose, low levels of cCAMP are present,
therefore catabolite repression occurs because the addition complex is either
not formed, or is present at too low a concentration to be effective. When
cells are grown on ‘non-repressing’ sugars, e.g. galactose, high levels of cAMP
are produced and catabolite repression is relieved by the complex of cAMP
and specific protein [26, 27].

In yeast, increased levels of cAMP are found when glucose grown cells
adapt to growth on maltose [27, 28]. Consequently cCAMP relieves the cata-
bolite repression of a-glucosidase [29]. It seems, therefore, that cAMP has a
similar regulatory function in yeast to that in bacteria.

In addition to acting as a catabolite repressor, glucose (or its catabolites)
may also act as a catabolite inactivator. Catabolite inactivation describes a
rapid disappearance of enzyme activity, in contrast to the ‘diluting out’
which follows catabolite repression, when the cells continue to multiply.
Maltose permease is inactivated by this process, which is probably the result
of proteolytic enzyme action [30].

The half-life of maltose permease is approximately 1:2 hr [19], therefore in
(i) the presence of repressing concentrations of glucose, (ii) the absence of
inducing concentrations of maltose or (iii) the absence of protein synthesis,
the level of permease will fall by 909( in some 5 hr.

In a brewery fermentation, pitched with viable yeast cropped from the
active stage of growth on wort, the yeast cells will be able to utilize all the
fermentable carbohydrates immediately. This is in fact the situation observed
with laboratory fermentations of brewers’ wort [22, 31]. However, the rate
of maltose utilization may decline (because of catabolite repression of the
synthesis of new permease and a-glucosidase), until the level of glucose
falls from its initial level (approx. 1% w/v) to a level below that required to
repress enzyme synthesis. Where exceptionally high levels of glucose are
present (e.g. when using glucose syrup adjuncts) this effect will be more
pronounced. Fructose also acts as a catabolite repressor [25] so that adjuncts
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such as invert sugar or sucrose (since it is rapidly hydrolyzed to glucose and
fructose by the yeast external invertase) will have similar effects.

When pitching yeast is stored for prolonged periods of time in the absence
of inducing concentrations of maltose, or under conditions where protein
synthesis is restricted (e.g. in the absence of assimilable nitrogen), it will
lose its maltose permease activity. Under these circumstances, fermentat.on
might be prolonged by the time taken for cells to synthesize new enzymes.
Repression of maltose uptake is not expressed by all brewing strains [23].
However, the phenomenon of catabolite repression would be expected to
prolong fermentation time, whereas strains which no longer exhibit the
phenomenon would be expected to attenuate at greater rates, and more
extensively, than repressed cells.

Analysis of the uptake of wort sugars shows that glucose, fructose and
sucrose are most rapidly consumed (24-28 hr) followed by maltose (70-72 hr)
and finally maltotriose (after 72 hr) [21, 30]. This order of uptake reflects the
fact that glucose, fructose and sucrose are present in low concentrations and
are utilized rapidly; maltose is present at much higher concentrations but
used at a similar rate and maltotriose, present in lower concentration than
maltose, is used at a much lower rate [21, 22, 31, 32].

17.2.2 UPTAKE OF WORT NITROGEN

All yeasts are able to use ammonium ions as a source of nitrogen. Growth
with ammonium salts as sole source of nitrogen is better than when any
single amino acid is used. Indeed, brewing yeasts are unable to use certain
amino acids (e.g. lysine) as. sole sources of nitrogen, and this is used as the
basis of a test to detect the presence of wild yeasts (see Chapter 21). When
mixtures of amino acids are present, as in brewers’ wort, growth is more
rapid than when ammonium ions are the sole source of nitrogen [33].

Brewers’ yeast can assimilate some 509 of the amino nitrogen in wort
[34]; in general, bottom yeasts use the amino acids less completely than top
yeasts [35]. The bulk of the yeast’s nitrogen requirement is met by amino
nitrogen (amino acids, peptides) rather than ammonium ions.

The uptake of wort amino acids by brewers’ yeast occurs in a sequential
manner, which is largely independent of the conditions of fermentation and
strains of yeast used [36]. Four groups of amino acids were described based
upon their order of removal from wort [36, 37]:

Group A. Absorbed immediately and consumed during the first 20 hr of
fermentation — glutamate, aspartate, asparagine, glutamine, serine, threonine,
lysine and arginine.

Group B. Absorbed gradually during the whole course of fermentation -
histidine, valine, methionine, leucine and isoleucine.
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Group C. Absorbed after an appreciable lag - glycine, phenylalanine, tyrosine,
tryptophan, alanine, ammonia.
Group D. Negligible net absorption - proline.

The basis for this orderly sequence of events appears to involve the nature
and specificities of amino acid permeases. Thus, two general permeases
may be involved, one showing specificity for group A and group C amino
acids, since members of the former group compete with those of the latter
[37], and one transporting group B amino acids.

The process of uptake of amino acids by yeasts appears to be very complex.
At least ten systems of different specificities are capable of transporting amino
acids against considerable concentration gradients [38, 39]. There is no clear
evidence as to either the ultimate source of the energy required for transport,
or to the mechanism of coupling of energy to transport. There appear,
however, to be two different energy reserves supporting amino acid uptake
[40], one involving mitochondrially generated ATP, the other, polyphosphate
derived from glycolysis at the level of 1,3 diphosphoglycerate. Presumably, in
the absence of oxidative phosphorylation, this latter source is the one primarily
used by brewing yeast.

17.2.3 EXCRETION OF NITROGENOUS METABOLITES

Yeast in aqueous suspension gradually excretes amino acids, nucleotides
and other low molecular weight substances. Suspension of yeast in glucose
solution causes a rapid release of amino acids which are subsequently re-
absorbed in 2-3 hr [41]. This phenomenon (termed ‘shock excretion’) does
not occur when maltose rather than glucose solutions are used and apparently
does not require energy [42].

Shock excretion is thought to involve changes in membrane function and is
more apparent in mature yeast cells [43]. The significance of this process in
practical terms is unknown, however it might be expected to contribute to lag
in fermentation, particularly if mature yeast is pitched into worts with
relatively high glucose contents. Similarly, priming beer might induce
excretion of metabolites which may then support the growth of beer spoilage
organisms such as lactic acid bacteria.

17.3 Metabolism [44, 45, 46]
Metabolism encompasses all enzymic reactions which occur in a cell and the
organization and regulation of those reactions. It is often convenient to
consider individual aspects of metabolism in terms of biochemical pathways;
it should never be forgotten, however, that such pathways do not exist in
isolation, but are merely parts of a whole integrated metabolic process.

A biochemical pathway consists of a series of chemical reactions catalysed
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by enzymes. The catalytic moiety of enzymes is invariably protein, although
lipid and carbohydrate may be covalently associated with particular protein
molecules. The function of an enzyme is to increase the rate of a chemical
reaction and enable it to occur at the physiological temperatures and pH
values within the living cell. As the enzyme is a catalyst only minute quanti-
ties need to be present. Because of the protein nature of enzymes they are
inactivated by extremes of pH, temperature and other ‘denaturing’ agents.

Enzymes show stereospecificity towards their substrates, and often require
cofactors to assist and/or participate in their catalytic activity. Cofactors in-
clude divalent metal ions, e.g. Mg?*, Zn?* and many low molecular weight
molecules derived in part from growth factors (vitamins), e.g. nicotinic acid
and biotin (see Table 17.2).

The extent to which any chemical reaction proceeds is determined by
the sign and magnitude of the free energy change (AG). Reactions which
proceed to completion have large negative values of AG. A large positive
value on the other hand is typical of reactions which occur only to a very
limited extent. It is usual to quote the standard free energy change (when
all reactants and products are at 1 M concentration at equilibrium at pH 7),
i.e. AG®. The sign and magnitude of the free energy change of a reaction
however do not indicate how quickly a reaction proceeds. For example, the
complete oxidation of glucose:

CH,,04 + 60, — 6CO, + 6H,0

has a standard free energy change AG®' of 2:9 MJ (—688 kcal); however,
glucose can be left in contact with oxygen at room temperature indefinitely
without significant reaction occurring. Most living organisms carry out this
reaction using the catalytic properties of the enzymes of the glycolytic
pathway, tricarboxylic acid cycle and oxidative phosphorylation. Each enzyme
accelerates the rate at which a particular chemical reaction occurs it does not
influence the equilibrium constant or the overall change in AG.

Biochemical pathways may be described as catabolic, anabolic (bio-
synthetic), amphibolic or anaplerotic. The principal function of a catabolic
sequence is to degrade (usually by an oxidative process) simple organic
molecules derived from the breakdown of polymers (e.g. amino acids from
proteins) and retain some of the free energy released in a ‘biologically useful’
form. Anabolic pathways consume energy and synthesize (usually by a
reductive process) the simple molecules which are assembled into proteins,
nucleic acids, carbohydrate polymers and lipids. Amphibolic pathways, such
as the tricarboxylic acid cycle, have both catabolic and anabolic properties.
They are central metabolic pathways which furnish, from catabolic sequences,
the intermediates which form the substrates of anabolic processes. The
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removal of intermediates (essential to the operation of the catabolic processes)
from a central metabolic pathway would result in cessation of the production
of biologically useful energy. These essential compounds are replaced by
anaplerotic reactions, thus ensuring the continued operation of the amphi-
bolic pathway.

The biologically useful energy produced during catabolism and consumed
in anabolism is stored chemically in the form of adenosine triphosphate (ATP).
This so-called high energy compound has a large negative free energy of
hydrolysis. Hydrolysis of ATP toadenosine diphosphate (ADP) and inorganic
phosphate (Pi) liberates some 30-5 kJ (7-3 kcal) under standard conditions.
The free energy of hydrolysis is a function of pH, temperature and the
concentrations of ATP itself and the ADP and Pi produced. In the conditions
obtaining inside living cells, the hydrolysis of 1 mol ATP may yield as much
as 52 kJ (12-5 kcal). During the course of a catabolic sequence, intermediates
containing phosphate are synthesized, these may then be hydrolysed with the
simultaneous formation of ATP from ADP. Thus by enzyme action, the
energy of catabolism can be packaged into ATP molecules.

Oxidative reactions in catabolic sequences involve the removal of electrons
from an intermediate. This process is controlled by dehydrogenases and often
involves the participation of the cofactor nicotinamide adenine dinucleotide
(NAD or NAD+). Electrons from the donor are transferred to NAD in the
form of the hydride ion [:H-] to produce reduced NAD (NADH). In many
reactions two ‘hydrogen atoms’ are ‘removed’ from the substrate, one in the
form of the hydride ion, the other liberated as a proton; accordingly, the
reduction of NAD* is often written as

NAD+* + [2H] - NADH + H* (or NADH,).

Anabolic (biosynthetic) reactions are driven by ATP energy, and the
process of reduction is mediated by enzymes most of which utilize nicotinamide
adenine dinucleotide phosphate (NADP or NADP+) as cofactor. The speci-
ficity of catabolism for NAD+ and anabolism for NADP+ is an example of
‘chemical compartmentation’ and enables some degree of metabolic regulation
to be exerted through control of the levels of the two cofactors. The relative
concentrations of the oxidized and reduced forms of a particular cofactor may
also serve a regulatory role.

Metabolic regulation also involves ‘biological compartmentation” whereby
metabolic sequences are localized within subcellular organelles, e.g. the
location of the tricarboxylic acid cycle in mitochondria. In addition control
of biochemical pathways may be achieved by (i) regulating the synthesis of
enzymes at the level of the gene or protein synthesis, e.g. catabolite repression;
(ii) regulating the degradation of enzymes thereby changing their steady-state
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concentration within the cell e.g. catabolite inactivation; (iii) influencing
the rate of enzyme activity by allosteric inhibition, e.g. the ability of the
end product of a pathway to ‘feed-back’ inhibit enzymes in the pathway, or by
allosteric activation, i.e. increasing the affinity of an enzyme for its substrate;
these processes change the catalytic activity exhibited by a given amount of
enzyme; (iv) the presence of isozymes, e.g. alcohol dehydrogenase (ADH 1)
used when yeast grows on ethanol has a high affinity for ethanol and low
affinity for acetaldehyde whereas ADH 2 used when yeast grows on glucose,
has the opposite affinities.

17.3.1 AEROBIC CARBOHYDRATE METABOLISM

The principal pathway for the fermentation of glucose and fructose is the
Embden-Meyerhof-Parnas route (alternatively named EMP or glycolytic
sequence). Wort sucrose is hydrolysed extracellularly and maltose and
maltotriose intracellularly. Intraceliular storage carbohydrates such as
glycogen and trehalose may also serve as sources of intracellular monosac-
charide.

The monosaccharides produced are phosphorylated: the EMP pathway
(Fig. 17.2) commences with the phosphorylation of glucose using the high
energy bond of ATP and the production of glucose-6-phosphate (G-6-P) a
reaction mediated by the enzyme hexokinase. In the case of glycogen utiliz-
ation, phosphorolytic degradation yields glucose:1-phosphate which may be
enzymically isomerized to G-6-P. G-6-P is converted to its isomer fructose-6-
phosphate (F-6-P) by the enzyme phosphohexose isomerase (a readily
reversible reaction). Intracellular fructose is phosphorylated by hexokinase to
yield F-6-P directly. The third enzyme of the glycolytic sequence, phospho-
fructokinase, is responsible for the phosphorylation, using ATP, of F-6-P to
yield fructose-1,6-diphosphate. In common with other ‘kinase’ reactions, i.e,
those consuming or producing ATP, Mg?+ ions are essential cofactors of the
enzyme reaction.

Aldolase then catalyses the reversible cleavage of the six-carbon molecule
into two three-carbon molecules, triose phosphates. Yeast aldolase is in-
activated by cysteine and may be reactivated by Zn?**, Fe** or Co?* ions.
The triose phosphates are a mixture of dihydroxyacetone phosphate and
p-glyceraldehyde-3-phosphate. Only the latter undergoes further change
in the EMP pathway, but an equilibrium between the two is maintained by
enzymic conversion of some of the dihydroxyacetone phosphate into glycer-
aldehyde-3-phosphate, catalysed by the enzyme triose-phosphate isomerase.

The p-glyceraldehyde-3-phosphate is converted into 1,3-diphosphoglyceric
acid using inorganic phosphate, and electrons are transferred tothe coenzyme
NAD+*. The enzyme complex involved is called phosphoglyceraldehyde
dehydrogenase. The reaction is the first in the EMP pathway to involve
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Fig. 17.2 The Embden-Meyerhof-Parnas pathway (glycolytic pathway).

oxidation/reduction and also the first in which a high energy phosphate
compound is formed where none previously existed. Thus the phosphate bond
formed at position 1 in 1,3-diphosphoglyceric acid has a standard free energy
of hydrolysis of —49-3 kJ (—11-8 kcal). The next step is the transfer of this
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energy-rich phosphate to ADP to give ATP and 3-phosphoglyceric acid, a
reaction catalysed by phosphoglycerate kinase with Mg?* ions acting as
cofactor. Because each molecule of glucose yields two triose molecules, two
molecules of ATP are generated at this stage and balance out the ATP used in
the phosphorylation of glucose (or fructose) and of F-6-P. 3-Phosphoglyceric
acid is converted to 2-phosphoglyceric acid by the enzyme phosphoglycero-
mutase. Enolase then mediates the removal of water to give phosphoenol-
pyruvic acid, a step which requires magnesium ions and is inhibited by
fluoride ions. The energy-rich phosphate bond of the phosphoenol-pyruvic
acid (AG® = —61-9 kJ; —14-8kcal) is used to transfer phosphate to ADP to
yield ATP and pyruvic acid. Thus, overall, two molecules of ATP are produced
for each molecule of hexose converted to pyruvate. At the same time, two
molecules of NAD+ are reduced. The supply of NAD+ is normally limited
and therefore oxidation of the reduced form is necessary for the EMP
pathway to continue.

enzyme
bound
B—OC(CH,), lipoic acid
A—TPP o, S—sS B—OC(CH.,),
+ VAR A—TPP—CHOHCH, %—» S SH
CH,COCOOH enzyme bound H C_Cl
a-hydroxy ethyl TPP A—TPP ? (||)
CoASH
B—OC(CH,),
C—FAD C—FADH, SH SH
NADH NAD* p_oc(ch,), C—FAD CH;COSCoA
+
enzyme
H* S—S bound
FAD

Fig. 17.3 Conversion of pyruvate to acetyl Coenzyme A by the mitochondrial pyruvate
dehydrogenase complex of enzymes. A, pyruvate dehydrogenase; B, dihydrolipoyl trans-
acetylase; C, dihydrolipoyl dehydrogenase.

Under aerobic conditions and in the absence of high concentrations of
glucose, yeast respires glucose. Under these circumstances pyruvic acid is
oxidized and decarboxylated by the so-called pyruvate dehydrogenase com-
plex. This system comprises three separate enzyme activities and is located
within mitochondria. The three separate enzymes are pyruvate dehydrogenase,
dihydrolipoyl transacetylase and dihydrolipoyl dehydrogenase (A, B and C in
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Fig. 17.3). Participating in the reaction are thiamine pyrophosphate (TPP),
Coenzyme A (CoASH), flavin adenine dinucleotide (FAD), NAD* and
dihydrolipoic acid:

COOH

SH SH

The overall reaction produces, from one molecule of pyruvic acid, one
molecule of CO,, one of acetylated Coenzyme A (acetyl-S-CoA) and one of
NADH.

Pyruvate + NAD+ + CoA-SH — Acetyl-S-CoA + CO, + NADH + H+
A G = —334 kJ (—8 kcal)

This reaction is essentially irreversible and the thioester bond of acetyl-S-CoA
(CH;CO-SCoA) has a high free energy of hydrolysis (AG* = —31kJ;
—7-5 kcal). This energy is utilized in a condensation reac:ion of acetyl CoA
with the eno/ form of oxaloacetic acid to produce citric acid and CoASH is
liberated. The enzyme mediating this reaction, citrate synthase (condensing
enzyme), is the first enzyme of the tricarboxylic acid cycle (Krebs’ cycle)
(Fig. 17.4).

Citric acid is isomerized by aconitase to yield isocitric acid (cis-aconitic
acid is an intermediate). The oxidation of isocitrate by isocitrate dehydro-
genase to a-oxoglutarate involves the formation of NADH (an NADP+
linked enzyme is also found) and the oxalosuccinic acid produced is de-
carboxylated to yield «-oxoglutarate.

The 5-carbon «-oxoglutaric acid is decarboxylated by an oxidative step,
involving Coenzyme A, thiamine pyrophosphate, lipoic acid and NAD+, by
«-oxoglutarate dehydrogenase to produce succinyl CoA. Succinyl CoA is
converted to succinic acid by the action of succinyl thiokinase; during this
reaction Coenzyme A is released and guanosine diphosphate plus inorganic
phosphate combine to give energy-rich guanosine triphosphate (GTP), a
process which is called ‘substrate level phosphorylation’. Succinic acid
is oxidized to fumaric acid by succinate dehydrogenase, with flavin adenine
dinucleotide (FAD) acting as electron acceptor. Fumarase catalyses the
reversible hydration of fumarate to L-malate which in turn is oxidized to
oxaloacetate by the action of malate dehydrogenase, with NAD* as hydrogen
acceptor.

The effect of the Krebs’ cycle is to produce (by oxidizing the acetate
moiety derived from pyruvic acid) two molecules of CO,, 3 NADH, 1 FADH,
4 H+ and 1 GTP.
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Fig. 17.4 The tricarboxylic acid cycle (Krebs’ cycle).

The final stage of glucose catabolism by respiring yeast also occurs within
the mitochondria where the reduced cofactors NADH and FADH, formed by
the complete oxidation of glucose, are themselves oxidized to regenerate
NAD+* and FAD respectively. In contrast to fermentation, where acetaldehyde
acts as the oxidizing agent, molecular oxygen is used in respiration. Electrons,
donated by the coenzymes are shuttled along a chain of carrier molecules
(including ubiquinone, iron-sulphur-containing carriers and cytochromes)
which constitute the electron transport or respiratory chain (Fig. 17.5).
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Fig. 17.5 Diagrammatic representation of the complete electron transport chain and its
relationship with the Krebs’ cycle.:

Each electron of a pair is in turn received by a ferric ion (Fe3+) in the
haem centre of cytochrome b, the ferrous ion (Fe?t) produced then donates
the electron to a non-haem iron carrier, which in turn passes it on to cyto-
chrome c,; it is finally passed to molecular oxygen and water is produced.
The overall reaction is therefore:

NADH + H* 2 Fe?t
= 220 kJ(—52-7 kcal)
NAD+ éoz
Fe**
+2
H* € H

20

At certain positions within the electron transport chain (Fig. 17.5), namely:
site I (NADH — CoQ); site II (CoQ — cyt. ¢); and site III (cyt. a/a; —
0,), sufficiently large changes in free energy occur to drive the synthesis of
ATP from ADP and Pi. The mechanism whereby electron transport is
coupled to phosphorylation of ADP (oxidative phosphorylation, cf. substrate-
level phosphorylation) is still the subject of debate and remains one of the
major unsolved problems in biochemistry (see [45]).

The enzymes of Krebs’ cycle are located within the contents of the mito-
chondria, while the components of the electron transport chain are situated
in or on the inner membranes. It is thought that each of the components
of the respiratory chain are assembled together in the precise sequence in
which they interact. There are clearly many such assemblies on the inner
mitochondrial membrane.

The oxidation by electron transport of each molecule of NADH produced
by the citric acid cycle may generate up to 3 molecules of ATP, whereas
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oxidation of a molecule FADH, yields 2 ATP molecules. There is some
evidence [47] that yeast cannot phosphorylate at site I and therefore only 2
molecules of ATP are produced from the oxidation of 1 molecule of NADH.
The NADH produced during the operation of the EMP pathway cannot be
oxidized directly within the mitochondria because these organelles are
impermeable to the reduced cofactor. Accordingly, cytoplasmic enzymes
utilize NADH to reduce organic molecules which may enter the mitochondria
whereupon mitochondrial enzymes oxidize them to yield reduced cofactor.
Two of these so-called ‘shuttle’ mechanisms, which effectively transfer
reducing power from the cytoplasm to the mitochondria, may be used. The
necessary enzymes for both mechanisms have been shown to occur in yeast
[48, 49]. The first, the glycerophosphate shuttle, oxidizes NADH by reducing
dihydroxyacetone phosphate to glycerol-3-phosphate which enters the mito-
chondria where it is oxidized by an FAD-dependent glycerol phosphate
dehydrogenase. The FADH produced reacts in turn with the respiratory
chain. In the second shuttle system (the malate shuttle) cytoplasmic oxalo-
acetic acid is reduced to malic acid by an NADH-dependent, cytoplasmically
located, malate dehydrogenase. The malate produced enters the mitochondrion
to be oxidized to oxaloacetic acid by the mitochondrial NAD+-dependent
malate dehydrogenase. The NADH produced is then oxidized by the electron
transport chain.

Respiration of 1 molecule of glucose by yeast generates 28 molecules
of ATP (2 from the EMP, 2 from the Krebs’ cycle and 24 from oxidative
phosphorylation of 10 NADH and 2 FADH,). The G’ for hydrolysis of ATP
is 30-5 kJ (7-3 kcal) therefore one mole of glucose oxidized yields the equi-
valent (under standard conditions of) 28 x 30-5 kJ, i.e. 854 kJ (204 kcal).
The standard free energy change for the complete oxidation of glucose is
29 MJ, therefore the efficiency of respiration by yeast is (0-854/2:9) x 1009,
i.e. 29 %. In animal tissues up to 38 molecules of ATP may be produced with a
corresponding efficiency of 40 9;,. The proportion of energy not retained by
the cell as ATP is largely dissipated as heat.

Although glycolysis represents the major pathway for glucose catabolism,
some glucose is metabolized by an alternative route, the hexose monophos-
phate (HMP) pathway (also called the pentose phosphate pathway) (Fig. 17.6).
There is no general agreement as to how much glucose is metabolized by this
route. The function of this pathway is two-fold, namely (i) to provide a
source of NADPH for anabolic reduction reactions and (i) to supply pentose
sugars for biosynthesis (e.g. nucleotide synthesis).

The first step in the HMP pathway (Fig. 17.6) is the oxidation of glucose-6-
phosphate by an NADP+-dependent dehydrogenase. The product, 6-phospho-
gluconolactone, is converted to 6-phosphogluconic acid by a lactonase. A
second oxidative step mediated by 6-phosphogluconic acid dehydrogenase,
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and NADP+-dependent enzyme, liberates carbon dioxide and produces the
ketopentose ribulose-5-phosphate. From ribulose-5-phosphate an isomerase
yields ribose-5-phosphate and an epimerase xylulose-5-phosphate. The
enzyme transketolase with thiamine pyrophosphate as cofactor, catalyses the
transfer of the two-carbon keto-fragment of xylulose-5-P to the aldehyde
group of ribose-5-P, thereby forming sedoheptulose-7-P and glyceraldehyde-
3-P. The enzyme transaldolase catalyses the transfer of carbon atoms (1, 2 and
3) of a keto sugar to the aldehyde group of an aldo sugar. Thus from sedohep-
tulose-7-phosphate and glyceraldehyde-3-phosphate, fructose-6-phosphate
and erythrose-4-phosphate are formed. This HMP pathway may be considered
to oxidize glucose:

G-6-P + 12 NADP* — 6 CO, + 12 NADPH + 12 H+ + Pi + 6 H,O

and, if transhydrogenation of NADPH and NAD occurs within the cell,
clearly, under aerobic conditions, ATP could be generated by oxidative
phosphorylation.

Some yeasts, e.g. Candida utilis produce all their pentose sugar require-
ments by the HMP pathway [50]. When the specific activities of the key
enzymes of the pathway are compared with those in S. cerevisiae (Table 17.4)
it is seen that in the latter yeast they are markedly lower. This is particularly
so for glucose-6-phosphate dehydrogenase. In S. cerevisiae therefore it is
thought that most of the pentose sugar requirement is met by the action
of transketolase on glyceraldehyde-3-phosphate and fructose-6-phosphate
derived from the glycolytic pathway.

TABLE 174

Enzymes of the pentose phosphate pathway in Candida utilis and Saccharomyces
cerevisiae [50]

S. cerevisiae C. utilis

Enzyme (pmol/min/mg protein)

Glucose 6-phosphate

dehydrogenase 0-06 215
6-Phosphogluconic

dehydrogenase 0-12 0-35
Transketolase 0-20 1-45
Transaldolase 0-02 0-20
Aldolase 30 1-1

Although of limited importance in Saccharomyces sp. the enzyme glucose-6-
phosphate dehydrogenase is used in the metabolism of glucose by the bac-
terium Zymomonas (Entner-Doudoroff pathway) and lactic acid bacteria
(phosphoketolase pathway) (see Chapter 21).
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Fig. 17.7 Summary of aerobic metabolism (respiration) of sugar.

The major routes for glucose catabolism by respiring yeast are shown
in Fig. 17.7. The EMP pathway and Krebs’ cycle are amphibolic and several
intermediates of these pathways are used for the biosynthesis of the monomers,
e.g. fatty acids and amino acids, used to produce high molecular weight
compounds such as fats and proteins. The importance of these pathways in
furnishing the starting points of anabolism is indicated in Fig 17.8. Since the
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Fig. 17.8 The participation of the EMP pathway and Krebs’ cycle in furnishing intermediates
for biosynthetic reactions. (Heavy lines show major routes of carbohydrate catabolism.)

cells are supplied with a fermentable sugar, intermediates as far along the
pathway as acetyl CoA are readily produced. However, the intermediates of
the tricarboxylic acid cycle need to be replenished if withdrawn for bio-
synthetic purposes. They may be derived from amino acids in the medium,
¢.g. a-oxoglutarate from glutamate, but are more reliably furnished by ana-
plerotic sequences. In yeast, the main anaplerotic system involves a single
enzyme, pyruvate carboxylase. This biotin-dependent enzyme mediates a
reaction in which ATP is expended and CO, fixed. The substrates, pyruvate
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and CO, are condensed to yield oxaloacetic acid which in turn may enter and
hence ‘top up’ the Krebs’ cycle, The reaction is:

Biotin

CH,CO-COOH + CO, HOOC-CO,CO-COOH
pyruvate ATP ADP + Pi  oxaloacetate

Yeast can supply some 59 of its carbon requirement by fixing CO, in this
manner.
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Fig. 17.9 Growth on ethanol or acetate, the glyoxylate cycle and gluconeogenesis.

When yeast cells are respiring carbon sources which cannot furnish
pyruvic acid, e.g. acetate or ethanol, then although energy may be furnished
by the use of the Krebs’ cycle and oxidative phosphorylation, a different
anaplerotic system must operate. This system needs to be capable of fur-
nishing both intermediates of the tricarboxylic acid cycle and enabling cells
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to synthesize glucose (gluconeogenesis). The anaplerotic pathway used under
these circumstances is the glyoxylate cycle, Fig. 17.9. When yeast respires
ethanol, an alcohol dehydrogenase (ADH 1) is used to oxidize ethanol to
acetaldehyde and two key enzymes are induced, isocitrate lyase and malate
synthase. Acetyl coenzyme A is synthesized from ethanol or acetate and citric
acid produced and converted to isocitrate. The enzyme isocitrate lyase
produces glyoxylate (CHO-COOH) and succinate from isocitrate. Malate is
synthesized from glyoxylate and acetyl CoA. In this way the intermediates of
the tricarboxylic acid cycle are supplied from acetyl CoA. Reversal of the
EMP pathway to hexose phosphate is achieved from phosphenol pyruvate
which may be supplied by phosphorylation of oxaloacetic acid in a reaction
using the free energy of hydrolysis of inosine triphosphate. The enzyme
mediating this react on, phosphoenolpyruvate carboxylase, is repressed by
glucose.

17.3.2 ANAEROBIC CARBOHYDRATE METABOLISM

Yeasts growing in media containing high concentrations of fermentable
carbohydrate invariably metabolize it fermentatively to produce ethanol
and CO.,. If air is present, and when the sugar concentration has been lowered,
the ethanol is respired using the metabolic routes described above. Under the
anaerobic conditions of a brewery fermentation the hexoses derived from wort
fermentable carbohydrates are catabolized by the EMP pathway (Fig. 17.2)
to pyruvic acid. The pyruvate produced is decarboxylated by the enzyme
pyruvate decarboxylase, with the formation of acetaldehyde and CO,. The
enzyme requires the cofactor thiamine pyrophosphate (TPP) for activity and
the reaction is shown in Fig. 17.10. The acetaldehyde formed acts (in the absence
of the respiratory chain) as an electron acceptor and is used to oxidize NADH
with the formation of ethanol:

NADH + HY NAD+
CH,CHO CH,CH,OH

The formation of ethanol occurs solely in order that the cell may regenerate
NADt, so that ATP synthesis may proceed.
The standard free energy change for fermentation is:

C.H,,0, — 2 CO, + 2 C;H,OH A G* = —234 kJ (—56 keal)

The EMP pathway yields 4 molecules of ATP, 2 are consumed early in the
pathway therefore there is a net gain of 2 ATP. This is equivalent under
standard conditions to 61 kJ (14-6 kcal) free energy and the efficiency of
fermentation is therefore 26 %,.
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Fig. 17.10 Steps in the conversion of pyruvic acid to acetaldehyde by pyruvate decarboxylase
using the cofactor thiamine pyrophosphate (TPP).

Lactic acid bacteria and muscle tissue also catabolize glucose by the EMP
pathway but regenerate NAD+ by reducing pyruvic acid to lactic acid using
the enzyme lactate dehydrogenase:

NADH + H* NAD+

CH,COCOOH CH,;CHOHCOOH
pyruvic acid lactic acid

Early in fermentation when yeast is growing, removal of pyruvate for
biosynthesis might be expected to lead to a build up of NADH and thus to a
halt in catabolism. To avoid this, cells reduce dihydroxyacetone phosphate
to glycerol phosphate. This, in turn, is dephosphorylated to produce glycerol
which is excreted.

CH,0H NADH+H" NAD* CH,OH pi CH,OH
(|J=O éHOH —L) ClHOH glycerol
éHZOP CH,OP CH,OH

This reaction was exploited in Germany in 1914-1918 by adding compounds
(e.g. bisulphite) to complex acetaldehyde. Under these conditions glycerol
was produced for the manufacture of explosives such as trinitroglycerol.
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Under anaerobic conditions, the levels of Krebs’ cycle enzymes in yeast
are greatly lowered. The question arises therefore as to how cells synthesize
the organic acids (e.g. succinic, oxoglutaric, malic, oxaloacetic) essential
for biosynthetic reactions and cell growth. Two mechanisms have been
proposed, the first envisages a limited operation of the Krebs’ cycle with
the oxidative formation of succinic acid, whereas the second involves the
synthesis of additional enzymes leading to the production of succinate by a
reductive pathway.

In both mechanisms, pyruvate is converted to acetyl CoA by pyruvate
dehydrogenase and also to oxaloacetate by pyruvate carboxylase. In the
oxidative pathway the citric acid cycle operates (see Fig. 17.4) and it is argued
[53] that the level of a-oxoglutarate dehydrogenase in anaerobic cells is
sufficient to account for the succinate formed. Furthermore, added glutamate
is converted to succinate (a reaction dependent upon «-oxoglutarate dehydro-
genase). It is claimed that during fermentation a balance between NAD+
and NADH (essential to the continued operation of catabolism) is only
achieved if succinate is produced by an oxidative process [53]. The excretion
of succinate into the medium is presumed to arise following its formation
by the activity of low levels of succinate dehydrogenase. Apparently the
activity of this enzyme of the Krebs’ cycle is sufficient to account for the
succinic acid excreted by yeast growing under anaerobic conditions [53].

In the reductive pathway, the Krebs’ cycle enzymes are assumed to operate
as far as o-oxoglutarate, thus forming a linear pathway. A second linear
pathway, from oxaloacetate to malate to fumarate to succinate, is suggested
to account for the formation of succinic acid [46]. In support of this ‘new
pathway’ are the observations that (i) yeast contains cytoplasmic malate
dehydrogenases capable of converting oxaloacetate to malate, (if) several
fumarate reductases (FAD-dependent) have been found in the yeast cytoplasm
which have high affinity for fumarate and are unable to oxidize succinate
[52] and (iii) succinate is a significant product of fermentation, i.e. an ‘end
product’.

A summary of the major catabolic and amphibolic reactions for the
anaerobic metabolism of glucose is presented in Fig. 17.11.

17.3.3 CARBOHYDRATE POLYMERS [54]

Yeast cells produce two storage polymers, trehalose (a disaccharide) and
glycogen. In addition they synthesize the mannan and glucan components of
the cell wall (see Chapter 16). The synthesis of both storage polymers com-
mences with the formation of uridine diphosphate glucose (UDPG) catalysed
by UDPG-pyrophosphorylase:

UTP + glucose-1-phosphate ——— UDPG - pyrophosphate
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Trehalose phosphate is synthesized from G-6-P and UDPG by trehalose
phosphate synthetase and converted to trehalose by a phosphatase.

Glycogen synthetase catalyses the sequential addition of glucose from
UDPG to a polysaccharide acceptor. The residues are linked «(1-4). These
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linear chains are joined together by the action of branching enzymes which
break a(1-4) links in adjacent chains and link the chains together with short
a(1-4) chains. The attachment of the short «(1-4) bridging chains to the
longer chains is by a(1-6) links.

Trehalose and glycogen are accumulated by the brewing yeast cell towards
the end of fermentation to be used for maintenance metabolism when yeast is
stored (see Chapter 18). Their role is presumably to furnish ATP (by gly-
colysis) necessary for maintaining cell viability.

17.3.4 REGULATION OF CARBOHYDRATE METABOLISM [14, 46]
(a) The Pasteur effect

It has been found that in most living organisms the cells can survive without
oxygen, although in some instances only for brief periods. Energy is derived
from the glycolytic pathway and the pyruvic acid formed is usually converted
to ethanol or lactic acid. When oxygen is admitted, anaerobic metabolism
declines. At the same time aerobic respiration, giving complete oxidation of
the carbon source begins. In yeast, therefore, growth on glucose in the
presence of oxygen, is.diauxic, i.e. fermentation proceeds in the presence of
glucose then the ethanol produced is respired.

Because aerobic respiration leads to greater energy production for each
molecule of glucose or other suitable carbon source used, less substrate is
required for the release of a given amount of energy and less is metabolized
for energy production. This phenomenon has been termed the ‘Pasteur effect’.
If low glucose levels (say 50 mg/100 ml) are present in the growth medium,
the ‘Pasteur effect’ operates in brewers’ and bakers’ yeasts. At higher glucose
levels, the position is somewhat different and is considered later

The mechanism responsible for the Pasteur effect appears complex. At
least five steps in the uptake and metabolism of hexose have been said by
various workers to be implicated: (i) Hexose transport seems to be inhibited
by high concentrations of glucose-6-phosphate; (ii) phosphofructokinase also
seems to control the rate of hexose breakdown: the enzyme is inhibited by
ATP in high concentrations and by citrate, but in contrast is stimulated by
adenosine monophosphate (AMP). If the TCA cycle operates, ATP and
citrate are generated. If they are able to diffuse to phosphofructokinase they
will tend to inhibit its action and the flow of intermediates through the EMP
pathway will, therefore, be restricted ; (iif) there has also been some suggestion
that phosphate deficiency occurs during aerobic respiration because of the
intense ATP production: this restricts the oxidative phosphorylation in the
EMP pathway leading to 1,3-diphosphoglyceric acid; (iv) another enzyme
in the EMP pathway of interest in the Pasteur effect is pyruvate kinase,
operating at the point where the ATP is generated from the phosphate of enol
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pyruvic acid. The reaction mediated by pyruvate kinase is stimulated by
fructose diphosphate but inhibited by ATP. Thus fructose diphosphate has
a ‘feed forward’ effect upon pyruvate kinase, in contrast to the ‘feedback’
effect of the ATP; (v) a further point of regulation is isocitrate dehydro-
genase which, like phosphofructokinase, is stimulated by AMP. The general
view is that the Pasteur effect arises from the feedback mechanisms associated
with hexose transport, phosphofructokinase, and isocitrate dehydrogenase
(Fig. 17.12).
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Proteins
nucleic acids

Polysaccharides

N
yruvate Isocitrate
-/ AP ®

‘Oxaloacetate, a-oxoglutarate
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Cell membrane
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@— Activation
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+CO,

Fig. 17.12 Schematic diagram showing feedback and feed-forward mechanisms involved in
the Pasteur effect. (Modified from reference [46]).)

(b) The Crabtree effect (glucose effect; catabolite repression)

Glucose in excess of 0-4 w/v even in the presence of molecular oxygen is
metabol.zed by the brewing yeast via the glycolytic pathway with the pro-
duction of ethanol and CO,, i.e. fermentation rather than respiration occurs.
This effect of ‘high’ concentrations of glucose on yeast produces changes in
enzymic composition and influences cell structure, e.g. the formation of
mitochondria (Chapter 16). This process has been termed the Crabtree effect,
the glucose effect and, more recently, catabolite repression.

The Crabtree effect does not operate in all species of the genus Saccharo-
myces and is absent in Hansenula sp. and Candida sp. (Table 17.5). The
effect is expressed in the presence of fructose as well as glucose but is less
marked when maltose, mannose or galactose is the fermentable carbohydrate

(Table 17.6).
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TABLE 17.5
Presence of the Crabtree effect in various yeast strains [51]
Ratio
glucose fermented/  Crabtree
Organism glucose respired effect
Saccharomyces cerevisiae 49-0 +
S. chevalieri 2500 +
S. fragilis 0-23 -
S. pastorianus 93-0 +
S. turbidans 570 +
S. carlsbergensis +
Schizosaccharomyces pombe +
Candida utilis 0 -
Hansenula anomala 0 -
Debaryomyces globosus 5-4 +
Pichia fermentans 016 -
Brettanomyces lambicus 230 +
Torulopsis colliculosa 11-0 +
T. sake 0 -
TABLE 17.6

Rates of fermentation, respiration, and growth, of Saccharomyces cerevisiae on
various hexoses [51]

Rate of fermentation Rate of respiration Rate of growth
Carbon Source as 9 of glucose value as 9; of glucose value as % of glucose value
Glucose 100-0 100-0 100-0
Fructose 88-4 1270 100-0
Mannose 590 2210 84-0
Galactose 19-6 4160 740

The differences in carbohydrate metabolism depicted in Figs 17.7 and
17.11 are largely the result of catabolite repression. Thus, enzymes of the
Krebs’ cycle have greatly lowered activites and a-oxoglutarate and succinic
dehydrogenases are barely detectable. Mitochondrial malate dehydrogenase
appears to be inactivated as well as repressed by glucose. Enzymes of the
inducible reductive pathway from oxaloacetate to fumarate may be syn-
thesized under these conditions. The major difference observed however,
is the lack of a functional respiratory chain. Cells grown anaerobically
in the presence of high concentrations of glucose lack cytochromes a, aj,
b, ¢ and ¢, [55]; these essential components of the electron transport system
are only synthesized when the glucose concentration falls and when molecular
oxygen is available. Thus, molecular oxygen also has a regulatory role in
carbohydrate metabolism. The mechanism whereby catabolite repression
is effected is still unknown but may be related to the levels of cyclic adenosine
monophosphate (see p. 571).
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17.3.5 MINOR METABOLIC PRODUCTS OF CARBOHYDRATE
METABOLISM
(a) Organic acids [56, 57]
In addition to ethanol and CO,, (the main end products of the metabolism of
maltose) and the minor product glycerol, several organic acids are also
produced. Organic acids (e.g. citrate and succinate) are imporant in con-
tributing to the sourness (acidity) of beer and several have distinctive tastes.
The non-volatile acids include oxo-acids such as pyruvate and «-oxoglutarate
which are excreted by yeast in their reduced forms: lactate and 2-hydroxy-
glutarate. Malic acid, the product of the carboxylation of pyruvate, and
succinic acid, the ‘end product’ of the reductive pathway from oxaloacetate
(or formed via a restricted Krebs’ cycle, Fig. 17.11) are also excreted.

The factors regulating the production of acids are unknown. Different
yeast strains produce different amounts, and vitamin deficiencies increase
the excretion of some organic acids e.g. thiamine deficiency leads to in-
creased pyruvate levels. Many oxo-acids are produced as the result of amino
acid metabolism (see below) therefore, the wort amino acid content is
important.

Volatile organic acids such as acetic and higher fatty acids are also found
in beer. Acetic acid presumably arises from the hydrolysis of acetyl CoA and
higher fatty acids result from lipid biosynthesis (see below).

(b) Diacetyl and 2,3-pentane dione [58]

Of the pyruvic acid formed during glycolysis, a proportion is used for
biosynthetic reactions (see Fig. 17.8). Pyruvate is converted to x-acetolactate
by the enzyme acetohydroxy acid synthetase. The substrates for this reaction
are pyruvate and hydroxyethyl thiamine pyrophosphate. In a similar reaction
involving hydroxyethyl TPP and «-oxobutyrate, ax-acetohydroxybutyrate is
formed (Fig. 17.13). Both acetohydroxy acids are excreted by yeast and are
non-enzymically converted, in the medium, to vicinal diketones.

The precise mechanism of these reactions isunknown, however an oxidizing
agent is required. Molecular oxygen is not necessary for this oxidation
and other electron donors, e.g. Cu?+, A13+ or Fe3+ also increase the formation
of diacetyl from «-acetolactate. Under the conditions pertaining in beer
freed of yeast, 4 %, of acetolactate is converted to diacetyl [59]. This proportion
is increased by raising the temperature [60] or exposing beer, containing yeast,
to air. The level of acetohydroxy acids in beer is a function of yeast strain and
is enhanced by conditions leading to rapid yeast growth (increased production
of pyruvic acid). Yeast cells cannot use acetohydroxy acids, but readily take
up and reduce diacetyl and 2,3-pentane-dione; the rate and extent of this
reaction are dependent on yeast strain, the age of the yeast and the conditions
under which it is stored.
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(l)H
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Fig. 17.13 The formation of «-acetohydroxy acids and their non-enzymic oxidative decarb-
oxylation to diacetyl and pentane dione.

Because these compounds have extremely low taste thresholds and impart
a strong toffee, honey or butter-like aroma to beer, considerable attention
is paid to controlling their levels. The practices used encourage the breakdown
of acetohydroxy acids and the subsequent reduction of diketones to inocuous
diols (Chapter 19).

There is some evidence [57] that towards the end of fermentation, a-
acetolactate forms a complex with as yet unknown substances. This complex
is more stable than the free acetohydroxy acid and may present problems
when attempting to use short (rapid) conditioning processes.

Acetoin (CH;CHOH-CO-COOH) is produced enzymically by yeast from
hydroxyethyl TPP and acetaldehyde. This compound has a higher taste
threshold than the diketones and is also reduced to a diol by yeast cells.

17.3.6 METABOLISM OF WORT NITROGEN AND FORMATION OF

FUSEL ALCOHOLS [1, 37]
In fermentation, the amino acids present in wort are preferentially used to
supply nitrogen to the cell. Ammonium ions may or may not be used de-
pending on the particular yeast strain [61]. The assimilated nitrogen is used
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for the synthesis of amino acids which are then incorporated into protein.
The complex series of reactions which make up the protein synthesizing
system is beyond the scope of this Chapter. Yeasts exhibit both cytoplasmic
and mitochondrial protein synthesis. Details of the mechanism of protein
synthesis may be found in references [44] and [45].

Although yeast cells were considered to incorporate up to 509, of wort
amino acids directly into protein [62], analysis of the utilization of ¥N and
1C Jabelled amino acids by brewers’ yeast show that negligible assimilation
of complete amino acid occurs [63]. Thus, when amino acids enter the cell
their amino groups are removed by a transaminase system and their carbon
skeletons assimilated. Transaminases catalyse readily reversible reactions
dependent upon the presence of the cofactor pyridoxal phosphate. The
general mechanism of the reaction is depicted in Fig. 17.14,

y iy
C=0 CH,
HOfﬁ/CHZOP Hofj/CHZOP
H,C” N l H,C \NI
pyridoxal phosphate pyridoxamine phosphate
R! WNSAMIW R!
CHNH, C=0
COOH (|ZOOH
amino acid oxo-acid

Fig. 17.14 Participation of the cofactor pyridoxal phosphate in the process of
transamination.

The available evidence indicates that in brewing yeast the main acceptor
for amino groups is «-oxoglutarate [61]. The products of the reaction,
glutamic acid and an oxo-acid (the carbon skeleton of the amino acid) enter
the cell’s metabolic pools. The synthesis of amino acids by the yeast cell
then proceeds by transfer of the amino group of glutamic acid to oxo-acids
in the pools. The oxo-acids may be derived from amino acids present in wort
or from carbohydrate metabolism. In the latter instance, de novo synthesis
of amino acids is said to occur and the penultimate reaction is usually
transamination [see Fig. 17.16].

The nitrogen of the basic amino acids lysine, histidine and arginine is
not derived from wort amino acids but possibly from ammonium ions. In
these cases intracellular oxoglutarate is aminated with ‘ammonia’ to produce
glutamate for biosynthesis. The imino acid proline is synthesized, without



598 MALTING AND BREWING SCIENCE

a transamination step, directly from glutamic acid. Fig. 17.15 is a summary
of the metabolism of wort amino acids.

fermentable
carbohydrate

Carbohydrate
metabolism

aldehydes
Amino acid biosynthesis
co,
1
fusel alcohols aldéhydes OXOACID | POOL
+ + |
NAD NADH +H Y
o-oxoglutarate
[NHI]
glurcmafeA/
oxoacids amino
acids
\Yeasf cell
protein

glutamate aminoacids

Fig. 17.15 Amino acid metabolism and the production of beer oxo-acids, aldehydes and
fusel alcohols.

The manner in which amino acids are utilized by yeast has important
implications in practical brewing. Thus when an amino acid is synthesized by
the yeast from its carbon skeleton provided (from the same amino acid) in
wort then the wort content of the particular amino acid will influence the
metabolism of the yeast. Amino acids have therefore been classified according
to the ‘essential’ (i.e. not provided by carbohydrate metabolism) nature of
their oxo-acid analogues in yeast metabolism.

The concentration in wort of the amino acids: isoleucine, valine, phenyl-
alanine, glycine, alanine, tyrosine, lysine, histidine, arginine and leucine,
are considered important [37]. Changes in the concentrations of amino acids
in wort will undoubtedly influence nitrogen metabolism because the yeast
amino acid is principally derived from the wort amino acid.

The yeast oxo-acid pool is also the source of substrates for the synthesis
of aldehydes and fusel alcohols. Fusel alcohols are so named because they
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are found in fusel oil, the fluid remaining after the distillation of ethanol
from a fermented liquid. These substances have higher boiling points than
ethanol and are potently aromatic, exerting a considerable influence on beer
flavour/aroma. Since the yeast oxo-acid pool is derived from both carbo-
hydrate metabolism and wort amino acids, both may serve for generating
these precursors of fusel alcohols (Fig. 17.15).

The production of oxoisovaleric acid and oxoisocaproic acids, inter-
mediates in the biosynthesis of valine and leucine respectively, is shown in
Fig. 17.16. The decarboxylation and reduction (NAD+ dependent) of these
oxo-acids yields the fusel alcohols isobutanol and isoamyl alcohol (Fig. 17.16).
Presumably, some oxo-acids in beer result from excre:ion from the pool and
some aldehydes by excretion prior to reduction to the corresponding alcohol.
Table 17.7 shows the chemical relationships between alcohols, aldehydes,
oxo-acids and corresponding amino acids.

TABLE 17.7
Alcohols, aldehydes, oxo-acids, and amino acids identified in yeast [1)

Alcohols Aldehydes Oxo-acids Amino acids
Ethanol Acetaldehyde Pyruvic acid Alanine
Glycol Glyoxal Hydroxypyruvic acid Serine
Propanol Propionaldehyde a-Oxobutyric acid a-Aminobutyric
Isopropanol — — —
Butanol Butyraldehyde —_ _
Isobutanol Isobutyraldehyde a-Oxoisovaleric Valine

acid

Sec-butanol — —_ —_
Tert-butanol —_ — —
Isoamy! alcohol Isovaleraldehyde a-Oxoisocaproic acid  Leucine
2-Methylbutanol 2-Methylbutanal a-0x0-B-methyl Isoleucine

Hexanol
Heptanol

Phenethyl alcohol
Tyrosol

Tryptophol

Hexanal
Heptanal

valeric acid

Oxaloacetic acid
a-Oxoglutaric acid
Phenylpyruvic acid
Hydroxyphenyl
pyruvic acid

Aspartic acid
Glutamic acid
Phenylalanine
Tyrosine

Tryptophan

Fusel alcohol formation is linked to amino acid biosynthesis, and the
presence of an amino acid in wort may inhibit the formation of the corres-
ponding fusel alcohol. This usually results from the end product of an
anabolic pathway (e.g. valine, Fig. 17.16) inhibiting the operation of the
first step (a-acetolactate synthetase) and thus preventing synthesis of the
oxo-acid (oxoisovaleric). In defined media, such regulatory effects are
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well documented [64], however their significance in a brewery fermentation
is unclear. On the other hand an amino acid concentration in wort in excess
of that required by the brewing yeast, will often lead to elevated levels of
the corresponding fusel alcohol [65]. Thus the fusel alcohol content and
hence the flavour of beer is related to the balance of amino acids present
in wort.

Apart from the particular properties of yeast strains, the principal factors
leading to elevated levels of fusel alcohols in brewery fermentations are:
(i) elevated levels of amino acids in wort, (i) anaerobic conditions, (iii) high
temperatures, (iv) continuous agitation, (v) large amount of yeast growth, and
(vi) high ethanol concentration [66].

17.3.7 METABOLISM OF LIPIDS AND ESTER FORMATION [67]

The bulk of yeast lipid is represented by three different classes of chemical
compound, (7) triacylglycerols (triglycerides), (i) phospholipids and (iii)
sterols. Triglycerides are triesters of glycerol and long chain fatty acids.
In yeast lipid the major fatty acid residues contain 16 or 18 carbon atoms
(C,¢ or Cyg; palmitic or stearic acids) although C,; to C,, acids are found.
Unsaturated fatty acids are also found and include the monoenoic acids
(which have single double bonds) such as palmitoleic (Cy4.;) and oleic (Cyg.q)
and dienoic acids such as linoleic (C.g,). Triacylglycerols are important
membrane constituents (as indeed are phospholipids and sterols) and experi-
ments in which yeast membranes are artifically enriched in lipid containing
unsaturated fatty acids produce yeast cells with altered characteristics, e.g.
ethanol tolerance [68] and uptake of pyruvic acid [69]. Triglycerides may also
be found in the form of lipid droplets within the cell.

Phospholipids are substituted diacylglycerophosphates, the substituents
(at the phosphate residue) most commonly found are choline ((CH;3);N+CH,
CH,OH) ethanolamine (NH,CH,CH,OH) serine (HOOCCHNH,CH,OH)
and inositol.

The two most commonly encountered yeast sterols are ergosterol and
zymosterol; other sterols e.g. lanosterol are also found in lesser amounts.

17.3.8 CATABOLISM OF FATS

Triacylglycerols are hydrolysed by lipolytic enzymes (lipases) in a step-wise
fashion ultimately to yield glycerol and long chain fatty acids. In S. cerevisiae,
lipase action is located in the plasma membrane [70]. Phospholipid hydrolysis
is catalysed by phospholipases yielding glycerol and fatty acids, as well as
products such as choline etc. Glycerol may be phosphorylated, oxidized and
enter the EMP pathway as dihydroxyacetone phosphate. The long chain fatty
acids are presumed to be converted to acetyl CoA by the f-oxidation pathway
(Fig. 17.17). This pathway may be located either within the mitochondria or
microbodies.
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Fig. 17.17 The mechanism for the breakdown of fatty acids. (The $-oxidation mechanism.)

In a reaction catalysed by the enzyme fatty acid thiokinase (1 in Fig.
17.17) each fatty acid is converted to an acyl CoA molecule with the expend-
iture of ATP. This is followed by: (i) oxidation, catalysed by an FAD-
dependent acyl CoA dehydrogenase (2 in Fig. 17.7); (ii) removal of water by
enoyl hydrase (3); (iii) oxidation vie an NAD*-dependent enzyme (4),
hydroxyacylCoA dehydrogenase and finally (iv) liberation of acetyl CoA and
the formation of a long chain fatty acid, two carbon atoms shorter than the
original molecule. This terminal step is catalysed by P-ketoacylthiolase
(5 in Fig. 17.17). The long chain fatty acid re-enters the pathway at the level
of acyl CoA dehydrogenase and in this way fatty acids with an even number of
carbon atoms are wholly degraded to acetyl CoA by the sequential removal
of two-carbon (acetate) units. In the case of fatty acids with an odd number
of carbon atoms, the final product is propionyl CoA (CH;CH,COSCoA).

In respiring yeast the acetyl CoA could be oxidized by the tricarboxylic
acid cycle, and oxidative phosphorylation would yield additional energy from
the FADH and NADH derived from the p-oxidation pathway.

Under fermentative conditions the pathway probably operates only in
the ‘turn-over’ of fats and the acetyl CoA generated is probably used for
the synthesis of fatty acids.
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Fig. 17.18 The mechanisms of fatty acid synthesis. The boldly printed ‘S’ refers to the central
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normal print.
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17.3.9 BIOSYNTHESIS OF FATTY ACIDS
Yeast fatty acid synthetase is a multienzymic complex of seven distinct
enzyme units [71]. The synthesis of fatty acids with even numbers of carbon
atoms proceeds by the sequential addition, to an acyl CoA, of two carbon atom
fragments from malonyl CoA. All reactions proceed with the intermediates
bound to thiol groups on the acyl carrier protein in the enzymic complex
(Fig. 17.18). The enzyme acetyl CoA carboxylase with biotin as cofactor
catalyses, with the expenditure of ATP, the synthesis of malonyl CoA from
acetyl CoA and CO, (1 in Fig. 17.18). In the priming reaction (2 in Fig. 17.18),
the acetate moiety of acetyl CoA is transferred to a peripheral thiol group on
the multi-enzyme; this is followed by the attachment of the malonate moiety
of malonyl CoA to a central thiol group on the complex (reaction 3). The
transfer of acetate to the B-carbon atom of malonate forms acetoacetyl
enzyme (CH;COCH,COS-E-SH), reaction 4 (n = 0). Reduction of this
substrate in an NADPH-dependent reaction (reaction 5) generates a (-
hydroxyacyl intermediate. A dehydratase (reaction 6) produces an un-
saturated intermediate which, in turn, is reduced in a second NADPH-
dependent reaction to produce a saturated acyl enzyme (n = 1). Transfer of
this derivative to the peripheral thiol group and attachment of malonate to the
central thiol group (reaction 3) permits a repeat of the cycle and generates
a six carbon acyl fragment (n = 2) and so on. The terminal reaction involving
CoASH results in the liberation of an acyl CoA molecule with an even number
of carbon atoms and the regeneration of the central thiol group of the enzyme.
The synthesis of fatty acids with an odd number of carbon atoms probably
involves propionyl CoA in the priming reaction. Free fatty acids may be
excreted by yeast (e.g. caprylic acid; Cg) and have a marked effect on beer
flavour [73].

The synthesis of unsaturated fatty acids (Fig. 17.19) requires the participa-
tion of molecular oxygen and involves a mixed function oxidase (NADP-
dependent) [72].

CHy (CH,)g CH,CH, (CH,), COSCoA : CH3(CH, )¢ CH: CH (CH,), COSCoA
Palmityl-S-CoA Palmitoleiyl-S-CoA
NADP NADPH + H
H,0 % 0,

Fig. 17.19 Synthesis of unsaturated fatty acids.

17.3.10 BIOSYNTHESIS OF TRIACYLGLYCEROLS AND PHOSPHOLIPIDS
The overall reactions leading to the biosynthesis of triglycerides and phos-
pholipids are shown in Fig. 17.20. All are derived from «-glycerophosphate
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produced either by reduction of dihydroxyacetone phosphate (generated by
the EMP pathway), or from glycerol by ATP dependent phosphorylation.
Acylation of this molecule leads to the formation of phosphatidic acid which,
following phosphorylase action and acylation with saturated or unsaturated
acyl CoA molecules, leads to triacylglycerol formation. Reaction of phospha-
tidic acid with cytosine triphosphate (CTP) produces CDP diacyl glycerols
to which serine or inositol or ethanolamine is added (with the elimination of
CDP) to produce phospholipids.
o -glycerophosphctl*e+ .
CH,OH CH,OH NADP® NADPH+H CH0H
CHOH ——< = CHOH ——  C=0

] 1
CH,OH ATP ADP CH,0P - CH,0P
glycerol acy! SCoA dihydroxyaceftone phosphate
acy! SCoA
CoASH
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CH,00C.(CH,),, CHy
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CH,0P
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I
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phosphatidyl ethanolamine
Fig. 17.20 Biosynthesis of triacylglycerols and phospholipids.

17.3.11 BIOSYNTHESIS OF STEROLS [74]
The key reaction in the biosynthesis of sterols is the formation of mevalonic
acid (Fig. 17.21). The unsaturated C; isoprenoid, isopentenyl pyrophosphate,
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is formed from mevalonic acid, with the expenditure of 2 ATP. This Cj
isoprenoid is readily isomerized to dimethylallyl pyrophosphate. The two
isomers interact to form a C,, compound (geranyl pyrophosphate) which, on
reaction with the C; units, produces farnesyl and nerolidol pyrophosphates.

CHy
3CH,COSCOA + 2NADPH + 2H™ + H,0 —> HOOC-CHZ-(::~CH2CH20H
OH

meva‘lonic + 3CoASH
acid + 2NADP?
ATP

ADP

CHj
1

HOOC - CHZ-CI: - CHy CH,0P  phosphomevalonate
OH

€0, 2ATP

2 ADP
CH, CH CH, CH
2 3
V4 N /R
isopenteny| ?, dimethyl ally!
pyrophosphate CH, ~— CH pyrophosphate

|
CH2OPP CH20PP
=

(C10) geranyl- PP c

e o

(C15) farnesyl- PP nerolidol - PP (C15)

(Cao) squalene
|
lanosterol
02
ergosterol

zymosterol

Fig. 17.21 Biosynthesis of sterols.

These two C,; molecules combine to yield the C;, squalene in a reaction
requiring the presence of molecular oxygen. Squalene is the precursor of
the principal yeast sterols: lanosterol, ergosterol and zymosterol. During
fermentation, these compounds become esterified once wort oxygen has been
utilized [75]. The formation of lanosterol is conducted by a mixed function
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oxidase (NADP+-dependent) which requires iron for its activity and uses
molecular oxygen. Other reactions in this pathway also utilize O, The
requirement by yeast for molecular oxygen in sterol biosynthesis is greater
than that for the synthesis of unsaturated fatty acids [76].

17.3.12 BIOSYNTHESIS OF ESTERS [l, 77, 78]
Esters are formed in a reaction between an alcohol and fatty acid:

R;CH;OH 4+ R,COOH = R,;CH,00CR, + H,;0O

Fatty acids and alcohols are products of yeast metabolism but the un-
catalysed rate of chemical reaction between these substances is 1000 times too
slow to account for ester formation in fermentation. Pantothenic acid (a
precursor of coenzyme A) stimulates ester production [79] and factors which
influence acetyl CoA metabolism affect ethyl acetate synthes's [77]. The
biosynthesis of esters in yeast was therefore proposed to occur by the alco-
holysis of acyl CoA compounds [77]. The alcohols involved in these reactions
are ethanol and the fusel alcohols. The acyl CoA molecules used may be
derived in one of several ways:

1. Activation of wort fatty acids
RCOOH + CoASH RCOSCoA + H,0

ATP  AMP + PPi
2. From oxo-acids by oxidative decarboxylation

RCOCOOH + CoASH RCOSCoA + CO,
NAD+ NADH + HY

3. From the catabolism of fats (see p. 601).
4. From the biosynthesis of fatty acids (Fig. 17.18).

Enzymes capable of synthesizing esters and requiring coenzyme A for
activity have been identified in cell free extracts [80], as have preparations
apparently showing no requirement for coenzymes [81]. Yeast esterase
activity has been located both within the cell membrane and on its external
surface [82].

The alcohol in greatest concentration in fermentation is ethanol and the
predominant acyl CoA molecule in the yeast cell is acetyl CoA. It is not
surprising therefore that the ester of highest concentration in beer is ethyl
acetate:

CH,CH,OH + CH;COSCoA —— CH,CH,00CH, + CoASH
Ethanol Acetyl CoA Ethyl acetate
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The synthesis of acetate esters is clearly related to the intracellular levels
of acetyl CoA as well as to the availability of fusel alcohols. Fig. 17.22 is a
diagrammatic representation of these interrelationships. Any factors which
increase the intracellular pool of acetyl CoA will elevate ester production
provided that a supply of fusel alcohols (i.e. amino acids, see p. 598) is
available. Because acetyl CoA occupies a central position in anabolism,
(see Fig. 17.8) any restriction of cell growth will lead to elevated levels of
acctate esters.

unsaturated ' saturated fats sterols
fats and phospholipids and phospholipids
A A 02
_ _ |phosphatidic| squalene
hid acid il
Y Y ‘ T
unsaturated 92 saturated mevalonic
acyl CoAs acyl CoAs acid
A
acety!l CoA
Y
- di and tri- e pyruvate
oxo acids carboxylic Py
acids
acy! CoAs alcohols
nitrogen
metabolism
Cell
membrane *
amino acids fermentable
ESTERS carbohydrate

Fig. 17.22 Metabolic inter-relationships leading to ester formation.

When yeast growth is restricted by oxygen supply (e.g. in high gravity
brewing — see Chapter 18), cells are unable to synthesize unsaturated fatty
acids and sterols (Fig. 17.22), and hence cease to grow. Under these cir-
cumstances, provided that adequate amino nitrogen is present in the wort,
elevated ester levels ensue [88]. The addition of oleic acid and ergosterol to
‘oxygen starved’ yeast restores ester production to normal levels, because cell
growth is able to proceed.

17.3.13 SULPHUR METABOLISM
Brewers® wort contains very variable amounts of sulphur partly because of
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the range of sulphate ion concentrations in the brewing water (see Volume I,
Chapter 7). Hydrogen sulphide levels in wort have been reported as 13 to 37
ng/l and these are greatly affected by aeration of hot wort and removal of wort
sediment. Organic compounds in wort containing sulphur include methionine
(6 mg S/1), cysteic acid (6 mg S/1), biotin (10 ug S/1), thiamine (500 ng S/l),
along with sulphur-containing proteins, polypeptides and peptides, totalling
approximately 50 mg S/1. A similar amount of sulphur is present as sulphate
ion.

Yeast needs sulphur for the synthesis of proteins, certain coenzymes, and
vitamins, and the sulphur content is between 0-2 and 0-99, of the cell dry
weight. The amino acids, cysteine and methionine, are represented in the cell
protein of brewers’ yeast while the tripeptide glutathione in the cytoplasm
incorporates the bulk of the yeast’s supply of cysteine. Glutathione accounts
for about 209, of the total sulphur in the cells and is the coenzyme for
glyceraldehyde-3-phosphate dehydrogenase. Other important sulphur-
containing compounds include coenzyme A and the vitamins thiamine, biotin,
and lipoic acid. Biotin is important in the process of incorporating carbon
dioxide into organic molecules while thiamine in the form of its pyrophosphate
(TPP) is the prosthetic group for carboxylase and is important in the de-
carboxylation of oxo-acids such as pyruvic acid. Lipoic acid, TPP, and CoA
are involved in the production of acetyl CoA from pyruvate. Sulphur com-
pounds are also involved in the change of shape of yeast cell walls (see Chapter
16), especially in connection with the change from disulphide linkages to unat-
tached pairs of thiol groups between polypeptide chains. The source of sulphur
in the wort preferred by yeast is methionine but other organic forms are
also used. Sulphate ions will serve but are little utilized in the presence
of sulphur-containing amino acids and their uptake requires a source of
energy and a supply of nitrogen. Colloidal elemental sulphur is also used by
yeasts under certain conditions.

Hydrogen sulphide is generated during yeast metabolism, and during a
brewery fermentation the maximum rate of production coincides with the
maximum rate of yeast growth. The amount produced depends not only on
the composition of the wort but also on temperature and on the yeast strain
employed; thus, top-fermentation yeasts tend to produce less than bottom
yeasts under the same conditions. In normal brewery worts the hydrogen
sulphide arises from organic sulphur compounds, either from the metabolism
of those present in the wort or from the breakdown of yeast proteins. Thus,
cysteine from either source encourages hydrogen sulphide production through
the action of the enzyme cysteine desulphydrase (Fig. 17.23).

In the absence of organic sulphur compounds in wort, hydrogen sulphide
arises from sulphate ions. The metabolism of sulphate ions by yeast is indi-
cated in Fig. 17.24. Leakage of sulphide ions from the pathway is the origin
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of the hydrogen sulphide produced. Pantothenate, which is present in wort,
suppresses the production.

"H,0
HS- CHz-CH (NH,) COOH yCHfG(NHZ)COOH %» CH3C0COOH
cysteine H.S o-amino NH pyruvicacid
2 acrylic 3
acid

Fig. 17.23 The production of pyruvic acid, ammonia and hydrogen sulphide from cysteine
by cysteine desulphydrase.

ATP ADP ATP PPi
s02- > ﬁ R Adenosine 5' ~ v 3' phosphoadenosine
4 phosphosulphate 5' phosphosulphate
) Lipoic acid
Prot
rotein +NADPH,
\Lipoic acid
Serine NADP NADPH, +NADP
| |
Cysteine s2- HSO3 + adenosine 3'
5' diphosphate
Homoserine
Y
Cystathione
S-adenosyl S-adenosyl
methionine homocysteine
Y
Serine + homocysteine Methionine ————————————= Protein

Fig. 17.24 Metabolism of sulphate ions.

Dimethyl sulphide (DMS, CH;-S-CH,) is recognized as making a signifi-
cant contribution to beer flavour, particularly in lagers [87]. DMS is derived
from a heat-labile precursor in malt; it is also produced during fermentation.
The heat-labile precursor of the DMS derived from malt is S-methyl meth-
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ionine [88]. The DMS produced during fermentation appears to arise
from the enzymic (NADP+-dependent) reduction by yeast of dimethyl
sulphoxide (DMSO) [89]. DMSO is a product of the oxidation (during malt
kilning and wort boiling) of DMS. The enzymic conversion is incomplete and
the extent to which it occurs is a function of the yeast strain used, the compo-
sition of the wort and the fermentation temperature [90]. The fact that ale and
lager worts contain similar levels of DMSO, yet lagers contain higher levels of
DMS, is most likely explained by the observation that more DMS is produced
at lower fermentation temperatures [90].

Volatile sulphur compounds may also arise as a result of the metabolic
processes of contaminant micro-organisms. Thus wild yeasts may produce
both H,S and DMS, Zymomonas produces H,S and Enterobacter sp. generate
DMS.

Under the reducing conditions of a brewery fermentation, sulphur dioxide
is formed (up to 10 mg/l). Other volatile sulphur compounds have been
reported in beer, e.g. thiols and mercaptans. Many of these may be derived
from hops or other materials rather than from yeast metabolism.

17.3.14 PRODUCTS OF NUCLEIC ACID METABOLISM

Nucleotides are excreted by yeast early in fermentation [91] and also under
certain conditions of storage [91, 92]. Yeast is not the sole source of these
compounds, malt being a particularly rich source. Free bases are reported to
modify beer flavour, thus xanthine, guanine and cytidine enhance bitterness
whereas adenine slightly depresses flavour [93].

A high proportion of yeast dry weight is made up of nucleic acids (princi-
pally ribonucleic acid). This renders yeast unsuitable for use as a primary
foodstuff because of the undesirable physiological effects produced by the
end-products of nucleic acid metabolism. Much research has been directed
towards lowering the levels of nucleic acids (in for example yeast autolysates)
with only limited success.

Details of the biosynthesis and degradation of nucleic acids may be found
in references [44] and [45].
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Chapter 18

YEAST GROWTH

A growing yeast cell increases in volume and mass until, at the attainment
of a critical size, bud formation is initiated. Initiated buds increase in size
and eventually separate from the parent cell. As the growth of a yeast culture
therefore encompasses both an increase in total mass (biomass) and number
of cells, both parameters may be used for its measurement.

18.1 Measurement of growth [1-3]

The procedures commonly employed to measure the growth of cultures may
also be used to estimate the amount of yeast in a sample. In brewing practice,
such measurements are used to control, for example, the pitching rate of a
fermenter, or estimate the amount of yeast in suspension during conditioning,.

A direct estimation of the biomass present may be made by determining the
dry weight of a sample. In breweries, however, less direct but more rapid
methods are used. Examples of such techniques are the measurement of the
packed cell volume of a sample after centrifugation under precisely controlled
conditions, determination of wet weight after filtration, and the measurement
of the optical opacity of a sample by turbidimetry or spectrophotometry.
Alternatively, where pressed yeast or yeast slurry of consistent quality are
available, the weight or volume of such samples may be measured. The
accuracy of all of these procedures is impaired where non-yeast matter such
as trub or haze is present.

Indirect estimates of biomass present may also be obtained from the
measurement of the chemical constituents of cells, e.g. protein or nucleic acid,
the levels of individual enzymes, or the rate of oxygen uptake. These techniques
have application in research but are of no practical value in the brewery.

Cell number is most conveniently measured, after suspending cells in a
suitable electrolyte, with a particle counter. This technique however cannot
distinguish between single cells and budding cells, chains of cells, cell aggre-
gates or non-yeast particles which are all recorded as single counts. Brief
exposure of samples to ultrasound prior to analysis may be used to disrupt
aggregates, and this technique is of particular value when flocculent yeasts
are encountered.

Cell counts may be obtained microscopically using a counting chamber
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and this procedure enables the numbers of cells in chains and small aggregates
to be counted. This process is, however, considerably more time consuming
than using a particle counter. Furthermore it is necessary to exercise great
care in the setting up of the chamber if reproducible counts are to be ob-
tained [1].

The measurements of biomass and cell number described cannot, by
themselves, discriminate between living and dead cells, and are therefore made
in conjunction with a procedure for estimating the viability of the cells in the
sample.

18.2 Measurement of viability [2, 3]

The most direct method involves the serial dilution of a yeast suspension and
either spreading an aliquot on the surface of a nutritionally rich medium
or mixing it with molten medium at 47-49°C and pouring the mixture into a
petri dish. Isolated viable cells grow to form colonies which are counted,
thus giving the number of viable cells in the aliquot taken. This technique
has proved unacceptable for use with brewing yeast since the estimate of
viability even when corrected for the presence of budding cells, chains and
aggregates, is invariably lower than that obtained with other methods [45].

The presence of ATP in living but not dead cells forms the basis of a recent
technique for estimating viability which is claimed to give highly reproducible
results [6]. The procedures most routinely used however employ the micro-
scopic analysis of stained preparations. In the UK, the dye methylene blue at
pH 5 is used; dead cells stain blue whereas living cells remain colourless.
Whether this reaction is the result of the inability of living cells to absorb the
dye, or their ability to chemically reduce it to the colourless form, is unclear
[7]. Methy'ene blue is considered to be inaccurate when viabilities of less than
859 are encountered [3, 8]. When carried out using a counting chamber, total
cell number and viability are obtained simultaneously.

Fluorescence microscopy may also be used to estimate viability. The
compound fluorescein diacetate is hydrolysed by esterases in living cells; the
fluorescein released is then visualized by its characteristic yellow/green
fluorescence on illumination with blue light [9]. Because viable cells fluoresce,
this procedure is most suitable for detecting contaminating yeasts, for example
in beer. Samples are filtered onto black membranes of 0-22 or 0-46 um pore
size. The membranes are then scanned using a microscope equipped with an
epifluorescence lighting system. Fluorescent vital stains (stains absorbed by
dead but not living cells) may also be used [10].

For accurate estimates with yeast populations of low viability the slide
culture technique is the preferred method [3, 11). A suitably diluted suspension
of yeast is mixed with just molten wort gelatin and applied to a microscope
slide or counting chamber. A coverslip is lowered into position and sealed
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with sterile paraffin wax. After incubation for 8-16 h in a humidity chamber,
microscopic examination reveals the production of microcolonies by viable
cells; those cells not producing microcolonies are dead.

18.3 Growth in batch culture (2, 12]

A batch culture is produced when a number of viable cells is inoculated into
a suitable growth medium and incubated. The population of cells which
makes up the inoculum contains individuals at various stages of growth
therefore the development of the culture is asynchronous.
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Fig. 18.1 Growth of yeast in batch culture.

A typical batch growth curve for yeast is presented in Fig. 18.1. For
convenience the curve may be subdivided into five regions or phases (A to E,
Fig. 18.1) namely: lag phase, phase of accelerating growth, exponential phase,
phase of decelerating growth and stationary phase. Provided that no sub-
stances inhibitory to growth are present in the medium, and that the inoculum
is of high viability, then a lag phase indicates that the inoculum is experiencing
a change in the nutritional status or physical composition of its environment.
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Thus an inoculum consisting of cells grown on nutritionally depleted medium
or a medium of different composition will exhibit a lag in growth. This lag
reflects the time required for the biosynthesis of enzyme systems necessary to
cope with the different nutrients present or to achieve levels of enzymes
necessary to support growth at a higher rate. Changes in the physical nature
of the environment such as temperature or osmolarity may also induce a lag
in growth probably through their effect upon the integrity of the cell
membrane.

Once adaptation to the new conditions commences then the rate of growth
increases until the cells enter the exponential phase. Since the transition
from lag to exponential phases is not sharp, the problem as to where the lag
phase ends is solved graphically [1, 2]. This is achieved by extrapolating to
the abcissa the intercept of the exponential phase with the initial biomass level
(L in Fig. 18.1).

During the exponential phase of growth the population increases at a
constant rate (Fig. 18.1). Thus, one expects the rate of increase of biomass
(dx/d¢) to be proportional to the amount of biomass (x) present:

dx
— = uXx 18.1
il (18.1)
where the proportionality constant u is the specific growth rate of the
culture; p is a constant for a given medium, organism and growth conditions
and has the dimensions of reciprocal time (h-1).

Rearrangement of Equation 18.1 gives:

dx _ udr (18.2)
X

and integration gives the following expression:

Ingx — Inxy = ut (18.3)
or
lne(_x__) =t (18.4)
Xo
and
x = xqel (18.5)

Growth according to this law is therefore said to be exponential, and when
the culture is growing exponentially, a plot of Inx vs. ¢ is linear and the slope of
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such a plot is the specific growth rate, w. It is often more convenient to plot
log,e x vs. ¢, in which case Equation 18.3 becomes:

log,o x — logyexe = w©t/2-:303 (18.6)

and thus the slope is 1/2-303.

The growth rate of a culture is often expressed in terms of the doubling
time ¢, the latter being readily derived from Equation 18.4 by putting
x/xy = 2. Thus:

_ log,2 _ 0301
n n

(18.7)

When expressing growth in terms of ¢, great convenience may be gained
by expressing biomass concentration in terms of logarithms to the base 2,
since for a unit increase in the ordinate (log, x) there is a doubling of the
population. Tables giving logarithms to the base 2 have been published for
this purpose [13]. In a batch culture growth rate eventually declines usually
because some product of microbial metabolism accumulates and the cells
enter the stationary or resting phase. In unagitated cultures, the biomass
concentration in the medium may decline as cells flocculate and, even in
shaken cultures, the concentration of biomass will decline after a period of
stationary phase. However, no change in cell number occurs and this pheno-
menon results from the depletion of stored carbohydrate reserves [14].
After a prolonged period in stationary phase, cells may die and autolyse.

The total amount of yeast produced in a culture is a function of the size
of the inoculum and the nutritional status of the medium. For purposes of
comparing brewing yeasts, the number of doublings which occur. during
fermentation are often determined. One doubling of biomass is equivalent to
a 2! fold increase and n doublings to an increase of 2" times. Thus for n
doublings:

x[x, =2, (18.8)
X

and n = log, — (18.9)
Xo

or n = 3-32 log,, (x/x,) (18.10)

Commercial fermentations generally result in between two and three doublings
of the yeast population.

It is a simple matter to ensure that cells enter the stationary phase of
growth as a result of the exhaustion of a constituent of the medium. This is
achieved by designing a medium such that all nutrients except one (the
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limiting nutrient) are in excess of the requirements for growth [15]. The
measurement of w for cultures grown on media with different concentrations
of the limiting nutrient shows that the specific growth rate () is dependent
upon the limiting nutrient concentration [s] as shown in Fig. 18.2. The
relationship obtained for both a brewing (A) and non-brewing (B) strain of
S. cerevisiae has the form:

“ = “, —— 18.11
m Ks + [S] ( )

K, is a saturation constant corresponding to the concentration of limiting
nutrient at which y is equal to one half its maximal (w_,) value. K| is of the
order of mg/l for carbohydrates and p.g/l for amino acids.
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Fig. 18.2 Specific growth rate (@) vs. glucose concentration [S] for two strains of S.
cerevisiae. A, a wild yeast; B, a brewing yeast.

Substituting the right hand term of Equation 18.11 for . in Equation 18.1
gives:

dx [s]
4= Ry X {m} (18.12)
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Thus the rate of increase in biomass is a function of the maximal specific
growth rate (), the biomass concentration (x) and the concentration of
limiting nutrient. Where the latter is high (e.g. 10 times K) then the right hand
term approaches unity and the culture grows at near maximal specific growth
rate. This case applies therefore when all nutrients are in excess. ‘

The amount of biomass produced for the consumption of an amount of
substrate is defined as the growth yield Y. Thus:

d
Y= (18.13)
ds

Substitution of Yds for dx in equation 18.12 gives

__ds _ X [s]
T b v{m} (1819

The negative sign indicating that the nutrient is consumed.

Monod [15] showed, for bacterial cultures, that when conditions of culture
were maintained constant, Y was constant. This relationship does not
always hold true [16]. For instance an extracellular product such as alcohol,
lactic acid or butane-2,3-diol may be produced in varying amounts rather
than cell substance. Alternatively changes in Y may arise as the result of the
accumulation of intracellular storage compounds such as glycogen, trehalose
or lipid. Yield may also be influenced by the requirement of the yeast cell
for threshold levels of nutrient to carry out endogenous metabolism or to
provide so-called maintenance energy, for example the osmotic work required
to maintain concentration gradients between the cell and its environment.
The total rate of substrate consumption is therefore equal to the rate of
consumption for growth, plus the rate of consumption for maintenance:

ds _ (i‘) + (9) (18.15)
dr dr ) ar /)y,
and from 18.11 and 18.14: ¥ — %X o (18.16)
Y Y,

where Y is the yield constant Y is the true yield constant and m the main-
tenance coefficient (ds/dr),, = mx.

Dividing equation 18.16 by u.x gives

1 1 m
—_——=— 18.17
Pyt (18.17)
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Therefore a plot of —%,—vs. i will be a straight line of slope m and intercept

.}_l,.. For the yeast Debaryomyces subglobosus, m is approx. 0-08 and for the

G
bacterium Escherichia coli, it is of the order of 0-02 [17].

It is also possible to relate the growth yield to the energy made available
by the substrate. The values obtained (Y,;p) are expressed in terms of
adenosine triphosphate (ATP), a ¢oncept explained in Chapter 17. When the
substrate is used both as a source of energy as well as biomass, the net energy
available is related to the growth yield [18]. This approach has been used to
evaluate the various factors in the growth of brewing yeasts [19]. The constants
K K, and Y are readily ascertained and may be used to compute the batch
growth curve at least for certain bacterial cultures [2]. Application of these
conventional kinetics to brewery fermentations is of limited value. This is
because the data are usually obtained with homogenous fermentations, on
defined media and often with aeration. These conditions are far removed from
brewing practice where the yeast separates out during fermentation; wort is a
very complex medium and anaerobic conditions obtain. Nevertheless it
does make it easier to recognize more clearly the important characteristics of
brewery fermentations, gives incentive to express them in quantitative terms,
and so construct mathematical models of brewery fermentations.

18.4 Growth in continuous culture [2, 15, 20, 21]

The same parameters of ., ¥ and K can be applied to describe the behaviour
of continuous cultures. Such cultures may readily be established in a homo-
geneously mixed fermenter where fresh medium is continuously supplied to
replace outflowing culture. A system in which medium containing a limiting
nutrient is used is referred to as a chemostat, Consideration of Equation 18.11
and Fig. 18.2 will show that for any concentration of limiting nutrient there
is a corresponding value of . until the limiting nutrient is in excess of that
needed to attain maximal possible value of p (1 ,,). [n the chemostat, therefore,
if the rate of nutrient supply is in excess of the rate of consumption, then [s]
will rise and a new (higher) value of ¢ will obtain. The converse is true where
the rate of supply of limiting nutrient is less than the rate of consumption.
The system is therefore autoregulatory and produces a steady state where the
substrate concentration, growth rate and biomass concentrations in the
fermenter are constant. Any net growth of biomass in the vessel would result
from the difference between the rate of increase and the rate of output of

biomass:

dx
— =ux — Dx 18.18
il ( )
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where D (the dilution rate) is the ratio of the culture volume to the flow rate
of culture from (or medium into) the vessel.
Since the system is autoregulatory towards the steady state condition where
dx/dt = 0O then:

ux — Dx =0

and hence w=2D (18.19)

Substituting p from equation 18.11 we have:

— [5]
D=t prtq (18.20)

The important features of this system are therefore that the flow rate may be
used to set the rate at which the cells grow, and that steady state conditions
apply to the population size and metabolism of the culture. This latter
feature enables time independent studies of levels of cellular intermediates,
activities of enzymes, formation of end products of metabolism such as
ethanol, CO, etc to be made. Given that Y is a constant, at different growth
rates the yield of biomass in the vessel is a function of the level of limiting
nutrient (sg) in the inflowing medium thus:

x = Y(sg — [sD (18.21)

Clearly if the dilution rate exceeds w_, [s] rises to [sgz] and x becomes 0;
thus the population will wash out the vessel. Consequently any value of
obtained in continuous culture in a chemostat is always less then yu_, deter-
mined in a corresponding batch culture. Furthermore the dilution rate at
which washout occurs (the critical dilution rate, D) is always less than that
corresponding to y . Continuous cultures at values of D approaching p
may be achieved in a turbidostat where the biomass concentration as repre-
sented by optical turbidity is measured and used to control D [20].

Laboratory studies on continuous fermentation of wort by brewers’ yeast
demonstrated that satisfactory beers could be produced only when a number
of stirred fermenters were used in series (cascade system) or in tubular (tower)
fermenters (Chapter 19). In both cases satisfactory throughputs were only
obtained by ensuring a high concentration of yeast remained in the system.
To achieve this, in a cascade system, yeast was recycled from the outflow back
into the fermenter. Under such conditions in a single vessel homogeneously
mixed system at steady state we have:

dx

Tl wx, — Dx, (18.22)
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where x, the concentration of biomass in the vessel is greater than x,, its
concentration in the outflow. This may be achieved by using a highly floc-
culent strain of yeast and or by physically recycling yeast after concentration
(e.g. by using a settling tank) back into the fermenter.

From Equation 18.22 it follows that at steady state

x,D
w= — (18.23)

X1

and thus a higher throughput may be achieved for a given growth rate as
compared to an unrecycled system. Consequently values of D in excess of pp
may be used, and therefore more output may be obtained before wash-out
occurs. Rearranging Equation 18.23 and substituting for © from Equation
18.11 we have:

X [s]
D= X (18.24)

Therefore, for a given dilution rate, the level of limiting nutrient is lower
than that obtained in a system without recycle. Put another way, the recycled
system permits a more efficient utilization of substrate. The mathematics of
recycled systems and cascades of continuous fermenters have been studied
[22, 23].

18.5 Pure culture practice and brewing yeast propagation
From 1880 onwards Emil Christian Hansen devised methods for isolating

single cells of brewery yeasts by repeated dilutions of a yeast suspension.
He was therefore in a position to separate the component strains of a yeast
mixture and study them in isolation. Because sexual reproduction occurs
rarely in brewery yeasts, a single cell repeatedly cultured yields a clone, or in
other words, all the cells have the same genetic constitution (with the exception
of any mutants which arise during yeast reproduction). Hansen could,
therefore, take a commercial brewing yeast (which was most likely to be a
mixture of strains), isolate a number of single yeast cells into separate tubes
of sterile wort and from each cell produce a pure culture strain. The technique
also provided an opportunity to free the yeast from attendant bacteria and
wild yeasts because only uncontaminated cultures were accepted as stocks,
and propagation was conducted in sterile wort in sterile containers.

The strains could be examined in small-scale fermentations and selected
for pilot-scale fermentations. By cultivation in successively larger quantities
of sterile wort, a selected pure culture could be used on a full commercial
scale. When, for various reasons, the yeast no longer gave satisfactory results
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in the brewery, it could be replaced by propagating stocks either of the same
clone from the laboratory, or of another selected clone. The Hansen techniques
were therefore concerned with (7) selecting a suitable strain, (ii) maintaining
that strain indefinitely, and (iii) reducing the incidence of bacteria and wild
yeast in brewing pitching yeast. Hansen and Kuhle devised a yeast propagator
based on semicontinuous methods. The equipment (Fig. 18.3) comprises a
wort receiver and a yeast propagation vessel (both of which can be steam-
sterilized). The latter receives sterile wort, laboratory yeast culture and air
which has been filtered sterile. Rousing is achieved by a hand-cranked
impellor. The yeast and beer produced are withdrawn periodically for
pitching the brewing fermentation vessels, but a portion of the yeast is retained
for seeding fresh wort run into the propagator. The system is the basis of
many yeast propagators for bottom yeast production [27].

Fig. 18.3 Yeast propagating apparatus devised by Hansen and Kiihle. A is the boiler, B is
the propagator, and C the wort sterilizer.

In breweries using pure yeast cultures, the yeast may be isolated, selected
and maintained at each brewery or by a central laboratory. Yeast may be
transported in refrigerated containers in quantities sufficient to pitch a
propagator or in small amounts for laboratory cultivation prior to propaga-
tion. Some companies rely on commercial laboratories to isolate and maintain
their yeast.

There has always been controversy as to whether the entire yeast in a
brewery should be derived from a single cell or a number of cells. The various
practices include: (i) culturing from a single cell, (if) culturing from a mixture
of several single cell isolates, (iii) culturing from a single colony (clone)
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isolated from a streak of yeast on a culture plate, or (iv) using several isolated
colonies as the inoculum. Some breweries isolate two or more strains of yeast
which they employ either in mixture or in separate fermentation vessels. In
favour of the single cell culture is the smaller chance of variaton since all
cells, with the exception of the occasional mutation, will have the same
genetic constitution [28]. Mixed cultures, however, are not only susceptible to
mutation but also to environmental changes, e.g. changes in wort composition
and type of fermenter used, which may induce uncontrolled variation in the
proportions of yeast strains present. Such variation may affect the palate of
the finished beer, and in extreme cases may result in the loss of one of the
component strains of the mixture. It is conceivable however that a mixed
culture, because of its genetic diversity, may adapt more successfully to
environmental or process changes than a single strain system.

The successful maintenance of a pure culture system requires that isolated
cultures are given the minimum exposure to conditions which either induce
mutation, propagate mutant cells, or encourage sporulation. Furthermore
the method chosen should maintain the cells in a state of high viability.

Accordingly, cultures are generally kept in glass containers in the dark to
reduce exposure to radiation, e.g. ultraviolet light, which induces mutation.
Cultures may be maintained on wort agar slopes (slants) at 10-20°C (50—
68°F) because at lower temperatures (0—4°C; 32-39°F) there is an increased
chance of sporulation. Cultures may be overlayed with sterile mineral oil,
to maintain anaerobic conditions and lower the rate of growth. Many labor-
atories hold stock cultures in liquid media such as wort, Wickerham’s
medium (MYGP) [22], or 109 sucrose. Liquid stocks are usually held at 4°C
(39°F). Whether sloped or liquid cultures are used, regular subculturing at
intervals of 3-6 months is necessary to preserve culture viability. Since the
culture is growing at each stage of sub-culture, there is the chance of selecting
and propagating any mutant strain which may arise in the stock culture.
Furthermore, the dividing yeast cell is more prone to mutation, resulting from
copying errors during the replication of its genetic material, than a non-
growing cell. An additional problem with subculturing procedures is the
possibility of introducing contaminant organisms into the master culture.
In all cases therefore it is advisable to maintain at least two cultures of each
strain. It is clearly preferable to keep yeast in a way which dispenses with
the need for subculture. Freeze-drying (lyophilization) is such a process;
however it has not proved popular because of the high mortality of some
yeasts during the freeze-drying process; different yeast strains are affected
differently and higher viabilities are generally obtained if the process is
carefully controlled [30]. There is also some -concern about selection of
mutants when using the process [31, 32], although it has been reported that
whereas routine subculture over a period of 10 to 20 years caused marked
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changes in the brewing characteristics of ale yeasts, no such changes were
produced when freeze-dried cultures were examined [33].

An alternative to freeze-drying as a means of culture preservation is to store
suspensions of yeast in medium containing glycerol and serum, in vials which
are sealed and then submerged in liquid nitrogen at —196°C (—321°F) [4].
The viability of many cultures is maintained and consequently this technique
is most successful. It does of course suffer from the disadvantage of requiring
a supply of liquefied gas since this evaporates and needs regular replacement.

It is common practice to maintain yeast cultures used for genetic analysis in
dried form using silica gel as a desiccant [35]. This procedure which is far
simpler than either freeze-drying or storing under liquid nitrogen has appar-
ently not been examined as a means of maintaining brewing yeast cultures.

The selection of yeast cultures for the brewery is normally from the
pitching yeast in use. In fact, some breweries isolate cultures from their
pitching yeast prior to each major propagation programme. This process
clearly avoids both maintaining laboratory cultures, and any changes in
properties which might arise during storage. The selection is based upon the
results of small scale fermentations or simple laboratory tests concerned with
flocculation, attenuation of brewery wort, yeast crop, rate of fermentation, etc.
[36-43]. The performance of 153 top fermenting yeasts in 2 litre fermentations
has been recorded in respect of yeast distribution at the end of fermentation,
the degree of attenuation and the degree of clarification [44].

Fermentation tests on a larger scale (0-5-5 brl; 0-8-8 hl) would be con-
ducted with a small number of selected cultures. The strain is selected on the
basis of flavour and aroma of beer produced, degree of attenuation achieved,
the amount of yeast in suspension and the amount of yeast growth. In
British practice the ease with which the yeast reacts with isinglass finings may
also be taken into account.

Before using yeast grown from a laboratory stock culture, it is common
practice to conduct simple tests to ensure that is is a typical sample. Thus any
or all of the small scale laboratory tests described above might be used,
together with an analysis of colony morphology using wort gelatin [45] or
other media.

The selected yeast would be grown from laboratory stocks using sterile
wort. Provided that great care is taken, the size of the inoculum may be very
small. Nevertheless it is usual practice for the inoculum to represent 5-109%
of the total volume at each stage of culture.

In British practice, the use of pure cultures and propagators met severe
opposition. Possibly because it was regarded merely as a means to reduce
infection by wild yeasts and bacteria, it was rejected [46]. This is not surprising
in view of the poor standards of hygiene, methods of fermentation and type
of beer produced [24]. In modern breweries, where standards of hygiene are
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high, and pitching yeast often represents the major source of contaminant
microbes, propagation of yeast is a routinely practised procedure. Further-
more the production of clean, highly viable culture yeast is a major factor in
ensuring consistent fermentation performance.

The yeast propagation system in the brewery must be designed to a high
standard to limit the possibility of the culture becoming contaminated with
wild yeasts or bacteria. Clearly such undesirable organisms, on gaining access
to the system, would be propagated along with the culture yeast and sub-
sequently would be transferred at high levels to the brewery fermenters.
Accordingly, propagation is best conducted in an area isolated from other
plant, particularly that associated with fermentation, yeast processing and
yeast storage. Under ideal circumstances the room would be maintained at a
positive pressure relative to adjacent areas, and access would be restricted to a
few personnel. Self-closing doors and disinfectant mats in doorways are also
an advantage.

Vessels used for yeast propagation are clossd and are capable of being
effectively cleaned and sterilized. Cleaning may be in-place, either with a
combined detergent sanitizer, or employ separate cleaning and sterilizing
routines, live steam often being used as a sterilant. The wort used may either
be sterilized by boiling and transferred via a plate heat-exchanger to the
vessel or sterilized in situ. This is achieved by fitting steam-jackets to the
vessel (or by injecting live steam into the wort). As the wort boils, air and
steam are allowed to vent from the vessel, the vent is then closed and steriliz-
ation occurs under pressure of steam. After sterilization, the wort may be
permitted to cool naturally or force-cooled by circulating coolant through
jackets fitted to the vessel. During the cooling cycle, the vacuum generated is
relieved by admitting sterile air into the vessel by way of a sterilizing filter.
Most propagation vessels are fitted with a sparge ring to enable the culture to
be aerated or oxygenated with air or oxygen sterilized by filtration. All vessels
are also fitted with cooling jackets to enable the culture to be attemperated
during propagation.

Transfer of the laboratory-grown culture to the propagator is usually
effected by making an aseptic connection, and using sterile gas to ‘blow’ the
culture over. Propagation systems typically employ two or more vessels of
increasing volume. A system used to propagate S. cerevisiae in a British
brewery is shown in Fig. 18.4, and a modern propagation vessel is shown in
Fig. 18.5. When the primary aim of propagation is to produce yeast mass,
wort of higher specific gravity, temperatures in excess of those normally used
in fermentation, and intermittent aeration during the whole of the cycle are
used. The growth of yeast in such a system follows the form shown in Fig.
18.1, although the culture would not normally exhibit a lag phase and the
contents would be transferred while still in exponential phase. The con-



YEAST GROWTH 629

centration of yeast produced would be approximately 10-fold that required to
achieve a normal pitching rate and the contents of the propagator would be
pitched into 9-10 volumes of wort. The beer produced from this first
generation would usually be blended. The yeast crop (2nd generation yeast)
would however produce a beer with typical flavour.
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Fig. 18.4 Two-stage yeast propagation system. F, Secondary filters; L, Inspection lamp/
manway/dip-point; S, Sight glass; Sp, Sample point; P, Pressure gauge/safety valve; V,
Vent; I, Inoculation point; T, Temperature probe. (Courtesy of Davenports, Birmingham.)

Some breweries employ identical conditions to those employed in fer-
mentation, to propagate their yeast. This type of propagation may eliminate
the necessity of blending off the first beer and is claimed to produce more
consistent fermentations [47). In general however, because the yeast yield
will be lower, larger propagators will be required.

As a result of their superiority in terms of yeast handling, when compared
to traditional fermenters, cylindroconical fermentation vessels may be used
as yeast propagators.

In most breweries the practice of propagation is used to replace pitching
yeast after 8~10 generations, or earlier if problems of yeast performance or
unusual levels of infection are encountered. Where the propagation system is
designed to hold an inoculum of yeast (e.g. the 1 brl vessel in Fig. 18.4) this is
used to propagate the next batch. Recourse to a laboratory culture may or
may not be practised on a regular basis, and usually at intervals of one year
or longer.
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Fig. 18.5 A modern yeast propagator of 49 hl (30 brl) capacity. C, CIP sprayball; F,

Secondary air filter; G, Sight glass; Gu, Pressure gauge; M, Manway (dip-point); P,

Sample point; R, Pressure/vacuum relief valve with air sterilizing filter; T, Temperature

%robe;) V, Vent with shut-off valve. (Courtesy of Shobwood Engineering Ltd., Burton-on-
rent.

18.6 Propagation of bakers’ yeast [48, 49, 50]

The Assize of Bread and Ale in England in 1236 ensured that brewers’ yeast
was supplied to bakers for breadmaking. This practice was still operating until
the middle of the 19th century. Subsequently, however, special processes were
developed for producing bakers’ yeast using unhopped malt worts. These
practices being superseded by the use of molasses and salts as a nutrient
medium for yeast production. The introduction of air into the fermentation
system greatly increases the amount of yeast produced and lowers the level of
alcohol (Table 18.1). Furthermore if the level of fermentable sugar is main-
tained at a low value in the fermenter (by supplying it as the culture requires
it), greater yields of yeast are obtained (Table 18.1). This batch-feeding, or
Zulauf process (also called incremental feeding), is commonly employed
and enables the metaboli m of the yeast to proceed wholly aerobically.
Under these circumstances, far more energy is available to the yeast cell
than under fermentative conditions. The effects of air and fermentable
carbohydrates on yeast metabolism, the so-called Pasteur and Crabtree
effects, are considered more fully in Chapter 17.
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TABLE 18.1

Yields of yeast and ethanol from 100 kg substrate on different media under
different conditions of culture

Mass (kg)

Medium- Conditions Yeast Ethanol
Wort Unaerated 27 17-5
Wort Aerated 86 10-5
Wort Aerated

incremental

feed 23 07
Molasses Aecrated and

with incremental

feed 50 0

The practice of incremental feeding has not found favour in the production
of brewers’ yeast as it has with bakers’ yeast. In bakers’, in contrast to
brewers’ yeast propagation, the growth medium is relatively inexpensive, the
spent medium has little value and attemperation and aeration costs are high.
Bakers’ yeast propagators tend to be large and fully utilized, unlike the small,
intermittently used ones found in brewing.

Bakers’ yeast is cultivated in media based on beet molasses, refiners’ cane
molasses (residues after sugar is separated from cane pulp) [50]. Beet molasses
are higher in assimilable nitrogen but lower in biotin than cane molasses.
These two types of molasses are usually blended to yield the production
medium. The molasses are diluted with water, pasteurized, blended and supple-
mented with: (/) ammonia and ammonium sulphate to a pH of 4-0-4-5 (acidic
conditions inhibit the growth of many potential contaminant microbes), (if)
diammonium hydrogen phosphate, and (iii) magnesium sulphate. In addition,
biotin, thiamine, pantothenic acid or yeast extract are added. Inoculated
medium is aerated with sterile air and as the nutrients are utilized, fresh
medium and increasing quantities of air are added exponentially, in step with
yeast growth. The rapidly growing, vigorously aerated culture generates foam
which is supressed by the addition of antifoams. The optimum temperature
for the process is 30°C (86°F) and this is maintained by an attemperation
system. The pH of the culture is held at 4-04-5 by addition of ammonia and
ammonium sulphate, or ammonia and sulphuric acid. The overall process can
be presented as:

Sucrose + Ammonia + Oxygen — Yeast + Water 4+ Carbon dioxide
200 g 1014 g 102.5g 100g 772g 1456¢

The overall heat output is 1600 kJ (357 kcal) per 100 g yeast produced.
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This may be compared with the growth of yeast on maltose under anaerobic
conditions:

Maltose 4+~ Ammonia — Yeast + Ethanol 4- Carbon dioxide
200 g lg 10g 97-5¢g 936¢g

which liberates 240 kJ (100 kcal) heat per 10 g yeast produced.

TABLE 18.2
Composition of bakers’ yeast (100 g) [49, 52]

Composition in gram molecular

equivalents
Constituent C H (o} N S
Carbohydrate 1-7 2-84 1-42
Protein . 1-77 2-76 0-50 0-46 0-017
Nitrogen bases 012 0-12 0-02 010
Ammonia 015 0-05
Fats 0-13 024 001 001
Yeast Cs.7:H.1101.95No.6150.017

+ Po.oss + Ko.o56 + 57 g of other elements

Normal average %

Constituent % of yeast dry matter of dry matter
Carbon (C) 45:0-49-0 470
Hydrogen 5-7 60
Oxygen (O) 30-35 325
Nitrogen (N) 7-1-10-8 85
Total ash 4-7-10-5 60
Phosphate (as P;0;) 1-9-5-5 26
Potash (as K;0) 144-3 25
Calcium (as CaO) 0-005-0-2 005
Magnesium (as MgO) 0-1-0-7 04
Aluminium (as Al;O;) 0-002-0-02 0-005
Sulphate (as SO,) 0-01-0-05 0-03
Chloride (Cl) 0-004-0-1 0-02
Iron (as Fe O,) 0-005-0-012 0-007
Copper (Cu) 10-100 p.g/ml 20 pg/ml
Silica (SiO,) 0-02-0-2 0-08

Towards the end of the propagation the pH is allowed to rise to dissociate
adsorbed coloured matter from the yeast; nutrient addition ceases, and the
yeast is ‘ripened’ by holding at 30°C (86°F) for 30-60 min. During the
ripening period, cell division proceeds and the number of budded cells falls.
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Yeast containing more than 20 %, budded cells keeps poorly [51]. The yeast is
separated from the liquor and the resultant yeast cream is washed, centrifuged
and dried on rotary vacuum filters. Additives may be used to facilitate drying
and cake formation. The final product in the form of blocks is stored at a
temperature of approximately 4°C (39°F). This so-called pressed bakers’
yeast is gradually being replaced by the manufacture of active dried yeast.
The production processes are similar with the following exceptions: (i) yeast
strains are used which have been selected by hybridization to maintain
viability during drying, (if) the nitrogen and sugar feeds are restricted towards
the end of fermentation, (iii) the yeast cream is processed to give a product of
359 dry matter, and (iv) the yeast mass is extruded through a screen and
chopped to yield pellets which are dried in tunnel- or rotary-driers. Dried
yeast has less bulk than pressed yeast, it may be stored at ambient tempera-
tures and is readily reconstituted by dispersion in warm water. Its main
disadvantage is its lower viability (659, of that of pressed yeast). Typical
analyses for bakers’ yeasts are given in Table 18.2. Many of the commercially
useful properties of bakers’ yeasts (e.g. high yields on molasses, cells easy to
filter and capability of retaining viability on prolonged storage) have been
achieved by exploiting the yeast’s sexual cycle (Chapter 16) and breeding
new lines. This genetic manipulation, so successfully exploited with baking
yeast has had little success and been little used as a means of improving
brewing yeast strains (Chapter 16).

18.7 Oxygen requirements for yeast growth [1, 53, 54, 55, 56]

The role of oxygen in the production of bakers’ yeast necessitates a study of
the mass transfer of oxygen during propagation of the yeast. Oxygen is
sparingly soluble in aqueous solutions and only 0-1 mm dissolves in such
growth media as nutrient broth at 25°C (77°F). Under laboratory and
commercial conditions, bakers’ yeast may be propagated so intensively that,
even if the medium were fully saturated with oxygen, it might only afford
some 15-20 s supp'y of oxygen if the aeration were cut off. Clearly there is a
considerable problem in maintaining sufficient oxygen to support a rapid
growth of yeast with such small reserves of oxygen available.

To increase the oxygen content, air is often bubbled into the medium,
but this has little or no effect if the bubbles escape rapidly. Small bubbles
provide a larger surface area for oxygen transfer, while baffles built onto
the walls of the vessel help to arrest the loss of bubbles. Shaking or swirling
the medium has the effect of increasing the effective surface area of the
liquid presented to the atmosphere. Furthermore, a vortex produced by an
agitator has the same effect.

The rate at which oxygen passes from atmosphere into solution depends on:
(i) the degree to which the medium is saturated with oxygen, (ii) the area
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of the interface between atmosphere and medium and (jii) the ease with which
oxygen passes through the interface. The rate is expressed by K;a (C*-C,)
where K| is the ease of passage through the interface, a is the area of interface,
C* is the oxygen concentration at which atmosphere and medium are in
equilibrium, and C is the actual concentration of oxygen in the med um.
The resistance to oxygen transfer between the liquid and the enzyme sites
within the micro-organism is known to be very small indeed.

The measurement of absorption rates in a fermenter can be achieved
indirectly. Table 18.3 gives K; aC* values for a variety of vessels. It should be
noted K; is reduced by foam, wetting of cotton plug filters, and by oil at the
interface. If pure oxygen is used rather than air, C* is increased according to
Henry’s Law (which applies to oxygen in the range of pressures used for
culturing). Pure oxygen at high pressures can have strongly inhibitory
effects upon a wide range of micro-organisms, including yeast [56].

TABLE 18.3
Oxygen absorption rates in laboratory cultures [1]
Volume of Air flow KjaC*
Vessel medium (I/min)  (mMM-O,/1/min)
18 X 150 mm 10 ml Stationary — 0-03
test-tube
Erlenmeyer 20 ml Stationary —_ 0-32
flask 500 ml
Erlenmeyer 20 ml Eccentric shaker — 11
flask 500 ml (250 rev/min)
Indented 20 ml Eccentric shaker —_ 2-9-5
Erlenmeyer (250 rev/min)
flasks 500 mi
100 ml 50 ml Reciprocal shaker — 0-78-1-5
(80-100 strokes/min)
1000 ml 200 ml Reciprocal shaker — 0-22-0-78
(80-100 strokes/min)
Stirred:
Baffled tank 1460 ml 750 rev/min 5-8 3-6
351 1100 rev/min 61 633

The role of oxygen in brewery fermentations has received study using
fermenters of 49 hl (30 brl) capacity [59]. Wort of 11° Plato (SG 1044) was
pitched at 55 g/hl (0-2 Ib/brl) at 18°C (64°F) and the degree of oxygenation
prior to pitching was selected in the range 5-100 %, saturation. The weight of
yeast crop was hyperbolically related to the initial oxygen concentration of
the wort. Above about 209, oxygen saturation, little is achieved if the wort
is completely saturated with air. Below this level, the yeast crop is greatly
influenced by the initial level of oxygen and, with the strain of yeast used, it
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seemed likely that no growth of yeast would occur in the absence of oxygen
(Fig. 18.6). The w.,, was calculated from the results obtained for various levels
of initial oxygen saturation, and a straight line of negative slope obtained
for the relationship between u, and oxygen saturation. It is interesting
that the overall amount of ethanol formed during the fermentations was
independent of the degree of oxygenation prior to pitching. The rate of
fermentation was related to oxygen saturation in a manner very similar to
that shown in Fig. 18.6. In contrast, the incidence of dead cells falls markedly
as oxygen saturation increases, the curve obtained is inverse to those relating
to growth and fermentation.

Max. yeast yield {(g/Ll)
o

1 1 1 1

25 50 75 100
Oxygen saturation (%)

Fig. 18.6 Relationship between ¢, oxygen saturation of wort before fermentation and the
yeast yield obtained.

It is now well established that different strains of brewing yeast have
different requirements for molecular oxygen [26]. Furthermore, most, if not
all, of the molecular oxygen consumed by the brewing yeast (which occurs
during the very early stages of fermentation) is used for the production of
unsaturated fatty acids and sterols, which are essential constituents of the
yeast cell membrane, and not as with aerobically grown bakers’ yeast for the
additional process of energy production (see Chapter 17). Where insufficient
O, is available for membrane synthesis, yeast cells fail to grow and loss of
membrane integrity results in cell death. These changes are also associated
with an increased production of esters (Chapter 17) and therefore have a
marked effect on beer flavour. A yeast with a high oxygen requirement, i.e.
one approaching air saturation, in worts of 10° Plato (SG 1040) will be
unable to satisfactorily ferment air-saturated high gravity worts because
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lower amounts of oxygen will be available. The concentration of oxygen at
100 %, air saturation is inversely proportional to the specific gravity; thus an
air saturated wort of 10° Plato (SG 1040) contains 8-5 mg/l O,, whereas a
wort of 17° Plato (SG 1070) contains 7-9 mg/l O, [57]). Oxygen saturated
worts will clearly contain 4- to 5-fold more oxygen than those saturated with
air.

18.8 Use of yeast [59, 60]
In addition to its use in baking and fermentation industries, yeast is also

used as a food supplement and in animal feeds. Both whole and extracted
yeast is a valuable source of protein and vitamins. However, large quantities
in the diet are undesirable, for although it is rich in protein, it contains very
high levels of nucleic acids. Table 18.4 shows the partial composition of
unfortified molasses-grown yeast and debittered surplus brewers’ yeast. The
40-50 9, material unaccounted for in Table 18.4 is mainly carbohydrate and
lesser amounts of nucleic acids. When used for medicinal purposes, yeast is
often ‘fortified’ by the addition of vitamins during processing, to give levels
some 50-fold those naturally present in the yeast.

TABLE 184
Partial composition of unfortified yeast powders

Molasses grown Debittered brewers’ yeast

Moisture (%) 5 6
Fat (%) 6 6
Protein (%) 50 45
Ash (%) 7 8
Thiamine (ppm) 150 150
Riboflavin (ppm) 70 45
Niacin (ppm) 500 400
Pyridoxine (ppm) 30 40

For use specifically as a food additive, yeast is dried and powdered; the
processing kills the cells. In addition to providing a source of vitamins
this material forms an ideal carrier for food flavouring materials, e.g. on
potato crisps.

Dried yeast is also used to produce yeast extracts by acid hydrolysis, by
refluxing a slurry of 65-809; solids with hydrochloric acid for 6-12 hr.
On completion of hydrolysis, the material is neutralized, clarified and
concentrated to yield syrups (459 solids), pastes (559 solids) or spray
dried to 959 solids. Although acid hydrolysis is the most efficient means
of obtaining yeast extracts, it does destroy some vitamins.
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Viable yeasts in pressed or slurried form may be autolysed or plasmolysed
to yield extracts. Surplus brewers’ yeast is usually debittered (the adsorbed
hop bitter substances removed) by treatment with alkali before processing.

Although autolysis occurs fairly readily when yeast is stored (and con-
sequently is of importance in influencing beer flavour (see Chapters 16 and 17),
the process used to make extracts is accelerated by raising the temperature to
45°C (113°F) in the presence of small amounts of ethyl acetate or chloroform,
and often in the presence of zinc salts. After a period of 6-12 hr, the autolysed
(self digested) yeast is clarified and concentrated. The autolytic procedure
involves the disintegration of the vacuole and the release of lytic enzymes
(see Chapter 16). During the process the yeast cells are killed.

Plasmolysates are produced by mixing viable yeast in high concentration
with salts, sugar or certain acetate esters to produce a slurry. This process
extracts low molecular weight substances (e.g. vitamins, nucleotides, amino
acids) from the cells but does not extract high molecular weight substances
such as carbohydrate polymers and proteins. The plasmolysate is separated
from the yeast cells, concentrated and dried. The final product has a strong
meat-like flavour. As in the case of autolysis, plasmolysis is lethal to yeast
cells.

18.9 Growth of yeast in synchronous culture [61, 62]

Synchronous division of yeast cells may either be induced or cells at the
same state of growth may be selected from an asynchronous population.
Induction synchrony is most readily achieved by subjecting cells to starvation,
exposing them to X-rays, hydroxyurea or mating type pheromones (@ or «
factors). The properties of certain temperature-sensitive cell division cycle
mutants may also be exploited in order to induce synchrony. The principal
advantage of induction is that large numbers of cells may be obtained in the
induced state. The main disadvantage is that the process itself might so alter
cellular metabolism that measurements made subsequently during syn-
chronous growth may result from the induction process used rather than from
the mode of growth. Selection synchrony exploits differences in physical
properties of cells, e.g. size or density. Thus centrifugation in sucrose grad-
ients is the most commonly used technique. However, this process too can
affect cellular metabolism because of the osmotic effects produced by high
concentrations of sucrose. These effects may be reduced by using substituted
tri-iodo benzenes (e.g. renografin [63]) to form gradients.

Others compounds, e.g. Ludox (a colloidal silica) may be used to separate
cells by their density differences alone [64]. The main disadvantage with
selection synchrony is that only relatively small numbers (109, of an asyn-
chronous population) of cells are obtained.

Synchronous cultures are used to study the detail of the biochemical
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processes which occur during the cycle of yeast cell growth and division. This
study is greatly enhanced by the isolation and characterization of cell division
cycle mutants (e.g. cdc) [65]. Synchrony, once attained, usually decays
rapidly, the population being eventually asynchronous after 3 cycles.

The cell division cycle is shown in Fig. 18.7. The cycle is usually con-
sidered from the G1 phase which encompasses cell separation to bud emer-
gence. This is followed by the S phase during which DNA is replicated, bud
size continues to increase and the S phase moves to the G2 phase as DNA
synthesis is completed. The G2 phase extends to the point where the nucleus
migrates towards the bud, and the M phase encompasses the division of the
nucleus. The total cell mass increases continuously throughout the cell
cycle, DNA synthesis occurs during the S phase, whereas the RNA and protein
accumulate continuously throughout the cycle. Carbohydrate content also
increases throughout the cycle. However, when synchrony is induced by
starvation, the cellular glycogen and trehalose levels, but not those of glucan
and mannan, decrease sharply as the cells commence budding.

Cell
separation Bud
/ \iﬁarion
G1
Late
nuclear M 5 DNA
division. synthesis
G2

52\@\/

Fig. 18.7 Cell cycle of S. cerevisiae.

Although total protein accumulates throughout the cell cycle, many
individual enzymes show step synthesis. Step synthesis is a rapid doubling
of the level of enzyme activity. The time during the cell cycle at which the step
synthesis of a particular enzyme occurs is always the same; however stepping
occurs at different times with different enzymes. It is thought that this
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phenomenon might relate to the order of genes on chromosomes [67] and
the sequential transcription of these genes.

The study of synchronized growth may well be of value in understanding
the events during fermentation where the stationary phase cells used as an
inoculum tend to reproduce in a synchronous manner in the early stages of
fermentation.

18.10 Growth of surface colonies
Although the growth of surface colonies does not take place in a brewery
fermentation there is considerable interest in connection with giant colonies
whose morphology is used for distinguishing between yeast strains.

The kinetics of surface growth have attracted far less attention than that of
growth in liquid culture. Again,

dr _ (18.1)

dr

and log, x = ut + log, x,.
Assume x, the mass of microorganisms, to be a hemisphere of radius r, and
therefore of volume 2/3 r3 arising from a mass x, of radius r,

then: log.r = % t + log.r,

which means that the radius should increase exponentially. In the few
examples where this situation has received reasonable study, the increase per
unit time was linear rather than exponential and can be expressed:

rt =Kt +rg

(where K, is the constant for radial growth, r the colony radius at time ¢ and r,
is the radius at zero time).

As has been mentioned, yeast colonies growing on solid media develop
characteristic margins, textures, and contours (Fig. 18.8). This is particularly
so if they are grown on wort-gelatin at temperatures below 20°C, for periods
up to six weeks [67]. The morphological characters are extremely complex
and can often be of diagnostic value in S. cerevisiae and S. carlsbergensis
for distinguishing strains [46]. If a giant colony is sectioned vertically, it can
be seen to comprise an outer zone of resting cells (sometimes with asci), a
zone beneath them of autolysed cells, and finally a large number of apparently
healthy cells. With chain-forming yeasts the rough margin of the colony and
the undersurface may have pseudomycelia [68].
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Tt s

(a) (b)

(e (f)

Fig. 18.8 Component features of Giant Colonies. (a) Free from convolutions, flatly convex
(section). (b) Flatly convex with central dome (section). (c) Radial valleys, well-developed
dome (section and plan view). (d) Concentrically ringed, poorly-defined dome (section and
plan view). (e) Peripheral concentric rings, featureless convex centre (section). (f) Raised
edge and dome (section).

18.11 Kinetics of the death of cells [1, 2, 69, 70]

The effects of toxic materials, excessive temperatures, and abnormal pH levels
upon micro-organisms have received considerable study. From a kinetic
point of view, the speed of killing is similar to the velocity of a unimolecular
reaction. It is the product of the concentration of toxic substance and a
constant that depends on the toxic substance used. The position is, however,
rather more complex than this and at least three phases of death of the
population of micro-organisms may occur.

1. Some of the metabolic activities of the cells are impaired without loss of
viability.

2. Death-rate increases until it is exponential. The survival times of
individual cells cannot be predetermined because survival depends on
chance events, with surviving cells being no more adapted to the toxic
material than the cells that succumb.

3. When a considerable proportion of the population of cells has died, the
death-rate may slow down and cease to be exponential, This is due in
part to dead organisms protecting living ones. It may also be due to
adaptation of some surviving cells to the toxic material. Because of these
complications, it is hazardous to predict results for a particular set of
conditions from experience with other conditions.
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Temperature has a profound effect upon sterilization with chemical
substances and at higher temperatures less of the toxic material is required.
Thus

t2Q (Tz —Tl)"—" t1

where T and T, are two temperatures and ¢, and ¢, the corresponding periods
of applications. Q is the temperature quotient for the temperature change.
Similar dramatic effects may arise from changes in pH but the relationships
tend to be more complex.
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Chapter 19

BREWERY FERMENTATIONS

19.1 Historical introduction

The making of beer is one of the oldest crafts known to man and it is therefore
surprising that the nature of fermentation was not understood unt.l the latter
half of the nineteenth century. Yeast was for long regarded as an undesirable
scum which had to be disposed of as quickly as possible. Nevertheless, in the
seventeenth century at least, some brewers were reusing yeast although failing
to understand the significance of their practice. C. Cagniard-Latour expressed
the belief in 1836 that fermentation of sugar was due to vital activity of
yeast. In the following year, T. Schwann recognized the fungal nature of
yeast and gave the organism the name Zucherpilz, which translates to
Saccharomyces [1].

The secrets of using bottom-fermentation yeast were held by Bavarian
brewers, notably in Munich, and until the middle of the nineteenth century
the rest of the world was using top-fermentation yeast [2]. Yeast and fer-
mentation techniques were smuggled to Czechoslovakia by a Bavarian monk
in 1842 and so helped to establish Pilsen as a premier brewing centre. Only
three years later, a Danish brewer, Jacobsen, in a less clandest.ne but just as
exciting a journey, took bottom-fermentation yeast from Munich to Copen-
hagen and improved Danish beer so that Copenhagen, too, became a world-
renowned centre of brewing. About the same time, bottom fermentation was
introduced into Pennsylvania, USA and spread through the country, largely
because of the immigration of German brewmasters.

While bottom fermentation spread, Pasteur began his microbiological
research and developed not only a reasonable theory of fermentation [3] but
also principles of sterilization, and culture techniques for micro-organisms.
His special contributions to brewing microbiology are described in the volume
Etudes sur la Biére [4]. Pasteur’s work was extended by Hansen and methods
were developed for isolating single yeast cells [5]. Selected single cells were
propagated, each to give clones or pure-strain cultures suitable for pitching
(see Chapter 18).

644
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Improvements in the microbiological aspects of fermentation went hand in
hand with those involving engineering technology. Thus, maintenance of low
temperatures for storage or lagering of bottom-fermentation beer was difficult
without the use of large amounts of ice until the compression refrigerator was
developed in Australia and Germany and appeared in breweries from 1873
onwards. The gradual improvement in centrifuges has also had an important
bearing on fermentation technology and in some breweries, the separation of
yeast from beer is achieved by centrifugation rather than by sedimentation or
flotation, After the spread of bottom fermentation, the traditional top-
fermentation techniques were largely discarded except in Britain. However, a
small proportion of the beer produced in Australia, Belgium, Canada, the
USA, and West Germany is of the top-fermentation type and in the last few
years the use of this technique has increased. Within the last 20 years, new
methods of fermentation have been developed where the distinction between
top and bottom fermentation largely disappears. These techniques substant-
ially reduce the time required for fermentation by using more yeast,
higher temperatures, and maintaining yeast in a highly active state.

19.2 Factors affecting fermentation [6-9]
The main factors influencing fermentation performance and beer quality

are as follows:

1. The choice of yeast strain.

2. The condition of the yeast at the time of pitching.

3. The amount of yeast added to the wort.

4, The distribution of the yeast in the fermenting wort throughout the
fermentation, and the size and geometry of the fermentation vessel.

5. Aeration (rousing or stirring usually involves (4) and (5)).

6. Wort composition and pH.

7. Fermentation temperature and pressure.

The order of importance of these factors will vary from one type of
beer to another and from brewery to brewery. Some consideration has already
been given to selection of yeast strain in Chapter 18. It will be appreciated
that the choice depends on many parameters. The requirements can be
summarized as a yeast which will produce a beer of desired taste, aroma,
flavour stability and brilliance, within an acceptable period of time in the
equipment available, and without undue losses of beer during processing.

The condition of the yeast on pitching depends on its previous history.
It has been shown that lack of contact between yeast and oxygen over
successive fermentations has a cumulative and deleterious effect. Thus in a
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series of three fermentations in which the wort used had only 0-5 i/l of
dissolved oxygen, the percentage apparent attenuation:

SG Wort — SG beer 10 0)
SG Wort — 1000

fell successively from 67 to 655 to 449;; the balance of fusel alcohols,
esters, and diketones was abnormal [6]. In some instances, increasing
dissolved oxygen levels over 6 mg/l has little effect, but with other yeasts,
there is advantage in oxygenating the wort rather than aerating to achieve
values over 8 mg/l. The requirement for oxygen may in some cases be
satisfied by the presence of unsaturated fatty acids or sterols at concentrations
as low as 5 pg/ml. Lack of oxygen, particularly coupled with a shortage of
unsaturated fatty acids (see Chapters 17 and 18), leads to a progressive fall in
viability [10]. Yeasts of low viability when pitched have long lag phases
in most instances. A further influence on the length of lag phase relates to
the complement of enzymes and permeases. In certain strains the maltose
permease and maltase are inducible [11]. They may be either absent or
provide little activity in either yeast used for pitching or yeast that has
completed fermentation of glucose in a wort particularly rich in this particular
sugar. The cells therefore have to synthesize these enzymes to utilize the
principal fermentable carbohydrate of wort.

15—

Yeast (g dry wt./l)

] ] |
8 16 24 32

Time (hr)

Fig. 19.1 The relationship between the amount of yeast present in a semicontinuous
fermentation and the time taken for the SG of wort to fall from 1040-1010 (104°P).

The amount of yeast added to the wort at the time of pitching greatly
influences the speed of fermentation. For instance top yeast pitched at 0-3
kg/hl (1 Ib/brl) into wort at 17°C (63°F) attenuated to 759 in 84 hr. At four
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times this pitching rate the same attenuation was reached in 44 hr [6]. Using
a similar wort, temperature and attenuation with a semi-continuous or
accelerated batch procedure, the results given in Fig. 19.1 show the relation-
ship between the amount of yeast present at the beginning of fermentation and
the time required for fermentation [12]. The amount of yeast produced by
growth during a fermentation is dependent on the pitching rate. At very
high concentrations of yeast, the individual cells multiply slowly. The
result is that the crop of yeast at the end of the fermentation is almost
independent of pitching rate in the conventional range of 0-09-0-3 kg/hl
(0-3-1 Ib/brl).

The distribution of yeast throughout the fermentation depends on (i) the
behaviour of the yeast strain in relation to sedimentation, flocculation, and
yeast-head formation (i) the agitation provided by convection currents,
carbon-dioxide evolution, rousing, and stirring, and (iii) the size and geometry
of the fermentation vessel. In connection with yeast strain, six types of
behaviour have been recognized [7]:

Group A. Yeasts that sediment very early in the fermentation because of
flocculation, but fermentation proceeds because of the continued action
of the sedimented yeast.

Group B. Yeasts that only sediment when the wort is well attenuated and
simultaneously fermentation is substantially arrested.

Group C. Yeasts that sediment only to a small degree at the end of fer-
mentation, leaving much of the yeast in suspension.

Group D. Yeasts that pass out of suspension into a yeast-head early in
fermentation and fermentation is prematurely arrested.

Group E. Yeasts that form a yeast-head to some extent but much is left in
suspension. When the wort is well attenuated, the suspended yeast
sediments.

Group F. Yeasts that form a yeast-head to some extent but the greater part
of the yeast remains suspended and does not sediment.

It is difficult to generalize with regard to vessel geometry but some ob-
servations are made on the use of cylindro-conical tanks (see pp. 659-668).
Probably the most important dimension is depth because this affects not only
(i) yeast sedimentation but also (ii) carbon-dioxide bubble generation per
unit area, (iii) hydrostatic pressure effects on carbon-dioxide evolution and
(iv) circulation currents in the vessel.

The effects of rousing or agitating fermentation vessels include aeration and
mixing. Both tend to hasten fermentation, aeration by supplementing the
dissolved oxygen supplied by the wort, and mixing by bringing yeast in the
head and yeast that has sedimented into suspension. The overall action is to
increase yeast crops and speed fermentation. For some yeast strains agitation
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influences beer flavour and the shape of the yeast cells. Thus diacetyl and
ester levels may be higher [13] while propagated cells may be elongated [14].

Wort composition greatly influences the speed of fermentation, the
extent of fermentation, the amount of yeast produced, and the quality
of the beer produced. The wort constituents which play a major role include
fermentable carbohydrates, assimilable nitrogenous compounds (and in
particular amino acids, purines, and pyrimidines), and accessory food
factors. Amino acids normally limit growth and the spectrum of these acids
is important [15] (see Chapter 17). Another important factor is the level of
Zn**+ jons. Many fermentations are accelerated by the addition of zinc
chloride (0-2 mg/l) to the wort. Zinc ions do however tend to promote yeast
autolysis and are toxic if the concentration of manganese ions is less than
0-01 mg/1 [16]. Wort composition is itself influenced by the mash temperature
employed. Low mash temperatures give rise to more fermentable worts and
therefore better attenuation. Fusel oil levels also tend to be higher [6]. The
presence of suspended solids also affects fermentation by increasing yeast
growth and beer constituents such as fusel alcohols and glycerol. Suspended
solids can, however, accelerate yeast autolysis and depress yeast-head for-
mation [17]. Fermentation and more particularly the quality of the final beer
are influenced by pH. In this connection, some yeast strains will cause a much
greater fall of pH than others when fermenting the same wort. This may well
be due to a difference in either their uptake of phosphate ions from the wort,
or their excretion of organic acids and nitrogenous compounds [18].

The use of elevated temperatures for fermentation has been advocated
by many workers. Providing that there is no bacterial or wild yeast contamina-
tion, acceptable beers can be produced at comparatively high temperatures,
say 20°C (68°F) for bottom yeasts and 27°C (81°F) for top yeasts. The quality
of these beers is different however from those fe mented at normal tempera-
tures in connection with lower pH, bitterness, shelf-life, foam stability, and
ease of filtration. Ester and fusel alcohol contents are higher [6]. Fermentation
temperatures of around 25°C (77°F) are used for the manufacture of certain
Trappist beers [19].

19.3 Fermentation rooms and vessels [20-25]

In order to minimize the risk of microbiological contamination, surfaces must
be clean and therefore smooth and accessible. Walls are often tiled or
painted while floors are of asphalt, terrazo, or other suitable material.
There must be a sufficient fall to the floor to permit efficient drainage.
The drains themselves must be well constructed so that they are easy to
maintain and trap all odours. Ceilings are so designed that condensation does
not fall into the body of the room. Alternatively, air conditioning should
ensure that no condensation forms.
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Particularly with open vessels it is usual to have a false floor between
vessels, some 2 m (6ft) above the true floor and about 60-90 cm (2-3 ft)
below the tops of the vessels. Under the false floor and between vessels,
the space may be exploited for circulating attemperated air and for various
mains or pipes. Air heated by fermentation and adulterated by released carbon
dioxide is aspirated into these spaces, where it is mixed with fresh air, blown
through an air-cooling heat-exchanger and re-enters the room near the ceiling
(Fig. 19.2). In the case of bottom fermentation the temperature of the
room is usually maintained around 7°C (45°F). Moisture in the air condenses
and freezes on the heat-exchanger used; a standby unit may be necessary,
therefore, for defrosting periods. To prevent the fermentation room gaining
heat from its surroundings, the walls, ceiling, and floors are insulated. Top
fermentation rooms are usually at 15-18°C (59-64-4°F).

Fig. 19.2 Circulation of air around an open-fermentation vessel.

Fermentation vessels are usually 2-6 m (6-5-18-6 ft) deep, although deeper
ones are used successfully. The material of construction should present
an internal surface which is smooth, easy to clean, and hard to scratch
or pit. It must not corrode, be subject to electrolysis, release toxic material,
or deform. It should be chemically inert to wort, beer and to cleansing and
sterilizing solutions. Expensive or deformable materials which are otherwise
suitable for vessel construction are often used as liners for less expensive
or more durable materials (Tables 19.1 and 19.2).
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TABLE 19.1
Characteristics of materials used for the construction of fermentation vessels

Material

Possible lining
materials

Adverse features

Wood

Cast iron/mild steel
Cast iron/mild steel
Cast iron/mild steel

Aluminium

Copper

Stainless steel

Reinforced concrete
Plastic reinforced
by fibreglass

Copper, aluminium,
or stainless steel

Vitrified enamel
Bonded resin
Plastic (with or

without fibreglass)
(or as liner)

(or as liner)

{or as liner)
Pitch or ebon*

(or as liner)

There is restriction on size. Unless lined,
wood presents a surface which is
difficult to clean.

Fragile lining, which is very difficult to
repair.

Lining difficult to repair. Sometimes
fragile. Care needed with hypochlorites.

Relatively soft surface which scratches.
Must ensure no leaching of plasticizer.

Needs support, corroded by alkalis and
mercury, forms electric couples with
fittings of other metals.

Releases toxic ions when burnished. Needs
support. May form electric couples
with fittings of other metals.

Chloride plus acid causes corrosion; thin
sheet requires support.

Fragile lining but fairly easy to repair.

Relatively soft surface which scratches.
Must ensure no leaching of plasticizer.

* Proprietary name for a pitch-like substance formulated for lining concrete vessels.

TABLE 19.2

Heat transmission of various materials used in construction of fermentation
vessels [48]

Thickness  Coefficient of Loss of heat
Material (mm) conductivity W/m2 K
Oak 50 017 395
Concrete FVs 150 0-65 5-00
Concrete tanks 250 0-65 3-02
Steel 10 560 6513
Aluminium 6 175-0 33960
Stainless steel 10 360 4187

Ethanol and carbon dioxide production accounts for the utilization of about
92 % of thecarbohydrate metabolized and heat released amounts to 0-59 x 103
kJ/kg of glucose equivalent. In contrast, yeast growth accounts for about 8 9;
of the carbohydrate metabolized and the heat energy released from this
source is 6 x 102 kJ/kg of glucose equivalent. Other calculations show that
the overall fermentation and yeast growth occurring in a fermenter yields
3-60 kJ/I/hr or 560 BTU/brl/hr [20].
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The temperature required for bottom fermentation is in the region 7-14°C
(45-57°F) and therefore cooling devices are normally required to maintain it.
The cooling fluid is usually brine or a mixture of water and alcohol. Brine
is cheaper but encourages corrosion of steels particularly under acidic con-
ditions. The attemperation is carried out by mounting, in the fermentation
vessel, pipework carrying the refrigerant fluid and made of copper, aluminium
or stainless steel. Alternatively, the refrigerant is passed through a jacket
to the wall, sometimes called a ‘cold wall’. In vessels constructed of reinforced
concrete, it is possible to build the attemperator pipes into the concrete.
There are very many designs of attemperators but for comparatively small
vessels of new construction {say up to 500 hl or 300 brl), the jacket type or
‘cold wall’ seems to be favoured.

For conventional rectangular open fermenters, the distance between
opposite cooling walls should not exceed about 5 m (16 ft), assuming that the
depth is not greater than 2-75 m (9 ft). Any increase in these measurements
requires additional cooling surfaces — as a vertical panel or series of tubes just
below the wort surface [22]. It has been suggested that similar requirements
may apply to very tall vessels. Thus with a cylindroconical vessel of 42 m
(13-8 ft) diameter of 1640 hl (1000 brl), it was noted that the beer was warmer
at the central axis than nearer the walls, despite vigorous convection currents
[23].

The refrigeration plant is traditionally a huge centralized bank of com-
pressors. But some breweries prefer a number of smaller local compressors
which serve a restricted number of vessels, have much shorter runs of pipe-
work carrying refrigerant, and may provide a cheaper, more flexible system
of cooling.

Enclosed vessels have several desirable features. Less cooling is needed
because the heating of the beer by air is minimized. It has been calculated
that refrigeration of enclosed vessels is about 159 of that needed for open
fermenters [22].

Carbon dioxide evolution is not dangerous in enclosed vessels (except
for those who enter them) whereas it can be a continual hazard in those
fermentation rooms having both open vessels and poor air circulation.
About 49 of carbon dioxide in air by volume can be a danger, even for short
periods and legislation may limit levels in some countries to below 0-5%.

The carbon dioxide can of course be recovered readily from the enclosed
vessels. For one unit weight of sugar, about half this weight is theoretically
recoverable as carbon dioxide and, considering the cost of the gas and the
great use for it in the post-fermentation period of beer treatment, the escape
from open fermenters appears to be an expensive waste. In practice, the
percentage of carbon dioxide recovered is rarely above 509, of the theoret-
ical (see Chapter 20). There is, however, considerable debate on the economics
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of recovering carbon dioxide from fermentation gases, or for that matter from
flue gases.

Enclosed vessels are more easily cleaned by in-place methods and indeed
some open vessels are covered temporarily by a light metal or plastic canopy,
in order to clean them in-place. Again fermentations in enclosed vessels are
less likely to become infected by air-borne or water spray-borne micro-
organisms. The advantages of open vessels are that they are somewhat less
expensive, are easier to clean manually, and permit easier ‘dipping’ of the
vessel to judge the volume of wort present. The latter procedure is required
by Excise authorities in Britain unless the volume of wort is measured in a
collecting vessel used specially for this purpose.

19.3.1 BOTTOM FERMENTATION [26-37]

Wort arriving from the coolers at about 7-11°C (45-52°F) is not absolutely
sterile and, if left unpitched with yeast, will soon become infected with bacteria.
It is therefore essential to provide conditions for rapid fermentation. Yeast is
mixed intimately with the wort using about a quarter of the crop provided by
the previous fermentation (say 0-22 kg/hl or 0-8 Ib/brl). This is equivalent to
about 8-16 X 10® cells/ml. Low pitching rates result in extensive yeast
growth and tend to give more aromatic beers. High rates may lead to sub-
sequent yeast autolysis. If there is an excessive lag period before the yeast
begins to multiply then more yeast must be used.

Filling is carried out by allowing the wort to enter gently through a port
in the bottom of the vessel, aeration of the wort having been carried out
during cooling. If the vessel is an open one, it is never filled to within more
than 30-5 cm (1 ft) from the top, in order that the head of yeasty froth which
forms be accommodated. About 8-16 hr after pitching, a fine white head
appears near the side of the vessel and above any attemperating coils. In some
breweries, particularly those in North America, the beer is run off after
6-24 hr into another vessel, leaving trub and other solids. The first vessel is
referred to as a starter or settling tank and may be open. The second vessel
is normally enclosed. On the third day, ‘rocky’ or caulifiower’ heads of foam
appear which are called ‘krausen’ and reach maximum development called
‘high krausen’ from the fourth to the seventh day. At this time, the temper-
ature of the fermenting wort tends to rise because of the intense metabolism
of the yeast but it is restrained by attemperation so that it does not normally
exceed 10-12°C (50-54°F). Abrupt reductions in temperature tend to arrest
fermentation completely. From the eighth day onwards the fermentation
subsides as judged by production of heat and is usually complete on the
ninth to fourteenth day depending on the choice of yeast and operating
temperatures. The head gradually collapses, leaving a dark-coloured, bitter-
tasting scum which should be separated from the beer by skimming or suction.
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Some breweries arrange for this scum to stick to the roof of the fermenter
and then be removed by special chutes at the side of the vessel. Another
suggestion is that plastic balls floating in the fermenter will retain the scum
while the fermenter is drained. The course of a typical traditional bottom
fermentation is portrayed in Fig. 19.3.

Krausen  Cooling and

|ossi) Low krausen  Medium krdusen High krdusen falling settling 2'; fo and e

1040
103047
1020+

1010

Days

Fig. 19.3 The course of a typical traditional bottom-fermentation. SG, t, pH, fa and e refer
to specific gravity of the wort, temperature (°C), pH of the wort, fusel alcohol content
(wng/ml), and ester content (p.g/ml).

Traditional practice requires that the beer passing on to the lager tank
can sustain a secondary fermentation by having some 1-19%, remaining
fermentable extract (4° of gravity) and also about 1-4 million yeast cells/ml in
suspension. With a powdery yeast, it may be necessary to cool the beer to
about 4°C (30°F) so that the yeast both sediments more readily and ferments
more slowly, thus reducing the yeast concentration and preventing the
remaining fermentable extract being utilized. Alternatively the powdery
yeast may be removed by passing the beer through a centrifuge while the
correct level of extract remains in the beer. Still another possibility is to use a
powdery yeast and, after the primary fermentation has removed all ferment-
able extract, to add to the lager tank fermenting wort at the krausen stage.
This addition of fermentable extract at the rate of 5~109 by volume is called
‘krausening’. If the yeast is sedimentary, then it must be kept fermenting by
agitation in order that no more than about 4° of fermentable extract (1° Plato)
is left in the beer. Some breweries use a known mixture of a sedimentary and
a powdery strain but other breweries have been fortunate in selecting a
strain of yeast which, after a normal period of sedimentation, leaves the
correct content of yeast and fermentable matter in the beer for secondary
fermentation. Still another practice involves the use of a sedimentary yeast
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for fermenting a proportion of the wort while the remainder is pitched with a
powdery strain, The two beers are then mixed in the lagering tanks, ensuring
adequate yeast and fermentable material.

A wide range of conditions of fermentation are used in different countries.
It has been reported that in Denmark [27] it is usual to ferment for 8 days
at 9-10°C (48-50°F). In Western Germany [28] the time of fermentation may
range from 5 to 14 days and the temperature 5-9°C (41-48°F). American
practice is to ferment for 6-9 days at temperatures of 10-13°C (50-55°F) but
being reduced on the last 1-2 days to as low as 5°C (41°F) before the com-
pletion [29].

What is clear is that fermentation rates are being accelerated in most
breweries. This can be brought about in many ways but the most common
is by using higher temperatures. However, such a change often brings about
differences in flavour and aroma and therefore great care has to be exercised.
Some authorities believe that the unfavourable effects of temperature can be
offset, at least in part, by applying pressure to the fermenting wort [30].
But pressure vessels are more expensive than normal ones. Another method
of speeding fermentation is to agitate the contents of fermenters but again
caution is necessary otherwise there is excessive yeast growth and the lag
phase of fermentation is virtually eliminated. This is achieved either by
activating the yeast with wort in a ‘starter tank’ before pitching it into the
main body of wort or by blending actively fermenting wort with fresh wort.
The most popular method however, is, to adjust carefully the dissolved oxygen
and amino acid contents of the wort so as to control yeast growth [8].

In the lager fermentat ons of many years ago there were not the same
intense economic pressures to have a speedy process. Because there was no
refrigeration equipment it was necessary to brew in the colder months of
the year. Again, because there were no means of removing yeast and trub
except by sedimentation, the beer was maintained for many months at low
temperatures in shallow vessels. Traditional practice is only slightly modified
from these old methods but in the past 20-30 years, economic pressures
have created the need for acceleration. Thus in North America, many
breweries pitch at 11°C (52°F) using 15-20 X 108 cells/ml and hold the
temperature at 12°C (54°F) for some 7 days [29]. They may leave fermentable
extract for secondary fermentation (a true lagering process) or completely
ferment out and use what is called an ‘ageing’ process (see Chapter 21).
At the end of the primary fermentation, the temperature is brought down
quickly to say 4°C (39°F). The complete range of possibilities is indicated in
Table 19.3 but many more variants of these methods are practised.

The beer from the primary fermentation is run slowly and without tur-
bulence (thus ensuring no uptake of air) into lagering tanks which are usually
cylindrical and horizontally disposed (Fig. 19.4). The traditional lagering
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Fig. 19.4 (A) Tanks suitable for fermentation and beer maturation; elevation, plan and
side elevation. (B) Methods of installing storage tanks. (a) Vertical tanks; (b) Strap mount-
ing of suspended horizontal tanks; (c) Bottom tank on concrete cradle, upper tank saddled;
(d) Bottom tanks on legs, upper tanks offset saddled; (¢) Bottom tanks on jacks, upper tanks
interspaced and mounted on centre column; (f) Bottom tanks ring mounted and suspended,
upper tanks mounted on offset centre columns; (g) Ring suspended multi-tier installation.

process extends over several months beginning at 5°C (41°F) and then
dropping to about 0°C (32°F) [31]. During this period, both the remaining
yeast and chill haze settle out. At the same time, the yeast continues to
attack the residual fermentable material and the carbon dioxide produced
is effective in purging any air out of the beer and also much of the hydrogen
sulphide and other volatile materials. As has been mentioned, some breweries
add to the lagering vessel ‘krausen’. A further reason for lagering is said to be
the improvement of flavour of the beer which results. The maturation process
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is complex and probably involves reactions featuring esterification and redox
changes. In one method of hastening these chemical changes, the beer is
irradiated in thin films with light of wavelength near ultra violet. During
lagering, polyphenols and proteins coprecipitate giving improved beer
stability. There is, however, an increasing number of brewers who do not
believe that lagering is strictly necessary [9, 30, 31], although they do stress
the importance of primary fermentations being sufficiently long, so that
all excreted a-acetohydroxy acids can be oxidatively decarboxylated to
vicinal diketones and subsequently reduced, by the yeast present, to alkane-
2,3,-diols (see Chapter 17). Other brewers subject beer, after primary fer-
mentation, to warm conditioning (20°C for 2-3 days) to achieve the same
changes, a process referred to as ‘diacetyl rest’.

At the end of the primary fermentation and subsequent steps in post
fermentation treatments it is imperative that there is no dissolved oxygen
present in the beer and this is especially so if there is no traditional lagering.
Unwanted volatiles are purged from the beer by carbon dioxide either by
the natural secondary fermentation process or artificially by introducing a
stream of the gas into the base of the vessel. Clarification may be hastened
by centrifugation or by accelerating sedimentation using isinglass finings or
gelatin, aided by chilling. At the low temperatures of lagering or ageing, the
protein—polyphenol complexes come out of solution more readily; moreover
convection currents and fermentation currents are minimized.

Whether beer is subject to lagering or to accelerated post fermentation
treatment, tanks are required to hold the beer until it is packaged. As will
be mentioned in greater detail later, it is possible to use a single tank for
both primary fermentation and subsequent post fermentation treatment. Such
tanks are referred to as ‘Unitanks’ [23, 36, 37]. The tanks are sometimes
constructed and disposed so that they form a self-supporting block, the
building’s walls and roof being little more than a light covering (Fig. 19.4).
Alternatively, they may be massive free-standing outdoor tanks. The vessels
are always insulated, and frequently they have either jacket or internal
tube attemperators. There is, however, a tendency to dispense with the
attemperators and circulate the beer in closed circuit through a refrigerating
heat exchanger either continuously or spasmodically. A further possibility
is to use one series of tanks at 4°C (39°F) until secondary fermentation is
virtually complete and then give the beer a rough prefiltration before it
enters a second series of tanks held at just below 0°C (32°F).

After lagering, the beer is filtered. Traditionally filtration was carried out
using long-fibre pulp filters but these have several disadvantages including
cost. Thus, the pulp needs to be washed and pressed into filter-pads before
use and when the pads are blinded, they are shredded prior to rewashing
of the pulp. In many breweries therefore, rough clarification is carried out
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using kieselguhr filters or centrifuges while final clarification is achieved by
filtration with sheet filters. Lagers are in some cases bulk pasteurized, or
pasteurized in bottle. In other instances, sterilization is brought about by
careful filtration, or by means of sheet filters followed by membrane filters.
Considerable care has to be exercised during handling to avoid uptake of air
by the beer, otherwise flavour and stability are jeopardized (see Chapter 20).

Yeast recovered from bottom fermentation is normally passed through
an oscillating fine sieve and then washed in cold water to remove trub or
break, bacteria, and dead yeast cells. The denser living yeast cells are retained
and are stored under water at about 2°C (36°F). Yeast rooms are usually
refrigerated but sometimes water-jacketted storage vessels are used for the
yeast. Only a proportion of the yeast is retained for repitching, and only the
middle layer of yeast sediment in the fermentation vessel normally receives
the above treatment. Before repitching, the yeast is slurried in either wort
or water and injected into the wort main leading to the fermenters.

19.3.2 MODERN SYSTEMS OF BATCH FERMENTATION [8, 23, 31, 36-47]
One of the early changes in fermenter design was the move to enclosed
vessels. Nathan in 1908 and 1927 patented designs of enclosed vertical
cylindrical vessels with conical bases. He claimed faster fermentation,
that the same vessel could be used for fermentation and lagering, that
fermentation could be controlled by temperature and dissolved oxygen and
that carbon dioxide could be readily collected [41]. Nathan vessels, con-
structed of aluminium, were installed in few breweries. However, other types
of stainless steel enclosed fermenters of 5200-11 500 hl (3100-6900 brl) were
built just before 1960 in Ireland; ones of 1000-4000 hl (600-2400 brl) were
constructed outdoors in Japan (Fig. 19.5) from 1965 [38]. Larger ones were
built in the USA soon afterwards (470010 600 hl or 2620-6360 brl) [36] All
these vessels had gently sloping bases (Fig. 19.6). Some were used for both
fermentation and lagering and almost all were equipped with in-place
cleaning systems.

An important feature of these vessels is that they can accommodate many
brews. They are therefore filled over many hours and there is considerable
choice with respect to which brews are pitching with yeast and which are
oxygenated. Somewhat different results occur with regard to fermentation
speed and chemical characteristics of the beers resulting from these various
practices. The Rainier Unitank is a variant of these large outdoor fermenters
in that it has a conical base with a slope of not more than 25° from the
horizontal (Fig. 19.6). It is used for both fermentation and lagering as its name
suggests. The cooling jackets are sized for maximum rates of fermentation
and there are means of injecting carbon dioxide to wash the green beer free
of unwanted volatiles [36].
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Fig. 19.5 Large outdoor fermentation vessel (USP 3, 374, 726). 1. Tank; 2. Cooling jacket;
3. Foamed-synthetic resin; 4. Manhole; 5. Beer drainage cock; 6. Beer feed pipe; 7. Beer
discharge pipe (pivoted); 8. Exhaust pipe; 9. Siphon breaker; 10. Pressure relief valve;
11. Vacuum breaker; 12. Thermometer and liquid depth senser; 13. Water and detergent
supply pipe; 14. Water and detergent spray.

Probably the most popular of the modern vessels are the cylindroconical
fermenters, direct descendants of the Nathan vessels [8, 23, 31, 40]. They
range in size from 100 to 4800 hl (60-2880 brl). An important characteristic
of most of these vessels is the steep angled cone at the base (Fig. 19.7). It
has been discovered that an included angle of 70° is the best compromise
angle for bringing the yeast into the base at the vessel. This compacting
permits the yeast to be run off discretely, leaving beer comparatively free
from yeast in the vessel. The consequences are that lagering can then proceed
in the same vessel without the need for centrifuging. However, not all yeast
strains compact efficiently, leaving some need for centrifuging. Cylindrical
vessels with dished bottoms are usually satisfactory for lagering but because
of poorer yeast separation are less well adapted to primary fermentation.
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Fig. 19.6 The Unitank, a dual purpose fermenter/maturation vessel designed by the Rainier
company [36].

The advantages claimed for cylindroconical fermenters are (i) reduced
capital and operating costs, (ii) reduced beer losses because of excellent
drainage and good yeast separation, (jii) increased speed and flexibility of
operation, (iv) improved and more consistent beer quality, (v) better utiliz-
ation of vessels, (vi) easy collection of carbon dioxide, (vii) efficient in-p ace
c'eaning, (viii) improved utilization of bitter substances, (ix) efficient and
hygienic yeast handling, and (x) better foam retention of the beer. Modern
vessels are constructed of cold-rolled stainless steel sheet which is particularly
easy to clean. The vessels are lagged and protected with a fibre glass skin
incorporating a phenolic foam; the whole may be sheathed if necessary in
aluminium or stainless steel. Lagging must be fireproof, resistant to mould
growth and non-corrosive to stainless steel under any working conditions.

It'is usual to leave 25-33 9 of the volume as headspace so as to accommo-
date foam during fermentation. However, many breweries are able to decrease
headspaces dramatically by the use of an antifoam — of either unsaturated
lipids or silicone [42, 43]. The question of the location of jackets and temper-
ature probes is complex [6, 23, 44]. The recommendations of one authority
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are set out in Table 19.4. It appears that other brewers do not necessarily
subscribe to these views and many use a single jacket some two-thirds up the
vertical wall; they say that cone cooling is only required if yeast is to be stored
in the cone [8]. Cooling duty should preferably be about 1°C/hr, but many
vessels are incapable of more than half this duty.
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Fig. 19.7 Cylindro-conical fermentation vessel.

There is also considerable debate about the circulatory currents in these
vessels. The driving forces are evolution of carbon dioxide during ferment-
ation and convection currents. Carbon dioxide is released during ferment-
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ation at the deepest part of the vessel [45]. It is the relatively long distance to
the surface which causes the particularly strong upward current of beer along
the central axis of the vessel. The return of the beer is mainly near the walls
and will be greatly aided by cooling jackets placed high up the wall of the
fermenter. Circulatory patterns have been studied in detail [20, 40] and
appear to vary somewhat according to the rate of fermentation, the position
of the coolers and the speed of cooling. Hydrostatic pressure will tend to
lead to a greater content of dissolved carbon dioxide near the base, but
during active fermentation and/or cooling the gradient up the tank tends to
be lost. When circulatory currents are weak, surprising variations in temper-
ature occur, some being caused by beer having its greatest density around
3°C (37°F). Ice can therefore form at the surface when beer of 3°C is at the
base and colder beer rises. Several probes at different depths are therefore
needed to detect this stratification [30, 44].

TABLE 194
Suggested positioning of cooling jackets and temperature probes in beer tanks [23)
Vessel Duty Jackets Temperature probe
Fermenter Ferment 2 side jackets Low in vessel
Fermenter Chill to temperature 2 side jackets; top Low in vessel
above 3°C (37°F) jacket high

Maturation Chill to 3°C Jacket on cone and  Below side jacket

jacket two-thirds

up the side
Bright beer tank Hold at 0°C (32°F)  Jacket on cone Two-thirds up the

vessel

The vessels are usually 3-4 times taller than their diameter and working
pressures of 1-1.3 bar above atmospheric can usually be accommodated.
Increasing size of the vessels leads to economies in terms of cost per unit
volume. According to several authorities [23, 36], the cost of large fermenters
rises with size by something close to the equation:

cost ratio = volume ratio?%-65

Thus, doubling the volume of a fermenter leads to a cost increase of about
30-37 9. However, very large vessels may provide a variety of problems. They
may be so large that they have to be accommodated in the open; even then
their height may be unacceptable to local authorities. Unless the brewery
is very large, vessels of say 20 m (66 ft) high are only applicable to particular
brands of beer sold in very large volumes. As mentioned, filling may require
several brews and take many hours. Emptying is also slow, but the ferment-
ation tends to be very rapid because of the strong circulatory currents.
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The logistical situation may therefore be complex. Another feature of the
large vessels is the need for very efficient pressure release mechanisms to avoid
explosion or implosion. Thus, emptying such vessels without balancing
pressure will lead to implosion.

Returning to the question of costs of vessels, in general the greater the
volume to surface area, the less expensive the unit volume cost should be.
Fig. 19.8 illustrates this with respect to several types of large fermenting
vessel. It was originally believed that spheroconical vessels would be pro-
hibitively expensive to construct because of special fabrication difficulties.
However such vessels have been successfully manufactured and used in
Spain [39].
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Fig. 19.8 The relationship between volume and surface area for a variety of shapes of
fermenting vessels [36]. (Reproduced by kind permission of the Master Brewers Association
of America.)

Under British conditions, lager primary fermentations are carried out in

cylindroconical tanks at about 12°C (54°F) in some 4-7 days, the time being
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only slightly dependent on the original gravity of the wort [46, 47]. For
ale the corresponding figures are 2-3 days at 20°C (68°F). The yeast pitching
rate is around 20 x 10® cells/ml. High gravity brewing greatly benefits
from the fact that in the range 8-12°P (SG 1032-1050), the time taken to
809, apparent attenuation is approximately the same (Fig. 19.9). It is usual
to use bottom-cropping (sedimentary) strains of Saccharomyces cerevisiae
for ale production.
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Fig. 19.9 The relationship between fermentation time and increasing the original gravity
of wort from 1033.3 in cylindro-conical fermenters [73].

Foam production during fermentation tends to be excessive and is one of
the reasons why antifoams are used by some breweries. The early generations
of a new yeast culture are particularly prone to overfoam, especialiy if high
aeration rates are used in the yeast propagator. Some control can also be
exercised by using lower levels of dissolved oxygen in the cylindroconical for
worts of greater extract. Thus if a 7-8°P (SG 1031) wort can tolerate in this
respect 8 mg O,/l, the equivalent for 11-9°P (SG 1048) wort is 4-5 mg O,/1.
There were no abnormal effects using dissolved oxygen contents as low as
4 mg O,/ reported by the brewery concerned [8]. Clearly, other yeast strains
may not be so accommodating. The use <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>