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In the following thesis, the organic acids are named by their 

salt forms (e.g. pyinvate rather than ]yruvic acid). This 

system is used not only to prevent repetition, but also because 

organic acids are present in worts and beers as a mixture of anions 

and undissociated molecules. The '-ate* suffix is used to encoinpa; 

all forms of the acids that may be present, and in no way reflects 

the state of ionisation of the compound concerned.

Trivial names have been used because, in the case of organic acids, 

they are better known and shorter than the systematic names.
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S U M M A R Y



The concentrations of several organic acids have been estimated 

quantitatively in commercial and experimental worts and beers.

All of the worts contained acetate, pyruvate, lactate, pyroglutamate, 

malate and citrate. During fermentations, yeast excreted pyruvate, 

lactate, succinate, usually 2-oxoglutarate and malate, and sometimes 

2-hydroxyglutarate and citrate. The concentration of pyroglutamate 

in wort was unaffected during fermentations with brewing strains of 

yeast, and acetate concentrations oscillated during fermentation. 

Pyruvate was re-assimilated by yeast towards the end of some 

fermentations. The total concentration of organic acids in beer v/as 

higher than that in the wort from which it was fermented.

» /
The strain of yeast, wort composition, wort pH value and availability 

of oxygen to the yeast and wort prior to fermentation all affected 

the organic acid concentrations in beers, and the reasons for these 

effects are discussed. Pyruvate, 2-oxoglutarate and 2-hydroxyglutarate 

concentrations were found to be dependent on the extent of yeast growth, 

whereas malate, lactate and succinate were dependent on the degree of 

sugar utilisation during fermentation; acetate excretion demonstrated 

a negative correlation with yeast growth. It is concluded that organic 

acids may be excreted by yeast during fermentation (a), to control the 

intracellular pH value, (b) as a means of removing from the cell excess 

carbon resulting from amino acid metabolism, and (c), to control the 

intracellular red#: balance.

Excretion of organic acids into the fermenting wort, and assimilation 

c.f basic amino acids from it were found to be significant in causing
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the pH value to decrease during fermentations, and solution of 

carbon dioxide and absorption of primary phosphates contributed to 

a small extent. The initial buffering capacity of wort was important 

in determining the pH value of beer, although the buffering capacity 

measured in the relevant range (pH 4 to 5) changed little during 

fermentations, and therefore did not contribute to the observed pH 

fall during fermentation. It is concluded that small peptides and, 

to a lesser extent, citrate, are responsible for buffering worts 

and beers within the pH range 4 to 3, these compounds neither being 

assimilated nor excreted to any great extent by yeast during 

fermentation.
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Beer is produced by the alcoholic fermentation by yeast of an 

aqueous extract of malt, called wort. Often, the malt is 

supplemented with other cereals, such as wheat. Hops, or hop 

extracts, are added to the wort or the beer to improve the flavour 

and increase the antiseptic properties of the beer.

Most yeasts used to make alcoholic beverages are of the genus 

Saccharomyces, and, in the manufacture of beer, two species are 

generally used, Saccharomyces cerevisiae and Saccharomyces uvarum.

The latter species is often called Saccharomyces carlsbergensis by 

brewers, but, throughout this thesis, the name Sacch. uvarum will 

be used, as this is now recommended by taxonomists (fodder, 19?0). 
Strains of Sacch. cerevisiae are usually used to make British beer, 

whereas strains of Sacch. uvarum are used in the manufacture of 

lighter coloured beers commonly produced in other parts of the world, 

which are often called lagers in Britain. This study compares these 

two types of beer, and so to avoid confusion, the term 'ale* is used 

for beers fermented by Sacch. cerevisiae and 'lager* for those 

fermented by Sacch. uvarum. The type of yeast used, however, is 

not the only distinction between ales and lagers: the formulation 

of the wort is also of importance, especially the temperature and 

duration of malt-kilning (for ale worts, the malt is kilned at a 

higher temperature and for longer than in the production of lager 

worts). Also, the brewing processes are sometimes different for 

ale production than lager production: the name * lager’ is derived 

from the relatively long period after fermentation in which the beer
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is maintained for several weeks in cold vessels, this process being 

known as ’lagering*. It is necessary to mention a third group of 

beers, most of which are brewed in the British Isles; these are 

stouts, and, like ales, they are fermented by strains of Sacch. 

cerevisiae. They differ from ales by their dark colouration, which 

may be achieved by the addition of roasted barley during the 

manufacture of the wort.

The wort contains the necessary nutrients to allow the yeast to

ferment, grow and multiply. During the fermentation, the yeast

metabolises mono-, di- and, usually, trisaccharides, as well as

nitrogen-containing compounds. These sugars are mainly converted) /
to carbon dioxide and ethanol, but^some is used to synthesise new 

yeast mass, and some is metabolised to other products which are 

then excreted into the fermenting wort. The amounts of these 

products that accumulate in the beer are small compared to that 

of ethanol, and they are often termed by-products of the 

fermentation. Nevertheless, some of these by-products contribute 

greatly to the flavour of the beer, and other properties, such as 

foam stability and susceptibility to microbial spoilage. Little 

information is available concerning the proportion of carbohydrate 

that is converted to ethanol and carbon dioxide, and that converted 

to by-products during the fermentation of brewer's wort. Using 

wine yeasts, however, Amerine e t. al. (l9?2) reported ;diat 94 to 

of the maximum theoretical yield of ethanol is found in fermented 

media, and 95 to 97*57" of the maximum yield of carbon dioxide is
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liberated, 0.6 to 1.2^ of the carbohydrate is converted to new 

yeast mass, and the major by-product is glycerol (2.5 to 5*6^),

The proportion converted to other^by-products is considerably less, 

the second most abundant product being succinate (0,02 to 0.7/4) or 

lactate (zero to 0.4^). During fermentations of brewer's wort, it 

is probable that much the same by-products are excreted, and in 

similar proportions to those mentioned above; glycerol has been 

detected in beers at a concentration of about 1,5 g/l (Rosculet,

1971 ; Mandl et a l 1972), and Enebo et al. (1955) found that the 

excretion of lactate and succinate was responsible for the majority 

of the increase in acidity during fermentation of brewer's wort.

These two acids have also been reported to be excreted in the 

greatest concentrations in the fermentation of fruit juices (Ryan 

and Dupont, 1973) and of distiller's wort (MacKenzie and Kenny, I965), 

Succinate is produced in the greatest quantity of all of the organic 

acids in many fermentation systems using yeasts of the genus 

Saccharomyces (Conway and V/inder, 1950j Kleinzeller, 1941j Thoukis 

et al., 1965)5 and is present in beer at concentrations up to 80 mg/l 

(Palamand et al., 1973). Lactate has been reported in beer at a 

concentration of 51 mg/l by Enebo et al. (l955)* In German beers, 

Drawert et al. (1970) showed that the lactate concentration may be 

as high as 75 mg/l, 40 mg/l of which was the D isomer, the remainder 

being the L isomer; they state that only D-lactate is excreted by 

yeast during fermentation, the L isomer being derived from the wort.
II .Similar results were found by Mandl et al.(1970), who detected 65 mg/l 

of L-lactate and 60 mg/l of D-lactate in German beers. Many other 

by-products have been detected," but in relatively low concentrations.
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Nevertheless, some of these are of considerable importance, because 

they can contribute markedly to the flavour of beer in spite of 

their low concentrations: for example, during fermentation of wort, 

yeast excretes alcohols (other than ethanol) and esters (Nordstrom,

1963; Meilgaard, 1975), some of which are very flavoursorne (meilgaard, 

1975)» Other acids have been detected in beers, and a list is given 

in Table 3 The most frequently reported are acetate (Clarke et al., 

1962; Drawert and Hagen, 1970; Enebo, 1957; Hashizurae and Mitsui,

1952; Kuroiwa and Kokubo, 1959; Rosculet, 1969; Oasahara and Miyoshi, 
1967), citrate (Drawert et al., 1970; Hashizume and Mitsui, 1952,

It
Enebo et al. , 1955; Kuroiv/a and Kokubo, 1959; Mandl et al. , 1970; 
Sasahara and Miyoshi, I967), malate (Drawert et al., 1970; Enebo et al.,

It1955', llandl et al . , 1970; Kuroiwa and Kokubo, 1959; Sasahara and 
Miyoshi, I967) and pyruvate (Drawert et al . , 1970; Kuroiwa and Kol-oibo,

1959; Mandl et al., 1970; Enebo et al., 1955)»

Not all organic acid excretion can be attributed to the excretion of 

by-products derived from carbohydrate utilization. The appearance of 

organic acids in fermenting media apparently resulting from the 

metabolism of amino acids has been reported. Results obtained by 

Kleinzeller (194I), who examined succinate excretion during fermentation 
of a synthetic medium showed that the excretion of this acid by baker’s

and brewer’s yeast was enhanced by the addition of glutamate and

aspartate. Mizani et al. (l974) and Rankine (ly66) found that in a 

synthetic medium, ammonia lowered the amounts of pyruvate, malate 

and 2-oxoglutarate excreted, because those acids wore employed 

intracnflluls.rl,7 for the synthesis of amino acids. Lewis and Rainbow

59)
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(1965) found similar effects on the excretion of pyruvate and 

2-oxoglutarate when ammonium sulphate was added; they state that, 

since no carbon is present in ammonium sulphate, the incorporation 

of the nitrogen makes "exhaustive demands on the endogenous 

2-oxoglutarate, no surplus remaining for liberation", Ribereau- 

Gayon et al. (1959) found that the concentration of succinate was 

also low after fermentation of a synthetic medium containing ammonium 

sulphate as the sole source of nitrogen compared with fermented media 

containing other sources of nitrogen, using strains of Sacch. cerevisiae.

Table 5 lists organic acids containing up to six carbon atoms that

have been detected in beers; many more acids containing more than six
» ,

carbon atoms have been detected in^beers at lower concentrations

(less than 1 mg/l, Rosculet, I971). None of these are of importance

as far as beer acidity is concerned, because of their low concentrations.

In this thesis, therefore, examination of organic acids has been

confined to those which contain six carbon atoms or less. It must be

pointed out, however, that some of the acids of higher molecular

weight are of considerable importance as regards the flavour of the

beer, in spite of their relatively low concentrations, especially those

containing between eight and ten carbon atoms (Meilgaard, 1974). The

fatty acids of this type (e.g. caprylate, caprate) are particularly
o\ .

significant in this respect (Glapperton/ 1976). Fatty acids of low 

molecular weight (i.e. butyrate, valerate, caproate, and j.comers 

thereof) have not been included in this study, as their concentrations 

in worts and beers are relatively low (less than 5 nig/l, Rosculet, Ifbu),
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and they are relatively weak acids, being of similar strength to 

acetate (White et al., I964). They are therefore of little 

significance as far as beer acidity is concerned.

The less flavoursorne acids of lower molecular weight, i.e. 

containing up to six carbon atoms, have a considerable effect on 

beer flavour, however, because they are present in relatively high 

concentrations. Rosculet (1971) sind Italian workers (Anon., 1970) 

have reported that some of these acids modify the flavour of beer.

More specifically, citrate has been found to contribute to the 

flavour of beer (Piendl, 1974), and pyruvate has been reported to
II

have an effect on the taste of beer (Barwald et al., 1973). Other» >
workers have estimated the concentrations of several organic acids 

at which their taste can just be perceived (the taste threshold):

Engan (1974) examined acetate, citrate, lactate, malabe and succinate 

in this respect, and found their taste thresholds in a Norwegian lager 

varied from 200 to 4OO mg/l. Meilgaard (l975) obtained similar 

results on examination of lactate, pyruvate, fumarate, acetate and 

tartrate, - Pyroglutamate, malate, citrate and succinate have also 

been shown to be important flavour components of sake'(Sato et al., 

1975). It is therefore evident that some of these acids may be 

present in sufficient amounts to contribute to the flavour of beer, 

but it is possible that their effect on the flavour depends on other 

flavour components present in the beer. For example, considerable 

variation in taste threshold of pyruvate has been reported (40 - 400 

mg/l) depending on the beer to which it was added (Coote et al., 1973)
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and the taste threshold of this acid was found to be lower in 

lighter, weaker beers than in strong, dark beers (Barwald et al.,

1973). The concentration of citfate in some beers (276 mg/l,
M .Mandl et a].. , 1970) is near the flavour threshold reported by Engan

(1974) (350 mg/l), and the concentrations of lactate and acetate 

have been found to exceed their flavour thresholds in some beers 

(Engan, 1974). Whiting (l976b) has reported that all of the organic 

acids have some degree of sourness, and therefore, even though 

individually these acids are not present in sufficient quantities to 

affect the flavour of the beer to a detectable extent, their combined 

concentration will undoubtedly have an effect.

» >The precise effects these acids of low molecular weight have on flavour 

has not been closely examined, but they tend to impart body (Anon., 

1970) and tartness (Rosculet, 1971) to the beer. According to 

Whiting (1976b), citrate has a characteristic fresh acid flavour, ' 

while succinate is salty and bitter. He also reported that acetate 

has a characteristic effect on the back of the palate. Meilgaard

(1975) described pyruvate as salty and forage. In higher 

concentrations, which may be brought about by the beer becoming 

infected with organisms that excrete large quantities of organic 

acids, an unpleasant flavour may result. Rainbow (1971) reported 

that a "dirty" flavour resulted when beer is infected with bacteria 

that excrete lactate, and a vinegary flavour resulting from 

acétification by certain bacteria can occur (Shirnwell, 1947).
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Although little information is available concerning the effect of 

organic acids on the flavour of beer, this topic is net included 

in this thesis because the sensory analysis required is beyond the 

capability of a single investigator.

The concentrations of keto-acids are of particular importance in 

many alcoholic beverages, because they influence the concentration 

of sulphur dioxide; in many processes, including brewing, sulphur 

dioxide is added to prevent growth of micro-organisms, and it also 

acts as an anti-oxidant (Burroughs, 1974). The yeast itself has 

been reported to excrete sulphur dioxide as a by-product of 

fermentation (Klopper, 1973). Keto-acids, however, notably 

2-oxoglutarate and pyruvate bind sulphur dioxide and effectively 

decrease its inhibitory properties (Whiting, 1976b; Rankins, 1968).

The relatively large amounts of these organic acids of low molecular 

weight excreted have another important influence: the pH value of 

the wort falls from about 5.1 to 4.0 during fermentations of ale 

wort, .and from 5*4 - 5*7 to 4.2 - 4.5 during fermentations of lager 

worts (MacWilliam, 1975). The excretion of these organic acids is

an important contributory factor to this decrease in pH value 

during fermentation (Hoppe and Eckert, 1951» Sasahara and Miyoshi, 

1967), these acids being excreted in the free acid form (Holzor & 

Witt, 1964). By decreasing the pH value, organic acids also modify 

beer flavour in an indirect manner: many workers have reported that 

the taste of beer is affected by the pH value (Anon., I964; Anon., 

1970 ; Palamand ot -al., 1973 î Burger ut al. , 1952; Hague s , 192/]).
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Meilgaard (1974) reported that the effect these acids have on the 

pH value is of major importance with respect to the flavour of beer, 

and the taste of the organic acids themselves is of secondary 

importance. Brenner et al. (1956) showed that quite small 

differences in pH value between beers (as low as 0.2 units) can be 

discerned. The bitterness of beer is also markedly affected by 

the pH value: the pH value of the wort is an important factor in 

determining the amount of bittering substances that are formed 

(îiîaule et al. , I966), and the pH value of the beer is important 
in determining the perceived bitterness (Meilgaard, I96O; Scriban,

1974).

> 1
Flavour aside, the pH value of the beer is also very important from 

the point of view of microbial contamination. It is widely 

accepted that a beer with a relatively high pH value (above 4-2) 

is more vulnerable to bacteriological spoilage (Rainbow, 1971» 

Nakagawa, I964; Kleyn and Hough, 1971; Ault, I965; Parsons, 1924;

Van Laer, 1930). The pH value has also been found to affect the 

chemical stability of beer (Anon, 1964; Burger et al., 1952), the 

formation of haze (Scriban, 1974), the colour (Burger et al., 1952), 

head retention properties (Hagues, 1924; MacWilliam, 1975), and, 

during fermentation, the flocculation characteristics of the 

yeast (Porter and Macaulay, I965).

The study of organic acids in beer is complicated by the fact that, 

as well as being by-products of alcoholic fermentation, some of the 

organic acids are also present in the starting material, the wort.
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Mandl ot al. (1972) pointed out that the acid composition of wort, 

as well as excretion of organic acids during fermentation, plays 

an important role in determining the acid composition of beer.

Piendl and Gehlloff (1973) stated that about 757" of the citrate 
and malate detected in beers is derived from malt. Ueda eb al,, 

(1964) suggested that citrate and malate in beer are mainly 

derived from the malt. Citrate is produced during germination 

of barley, reaching a maximum concentration of about 120 mg/lOO g 

dry weight of barley according to Piendl and Gehlloff (1973). 
Substantial quantities of acetate (60 to 100 mg/l, Drawert et al,, 

1970), citrate (I90 to 300 mg/l, Mandl et al., 1972; 175 to 210 mg/l, 
Drawert et al., 1970; 86 mg/l, Enebo et al.. 1955; 120 mg/l,
Sasahara and Miyoshi, I967), malate' (60 to 110 mg/l, Llaridl et al,. 

1972; 44 mg/l, Enebo et al.. 1955; 50 to 139 mg/l, Drawert et al.. 

1970) and pyroglutatiate (l20 mg/l, Sasahara and Miyoshi, I967) have 

been reported in worts. Using a similar method of analysis to the 

one I used, Enebo et al. (l955) have detected a chromatographic peak 

which, judging by its size and position, was possibly that of 

pyroglutamate, but they were unable to identify it (referred to as 

peak VII). Pyroglutamate can be produced from glutamate by heating 

(Thoukis et al. , I965); since glutamate lias been reported in malt 

(Piendl and Wagner, 1972), pyroglutamate is probably produced during 

malt kilning; also, this acid was found to be produced during wort 

boiling (Ueda et al., I964). Small quantities of pyruvate 

(4 mg/1, Enebo et al.. 1955; 15 to 20 mg/l, Drawert et al.. 1970;
10 to 20 mg/l, Ivlandl et al. , 1972), lactate (17 mg/l, Enebo et al., 

1955 ; 7 to 20 mg/l, L-isomer, 7 to 37 mg/l D-isomer, Drawert et el.,
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1970; 15 to 110 mg/l L-isomer, 5 to 95 mg/l L-isomer, Mandl et al.,

1972; 55 mg/l, Sasahara and Miyoshi, I967), succinate (ll mg/l,

Enebo et al., 1955), and 2-oxoglutarate (16 mg/l, Enebo et al..

1955) have been reported in wort. Thus, some of the acids 

detected in beer are not present as metabolic by-products of the 

yeast. Concerning those acids which are present in wort in 

relatively high concentrations (i.e. citrate, malate and pyroglutamate), 

the reports are somewhat contrasting: citrate is neither assimilated

nor excreted during fermentation of brewer's wort according to some
/ "workers (Drawert et al., 1970; Enebo et al., 1955; Mandl et al., 1972).

This was also found to be the case when distiller's wort was 

fermented (MacKenzie and Kenny, I965) after treatment with penicillin 

to prevent bacterial activity, and'on fermentation of a synthetic 

medium with brewer's yeast (Nordstrom, 1968b), In contrast, some 

workers showed that citrate was excreted during fermentations of a 

synthetic medium (Ehattacharjee et al., I968) and grape juice 

(Peynaud, 1947) nsing Sacch, cerevisiae. Some workers found the 

concentration of pyroglutamate increased during fermentation of 

wort (Ueda et al., I964), whereas others have reported a decrease 

(Sasahara and Miyoshi, I967). Mandl et al. (1972) have reported

that about two-thirds of the malate detected in beer is derived from 

the wort, and'the other third is excreted by the yeast during 

fermentation. In fermentation of distiller's wort (treated with 

penicillin), however, no change in the malate concentration was 

observed (ivlacken'zie and Kenny, I965). A decrease in concentration 

was observed during fermentations of grape juice (Peynaud, 1947).

Rankine (1966) examined several"strains of wine yeast, most of which
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’vvere Sacch. corovisiae ; he found that the malate v/as cataholised

to ethanol and carbon dioxide, but their ability to decompose malate

varied considerably (3 to 45^ decomposition), depending on the strain

of yeast. In a similar study of 300 strains of Saccharomyces

species, Fuck and Radier (1972) found that all of them decomposed

malate during and after sugar utilisation in a synthetic medium, the

amount catabolised varying from 5 to 40^. It is clear that,

whereas some yeasts utilise malate, others are capable of excreting

it. Differences in malate metabolism are to be found within a

species: Whiting (l976a) carried out 75 fermentations of a synthetic

medium, each using a different strain of Sacch. uvcrum, and during

seven of these, the malate concentration decreased, during 47 the
» ;

concentration increased, and during the remaining 19, no change was 

observed.

Mlany workers have found that the excretion of other organic acids is 

dependent not only on the species of yeast, but also on the strain: 

Dellweg and Kettler (1975) reported that excretion of pyruvate 

during the fermentations of wort is dependent on yeast strain.

Rankine (1968) has reported differences in the amount of 2-oxoglutarate 

excreted by wine yeasts of the genus Saccharomyces, which were fomid 

to vary in rate by a factor of ten; Peynaud (1947) reported variations 

in the concentrations of acetate, citrate, malate, lactate and 

succinate in wines fermented by different strains of wine yeast, and 

Peynaud et al. (1967) have reported that different species of 

Saccbarornyces used to ferment grape juice gave rise to wines that 

varied considerably in lactate concentration, Banno and Ikisogawa
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(1972) have used the amount of citrate and acetate excreted by 

some yeasts as a basis of classification. Rankine (1967) found 

that the concentration of pyruvate in wine depended on yeast strain. 

Compared with other factors, such as the composition of the wort 

and conditions of fermentation, Jost and Piendl (1975), and Vocher 

et al. (1974) stated that the yeast strain is only of minor importance

as regards the excretion of pyruvate.

Organic acids other than malate have been found to be assimilated 

by yeast during fermentation: pyruvate has been shown to be excreted' 

during the first stages of fermentation, and then re-assimilated 

in the later stages (Aland1 et al., 1972). This suggestion was 

supported by Barron et al, (195I), "'ho indicated that yeast 

re-assimilated pyruvate after fermentation, and converted it to 

acetate and lactate. Beer stored for three months did not alter 

in pyruvate concentation (Jost and Piendl, 1975), and therefore the 

disappearance of pyruvate from the fermenting wort cannot be attributed 

to chemical decomposition.

This pattern of excretion and re-assimilation applies to some other 

keto-acids: Kuroiwa and Kokubo (l959) and Vecher et al, (l974) 

found that the concentration of 2-oxoglutarate decreased towards the 

end of the fermentation. Kuroiwa and Kokubo (l959) have reported 

that the acid followed a similar pattern of excretion and assimilation 

to pyruvate. Only small quantities of 2-oxoglutarate are excreted 

during the fermentation of wort, however (5 to 10 mg/l, Kuroiwa 

and Kokubo, 1959), and this acid has also been reported to be
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excreted during fermentation of synthetic media with baker’s yeast 

(Suomalainen and Ronkainen, 1965; Suomalainen and Koranon, I967), 

of apple juice (\7hiting and Coggins 1960b) and of grape juice 

(Rankine, I968). Harrison and Collins (1968) have reported that 

many keto-acids are excreted during fermentations of wort, although 

only pyruvate and 2-oxoglutarate are excreted in relatively large 

amounts ; these two acids were also reported to be the main keto- 

acids excreted during the fermentation of synthetic media by baker’s 

yeast (Suomalainen and Keranen, I967) and in fermentations of 

distiller’s wort (Yamada and V/atarai, 1956).

Considering factors that affect the excretion of organic acids 

during fermentation, other than the strain of yeast that is used, 

the pH value of the medium to be fermented is of interest: Rankine 

(1967) reported that the quantity of pyruvate that accumulated in 

the medium during wine fermentations increased with increase in pH 

value of the grape juice used, and it appears that the effect may 

apply to other organic acids, as a high wort pH value was found to 

give rise to a greater amount of total organic acid excretion during 

fermentations of Italian worts (Anon., I970). Therefore the 

relationship between the concentrations of organic acids in a beer 

and its pH value is a complicated one, as both these parameters are 

partially interdependent, a high pH value tending to increase organic 

acid excretion, end organic acid excretion tending to decrease the pH 

value,
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Tho most well documented factor affecting organic acid excretion

during fermentation is the amount of oxygen available to the yeast.

Although alcoholic fermentation is' generally considered to be an

anaerobic process, it is usual brewing practice to aerate the

wort prior to inoculation of the yeast. This is because trace

quantities of oxygen are required in order for the yeast to grow

(David and Kirsop, 1975). Oxygen has been found to be a necessary

factor in the synthesis of sterols (Andreason and Stier, 1955),
unsaturated fatty acids (Andreason and Stier, 1954) and nicotinic
acid (Suomalainen et al., 1965) by yeast. The concentration of

oxygen in the fermentation medium is also of importance in

determining the excretion of some organic acids by yeast: during
» ,fermentations of a, synthetic medium with baker’s yeast, Wang et al. 

(1952) reported that the amount of pyruvate excreted was considerably 

increased by raising the concentration of oxygen in the headspace 

of the fermenting vessel. Peynaud et al. (1967) found that the 

lactate excretion was stimulated by aeration during fermentations 

of grape juice. The concentration of pyruvate in beer has been shown 

to depend on the initial concentration of oxygen in the wort (Dellweg 

and Kettler, 1975)i and similar results were obtained by Suomalainen 

and Oura (1959), who stated that the increased excretion of pyruvate 

under aerobic conditions could be attributed to a decrease in the 

activity of pyruvate decarboxylase. Oxygen has been shown to have 

an effect on the activity of other enzymes, many of which are 

associated with the TCA cycle. Many of the organic acids 

mentioned are intermediates of this cycle, raid are of great
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importance during aerobic metabolism of many organisms. The 

amounts of those acids excreted may be a reflection of the 

activities of the associated enzymes (Hough et al., 1971). The 

presence of oxygen has been shown to induce mitochondrial formation 

in yeast, together with some of the mitochondrial enzymes such 

as malate dehydrogenase and succinate dehydrogenase (Cartledge and 

Lloyd, 1975; Ephrussi and Slonimiski, 1950; Griddle and Schatz,

1969; Witt et al.. 1966; Lupianez et al., 1974). It must be noted, 

however, that the induction of these enzymes by oxygen is limited 

by the presence of fermentable carbohydrate in the medium; many 

workers have reported that the enzymes of the TCA cycle are 

repressed in the presence of fermentable sugars in the medium, 

even in the presence of air, this repression being Icnovm as the 

Crabtree effect (De Deken, I966). The amount of fermentable sugar 

needed to bring about a significant repression is quite small, and 

the effect is certainly operative during fermentations of brewer’s 

wort: as little as \°Jo glucose will repress some TCA-cycle enzymes, 

and thus the synthesis of organic acids (Plough et al., 1971). More 

specifically, Witt et gJ.. (1966), Nakamura et al. (1974) and Beck 

and von Meyenburg (I968) observed considerable repression of malate 

dehydrogenase activity when glucose was added to a preparation of 

Sacch. cerevisiae, and Chapman and Bartley (1968) showed that glucose 

repressed malate dehydrogenase, 2-oxoglutarate dehydrogenase, fumarase 

and isocitrato dehydrogenase in similar experiments. Mitochondrial 

activity is generally repressed when yeast is grown on a fermentable
II

source of carbon (Gorts and Kasilik, 1972).

Although it is well documented that tPie concentrations of the organic
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acids that are present in beer can be modified by the conditions 

of fermentation and yeast propagation, very little information is 

available concerning the range of dhese acids that can be detected 

in beers. Much of the literature is comprised of reports 

concerning only one or two of these acids, and therefore it is 

difficult to draw conclusions when the subject of beer acidity as 

a whole is discussed. Moreover, although the excretion of 

organic acids has been implicated as an important factor in 

contributing to the fall in pH that occurs during fermentation, no 

quantitative assessment has ever been made during fermentations of 

brewer’s wort. The reason for this lack of information about organic 

acid concentrations may be attributed to difficulties encountered 

in the analytical procedures used.'' In the past, paper chromatography 

has been used by many workers (Carles et al., 1958; Jones et al..
It

1955; V/urdig et al., 1969; Kuroiwa and Kokubo, 1959 î Hashizume and 

Mitsui, 1952), but this method is usually unsatisfactory when 

quantitative estimations are required. More recently, enzymic 

assays have been used for the estimation of many of the organic acids 

such as lactate, acetate and pyruvate. The reactions are usually 

followed spectrophotometrically by noting the rate of decomposition 

or generation of a cofactor, such as NAD"̂  (Boehringer Mannheim, 1971)• 

Such procedures are accurate and rapid, but are limited to those acids 

which can be catalysed to react such that a change in optical 

absorbance occurs. Moreover, some of the enzymes which would be 

useful for assay purposes are not commercially available: for example, 

succinate can be estimated usipg succinate dehydrogenase, but first 

it is necessary to prepare this enzyme from rab liver (Clark and



Portons, 1964). Furthermore, some' of these assays are not 

completely specific, and may catalyse reactions involving organic 

acids other than the one intended, ' Alalate dehydrogenase, for 

example, will act as a catalyst for the oxidation of organic acids 

other than malate (Davies and Kun, 195?)» In recent years, gas 

chromatographic procedures have been developed for the analysis of 

organic acids, (Palamand et al., 1975; Ryan and Dupont, 1975;

Philip and Nelson, 1975; Fantozzi and Bergeret, 1975; Langenbeck 

et al. , 1975*, Yamashita and Tamura, 1975; Salanitro and Muirhead, 

1975), but such techniques require the synthesis of derivatives, 

as the free acids are not sufficiently volatile. Partition 

chromatography using columns of silicic acid has been used to 

separate organic acids and estimate their concentrations (Enebo 

et al.. 1955; Sasahara and Miyoshi, I967; Bu\ev\ et al,, 1952;

Whiting and Coggins, 1960a), and, in the past, preliminary 

extraction by solvents and concentration of the acids was necessary. 

Using the sensitive spectrophotometric equipment currently available, 

however, preliminary preparation of the samples is no longer 

necessary. It is for this reason that' the method has a great 

advantage over other techniques; substances other than acids that 

are eluted from- the chromatographic columns do not interfere with 

the analysis if the detection system employs a pH-sensitive indicator. 

An automatic system of partition chromatography followed by 

detection with an indicator lias been described by Kesner and Aamtwyler 

(1969),’and a modification of this method \,as used for the work 

presented in this thesis. Using this equipment, most of the
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org;inic acids containing up to six carbon atoms that are present 

in beer were separated and their concentrations estimated, very 

few being unstable under the conditions of analysis. Recently 

Morot-Gaudry et al. (1976), vmo estimated organic acids using 

a similar technique, have said that "this method is the only one 

known to us that can separate the main acids from biological tissues 

without dénaturation".

As well as organic acid excretion, reports of other factors

contributing to the fall in pH during fermentation are also vague.

Excretion of carbon dioxide by yeast has been implicated (Hoppe and

Eckert, 1951; MacKenzie and Kenny, 1965; Egorov and Visnevskaya, 1955)
1 ;

Hoppe and Eckert (l95l) suggested that assimilation of nitrogen- 

containing compounds contribute to the fall, as well as enzymic 

breakdown of high molecular weight material. Nitrogen-containing 

compounds have also been implicated by Sasahara and Miyoshi (1967), 

who suggested that assimilation of amino acids and polypeptides is 

partly responsible. Hunker (l950) and Burger > (1952)

suggested that the fall in pH value is partly due to assimilation 

of buffering substances by yeast, the inference being that the acidic 

substances in wort exert a greater effect in the less-buffered beer, 

thereby causing a fall in pH value. Assimilation of monobasic 

phosphates (Sasahara and Miyoshi., I967), dibasic phosphates (Anon,, 

1957) -̂ind absorption of salts (Pinnegar et al., I966) by yeast have 

been implicated.

It is clear from the literatiu’e that some control over the 

concentration of organic acids in beers would be docirob.1 e to the
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brewer, in order to obtain stricter control of the flavour and 

pH of the product. In this thesis, the factors that affect the 

excretion of organic acids by yeast under conditions that may be 

encountered in the brewery have been investigated, and the 

contribution of organic acid excretion, as well as other factors, 

to the fall in pH that occurs during fermentations of worts have 

been examined.
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I. YEAST STRAINS

Except for the Baker’s yeast, all of the strains v/ere obtained 

from the National Collection of Yeast Cultures (Brewing Research 

Foundation, Nutfield, Redhill, Surrey, England), and were 

originally isolated from commercial breweries. They were stored 

at 4^0 as a liquid culture in YM Broth (Wickerham, 195I), which 

was prepared by Difco (Detroit, Michigan, U.S.A.), The yeast 

strains were subcultured every six months.

The following strains of yeast were used in the work described in 

this thesis;

Sacch. cerevisiae 

N.C.Y.C. 240 

738 

" 1026

" 1062

" 1236

" 1328

" 1332

" 1334

" 1336

1337

" 1338

BaP.Tor’s yeast*

.Sacch, uvarum 

N.C.Y.C. 1116

1146 

1305

1323

1324

1325

(* This s trad. 11 was obtained from South Nutfield Bakeries (South 
Nutrio.ld, Red h 111, Su rrey, England), ond therefore has no s I. rain

i-LUijbor) .
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In general, any reference to a yeast strain is by its N.C.Y.C. number 

only.

II. MEDIA

a. STANDARD ALE WORT

Deionised water (lOO l) to which potassium carbonate (11.8 g) and 

calcium sulphate (20,0 g) had been added was heated to about 75°C 

in a steam-jacketed vessel. A portion (22.5 l) of this was 

transferred to another vessel, and brought to 69°C. Ground malt 

(9 kg) was added with stirring so that the temperature of the mixture 

was 64.5°C. The mixture was maintained at this temperature for one 

hour. The resulting solution of extracted malt (the wort) was 

drained off from the bottom of the vessel over a period of two 

hours, and additional water (treated as above) was introduced into 

the top of the vessel at such a rate that the volume in the vessel 

remained constant; this was continued until the volume of the wort 

collected was 59*5 1. The specific gravity of the wort was 

measured, and hop extract added accordingly (lO jul/l/° sp.gr.).

The wort was boiled.in a steam-jacketed vessel for one hour, and then 

transferred to a vessel maintained at 85°C. The wort was circulated 

for 10 min. through a filter of muslin at the bottom of the vessel to 

trap particulate material, and then through the filter to another 

vessel at 85°C. The specific gravity was lowered to I.O4O by addition 

of treated water.
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The wort v/as transferred into sterile stainless-steel vessels 

(20 l), and stored at 4°C until required.

b. SYNTHETIC ACEDIA

The synthetic media were prepared as follows;

potassium hydrogen phthalate 82 g

sodium hydroxide solution (4N) 50 ml

D-glucose 200 g

yeast carbon base 25.4 g
nitrogen source to give 600 mg nitrogen

The above mixture was made up to 2 with de-ionised water, and 

filter-sterilised. The pH value of the medium was 5*20.

III. FERMENTATIONS

a, PREPARATION OF INOCULA

a.i. Laboratory-scale fermer bâtions

(i) With access to air

Yeast strains were grovm in shaking culture at 25°C in 

sterilised standard ale wort (400 ml); exchange of gases 

between the headspace of the propagation vessel ond the 

atmosphere could take place aseptically through a non- 

absorbent cotton-wool plug. After three days, the yeast 

was harvested by centrifugation, and slurried with sterile 

water (l mj/g wet woi'̂ ht of yeast). The. slurry was used 

for inoculation of the formontation.
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(ii) Without access to air

Yeast strains were propagated as described above, and part of 

the slurry was used to inocula.bc standard ale wort in a 

laboratory-scale fermenter (this section, IIIb2), After 

three days, the yeast v/as harvested by centrifugation, and 

slurried with sterile water again. The slurry was used for 

inoculation of the fermentation.

a .2.Pilot-scale fermentations

Yeast was collected from a previous pilot-scale fermentation 

(this section, Illbl), centrifuged, and stored at until 

required for inoculation of the next fermentation.' After about 

14 fermentations, or earlier if the viability ci the yeast was 

below QOfo (by methylene blue estimation, this section, lYcl), 

the yeast v/as discarded. A new culture was prepared by 

propagating the yeast with access to air, and then re-inoculating 

the culture into I5 1 of standard ale wort. Three days later, 

the beer was decanted, and the yeast collected. The pilot-scale 

fermentations examined in this thesis were conducted with yeast 

that had been qsed in at least three previous pilot-scale 

fermentations.

b. EXPERIMENTAL FEPJvENTATIONS

b.l. Pilot-Gcole fermontations

Wort (27.3 1) was placed in an open vessel and brought to l5*̂ C. 

Yeast (75 g wet weiglib) was stirred into b’no wort, and the
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vessel was covered with a loose-fitting plastic lid. The 

fermentation was carried out in a room maintained at 18°C,

After 19 hours the yeast head formed was stirred back into 
the fermenting wort, 24 hours later, the fermenting wort was 
stirred, and after a further 24 hours, the yeast crust that had 
formed was skimmed off, centrifuged, and stored until required 

for the next fermentation. Five days after inoculation, the 

resulting beer 7/as siphoned off from the vessel, transferred 

to a sterile keg, maintained at 13°C for three days, and 
then stored at 0°C for four days. Solid carbon dioxide 

(100 g) was added to the keg of beer to increase the carbon 
dioxide concentration to 2.50 volumes, and the beer was 
stored for two more days at 0 C. It was then filtered through 

Carlson Ford filter sheets (grade S9), bottled in conventional 

British half-pint beer bottles, and pasteurised at 59°C for 

20 min.

b.2, Lb bora t ory-s cale f ormentations

Wort (1.5 1) was placed in a sterile glass fermenter (Quickfit 

FV, 2 1 capacity) and immersed in a water bath maintained at 

20°C. The wort v/as usually aerated for two hours by agitation 

using a magnetic stirring device, gaseous exchange between the 

headspace of the vessel and the atmosphere taking place 

aseptically through non-absorb&nt cotton-wool plugs. In some 

experiments, the wort was stirred with oxygen or oxygen-free 

nitrogen in the headspace. The fermentation was started by 

inoculation of the wort with the yeast ('5.75 g wet v/oiglit).
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and oxygen-free nitrogen was passed through the headspace 

of the vessel at a rate of 20 ml/min. The passage of 

nitrogen and stirring were maintained throughout the fermentation. 

Unless otherwise stated, laboratory-scale fermentations were 

inoculated with yeast propagated with access to air.

b.3. Experiments with radioactive pyruvate

The apparatus was set up by the same method used for laboratory-

scale fermentations, except that l.p 1 of beer (fermented from

the standard ale wort) was used instead of wort. The gas 

outlet was replaced by a fermentation trap containing 5 ml of 

2-phenylethylaraine, Sodium pyruvate (3-^^C, 50 jiCi) was
t ;

dissolved in a mixture of water and ethanol (50 : 50 v ; v), 

and 5 ml of the radioactive solution were added to the beer in 

the fermentation vessel. The beer was then inoculated with 

45 g (wet weight) of the yeast (N.C.Y.C. 1524, propagated with 

access to air), and samples were taken at intervals during a

period of 73 hours.

Acetate and pyruvate wôÆ isolated from the beer by collection 

of the appropriate effluent fractions from the silicic acid 

columns used to estimate organic acid concentrations (this 

section, IVal). The fractions were neutralised by addition 

of sodium hydroxide solution, and the volumes of fractions were 

decreased to about 1 ml by evaporation under reduced pressure.

The samples were quantitatively trs.nsferred to scinhi.hlation
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vials containing 10 ml of the following mixture;

PPG (2 ,5-Diphenyloxazole) 4 g

POPOP (1 ,4-Bis-(5-phenyl'oxazol-2-yl)-benzene) O.O5 g 

Toluene 1.0 1

The scintillation vials were stored in the dark for about 24 

hours, and then counted (Ecko Electronics type N664C 

scintillation counter, and ESI Nuclear detector, type 5550).

b.4, Plu? fermentations

The plug fermenter used was designed by Balcer and Kirsop (1973), 

and is illustrated in Pig 1; a mixture of yeast and kieselguhr
i j‘is held between two filters, and wort is passed upward through 

the mixture. Filtered wort was used in order to reduce blockage

of the plug. The wort v/as also de-aerated by passing oxygen-

free nitrogen through it for a few hours to minimise•yeast 

growth during operation of the plug. Yeast (N.C.Y.C. 1236,

70 g centrifuged weight) propagated without access to air and 

80 g of kieselguhr (Celite 545) were slurried with sterile 

de-ionised water, and poured into a glass column (Quickfit QVF,

5 cm diameter by 10 cm length, volume 200 ml) closed at the 

lower end by a filter sheet (Carlson Ford 2), and supported by 

a perforated stainless-steel disc. Excess water was siphoned 

off by a vacuum line, and more slurry v/as added until a 

compact yeast/kieselguhr plug completely filled the col.umn.

A second filter and perforated stainless-steel disc were 

clamped on top of the column. The kieselguhr and components
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Fig. 1 Diagram of a plug fermenter
Beer

m a m a w
Filter

à i

Wort
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of the fermenter were sterilised before assembly.

The wort v/as passed through the plug at a rate of about two 

litres a day using a peristaltic pump, in an upward direction 

to allow the carbon dioxide formed during the fermentation to 

pass out of the top of the plug with the resulting beer. 

Fermentations were carried out at room temperature (about 20°C)

IV, ANALYSES

a. ANALYSIS OF ORGANIC ACIDS

a.i. Chromatographic seuaration

Organic acid analysis was carried out using chloroform slurried with 

acidified silicic acid (lOO mesh, Mallinckrodt Chemical Works, St. 

Louis, Missouri, U.S.A.) and packed into columns, following the 

basic method of Kesner & Muntwyler (1969). Glass columns (l cm 

bore, 45 cm long) were used, fitted with PTFE lined connectors 

(Quickfit liquid chromatography equipment).

The sample (l ml) was acidified with sulphuric acid (O.l ml, 6 N) 

and applied to the top of the column and allowed to permeate into 

the gel. The columns were eluted with a chloroform/tertiary amyl 

alcohol mixture pumped from a five-chamber gradient former at a rate 

of 200 fnl/h using a metering pump (Metering Pumps Ltd. , Ealing, 

London, Fngl/md, Type II, fitted with Size 2 pistons). This
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consisted of five conical flasks of' approximately 1200 ml capacity 

joined at their base, and filled with chloroform/tertiary amyl 

alcohol mixtures of the following percentages (v:v) of tertiary 

amyl alcohol: 0 , 7 , 7 » 30» 80. The volume of liquid in each flask 

was 940, 970, 970, 1040, 1080 ml respectively. (This difference in 

volume is necessary to maintain equilibrium in the gradient system 

before operation; tertiary amyl alcohol is considerably less dense 

than chloroform, and so larger volumes are required in the flasks 

containing the higher percentages of amyl alcohol, in order to 

maintain similar heads of pressure in each flask. This ensures 

that no liquid flow between flasks occurs before the gradient is in 

operation.) The column effluent was mixed with indicator (2,5 g 

o-nitrophenol, sodium salt dissolved in 5 1 ethanol) delivered at 

a rate of 30 ml/h through a peristaltic pump (Sigmaraotor type TB), 

and passed through a flow-through spectrophotometric cell (path 

length 1 cm, 75 jiil capacity). The optical density at 350 nm was 

monitored and recorded; arrangements were made to elute and monitor 

four columns simultaneously (Fig 2 ). Connections between the pumps, 

columns, and spectrophotometric cells were made with PTFE tubing 

(1.14 nun bore).

In experiments using the synthetic media, and- those in which the 

only organic acid assayed was pyruvate, an enzymic rnetliod for 

estimating the pyruvate concentrations was employed, following the 

method 'described by Boehringer Mannheim (1971).
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Pig. 2 Diagram of a-pporatiis for chromatographic analysis of
organic acids
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a.2, Idf̂ nLii:i cn.ti on

A typical chromatogram of beer is shown in Fig. 3* 'The order of 

elution of many of the organic acids using the chromatographic 

method described above, has already been determined (Kesner and 

Muntwyler, I969). The peaks recorded from samples of wort, beer 

and fermented synthetic media were identified by co-chromatography 

with authentic samples of organic acids.

More rigorous identification procedures were carried out for 

2-hydroxyglutarate, Samples of the suspected 2-hydroxyglutarate 

were isolated from fermentations by collecting the appropriate 

fractions during elution of the silicic acid column and methyl 

and trimethylsilyl derivatives were,made. These were found to 

CO-chromatograph with similarly prepared derivatives of an authentic 

sample of 2-hydroxyglutarate, The techniques used were as follows:-

Isolation and concentration of 2-hydroxyglutarate from fermented 

media - Strain I'T.C.Y,C, 1324 was used to ferment wort, and also the 

previously described synthetic medium containing glutamate which was 

found to contain large amounts of the unidentified acid after 

fermentation (Table 11)*. Each sample (lOO ml) was concentrated 

to a few ml either by evaporation under reduced pressure in tJie 

case of the synthetic medium, or freeze drying followed by re-solution 

in the case of the wort fermentation. The concentrated sample was 

placed on the silicic acid columns after acidification in the usual 

way. The suspected 2-hydroxyglutatc fractions wore collected by 

diverting the column effluents into a flosk (about 30 ml from each

(page G



F3j;»3 Typical elution pattern of organic acids from beer 
113inp: partition chrcamtography on silicic acid 

columns
a, acetate; b, pyruvate; c, lactate; d, succinate; e, 
2-oKoglutarate; f, pyroglutamate; g, 2-hydroxyglutarate; 
h, malate; j, citrate; k, sulphuric acid
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column). This sample vras then dried by e^apora-tlo/v under 

reduced pressure. In the case of the sample obt- :.ned from the 

synthetic medium, this v/as repurified by a second chromatographic 

run. on the silicic acid columns in the usual v/ay, and the required 

acid collected and dried as before. This second purification step 

v/as found necessary to remove all the phthalate buffer.

Preparation of the trimethylsilyl derivative - To part of the 

resulting dry sample a fev/ drops of BSA (hO-Bis(trimethylsilyl) 

acetamide) v:ere added until the solid had completely dissolved.

The sample v/as then analysed by gas liquid chromatography using 

a silicone OVl support as described by McGuinness (l975)- For 

the preparation of the standard, the sodium salt of 2-hydroxyglutarrvte 

v/as used. ■ Before addition of the BSA, a sample of the salt was 

dissolved in a small volume of glacial acetic acid to convert part 

of it to the free acid. The trimethylsilyl derivative of the acetic 

acid formed v/as found to be so volatile that it v/as eluted from the 

G.L.C. column very rapidly, and therefore did not interfere with 

the detection of the 2-hydroxyglutarate derivative.

Preparation of the dimethyl ester derivative - Diazomethane was 

prepared by the method of Deboer & Backer (1956) and was added to 

the samples in a similar manner to the addition of BSA, the methyl 

ester of the samples being formed spontoneously. The isolated 

samples and the standard were analysed by G.L.C. on a support of 

diethylone glycol succinate using conditions described by MacPherson 

& Buckoe (1974).
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a,5. Calculation of organic acid concentrations 

Concentrations of organic acids were calculated from the 

measurements of the areas of the chromatogram peaks. Commercial 

samples of the organic acids were applied to the columns at different 

concentrations, and the resulting traces allowed calibration curves 

to be plotted. The retention times of organic acids examined is 

given in Table 1.

a.4. Reproducibility of analyses

The error involved in estimating organic acid concentrations by the 

above mentioned method was assessed by repeated analysis of a sample 

of commercial lager. Standard deviations calculated from twelve 

analyses of the sample are shown in, Table 2.

a.5. Measurement of intracellular organic acid concentrations 

A sample of the fermenting wort was centrifuged at 7000 ̂  for 5 niin. 

at room temperature in a pre-weighed centrifuge tube, and the wet 

weight of the pellet determined. The centrifugation procedure was 

then repeated on another sample of the fermenting wort, but this time 

the operation was carried out at O^C. The cooled pellet was slurried 

with some of the supernatant of partly fermented wort such that the 

yeast concentration was about 1 g v/et weight/ml of partly fermented 

wort. After treatment to release the cell contents, the organic 

acid concentrations of the supernatants from the slurries were 

assayed, and compared with the acid concentrations determined in the 

partly fermented wort samples. From the results, the intracellular 

acid concentrations were calculated.
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Table 1 Order of elution of sane onranic acids by partition
chromatography

Acid Retention time (min)

mesaconate 20 ± 0.5
laevulinate 20 + 0.5
acetate 26 ± 0.5
formate 32 + 1
fumarate 34 + 1
pyruvate 4 2 + 1
glutarate 71 ± 1.5
lactate 9 2 + 2
succinate 107 + 2
2-o k  oglut arate 122 + 2.5
pyroglutamate 133 ± 3
glycollate l6l + 5.5
2-hydraxyglutarate 172 + 3.5
cis-aconitate 1" and citramalate 174 + 3.5
malate 201+4
citrate - 220 + 4.5
iso-citrate 225 ± 5
sulphuric acid 246 + 5

Details of the chromatographic method used are given in 
the Methods Section*
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Table 2 Standard deviations of values of organic acid
concentrations estimated by partition chromatography 
in a sample of commercial lager

Acid Concentration (mg/1) 
& Standard Deviation

acetate 122 + 4
pyruvate 6l ± 8
lactate 8 0 + 9
succinate 84± 7
pyroglutamate 5 2 + 5
2-lydroixyglutarate 25 ± 2

malate 99 ± 8
citrate 1171 9

Details of the chronatographic method used are given in 
the Methods Section.
Standard deviations were calculated from the results 
obtained by analysis of a single sample of lager twelve 
times*



Tho following treatments were applied;

(i) Boiling water *

A centrifuge tube was capped with aluminium foil, and placed in boiling 

water. A sample of the cold yeast slurry was drawn into a pre- 

cooled syringe, and rapidly injected into the tube tlirough the foil 

cap. After tv/o minutes, the tube was removed from the water, and 

the contents centrifuged. The supernatant was assayed for pyruvate.

(ii) Trichlort^acetic acid *

Cold yeast slurry (l.8 ml) was placed in a cold water bath at 4'̂ C, 

and 0.2 ml of cold trichloracetic acid solution (5M) v/as added.

The mixture was shaken, and allowed to stand for 15 min. at room 

temperature. The pyruvate concentpation of the supernatant from 

the treated slurry was assayed, and compared with that estimated in 

the partly fermented wort which had been similarly treated with 

trichloracetic acid.

(iii) Disruption by shaking with glass beads

Cold yeast slurry (I5 ml) was disrupted by violent shaking with glass 

beads in a Braun Homogeniscr (Type LISK B. Braun, Me Is ungen, V/est 

Germany) using the method described by Merkenschlager et al. (l957).

The slurry was then centrifuged, and the pyruvate concentration of the 

supernatant assayed.

(iv) Sulphuric acid

The method was based on that used by Conway and Armstrong (19CI).

Methods (i) & (ii) were based on bhat used by Trevelyan and Ila'Tison,

1954).
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The cold yeast slurry was added to an equal volume of concentrated 

sulphuric acid. After centrifugation, the supernatant was 

transferred to a chromatography column used for the separation of 

organic acids; the acidification step described in the method of 

organic acid analysis was omitted.

(v) Disruption in a Hughes Press

Cold yeast slurry (5 ml) was introduced into the upper compartment 

of the Hughes pressure cell that had been cooled in a mixture of 

solid carbon dioxide and acetone. The frozen slurry in the cell 

was subjected to a pressure of about )80 kg/cm^, until all of it 

had been transferred to the lower compartment of the pressure cell. 

Before analysis, 6H sulphuric acid was added to the frozen slurry 

(0.1 ml/ml of slurry), and the mixture was allowed to thaw. After 

centrifugation, the supernatant was transferred to the chromatography 

columns used for organic acid analysis; the acidification step 

described in the method of organic acid analysis was omitted.

b. ENZYtæ ASSAYS

b.l. Prenaration of the crude enzr/mie extracts

The crude preparations were obtained by rupturing a suspension of 

yeast cells by shaking violently with small glass beads in a Braun 

Hornogeniser, For the analysis of succinate dehydrogenase activity, 

the suspensions of broken yeast cells were dialysed against phosphate 

buf f er (50 mîvî, pH 7 - 4 ) -
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b.2. Estimation of mainte dehydrogenase (E,C,1.1.1.57) activity 

Malate dehydrogenase activity was assayed using the basic method 

of Gosling and Duggan (l97l)* To 2.6 ml of buffer (Tris- 

hydrochloric acid, pH 7»5) were added 0.1 ml of NADH solution 

(2 mg reduced sodium salt and 50 mg sodium bicarbonate dissolved 

in 5 nil water) and 0.2 ml of oxalacetic acid (5 mM). The mixture 

v/as incubated for a few minutes at 30^0, and transferred to a 

spectrophotometric cuvette. The reaction was started by the 

addition of 0.1 ml of the crude enzyme preparation. The initial 

rate of change of optical density with time was measured at 340 nm, 

using 3 ml buffer as the reference. The oxalacetic acid solution 

v/as neutralised by the addition of sodium hydroxide solution 

immediately before use. i;

One unit of activity is defined as the number of jj. moles oxalacetate 

raetabolised/min/mg protein under the conditions used.

b .3. Estimation of succinate dehydrogenase (E.0,1.3.99.1) activity 

The succinate dehydrogenase activities of the dialysed preparations 

were assayed using the basic method of Arrigoni and Singer (1962). 

2.2 ml of potassium phosphate buffer (50 ml.I, pH 7*4), 0.2 ml of 

succinate solution (8.1 g disodium succinate hexahydrate dissolved 

in 100 ml water), 0.2 ml of cysteine sulphinic acid (0.2 g dissolved 

in 100 ml of water), and 0.2 ml enzyme preparation were placed in a 

cuvette. The mixture v/as incubated for a few minutes at 30^0, and 

the reaction started by the addition of 0.2 ml of dye solution 
(10 mg phonazine methosulphate and 3 mg o-dichlorophenol-indophenol
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dissolved in 10 ml water). Simultaneously, a similar reaction 

mixture was prepared, -but the succinate solution was replaced by 

the same volume of phosphate buffer, and this was used as a reference. 

The initial rate of change of optical density with time was measured 

at 600 nm.

One unit of activity is defined as the number of y. moles succinate 

metabolised/min/mg protein.

c. OTHER ANALYTICAL METHODS AND PROCEDURES

c.l. Yeast viability

Yeast viability was determined by staining with methylene blue using 

the method of Pierce (l970). ,

C.2. Yeast concentration

The concentration of yeast in the samples was determined by 

measurement of the dry weight: the sample (lO ml) was centrifuged 

(700 g for 10 rain) and the resulting pellet was washed in ammonia 

solution (5 ml, 0.04^ v:v ammonia solution, 0.88 sp.gr.), and then 

in de-ionised water. The pellet was quantitatively transferred to 

a pre-weighed aluminium cap, which was reweighed after drying in an 

oven at 100°C for 24 hours.

C.3. Specific gra,vity

The specific gravities of the samples were estimated by the teclmique 

described by MacDougald (1909): the movement of a small drop of the

sample in tubes containing sucrose of varying concentrations was noted,
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and the sucrose solution in which the drop of sample remained 

stationary was therefore at the same gravity as the sample. 5/&

(w:w) of mercuric chloride was included in the sucrose solutions 

to prevent microbial contamination.

c .4. Ni trogon

The concentrations of nitrogen in the samples were measured by a 

modification of the Kjeldahl method, the distillation and titration 

procedure being replaced by the use of an ammonia probe (Euckee, 1974)

C.5. Protein

Protein concentrations of the crude extracts.of yeast which were 

assayed for malate and succinate dehydrogenase activity were 

estimated by the method of Lowry et Yil.(l95l) by reaction with 

Polin-Ciocalteau reagent.

C.6. Phosphate

Phosphate was estimated by reaction with ascorbic acid and ammonium 

molybdate, as described by Fogg and Wilkinson (1958).

C.7. pH value
pH values were measured using a combination hydrogen ion electrode 

(Type 531160/100, Electronic Instruments Ltd., Chertsey, Surrey, 

England) in conjunction with a pH meter (Type 7050, -Electronic 

III31ruments Ltd.

o . 8. Li. s s ( ) Ived oxygen

The dissolved oxygen concentrations of wort s .am pi es were measured
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using a polarographic oxygen electrode (Type YSI 5739 D.O.,

Yellow Springs Instrument Co., Ohio, U.S.A.) in conjunction with 

an oxygen-meter (Type 54ARC, Yellow Springs Instrument Co.).

C.9, Dissolved carbon dioxide

The dissolved carbon dioxide concentrations of wort and beer samples 

were estimated manometrically by the method of Martin (1970).

c.lO. Sterilisation

Apparatus that was required sterile was placed in an autoclave and 

heated for I5 minutes at 121^0 at a pressure of 1 kg/cm^; in the case 

of apparatus used for the production of wort and for pilot-scale 

fermentations, sterilisation was achieved by steaming.

V. CHEMICALS

All chemicals used were the highest grade available. Chemicals 

were obtained from British Drug Houses Ltd., Poole, Dorset, England, 

except for the following:

Koch Light Laboratories, Colnbrook, Slough, Bucks, England:

PPO (2 ,5-diphenyloxazole)

POPOP (1,4-di-2-(5-phenyloxazyl)-benzene)

valine

tryptophan

2-phe nylethylamine
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glyceric acid 

glycollic acid 

glyoxylic acid 

mesaconic acid 

laevulinic acid 

Sigma Chemicals, St. Louis, Missouri, U.S.A.: 

oxalacetic acid 

2-hydroxyglutaric acid 

pyroglutamic acid 

lactic acid, hemicalcium salt

cytidine 2* and 3 - rnonophosphorio acid (mixed isomers)

cytidine

cytosine

Difco, Detroit, Michigan, U.S.A.:

YÎ.I Broth

yeast carbon base 

Hopkins and Williams, Chadwell Heath, Essex, England: 

succinic acid 

tertiary amyl alcohol 

Boehringer îvlannheim GmbH. , W.Germany; 

sodium pyruvate

nicotinamide adenine dinucleotide (reduced,

disodium salt; NADH)

MaJlinckrodt Chemical Works, St. Louis, Missouri, U.S.A.: 

silicic acid (100 mesh)

Eastman Organic Chemicals, Rochester, Now York, U.S.A.: 

o-nitronbenol, sodium salt .•
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Amcrsham Radiochemical Centre, Bucks, England :

|^_/^clpyruvate, sodium salt 

British Oxygen Co., Brentford, Middx., England: 

nitrogen (oxygen-free)

Distillers Co.Ltd., London, England: 

carbon dioxide gas 

carbon dioxide solid

Water treatment

The water used in all of the experiments was de-ionised by anion 

and cation exchange resins (Permutit Portable Deioniser Mark 12H, 

Permutit Co. Ltd., Isleworth, Middx., England).
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I. DETECTION OF ORGANIC ACIDS

Mixtures of ;mthentic samples of organic acids reported to be

present in wort and beer were separated by liquid/liquid partition

chromatography (described in Methods Section IVal) to examine

whether any could not be detected by this method of analysis. A

list of the acids examined is given in Table 3. The results showed

that the threshold of detection using this method was about 5 nig/l

for any of the acids. Only five acids could not be detected by

this method, namely oxalate, oxalacetate, gluconate, tartrate and

glyoxylate. Acetate, pyruvate, lactate, succinate, 2-oxoglutarate,

pyroglutaraate, 2-hydroxygiutarate, malate and citrate were detected1
in worts and beers; a typical chron;qtogrem of beer is shown in Fig.3̂

II. ORGANIC ACID COMPOSITION OF BEERS

The organic acid contents of sixteen commercial beers (seven ales, 

seven lagers and two stouts) were measured, and are shown in Table 4-* 

The acids present in this range of beers were acetate, pyruvate, 

lactate, succinate, pyroglutamate, maJate, citrate and, usually, 

2-oxoglutarate. Four of the ales and five of the lagers also 

contained 2-hydroxyglutarate; this acid was not detected in the 

stouts. The concentrations of the acids were found to vary 

considerably from one beer to another, the widest variation being in 

the lactate concentration (44 to 292 mg/l). Lactate was the acid 

detected in the highest concentration in seven of the beers (two of
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Table 1 Detection of organic acids by partition chromatopyaphy

Detectable acids Acids not detectable

acetate (l) gluconate (3, 8)
cis-aconitate(9) glyoxylate (9)
citramalate (5) oxalacetate (9* 10)
citrate (i) oxalate (4, 6, 7# 9* 10)
formate (9) tartrate (7, 9)
funarate (4)
glutarate (4)
giycoliate (4, 9, 10, 12)
2 -hydroDcyglutarate (11)
isocitrate (13)
lactate (l)
laevulinate (4)
malate (l )
mesaconate (4)
2-oxoglutarate (4, 7, 10)
propionate (2, 9, 10)
pyroglutamate (lo)
pyruvate (i)
succinate (l) -

Details of ths chromatographic method iised are given in the 
Methods Section,
Numbers in parentheses refer to the authors listed on the 
opposite page, who have detected these acids in wort and/or 
beer*
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References to Table 3

1 This acid has been reported too frequently 
to be included in this table; references are 
reported in the Introduction (pp. 11 A l2).

2 Clarke et al. (1962;
3 Drawert and Hagen (1970)
4 Enebo et al. (l955)
5 Pantozzi (l970)
6 Hashizume and Mitsui (1952)
7 Kuroiwa and Kokubo (l959)
8 Piendl and Gehlloff (l973)
9 Rosculet (1969)
10 Sasahara and Miyoshi (1967)
11 Tadenuma et al. (1966)
12 Thoukis et al. (1965)
13 ïïeda et al. (1964)
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the ales, three of the lagers and both of the stouts), but 

succinate predominated in three of the ales, Tho other major acid 

was citrate, which was the most abundant acid in five of the beers 

(two of the ales and three of the lagers). One beer (Lager F) had 

acetate as the major acid. All of the beers had relatively low 

concentrations of 2-oxoglutarate (up to 20 mg/l), but in one beer 

(Lager O) this acid was not detected. In those beers that 

contained detectable amounts of 2-hydroxygiutarate, the concentrations 

of this acid were low (up to 17 mg/l).

Three samples of another commercial lager, brewed from the same

materials, but in different breweries, were analysed. Considerable
* /

variation between the beers in the acetate, pyruvate, succinate, 

pyroglutamate and malate concentrations were detected (Table 5)*

III. ORGANIC ACID COMPOSITION OF WORTS

a. STANDARD ALE WORTS

Two standard ale worts were analysed, and acetate, pyruvate, lactate, 

succinate, pyroglutamate, malate and citrate were detected. 

2-Oxoglutarate and 2-hydroxygiutarate were not detected. Citrate 

was the acid detected in tlve highest concentration (Table 6). A 

comparison was made between worts produced from the same barley 

variety maJ.ted in the sarie plant, but grown in different years (l973 

and 1974). The two worts varied little in organic acid content,
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with the exception of pyroglutamate and citrate, which were, 

respectively, 25 mg/l and 38 mg/l higher in concentration in tho 

wort made using the 1973 malt (Table 6).

b. STANDARD LAGER WORTS

In the standard lager wort made by the same procedure as the ale 

wort, but using a lager malt, acetate, pyruvate and pyroglutamate 

were detected in similar concentrations to those in the ale worts, 

but the lactate and malate concentrations were higher. Succinate 

was not detected in this wort. The concentration of citrate was 

of the order as that detected in the ale worts (Table 6). Other 

properties of the lager wort (oe-amino nitrogen concentration, total 

soluble nitrogen concentration, specific gravity and fermentabiliby) 

were similar to those of the ale worts, although the pH value was 

higher (Table 6).

IV. EXCRETION OE ORGANIC ACIDS DURING FERMENTATION

a. EXCRETION OF ORGANIC ACIDS IN DIFFERENT FE.RYlENTATION SYSTEMS 

Samples were removed at intervals throughout fermentations of 

standard ale wort with strain N.C.Y.G. ].236. Analysis of the samples 

for organic acid concentrations allowed the excretion and assimilation 

of these acids by_yeast to be assessed in the intermediate stages of 

fermentation. Three fermentation systems were examined: (i) a pilot- 

scale, unstirred batch system of 27.3 1 capacity; (ii) a laboratory- 

scale system (l.5 1 cepacj.ty) in which b!ie fermciiiing wort was
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continually stirred, and isolated from the atmosphere hy passing 

nitrogen through the headspace of the fermentation vessel; (iii) 

a continuous fermenter in which v/oi't was pumped through a plug of 

yeast.

The results using these three systems are given below: 

a.i. Pilot-scale fermentations

The changes in concentrations of organic acids during a fermentation

of standard ale wort are shown in Figs. 4a, b and c. The

concentrations of lactate, succinate and malate increased throughout

the period of fermentation; they continued to increase for about 20
1 ;

hours after the fall in specific gravity had ceased (Fig. 4a). 

2-Hydroxyglutarate was not detected until 18 hours after inoculation 

of the yeast (when the specific gravity had fallen to 1.033)j 

2-oxo^lutarate was not detected until 42 hours after the inoculation 

(when a specific gravity of 1.010 had been reached). The 

concentrations of 2-oxoglutarate, 2-hydroxyglutarate and pyruvate 

were maximal when the fall in specific gravity had ceased (Figs. 4a 

and b). A relatively rapid increase in the acetate concentration 

was detected soon after the yeast was inoculated, reaching a maximum 

value at a specific gravity of 1.033 (l8 hours after inoculation).
The acetate concentration then began to decrease, and reached a 

minimum value at a specific gravity of 1.006 (67 hours after inoculation) 

The acetate concentration then increased again, so that, in the 

finished beer, it was similar to that in the wort (Fig. 4b), No
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Pig, 4 Changes in ccancentratiohs of organic acids during a
nilot-scale fenoentation of standard ale wort hy strain 

N.C.Y.C.1236
a, succinate (#); lactate (O); malate (A); 2-cxoglutarate

2-h^roxyglutanate (v) 
t. acetate (#); pyruvate (o)
c* citrate (0) ; pyroglutamate (O)
The "broken lines represent specific gravity.
Values shewn are the average of duplicate determinations on one 
sas^le of feoDcnting wort.
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appreciable changes in pyroglutamate or citrate concentrations were 

detected (Fig. 4c),

a.2. Laborator.v-sca] e f ermentations

The organic acids that accumulated in the laboratory-scale

fermentations were the same as those detected in the pilot scale.

The concentration of lactate increased throughout the period of

fermentation; it reached a maximum value when the fall in specific

gravity had ceased, but the succinate concentration continued to rise

after fermentation was complete (Fig, 5^), No increase in the malate

concentration was detected until 50 hours after inoculation (at a

specific gravity of 1,018), and thereafter the concentration increased,
» ;

reaching a maximum value when the fall in specific gravity had 

ceased (Fig, 5%)* Acetate exhibited similar increases and decreases 

in concentration to those found on the pilot scale, reaching a 

maximum value 12 hours after inoculation (at a specific gravity of 

1,057) and a minimum after 27 hours (at a specific gravity of 1,021) 

(Fig. 5b), The pyruvate concentration increased, reaching a maximum 

value 50 hours after inoculation (at a specific gravity of 1,016), 

and thereafter decreased so that it was 16 mg/l less in the final 

beer than the maximum concentration (Fig. 5b). No appreciabJ.e 

changes in pyroglutamate and citrate concentrations were detected 

(Fig, 5c),

a,5. Plug fermentations

Otandard ale wort was pumped through tlue plug at a rate such that al] 

oiT the fermentable su.ge v/as assimilated by ti)e yeast, Oair-les 01
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Fig,5 Changes in concentrations of organic acida during a
Xahcaratory-scale fermentation of standard ale wort by 

strain N.C.Y.C.1256 
a« succinate (#); lactate (O); malate (4); 2-oxoglutarate (Ù);

2-hyarcxyglutarate (v) 
t>. acetate (#); pyruvate (O)
c. citrate (O); pyroglutamate (O)
The broken lines represent specific gravity.
Values sh(^ are the average of duplicate determinations on one 
sample of fermenting wort.

> 
s

160

80

40

0 60 8040 100200

-1 1.040

1.030

1.020

1.010

CO
g
o§I

' J 1.000

Time after inoculation (h)



- 72'

beer were taken at intervals of 24 hours during a 72-hour period 

of continuous operation; longer operation was not possible owing 

to a gradual blockage of the yeast plug. The first sample of beer

collected from the plug contained similar quantities of organic 

acids as those detected in the finished beer from the pilot-scale 

fermentation, and the concentrations of lactate, succinate and 

malate were not appreciably different from these values during the 

operating period (Fig. 6a). The acetate concentration increased 

four-fold over the first 48 hours of operation of the system, and 

thereafter it remained at the relatively high value of 135 to 138 

mg/l (Fig. 6b). Conversely, the pyruvate concentration decreased 

throughout the operating period to about one third of the initial 

concentration after 72 hours (Fig. 6b). The concentrations of 

pyroglutamate and citrate were variable, ranging from 120 to 193 

mg/l and 5^ to 92 mg/l respectively (Fig. 6c).

V. FACTORS AFFECTIilCr QRGAITIC ACID EXCRETION

a..YEAST SPECIES AND YEAST STRAIN

Nine strains of Saccharomyces cerevisiae (eight brewing strains, 

and one, N.C.Y.C. 738, isolated as a brewery contaminant), and six 

brewing strains of Sa.ccharomyces uvarum were used to ferment 

standard ale wort on the laboratory scale; the organic acid 

concentrations of the resulting beers were determined (Table 7)*

All of the beers contained the nine acids previously detected in 

the beer fermented by strain N.C.Y.C, 12)6 (this Section, IV), cxcopi
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Pig, 6 Changes In concentrations of organic acids during
operation of a pliig fermenter iislng standard ale 
wort and strain N.C.Y.C.1236

a. succinate (•); lactate (O); malate (A); 2-oxoglutarate (A);
2-hyiroxyglutarate (▼) 

t), acetate (•); pyruvate (O)
0. citrate (•); pyroglutamate (O)
The "broken lines represent specific gravity.
Values shown are the average of duplicate determinations on one 
sample of "beer.

l6o

120

80

40

0
480 72

-, 1.040

1.030

1.020

1.010

CO

o

I?

I j 1.000

Hours of operation



- 75-

CT-P
y

H
cS

I
CO

AdoCO

o-p

%
ÜrC•P
g

<£g
Ch0
1•H+>
I
§

s

1d
o•H

I

I

ICO
-p1
-P

g•Hnj

II
m

1I

•p

è•HO

O■P
À
M

I -P
o  d

ë  5
cîi ^

to

Ü d

w

d
-pI
o-pd

•p
o

p  g ^I I
CO

Ü
&

CTNCTvVO ir\ m  hT\ T" CO o  VO m v o v o  m v o v o  m o  o o o o o o o o ^  o o o o o o o o o

omc\j ^-oi^ovmf^CO T- OV O  VO VO T~ T—T“ CM CNJ r— CM r— T— CM CM

mm-r-cDOOCMcMvo VO VO I—  mmf^vo-^t^

o
orf-d-r-oocMr^-d-'U ok -T -d" T- g t-

("vmovCM cT\v-mmm VO T - m h - m v o c o v o  o

CM m f ^ C T N - d - O O r r t O  -d‘'«r*cMCM'pmmâ T-

o  m  VO m  o  -d" -t o  T-VO m o v v o c M m mCM CM T— CM T- T— T- T—

rfvocr\mOmo\cocMI'^r^ovNr^cTNCAvoco

CM ovr^r^ov-d-ovmm 
CO m m v o  ^ -d - _ d - m c M

o
f '-c jv  d  CM M  cr\ m  m  mm  ̂  T- T- V  t— <r*

OCQVOCMVOCM-d-VOCO

. oar STAOJCOO
ssoAuiojreqoo^S

m  CTN ̂  -d“ CMVO m v o  VO ctn'oo  o  o  o  o  oo  o  o  o  o  o

m  CM o  o  CO o  
m o  (T\ -d- m  oT- CM T— CM T- CM

m ^ c o  VO CO -d- 
o  o  1'^ o  CO F -

^  Cp T— -d" r- Or-r^oo mM-d-

m v o  o  CO CT\ T- 
-d- m v o  VO m v o

oo _VO T- d T— Om  m

CM r- o\ CM
(7\ crv VO m  CO ^  CM CM ^  X— ^

crv (7\ r^oo CO CO T— VO ov m  m  t—

CO co m  CT\ _+ o  m  m  -d" VO m

00 o  F^oo _d-m  m  CM _d" T-

T- ■«- m  m  m  m

maxeAn
soaÆuiojnsqoô ';
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that produced by strain N.C.Y.C, 1536 in which 2-oxoglutarate and

2-hydroxyglutarate were not detected. The concentration of each

acid varied, depending on the yeast strain, especially that of

acetate, pyruvate, succinate, 2-oxoglutarate and 2-hydroxyglutarato.

In the beer fermented by strain N.C.Y.C. 758, a relatively ].ov/

concentration of pyroglutamate was detected (15 mg/l); in other beers,

the lowest pyroglutamate concentration was 45 mg/l.■ The concentrations

of 2-hydroxyglutarate were higher in the beers fermented by the Sacch.

uvarum strains (the average concentration being 67 mg/l in these beers)

than in any of the beers fermented by Sacch. cerevisiae strains (the

average concentration being only I5 mg/l). Lîalate concentrations were

higher in the beers fermented by the Sacch. uvarum strains (average of
* .

95 mg/l) than those fermented by the Sacch. cerevisiae strains 

(average of 67 mg/l). None of the strains of Sacch. cerevisiae 

produced beers with more than 99 mg/l of lactate, whereas in four of 

the six beers fermented by the strains of Sacch. uvarum the 

concentrations of lactate detected were greater than this value.

The pattern of excretion of organic acids during a laboratory-scale 

fermentation with strain N.C.Y.C. 24O was examined, and compared with 

that during the laboratory-scale fermentation with strain N.C.Y.C.

1256 (this Section, IVa2). Fig, Ja. shows that, like the fermentation 

with N.C.Y.C. 1256 (Fig. 5a), lactate, malate and 2-oxoglutarate 

increased in concentration during fermentation, reaching maximal 

concentrations when the rate of fall in specific gravity had decreased; 

the succinate concentration continued to increase relatively rapidly 

in the later stages of the fermentation when the specific gravity was
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Fig.7 Changes in concentrations of organic acids diirlng a
laboratory-scale fermentation of standard ale wort "by 

strain N.C.Y.C. % 0 ' 
a# succinate (#); lactate (O); malate (A); 2-oxoglutarate (A);

2-hydrcxyglutarate (▼)
b. acetate (0) ; pyruvate (O)
c. citrate (0); pyroglutamate (O)
The broken lines represent specific gravity
Values shown are the average of duplicate determinations on one
sample of fermenting wort.
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decreasiîig' very slowly (Fig. 7a). Only trace amounts of 

2-hydroxyglutarate were detected in the fermenting wort (Fig. 7&).

The sequence of concentration changes of acetate and pyruvate during 

the fermentation (Fig. 7^) were the same as those detected in the 

fermentation with strain N.C.Y.C. 1236 (Fig. 5h). Fig. 'Jc shows 

that the concentration of citrate increased during fermentation 

from 165 to 227 mg/l, but the pyroglutamate concentration did not 

alter significantly from about 80 mg/l. At the end of fermentation, 

the beer fermented by strain N.C.Y.C. 240 contained higher 

concentrations of pyruvate, citrate and malate than the beer 

fermented by strain N.C.Y.C. 1236, but lower concentrations of 

acetate and 2-hydroxyglutarate; the concentrations of 2-oxoglutarate 

and succinate were similar in both beers.

b. WORT pH VALUE

b .1. Effect of the uH value of wort on excretion of rurruvate 

The effect of increasing the pH value of wort on the excretion of 

pyruvate during subsequent fermentation v/as assessed using standard 

ale wort with strain N.C.Y.C. 1236. The course of pyruvate excretion 

during fermentation of worts adjusted to pH 5*05» 5*10, 5*4-5 and 6.10 

is shown in Fig. 6, from which, it can be seen that increasing the pH 

value of wort resulted in a greater quantity of pyruvate being excreted 

during fermentation. The amount of yeast growth was not significantly 

affected by the alteration of the pH value, the concentrations of yeast 

present after fermentation varying from 5*34 mg dry woiglit/ml (when the 

pH value of the wort w.es 6 .IO) to 5 *43 rtg dry weight/ml (when the pH 

value of the wort was 5.10'}.,
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Fig# 8 Relationship between -pH value of wort and excretion.
of pyruvate during laboratory-scale fermentations by 

strain N.C.Y.C. 1256 
Standard ale wort was adjusted to the following jfi values 
5.05 (O); unadjusted, 5.10 (#) ; 5.45 (A); 6.10 (A)

Values shown are the average of duplicate determinations on one 
sample of fermenting wort.
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b ,2, Errocfc of pH value on the réutilisation of pyruvate 

Laboratory-scale fermentations of standard ale wort were carried out 

using strain N.C.Y.C. 1256. Sodium hydroxide was added 75 hours 

after inoculation of the yeast, when the pyruvate concentration in 

the fermenting wort was diminishing; the pH value of the fermenting 

wort was raised from 5*90 to 5.50 by this addition. Less pyruvate 

was detected in samples taken 19 and 89 hours later than in samples 

to which no alkali had been added (Fig. 9)»

c. WORT COMPOSITION

c.l. Variety of malt

The ale and lager worts of the types analysed previously (Table 6)
> /

were fermented on the laboratory scale with strain N.C.Y.C. 1524 and 

strain N.C.Y.C. 240, The amount of each of the organic acids 

excreted by the yeast during the fermentations was determined 

(Table 8). The concentration of citrate increased by about 50 mg/l 

during the fermentations of both the ale and the lager worts with 

N.C.Y.C. 1524 and by about 20 mg/l during the fermentations with 

N.C.Y.C. 240. The amounts of 2-oxoglutarate and lactate excreted 

by both of the yeast strains were not significantly affected by the 

type of wort used, but more acetate, succinate and pyruvate accumulated 

in the fermenting lager wort than in the ale wort. No significant 

changes in the pyroglutamate concentrations were detected in either 

the ale or lager fermentation with either yeast strain. Only strain 

N.C.Y.C. 1524 excreted 2-hydroxyglutarate to a measurable extent, and 

the concentration of this acid was not significantly affected by the 

type of wort used (Table 8).
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Fig* 9 Effect of adjustment of "pH In the later stages 
end after a laboratory-scale fermentation by 

strain N.C.Y.C. 1236 
no adjustment of pH (O) ; addition of alkali to increase 
pH value frcm 3«90 to 5.50 (•); specific gravity (X) 

Alkali vras added /3h after inoculation (indicated by the vertical 
broken line).
Standard ale wort was used.
Values shown are the average of duplicate detenninations on one 
sample.
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Pilot-scale fermentations of similar worts uzing the same two yeast 

strains a^ain showed that more pyruvate and succinate were excreted 

when lawyer wort was used rather than ale wort. Again, strain N.C.Y.C 

1324 excreted about 30 mg/l of citrate durin^g the fermentation of 

either wort; no significant changes in the pyroglutamate 

concentrations were detected in any of the fermentations (fable 9)»

C.2, Amino-ac d composition
Standard ale wort was supplemented with amino acids such that the 

nitrogen concentration was increased by 100 mg/l. Laboratory-scale 

fermentations were carried out with N.C.Y.C. I236 using wort 

supplemented with either asparagine, aspartate, glutamate, glutamine
t ;

or ammonium sulphate. The pH value of the wort was decreased by 

addition of glutamate and aspartate; in these cases, the pH value 

was adjusted to that of the wort before the additions had been made 

(pH 3'20) by addition of alkali. The pyruvate concentrations in 

the beers varied from I5 mg/l (in the fermentation to which ammonium 

sulphate had been added) to 84 mg/l (in the fermentation to which 

glutamate had been added (Table lO). The pH values of the beers 

were different; a correlation between the pH value of the beers and 

tiieir pyruvate concentrations is apparent from the table', the beers 

with the lower pH values having the lower pyruvate concentrations.

To maintain the same pH value irrespective of the nitrogen source 

added, 1ormentations were carried out using a defined medium 

concis ting of a strongly buffered glucose solution. The medium 

'W'.s supplemented wi th either serine, glutamate, aspartate, aspwi.ragino,
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arginine or ammonium sulphate, such that the nitrogen concentration 

in each of the media was mg/l. The media were fermented on the 

laboratory scale using strain N.C.Y.C. 1236; the pH value was 

found to change by no more than 0.05 units either on addition of the 

nitrogen source, or during the course of fermentation. In all of 

the fermented media, acetate, succinate, 2-oxoglutarate and 

2-hydroxyglutarate were detected, but lactate, malate, citrate and 

pyroglutamate were not, A large peak was seen on the chromatographic 

trace which was approximately coincident with that of pyruvate; 

this peak was found to be due to the potassium hydrogen phthalate 

used as a buffer in the medium. Concentrations of the detected 

acids are given in Table 11. Acetate was detected at the highest 

concentration in the medium containing aspartate (105 mg/l), and 
the lowest concentration was detected in the medium containing 

serine (7 mg/1). The pyruvate concentration varied from 84 mg/l 
to 200 mg/l, the highest concentration being detected in the medium 

containing aspartate, and the lowest in the medium supplemented with 

arginine. The medium containing glutamate gave rise to the highest 

concentrations of succinate, 2-oxoglutarate and 2-hydroxyglutarate.

The medium containing ammonium sulphate gave rise to the lowest 

c uic. nil':;.tions of 2-oxoglutarate and 2-hydroxyglutarate. The 

2-oxoglubarate concentrations detected were the most variable, ranging 

from 37 to 1156 mg/l,

d. YkAST GROWTH

The ex bent of yeast /-rowth may be varied ly altering the ni brogen 

com:, os i tion of the wort, assuming sufficient oxy/;eu is avui lable.



- 88-

6

I
UI
a

gII

I

-j2 -d" VO V- UN
p UN UN 4—??

T~ V

iCO

I
CO

S'S
2“P

IT\ 10KN
O«8 lA

10 KN

g
KN g 5 «

UN
r-CJN a

<J\
UN

O
8 8 ê O

KN

oKN ÎÎ

01I a

il|pq S



.P.c;9-

Three worts differing in nitrogen concentration (35I, 7^2 and 1092 

mg/1 of nitrogen) were fermented on the laboratory scale using 

strain N.C.Y.C, 1236. The pyruvate concentrations were measured 

at intervals throughout the fermentation, and the amount of yeast 

growth (expressed as dry weight) was measured at the end of 

fermentation (60.5 hours after inoculation). The concentrations of 

pyruvate detected in the beers were found to be directly related to 

the weight of dry matter present (Fig. lO).

Sampling of a laboratory fermentation of standard ale wort with

strain N.C.Y.C. 240 at hourly intervals showed that pyruvate

excretion was linearly related to the amount of dry matter formed
» /

(Fig. 11). For this yeast strain, 15.5 mg of pyruvate were excreted 

per mg of yeast mass (dry weight) formed.

e. EXTENT OF FERMENTATION

The total concentration of organic acids detected in the fermenting 

worts, expressed on a molar basis, was found to be linearly related 

to the extent of fermentation (indicated by the fall in specific gravity) 

This relationship was found when all of the wort and synthetic media 

Cormentations with N.C.Y.C. 1236 were examined (Fig. 12), although the 

amount of acid excreted per degree of specific gravity fall varied 

considerably from one fermentation to another.

f . OXYGEN CONCENTRATION OF THE V/ORT

Air-saturated wort was routinely used as the standard medium for
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Fig* 10 Effect of nitrogen concentration of wort on pyruvate 
excretion during laboratory-scale fermentations by 

strain N.C.Y*C.i236 
standard ale wort, containing 702iqg nitrogei/l (O); 
high-nitrogen wort, containing 1092mg nitrogeiŷ l (#) ; 
adjunct wort, containing 351 mg nitrogei^l (A)

All of the worts had specific gravities of 1*040*
The bars represent yeast concentration 60.5h after inoculation; 
hollow bar, standard ale wort; solid bar, hi^-nitrogen wort; 
hatched bar, adjmct wort.
Values shovn are the average of duplicate determinations on caie 
sample of fermenting wort.
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Pig. 11 . Relationship between pyruvate excretion and production 
of yeast mass during a lahoratory-scale fermentation 

"by strain N.C.Y.C.24-0 
Standari ale wort was iised.
Values shown are single déterminations.
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Pig. 12 Relationship between decrease in specific gravity ani 
total detectable organic acid excretion during 
laboratory-scale fermentations hy strain N.C.Y.C. 1236 
synthetic medium ̂  -vTith ;
glutamic acid (#), arginine (A), serine (O); standard 
ale wort (□)

Values shown are the average of duplicate determinations on one 
sample of fermenting medium.
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Composition of the synthetic medium is described in the Methods 
Section.
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inoculation on the laboratory fermentation scale. The effect of 

increased oxygen concentration in the wort on organic acid excretion 

during subsequent fermentation was assessed by using oxygen- 

saturated wort. Oxygenating wort, instead of aerating it, raised 

the oxygen concentration from approximately 6 to jO mg/l. On 

fermentation of a standard ale wort with three yeast strains (N.C.Y.C, 

1952, 1328 and 738), the total organic acid concentrations were higher 

in the beers fermented from the oxygen-saturated worts than from the 

air-saturated ones (Table 12a, 12b and 12c). Pyruvate, lactate, 

succinate and 2-oxoglutarate concentrations were higher in the beers 

fermented from the oxygen-saturated worts than those from the air- 

saturated ones.

g. PREPARATION OP THE YEAST INOCULUM

Two methods were used to propagate the yeast used to inoculate 

fermentations; in one method, air was accessible to the yeast, and 

in the other, air was excluded. Fermentations with ten yeast strains 

(five Sacch. cerevisiae and five Sacch.uvarum) showed that the yeast 

propagated with access to air produced beers with a greater total 

organic acid concentration than the beers produced using the yeast 

propagated with limited access to air (Table I3). More pyruvate, 

lactate, succinate, 2-hydroxyglutarate, 2-oxoglutarate and malate 

were detected in the beers fermented by the yeast strains propagated 

with access to air, although the opposite correlation was found when 

the acetate concentrations were examined.
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Table 13 Effect of prcypagation conditions of yeast on organic 
acid concentrations of "beer

Propagation conditions ;
+ indicates that air was accessible duiing propagation;
- indicates that air was excluded during propagation.
Pull details of the conditions are given in the Methods 
Section (llla1). 
nd = none detectable 
trace <  5mg/l
Values quoted are the average of duplicate determinations,



-99-

+> - _ o M d
§ Hi CO KN IfNOO ▼“ VÛ NNVpvo UN CO r*-

q  fCN co h- _ .
cy T- ÇÔ UN 00 UNONf^ r^vo

O U N  CM UN
CO UN Pl

S

•HO

ON 1^-4“ ON-^ KNÇO N  UNvovo vûQ) vor*^ T - O  T - ÔV- f  CM CM CM CM
CM T- KN ON CM f  CVTVO CM CM CM CM CM CM3 C7\ UNVO V» VO VO O  vo o COCM -r-

ShR VO UN vo UN-d" o ON oO fîR

j -5
'CM P d
d

d "S O  -d-NO *S *S O  "S v^ *̂ CM -d-^  T- Ooo
KN -d" CM UN -T KN -d" KN

I§01
ë

I
s

iRvP >ovo oo'^ vo’vo S'îp o vo CM 00 o ON ON T- ON r- vo vo vo ^  vo vo

4J
•Pd

g
h +»
1 S»CM r4

bO

r> KN o UN o
-d" T- KN V- KN:: 'Srrt O  

C  T“
O 4)KN KNVO o o o UN o oIl

CQ

^ C M  ffN ON r^UN CM CO CM KNVO VO CJNCTv UNVO O  VO KNT- T— V CM T” T”
4>

r^CTN UN KN ONf^ CO -d’ CM 00 -d-UN CJNCO CJn K  VO VO CO ON KNJ- T- KN CO -d- CO O  coco CMOS vo vo UNVO r~- UN v- t-

VO UN -d-r*- ON_d" »^-d- UN -d" KN KN -d" KN -d KN UN KN CM-r-
CO r~- UN T- ON CM UN M  O  -d 
UN-d I^VO -dVO r^CM UN UN

4S
I

4> 4>ü  ü  ON KN K N M  UN CM UNVOd T- T- T- -d T- T”
ê ê

_d O  O  O  CO T- CM rs-cM 
vo V  UN CM « d - d - ^ ï ^  V-

, , g

i l H&
+ 1 + 1  + 1  + 1  + I + 1 + 1  + 1  + 1  + 1

I I I
o CM -d vo CO 

KN KN KN KNKN KN KN KN
8  »  ^  K?T- KN KN KN KN

• s id o 
CO

saTsriAaaoo • 
soo^uicjpeqooas

nzunsAn
ssaAuojBqooBg



"100-

Comparison of the effect of oxygen (i) by wort treatment or (it) 

in yeast propagation, on organic acid excretion during subsequent 

fermentation is shown in Tables 12a, 12b and 12c. For the three 

strains of yeast, beers containing the highest concentration of 

org&inic acids were obtained by allowing access to air during yeast 

propagation rather than by oxygenating the wort.

VI. THE FATF OF PYRUVATE IN THE LATER STAGES AND AFTER FERMENTATION

The concentration of pyruvate decreased, and that of acetate increased

in the later stages of fermentation and after fermentation on the»,
laboratory scale with strains N.C.Y^G. 1256 and 240 (Figs. 5̂  and 7b), 

A closer examination of these changes was made by incubeting yeast. 

(N.C.Y.C. 1256) with beer in a stirred vessel with nitrogen passing 
through the headspace, and assaying the pyruvate and acetate 

concentrations. On a molar basis, the amount of acetate excreted 

by the yeast d.uring 100 hours’ incubation was accompanied by an 

equal amount of pyin.ivate being assimilated (Fig. 15a); the sum of 

the molar concentrations of acetate and pyruvate were constant 

throughout this period. In another experiment, the pyruvate 

concentration of the beer was increased by 5OO mg/l by the addition 

of sodium pyruvate. After incubation with strain N.C.Y.C, 1256 in 

tlio conditions described above, the rate of decrease of the pyruvate 

concentration and the rate of-increase of the acetate concentration 

were both greater than the rates observed, in the incubation whore 

pyruvate had not been ad-.'cd (Fig. Iqo). On a molar basis, the
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Plg» 15 Changes iti pyruvate and acetate concentrations in beer
stirred with strain N.C.Y.C. 1236 in lahoratory-scale fermenters 

a* "beer stirred with yeast (30g wet weigh-^l)
h. beer suppHemented with 500mg pyruvate /I stirred wiüi yeast

(30g wet wei^yi)
acetate (O); pyruvate (•); total acetate plus pyruvate concen
tration (A)

The beer was obtained from standard ale wort by fermentation on the 
laboratory scale with N.C.Y.C. 1236.
Values shown are the average of duplicate determinations on one sample 
of beer.
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amount of pyruvate aooimila,ted '.vas initially yroavtor than, the 

acetate excreted.

The fate of pyruvate in similar experiments v;as examined using

pyruvate which contained a radioactive isotope of carbons yeast was
14 ”1incubated with beer to which j 5- CJ sodium pyruvate had been added, 

under the conditions described above. None of the radioactive 

carbon was detected in the acetate that was excreted during the 

incubation (Table 14), A qualitative assessment of the amount of 

radioactivity incorporated in the volatile metabolites produced 

during the incubation, revealed that radioactive carbon dioxide was 

being evolved,
i 1

The specific gravity of the beers remained unchanged during these 

experiments, indicating that no fermentation of any residual 

carbohydrate was occurring.

VII. INTRACfLLTILAR ORGANIC ACID CONCfNTBATIOhS

Several methods of determining the intracellular concentrations of 

pyruvate were examined. All of the methods were based on release 

of intracellular pyruvate into the surrounding medium; intracellular 

determinations were therefore made by measuring the change in pyruvate 

concentration that occurred in the medium when the coll contents wore 

released. Breakage of the cells in situ during fermentation was 

tested, but the changes of pyruva to concent ration were tc)0 small to
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Tàble 14 Fate of pyruvate in a fully-fermented
beer stirred with yeast

Fyruvate Acetate
Duration of
incubation

(h) Concen
tration
(mg/l)

Radioactivity 
( colon ts/min) Concen-

toration
(mg/l)

Radioactivity
(counts/min)

Total Per mg 
pyruvate Total Per mg 

acetate

0 84 4621 55.0 104 119 1.1

75 51 1602 31.4 130 80 0.6

1.5 1 of beer (specific gravity 1.0090) ,femented from standard 
ale wort on ths pilot scale by strain N.C.Y.C. 1324, was stirred 
with 45g (wet weight) of the same strain of yeast at 20 C.
Values quoted are the average of duplicate determinations.
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be accurately determined, ' It was found necessary to isolate the 

yeast by centrifugation, and resuspend in a smaller volume, in order 

to obtain measurable concentration changes, During the course of 

laboratory fermentations, the following methods of cell breakage 

were attemptedî

(i) addition to a tube immersed in boiling water

The intracellular pyruvate determinations varied from zero to 

1059 mg/l of cell liquid depending on the stage of fermentation at 

which the yeast sample was taken (Fig. 14a).

(ii) addition of trichloracetic acid

Using this method, no concentration changes were detected.
« ;

(iii) physical disruption by shaking with glass beads in a Braun 

disintegrator

A large decrease in the pyruvate concentration was detected after cell 

disruption.

(iv) addition of concentrated sulphuric acid

The intracellular pyruvate concentration varied from zero to 54 i-g/1 

of cell liquid, depending on the stage of fermentation at which the 

sample was taken (Fig. 14b); the concentration changes were 

qualitatively similar to those detected by method (i) (Fig. I4&).

(v) freezing, followed by cell disruption in a Hughes Press, and 

addition of sulphuric acid before the sempl.c was thawed

This method gave reproducible results for the intracellular 

concentrations of acetate, lactate and succinate in 1 • o-r• 11ory-s0■ 11.e
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Fig. 14 Changes in Intracellular pyruvate concentrations measured
by methods (i) and (ivf^ during labors tory-scale fermentations

by strain N.C.Y.C.1256
a.  ̂ intracellular determinations by method (i)
b, intracellular determinations by method (iv)
Closed circles represent intracellular concentrations, and open circles 
represent extracellular concentrations.
Values shown are the average of duplicate determinations on one sample.

Method (i) : the yeast was centrifuged, and added to boiling water. 
Method (iv): the yeast was centrifuged, and concentrated sulphuric 

acid wsLS added.
Full details are given in the Methods Section.
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fermentations with strain N.C.Y.C. The intracollular pyruvate

concentrations determined wore low, the maximum boinj I4 m-yl of 

coll liquid or 0.)6 mg/g wet weight of yeast. The intracellular 

acetate concentration was ).0 rag/g wet weight of yeast in the sample 

used to inoculate the fermentation, and increased to 7*5 Kig/g wet 

weight of yeast two hours after inoculation (Fig. l^a). The 

concentration then decreased to about 1 mg/g wet weight of yeast 

after 20 hours (Fig, Ifa). In a second fermentation, the initial 

intracellular acetate concentration was 1.1 mg/g wet weight of yeast, 

and this increased to 8,5 mg/g wet weight within three hours. After 

about ten hours, the concentration decreased rapidly, returning 

close to the initial concentration 54 hours after inoculation.

The intracellular lactate and succinate concentrations determined 

were similarÎ the yeast inoculum contained about 5 mg/g wet weight 

of yeast of both lactate and succinate, and the concentrations 

decreased rapidly, so that 2.5 hours after inoculation, the 

concentrations detected wore less than 1 mg/g wet weight of yeast. 

Thereafter, they remained at these values until about 50 hours after 

inoculation, when increases in the concentrations were detected 

(Fig. 15t>).

VIII. ACTIVITIES OF RELAVF.n TO ORCAÎÎIC j.cij) K m m i s a

The activities of succinate debydrogeria.ses and mala to dehydi ogqma.ses 

present in yeas I grown v/ilh or without access to a ] r were aueiycd in
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Flg» 15 Changes in intracelliilar acid concentrations determined by
method (vf^ during a lahoratary-scale fermentation "by strain

N.C.Y.C.1524
a# acetate
h* succinate (solid lines); lactate (broken lines)
Closed circles represent intracellular concentrations, and open circles 
represent extracellular concentrations.
Standard ale wort was used.
Values shown are the average of duplicate deteminatiens on one sangle.

^  The yeast was centrifuged, frozen, and disrupted in a Hu^es Press, 
Full details are given in the Methods Section.
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a suspension of disrupted cells. In the case of the succinate 

dehydrofjenase assay, a high rate of activity v/as detected in the 

absence of the succinate substrate; this high endogenous rate 

was minimised by dialysis of the suspension before assay. Three 

strains of yeast were examined: N.C.Y.C. 1)24, 15)7 and a strain

of baker’s yeast.

a. ilALATE DEHYDROGENASE ACTIVITY

The brewing yeasts grown with access to air had higher malate

dehydrogenase activity than those grown with air excluded (Table 1)).

Strain N.C.Y.C. 1)24 had higher malate dehydrogenase activity than

strain N.C.Y.C. 1))7 propagated under the same conditions, but none
» ,

of the activities detected in those^two strains were as great as 

that of the baker's yeast (Table I)).

After fermentation with the two brewing strains previously propagated 

with limited access to air on the laboratory scale, using standard 

ale wort, the levels of malate dehydrogenase activity wore lower 

still (Table 1)).

Measurement of the Michaelis Constants (K ) of the malate
m

dehydrogenase enzyme or enzymes %y.resont in the suspension of the 

disrupted baker’s yeast cells, and a similar suspension prepared 

from a culture of strain N.C.Y.C. 240 (used in the pilot-scale brewery) 

gave values of ).2 x 10 in the case of both yeasts (fig. l6a).

The specific activity of the malate dehydrogenase enzyme or enz;/mos 

in the suspension préparée from strain N.C.Y.C, 240 WoS 0.00 units :
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Tablei5 l.îalate dehydrogenase activities of yeasts

Yeast strain 
(NCTO)

Propagation
conditions

Malate
dehydrogenase
activity
(units)

Yeast
viability

w

. + 0.69 99
1324 - 0.30 99

— 0.23 83

+ 0.41 99
1337 " 0.28 100

— 0.19 54

Baker's
yeast 1.01

Propagation conditions ;
+ indicates that air vras accessible during propagation;
- indicates that air was excluded during propagation;
—  indicates that yeast was obtained by (i) excluding 
air during propagation, and then (ii) using part of this 
anaerobically-grown yeast to inoculate another propagation 
vessel, from which air was excluded during fermentation. 
Pull details of the conditions are given in the Methods 
Section (lllai).
A unit is defined as the increase in absorbance (observed 
at 340nin)/iniiy'0.05g yeast (v/et weight).
Values quoted are the average of duplicate de termina, tiens.
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Plg. l6 Lineweaver-Burk plot of enzyme activities In brewer's 
and baker *8 yeast

a. Malate dehydrogenase activity
b. Succinate dehydrogenase activity
Closed circles represent the activities detected in brewer’s 
yeast (strain N.C.Y.C,240) ; open circles represent the 
activities detected in baker’s yeast.
The activities shown are the average of duplicate determinations 
on one sample of extract.

Prom the graphs, the following values were calculated : 
malate dehydrogenase (brewer’s yeast) = 3.2 x 10**^M 

malate dehydrogenase (baker’s yeast) = 3.2 x 10”̂ M 
succinate dehydrogenase (brewer’s yeast) = 8.3 % 10~^M 
succinate dehydrogenase (baker’s yeast) = 0.5 x 10~^M
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that of the enzyme or enzymes in the baker’s yeast preparation was 

five times greater than this (O.48 units),

b. SUCCINATE DEir/DROGENASE ACTIVITY

The succinate dehydrogenase activities of strains N.C.Y.C. 1524,

1557 and the baker’s yeast are shown in Table 16 . For both of the 

brewing strains, only in the cultures propagated with access to air 

was activity detected. The suspension prepared from the baker’s 

yeast had greater activity than any of the preparations of the 

brewing yeasts. Succinate dehydrogenase activity was not detected 

in the preparations of the two brewing strains after they had each 

been used in a laboratory-scale fermentation of standard ale wort 

(Table 16). The values of the succinate dehydrogenase enzyme or 

enzymes in the baker’s yeast preparation and the pilot-scale brewery 

culture of strain N.C.Y.C. 240 were estimated. For the baker’s 

yeast, the % value calculated was 0.5 :c 10”^M, but the value determined 

in the brewing strain was only 8.3 x 10 (Fig, l6b). The specific 

activity of the succinate dehydrogenase enzyme or enzymes in the 

preparation of N.C.Y.C, 240 was 0.001 units: that of the enzyme or

enzymes in the baker’s yeast preparation was over 20 times higher 

(0,023 units).

IX. FACTORG AFFECTING FEER cN VALUES

a. EXCRETION OF ACIDIC SUBSTANCES BY YEAST
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Table 1 6 Succinate dehydrogenase activities of yeasts

Yeast strain 
(NCYC)

Propagation
conditions

Mala4fr
dehydrogenase
activity
(units)

Yeast
viability

*)

+ 04012 99

1324 - nd 99

— nd S3

+ 0.005 99

1337 - nd 100
— nd 54

Baker’s
yeast 0.047

Propagation conditions :
+ indicates that air was accessible during propagation;
- indicates that air was excluded during propagation;
—  indicates that yeast was obtained by (i) excluding 
air during propagation, and then (ii) using part of this 
anaerobic ally-grown yeast to inoculate another propagation 
vessel, from wliich air was excluded during fermentation. 
Full details of the conditions are given in the Methods 
Section (HIal).
nd = none detectable
A unit is defined as the decrease in absorbance (observed 
at 600nm)/miiv'0.05g yeast (wet weight).
Values quoted are the average of duplicate determinations.
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a.i. Effect of organic acid excretion

The addition of organic acids to a standard ale wort showed that 

they decreased pH to an extent that' depended on both the amount and 

the nature of the organic acid added (Fig. 1?). 2-oxoglutarate 

gave rise to the largest decrease of pH value per mole of acid added; 

acetate was the weakest acid.

Ten yeast strains, propagated with and without access to air were 

used to ferment standard ale wort on the laboratory scale, and the 

concentration of each of the organic acids was determined in the beers. 

The acids were then added to the wort in the concentrations in which

they had been excreted during fermentation, and the pH values of the
» ,■wort to which these additions were made were not as low as those of

the beers. The pH value, on average, decreased by ̂Cf/o of the

decrease of pH observed during fermentation (Table If).

Table 17 also shows that beers fermented on the laboratory scale 

with yeast propagated with or v/ithout access to air varied considerably

in pH values. For each yeast strain examined, the beer fermented

by the yeast propagated with access to air had the lower pH value; 

the organic acid concentrations were generally higher in-the beers of 

lower pH value. The acid concentrations of a pair of beers fermented 

by strain N.C.Y.C. 1324, propagated under the two eruditions mentioned 

above, were made identical by addition of Hie appropriate organic 

acids to the beer containing the lower acid concentrations. It was 

found that this addition rocuced, but din not eliminate, the pH 

difleronce between the pairs o 1 beers; I,ho pH value cf tlie beer
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Plg, 17 Effect on -pH of the addition of organic acids
to "beer

acetic acü (O );  succinic acid (ô); lactic acid (A ) ;  

pyroglutamic acid (A) ; pyruvic acid (V) ; malic 
acid (V) ; citric acjd (□); 2-oxoglutaric acid (■) 

Values shown are single determinations, but some determinations 
have been omitted for simplification.
The beer was fermented Arom standard ale wort on the pilot 
scale by strain N.C.Y.C.240.

%

I
%

3.8

3.2

3.0
6 128 102 40

acid added (irM) to 11 of beer
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Tàble 17 Changes in -pH value of v/ort on addition of 
organic acids that are excreted during 

l&t>oratory-scale fermentations

Standard ale wort was used.
Propagation conditions :
+ indicates that air was accessible during propagation;
- indicates that air was excluded during propagation.
Pull details of tlie conditions are given in the liethods 
Section (lllal).
Total organic acid concentration ;
sum of the concentrations of acetate, pyruvate, lactate, 
succinate, 2-oxoglutarate, pyroglutajoate, 2-hydroxyglutarate, 
malate and citrate.
The pH value of the wort before additions was 5*11. 
pH values quoted are single determinations.
Total organic acid concentrations quoted are the average 
of duplicate determinations.
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fermented by the yonet propagated with acceos ho air was j.O^: 

addition of the organic acids to the beer fermented by the yeast 

propagated anaerobically decreased'"the pH value from 4»39 to o»99»

Beers fermented on the laboratory scale from standard ale wort that 

had been oxygen-saturated rather than air-saturated, not only had 

higher organic acid contents (this Section Vf), but also lower pH 

values (fable 18), Comparison of the effects of oxygen (i) in 

the wort before inoculation, and (ii) during the propagation of the 

yeast showed that oxygenation of the wort, and the use of the yeast 

propagated with access to air produced the beer with the lowest pH 

value (5.7o): in contrast, a fermentation of a de-aerated wort with

yeast from which air had been excluded during its propagation, gave 

rise to a beer with a high pH value (4 .06). This fermentation did 

not go to completion (the specific gravity only fell to 1,0109).

Table 18 shows that the amount of yeast mass formed during fermentation 

was also affected by the treatment of the wort and the conditions of 

propagation of the yeast; the greater the v/cight of yeast formed, the 

lower the pH value of the beer.

It has been shown that yeast strain influenced the organic acid 

concentrations of beers fermented on the laboratory scale (Table If); 

these twenty fermentations also showed that the strain of yeast 

influenced the pH values of the beers, which v-ri.cd from 4 - H  (with 

strain îT.C,Y.G. 1)96 end 1062) to p.'/O (with strain H.C.Y.C, 1))2). 

Although a correlation between the total orgonic acid concentration 

and pH value is obse:rvê l j'or each oe.ir of boors fcrmnotes by the same
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Table 18 Effect of -prcrpagation conditicais of yeast and
treatment of wort on pH value of beer fermented 

on the laboratory scale

Propagation 
conditions 
of yeast

Wort
treatment pH value 

of beer
Specific 
gravity 
of beer

Yeast mass 
in beer 

(mg dry 
wei^l/ml)

- de-aeration 4.08 1.0109 3.03

- aeration 3.85 1.0063 4.14

+ aeration 3.79 1.0063 5.25

+ oxygenation 3.76 1.0063 5.32

N.C.Y.C.12)6 was \jsed.
Propagation conditions :
+ indicates that air was accessible during propagation;
- indicates that air was excluded during propagation* 
Full details of the conditions are given in the Methods 
Section (HIal).
Wort treatment :
De-aeration, aeration or oxygenation wej? carried out for 
two hours before inoculation of the yeast by the passage 
of oxygen-free nitrogen, air or oxygen (respectively) 
through the headspace of the fermentation vessel. The 
wort was stirred during this operation.
Values quoted are the average of determinations made in 
duplicate fermentations.
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ywast strain, no such correlation is found when the beers fermented 

under the same conditions, hut with different yeast strains are 

compared (Table 17). No distinction between the species Sacch. 

uvarum and Sacch. cerevisiae on the basis of the pH values of the 

beers could be made. Examination of two yeast strains (N.C.Y.C.

240 and 1524) in twenty pilot-scale fermentations shov/ed that 

strain N.C.Y.C. 24O produced beers which were lower in pH value (by 

an average of 0.1) units) than the same worts fermented by strain 

N.C.Y.C. 1524 (Table 19); in only one of these fermentations was 

the pH value of the beer produced by strain N.C.Y.C. 240 higher.

a.2. Effect cf carbon dioxide excretion

Saturation of wort or beer with carbon dioxide caused the pH value to 

decrease (Table 20). Carbon dioxide is excreted by yeast during 

fermentation, and experiment showed that standard ale wort became 

saturated with carbon dioxide 11 hours after inoculation with yeast 

under the laboratory-scale conditions, when the specific gravity had 

decreased from I.O4O to 1.0)7. After this time, bubbles were 

observed in the fermenting wort, indicating that carbon dioxide was 

being lost to the atmosphere.

a.). Effect of nucleotides

The addition of cytidine 2 ’ and ) ’ monophosphoric acid (mixed isomers) 

at 100 mg/l to standard ale wort decreased tiio pH value from only 1.20 

to 5.17. A base (cytidine) and a nucleoside (cytosine) were also 

examined; the addition of either of those to s tandard ale wort at 

100 mg/l did not affect the pH value to a measurable extent.
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Table 19 Comparison of pH values of beers fermented on the pilot
scale by strains N.C.Y.C. 240 and 1324

jH of beer 
" N.C.Y.C. 240

fermented by : 
N.C.Y.C.1324

Difference 
in pH values

3.95 4.15 0.20

4.15 4.12 -0.05
4.12 4.30 0.18

3.98 4.20 0.22
4.07 4.14 0.07
4.(5 4.21 0.18

4.04 4.03 0.01
3.92 4.05 0.13
3.88 4.09 0.21
3.82 3.91 0.09
3.72 3.89 0.17
3.93 4.12 0.19
3.99 4.05 0.06

4.00 4.18 0.18

3.98 4.10 0.12
4.09 4.11 0.02
3.90 4.10 0.20
4.00 4.30 0.30
3.95 4.25 . 0.28
4.00 4.20 0.20

A minus sign before the differences quoted indicates that 
the beer fermented by strain N.C.Y.C.240 had the higher pNvalue. 
Values quoted are single determinations.
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Table 20 Effect of carbon dioxide on wort and beer
tH values

air in 
headspace

/■alues with ;

nitrogen in 
headspace

carbon
dioxide in 
headspace

Wort 5.06 5.02 4.75

Beer 3.90 3.86 3.8!f

Standard ale wort, and a beer fermented frcm it on the pilot 
scale by strain N.C.Y.C.240 were used.
The sangles (1.5 l) were stirred for 17 h at 22°C with either 
air, nitrogen or carbon dioxide passing through the headspaces 
of the vessels.
Values quoted are single determinations.
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b. ASSIMILATION OF ACIDIC SUBSTANCES BY YEAST 

N.I. Effect of or;T>nic acid asr;irni'jation

Acetate and pymvate were found to tie assimilated at certain stages 

of fermentation by yeast (this Section, IV). The effect of the 

additions of these acids on pH of wort has already been described 

(this Section, IX),

b,2. Effect of amino-acid assimilation

Alanine, arginine, aspartate, cystine, glutamate, glycine, histidine, 

isoleucine, leucine, lysine, methionine, phenylalanine, threonine, 

tryptophan, tyrosine, valine, serine and asparagine (lOO mg of each) 

were added to one litre of beer fermented from a standard ale wort. 

Only the addition of glutamate and aspartate to the beer decreased 

the pH value (Table 2l).

c. ASSIMILATION OF BASIC SUBSTANCES BY YEAST

c.l. Effect of amino-acid assimilation

Of those amino acids listed above (paragraph b2), arginine, lysine 

and histidine increased the pH value on addition to a beer fermented 

from a standard ale’wort (Table 2l), A mixture of the amino acids 

in the concentrations in which they were reported in a British ma.lt 

wort (ivIacWilliam, I968), was found to raise the pH value on addition 

to a standard ale wort at various stages of fermentation, in spite of 

the presence in the mixture of those amino acids found to be acidic 

(Table "22).

C.2. Effect rf nhosnha ic ^assimilation

The ooncon!r:-,tinn of phosphorus present as inorganic phosphate in a
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Table 21 Effect of additions of anirino acicls on pH
value of beer

Addition value

No addition 4.05

Aspartate 4.00

Glutamate 4.01

Arginine 4.16

lysine 4.15

Histidine 4.16

Equal quantities (lOOmg) of each amino acid were added to 
samples of beer (l l).
The beer was fermented frcm a standard ale wort on the 
pilot scale by strain N.C.Y.C.240.
Values quoted are single determinations.
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Table 22 Effect on tH of addition of amino acids, in concen- 
trations in which they are present in wort . to 

samples of partialXv fermented wort

iH value
Before additions After additions

5.17 5.28

4.91 5.02

4.76 4.86

4.51 4,60

4.48 4.58

4.05 4.23

3.86 3.98

Standard ale wort was fermented on the lahoratory scale "by 
strain N.C.Y.C, 2W)
The following additions were made to equal volumes (100 ml) 
of feimenting wort ; glutamate, 7.8mg; aspartate, 6.1 mg; 
lysine, 9.1mg; histidine, 3«2mg; arginine, lO.Smg; alanine, 
8.0mg; glycine, 2.7mg; threonine, 3.0mg; glutamine, 3#Cmg. 
Values quoted are single determinations.

(1968)
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standard ale wort v/as found to decrease from 1^9 to 110 mg/l 

during a laboratory-scale fermentation with strain N.C.Y.C. 240 

(propagated with access to air). Addition of the mono-, di-, or 

tribasic sodium phosphate salts to a beer fermented from a standard 

ale wort raised the pH value (Table 23). Each salt v/as added such 

that the phosphorus concentration of the beer v/as raised by 100 mg/l. 

Addition of the tribasic salt had the greatest effect, and the 

monobasic salt had the least effect (Table 23).

d. pH VALUE OP THE WORT

Adjustment of the pH value of the wort by the addition of mineral acid 

or alkali before inoculation of the' yodst was found to affect the pH 

values of the beers brewed from thorn on the laboratory scale using 

strain N.C.Y.C. 240. The pH values of the beers varied directly 

with the pH values of the wort, although there was no close 

proportionality; the differences in the pH values of the beers were 

not as great as those of the wort. Conversion of the pH values to 

hydrogen ion concentrations showed that the concentration differences 

of the worts were less than the hydrogen ion concentration differences 

of the beers (Table 24),

e, CHANGES IN THE BUFFERING CAPACITY OF THE WORT

The buffering capacity of three standard ale worts were measured by 

titration betweeh^pH 4*0 and 3.0, The va,lue obtained was 43 ml 0.IN 

acid or alkali/pH unit/l of sample for all of the worts. Fermentations 

of a s ta.ndard ale wort to which uugar solution of I.O4O specif!c 

gravity had boon added wore oaomined, idie sugar solution having a very
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Table 23 Effect of additicn of phosphates on pH value
of beer

Addition pK value

no addition 3.92

monobasic sodium phosphate 3.97

dibasic sodium phosphate 4.67

tribasic sodium phosphate 5,31

Beer was fermented frcm standard ale wort on the pilot scale 
by strain N.C.Y.C.240.
Phosphate salts were added such that the phosphorus ccncen- 
tratians in the beer samples were raised by lOOmg/l (from 
147 to 247mg/l phosphorus).
Values quoted are single determinations.
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Table 24 Relationship "betveen tH values of wort and be ear

Wort Beer
Change during 
fermentation 
(beer - wort)

pH value
Hydrogen ion 
concentration 
(pg ions/1)

pH value
Hydrogen ion 
c oncentration 
(pg ions/1)

pH value
Hiydrogen ion 
c one entr ation 
(pg ioas/l)

5.92 1.2 4.00 100.0 -1.92 98.8

5.60 2.5 3.86 138.0 -1.74 135.5

5.21 6.2 3.71 194.9 -1.50 188.7

4.83 14.8 3.57 269.2 -1.26 254.4

4.51 /  31.6 3.40 398.1 -1.11 366 .6

Standard ale wcrt was fermented on the laboratory scale by 
strain N.C.Y.C. 240.
pH value of wcrt was adjusted by addition of 1N sulphuric 
acid or 1N sodium hydroxide.
Values quoted are single determinations.
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low buffering capacity (l ml O.IN acid/pH unit/l of sample between 

pH 4.0 and 5»0), similar to that of water. Fermentation of this 

wort showed that the resulting beers were lower in pH value than 

beers fermented from worts to which no sugar solution had been added;

The less the buffering capacity of the wort, the lower was the pH 

value of the beer after fermentation (Table 25).

f. CHANGES IN BUFFERING CAPACITY DURING FEIU.-IENTATION 

A laboratory-scale fermentation of a standard ale wort was carried 

out using strain N.C.Y.C. 240. On titration of the beer with mineral 

acid and alkali, a very similar curve to that of the wort titration 

was obtained when the results were plotted graphically (pH v. volume 

of acid or alkali added, Fig. 18a; ^hydrogen ion concentration v. 

volume of acid or alkali added. Fig. 16b). Calculation of the 

buffering capacity at different pH values was carried out by 

measuring the slope of the titration curve at the pH values to be 

considered. Fig. 19 shows the buffering capacity of wort, a,nd beers 

fermented from it, measured at intervals of 0.25 pH units between 

pH 3.0 and 6.0. The buffering capacities of both the wort and the 

beers increased as the pH value at which the measurement was made was 

lowered. The beers were slightly better buffers than the wort from 

which they were fermented above pH 4.0, but slightly worse buffers 

at pH values below 4.0. The buffering capacity curve of the beer 

of lowest pH value (3.77) gave the most deviation from the curve 

plotted for the wort (Fig. 19).
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Table 25 Effect of addition of sugar syru-p to wcrt on "beer
tH values after laboratory-scale fermentations

Wort composition pH value 
of wort

pH value 
of "beer

Yeast mass in beer 
(dry weight, mg/ml)

All malt 
(standard, ale wort)

75^ malt,
25̂  com starch syrup

50^ malt,
50̂  com starch syrup

5.27

5.27

5.24

3.75

3.58

3.30

5.01

4.41

4.13

N.C.Y.C, 240 was used.
All of the worts were the same specific gravity (1.040) before 
fermentation.
Values quoted are the average of determinations made in duplicate 
fermenta tions .
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Figtf 18 Titration curves of standard ale wort and a beer 
fermented from it on the pilot scale by N.C.Y.C.

240
a. results expressed in terms of pH values
b. results expressed in terms of hydrogen ion ccncentraticais 
Closed circles represent values obtained on titration of wort; 
open circles represent values obtained on titration of beer.
Values shown are single determinations of pR{and hydrogen ion 
'concentrations derived frcm them) of one sample of wort ( 100ml) 
and one sanple of beer (lOOml).
The horizontal broken lines represent the pH and hydrogen ion 
concentrations of the wort and beer before titration. The 
tangents represent the buffering capacities of the wort and beer 
at the pH values and hydrogen ion concentrations indicated.
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Fig# 19 Variation of ’buffering capacity measured at different
•pH values
standard ale wort, pH 5»20 (A) ; ‘beer, pH 4.09, 
fermented on the pilot scale ”by N.C.Y.C, 1324 
previously pxropagated with air excluded (O) ; 
beer, pH 3*77» fermented on the pilot scale 
by N.C.Y.C.1324 pre'viously propagated with access 
to air„(D)

Values shown are single de termina tions.
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The factors responsible for the buffering capacity of worts and beers 

have been examined. Citrate, which v/as neither excreted nor 

assimilated to a significant extent during fermentations with strain 

N.C.Y.C. 1256 (this Section, IV), was found to contribute partially 

to the buffering capacity measured between pH 4*0 and 5«0 (Fig. 20). 

It was noted that a mixture of citrate (added as the trisodium salt) 

at about the concentration in which it was detected in worts and 

beers (15O mg/l), and O.5/ casein hydrolysate (w:v), gave a curve 

similar to that of wort on titration when the results were plotted 

graphically (Fig. 2l).

Solutions of salts of phosphate ware titrated with mineral acid and 

alkali. The sodium and magnesium halts of phosphate, and the 

sodium salt of inositol hexaphosphate (all containing I60 mg/l of 

phosphorus) were examined in this respect. None of the phosphate 

solutions were found to buffer markedly in the pH range studied, all 

of them having buffering capacities of about 3 ml O.IN acid or alkali 

/pH unit/l sample between pH 4*0 and 5*0 (Fig. 20).

Beers fermented on the laboratory scale from a standard a.le wort 

supplemented with 50 mg/l of phosphorus (added a.s the dibasic 

sodium salt) had the same pH values as beers fermented from wort 

to which no additions had been made (Table 26).
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Fig.. 20 Com-parison of titration curves of beer, solutions 
of phosphates and solutions of citrate 

Phosphate solutions:
tribasic magnesium phosphate (V) ; dibasic sodium phos- '/■ 
phate (A); inositol hexaphosphate, sodium salt (B) 

Solutions were made such that the phosphorus concentration of 
each was 16O mg/l.
Citrate solutions:

2.751AI (A );  5.50mM (O ); 11.0CMI (O)

Beer: fermented from standard ale wort on the pilot scale by
strain N.C.Y.C.240. (A)

Values shown are single determinations of pH on cne sample (lOOml) 
of each of the solutions specified.
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Ple,21 Comparison of titration curves of casein hydrolysate,
a mixture of casein hydrolysate & citrate, and 

standard ale wcrt 
casein hydrolysate (acid), 0.^ w;v (A); casein hydrolysate 
(acid), 0.5^ w;v, and I.OmM citrate (added as the trisodium 
salt (#) ; standard ale wort (O)

The values shown are single determinations of .pH 
"by titration of 10Oml-volumes of the above mentioned solutions.

5.25

5.00

4.75

4.50

3.75

ml
■Volume of 0.1N sulphuric acid
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Table 26 Effect of addition of phosphate to standard ale wort 
on pH value after laboratory-scale fermentations

Wcrt

Beer

Change in concentration 
during fermentation 
(wort - beer)

Inorganic phosphate concentration 
Control

159

110

49

(mg/l
phosphorus) 

Phosphate-s\;ç>plemented ̂

194

135

59

pH value of beer 3.73 3.73

N.C.Y.C. 240 was used.
^  Phosphate was added as potassium orthophosphate dihydrate. The 

pH value of the phosphate-supplemented wort was adjusted to that 
of the control wort (5.20) by the addition of IN sodium hydroxide. 
Values quoted are the average of determinations made in duplicate 
fermentations.
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D I S C U S S I O N
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I. DETECTION OF ORGANIC ACIDS

All of the acids detected in worts and beers in this study have been

reported frequently by other workers, with the exception of 

2-hydroxyglutarate, which has only been detected in Japanese beers 

(Tadenuma et al.. I966), However, this acid has been detected in 

other alcoholic beverages, such as cider (Whiting and Coggins, 1960a) 

and sake (Tadenuma et al,, I966).

Organic acids other bhan those detected in this study have been 

reported, some of which are detectable using the method-of analysis I 

used. These acids were therefore .either absent from the beers I 

analysed, or present at concentratidhs below the threshold of detection

of the analytical method (5 mg/l). This is in accordance with other

workers (references with Table $), who detected these acids often only 

in trace quantities. However, relatively large concentrations of 

glycollate and fumarate in beers have been reported.by Sasahara and 

Hiyoshi (I967), who employed a similar chromatographic technique to 

that which I used. Analysis of authentic samples of organic acids 

showed that fumarate eluted close to pyruvate, and glycollate eluted 

close to 2-hydroxyglu tarate ; mistaken identi fication of pymvate for 

fumara to, and 2-hydroxyglutarate for glycollate by Sasahara and 

T/Iiyoshi is therefore possible. Furthermore, these workers did not 

give any indication as to the method they used bo identify the 

chromatographic peaks.
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Tartrate has been reported to elute from the chromatography columns 

close to sulphuric acid (Keener and Muntv/yler, 1969)1 and it .is 

assumed that the authentic sample o£ this acid was not detected owing 

to the large qua.ntity of sulphuric acid added to the sample to ensure 

the absence of salts of the organic acids, Oxalacetate is known to 

be unstable under the conditions of analysis (Kesner and Idantwyler, 

1969)) and therefore was also not detected.

II. METABOLISM OF ACETATE ATTD PYRUVATE

From the results, it is seen that acetate and pyruvate concentrations
i ,

during fermentation tend to fluctuate, where.as most other acids 

discussed here were simply excreted during the course of fermenta/tion.

A similar excretion and re-assimilation pattern to the one I found has 

been reported by Drawert et al. (l9?0) snd Sasahara and Ivliyoshi (1967).

The disappearance of pyiuvate in the later stages of fermentation has 

been shown to be due to assimilation by the yeast, and not due to 

chemical decomposition (Coote et al., 1973), although this acid has 

been reported to be relatively unstable in aqueous solution (von Korff, 

1969). The fact that pyruvate re-assimilation was not observed on 

the pilot scale was probably due to the low concentration of yeast in 

suspension towards the end of fermentation; some yeast was deposited 

on the bottom of the fermentation vessel., and some was carried to the 

surface by too carbon dioxide. In the laboratory-scale fermentation, 

yeas I;, was maintained in suspension by stirring tlrroughout the fermenta bien, 

and therefo.rc sufficient yeast was present in suspension to re-assii:;ii.abe
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part of the pyruvate. In the production-scale fermentations reported 

by Kuroiwa and Koloibo (1959) and llandl et al. (l9?0), assimilation 

of pyruvate v/as observed because of the long residence times of the 

yeast in the beer after fermentation, although no continuous stirring 

v/as applied.

The fate of these tv/o acids, once re-assimilated by the yeast, is 

uncertain, and several metabolic pathv/ays could be used. Wang et al. 

(1953) suggested that, during incubation of baker’s yeast in a medium 

containing acetate and pyruvate, both acids are assimilated and 

incorporated into amino acids; acetate can be metabolised by 

Sacch. cerevisiae to intermediates of the glyoxylate cycle (Barnett 

and Kornberg, 1960), and can be converted to ethanol (peynaud, 194?)* 

Using wine yeasts, Genevois (1949) claimed that acetate was converted 

into succinate during fermentation. In the absence of sugar, baker’s 

yeast has been reported to convert pyruvate to ethanol (V/ang et al., 

1952); Suomalainen and Linnc\halme (1966) have shown that some of the 

pyruvate assimilated during fermentation of a synthetic medium with 

brewer’s and baker’s yeast is converted to acetoin. With the exception 

of.the accumulation of acetate in wort during the first six hours after 

inoculation, the concentrations of acetate and pyruvate changed in 

opposing directions, suggesting that acetate was being converted to 

pyruvate by the yeast, followed by a reversal of the reaction leading 

to acetate excretion in the later stages of fermentation. Moreover, 

addition of sodium pyruvate to beer not only enhanced pyiuvate 

assimilation, but also led to a more rapid accumu] at.ion of acetate in 

tiiG beer. When pyruvvte assimilation was examined us.ing
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pyruvate, however, unlabelled acetate accuTnulatod in the beer, and 

therefore direct conversion of assimilated pyruvate to acetate must 

be ruled out. In fact, the only labelled product resulting from this 

experiment was carbon dioxide which was evolved during the incubation; 

conversion of pyruvate to ethanol would result in evolution of carbon 

dioxide, but only [l-̂ '̂ C] pyruvate would give rise to labelled carbon 

dioxide under these circumstances. Since pyruvate was used, -

the carbon dioxide collected must have been derived from the methyl 

group of pyruvate. Assuming that decarboxylation is the first step 

in pyruvate degradation, further catabolism must have taken place to 

oxidise the methyl group, indicating that complete metabolism of 

pyruvate to carbon dioxide must have occurred.

III, OEGAIIIC ACID COkTSkT OF WORTS dND BEERS

The wide variation in organic acid composition of the 16 commercial 

beers analysed reflects the different materials and processes used in 

their manufacture. Even beers brewed from the same starting materials, 

and using similar conditions, exhibited differences in their organic 

acid composition depending on the brewery in which they were produced. 

The high concentrations of acetate and lactate found in some beers may 

be due to the activity of micro-organisms other than yeast. Bacteria, 

such as species of Acetobactcr, je.otobacil.lus and Pediococ':us are 

capable of growing in beer (Rainbow, i960 and I966 ; Shim veil, 1947 ; 

Brenner and lîsu, 1971) end excreting lacta to 0nd/or acetate (Rainbow,
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1966, Kitahara, 1974; Kogcsa, 1974).

The standard ale worts and lager wort contained similar quantities

of citrate, malate, pyroglutamate, lactate and pyruvate to the worts

analysed by other workers. The presence of 2-oxoglutarate,

2-hydroxyglutarate and most of the succinate in beers is due to the

excretion of these acids by yeast during fermentation, since none of

these acids were detected in wort, except for a trace of the latter.

In contrast, citrate and pyroglutamate were neither excreted nor

assimilated by N.C.Y.C. 1256 during fermentations; concentrations of

these acids in beers fermented by this strain are therefore determined

by their concentration in the wort. Some strains of yeast (e.g.
» .■

N.C.Y.C. 1524 and 240) were found to.excrete citrate, but the quantities 

were small in comparison to the concentrations initially present in the 

worts.

Pyroglutaaaate and citrate concentrations of the commercial beers 

analysed reflect, to some extent, the strength of the wort used ; Lagers 

B, C and G (Table 4 ) had high concentrations of these two acids, and 

the worts used to brew them ;iad high specific gravities (between I .070 

and I.O6O); in contrast. Lagers A and E had low citrate and 

pyroglutamate concentrations,' and the corresponding worts had relatively 

low specific gravities (about 1,055). Generally, however, the typo 

cf beer under examination could not be identified from a knowledge of 

its organic acid composition.
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Considering organic acid excretion as a whole, in the pilot-scale 

fermentation using N.C.Y.C, 1236, the sum of the organic acid 

concentrations in the wort were about the same as the sum of those 

excreted during fermentation (262 mg/l in the wort, 295 mg/l 

excreted during fermentation). Thus the composition of the wort 

and the activity of the yeast are of equal importance in determining 

the total organic acid content of the beer.

Both wort composition and yeast activity are interrelated to some

extent, however, as the type of wort used affected the excretion of

organic acids by the yeast during fermentation. Comparison of

fermentations using several strains of yeast demonstrated that,
» .

for a given strain, more pyruvate and succinate was excreted in the 

fermenting lager wort than the ale wort.

IV, FACTORS AFFECTING ORGANIC ACID EXCRETION

a. YEAST STRAIN

Yeast strain affects the flavour of beer presumably due to differences 

in the formation of by-products, including organic acids-. Strains of 

Sacch. uvarum excreted more lac bate, malate and considerably more 

2-hydroxyglutarate than strains of Sacch. oerevisiae; the former strains 

are used in lager fermentations, and the latter in ale fermentations, 

but these differences were not observed in the commercial ales and 

lagers; the reason for this will be discussed la.ter. In most cases, 

differences in the concentrations of 2-hydroxyglutarate in the beers
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were sufl'iciont to identify the yeast species used as either Saech. 

uvn.rum or Sacch. cerovisin.e. It is interesting to note that the 

usual test to distinguish between these two s])ecies is based on 

their ability to utilise rnelibiose (fodder, I970), which bears no 

apparent relationship with the ability of yeast to excrete 

2-hydroxyglutarate.

The variation in the concentration of organic acids in beers 

fermented by different yeast strains could not be attributed to the 

amount 0: fermentation that had taken place, because the specific 

gravities of the beers produced were very similar (ranging from 

1,0100 to 1.0055).

Assimilation of nitrogen was found to have an effect on excretion 

of organic acids during fermentation, which is discussed in detail 

later. Basarova (1974) reported that the rate and extent of 

assimilation of amino acids by different strains of brewer's yeast 

varied considerably, depending on the degree of flocculence of the 

strain. Therefore the variations in the yeasts' ability to excrete 

organic acids may be partly attributed to differences in amino-acid 

assimilation between strains.

In spite of the strain dependency of organic acid excretion, 

comparison of fermentations using N.C.Y.C, 1256 and 24O revealed that 

tlie pattern of excretion of organic acids was very similar, although 

the extent of excretion varied. Presumably, the basic motaboiism of
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Sacch. cerevisiae is not very different from one strain to the 

next, but the extent to which a particular metabolic pathway is 

operative varies, being a strain-dependent factor.

b. COMPOSITION OF THE WORT

Supplementation of standard ale wort with sources of nitrogen altered 

not only the pyruvate concentrations in the resulting beers, but also 

their pH values. At this stage of the investigation, therefore, it 

was not possible to say that the nitrogen composition of the wort had 

a direct effect on the excretion of organic acids by yeast during 

fermentation, as earlier investigations had shown that, at least as 

far as pyruvate was concerned, organic acid excretion was suppressed

by lowering the pH value of the fermenting wort.

The effect that addition of amino acids and ammonium sulphate has on

the pH value of the beer merits consideration. The low pH value of

the beer obtained when ammonium sulphate was added to wort can be 

explained by excretion of sulphuric acid by the yeast in preference 

to the much weaker organic acids. Although yeast is known to 

assimilate sulphate for production of sulphur-containing metabolites 

(Kleinzeller and Kotyk, 1959), it is likely that most of it is in 

excess of requirements, and is either assimilated and then re-excreted
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or else left in the fermenting wort. Residual sulphate anions

are presumably balanced by excretion of hydrogen ions, the net

effect being the appearance of sulphuric acid in the fermenting wort.

Low pH values in a fermented synthetic medium have also been

reported by Thorne (l955) when the sole source of nitrogen was

ammonium phosphate, phosphoric acid being formed in this case. In

fermentations supplemented with glutamate and aspartate, the reason

for the elevated pH values of the beers may be tv;o fold: both amino

acids have pK values in the region of the pH values of worts and

beers (pH 4 to 5) (Edsall, 1943); since compounds buffer maximally

at their pK values (Bull, I964), addition of these amino acids will

increase the buffering capacity of the wort. The high pH values
\ ;

observed on subsequent fermentation of the wort to which these two 

amino acids had been added may be due to the increased buffering 

capacity, if the added amino acids were not completely utilised 

during fermentation. An alternative explanation which may account 

for the pH values is that sodium hydroxide was added bo the wort in 

order to neutralise additions of aspartate and glutamate; 

assimilation of these amino acids during fermentation will therefore 

result in regeneration of the hydroxyl ions that were added, thereby 

elevating the pH values.

As well as a correlation between pH value and pyruvate concentrations,, 

further interpretations can be made. Excretion of pyruvate may doperr 

on 1 he ratio of number of carbon atoms to the number of nitrogen atoms 

(C:N) in the nitrogen sources added : the higher tho C^N ratio, the

greater the ai.ionnt of pyruvate excreted during fermentation (I'ig. 22).
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Flg. 22 Relationship between the ratio of number of atoms 
6f carbon to atoms of nitrogen in nitrogen-sources 
added to standard ale wort, and the concentration 
of pyruvate after lahoratory-scale fermentation hy 

strain N.C.Y.C. 1236 
Nitrogen-sources were added such that the nitrogen cone entra tion 
pf thé wort was raised hy 100 mg/l.
Values shown are the average of duplicate determinations.

100

-P

4 520 31

Ratio of number of carbon atoms to nitrogen 
atoms of nitrogen-s ource added
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This effect can be explained in terms of excretion of unwanted 

carbon skeletons by the yeast after the nitrogen sources have been 

metabolised. Comparison of the amino acids present in wort 

(MacWilliam, 1968), and the concentrations of those present in the 

yeast protein (Nordstrom, I966) showed that the overall C:N values 

were different: the C:N ratio of the wort ;vas 4.5:1, but that of

the yeast protein was only 4.1:1. Therefore assuming complete 

assimilation of the amino acids from the wort, for every nitrogen atom 

incorporated into the yeast protein, 0.2 carbon atoms are surplus 

to the requirements of protein synthesis. Undoubtedly, some of this 

carbon will be utilised in the manufacture of other components of 

the yeast cell, but it is likely that some is excreted in the form of 

by-products of fermentation. Thus',-' the assimilation of amino acids 

with a high C:N ratio, such as glutamate or aspartate, results in 

excretion of a large quantity of organic acids, including pyruvate.

From the literature, it appears that the C:N ratio is important, but 

most investigators fail to report any changes in pH value that may

have occurred, and thus it still remains unclear why amino acids and

ammonium sulphate affect excretion of organic acids during fermentation, 

For this reason, the hypothesis that the C:N ratio is involved rather 

than changes in pH value was examined further by fermenting synthetic

media containing a buffer, which prevented pH changes from occurring.

Therefore, the results obtained could not be attributed to differences 

in the pH value. Only one nitrogen source was used in each 

fermentation, but nevertheless the yeast grew well on all of the media 

fermented, indicating that yeast has great biosynthetic ability
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wi th respect to nitrogen compounds (Lewis and Rainbow, 196;; ; Jones 

et al. , 1969)* In these experiments, total organic acid excretion 

was examined, and it was found to b'e greater during fermentations 

of media containing nitrogen-sources with high C:N ratios (Fig.25).

It is now clear, therefore, that the Cjil ratio of amino acids and 

other sources of nitrogen present have a marked effect on the excretion 

of organic acids by yeast during fermentation, but, in fermentations of 

wort, changes in pH value brought about by altering the composition of 

the nitrogen may have a secondary effect.

Examination of the effect of the nitrogen-source present in the 

synthetic medium and excretion of particular organic acids revealed 

that only one correlation could be made, namely that fermentation of 

a medium containing glutamate resulted in the excretion of large 

amounts of 2-oxoglutarate. This phenomenon has been reported by 

Lewis and Rainbow (1965), and might be expected as a result of the 

removal of the amino group from glutamate, which results in formation of 

2-oxoglutarate. Using radioactive labelling techniques, Jones ejpj;!. 

(1969) showed that 2-oxoglutarate is essential to most transamination 

reactions of brewer*s yeast. Excretion of 2-oxoglutarate wa.s found 

to be the most variable, which may reflect its degree of use as the 

carrier for the amino group in transamination reactions.

Experiments using synthetic media containing a single source of nitrogen 

are limited, however, since the pathways of metabolism of amino acids 

may be altered by the presence of other amino acids, Lewis and 

Rainbow (1965) showed i.h-it excretj.on of 2-oxoglutarate when glutamate
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Fig»23 Relationshi-p "between the ratio of nimfber of atoms
of carbon to atoms of nitrogen in nitrogen-sources 
added to a synthetic medium ̂  , and the concentration 
of organic acids after fermentation "by strain 

N.C.Y.C. 1256
300 m^l of nitrogen were used in each fermentation, added as 
the nitrogen-sources given in Table 11 »
Values shown are the average of duplicate determinations.

>
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1III IEH

2000

1000

0
420 531

Ratio of number of carbon atoms to nitrogen
atoms of ni trogen-s ource

Composition of the synthetic medium is given in the Methods 
Section



-156

v/a.3 the solo source of nitrogen is not as great ?.is when tho medium 

also contained other amino acids. They claimed that this is because 

the other amino acids involved 2-oxpglutarate in transamination 

reactions, and therefore the amount in surplus v/as limited, Thorne 

(1949) also stated that assimilation of single amino acids by yeast 

cannot be extrapolated to a medium containing several amino acids.

This appears to be the case in fermentations of v/ort, a medium 

containing many amino acids (MacWilliam, I968), as malate and lactate, 

as well as acetate, pyruvate, succinate, 2-oxoglutarate and 

2-hydroxyglutarate were found in beer, whereas neither malate nor 

lactate were excreted in fermentations of synthetic media. Indeed, 

malate and lactate have not been reported by other workers conducting 

fermentations of media containing sângle nitrogen-sources.

c. OXYGEN

Variations in organic acid concentrations were found to be due to 

different conditions of propagation of the yeast inoculum. On the 

pilot scale, normal brewing procedure was followed, the yeast inoculum 

being obtained from a previous fermentation, whereas the inoculum 

prepared for laboratory-scale fermentations was propagated in shake 

culture. It was thought that the differences may be due to a greater 

amount of oxygen being available during propagation of the yeast inoculum 

used for the laboratory-scale fermentations. The larger volumes of 

wort fermented, and the lack of agitation during propagation of the 

yeast inoculum for tho pilot-scale fermentations, resulted in the yeast
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having only a restricted supply of aii' in comparison with the method 

of propagation of the inoculum for laboratory-scale fermentations.

This effect was confirmed by preparing the yeast inoculÈlfor 

laboratory-scale fermentations in an anaerobic environment, as 

pilot-scale fermentations could be simulated as regards organic acid 

accumulation on the laboratory scale by the use of anaerobically- 

grown inocula. Excretion of 2-hydroxyglutarate by Sacch. nvarum 

3tranns seemed particularly sensitive to these differences, but, the 

extent to which oxygen had an effect on the total amount of organic 

acid excreted v/as variable, and was apparent with both Sacch. uvamcm 

and Sacch. cerevisiae. Again, acetate excretion was found to differ 

from that of other acids; in fact, .the reverse correlation was foimd 

as regards the effect of oxygen, thdt is beers fermented using 

aerobically-grown yeast contained less acetate. Gosling and Duggan 

(197]) have made some interesting observations concerning acetate 

metabolism by baker’s yeast, which may explain the anomolous behaviour 

of this acid: they found that acetate was assimilated during the

stationary phase of fermentation, but only when oxygen and fermentable 

sugar were provided. If this applies to fermentations of wort by 

brewer’s yeast, then it is possible thnt the anaerobically-grovvn yeast 

will not be able to metabolise acetate as readily as tho yeast grown 

with access to air, and therefore more accumulated in the fermenting 

wort in the former case.

Increasing the amount of oxygen available to the yeast as dissej.ved 

oxygon in wort gave rise to beers which contained greater conoentrati on-:
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of most of tho organic acids excreted by yeast, although the effect 

was not as marked as if the yeast had been propagated with access to 

air. This suggests that the yeast' takes time to adjust to the 

increased supply of oxygen, which is in accordance with the fact 

that oxygen induces the development of mitochondria and associated 

enzymes (including those concerned with synthesis of org^anic acids), 

a process which requires a period of time to complete. Most of the 

reports concerning activity of enzymes have involved strains of baker’s 

yeast, and fermentations were usually carried out in synthetic media. 

Very little information is available on the effect of oxygen under 

conditions that are likely to be encountered in a brewery. The 

activities of two enzymes were therefore examined in brewer’s yeast 

before and after a laboratory-scale' fermentation, Malate dehydrogenase 

and succinate dehydrogenase were chosen, since much information is 

already available on these two enzymes in other fermentation systems. 

Succinate dehydrogenase has been shown to be associated with membrane 

structures of yeast mitochondria and promitochondria (Criddle and Schatz, 

1969), and can be used as an indicator of mitochondrial development. 

Malate dehydrogenase is responsible for synthesis, and therefore 

possibly excretion, of malate, but may also catalyse synthesis of 

2-hydroxyglutarate (Davies and Kun, 1957) > the activity of this enzyme 

was also examined in view of the difference in quantities of 

2-hydroxyglutarate excreted by strains of Sac ch. cerevis i ae and Sacch. 

uvarum.

As expected, the activities of these enzymes in the baker’s yeast were



-159-

higher than in the brewing strains, indicating that the baker’s strain 

was much more suitably adapted for aerobic metabolism (Suoraalainen 

and Oura, 1958)• After a single fermentation of each of the brewing 

strains, however, the relatively anaerobic conditions encountered had 

resulted in a reduction in the activities of both these enzymes, 

especially that of succinate dehydrogenase, which was undetectable.

If succinate dehydrogenase activity can be used as an indication of 

the development of mitochondria, then it appears that a single 

fermentation is sufficient strongly to inhibit mitochondrial formation. 

This is in agreement with other workers, who claim that succinate 

dehydrogenase activity is absent from anaerobically-grown yeast 

(Stoppani et al., 1965; Lukins et al., I966), but others state that 

succinate dehydrogenase activity is,always detectable, even under 

strictly anaerobic conditions (Hebb et al., 1959î Criddle and Schatz, 

1969). Values for the succinate dehydrogenase in the baker’s

strain and a brewer’s strain (N.C.Y.C, 240) were found to be different, 

the baker’s strain having the higher value. It appears, therefore, 

that the enzymes present in brewer’s and baker’s yeast are not the same 

The value of the brewer’s strain (8.5 x 10 Îvl) was similar to that 

reported by Criddle and Schatz (1969) for a ’wild’ type strain of 

Sacch. cerevisiae.

At least two separate malate dehydrogenases are present in aerobically- 

grown yeast, a cytoplasmic and a mitochondrial enzyme (Witt et al., 

1966; lîolzer, 1966); indeed there may be three (Lupianez et al., 1974) 

In tiv;: presence of glucose, however, HoJzor (1966) reported that the
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cytoplasmic malate dehydrogenase is totally repressed, and only the 

mitochondrial enzyme is active. Under brewing conditions, therefore, 

the fermentable sugars present will' result in a permanent repression 

of the cytoplasmic enzyme, any changes in activity being due to changes 

in the mitochondrial enzyme. tialate dehydrogenase activity was found 

to be less after the yeast was used in a fermentation, but, compared 

with succinate dehydrogenase, considerable activity was still detectable. 

After a second fermentation, malate dehydrogenase activities were 

lower still, but this could be attributed to the loss of viability of 

the yeast. It is clear, therefore, that, like the activity of 

succinate dehydrogenase, malate dehydrogenase activity is decreased 

considerably by the relatively anaerobic conditions of fermentation, 

but it could not be lowered further when the yeast was used in 

repeated fermentations. The baker’s strain possessed higher malate 

dehydrogenase activity than the brewer’s strains, which is to be 

expected since it is probable that mitochondrial activity was greater, 

and also the yeast’s cytoplasmic malate dehydrogenase v/as not repressed 

by the presence of fermentable sugars. Comparison of the values of 

malate dehydrogenases of the baker’s arid brewer’s strain showed that 

the enzymes may be the same, having very similar values. If the 

cytoplasmic and mitochondrial enzymes in the baker’s strain were both 

operative, these values can only be explained if the enzymes are 

identical in structure (i.e. isoenzymes). This theory is supported 

by Uitt et al. (1966), who state that the cytoplasmic and mitochondrial 

activities are indeed due to isoenzymes, differing only in their cellular 

location.
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Sacch. uva.ruJT] was noticahly higher in both ou.ccinc.te and malate 

dehydrogenase activities than the strain of Sacch. oerev.i si ae with 

which it was compared. The former yeast excreted relatively large 

amounts of the acids associated with these enzymes, namely malate, 

succinate and 2-hydroxyglutarate, Variations in excretion of organic 

acids by different yeast strains could therefore be a result of varying 

activities of the enzymes concerned, and it is clear that, at least in 

the case of the two above mentioned enzymes, oxygen has a marked effect 

on their activities in yeast at concentrations in which it is likely to 

be encountered in a commercial brewery fermentation.

It is likely that other changes in the yeast metabolism brought about 

by increasing the amount of oxygen, either to the yeast before 

fermentation, or in the wort, may be indirectly responsible for some of 

the changes in organic acid excretion. Assimilation of amino acids by 

yeast has been found to be altered by the degree of aein,tion of the wort 

(Jones and Pierce, I964); the effect of amino-acid metabolism on 

organic acid excretion has already been discussed, and it can be seen 

that a variation in nitrogen metabolism may lead, to a difference in 

organic acid excretion during fermentation.

The anomolous metabolism of pyroglutamnte by N.C.Y.C. 758 is vary 

similar, as regards the effect of oxygen, to proline metabolism by 

some strains of Sacch. cerevi0iae : Jones and Pierce (1964) found that

certain strains could assimilate proline during fermontaticn, but only 

when aeration was carried out. Since Lne chemical s kructure of
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pyroglutam.ate and proline are similar, it seems probable that certain 

strains of yeast are capable of metabolising such compounds when 

sufficient oxygen is available. Tosa and Chibita (1965) found that 

several yeast species, including Saccharomyces. can utilise and grow 

on cyclic amides such as pyroglutamate and proline when air is 

accessible. They suggest that cyclic amide hydrolases are present 

under these circumstances. However, N.C.Y.C. 758 is not a brewing 

strain of Sacch. cerevisiae; for brewing strains, pyroglutamate v/as 

not assimilated in any of the fermentations, so it can be concluded 

that the ability of a yeast to utilise this acid would be atypical of 

a brewing yeast.

V . TRANSPORT OF ORGANIC ACIDS INTO AND OUT OF THE YEAST CELL

The literature suggests that excretion of organic acids during 

fermentation is not simply due to leakage of intracellular metabolites, 

It is well established that transfer of metabolites across the plasma 

membrane is carefully regulated. An exception to this may be the 

rapid release of many intracellular metabolites when the yeast cells' 

environment is suddenly changed (called shock excretion), such as 

phosphate, potassium and magnesium (Stephanopoulos and Lewis, I968), 

amino acids (Lewis and Phaff, I965) and low molecular weight nitrogen- 

containing compounds (Patching and Rose, 197i). Shock excretion can 

occur when yeast is inoculated into a medium containing sugar (Lewis 

and Phaff, I965); thus tho rapid release of acetate from yeast after 

inoculation may be due to this phenomenon. During fermentation,
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however, many workers suggest that some organic acids are excreted 

against a concentration gradient, such as succinate (Conway and Downey, 

1950a), 2-oxoglutarate (Suomalainen, and Ronkainen, I965) and lactate 

(Harold and Levin, 1974). Such suggestions are usually based on 

comparison of intracellular and extracellular concentrations; if the 

intracellular concentration is the higher, then passive diffusion 

is possible, the permeability of the membrane permitting; if the 

intracellular concentration is the lower, however, excretion of the 

acid must be against the concentration gradient. For several amino 

acids, permeases have been detected in yeast plasma membranes (Eddy 

and Nowacki, 1971? Kotyk and Rihova, 1972). Such systems probably 

exist for transport of organic acids; in bacteria (Bacillus subtilis), 

Bisschop et ol. (l975) have found specific inducible transport systems 

in vitro for cis-aconitate, malate, isocitrate, succinate, 2-oxoglutarate, 

fumarate and tartrate. Lactate has been found to have a low 

specificity carrier in Strentococcus faecalis (Harold and.Levin, 1974).

In yeast cells, such mechanisms have been postulated because internal 

concentrations of some organic acids are lower than extracellular 

concentrations whilst the yeast is excreting these acids; Gancedo 

and Gancedo (1973) have shown th-it low concentrations of intracellular 

2-oxoglularate, citrate and oxalacetate are found whien the yeast is 

growing; succinate has been reported to be only one-tenth of the 

external concentration during fermentation of a synthetic medium with 

baker's yeast (Conway and Downey, 1958a), and, similarly, 2-oxoglutarate 

concentrations inside the cell have been reported to be ten to one 

hundred times less (Suomalainen and Ronkainen, I965). Determination 

of the intracellular acid coneon Ira tiens requires release of the cell
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contents by chemical or mechanical treatment, but is complicated 

by several difficulties, Firstly, measurement of absolute 

concentrations of intracellular aci'ds is difficult; a value can be 

calculated on the basis that the acids are homogeneously distributed 

throughout the cell water, but, if 'pooling* of these acids occurs, 

the results obtained may be misleading. Distinct amino-acid pools 

have been postulated to be present in yeast by several workers (Cowie 

and Walton, 1956; Stebbing, 1971), and citrate and pyruvate pools 

have been described by Weibel et al. (1974). Also, the yeast cell 

may have an outer metabolic region located near the plasma membrane 

(Conway æid Dovmey, 1950a). Secondly, many experiments in this field 

have been based on release of cell contents into the surrounding medium 

in which the yeast is suspended (Holer et al., 1970; Conway and 

Armstrong, 1961; Gancedo and Gancedo, 1973; Lagunas and Saez, 1974; 

Trevelyan and Harrison, 1954; Weibel et al., 1974). This necessitates- 

a high concentration of yeast in the medium in order to prevent 

excessive dilution to immeasurably low concentrations when the cell 

contents are released into the medium. If conditions close to those 

in the brewing industry are followed, however, two problems prevent 

this method from being exploited. The wort already contains some of 

the acids to be examined, such as pyruvate and citrate; release of a 

small quantity of these acids from the yeast will therefore be 

'swamped' by the exogenous concentrations. Moreover, at the 

beginning of fermentation, the yeast concentration is only about 

2.5 g/l (wet weight) in normal brewery conditions; dilution of the 

cell contents is therefore very great at this stage, and t.he concentrations 

are certainly too low to be measured by any of the assay mi Idiods cs rruntly
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available. For the estimation of stable intracellular compounds 

in yeast, the low concentrations of yeast employed in brewery 

conditions are not a problem, as the yeast can be simply concentrated 

by filtration or centrifugation before breakage. The turnover of 

organic acids in yeast is probably very high, however (Lagunas and 

Saez, 1974)» and, if the yeast is removed from its environment of 

fermenting wort by centrifugation or filtration, it is possible that 

some of these acids would be rapidly metabolised, as the equilibrium 

between the acids inside and outside the cell would be destroyed. In 

the following methods, therefore, the yeast has been concentrated from 

the fermenting wort by centrifugation at 0°C. Conway and Armstrong 

(1961) however, have shown that the, autolytic changes occur rapidly, 

even at 0°C, and Lagu.nas and Saez (l974) have shown that pyruvate is 

almost completely metabolised in a matter of seconds; therefore, 

it is probable that a considerable quantity of some of the acids was 

metabolised during the centrifugation. The relative variation of 

acid concentrations, however, may be assessed during the course of a 

fermentation.

Methods of releasing the cell contents by addition of chemicals or 

boiling water gave inconsistent results, probably owing to partial 

decomposition of the organic acids, or because these methods were 

unsuccessful at releasing the cell contents. A mechanical method of 

cell breakage was therefore favoured, Ms-chanical disruption alone 

was not sufficient, however; using the Braun disinlegrator, the 

extracellular pyruvate concentration was lowered by tho treatment,
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indicating release of -deguadative enzymes into the surrounding 

medium. Disruption v/as therefore used in conjunction with a 

treatment to inactivate these enzymes. Mechanical disruption in 

a Hughes Press was chosen, since, by this method, the cells were 

disrupted whilst frozen. This method gave reproducible results. 

Lactate and succinate decreased considerably in concentration inside 

the cell during the period v/hen these acids were being excreted to 

concentrations below that present extracellularly, indicating that 

they were indeed being excreted against the concentration gradient.

In contrast, acetate was excreted with the concentration gradient, 

indicating passive diffusion. Assimilation of acetate by yeast in 

a passive manner has also been postqlated by Wang et al. (1952) on 

the basis of kinetic studies, Inthacellular pyruvate concentrations 

were still inconsistent using this method; Gancedo and Gancedo (1973) 

report that this acid is only stable at sub-zero temperatures after 

cell disruption.

VI. REASONS FOR EXCRETION OF ORGANIC ACIDS

To gain some understanding as to why these acids are excreted, an 

unusual fermentation system v/as examined, in which yeast could ferment, 

but in which growth was restricted: this was achieved by passing wort

through a tightly-packed plug of yeast. Under these conditions, the 

yeast was growing in the first day of operation of the system, but 

thereafter, little groY/th occurred (Baker and Kirsop, 1973). It is 

presumed that the yeast was unable to grow because of the physical
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confines of the apparatus, and because the wort used was de-aerated 

thereby causing oxygen limitation (David and Kirsop, 1972).

Fermentation of the sugars in the wort, however, was almost complete. 

V/hilst the yeast was growing when the fermenter was initially operated, 

the organic acid concentrations were similar to those detected in 

beers fermented on the pilot scale using the same yeast strain 

(N.C.Y.C. 1256), After 24 hours of operation, however, the acetate 

concentration of the beer was much higher, and the pyruvate, 

2-oxoglutarate and 2-hydroxyglutarate concentrations were lower. 

Therefore, when yeast is fermenting sugar, but not growing, it appears 

that excretion of acetate, rather than pyruvate, 2-oxoglutarate and 

2-hydroxyglutarate, is favoured. This may also apply to conventional 

fermentation systems, since excretion of acetate coincides with the 

periods in which the yeast is not ^growing, that is during the lag 

phase immediately after inoculation of the fermentation, and in the 

].ater stages of the fermentation. Increased acetate excretion during 

a laboratory-scale fermentation of a synthetic medium by baker's yeast 

when growth was inhibited by nutrient deficiency has been reported by
II

Nordstrom (1964). He claimed Lhat, during fermentation, acetate 

formation is usually inhibited by the high intracellular acetaldehyde
Itconcenbrabions. He also stated (Nordstrom, 1968a) that ethanoJ. tends 

to increase the acetaldehyde concentration, and thus repress acetate 

synthesis. Therefore, the increasing concentration of ethanol that , 

occurs during ba_tch ferraentati.ons will tend to prevent acetate synthesis, 

although it is noted that, in plug fermentations, the concentration of 

e th mol in the resulting beer was constant (Baker and Kirsop, 1973),
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and therefore the rise in concentration of acetate in these 

circumstances could not be attributed to variations in the 

concentration of ethanol.

In contrast to the pattern of excretion of acetate, the concentration 

of pyruvate increased only during the periods of the fermentation 

when the yeast was growing; when yeast growth had ceased, pyruvate 

was re-utilised if sufficient contact between the yeast and 

fermenting wort was maintained by stirring. The close relationship 

between p̂ /oruvate excretion and yeast growth was confirmed in two 

experiments. In the first,' the nitrogen concentration of a standard 

ale wort was adjusted so that different amounts of yeast growth 

occurred on fermentation: the pyruvate concentration in the beer was

found to be greater the more the yeast had grown. In the second, 

the pyruvate concentration was found to be linearly related to the dry 

weight of the yeast throughout a laboratory-scale fermentation.

2-Oxoglutarate and 2-hydroxyglutarate also decreased in concentration 

during operation of the plug fermenter. 2-Oxoglutarate and pyruvate 

are chemically similar, and the pattern of excretion of these two 

acids has been found to be similar in conventional fermentations, 

although more pyruvate was found to be excreted than 2-oxoglutarate 

(Kuroiwa and Kokubo, 1959), but Rankine (1968) found no significant 

correlation between the content of pyruvate and 2-oxoglutarate during 

fermentations with wine yeasts. 2-Oxogiutorate and 2-hydroxyglutarate 

wore not found to be re-assimilated during the ].nter stages of
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laboratory-scale fermentations, and only in the plug fermentations 

were correlations found between excretion of 2-oxoglutarate, 

2-hydroxyglutarate and pyruvate. It is possible that the concentration 

changes of 2-oxoglutarate and 2-hydroxyglutarate are not large enough 

to be assessed with certainty during conventional fermentations.

The chemical similarity between 2-oxoglutarate and 2-hydroxyglutarate 

needs little comment; in vitro evidence suggests that malate 

dehydrogenase is capable of catalysing reduction of 2-oxoglutarate 

to 2-hydroxyglutarate (Davies and Kun, 1957). Since Sacch. cerevisiae 

possesses this enzyme (Witt et al., I966 ; Chapman and Bartley, I968; 

Holzer, I966; Heyse and Piendl, 1972), 2-hydroxyglutarate may be 

synthesised by this route in yeastalthough a specific reductase for 

this reaction has been postulated (Whiting and Coggins, 1960b), In 

Escherichia coli, an enzyme (2-hydroxyglutarate synthetase) has been 

reported which can catalyse the reaction between glyoxylate and 

propionate to give 2-hydroxyglutarate (Reeves and Ajl, I962), although 

little is knovm about synthesis of this acid by yeast. Conversion of 

2-hydroxyglutarate from 2-oxoglutarate seems most likely, however, as 

the excretion patterns of these two acids are similar.

Lactate, succinate and malate appear bo be excreted independently of the 

amount of yeast growth. Succinate has been reported to be excreted 

in concentrations that depend on the amount of sugar utilised. Pasteur 

(1375) found tha^ on fermentation of grape juice, 0.6 g of succinate 

was produced for every 100 g of sugar fermented; Poynaud (l947) 

obtained 0.45 bo O.5O g of succinate/lOO g of sugar fermented, and 

Lupianez et al. (1974) showed that, during /ormontation of a synthetic
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raediura by baker's yeast, utilisation of 100 g of sugar was 

accompanied by excretion of 0,3 g of succinate.

From the plug fermentations, it can be seen that the acids that are 

excreted can be divided into three groups; (i) those which are 

excreted during periods when the yeast is not growing (acetate).

(ii) those which are excreted during periods when the yeast is 

growing (pyruvate, 2-oxoglutarate, 2-hydroxyglutarate), and (iii) 

those which are excreted independently of yeast growth, but are 

excreted during periods of sugar utilisation (malate, succinate, 

lactate). In all of the fermentations of wort and synthetic media,

the total amount of organic acid accumulation, expressed on a molar
1 ,•

basis, appeared to be linearly related to the amount of sugar utilised, 

although the amount of acid excreted per unit of sugar fermented 

(indicated by the fall in specific gravity) varied considerably with 

the conditions of fermentation. This relationship appears to conflict 

with the finding that some organic acids were only excreted during 

periods of yeast growth; however, it is probable that the relationship 

is a close approximation, because the acids that are quantitatively 

important are those 'which were found to be excreted at a rate that 

depended on sugar metabolism (succinate, lactate and malate).

Because excretion of organic acids is dependent on different aspects of 

yeast metabolism, it is reasonable to assume that they are excreted 

such that the nature and the quantity of acid excreted satisfy tlnreo 

requirements; (i) as a aieans of discarding carbon tha/l is in excess of

requirements, (ii) to m.y.iintain the correct intracelliu.ar pi'f value, arid
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(iii) to maintain the correct balance of reduced and oxidised cofactors 

in the yeast cell. Discussing these requirements in turn, the 

experiments concerning the effects of amino-acid composition of wort 

clearly showed that the C:N ratios of nitrogen compounds that were 

assimilated had a marked effect on excretion of organic acids, 

indicating that excess carbon could be removed in the form of organic 

acids. Although low concentrations of organic acids were excreted 

in the synthetic medium which contained ammonium sulphate as the sole 

source of nitrogen, the fact that organic acids were excreted at all 

under these circumstances suggests that they are derived from sources 

other than those containing nitrogen. Clearly some organic acids 

must be derived from metabolism of ^ugar, and, according to Jones ot al. 

(1969), amino acids are not usually ‘incorporated intact into protein; 

moreover, comparatively little interconversion of the carbon skeletons 

takes place, new carbon skeletons being derived from glycolysis.

Although organic acids are generated intracellularly, the intracellular 

pll value remains relatively stable throughout fermentation (at about 

pH 6, Conway & Downey, 1950b). Organic acids may therefore be 

excreted in order to remove surplus hydrogen ions. The intracellular 

pH value is important as regards transport of metabolitesî Ryan and 

Ryan (1972) found that the intracellular pH value was an important 

factor in determining the uptake of potassium ions by yeast, and Rink 

(1974) found that hydrogen ions are excreted whilst potassium ions are 

being assimilated; the involvement of hydrogen ions in exclis.ng'o res.o tions
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has also been noted by Cockburn et al. (l975) using species of 

Soncharomy0es when the transport of phosphate and glutamate was 

examined, and hydrogen ions have been implicated as a co-substrate 

for assimilation of certain amino acids and carbohydrates (Seaston 

Gt a].., 1973)• Harold and Levin (1974) found that, in Streptococcus 

faecalis, transport of lactate required a pH gradient between the 

inside and the outside of the cell, and it is possible that the pH 

gradient is of equal importance in controlling the excretion of 

organic acids by yeast.

Some reactions involved in glycolysis, fermentation and synthesis of 

organic acids are catalysed by oxido-reductases which, as their name
I ,

implies, catalyse reactions such that the substrate is either

oxidised or reduced. Such enzymes require a cofactor which acts as

a carrier for the hydrogen which is to be removed or incorporated

into the substrate. This cofactor is often HAD , which can be

reduced to NADH, but some of these enzymes require HADP^ or FAD"*",

The ratio of the amounts of these cofactors in the oxidised state

to the amounts in the reduced state is important for the normal

metabolic processes of the cell to continue. Nordstrom (i960)

sta.tes that this ratio is disturbed during fermentation by yeast ;

the fermentation itself (i.e. the conversion of glucose to ethanol

and carbon dioxide) involves no net oxidation or reduction, the HADH

formed on conversion of glycoraldehyde phosphate to pyruvate being 
■ 4-re-oxidised to HAD when a.cetaldehyde is converted to etbanoJ 

(Hordstrom, i960). If this process is not allowed to go to compte bien, 

which, says Nordstrom, happens during growth by the withdrewal ot some 

oT the acetaldehyde into other metabolic luthways, then HAD'
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deficiency may result. Nordstrom (1966) found a close relationship

between yeast growth and glycerol excretion, and suggested that

glycerol is formed in order to regenerate NAD"̂  in the oxidised state

to balance out reduction of cofactors during growth; NADH is

oxidised to NAD^ by reducing dihydroxyacetone phosphate to glycerol.

It is possible that organic acids are also excreted to assist

adjustment of this balance. The enzymes associated with the TCA

cycle have been found to be operative in baker’s yeast (Krebs et al.,

1952); even under anaerobic conditions most of them are operative

(Stoppani et al.. I965). Krebs et al. (1952) suggested that,

although the yeast does not use these pathways to obtain energy

during fermentation, they are concerned with synthesis of
» /

intermediatory metabolites.

The TCA cycle can be divided into two branches, an oxidative branch 

from oxalacetate to 2-oxoglutarate via citrate, and a reductive branch 

from oxalacetate to succinate. The complete TCA cycle is inoperative 

since, under anaerobic conditions, 2-oxoglutarate dehydrogenase is 

strongly inhibited, and the conversion of 2-oxoglutarate to succinate is 

therefore not possible (lupianez et al., 1975). Also in Escherichia 

noli grown anarrobically, Stoppani et al.(l9o5), and Amarasingharn and 

Davis (1965) claim that activity of succinate dehydrogenase is 

inhibited; however, operation of cytoplasmic fumarate reductases 

(which catalyse the reverse reaction of succinate dehydrogenase) in 

fermentative yeast has been reported (Rossi et al . , I964; Hauber and 

Singer, I967), thus the operation of the TCA cycle in the reverse 

direction from oxalacetate to succinate ap'pears possible-, even under
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anaorobic conditions.

Assuming those oxidative and reductd.ve branches of the TCA cycle 

to be operative in brewer’s yeast, succinate excretion could perform 

much the same function as glycerol excretion, applying Nordstrom’s 

hypothesis since, overall, cofactors are oxidised during synthesis 

of succinate from glucose. Utilisation of acetate during 

fermentations of grape juice has been reported by Peynaud (1947)> 

who suggested that this anion acts as an important hydrogen acceptor 

during fermentation; this is in accordance with the suggestion that 

yeast needs to regenerate NAD^ during growth (Nordstrom, I966), since 

conversion of acetate to acetaldehyde would oxidise NADU to NAD ,

This is possibly the reason why ace'taté is re-assimilated during 

periods of the standard ale fermentations when the yeast was growing. 

Applying a similar study to other organic acids, it is interesting to 

note that those acids that have been postulated as being dependent on 

growth (pyruvate, 2-oxoglutarate and 2-hydroxygTu.tarate) will give rise 

to reduced cofactors, if they are synthesised from glucose, yet they 

are found to be excreted during periods of yeast growth. It seems 

likely, therefore, that the reason for excretion of these acids is 

different. 2-Oxoglutarate plays an important role in synithesis of 

amino acids (Jones et al., I969); since amino acids are being assimilated 

during periods of yeast ^prowth, it is possible that excretion of this 

acid is correlated with growth for this reason, 2-oxcglutarate 

reflecting the activity of the turnover of this acid intracellularly. 

Formation of 2-oxoglutarate is the terminal step of the oxidative branch 

of the TCA cycle, and the ccmpoirnd may therefore be excreted simply
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bocause the yeast is not capable of metabolising it further, other 

than to 2-hydroxyglutarate, The reason for excretion of lactate 

and malate also cannot be explained' in terms of NAD”̂ ;NADH ratios, 

because, like production of ethanol (Nordstrom, I96Ô), the ratio 

is not disturbed when these acids are synthesised from glucose.

Malate and lactate apart, whether organic acids are excreted in order 

to control this balance is questionable, especially considering the 

relatively small quantities excreted in comparison with glycerol 

(500 mg/g yeast dry weight, Nordstrom, I966 ; I6OO - 2100 mg/l,

Mandl et al., 1972; 1263 - 1995 nig/l, Rosculet, 1971).

VII. FACTORS AFFECTING THE uH VALUE OF BEER

Part of the fall in pH value that occurs during fermentations has 

been attributed to excretion of organic acids by yeast. Bunker (l950) 

stated that the fall is mainly due to the excretion of acidic substances 

during the fermentation of wort; Sasahara and tliyoshi (1967) found 

that excretion of glycollate, fumarate, lactate and succinate were 

partly responsible for the observed fall in pH value. MacKenzie 

and Kenny (1965) found that, during fermentation of distiller's wort, 

the main decrease in pH value could be attributed to excretion of 

succinate, and Hoppe and Eckert (l95l) reported that the decrease is 

generally due to excretion of organic acids in similar fermentations, 

especially succinate and citrate; excretion of organic acids was 

found to cause a fall in pH value during formentations of Italian wort
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(Anon., 1970). Although succinate was found to he excreted in the 

largest amount during the fermentations of wort reported in this 

thesis, the effect of this acid on yll value was low compared with 

other organic acids. It is seen that not only the amount of acid 

that is excreted affects the decrease in pH value during fermentation, 

but also the nature of the acid excreted. On a molar basis, pyruvic 

acid v/as found to be over twice as strong as succinic acid as regards 

the ability to decrease the pH value of the wort. Excretion of 

pyruvate during fermentation is therefore of particular importance, 

in spite of the fact that the concentrations of other acids in beer 

(e.g. lactate and succinate) may be higher. Citric and 2-oxoglutaric 

acids were found to be the strongest acids but, because only small 

quantities are excreted during fermentation, their effect on the fall 

in pH value will not be of major significance.

Before considering the contributions of the various factors to the pH 

fall, the terms pH value and buffering capacity require some explanation, 

pH value is a measure of the hydrogen ion concentration of a solution 

expressed on a logarithmic scale. This system is used for convenience, 

as the hydrogen ion concentration of a solution may vary over such a 

wide range that comparison of the results is difficult, especially if 

a graphical method of representation is used (Hopkins, I921). In 

terms of hydrogen ions, the fall in pH value can be attributed to the 

activity of yeast during fermentation much like any other metabolite.

Thus the hydrogen ion concentration of a beer will depend on both the 

hydrogen ion concentration of the wort (i.e. the pH value of the wort)
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and the number of hydrogen ions excreted by the yeast during

fermentation. The hydrogen ion concentration of the beer, however,

will also depend on the operation qf buffering substances in the

medium, which have the capacity of combining with hydrogen ions or

hydroxyl ions. A buffer can be defined as a system which tends to

resist a change in pH value, and the buffering capacity is a measure

of the ability to resist a pH change when hydrogen or hydroxyl ions

are added. Glasstone (1948) defines buffering capacity as ,
dpH

where dpH is the increase of pH resulting from the addition of db 

base; the addition of acid, which decreases pH is equivalent to a 

negative amount of base". Using this definition, buffering capacity 

can be simply measured by calculation of the gradient of the slope of 

the line obtained by titration wheh'pH value is plotted against the 

volume of acid or alkali added. When this treatment is applied to 

wort or beer, however, it is seen that buffering capacity varies, 

depending on the pH range over which the measurement is made; at low 

III values, the buffering capacity is apparently greater. Since pH 

value is a reciprocal logarithmic scale, then the variation of 

buffering capacity with the pH value at which it is measured is to 

be expected, as, at,lower pH values, more acid (and therefore more 

hydrogen ions) have to be added to give unit,change in pH value. Buffering 

capacities of worts and beers, therefore, can only be compared if 

measured over the same pH range.

By assessing buffering capacity in terms of hydrogen ion concentrations 

rather than pll value, a better understanding of the factors that 

control the fa],l in pH value that occurs during fermentation can be
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gained. When buffering capacity is defined as the volume of acid 

or alkali added to bring about a unit change in the hydrogen ion 

concentration, it is seen by titration that buffering capacity in 

these terms is still not constant over the wort and beer pH range. 

Using this definition, buffering capacity is less at lower pH values, 

and therefore the relationship between pH value and buffering 

capacity is the reverse of the correlation found when buffering 

capacity was defined in terras of pH value. This new relationship 

cannot be attributed to the scale used, as hydrogen ion concentration 

is a linear measurement. Thus the effect must be due to the 

variation with pH value of buffering action of certain components 

of the worts and beers; the buffering capacity defined’in terms of 

hydrogen ions can be considered to be the 'true* measurement.

If changes in ’true' buffering capacity are partly responsible for 

the observed fall in pH value, then only those changes measured 

within the pH range of worts and beers will have an effect; any 

changes outside this pH range cannot contribute to the fall in pH 

value. Windisch et al. (1929) found, that buffering capacities of 

malt extracts were greater when measured between pH 7*0? 5 >67

than between pH 5*67 and 4 .27. The higher buffering capacities at 

the higher pH range can be attributed to the buffering action of 

phosphates that are present in such extracts (Windisch et al., I929), 

but in the lower pH range, they are relatively poor buffers (Hopleins, 

1921). The fact that buffering capacity measurements ma.de over a pH
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range outside that of wort and beer are irrelevcULt to the pH value 

of the beer has been shown by Sasahara and Miyoshi (1967). They 

measured the titratable acidity of their beers, which effectively is 

a measure of. the buffering capacity over a very large pH range, from 

that of the beer to about pH 7 (Burger et al., 1952), but obtained 

no correlation between the pH value of the beer and the titratable 

acidity value.

As expected, the pH value of beer was decreased by lowering the wort 

pH value prior to fermentation, but both the logarithmic nature of 

the pH scale and the variation of 'true* buffering capacity with pH 

value contribute to the fact tliat the differences in the pH values of 

the wort were not stoicheiemetrically reflected in the differences in 

the pH values of the beers. Owing to the logarithmic pH scale, the 

differences in the pH values of the wort were greater than those 

between the beers, but, in terms of hydrogen ions, the differences 

between the beersv;ere the greater because the ’true* buffering 

capacity is less at the lower pH value.

The results do not confirm the postulations of other workers that 

part of the fall in pH value is due to the absorption of buffering 

substances by the yeast during fermentation. In fact, the beer v/as 

a slightly better buffer than the wort from which it was fermented
II

over the same pH range. Nordstrom (1968b) found a similar effect 

when the buffering capacity of a synthetic medium was measured in the 

pH range 4 .27 to 5*67 before and after fermentation. Closer
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examination of labcratory-scalo fermontations showed that this v/as

only the case when buffering capacity was measured in the pîî range

of 4.0 to about 5? the wort being a slightly better buffer at pH

values below 4.0. It appears that a substance that buffers well

below pH 4 is being assimilated by the yeast, and is being replaced

by material excreted by the yeast that buffers well at above pH 4.

The only substance likely to be assimilated by yeast that would

account for the decrease in buffering capacity measured below pH 4

is aspartate, since its pK value (Edsall, 1943) shows that it buffers

in this region (pKp = 3.65). The increase in buffering capacity

measured above pH 4 could be attributed to the excretion of organic

acids such as succinate, lactate, citrate and malate, the pK values 
!*of which (Kortum et al. , I961) show, that these acids will buffer in 

the region of pH 4 to 5» The majority of the compounds present in 

wort and beer that are responsible for the buffering capacity must be 

inert as frur as the metabolism by yeast is concerned, however, since 

the changes observed during fermentation are small. Citrate will 

have some effect, as it is present in worts in relatively high 

concentrations (about I50 mg/l), and, in comparison to its 

concentration in wort, yeast activity has little effect on increasing

it. Titration of solutions of citric acid showed that this acid 

was present in insufficient quantities to account for- the observed 

buffering capacity of a standard wort and a beer derived from it. It

can be seen from their pK values that most amino acids are not

important with r̂ ^̂ ô.rd to the buffering capacity measured in the 

relevant pH range. It is known, however, that the pK^ values of 

certain simple peptidc'; are significantly higher than those of the



-18-

cons tituent amino acids (Edsall, 1943); ^nd some will buffer in the 

wort and beer pH region. The importance of nitrogen-containing 

compounds in buffering has been reported by other workers (Sasahara 

and Miyoshi, 1967; Bunker, 1950; Burger et al., 1952). Examination 

of a solution of casein hydrolysate (0 .5/ w;v) showed that the 

buffering capacity was similar to that of wort. When the same 

solution of casein hydrolysate was supplemented with sodium citrate, 

such that the concentration of this acid was similar to that found in 

wort and beer (about 1 mîvî), the titration curve obtained on addition 

of acid and alkali to this solution was very similar to wort. Even 

though detailed information about the nature of the peptides present 

in wort or casein hydrolysate is not available, the results support 

the view that the non-assimilable protein degradation products in wort 

play an important role as buffers, and it appears that citrate also 

contributes a little to the buffering capacity.

Although buffering capacity of wort does not change to a great extent 

during fermentation, it is.nevertheless of great importance in 

determining the pH value of the beer, and the brewer must ensure that 

the buffering capacity of the wort is in the appropriate range to obtain 

a beer of the correct pH value. Lowering the concentrations of 

nitrogen-containing compounds responsible for the buffering capacity 

by addition of a sugar syrup to the wort, considerably decreased the 

pH value of the resulting beers. The weight of yeast formed during 

the fermentation^was also lowered because of the dilution of 

assimilable nitrogenous material of the wore with Lho sugar syrup.

The weight of yeast present after fermentation was only about fOyt 

less w.hon the nitrogen concentration and buffering co.pacity were
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dccroasGci by The decrease in yeast growth under t'hese

circumstances would tend to lower the amount of hydrogen ions 

excreted, because less of the growth-related acids (i.e. pyruvate, 

2-oxoglutarate and 2-hydroxyglutarate) would be excreted. However, 

the apparent increase in hydrogen ion concentration of the beer due 

to the decreased buffering power outweighs the decrease in the number 

of hydrogen ions excreted by the yeast. Therefore, adjustment of 

the buffering capacity of the wort, by employing a high-nitrogen 

malt to increase it, or the addition of sugar syrup to decrease it, 

is effective in adjusting the pH value of the beer.

Since the activity of the yeast during fermentation does not result 

in a significant change in buffering' capacity, the fall in pH value 

must be entirely due to excretion of acidic substances, and the 

assimilation of basic substances by the yeast. Organic acids are 

obviously the first group of compounds to come to mind, and it was 

found that many of the factors that influence excretion of organic 

acids also altered the pH values of the beers. Beers produced using 

the plug fermenter, which were found to contain relatively low 

concentrations of pyruvate, 2-oxoglutarate and 2-hydroxyglutarate also 

had high pH values (Baker and Kirsop, 1973), and. the beers fermented 

using anaerobically-grown yeast had high pH values compared with beers 

fermented by yeast propagated with access to air. Oxygenating wort 

before fermentation, instead of aerating it, was also found to give a 

beer of lower pH value on subsequent fermentation. The pH value of 

boor was found to vary with yeast strain, N.C.Y.C. consistently

producing beers with lower pH values than beers i'crivented by H.C.ï,Ü.
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240 under the same conditions.

It is clear from Table 17 that factors other than excretion of 

organic acids affect the pH value of beer; although comparison of 

each pair of beers showed that the beer of lower pH value had the 

higher organic acid concentrations, the correlation could not be 

extended to compare the beers fermented by different yeast strains. 

Addition of organic acids to wort in concentrations in which they 

were detected in beers did not lower the pH value of the wort as much 

as if fermentation had taken place, confirming that other factors 

were operating. In fact, on average, the pH value was decreased by 

only Q̂ffo of the decrease observed during fermentation, but it must be 

stressed the t a quantitative es time'te is of little value because of 

the logarithmic scale and the fact that buffering capacity varies 

with pH value. A comparison of the contributions to the pH fall 

made by organic acid excretion and other factors can be made, however, 

Firstly, the most important factor apart from acid excretion is 

absorption of amino acids by yeast from the wort. The amino-acid 

composition of wort is such that the mixture is basic overall, tlie 

effect of assimilation of these amino acids being to lower the pH 

value of the fermenting wort. In particular, arginine,. lysine and 

histidine contribute significantly to the pH fall.

Although dissolved carbon dioxide is less acidic than the organic 

acids discussed in this thesis, the large amounts excreted by yeast 

during ferme];tation prevent the exclusion of this metabolite from
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consideration. Saturation of a degassed beer with carbon dioxide 

demonstrated that the effect v/as only just detectable, but the effect 

of saturation of wort with this gas was considerable. These 

differences in the effect of carbon dioxide on wort and beer can be 

attributed to the logarithmic nature of the pH scale and, although 

the excretion of carbon dioxide is of little significance in contributing 

to the pH value of the beer, it is an important contributory factor to 

the initial fall in pH value of wort (MacKenzie and Kenny, I965).

Nucleotides have been reported to be excreted during fermentation of 

wort, but in relatively small amounts (Kamirmara, 1973; Higuchi and 

Hemura, 1959; Lewis and Phaff, I963). Excretion of nucleosides and 

the assimilation of bases has also been reported (Harris and Parsons, 

1957). Experiments using cytosine derivatives, however, showed that 

the effect of assimilation or excretion of such compounds by yeast 

will not significantly contribute to the fall in pH value during 

fermentation.

Phosphates have been implicated in affecting the pH value of beer, 

because their concentration in the wort is important in determining 

the pll value of the wort (Hagues, I924). Phosphates are assimilated 

from wort during fermentation (Sasahara and Miyoshi, I967; fuion.,

1957; Markham et al., 1966), and MacKenzie and Kenny (1965) suggested 

that their removal during fermentation of distiller’s wort decreases 

the buffering capacity, thereby lowering the pH value. It is true 

tliat phosphate salts are excellent buffers over certain pH ranges 

(Hop'kj.ns, 1921 ; Burger , 1952), but in th.e pH range in which
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lîic] values of wort and béer are found, they are poor buffers.

Titration of different phosphate salts demonstrated this point; an 

organic phosphate-containing salt, 'inositol hexaphosphate, reported 

to be in malt (Windisch et al,, 1929) was also examined, and found 

to be equally poor as a buffer in the wort and beer pH range, although 

the range in which it is effective at buffering has been reported to 

be slightly different from the inorganic salts (V/indisch et al.,1929). 

In concentrations in which phosphate is found in standard ale wort 

(about 160 mg/l of phosphorus), its effect on buffering capacity in 

the pH range relevant to the observed fall in pH value during 

fermentation, is insignificant.

* ;
Phosphate salts are basic, however, and it is therefore possible that 

their removal during fermentation could contribute to the fall in pH 

value, not because the buffering capacity would be lowered, but because 

the acidity of the fermenting wort has been increased by the removal of 

basic substances. In this respect, the form in which the phosphate is 

assimilated is of considerable importance. If the tribasic form is 

assimilated, the effect on the pH value would be considerable, but 

utilisation of the monobasic form would have only a small effect, 

Sasahara and Miyoshi (1967) have reported that the fall in pH value 

is partly due to the absorption of phosphate in the monobasic form, 

but Burger et al. (1952) state that phosphate in this form is 

relatively unimportant: they state that dibasic phosphate is of

considerable importance in controlling the pH vilue of wort, however. 

Dibasic phosphate has been reported to be removed during fermentation
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(Anon., 1957) > hut tliis soc-roo unlikely in the fermentation conditions 

used here, as the assimilation of extra phosyjhate by yeast in the 

phosphate-supplemented fermentation did not affect the pH value of the 

beer. Only the assimilation of monobasic' phosphate is in accordance 

with these results. A transporting system for phosphate operative 

for the monobasic ion only, has been found in baker's yeast (Rothstein 

and Donovan, I963), which confirms this hypothesis. Assuming that 

phosphate is assimilated by a similar mechanism during the fermentation 

of wort by brewer's yeasts, then only a small contribution to the total 

fall in pH value would be made.
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THE CONTENT OF SOME ORGANIC ACIDS IN BEER AND OTHER
FERMENTED MEDIA

By N. Coote a n d B. H. K irsop 
(Brewing In du stry  Research F oundation, Nutfield, R edhill, Surrey)

Received M arch, 1974

The acid content of a range of ales and lagers has been measured for some 
organic acids related to  the  Krebs cycle, and found to  vary widely. Acetate, 
pyruvate, lactate, succinate, pyroglutamate, malate and citrate were present in 
all cases and a-ketoglutarate was usually detected. «-HydroxygIutarate was 
recognized in a number of beers. The effect of the acids on the pH of beer is 
assessed. The strain of yeast which is used markedly influences the  levels of 
all acids except pyroglutamate and the  conditions of yeast propagation have a 
substantial influence on the extent of acid accumulation. During the  ferm enta
tion of w ort and synthetic media the extent of organic acid excretion is propor
tional to  the extent of fermentation, but the nature of the acids which are 
excreted varies during the fermentation period. In synthetic media, nitrogen 
source is shown to  have a substantial effect on the accumulation of organic acid. 
Pyruvate and acetate levels vary inversely tow ards the  end of fermentation, 
suggesting tha t yeast converts pyruvate to  acetate.

Key words : heer, ferm entation, organic acid, 
wort.

Introduction
M a n y organic acids have been recognized in 
beer. They are important not only because 
they may have intrinsic flavours of their 
own/»® but also because of their influence on 
pH, which affects both flavour and suscept- 
ibihty to infection by spoilage organisms. 
An earher study® of the factors which 
influence the accumulation of pyruvate dur
ing fermentation has now been extended to 
other organic acids in beer. The measure
ment of organic acid concentration was 
facihtated when it was found that a method 
developed for tissue analysis^  ̂ could be 
adapted for use with beer. The method is 
based on column chromatography using 
silicic acid and has the particular advantages 
that no sample preparation other than 
acidification is required, so that errors due to 
extraction or concentration are avoided, and 
that small samples of beer can be analysed.

R esults a n d D iscussion 
Analyses of sixteen commercial beers 

(Table I) showed that acetate, pyruvate,

lactate, succinate, pyroglutamate (pyrrolid- 
one carboxylate), malate, and citrate were 
always present, and that a-ketoglutarate was 
detected in all beers except two. a-Hydroxy- 
glutarate, which appears not to have been 
recognized previously in European beers, was 
detected in nine of the beers. A number of 
organic acids which have previously been 
found in beer were not detected in either 
commercial or experimental beers. These 
were fumarate,®»̂  ̂ glycollate,®»̂ ® glutarate,® 
mesaconate,® laevuhnate,® tartrate,^® oxa- 
late,̂ ®»̂ ®»̂  ̂ and oxaloacetate.^  ̂ Tartrate 
elutes from the column with the sulphuric acid 
used in sample acidification and so cannot be 
detected, while oxaloacetate is unstable on 
the columns,^  ̂ and oxalate also cannot be 
detected. It seems that the other organic 
acids are either absent, or present in the 
beers examined below the hmit of detection 
of the method (ca. 5 mg/litre).

In addition to the qualitative variation with 
regard to a-hydroxyglutarate, there were 
marked differences in the concentrations of 
other organic acids in the beers examined. 
The significance of this with regard to pH 
became apparent when the influence of indi
vidual acids on the pH was examined by 
adding them to a beer sample (Fig. I). It is
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TABLE I
O r g a n ic  A c id  Co n t e n t  o f  S o m e  Co m m e r c ia l  B e e r s
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Organic acid anion conce atration (mg/litre

Beer Acetate Pyruvate Lactate Succinate a-Ketoglutarate Pyroglutamate a-Hydroxyglutarate Malate Citrate

Ale A 13 58 61 114 15 45 7 32 95
AleB 156 34 276 166 7 68 trace 26 71
AleC 44 54 156 84 20 68 trace 56 71
Ale D 12 71 78 104 10 63 trace 78 110
AleE 18 65 94 163 0 63 0 66 131
Ale F 16 80 44 36 6 62 0 52 133
Ale G 12 51 73 132 11 57 0 61 89

Lager A 59 28 139 79 8 26 trace 44 56
Lager B 42 trace 204 62 trace 72 0 62 140
Lager C 78 25 233 70 18 130 trace 14 158
Lager D 22 10 87 122 trace 76 trace 75 134
Lager E 61 21 76 55 trace 29 0 30 99
Lager F 107 32 48 51 6 43 17 46 92
Lager G 35 10 158 153 0 137 10 95 157

Stout A 35 104 275 101 8 77 0 92 107
stout B 30 88 292 105 8 78 0 97 134

clear that some have a much greater effect 
than others, and that beer pH will be 
influenced by the nature as well as by the 
total amount of organic acid present.

Inspection of the results revealed no general 
correlation between organic acid content and 
other beer properties such as colour, original 
gravity, or beer type. In order to gain some 
understanding of the causes of the variations 
in organic acid content, a series of experimental 
fermentations was carried out to investigate 
the pattern of excretion during fermentation 
and the influence of the strain of yeast which 
was used. The results of these studies show 
that the situation varies with different acids.

Pyroglutamate and C itrate,—The concentra-

4-00 r

3 75

I
aI 3-50 -

325 -

300

Acetic 
Succinic 
Lactic
Pyroglutamic

Citric 
Malic

Pyruvic & 
a -keto- 

1000 glutaric

Acid added per litre ofibeer (mg)

Fig. 1. Change in pH of beer with addition of 
various organic acids. Beer (specific gravity 
1-008) from all malt wort (specific gravity 1-040) 
was used.

tion of these acids does not change sub
stantially during fermentation of wort using 
any of the four strains of Saccharomyces 
carlsbergensis and four strains of Saccharo
myces cerevisiae investigated. Neither acid 
was produced when one of these strains 
(NCYC 1236) was used to ferment synthetic 
media containing various nitrogen sources. 
It is concluded that the quantity of citrate 
and pyroglutamate in beer is determined 
primarily by their concentration in wort, 
although in the case of citrate, the final level 
may be slightly affected by the yeast strain 
(Table II). Pyroglutamate levels, which are 
more variable than those of citrate, presum
ably depend on the original gravity of the 
beer and on the duration and intensity of 
malt kilning and wort boiling, for this acid is 
produced on heating glutamic acid.̂ ® In 
accord with this view, the lowest concentra
tion occurred in lagers of low original gravity 
(A & E): the highest levels were recorded 
from lagers C and G of high original gravity, 
suggesting that the original gravity exerts a 
greater effect than the extent of malt kilning.

M alate.—This varied in concentration in 
the commercial beers studied from 14 to 97 mg/ 
htre, which is a similar range to that reported 
in other studies.®>®>i®>̂®>̂®>̂  ̂ Differing views®»® 
as to the influence of fermentation on malate 
levels can be explained by the fact that its 
accumulation during fermentation depends 
on the strain of yeast which is used. Use of 
S. cerevisiae NCYC 1236 did not lead to 
increasing malate concentration when either 
wort (Fig. 2a) or synthetic media were 
fermented, and study of three other strains
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TABLE II

O r g a n ic  A c id  Co n t e n t  o f  B e e r  P r o d u c e d  i n  S t ir r e d  B a t c h  F e r m e n t a t io n s  u s in g  D if f e r e n t

Y e a s t  S t r a in s

Yeast Organic acid anion concentration (mg/Iitre)

(NCYC) Acetate Pyruvate Lactate Succinate a-Ketoglutarate Pyroglutamate a-Hydroxyglutarate Malate Citrate

1 1236 17 49 70 190 64 59 42 50 200
R 240 7 82 74 200 42 63 trace 63 180
ÎS 1062 12 67 73 233 29 72 8 58 191

1026 trace 67 99 166 27 59 7 71 212
to

1
% 1305 27 75 97 267 31 60 81 78 190
& 1324 14 64 138 189 31 59 71 88 158

1116 38 38 119 92 16 45 76 105 153

« 1146 30 38 169 294 18 56 78 104 202

to

Wort of sp. gr. 1’040 was used.

of this species showed that the malate con
centration in beer was close to that of wort. 
However, substantial quantities were excreted 
when strains of S. carlsbergensis were used to 
ferment the same worts (Table II).

Acetate and P yru va te .—These two acids are 
discussed together because, in addition to 
being excreted during fermentation, they may 
be removed from the medium by the yeast at 
some stage of the fermentation.

Acetate has previously been reported in 
worts and beers by many workers®>®'̂ ®>̂ ®»2̂  
and is known to be the major volatile acid; 
its presence may reflect bacterial activity in 
some cases. It has been found that acetate 
accumulates in both wort (Fig. 2c) and the 
synthetic medium (Fig. 3) in the lag stage 
and early in the fermentation, and is then 
re-utilized, so that the concentration drops to 
low levels; a decrease in acetate concentration

(a) (b) (0
160200

<u
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E
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2 100
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8cou
2
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80
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-1100

Fig, 2. Pattern of accumulation of organic acids in stirred batch fermentations of wort of 
specific gravity 1-040, fermented with S. cerevisiae NCYC 1236. (a) Open circles, citrate ; 
closed circles, pyroglutamate; open triangles, malate. (b) Open circles, succinate; closed 
circles lactate; open triangles, a-ketoglutarate; closed triangles, a-hydroxyglutarate. 
(c) Open circles, acetate; closed circles, pyruvate. The broken line represents specific 
gravity in each case.
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Fig. 3. Excretion and reutilization of acetate by 
NCYC 1236 during stirred batch fermentations 
of: (a) synthetic medium with serine; (b) syn
thetic medium with glutamic acid. Open 
circles, acetate concentration; closed circles, 
extent of fermentation (change in specific 
gravity).

during fermentation has been reported in 
another study.® When wort is used, acetate 
then accumulates again in the later stages of

fermentation and also when sugar utilization 
is complete (Fig. 2c). Its appearance at this 
time coincides with the decrease in pyruvate 
levels (Fig. 2c), and calculation showed that, 
on a molar basis, the concentration of the two 
acids change essentially to the same extent but 
in opposing directions, suggesting that pyruv
ate is possibly converted to acetate (Fig. 4). 
Support for this hypothesis was obtained from 
the observation that addition of sodium 
pyruvate to beer, which enhances the rate of 
pyruvate utilization,® led to a more rapid 
accumulation of acetate in the medium 
(Fig. 4). The close quantitative relationship 
between the two acids persisted in these 
circumstances (Fig, 4), although initially 
pyruvate disappeared more rapidly than 
acetate was formed. It has been reported̂  ̂
that the utilization of pyruvate by baker’s 
yeast leads to the accumulation of acetate. 
It has previously been shown that pyruvate 
levels in beer do not change in the absence of 
yeast.®

When fermentations were carried out 
continuously in "plug” fermentors,  ̂ using 
wort of specific gravity T040 and T080,

100

0 75

c
.0
<0
c 0 50
8c8
u<

0 25

100 100

Time (h)
Fig. 4. Conversion of pyruvate to acetate, after completion of fermentation, (a) beer 

stirred with yeast (30 g wet wt/Iitre); (b) beer supplemented with 500 mg/litre of 
pyruvate stirred with yeast (30 g wet wt/litre). Open circles, acetate; closed circles, 
pyruvate; open triangles, total acetate plus pyruvate concentration. NCYC 1236 was used.
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Fig. 6 . Pattern of excretion of some organic acids in continuous yeast/kieselguhr plug 

fermentation of wort of 1-040 specific gravity (a), and 1-080 specific gravity (b), open 
circles, acetate; closed circles, pyruvate; triangles, a-keto-glutarate and a-hydroxyglut
arate. NCYC 1236 was used.

pyruvate and acetate concentrations were 
again inversely related; pyruvate levels were 
initially high and decreased with time, 
whilst the acetate levels increased (Fig. 5). 
Pyruvate has been shown to be excreted 
primarily during the period of yeast growth 
in batch fermentation,® and the highest 
concentration in the continuously-produced 
beer occurred early in the operation of the 
“plug” fermentor when a relatively small 
amount of yeast growth occurred. Acetate 
is produced to an increasing extent as growth 
diminishes, in accord with a previous report 
that the inhibition of yeast growth leads to 
increased excretion of acetate.

Lactate.—The d  and l isomers of this acid 
have been reported in wort and beer on a 
number of occasions®’̂  and, in the commercial 
beers examined here, lactate was the major 
organic acid in more than half the samples. 
In experimental fermentations it was found, 
as expected from previous results,® that the 
level of D-lactate increased, while that of the 
L-isomer remained constant. Lactate was 
excreted throughout the period of sugar 
utilization (Fig. 2b), and the quantity present 
in beer produced by the “plug” fermentor 
was similar to that of beer produced in

stirred batch conditions. No lactate was 
produced when synthetic media were fer
mented. As was the case with malate, yeast 
strain appeared to influence the final con
centration of lactate and, in general, the use 
of strains of S . carlsbergensis gave rise to 
higher concentrations of lactate than when 
S. cerevisiae was used (Table II).

Succinate.—Succinate was usually the acid 
which was excreted to the greatest extent 
when wort or synthetic media were fermented 
(Fig. 2; Table III) and this is in agreement 
with earher findings.®>®>̂ »̂̂ ® However, succi
nate was the major organic acid anion present 
in only three of the commercial beers which 
were examined, reflecting the fact that other 
acids which are excreted to a lesser degree are 
present in wort at relatively high concentra
tion.

d-Ketoglutarate.—a-Ketoglutarate is pre
sent in beer at relatively low concentration, 
as other workers have found.®»̂ ®»̂  ̂ It 
accumulates during wort fermentation at a 
relatively constant rate (Fig. 2). In beers 
produced by yeast-kieselguhr “plug” fermen- 
tors, it is present on the first day of operation 
but not thereafter (Fig. 5).

CL-Hydroxyglutarate.—This acid has not
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TABLE III

O r g a n ic  A c id  A n io n  Co n t e n t  o f  F e r m e n t e d  S y n t h e t ic  M e d ia  Co n t a in in g  V a r io u s  S o u r c e s  o f

N it r o g e n

Nitrogen
Source

Organic acid anion concentration (mg/litre)

Acetate Pyruvate Succinate
a-Keto-
glutarate

a-Hydroxy-
glutarate

Serine 7 159 380 154 13
Glutamic acid 1 0 164 878 1156 575
Aspartic acid 105 2 0 0 475 1 1 1 233
Asparagine 98 1 2 0 526 115 92
Arginine 30 84 197 75 145
Ammonium sulphate .. 24 130 296 37 1 2

The nitrogen source supplied 300 mg/litre of nitrogen.
Results are quoted for the same degree of sugar utilization (75 g/litre).

been reported in European beers but has been 
detected at relatively low concentration in 
Japanese saké and b e e r s . I t s  concentra
tions in the beers examined in this study 
show a wide variation, ranging from zero in 
many commercial beers (Table I) to about 80 
mg/htre in experimental lagers (Table II). 
No a-hydroxyglutarate was detected in 
worts.

Yeast strain markedly influenced the level 
of this acid in the finished beer (Table II). 
Four strains of S. carlsbergensis and one of S. 
cerevisiae gave beers with relatively high 
concentrations of a-hydroxyglutarate. In 
contrast, three other strains of 5. cerevisiae 
gave beers containing very httle of this acid.

The pattern of excretion of a-hydroxyglut
arate in batch fermentations is similar to that 
of a-ketoglutarate, which has already been 
discussed; “plug” fermentations using NCYC 
1236 gave rise to beers containing small quanti
ties of a-hydroxyglutarate only on the first 
day of operation of the plug (Fig. 5). The 
close resemblance in excretion patterns of a- 
keto and a-hydroxyglutarate is to be expected, 
considering the similarity of their chemical 
structure ; the keto acid could be converted to 
the hydroxy acid in one enzymic step in the 
yeast cell. In spite of this, however, the 
relative quantity of each of these acids 
present in fermented media varies consider
ably; hence a fermented medium high in a- 
hydroxyglutarate does not always have a 
high a-ketoglutarate concentration, and there 
appears to be no simple correlation between 
the final concentrations of these two acids in 
beers (Table II).

Influence of the m edium  on organic acid  
accumulation  

The metabolism of many of the organic 
acids excreted by yeast is closely related to 
amino acid metabolism. It seemed desirable, 
therefore, to find out if the accumulation of 
organic acids is affected by the nitrogen 
source. As the addition of some amino acids 
(such as glutamic acid) either as free acid or 
salt brings about unusual pH changes, which 
themselves influence acid excretion,® an 
investigation was carried out using a heavily 
buffered synthetic medium. This contained 
a level of carbohydrate similar to that in 
wort, but nitrogen was supplied by single 
assimilable compounds. The media were 
fermented using a strain of S. cerevisiae 
(NCYC 1236). The fermented media con
tained acetate, pyruvate, succinate, a-keto
glutarate and a-hydroxyglutarate in all cases 
(Table III); malate, citrate, lactate, and 
pyroglutamate could not be detected. How
ever, the source of nitrogen affected the rela
tive amounts of individual organic acids 
present in the fermented media, and also the 
total quantity of acids excreted. For ex
ample, relatively large quantities of a-keto
glutarate, succinate, and a-hydroxyglutarate 
were detected when glutamic acid was present 
in the initial medium (Table III). In this 
case almost aU the carbon present in the 
glutamic acid could be accounted for in these 
three acids. Nevertheless, organic acids 
were excreted when ammonium sulphate was 
used as the source of nitrogen, emphasizing 
their origin from carbon compounds other 
than amino acids, at least in part.
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Organic Acid Excretion by Strains of Brewing Yeasts 

N. Coote

Brewing Industry Research Foundation, Nutfield, Redhill, Surrey R H l 4 H Y

Several organic acids related to the Krebs cycle are excreted by yeast during brewery fermentations. 
They can affect the flavour o f the resulting beer both directly, because o f their intrinsic flavour, and 
also indirectly by influencing pH. The type of flavour these acids impart to the beer, at the concen
trations at which they are normally present, is one of texture rather than a directly recognisable 
taste, and they appear to contribute to that elusive character called “body” . The effect o f the acids 
on the pH of the beer is probably more important, for pH affects flavour, and is also one o f the 
factors affecting the susceptibility of the beer to microbiological spoilage, as well as influencing haze 
development and flavour stability in some circumstances. The effect o f the acids on pH varies 
considerably, as some are more acidic than others; therefore their effect on pH will be determined 
by the nature as well as the quantity of organic acid excreted.

Since many of the acids studied could not be easily analysed enzymicâlly, quantitative partition 
chromatography was employed. The method is particularly useful for analysing large numbers o f 
samples, as no sample preparation is required, and the acid profile of the beer under investigation 
can be automatically lecorded. All beers were found to contain acetic, pyruvic, lactic, succinic, 
pyroglutamic, malic and citric acids: most contained a-ketoglutaric acid, and some contained a- 
hydroxyglutaric acid. The method does not resolve every organic acid in the beer: some, such 
as oxaloacetic acid, are unstable under the conditions o f assay. However, it is unlikely that 
the undetected organic acids are excreted in quantities sufficient to affect either pH or flavour 
of the beer.

Analysis o f a range o f commercial ales and lagers revealed that the concentration o f the organic 
acids varied considerably. Most variation was found in acetic acid (10-160 mg/litre), succinic 
acid (30-180 ing/litre), and lactic acid (40-280 mg/litre). Not all the variation is due to differences 
in yeast activity, as most of these acids are present in the unfermented medium (the wort). For 
example, in typical worts made at the Brewing Industry Research Foundation, citric and pyro
glutamic acids are present at 150 and 90 mg/litre respectively. These two acids are neither excreted 
nor utilised by brewing yeasts during fermentation; their concentration in the beer is therefore 
determined by their concentration in the wort. Also, a substantial quantity o f malic acid is found 
in the wort, as well as small amounts o f lactic, pyruvic and acetic acids.

During the course o f fermentation, lactic, succinic and malic acids, and usually a-ketoglutaric 
acid, are excreted; a-hydroxyglutaric acid is excreted by some yeast strains. These acids reach a 
maximum concentration at the end of fermentation, and remain at this level in the finished beer. 
Pyruvic acid is excreted, reaches a maximum level about two-thirds the way through the fermenta
tion, and is then apparently reutilised by the yeast to a small extent in the later stages and after 
fermentation, if contact between the yeast and the beer is maintained. Acetic acid is rapidly excreted 
in the first few hours after the yeast has been added to the wort (whilst the yeast is in the lag phase); 
at the onset of fermentation it is metabolised, and then once more excreted in the later stages and 
after fermentation if the yeast remains in the beer. When acetic and pyruvic acid excretion patterns 
are compared, it is found that the levels o f the two acids vary inversely as, when pyruvic acid is 
being excreted, acetic acid is being reutilised, and vice versa. However, tracer studies have shown 
that the production of one acid from the other does not occur.
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In all the yeast strains examined, the excretion patterns outlined above are always followed. 
There is, however, considerable variation in the quantity of each acid excreted, depending on the 
conditions and the yeast strain that is used. Under constant conditions of fermentation in the 
laboratory, these strain variations can be assessed. Such studies show species differences between 
Saccharomyces cerevisiae and Saccharomyces uvarum: almost without exception a-hydroxyglutaric 
acid excretion is characteristic o f S. uvarum, with 70-80 mg/litre being excreted into experimental 
beers. Most S. cerevisiae produced beers with no more than 8 mg/litre o f this acid.

Brewing yeasts need trace quantities of oxygen to make some vital metabolites, such as sterols: 
larger quantities of oxygen appear to increase organic acid excretion, although the degree to which 
the excretion is enhanced varies considerably with yeast strain. This effect has been exploited to 
demonstrate that beers with higher organic acid levels have correspondingly lower pH values. 
Under these conditions, then, it appears that the pH of beer is inversely related to its organic acid 
content. However, when the entire fall in pH that occurs during a fermentation is considered (usually 
from about pH 5 to 4), only about 20-40% of the total hydrogen ion excretion can be accounted for 
by the excretion of organic acids. The large amount of carbon dioxide evolved rapidly saturates the 
fermenting wort, and only accounts for another 4% o f the total hydrogen ion concentration change. 
It therefore appears that hydrogen ion excretion other than in the form of partly dissociated organic 
acids and carbonic acid must occur.

It is clear that organic acids are not merely excreted as a waste product; in all fermentations with 
brewing yeasts, whether in wort or synthetic media, total acid excretion is always linearly related 
to carbohydrate assimilation, thus indicating that a close relationship between fermentation and 
acid excretion exists. It is possible that these acids are excreted to maintain the internal pH, or to 
adjust the cell’s redox balance. Perhaps even more likely is that they are excreted to serve both these 
requirements, as well as a means of disposal of waste carbon skeletons.
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THE CONCENTRATION AND SIGNIFICANCE OF PYRUVATE IN BEER

By N. Coote, B. H. K irsop a n d G. K. B uckee 
(Brewing Industry Research Foundation, Nutfield, Redhill, Surrey)

Received 5th February, 1973

Excretion of pyruvate takes place during the yeast-growth phase of fermen
tation, and, in batch fermentation, the extent of its accumulation varies directly 
with the extent of growth. Pyruvate excretion is not related to the content 
of pyruvate decarboxylase in the cells and is not influenced by the addition of 
thiamine or alanine to  the wort; the pH of the w ort exerts a slight influence on 
pyruvate excretion. Pyruvate may be metabolized by yeast towards the end 
of fermentation and during conditioning, so that the quantity present in beer 
is influenced by the extent and timing of yeast separation. The addition of 
sodium pyruvate to beer alters beer flavour by affecting the 'mouth feel' aspect 
of flavour; the minimum quantity required to do this varies in different beers 
over a range of 50-400 mg/litre.

Key words: aliphatic, 
ferm entation, flavour, yeast.

carboxylic acid,

Introduction
The organic acids which are excreted by  
yeast during fermentation can influence beer 
flavour, both intrinsically and because of their 
effects on beer acidity. It has been suggested 
that pyruvic acid is particularly significant,® 
as its concentration in beer may be close to 
the taste threshold. As there is substantial 
interest in the extent to which metabolites 
excreted by yeast influence beer flavour, the 
influence of pyruvate on flavour has been 
examined further, and the factors controlling 
its content in beer have been studied.

R esults a n d D iscussion
In initial studies of flavour effects, re

distilled pyruvic acid was added to beer. 
This gave rise to unpleasant flavours which 
were variously described as cheesy, aged 
and oxidized. However, as pyruvic acid 
is known to be unstable,it seemed possible 
that breakdown products could have been 
responsible; the addition of pyruvic acid also 
caused changes in pH (Fig. I) which were 
sufficiently large to alter beer flavour, for 
example with regard to bitterness.  ̂ Accord
ingly, further tests were carried out by adding 
sodium pyruvate.

Solutions containing 400 mg/litre of sodium 
pyruvate in aqueous ethanol (3%) were not 
distinguishable from 3% ethanol itself. 
When sodium pyruvate was added to beer to

give concentration increases in the range of 
50-400 mg/litre, there was no unpleasant 
flavour of the type noted when freshly 
redistilled pyruvic acid was used, supporting 
the association of this flavour with im
purities. Nevertheless, the addition of 
sodium pyruvate altered beer flavour, although 
the minimum concentration required to do so 
varied with different beers in the range of 
50-400 mg/litre. Assessment of flavour by a 
profile method* showed that the change in

44,

40

Ia
0)0)CD

32

0 100 200 300 400 500

Pyruvic add added (mg/litre)

Fig. 1. Effect of pyruvic acid addition on pH of 
various beers. Open circles, beer A; closed circles, 
beer B; open triangles, beer C; closed triangles, 
distilled water.
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flavour resulting from the addition of 
pyruvate (400 mg/litre) was associated with 
changes in ‘mouth feel’ properties of the beer 
rather than with effects on aroma or the basic 
taste characteristics.

The variation in the taste threshold 
concentration between different beers could 
not be correlated with other aspects of analy
sis and, as noted by Harrison & Collins’ with 
regard to flavour assessment, efficiency in 
distinguisliing the influence of pyruvate on 
flavour improved with the experience of the 
taster. Since sodium p)pivate is itself 
tasteless at the concentrations employed, it 
seems that its influence on beer taste must 
result from modification of the flavour effects 
of other beer constituents. This would be 
compatible with the range of taste threshold 
concentrations found with different beers. 
It is increasingly recognized that it is not 
feasible to quote a specific threshold value 
for a given constituent of a food or beverage, 
since effects of particular compounds depend 
so much on emironmental circumstances. 
The range of concentrations of pyruvate in 
commercial and experimental beers examined 
was 10-220 mg/litre, commercial beers in 
general being within the range of 40-100 mg/ 
Htre with higher values for stout. Thus it is 
to be expected that p}Tuvate will contribute 
to beer flavour in some, but not necessarily 
all, commercial beers.

In lager fermentation pyruvate accumu
lates in fermenting wort in the relatively 
early stages of fermentation.® This was
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found also to be the case in both stirred and 
unstirred ale fermentations in the present 
study. (Figs. 2, 4 & 8). The period of 
pyruvate accumulation was followed by a 
period in which pyruvate values remained 
approximately constant. In the stirred 
fermentors, the pyruvate level diminished 
towards the end of fermentation and this 
diminution continued during the period wdiich 
followed the completion of sugar utilization. 
A similar, but less marked, decrease was 
sometimes observed in the unstirred batch 
fermentations (Fig. 8). The quantity in the 
initial wort was always relatively low in 
comparison with the amount excreted during 
fermentation.

The content of pyruvate in beer thus 
depends upon the net effect of the processes 
of excretion of pyruvate into the fermenting 
medium and its subsequent removal. Con
sidering first the phase of excretion, it 
seemed likely that the excretion of pyruvate 
is associated with growth. Changes were 
accordingly made in wort composition which 
altered the extent of growth, and it was then 
found that the magnitude of the excretion 
of pyruvate was also altered. Thus the use 
of all-malt wort of higher specific gravity 
stimulated both growth and the accumula
tion of pyruvate (Fig. 8) as did the use of 
wort of increased soluble nitrogen content 
(Fig. 3); when adjunct wort containing 
reduced levels of all non-carbohydrate nu
trients was used both growth and pyruvate 
accumulation were diminished (Fig. 3).

Specific Pyruvate concentration 
gravity (mg/litre)

Yeast concentration 
pH (mg dry weight/mi)

5-0 ■

4-5
1-020--40

4-0"

3-5
503010 70

Duration of fermentation (h)

Fig. 2. Excretion and re-utilization of pyruvate 
during and after fermentation. Open circles, 
pyruvate concentration; closed circles, yeast 
concentration; open squares, specific gravity; 
closed squares, pH.



300

Duration of fermentation (h|

COOTE, KIRSOP AND BUCKEE 1 PYRUVATE IN BEER [J. Inst. BreW.
need for an efficient control of pyruvate loss, 
which, if excessive, would seriously interfere 
with fermentation, has previously been 
pointed out.̂  ̂ The situation changes during 
the course of sugar utilization, for net 
accumulation in the beer ceases before the 
rate of sugar utilization diminishes. The 
content of pyruvate decarboxylase in the 
yeast was essentially constant (Table II)

I
8 oiIIfo c toO L.a>4 -z:

0 >

Fig. 3. Effect of nutrient concentration on 
pyruvate production during fermentation. Open 
circles, malt wort A, containing 702 mg/litre of 
nitrogen; closed circles, malt wort B, containing 
1092 mg/litre of nitrogen; open triangles, adjunct 
■wort, containing 351 mg/litre of nitrogen; the bars 
represent yeast concentration after 60'5 h of 
fermentation in the respective wort; hollow bar, 
malt wort A; solid bar, malt wort B; hatched bar, 
adjunct wort.

It has been reported̂ ® that the quantity of 
pyruvate which accumulated in the medium 
during wine fermentation increased with 
increase in the pH of the grape juice used. 
It was confirmed that similar pH-dependence 
occurred with wort, although adjustments 
of the order of 0 4 pH units, which approxi
mates to the range over which wort pH is 
hkely to be deliberately changed, produced a 
relatively small effect (Table I).

TABLE I
E f f e c t  o f  W o r t  pH ox P y r u v a t e  E x c r e t i o n  

D u r i n g  F e r m e n t a t i o n

Duration 
of fermentation

(h)

Increase in pyruvate 
concentration in beer 

resulting from the change 
of wort pH (mg/litre)

pH increased 
by 0 4

pH increased 
by 1 2

0 0 5
2 0 3 2 2

40 1 0 31

Because pyruvate is involved in many 
metabolic reactions, it is surprising to find 
that it is not retained within the cell; the

TABLE II
P y r u v a t e  D e c a r b o x y l a s e  L e v e l s  D u r in g  

F e r m e n t a t io n

Duration of  
fermentation 

(h)
Specific
gravity

Pyruvate
concentration

(mg/litre)

Pyruvate 
decarboxylase 

level 
(units;g yeast 
wet weight)

16 1-031 33 12-5
24 1-019 80 12-4
46 1-008 56 11-4

whether pyruvate was being excreted or not. 
Excretion was, therefore, not due to a de
ficiency of this enzyme, which might, as 
reported in other circumstances,^® have been 
present in amounts inadequate fully to 
convert the pyruvate produced by glycolysis 
into acetaldehyde prior to ethanol formation. 
A study of pyruvate accumulation during 
fermentation found that the actmty of the 
pyruvate decarboxylase was hmited by a 
deficiency of thiamine in the medium used.^ 
In the present case, however, addition of 
thiamine (I mg/litre) to the wort used has 
little effect on the pattern of p\Tuvate 
accumulation in the fermenting wort (Table 
III). Thus it seems unlikely to be a de-

TABLE III

E f f e c t  o n  P y r u v a t e  E x c r e t io n  o f  t h e  
A d d it io n  o f  T h ia m in e  P r io r  to  F e r m e n t a t io n

Specific gravity 
of beer

Pyruvate concen 
and thiamir

tration (mg.'litre) 
le treatment

Thiamine added No thiamine added

1-015
1-009

79
81

81
88

ficiency of pyruvate decarboxylase actmty 
which leads to pyruvate excretion.

The passive diffusion of pyruvate through 
the cell membrane could account for its 
excretion and its later removal from the beer.
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However, in this case a substantial con
centration gradient would be necessary, as 
was found, for example, by Trevelyan & 
Harrison̂  ̂ to be present when glucose was 
fermented by concentrated yeast suspensions. 
In the present case, the concentration of 
pyruvate uithin the cell was greater than in 
the beer when pyruvate was being excreted, 
and the situation was reversed when the 
pyruvate was disappearing from the medium 
(Table However, the differences were

TABLE IV

Co m pa r iso n  o f  E x t r a c e l l u l a r  a n d  
I n t r a c e l l u l a r  P yrl^ a t e  Co n c e n t r a t io n s  

D u r in g  F e r m e n t a t io n
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Pyruvate concentration
Duration of (mg/litre)

fermentation Specific
(b) Gravity Intracellular Extracellular

17 1-028 91 32
(pyruvate accumu
lating in beer)

67 1-006 33 40
(pyruvate being ab
sorbed)

not great and seem unlikely to induce ready 
diffusion of pjTUvate through a membrane 
which is basically efhcient at retaining 
internal solutes. Moreover, the addition of 
pyruvate ( 1 0 0  mg/litre) did not sign^cantly 
alter the extent of excretion, suggesting that 
transport from the cell to the beer was not due 
to simple diffusion (Fig. 4). It may be that

1601 1040

o> 10301201

1-020

1-010

1-000

Duration of fermentation (h)

%(/}

Fig. 4. Pyruvate excretion in fermenting wort 
with and without added pyruvate. Open circles, 
no addition; closed circles, 1 1 0 mg/litre pyruvate 
added to the wort; open squares, specific gravity.

the excretion of pyruvate is related to the 
transport of other substances, in the same 
way that succinate has been shown to be 
excreted in parallel with the exchange of 
potassium and hydrogen ions when yeast 
cells ferment glucose.® The excretion of 
succinate was affected by an increase in 
potassium ion content in the medium. In 
the present study, however, addition of 
potassium ions did not alter pyruvate 
excretion.

Alternatively, pyruvate excretion may be 
related to the utilization of a particular 
nutrient. Alanine was considered to be a 
possibility, for this would give rise to pyruvate 
on transamination. However, increasing the 
alanine content of wort by a factor of two did 
not alter the extent of pyruvate excretion. 
Nevertheless, the possibility remains that the 
relationship between pyruvate accumulation 
and the extent of growth reflects the influence 
of a specific growth-stimulating nutrient.

The reduction in pyruvate level which may 
occur towards the end of fermentation is a. 
consequence of yeast action, for pyruvate 
levels remain constant in beer from which 
yeast is removed. Indeed, pyruvate seems 
to be very stable in the environment of beer, 
for the level remains essentially unchanged 
during storage for three months, and is not

llOr

lOOi

Q.

5040300 10 20

Time (h)
Fig. 5. Efiect of yeast concentration on the 

removal of pyruvate from beer. Open circles, 
16 g/litre yeast (wet weight) added to the beer; closed 
circles, 80 g/litre yeast (wet weight) added to the 
beer; open triangles, no addition.
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E 1-030
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(0

1-020

1-010

1-000
160120

Duration of fermentation (h)

80400
Gr

■QOO

Fig. 6 . Effect of pH on the removal of pyruvate 
from beer. Open circles, no addition of alkali; 
closed circles, 1-0-m sodium hydroxide added 
(0-8% V.V.). The alkali was added at the end of 
fermentation, indicated by the dotted line. Open 
squares, specific gravity.

substantially affected by filtration and 
pasteurization prior to bottling.

The rate of removal of pyruvate by yeast is 
primarily determined by the yeast concentra
tion (Fig. 5), but it is also influenced by pH, 
increasing as pH increases (Fig. 6). The 
effect of changes in pH within the pH range 
expected in beer is small. The influence of 
pH is interesting, however, in that it is in the 
opposite direction to that reported earlier,̂ ® 
when low pH was shown to enhance the rate 
of decarboxjdation by intact yeast cells; this 
reflects the increasing concentration of 
undissociated molecules, to which the mem
brane of the cell is relatively permeable, as 
pH diminishes. Clearly, however, pyruvate 
can penetrate the membrane to some extent 
at pH values where the molecule is essentially 
fully ionized.

The final level of pyruvate in beer will be 
determined in part by the extent of yeast 
growth, and thus by the concentration of 
limiting nutrients in the wort used. Yeast 
strain will have some influence; thus N.C.Y.C. 
240 produces more pyruvate than does 
N.C.Y.C. 1236. Fermentation temperature 
will play a part as indicated by the different 
pattern shown when N.C.Y.C. 1236 was used

to ferment a particular wort at 12-5® C and 
25° C (Fig. 7). The extent to which p\Tuvate 
produced by the yeast is subsequently 
removed by yeast action will also have 
an important effect. Primarily this will 
depend on the quantity of yeast which is 
present in suspension towards the end of 
fermentation, and thus will depend on the 
efficiency of yeast separation procedures.

The interaction of these factors is exemph- 
fied by comparing fermentations of worts 
of specific gravity T080 and 1*040. The 
grô vth in the higher gravity wort was greater 
(Fig. 8) and the production of p}TUvate was 
enhanced. However, growth was not doubled 
and accordingly the extent of the pro
duction of pyruvate was also not doubled. 
Yeast separation occurred less efficiently in 
the high gravity wort so that, after pyruvate 
accumulation was complete, a relatively 
higher concentration of yeast was present 
and the rate of pyruvate utilization was 
greater than normal. In consequence, the 
use of high gravity wort gave rise to a beer 
which, after dilution to standard original 
gravity, contained a reduced quantity of 
pyruvate. In both worts the rate of the 
utilization was temporarily increased when 
the yeast concentration was increased by 
rousing in the yeast head. Any accelerated 
fermentation procedure in which fermentation 
is terminated abruptly is hkely to lead in 
general to higher levels of pyruvate in beer, 
because of the elimination of the changes

1-040

E 60- 1-030

1-020

1-010

1-000
20 40 60 80 100

Duration of fermentation (h)

Fig. 7. Pyruvate production at different fermen
tation temperatures. Open symbols, fermentation 
at 12-5° C; closed symbols, fermentation at 25° C. 
Circles, pyruvate concentration; squares, specific 
gravity.
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Duration of fermentation (h)

1-080t 16

T060""12 M

%aw

1 040■■8

1-020--4

1 000-J- 0

Fig. 8 . Pyruvate content of beer, and yeast present in suspension in relation to wort specific gravity. 
(Unstirred fermentations, using NCYC 240). Open symbols, fermentation of specific gravity 1-040 
wort; closed symbols, fermentation of specific gravity 1*080 wort. Circles, pyruvate concentration; 
triangles, yeast concentration in suspension; squares, specific gravity. The broken vertical line 
represent the time at which the beer was roused.

which take place during the final stages of 
fermentation and during the conditioning 
period.

E xperimental
Yeast strains were obtained from the 

National Collection of Yeast Cultures (The 
Brewing Industry Research Foundation, 
Nutfield, Redhill, Surrey). N.C.Y.C. 1236 
was used unless otherwise stated.

Sodium pyruvate (B.D.H. Chemicals Ltd., 
Poole, Dorset 98% minimum assay) was 
used for taste trials; pyruvate concentrations 
in the beer were measured enzymically .̂

In some cases, comparison of this method 
was made with a chromatographic method,̂ ® 
and similar results were obtained by both.

The intracellular content of pyruvate was 
measured using a modification of the method 
of Trevelyan & Harrison̂  ̂ to disrupt cells; a 
sample of yeast suspension in beer was taken, 
cooled to 0° C, and centrifuged to a pellet, A 
known volume of the supernatant was added 
back to the pellet to give a thick yeast slurry.

Some of this slurry was drawn into a cold 
syringe and rapidly injected into a dry glass 
tube, which had been capped with aluminium 
foil and immersed in boiling water. The 
injected sample was left to equilibrate for 
about an hour, and then centrifuged. The 
supernatant was assayed for pyruvate and 
allowance was made for that present in the 
beer surrounding the cells. Results are 
expressed in terms of cell water, which is 
taken as 75% of the cell mass.

Pyruvate decarboxylase activity was 
assayed mànometrically, by the method of 
Suomalainen & Oura.̂ ® The yeast cells were 
broken by abrasion with glass beads in a 
Braun disintegrator. 1 unit of carboxylase 
activity was taken as 100 fil of COg produced 
in 3 minutes.

Fermentations were carried out in stirred 
conditions at 20° C, using the conditions 
described earlier®»̂  ̂or in pilot brewery batch 
vessels.  ̂ Worts were prepared as described 
earlier.® Adjunct wort was prepared by 
using malt wort A with an equal volume of
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com starch hydrolysate of the same specific 
gravity.

Flavour assessment was carried out using a 
triangular tasting method or a profile 
procedure.*
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FACTORS RESPONSIBLE FOR THE DECREASE IN pH DURING BEER FERMENTATIONS

By N, C o o t e  a n d  B. H. K ir so p  
{Brewing Industry Research Foundation, Nutfield, Redhill, Surrey, England)

R eceived 17  Septem ber 1975

The relative significance of factors which cause pH to decrease during fermentation has been 
investigated, using eleven yeast strains. Organic acid excretion and absorption of basic amino 
acids both have substantial effects : solution of carbon dioxide and absorption of primary phos
phate contribute to a small extent. Buffering capacity, over the pH range 4 to  5, increases slightly 
during fermentation. Approximately 30% of the increase in hydrogen ion concentration cannot be 
attributed to known causes; direct excretion of hydrogen ions may be responsible. Fermentation 
with yeast propagated in semi-aerobic conditions rather than in fermentors gives beers of lower 
pH and increased organic acid content, but the latter factor is not in itself sufficient to  account 
for the pH difference.

Key words: beer, buffering, fermentation, pH, wort. 

I n t r o d u c t io n
In an earlier study of factors which affect the excretion of 
organic acids during fermentation, it was noted that the 
previous history of the yeast had a marked influence’. Thus 
the use for fermentation of cells of Saccharomyces uvarum  
(carlsbergensis) N.C.Y.C. 1324 grown semi-aerobically in a 
Roux bottle led to a greater content of pyruvate, lactate, 
succinate, a-ketoglutarate, a-hydroxyglutarate, and malate in 
beer than did cells grown in stirred fermentors, in which the 
oxygen supply was restricted to that initially dissolved in the 
wort used. The reverse situation occurred with acetate. 
Because Roux bottles and stirred fermentors give growth 
conditions broadly similar to those present in brewery 
propagators and brewery fermentors respectively, experi
ments were carried out to see if the effect of growth con
ditions on subsequent acid excretion was a general one. 
Additionally, it seemed desirable to investigate the relation

ship between acid excretion and the fall in pH which occurs 
during fermentation.

R esults a n d  D isc u ssio n

A further ten yeast strains were examined, and the results 
are shown in Table I, together with those for N.C.Y.C. 
1324. It can be seen that the phenomenon of increased 
excretion of organic acids when fermentation is carried out 
with yeast grown in a Roux bottle as compared with a stirred 
fermentor is a general one. The differences are not a result of 
variations in the extent of fermentation: whether propagated 
in a Roux bottle or stirred fermentor, each yeast strain pro
duced beers of similar final specific gravity. There was marked 
variation from strain to strain in both species with regard 
to the effect on individual acids. Acetate levels were reduced 
by the use of yeast from a Roux bottle, particularly in the 
case of S. uvarum (Table I).
Beer pH was lower when yeast from the Roux bottles was 

used (Table I), and it seemed likely that this was a result of the

TABLE I. Influence of previous propagation conditions on organic acid content of beer

Yeast Strain 
(NCYC)

Conditions of 
Propagation

Organic acid concentratioris in beer (mg/litre)
acetic pyruvic lactic succinic a-ketoglutaric a-hydroxyglutaric malic Total pH

1062 R
F —

83
50

82
75

187
218

1 0
5

7
6

52
34

421
388

3 93 
411

1 240 R trace 36 47 118 47 trace 65 313 3 91S F trace 35 59 107 13 0 34 248 3 95
% 1332 R 9 44 95 164 30 7 70 419 3 70
g F 13 37 83 116 15 1 0 41 315 3-84
1 1334 R 13 49 99 124 30 14 62 391 3 90
1

F 7 34 77 1 1 1 11 6 44 290 409
Q 1336 R 15 53 6 8 164 0 0 42 342 3 90

F 42 34 64 106 0 0 42 288 411
1338 R 15 125 82 157 1 0 1 0 116 515 3 82

F 16 114 98 144 7 0 71 450 3 99
1323 R 48 49 58 157 trace 54 106 472 392

F 47 62 64 65 trace 44 94 376 400
5 1324 R 41 75 78 2 0 2 2 0 74 1 0 0 590 380§3 F 72 27 50 6 8 15 31 44 307 410
% 1325 R 7 50 118 172 1 0 40 74 471 3 81
1

F 1 2 54 118 133 1 0 38 95 460 3 8 6
a 1116 R 64 58 123 164 13 64 142 628 3-88
1

F 1 1 0 47 94 62 7 35 70 425 410
1305 R 50 75 61 193 13 41 56 489 3 85

F 1 2 0 61 63 99 6 2 2 45 416 400

* R = Roux bottle. 
F = Fermentor.
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greater content of organic acids. To check this, acid con
centrations of a pair of beers fermented by N.C.Y.C. 1324, 
grown under the two above-mentioned conditions, were made 
identical by addition of the appropriate organic acids to the 
beer containing the lower acid concentrations. It was found 
that this addition reduced, but did not eliminate, the pH 
difference between the pairs of beers (Table II). Therefore, 
factors additional to the increased organic acid content must 
be responsible for the increased fall in pH in fermentations

TABLE II. The effect of organic acids on beer pH

Beer fermented using yeast from Roux bottle 
Beer fermented using yeast from stirred fermentor 
Beer fermented using yeast from stirred fermentor 

with added organic acids

Beer pH
3-85
439
3 99

NCYC 1324 was used.

using yeast grown in Roux bottles. In other experiments, 
the organic acids that had accumulated in beer during the 
fermentations giving the results shown in Table I were added 
to wort, and, as expected, the pH of the wort was reduced 
(Table III). Again, the decrease was not as great as that which 
occurs during fermentation, showing that, in this situation 
also, additional factors are involved. This is particularly 
apparent when the results are expressed in terms of changing 
hydrogen ion concentration (Table III).
The literature regarding the causes of pH decrease during 

fermentation is diffuse and allows no general conclusion to be 
drawn. In view of the significance of pH as a factor affecting 
beer quality, it seemed desirable to consider the situation 
afresh, and obtain quantitative information wherever this 
was possible.

It is well known that the pH of wort falls most rapidly 
early in fermentation and changes only very slowly in the 
later stageŝ-®'̂® (Fig. 1); when yeast remains in contact with 
the beer after sugar utilization is complete, as in the case 
shown, the pH may rise to a slight extent. The decreasing 
rate of pH change during active fermentation reflects the 
logarithmic nature of the scale, arising from Sorensen’ŝ® 
conversion of hydrogen ion concentration to its negative 
logarithm, pH. In consequence, progressively greater quan
tities of hydrogen ions are required to decrease pH by, for 
example, OT unit as the pH value of the fermenting wort 
falls (Table IV). A relatively small change in pH towards 
the end of fermentation is thus the result of a relatively 
greater change in hydrogen ion concentration (Fig. 1). The 
differences between fermentations are more readily apparent if 
they are expressed in terms of hydrogen ion concentration 
rather than pH; this can be seen in the results quoted in 
Table III.

pH

60 ra3
h40 .2

-20

-0

r5-51-040

>  1-030

1-020

-4-0

1-000

Duration of fermentation (h)

Fig. 1. Changes in pH and hydrogen ion concentration during 
fermentation using N.C.Y.C. 1324; solid line, pH; broken 
line, hydrogen ion concentration; open circles, specific 
gravity.

TABLE III. Changes in pH & H+ concentration on addition to wort of the organic acids accumulating during fermentations

Yeast strain 
(NCYC) Beer pH

Increase in hydrogen 
ion concentration 
during fermentation 
(/ig ions/litre)

Wort pH after the 
addition of organic 

acids *
Change in hydrogen 
ion concentration due 
to acid addition

% Contribution of 
acids to total 

hydrogen ion excretion
1062

eu
3-93
411

109
70

4-44
4-48

29
25

27
36

1 240
1

3-91 
3 95

115
104

4-62
4-72

16
11

14
11

% 1332 3-70
3-84

192
137 4-51

4-62
23
16

1 2
1 2

1 1334
a<

3-90
4-09

118
73

4-56
4-64

2 0
15

17
21

Q 1336 k: 390
4-11

118
70 4-58

4-64
19
15

16
21

1338 3-82
3-99

143
94

4-33
4-40

39
32

27
34

1323
s

3-92
4-00

1 1 2
92

4-46
4-52

30
2 2

27
24

1 1324 3-80
4-10

150
71

4-34
4-64

38
15

25
21

K 1325 S
3-81
3-86

147
130 4-44

4-45
29
28

2 0
2 2

< 1116 
1

3-88
4-10 124

71
4-30
4-49

42
25

34
35

1305 3-85
4-00

133
92 4-44

4-52
29
2 2

2 2
24

* pH of wort = 5-11 (hydrogen ion concentration = 8/ig ions/litre).
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TABLE IV. Relationship between pH and Hydrogen Ion 
Concentration

pH
Hydrogen ion concentration 

(/ig ions/litre)
5-0 1 0 0
4-9 12-6
4-8 15-8
4-7 2 0 0
4-6 25-1
4-5 31-6
4-4 39-8
4-3 50-1
4-2 63-1
4-1 79-4
4-0 1 0 0 - 0

measuring the buffering capacity at intervals between pH 4 
and 5 revealed that the buffering capacity of wort and beer 
were the same at pH 4 0, but that beer became a generally 
better buffer than wort at pH values above this (Fig. 2).

The pH fall must be a reflection of yeast activity, for stored 
sterile wort does not alter in pH to an appreciable extent. 
Yeast may be envisaged as acting to reduce pH by (a) altering 
the buffering capacity of the wort, (b) absorbing bases,and 
(c) excreting acids. The possible role of each of these factors 
in bringing about the fall in pH which occurs during fer
mentation will be considered separately.

Buffering Capacity
It has been suggested that the removal of buffering sub

stances is partly responsible for the change in pH during 
fermentation̂ ’®, the inference being that the acidic substances 
of wort then give rise to a higher hydrogen ion concentration 
in the less well buffered solution. Worts and derived beers 
were therefore examined to measure their buffering capacity, 
that is their ability to resist change in pH on the addition of 
acid or alkali.
The numerical value for buffering capacity varies with the 

pH at which the measurement is made. This again reflects 
the fact that the pH scale is logarithmic: the quantity of 
hydrogen ions necessary to bring about a given change in pH 
diminishes as the values approach neutrality. Also, in the 
present case, it is necessary to carry out measurements at pH 
values found in wort and beer: measurements outside this 
range will be affected by substances which may be ineffective 
as buffers at wort and beer pH, and therefore irrelevant in 
the present context. Investigations were accordingly carried 
out in the wort and beer pH range of 4 to 5.
When buffering capacity was measured as the quantity of 

acid or alkali required to change the pH of a given volume of 
wort from 5-0 to 4 0, and of the derived beer from 4 0 to 5 0, 
it was found that the buffering capacities of the wort and beer 
were similar (Table V), the beer being a slightly better buffer 
than the wort. The buffering capacity of the all-malt wort 
(sp. gr. 1-040) was such that, to increase the hydrogen ion 
concentration by a given amount, it was necessary to add 
about 20 times this quantity. Comparison of beers of different 
pH values, prepared from the same wort, but using yeast 
propagated with and without access to oxygen, showed that 
they were of similar but not identical buffering capacity. 
The beer of the lower pH gave slightly higher values and both 
beers had somewhat higher buffering capacity than the ori
ginal wort (Table V). A more detailed investigation made by

TABLE V. Buffering capacity of wort and beer

Sample
Actual
pH

Buffering Capacity (ml acid or alkali 
(0-lN) required to change the pH from 

5-0 to 4-0 or vice versa.)
Wort 5-20 52
Beer A 4-09 58
Beer B 3-77 62

40 4 5  

pH value
5-0

Fig. 2. The variation of buffering capacity with pH; closed 
circles, buffering capacity of wort (pH 5-20); open circles, 
buffering capacity of beer (pH 4-09) fermented by N.C.Y.C. 
1324.

Clearly, the fall in pH which occurs during fermentation 
is not the result of a net loss of substances which buffer wort 
in the pH range 5-0 to 4-0. It can be inferred that substances 
such as phosphate and amino acids, which are assimilated 
during fermentation and which have been said to be res
ponsible for some of the buffering capacity of wort̂ -̂  ̂are 
not effective buffers at the pH of wort. This was to be ex
pected from their titration curves", and pK valueŝ -̂", 
having regard to the fact that a substance buffers over a pH 
range of about one unit on each side of its pK. The dicarboxy- 
lic amino acids, glutamic and aspartic acids, have pKg values 
which are in the appropriate range, but their total concen
tration is too low (about ImM)*̂  for them to contribute 
substantially to buffering capacity. Fig. 3 shows that the

5-25

500

475

S 4 50

425

400

375

NCYC 1324 was used
Beer A, fermented by fermentor-grown yeast 
Beer B, fermented by Roux-grown yeast

1-0 ml
0-1N sulphuric acid (ml)

Fig. 3. Titration curves of 0-5% casein hydrolysate (open 
circles), 0-5 % casein hydrolysate and 1 mM citrate, added 
as tri-sodium salt (closed circles), all malt wort, sp. gr. 
1-040, (open triangles), and 10 mM glutamic acid (added as 
L-mono sodium salt) (closed triangles). 50-ml volumes of 
the above samples were used.
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concentration of glutamic acid necessary to buffer as effectively 
as wort is the order of 10 mM. Phosphates become effective 
buffers at pH values above about 5-5®, and so will contribute 
to buffering capacity if the measurements made extend 
over the range 5-5 to 7 0, as has sometimes been the casê®. 
Phosphate will also affect the results of titratable acidity, 
which is commonly measured by titrating beer from its 
actual pH to a value in the region of neutrality. However, 
changes in phosphate concentration will not influence the 
buffering capacity of wort in the practically important pH 
range of 4 to 5.
With regard to the nature of the substances which act as 

buffers in wort and beer, the organic acids, of which citric 
acid is the predominant one in wort% have pK values in the 
correct range to buffer at wort and beer pĤ ®, but are present 
at too low concentrations to account for the observed buffer
ing capacity (Fig. 4). For example, a wort which possessed 
buffering capacity equivalent to that of 6mM citrate buffer 
was less than ImM  with respect to total organic acid content.

0)3
1IQ.

0-1N sulphuric acid (ml) 0-1N sodium hydroxide (ml)

Fig. 4. Titration curves of beer from a pilot brewery fermen
tation using N.C.Y.C. 240 (solid line), and a solution of 
organic acids containing the same concentrations as those 
in the beer (broken line): acetate, 15 mg/litre; pyruvate, 
1 1 2 mg/litre; lactate, 60 mg/litre; succinate, 60 mg/litre; a- 
ketoglutarate, 1 0 mg/litre; pyroglutamate, 80 mg/litre; 
malate, 46 mg/litre; citrate, 163 mg/litre. 50-ml sample 
volumes were used.

From the quantitative point of view, the nitrogenous 
constituents of wort and beer merit consideration. Because 
their pKi values are low, most amino acids are not important 
with regard to buffering capacity in the relevant range. 
However, it is known that the pKi values of simple peptides 
are significantly higher than those of the constituent amino 
acidŝ®. It seems that peptides may be effective buffers at 
wort and beer pH values, as suggested by earlier workers®'"'®\ 
Examination of a solution of casein hydrolysate (0 5%; total 
nitrogen, 84-3 mg/100 ml; non-amino nitrogen, 39 3 mg/100 
ml) showed that the buffering capacity was similar to that of 
wort, particularly if the solution was supplemented with 
sodium citrate (1 mM citrate) (Fig. 3). Even though no de
tailed information as to the nature of the peptides present in 
wort or casein hydrolysate is available, the results support 
the view that the non-assimilable protein degradation 
products play a substantial role as buffers in wort and beer.
Although buffering capacity does not change appreciably 

during fermentation, it is nevertheless an important factor in 
determining beer pH. For example, consider a wort at pH 
5 0 which, on fermentation, produces a beer at pH 4 0; it 
can be calculated that the hydrogen ion concentration has 
increased by 90 /ig ions/litre. If the buffering capacity of the 
wort is now halved, then assuming other factors leading to 
increased hydrogen ion concentration during fermentation 
to be unaffected by the dilution, the increase in hydrogen ion

concentration would be 180 ng ions/litre, which would give 
rise to a beer of pH 3-72.

Absorption o f  Bases
It has been suggested̂  that the assimilation of the dibasic 

phosphate ion HPO^—  leads to increased acidity during fer
mentation, and experiment showed that the addition to a 
beer of the dibasic potassium salt (phosphorus concentration 
= 100 mg/litre) led to a rise in pH from 3 92 to 4 52. How
ever, it has been established®® that yeast cells absorb phosphate 
as the monobasic ion HgPÔ -, and analysis of yeast showed 
clearly that potassium and phosphate are absorbed in equi- 
molar proportionŝ ®. The net change expected in wort fer
mentations is thus the removal by yeast of KH 2PO4, albeit 
as separate ions. Analyses of worts and derived beers showed 
that the ratio of K removal : P removal (on an atomic basis) 
during fermentation was 1:1-5. This value is clearly more com
patible with the absorption of KH 2PO4 than of K 2HPO4. 
KH 2PO4 is acidic, although slightly more basic than beer, and 
its addition to a beer, to replace the phosphate removed during 
fermentation, increased the pH from 3-92 to 3-97. In terms of 
hydrogen ions, this difference represents 13 /ig ions of 
hydrogen/litre. In relation to the total amount of hydrogen 
ions that accumulate during fermentation, phosphate assimila
tion is therefore of only minor significance. Other basic sub
stances considered include the basic amino acids, and the 
purine and pyrimidine bases and nucleosides. With regard to 
the amino acids, lysine, arginine and histidine are strongly 
basic at beer pH, while alanine, threonine, glycine and gluta
mine are very slightly basic. In contrast, glutamic and aspartic 
acids are acidic at beer pH. The net contribution of amino 
acid uptake to the fall in pH was measured by adding to beer 
those amino acids which are assimilated from wort: the 
quantities used were those listed by MacWilliam for a British 
infusion wort®\ This resulted in an increase in pH from 4-05 
to 4-23, corresponding to an increase in hydrogen ion con
centration of 30 Mg ion/litre. The literature suggests that the 
overall changes in concentration of purine and pyrimidine 
bases and nucleosides during fermentation is slight®-̂®. It is 
therefore unlikely that these compounds would significantly 
affect the fall in pH that occurs during fermentation.

Excretion o f  A c id s— Cenhon dioxide, which gives a rela
tively weak acid in solution, and the organic acids are the 
major acidic molecules known to be excreted by yeast during 
fermentation. Carbon dioxide is produced in large quantities 
and saturated the wort, in the fermentation shown in Fig. 1, 
when the specific gravity had fallen from 1-040 to 1-032. 
Addition of this quantity of carbon dioxide to wort decreased 
the pH from 5-14 to 4-73. In terms of the hydrogen ions present 
this amounts to an increase of 11-4 Mg ions/litre.
Yeast has been reported to excrete nucleotides, which are 

acidic, during fermentation̂ ®. However, the amounts present 
in beer are low®̂  showing that their excretion is unlikely to 
contribute significantly to the fall in pH; it was found by 
experiment that cytidine monophosphate had little effect on 
beer pH, as the addition to a beer of 100 mg/litre of this 
compound only reduced the pH by 0-02 (from 4-05 to 4 03).
Although organic acids are excreted throughout fermenta

tion’, and contribute to the pH fall (as shown in Table II), it is 
clear that the whole fall in pH cannot be attributed to acid 
excretion. The results given in Table I allowed the effect of the 
acids to be quantified, by their addition to wort so that the 
concentrations were the same as those of the beers. When this 
was done, it was found that the hydrogen ion concentration 
was increased from 8 to 32 Mg ions/litre, giving a mean in
crease of 24 Mg ions/litre. This is equivalent to 23 % of the 
total increase in hydrogen ion concentration occuring during 
these particular fermentations.
Clearly, the major part of the increase in hydrogen ion con

centration occuring during fermentation is due to factors other 
than the accumulation of organic acids. If one assumes that
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the uptake of amino acids and primary phosphate, and the 
solution of carbon dioxide, had the effect found above in the 
sets of fermentations listed in Table I, then the total effect of 
the known factors which cause the hydrogen ion concentra
tion to increase is of the order of 79 fig ions/litre. In these 
particular fermentations, this represents 70% of the mean 
increase in hydrogen ion concentration: the remainder must 
therefore be assigned to unknown factors. One such factor may 
well be the direct excretion of hydrogen ions. This is known to 
occur in yeast and other micro-organisms, both in relation to 
transport phenomena, and in order to regulate the internal 
environment of the cell®>®-“-̂®-®®. However, it is not possible at 
present to assess the magnitude of such excretion (or the 
indistinguishable uptake of hydroxyl ions) in fermenting 
wort.

E x pe r im e n t a l

Yeast strains were obtained from the National Collection of 
Yeast Cultures (The Brewing Industry Research Foundation, 
Nutfield, Surrey, England), and were propagated either in 
shaken Roux bottles for 3 days at 25°C, so that air was present 
in the headspace of the bottle®, or in glass fermentors with 
nitrogen passing through the headspace, as described earlier®. 
All fermentations were carried out under stirred conditions®. 
Both propagations and fermentations were carried out in all
malt hopped wort; both the wort and the experimental beers 
used to determine the effects on pH of the addition of phos
phates, amino acids, and nucleotides were prepared in a pilot 
scale brewery by the method of Hudson & Birtwistlê®. 
Organic acids were assayed by partition chromatography on 
silicic acid columns as described earlier’. Carbon dioxide con
centrations were estimated manometrically by the method of 
Martin®® ; phosphate was determined by the method of Fogg 
& Wilkinson̂ *, and potassium concentrations were estimated 
by atomic absorption spectroscopy. Casein hydrolysate (acid) 
was obtained from Oxoid Ltd, London, England.

Acknowledgement.— We thank Allied Breweries for carrying 
out analyses for potassium in wort and beer samples.
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