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STUDIES ON DIACETYL PRODUCTION BY 
STREPTOCOCCUS DIACETILACTIS MATUSZEWSKI ET AL. 

INTRODUCTION 

For centuries, man has used lactic acid -producing bacteria 

to convert sweet milk to sour, edible products which are re- 

sistant to spoilage. Progress in dairy microbiology has led to 

many refinements in this technique so that commercial mixed - 

strain starter cultures now are used in the manufacture of 

various cultured products by the dairy industry. Fundamental 

investigations have revealed the presence of two types of bac- 

teria in these starter cultures, both of which are essential if 

cultures are to be satisfactory for use in preparing such foods 

as cottage cheese, cultured buttermilk,-ripened cream butter 

and cultured sour cream; lactic acid -producing bacteria are 

necessary to convert lactose to lactic acid and flavor or aroma - 

producing bacteria are necessary to convert milk citric acid to 

acetic acid, carbon dioxide, and diacetyl, one of the most 

fragrant, volatile compounds known to man. 

Mixed -strain starter cultures are blended together by 

commercial supply houses, largely by trial and error, checked 

for acid and flavor production and shipped to dairy plants in 

powdered form. Practically all these starter cultures now on 

the market can be criticized for lack of flavor and aroma. Use 

of these unsatisfactory cultures leads to the manufacture of 
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products lacking desirable taste and aroma characteristics as 

well as consumer acceptance. In recent years, this has become 

a serious problem to the dairy industry due to the increased 

emphasis on improving the quality of these high -profit making 

cultured products. 

The present study was initiated in an effort to provide 

information that might be useful to the dairy industry in solv- 

ing this problem. The first phase of the investigation concerned 

a study of factors affecting diacetyl production by cultures of 

the aroma bacterium Streptococcus diacetilactis, which in turn 

were used to manufacture ripened cream butter. The second as- 

pect of this work involved a study of the mechanism of diacetyl 

synthesis by S. diacetilactis. This latter phase was carried 

out in an effort to find reactions that might control or limit 

diacetyl production by this organism in mixed -strain starter 

cultures. 
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HISTORICAL REVIEW 

Definition and Characteristics of Aroma Bacteria 

Studies by the famous dairy bacteriologist Orla- Jensen 

(59, p. 81 -196) prior to 1919 extended the knowledge on a group 

of bacteria to which he gave the genus name Betacoccus. Mem- 

bers of this genus all produced levorotatory lactic acid, 

acetic acid and slight amounts of carbon dioxide and hydrogen. 

Slime production from cane sugar was a variable characteristic 

among these organisms. At that time, only Streptococcus 

cremoris was considered significant in aroma formation in cream 

which was soured for butter manufacture. This concept was soon 

changed by the findings of Hammer and Bailey which were re- 

ported in 1919. 

Hammer and Bailey (26, p. 223 -246) found organisms growing 

in association with lactic acid -producing bacteria which were 

responsible for flavor production in mixed- strain starter cul- 

tures. Hammer (27, p. 139 -144) recognized two species of these 

associative bacteria which he designated as Streptococcus 

citrovorus and Streptococcus paracitrovorus. These organisms 

were defined on the basis of volatile acid production from 

citric acid; considerably more was produced by S. paracitro- 

vorus. The addition of either citric or lactic acid to pure 

cultures of either of these species resulted in a fermentation 

during which considerable flavor and aroma were produced. These 
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organisms therefore came to be known generally as aroma or 

flavor bacteria. They were used in association with lactic 

acid -producing bacteria to manufacture ripened cream butter with 

superior flavor and aroma. 

The observation that aroma bacteria were capable of fer- 

menting citrate led Orla- Jensen and his co- workers (60, p. 333- 

342) to re- evaluate their belief that these organisms were merely 

weakened lactic acid bacteria which formed relatively large 

amounts of acetic acid. Their investigations revealed that 

aroma bacteria formed a number of by- products from citric acid, 

favored a relatively low growth temperature (21° C.), and pro- 

duced levorotatory lactic acid. From these findings, they con- 

cluded that the aroma bacteria should be included in the genus 

Betacoccus. This proposal gained support from Knudsen and 

Sorensen (41, p. 75 -85) in 1929 who designated a single species 

for aroma bacteria, Betacoccus cremoris. However, they recog- 

nized two types of these organisms, type a, which resembled 

S. paracitrovorus, and type b, which resembled S. citrovorus. 

Rucker and Pederson (35, p. 3 -80) in their classification 

of the Coccaceae placed S. citrovorus, S. paracitrovorus and 

B. cremoris in the genus Leuconostoc. S. paracitrovorus was 

designated Leuconostoc dextranicum; it produced acid and slime 

(dextran) from sucrose but did not ferment pentoses. B. cre- 

moris and S. citrovorus were renamed Leuconostoc citrovorus; 

it failed to ferment sucrose or pentoses. This organism now 



5 

is called Leuconostoc citrovorum. 

An aroma bacterium different from Leuconostoc organisms 

was isolated and named Streptococcus diacetilactis in 1936 by 

Matuszewski and his collaborators (49, p. 1 -28). Five strains 

of this organism were isolated from sour potato mash and kefir 

and each produced lactic acid and acetoin in milk culture. 

Butter manufactured from cream ripened with this organism had 

a delicate, pleasing flavor and aroma. The minimum, optimum 

and maximum growth temperatures for S. diacetilactis were 5° C., 

26° C. and 40° C. respectively. The rate of acid development 

by this organism was similar to that of Streptococcus lactis, 

the common milk souring bacterium; dextro- rotatory lactic acid 

was produced. Copious quantities of carbon dioxide, acetoin, 

diacetyl and 2,3- butanediol also were produced in milk culture 

by S. diacetilactis. 

Hammer and Babel (28, p. 83 -168) reviewed most of the facts 

available on bacteria used in controlled dairy fermentations as 

of 1943, and gave considerable information about aroma bacteria. 

They were fastidious in growth requirements but could be stimu- 

lated by yeast extract, beer wort, liver extract, riboflavin 

and thiamine. They grew best at about 21° C. and at pH 7.0 but 

were considered very acid tolerant. Variable quantities of 

acid were produced in milk; the acid was thought to be largely 

or entirely acetic. These bacteria were considered responsible 

for most of the gas produced in butter cultures as a result of 
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fermentation of citric acid. Diacetyl production by these bac- 

teria was believed to be necessary in the formation of butter 

aroma. It was also thought that they could destroy diacetyl by 

reducing it to 2,3- butanediol. 

The taxonomic study of organisms found in mixed -strain 

lactic streptococcus starter cultures carried out by Sandine 

et ál. (66, p. 799 -808) also concerned aroma bacteria. They 

were unable to distinguish L. dextranicum from L. citrovorum 

on the basis of acid production from various sugars. However, 

they were readily identified as to species by plating on media 

containing 20 per cent sucrose; L. dextranicum produced slimy, 

transparent colonies from 0.5 mm. to 2.0 mm. in diameter, while 

L. citrovorum grew as tiny pin -point colonies. They found also 

that both Leuconostoc species failed to cause acid coagulation 

of litmus milk in 48 hours at 30° C. On the other hand, 

S. diacetilactis coagulated the milk within this time period 

and thus was readily distinguished from Leuconostoc. Only the 

Leuconostoc organisms were incapable of producing aroma com- 

pounds when grown alone in milk culture. However, when grown 

in combination with homofermentative lactic streptococci, these 

bacteria also produced aroma compounds. The S. diacetilactis 

strains formed diacetyl in single strain milk culture and gave 

positive precipitin reactions with Group N antisera. All 

Leuconostoc species failed to give positive precipitin reactions 

under the same conditions. 
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Identification and Source of Flavor and Aroma Compounds 
in Mixed -strain Starter Cultures 

The recognition that both acid and flavor -producing bac- 

teria were desirable in mixed- strain starter cultures was 

followed by studies designed to identify the flavor and aroma 

compounds and to determine how they were synthesized. The work 

of van Niel (80, p. 234 -251) was of paramount importance in this 

regard. In 1929, this worker reported that the only or prin- 

cipal aroma compound found in mixed -strain starter cultures and 

cultured -cream butter was diacetyl. Hundreds of workers have 

since substantiated this finding and today it is well -known that 

this compound is a major contributor to the desirable flavor 

and aroma of most cultured dairy products. A few investigators, 

however, have felt that other compounds also may be very impor- 

tant. For example, Hammer and Babel (28, p. 83 -168) pointed out 

that chemical compounds significant in the final flavor of 

starter culture were lactic, acetic and propionic acids as well 

as carbon dioxide and diacetyl. 

The source of flavor and aroma compounds was traced to 

citric acid by Federov and Kruglova (18, p. 161 -164). These 

investigators found that four strains of S. diacetilactis pro- 

duced diacetyl and acetoin from citric acid but not from lactose. 

Andersen (1, p. 429 -432), however, found that L. citrovorum and 

S. diacetilactis fermented both lactose and citrate to diacetyl 

and acetoin and this finding was supported by Mizuno and 

. 
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Jezeski (53, P. 579 -588). They observed that in mixed -strain 

starter cultures containing Leuconostoc, the origin of the 

carbon skeleton for acetoin was either glucose or citrate, each 

of which was metabolized to a common precursor, pyruvate. Their 

results indicated that the terminal carbon atoms of citrate were 

not incorporated into acetoin and that 70, 36 and 11 per cent of 

the substrate was converted to total organic acids, volatile 

acids and carbon dioxide respectively. They also reported that 

only the methyl and a -keto carbon atoms of pyruvate were trans- 

formed into acetoin, and that the carbonyl carbon was converted 

to carbon dioxide. 

Several workers have shown that single- strain cultures of 

aroma bacteria can be used in producing desirable flavor and 

aroma in butter and cottage cheese. For example, Michaelian 

et al. (51, p. 323 -360) developed a culturing technique using 

S. citrovorus which resulted in production of fine - flavored 

cultures for use in butter manufacture; the organisms were grown 

in pasteurized milk for 24 hours at 21° C. and then 0.15 per 

cent citric acid and 0.3 per cent sulfuric acid were added to 

achieve a pH value of about 4.3. The incubation then was con- 

tinued for an additional 24 hours. Their data showed that be- 

fore the addition of acid to the milk, there was usually no 

acetoin or diacetyl present and very little volatile acidity. 

The most rapid production of aroma compounds occurred upon 

incubation for 24 hours at pH 4.0 to 4.3. 

. 
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Mather and Babel (48, p. 1045 -1056) found that a cottage 

cheese creaming mixture could be enhanced in flavor and aroma 

by using a special skim milk culture of S. citrovorus. For 

preparation of the culture, skim milk was heated to 88 to 93° 

C. for one hour, inoculated with culture and incubated for 18 

to 24 hours at 21° C. The milk then was acidified to pH 4.3 

with a 20 per cent citric acid solution and incubated for an 

additional 16 to 18 hours. 

Other investigators have employed single- strain cultures 

of aroma bacteria to study factors affecting diacetyl produc- 

tion. For example, Rumments (64, p. 107 -111) found that when 

citric acid was added to a milk culture of S. citrovorus, the 

amount of acetoin and diacetyl formed could be considerably in- 

creased. The best pH for the formation of diacetyl was 4.3, 

and it made no difference whether citric acid or lactic acid 

was used to acidify the milk. Wiley et al. (86, p. 227 -238; 87, 

p. 239 -249) reported that when Betacoccus organisms were grown 

in milk heated to 93° C. for one hour, no diacetyl was pro- 

duced even after incubation for 100 hours. However, when the 

cells were grown in the same milk acidified to pH 4.2, they 

produced and destroyed diacetyl at a rapid rate and, in this 

regard, resembled mixed -strain starter cultures. Cox (8, 

p. 28 -35) extended the studies of Wiley and his co- workers 

and found that the rate of diacetyl synthesis and degradation 

was largely dependent on pH; milk was inoculated at the rate of 
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5 per cent and incubated at 21° C. with slow, constant additions 

of lactic acid. The acid additions were timed so that the 

acidity was gradually increased to a final pH of 4.4 at the end 

of the incuation time. By this procedure, maximum diacetyl 

levels could be reached sooner than when the pH level was ad- 

justed to pH 4.4 at the beginning of incubation. Most of the 

Betacoccus strains studied produced a maximum of 20 p.p.m. 

diacetyl when cultured in this manner. However, one strain pro- 

duced 40 p.p.m. and another, 60 p.p.m. These values appear to 

be the highest levels of diacetyl produced by either single 

or mixed -strain starter cultures reported to date. 

An investigation by Christensen and Pederson (6, p. 319- 

322) demonstrated that bacteria other than dairy aroma- forming 

types may produce diacetyl. Homofermentative lactic acid bac- 

teria produced diacetyl more readily and in larger amounts than 

the heterofermentative species. Diacetyl production was found 

dependent upon the medium, the pH and the incubation temperature. 

Citric acid was essential for diacetyl production by some 

strains. Leuconostoc mesenteroides and Streptococcus faecalis 

produced less diacetyl at pH 5.5 than at pH 4.5. 

Certain studies have shown that diacetyl, in addition to 

being an important flavor compound, may act as a growth in- 

hibitor for microorganisms. For example, Hedgecock and Cohn 

(32, p. 216 -219) in 1954 reported that diacetyl prevented the 

growth of a variety of microorganisms when present in a 
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concentration of from 200 to 1600 micrograms (ug.) per ml. In 

quantitative studies with a single strain of Escherichia coli, 

diacetyl exerted an inhibitory action at concentrations less 

than 129 ug. per ml. and a lethal action at concentrations 

greater than 129 ug. per ml. It was further demonstrated that 

diacetyl was utilized during growth of E. coli and enhanced 

final growth when the medium was deficient in glucose. Inhibi- 

tory concentration of diacetyl for Aspergillus niger and 

Streptomyces griseus was 200 itg. per ml.; 400 ug. per ml. in- 

hibited Aerobacter aerogenes, Proteus vulgaris, Bacillus 

mycoides, Bacillus subtilis and Bacillus anthracis. Much higher 

levels of diacetyl were required for inhibition of S. faecalis 

and S. lactis (800 and 1200 ug. per ml. respectively). It is 

possible that this inhibitory effect of diacetyl may explain 

the long shelf life (30 days) of cottage cheese prepared with 

the special creaming mixture described by Mather and Babel (47, 

po 1917- 1926). 

Some attempts have been made to explain the mechanism of 

inhibition by diacetyl and related compounds. In this connec- 

tion, Nickerson et al. (56, p. 278 -281) suggested that the 

antibacterial activity may be associated with its a,ß- unsaturated 

ketone structure through an irreversible attachment to some 

portion of an enzyme or enzymes. Myrvik and Volk (55, p. 622- 

626), using short term growth experiments, found that the 

enediol group had no antibacterial properties. However, the 
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oxidized enediol (diketone) produced immediate bacteriostasis. 

They found that the antibacterial properties of ascorbic acid, 

dihydroxyacetoin, acetoin, diacetyl, 1,2- cylohexenedione and 

1- phenyl -1,2- propanedione were similar. Schales (69, p. 56- 

63) demonstrated that among the aliphatic dicarbonyl compounds 

which were inhibitory, diacetyl and glyoxal were the most active. 

His studies indicated that the effectiveness of these compounds 

was not altered by the addition of albumin. Gale (19, po 236- 

240) reported that ß- chloropyruvate, phenylpyruvate, a -keto- 

glutarate and glyoxylate were inhibitors of pyruvic decarboxy- 

lase. Oxanillic acid and diacetyl proved to be weak pyruvic 

decarboxylase inhibitors, apparently by interfering at the 

substrate- binding site. 

Bacterial Dissimilation of Citric and Pyruvic Acids 

Citric acid dissimilation by bacterial extracts was studied 

almost simultaneously in three different laboratories. 

Gillespie and Gunsalus (20, p. 80) reported in 1953 that crude 

extracts of S. faecalis degraded citrate to one mole each of 

acetate, carbon dioxide and pyruvate. The enzyme was called 

citritase and in purified form showed steric specificity toward 

citric acid. Similarly, it was shown by Dagley and Dawes (9, 

p. 345 -346) that cell -free extracts of A. aerogenes produced 

one mole of pyruvate from each mole of citrate up to a concen- 

tration of 6 X 
4 

10 M. The same enzyme was found in E. coli by _ 
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Wheat and Ajl (85, p. 897 -907). The immediate products of 

citritase in this case were acetate and oxaloacetate with an 

equilibrium favoring their accumulation; the enzyme required 

manganese but no coenzyme A. 

Taufel and Behnke (77, P. 197-208) reported the presence 

of citritase activity in bacteria comprising mixed -strain 

starter cultures; the aroma bacteria present in the mixtures, 

however, were not identified. Sandine et al. (68, p. 1158- 

1159) demonstrated the presence of citritase in cell -free ex- 

tracts of S. diacetilactis. Harvey and Collins (31, p. 954 -959) 

also found this enzyme in S. diacetilactis as well as L. citro- 

vorum. They found that coenzyme A was not required and the 

reaction was inhibited by calcium ions. The enzyme was con,- 

stitutive in S. diacetilactis but inducible in Leuconostoc 

organisms; products of the reaction of cell -free extracts upon 

citrate included acetate oxaloacetate, pyruvate, carbon dioxide 

and acetoin. 

Oxaloacetate, produced from citric acid by citritase, was 

found by Taufel and Behnke (77, p. 197 -208) to be spontaneously 

decarboxylated to pyruvate by divalent metal ions. Herbert (33, 

p. 753) considered Micrococcus lysodeikticus as the only source 

from which oxaloacetic decarboxylase, free from malic enzyme, 

had been obtained. 

Gunsalus et al. (24, p. 107 -108) reviewed microbial carbo- 

hydrate metabolism and pointed out that direct or oxidative 
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cleavage of pyruvic acid occurred as a diphosphothiamine (DPT) - 

mediated reaction in most, if not all microorganisms. They 

added that all DPT- mediated pyruvic acid cleavage systems 

yielded at least traces of free aldehyde; this was interpreted 

as a measure of the instability of the aldehyde -DPT compound. 

Their concept of the carboxylase reaction included a cleavage 

of pyruvate to form acetaldehyde -DPT, with a release of carbon 

dioxide and subsequent transfer of "acetaldehyde" to a proton, 

thereby forming free acetaldehyde° 

Free acetaldehyde was considered not to be involved in 

acetoin formation in bacterial systems by Juni (37, p. 715- 

726), Happold and Spencer (30, p. 543 -556), and Silverman and 

Werkman (74, p. 35 -48). De Ley (11, p° 352 -365), however, was 

able to demonstrate stimulation of acetoin synthesis in 

Acetobacter species by addition of acetaldehyde. Holzer and 

Beaucamp (34, p. 225 -243) provided evidence that yeast co- 

carboxylase liberated free acetaldehyde from active acetalde- 

hyde by an exchange reaction only after the addition of pyru- 

vate. Also, incubation of C14- labeled active acetaldehyde and 

unlabeled free acetaldehyde with co- carboxylase yielded labeled 

acetoin. They found that active acetaldehyde was a- hydroxyethyl 

thiamine pyrophosphate and that active pyruvate was a- lactyl -2- 

thiamine pyrophosphate. Gunsalus et al. (24, p. 107 -108) 

described bacterial systems as forming acetoin by intermediate 

production of a- acetolactic acid with pyruvate and not free 
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acetaldehyde acting as the acceptor of active acetaldehyde. 

The formation of a- acetolactic acid from pyruvate in bac- 

teria systems was postulated by Watt and Krampitz (82, p. 301- 

302). Their investigations indicated that Staphylococcus 

aureus contained a manganese- dependent enzyme which rapidly de- 

carboxylated the acid to acetoin. In subsequent investigations 

the formation of a- acetolactate from pyruvate was demonstrated 

in extracts of A. aerogenes by Juni (36, p. 396; 37, p. 715 -726), 

Acetobacter species by De Ley (11, p. 352 -365), Lactobacillus 

arabinosus by Moat and Lichtstein(54, p. 324 -327) and Proteus 

morganii by Kobayaski and Kalnitsky (42, p. 473 -482). In addi- 

tion, reports by De Man (12, p. 38 -52), Mizuno and Jezeski 

(52, p. 251 -263), Andersen (1, p. 429 -432), Taufel and Behnke 

(77, p. 197 -208) and Busse and Kandler (5, p. 774 -775) pro- 

vided evidence for x- acetolactic acid formation in aroma bac- 

teria. 

Different mechanisms for oxidation of pyruvic acid by bac- 

teria have been reported. For example, Hager and Lipmann (25, 

p. 1768 -1775) described the pyruvic oxidase of Lactobacillus 

delbrueckii as a three -step, phosphoroclastic, coupled reaction; 

pyruvate was decarboxylated to form hydroxyethyl thiamine pyro- 

phosphate and this complex then was dehydrogenated to acetyl - 

thiamine pyrophosphate which in turn was transacylated to form 

acetylphosphate in the final step. No sulfhydryl compounds, 

lipoic acid or coenzyme A were implicated, and flavin adenine 
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dinucleotide was the immediate hydrogen acceptor. Contrasting 

the above mechanism is the lipoic acid mediated or thioclastic 

system found in S. faecalis, E. coli, and Proteus vulgarus. 

According to Gunsalus et al. (24, p. 109) this system trans- 

ferred acyl groups from acetyllipoate to coenzyme A by a 

lipoic transacetylase and thence to phosphate by phosphotrans- 

acetylase. Another pyruvic oxidase in Proteus was defined by 

O'Kane (58, p. 739 -741) as a simple non -lipoate requiring co- 

carboxylase which oxidized pyruvate to acetate and carbon 

dioxide by reduction of cytochromes bl, a2 and possibly al. 

The other non -lipoate system studied by O'Kane (58, p. 739- 

741) in a Clostridium organism required cocarboxylase and 

coenzyme A, and produced acetylphosphate, hydrogen and carbon 

dioxide. Recently, McCormick (50, p. 2079) reported that cell - 

free extracts of Micrococcus lactilyticus could oxidize pyruvate 

by either phosphoroclastic or thioclastic degradations. The 

former reaction yielded acetylphosphate and formate and had an 

optimum pH of 8.5; the latter reaction resulted in the forma- 

tion of acetylcoenzyme A, carbon dioxide and hydrogen with a 

maximum rate at pH 8.5. 

Interconversion of Diacetyl, 
Acetoin and 2,3-butanediol 

Certain investigators, interested in the biosynthesis of 

aroma compounds in fermented dairy products, have considered 
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acetoin as the precursor of diacetyl. According to Nikkila 

(57, p. 293), the production of acetoin by malt -aroma bacteria 

(S. lactis var. Maltigenes) and S. paracitrovorus preceded 

diacetyl and 2,3- butanediol formation. These latter two sub- 

stances were presumed derived from acetoin by enzymatic oxida- 

tion and reduction respectively. Acetaldehyde formed directly 

from pyruvic acid by carboxylase was considered the inter- 

mediate in the production of diacetyl, acetoin, 2,3- butanediol, 

acetic acid and ethanol. Kandler (39, p. 523 -531), on the other 

hand, believed that decarboxylation of a- acetolactic acid 

yielded acetoin which subsequently was oxidized to diacetyl and 

reduced to 2,3- butanediol. Shaposhnikov (73, p. 1799b) re- 

ported that S. diacetilactis was able to use acetic acid to pro- 

duce diacetyl and acetoin. 

Some reports have indicated, however, that acetoin was not 

the precursor to diacetyl. Synthetic acetoin added to acidi- 

fied, pasteurized milk, which was inoculated with cultures of 

aroma betacocci or mixed -strain cultures of lactic streptococci 

and betacocci was found by Van Beynum and Pette (79, p. 250- 

266) not to be converted to diacetyl. They also observed that 

no diacetyl was formed by mixed -strain cultures of strepto- 

cocci and betacocci from which all citric acid had been re- 

moved by anaerobic fermentation. However, they found acetoin 

formation under these anaerobic conditions, but it was not 

oxidized to diacetyl during subsequent aerobic cultivation, 

. 
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They postulated that oxygen reacted during aldehyde condensa- 

tion to form diacetyl instead of acetoin. Pette (63, p. 572- 

579) demonstrated that diacetyl, acetoin and 2,3- butanediol were 

not easily interconverted under conditions prevailing in a 

starter culture or souring cream. He also found that oxygen 

was effective in stimulating diacetyl formation mainly during 

the period of vigorous fermentation of citric acid by mixed - 

strain starter cultures. He postulated that an intermediate 

substance formed from citric acid was oxidized to diacetyl. 

Other studies which also indicated the need for active 

culture growth for formation of diacetyl were conducted by 

Evenhuis et al. (17, P. 587). They reported no increase in 

diacetyl when portions of a ripened skim -milk starter culture 

were shaken with air after heating to 70° C. for 5 minutes. 

It was inferred that the formation of diacetyl was a bacterio- 

logical rather than a chemical oxidation of a decomposition 

product of citric acid. Federov and Kruglova (18, p. 1036) 

also linked diacetyl production with active growth of S. 

diacetilactis organisms. Acetic acid was formed along with 

diacetyl and acetoin in roughly an inverse proportion. The 

authors favored the theory that acetoin was not the immediate 

precursor of diacetyl, into which it was converted by oxida- 

tion, but was, on the contrary, a reduction product of diacetyl. 

Alpha -acetolactic acid has been considered by a number of 

investigators, as the precursor of diacetyl. De Man (12, p. 



19 

38 -52) found that a- acetolactic acid accumulated when B. cre- 

moris fermented pyruvic acid. This substance was transformed 

into diacetyl by decarboxylation on heating in the presence of 

air; it was catalytically decarboxylated by aluminum chloride 

and analine citrate. He also found that although a- acetolactic 

acid was excreted into the medium, cells of B. cremoris con- 

tained a- acetolactate decarboxylase. He postulated that in 

mixed -strain starters, souring -cream and butter, a- acetolactic 

acid was excreted by the aroma bacteria and then oxidatively 

decarboxylated to diacetyl in the presence of oxygen. Taufei 

and Behnke (77, p. 197 -208) demonstrated a conversion of syn- 

thetic a- acetolactic acid to both diacetyl and acetoin by cell - 

free extracts of aroma bacteria in the presence of air. 

Closely associated to the interconversion of diacetyl and 

acetoin is that of acetoin and 2,3- butanediol. This intercon- 

version has been studied in Aeromonas hydrophila by Bahadur and 

Ranganayaki (3, p. 3724h) using certain enzyme inhibitors. They 

observed that methylene blue caused the production of a con- 

siderable amount of reducing material in a culture medium with- 

out any appreciable decrease in the formation of 2,3- butanediol 

after 15 days incubation; acetoin formation was prevented. 

Sodium flouride and potassium iodide caused an increase in the 

production of reducing material with a slight increase in 

2,3- butanediol; on prolonged incubation, however, the formation 

of 2,3- butanediol decreased. In a medium containing iodide, a 
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large amount of acetoin appeared after 30 days of incubation. 

Ascorbic acid caused an increase in 2,3- butanediol and a de- 

crease in acetoin. Sebek and Randles (71, p. 373 -380) re- 

ported that one strain of Pseudomonas fluorescenes and two of 

Pseudomonas aeruginosa were capable of oxidizing 2,3- butanediol 

through acetoin to diacetyl which then was further metabolized. 

The formation of acetoin and 2,3- butanediol by cells of 

A. aerogenes was investigated by Happold and Spencer (29, 

p. 18 -29). Marked differences in the production of the two 

four -carbon compounds from glucose and pyruvic acid were found. 

They observed that during dissimilation of the firsttwo- thirds 

of these combined substrates, acetoin was the major product 

formed. However, during metabolism of the remainder, the rate 

of acetoin formation declined more rapidly than that of 2,3- 

butanediol. When the acetoin and 2,3- butanediol levels had 

become maximum, rapid quantitative conversion of the diol to 

acetoin again occurred. In the absence of concurrent fermenta- 

tion of glucose and pyruvate, no evidence of the reverse re- 

action was obtained. The reduction of acetoin to 2,3- butanediol 

therefore was dependent upon the presence of some suitable hy- 

drogen donating reaction. The glycolytic cycle and oxidative 

decarboxylation of pyruvic acid were presumed to provide re- 

duced coenzyme I. 

The conversion of diacetyl to other chemical compounds has 

been shown in several investigations to be directly related to 
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loss of flavor and aroma in butter and cottage cheese. This de- 

struction of diacetyl has been attributed to both aroma and 

spoilage bacteria. The investigation by Cox (8, p. 28 -35) 

showed that betacocci produced diacetyl and then partly de- 

stroyed it. Varying amounts of destruction of diacetyl occurred 

with different strains. The studies by Sandine et al. (67, 

p. 755-761) with two strains of S. diacetilactis and mixed - 

strain cultures have also shown that aroma bacteria may dissimi- 

late diacetyl. 

Diacetyl destruction was shown by Elliker (15, p. 93 -102) 

to be a characteristic common to many species of bacteria. All 

of the psychrophilic Pseudomonas species which he studied were 

active in this respect. Only S. lactis showed little or no 

effect on diacetyl. The aroma loss in butter contaminated with 

psychrophilic (Pseudomonas) organisms was attributed to diacetyl 

destruction by these organisms. Wales and Harmon (81, p. 170- 

175) also observed a decrease in diacetyl content of cottage 

cheese during storage as a result of the growth of Pseudomonas 

organisms in the product. 

The destruction of diacetyl has in some instances been 

shown to be due to its enzymatic conversion to non -aromatic 

compounds. Thus it was demonstrated by Parker and Elliker 

(61, p. 843 -849) that Pseudomonas fragii and Ps. viscosa con- 

verted diacetyl to acetoin and possibly to 2,3- butanediol, 

resulting in aroma loss in cottage cheese. Green et al. 
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(21, p. 811 -824) reported that pigeon breast muscle contained a 

highly specific diacetyl mutase which converted two molecules 

of diacetyl to two molecules of acetate and one of acetoin, 

presumably by respective oxidation and reduction reactions. 

Aubert and Millet (2, p. 1512 -1514) obtained a purified ex- 

tract from Neisseria winogradsky which attacked diacetyl but 

not acetoin. This enzyme also converted two molecules of 

diacetyl to two of acetate and one of acetoin. However, it 

was suggested that the diacetyl was split into acetic acid and 

active acetaldehyde. The active acetaldehyde formed from 

diacetyl was believed to condense with another molecule of 

acetaldehyde to form acetoin. This was based on the finding 

that considerably more acetoin was formed from diacetyl in the 

presence of Mg and DPT than from free acetaldehyde. Strecker 

and Harary (76, p. 263 -270) demonstrated the presence of 2,3- 

butanediol dehydrogenase in A. aerogenes which catalyzed the 

reversible oxidation of 2,3- butanediol to acetoin; diacetyl 

reductase in S. aureus catalyzing the reduction of diacetyl to 

acetoin also was reported. Both enzymes were pyridine nucleo- 

tide dependent. 
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EXPERIMENTAL METHODS 

Factors Affecting Diacetyl Production 
by S. diacetilactis 

Cultures Used 

Three strains each of S. lactis and S. cremoris and 16 

strains each of S. diacetilactis and Leuconostoc species were 

employed in this phase of the study. Cultures were maintained 

by every- other -day transfer in sterile (121° C. for 11 minutes), 

10 per cent nonfat milk with incubation at 22° C. for 18 hours. 

Initial experiments concerned a study of diacetyl production by 

these various single -strain cultures in an effort to develop a 

cultural method which might be used to improve the flavor of 

commercial mixed -strain starter cultures for use in manufacture 

of cultured butter. 

Determination of Aroma Compounds 

Quantitative determinations of diacetyl and acetoin were 

made by a modification of the method of Elliker (15, p. 93 -102). 

The apparatus pictured in Figure 1 was used. Samples (100 ml.) 

of culture were acidified by addition of 5.0 ml. of 5 N H2SO4 

and placed in the distilling flask. Ferric chloride (5.0 ml. 

of a 40 per cent solution) was added for acetoin plus diacetyl 

measurements and the acetoin then calculated by subtracting 

the diacetyl found present in a second sample. Heat was 

applied to the steam generator by a variable reostat and the 
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Figure 1. Steam distillation apparatus used for the de- 
termination of diacetyl in milk cultures of aroma bacteria 
and mixed -strain lactic starter cultures. 
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samples allowed to reflux for 15 minutes in order to volatilize 

all the diacetyl. Water was then withdrawn from the first con - 

densor and the samples allowed to distill over into a 50 ml. 

volumetric receiving flask. Aliquots (10 ml.) were taken and 

placed in glass- stoppered tubes for colorimetric measurement of 

diacetyl. Each sample was acidified with 0.5 ml. of concen- 

trated HC1 and then 0.1 ml. of aqueous 2.5 per cent ortho- 

diaminobenzidine hydrochloride was added. Tubes were inverted 

and allowed to stand 10 minutes in the dark for color develop- 

ment. The optical density then was read at 425 millimicrons 

(mu) using a Beckman Model B spectrophotometer. The standard 

curve for known amounts of diacetyl was made by adding freshly 

distilled diacetyl (Eastman Kodak) to water. Typical reference 

values appear in Table 1. Acidified, uninoculated, 

appropriately- heated milk was used as a reagent blank control 

in each determination. A recovery of 97 per cent of diacetyl 

added to milk was realized in repeated trials and values re- 

ported in the Results section were corrected accordingly. 

In several experiments indicated in the Results section, 

the qualitative test of King (40, p. 860 -861) was used to 

measure acetoin plus diacetyl. In this test, samples of milk 

culture are mixed with alkali and an alcoholic solution of 

a- naphthol. Upon vigorous mixing and incubation at 30° C. for 

30 minutes, a pink to red color developes, the intensity of 

which is roughly proportional to the amount of acetoin and 



diacetyl present in the sample. 

TABLE 1 

Known amounts of diacetyl and corresponding optical densities 
at 425 mu as determined by the method of Elliker (15, p. 93- 
102.) 

Diacetyl in p.p.m. 
Optical density 
of 425 mu 

0 0.000 

10 0.045 

20 0.090 

30 0.135 

40 0.163 

5o 0.204 

6o 0.241 

7o 0.290 

8o 0.320 

90 0.360 

loo 0.389 

125 0.500 

150 0.550 

175 0.650 

200 0.720 

225 0.825 

250 0.880 
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Freshly distilled diacetyl was made up in a stock 
solution at 100 'LEE. per ml. The appropriate volume 
of this stock solution was adjusted to 10 ml. with 
distilled water and 0.1 ml. of 2.5 per cent aqueous 
ortho- diaminobenzidine and 0.5 ml. of concentrated 
HC1 were added. Following 10 minutes reaction time 
in the dark, the colors were read on a Beckman 
Model B spectrophotometer at 425 mu. 
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Total volatile acidities were measured by titrating 100 

ml. of steam distillate from 50 g. of culture to a phenolph- 

thalein end -point with standard 0.1N NaOH and the results were 

calculated and expressed as per cent acetic acid. All pH 

measurements were made with a Beckman Model N pH meter. 

Diacetyl Production in Nonfat Milk 

A survey was run on the various organisms to be used in the 

study to determine their diacetyl- synthesizing capacities in 

nonfat milk. Each culture was grown from a 1.0 per cent inoculum 

for 18 hours at 22° C. and then triplicate assays were run using 

three 100 ml. portions from each strain. 

Incubation Time 

The effect of time of incubation at 22° C. on the diacetyl, 

pH and cell count of S. diacetilactis 18 -16 was studied. Ali- 

quots of a milk culture were removed every 4 hours for analysis. 

Colony counts were made in the usual manner employing the 

lactic agar of Elliker et al. (16, p. 1611 -1612) as the plating 

medium. 

Acidification Procedure 

Preliminary experiments indicated that the cultural method 

of Michaelian et al. (51, p. 323 -360) briefly described in the 

Historical section resulted in excellent flavor and aroma pro- 

duction by Leuconostoc and S. diacetilactis organisms. This 

method, therefore, was used as a procedure around which the 
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various cultural conditions were manipulated in order to measure 

their effect on diacetyl production. Two methods for acidify- 

ing cultures to pH 4.3 were studied, each of which resulted in 

a final citrate concentration of one per cent except where 

otherwise indicated; milk cultures were acidified with a 25 

per cent solution of citric acid (procedure A) and also by add- 

ing 25 per cent phosphoric acid to milk supplemented with 

various amounts of trisodium citrate (procedure B). The milk 

was heated as desired, cooled, inoculated at the rate of one per 

cent and incubated for 24 hours at 22° C. prior to acidification 

in each procedure. Care was exercised to prevent culture con- 

tamination by rinsing electrodes and beakers, which were used 

in making pH adjustments, in 70 per cent ethanol. Acid solu- 

tions were added slowly from a 50 ml. burette. Incubation was 

continued for a second 24 hours at 22° C. after acidification. 

Heat Effect 

Diacetyl production by S. diacetilactis and Leuconostoc 

organisms cultured in nonfat milk receiving different heat 

treatments was studied using procedure B as a means of acidifi- 

cation. Heat treatments used were 62° C. for 30 minutes, 90° 

C. for 60 minutes, 100° C. for 60 minutes, 121° C. for 12 

minutes, and 121° C. for 25 minutes. 
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pH Effect 

The effect of pH on diacetyl production by S. diacetilactis 

18 -16 grown in sterile (121° C. for 11 minutes), 3.8 per cent 

fat, homogenized milk supplemented with 2 and also 4 per cent 

trisodium citrate was examined. Twenty -four hour cultures were 

acidified with 25 per cent phosphoric acid to pH values ranging 

from 3.0 to 6.4. The incubation was continued for an additional 

24 hours and then diacetyl analyses were made. Many of the sub- 

sequent experiments also were carried out in this homogenized 

milk since the high fat content of the finished product par- 

tially obscured the cooked flavor and allowed for easier evalua- 

tion of the diacetyl flavor and aroma. 

Citrate Concentration 

The influence of various concentrations of trisodium ci- 

trate on diacetyl production by S. diacetilactis 18 -16 cultured 

in homogenized milk was studied. Cultures were grown from a 

one per cent inoculum for 24 hours in the presence of added 

sterile trisodium citrate crystals ranging in concentration from 

0.2 to 6.0 per cent. Phosphoric acid then was added to achieve 

pH 4.3 and incubation continued for an additional 24 hours. 

Citrate Exposure Time 

Diacetyl determinations were made on homogenized milk 

cultures of S. diacetilactis 18 -16 incubated in the presence of 

2 per cent trisodium citrate for different lengths of time. 
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Citrate was added to the cultures at different intervals after 

inoculation so that the citrate exposure times prior to acidifi- 

cation with phosphoric acid were varied. 

Diacetyl Production by Mixed -Strain Starter Cultures 

Cultures Used 

Three commercial mixed -strain starter cultures were employed 

in this phase of the study. Two of the mixed- strain starter 

cultures (Mo5 and Mob) were obtained from W. K. Moseley 

Laboratories, Indianapolis, Indiana, while the other (G) was ob- 

tained from the Molkerei Laboratory, Niebuell, Schleswig, West 

Germany. Cultures were maintained by daily transfer in sterile 

(121° C. for 11 minutes) 10 per cent nonfat milk with incubation 

at 22° C. for 18 hours. Preliminary experiments with these 

cultures and L. citrovorum 91404 were designed to test the 

effect of various nonfat milk additives on culture flavor de- 

velopment and on growth of Leuconostoc organisms. Yeast ex- 

tract, Tryptone, Liver Fraction L, ascorbic acid, and citric 

acid were added to culture milk before sterilization in amounts 

varying from one -tenth to 0.5 per cent. After inoculation (one 

per cent) and incubation at 22° C. for 18 hours, cultures were 

judged for flavor and aroma compounds organoleptically and by 

the method of King (40, p. 860 -861). The Leuconostoc cultures 

were plated on the agar medium of Elliker et al. (16, p. 1611- 

1612). 
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Modified Culturing Procedure as Extended to Mixed -Strain 

Starter Cultures 

Results of studies with S. diacetilactis suggested the 

advisability of extending some of the above described experi- 

ments to commercial mixed -strain starter cultures in an effort 

to enhance their diacetyl production and, as a consequence, 

improve their over -all flavor and aroma. 

Culture G was selected for experiments in which citric and 

lactic acids were compared as acidifying agents; the effect of 

terminal aeration on diacetyl production also was determined. 

Homogenized milk containing 0.2 per cent trisodium citrate and 

heated at 121° C. for 11 minutes was inoculated at the one per 

cent level from an 18 -hour nonfat milk culture. Incubation was 

carried out for either 12 or 16 hours at 22° C. followed by 

acidification to pH 4.3 with 25 per cent solutions of sterile 

lactic or citric acid. Incubation was continued for 24 hours 

at which time samples were taken for diacetyl determination. 

The remaining culture then was agitated in a Waring Blendor for 

5 minutes and sampled again for diacetyl assay. 

Diacetyl Production by Bulk Cultures 
of S. diacetilactis 

Three types of experiments were conducted in which the heat 

treatment of the homogenized milk used as the bulk (10 gallons) 

culture medium as well as the acidification method were varied 

in order to measure their influence on diacetyl and flavor and 
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aroma production. The milk was inoculated at the rate of 2 per 

cent with an 18 -hour nonfat milk culture of S. diacetilactis 

18 -16 and incubated at 22° C. The first experiment (Method A) 

employed pasteurized (62.5° C. for 30 minutes) milk containing 

2 per cent trisodium citrate. After incubation for 24 hours, 

the milk was acidified with 25 per cent phosphoric acid to pH 

4.3. In the second and third experiments (Methods B and C) 

the milk was heated to 82° C. and 100° C. for one hour respec- 

tively. However, in these latter two tests, a mixture of citric 

acid:trisodium citrate (4:7 by weight) was used to acidify to 

pH 4.3 following the 24 -hour initial incubation; this mixture 

of acid and salt resulted in a concentration of 1.5 per cent 

citrate during the final 24 -hour incubation. Diacetyl was de- 

termined in the usual manner in the resulting bulk cultures 

which then were used for butter manufacture on a commercial 

scale. 

Manufacture of Cultured Butter on a Laboratory Scale 

Starter cultures to be used in inoculating sweet cream from 

which small churnings of butter were made were prepared with 

Leuconostoc, S. diacetilactis or mixed -strain starter cultures. 

The Leuconostoc and S. diacetilactis starter cultures were pre- 

pared in homogenized milk using acidification procedure A 

described above. Three commercial mixed -strain starter cultures 



33 

(Mo5, Mob and G) also were used to prepare starters; they were 

grown at 22° C. for 16 hours in homogenized milk supplemented 

with 0.2 per cent trisodium citrate, acidified to pH 4.3 with 

25 per cent citric acid and incubated an additional 2 hours. 

Mixed -strain starter culture G grown 18 hours at 22° C. in 

plain homogenized milk served as the control. 

Each of the starter cultures was added to 39 per cent 

pasteurized sweet cream (62.5° C. for 30 minutes) at the rate 

of 300 grams per 1000 grams of cream. The cream was contained 

in a 4 -quart electric churn (Model XTL 238, Montgomery Ward 

Company). The butter which resulted after churning was not 

washed; one per cent salt was worked into the butter and 100 - 

gram samples of the product then were examined for diacetyl as 

described above and the flavor and aroma were judged by a taste 

panel. A recovery of 93 per cent of diacetyl added to butter 

was realized in repeated trials and values reported in the 

Results section were adjusted accordingly. 

Several laboratory churnings of butter also were made from 

cream fortified with a concentrated mass of cells of L. citro- 

vorum 91404. Two liters of the lactic broth medium of Elliker 

et al. (16, p. 1611 -1612) were inoculated with the organism and 

allowed to incubate at 22° C. for 36 hours. The resulting cells 

were harvested by centrifugation in a refrigerated Servall 

centrifuge by spinning at 4,000 r.p.m. for 30 minutes. The 

cells were washed once in 100 ml. of pH 7.0 0.1M potassium 
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phosphate buffer and added to 300 ml. of sterile, homogenized 

milk, previously adjusted to pH 4.3 with sterile 25 per cent 

citric acid. Following 16 hours of incubation at 22° C., 

5 per cent of the culture was added to 39 per cent cream. The 

cream was churned in the laboratory churn and the resulting 

butter washed twice in refrigerated rinse water. Salt at about 

the one per cent level was added. The fresh butter was ex- 

amined for diacetyl content and evaluated for flavor. 

Manufacture of Cultured Butter on a Commercial Scale 

Mixed -strain starter cultures obtained from commercial 

suppliers were used for ripening sweet cream to be manufactured 

into butter. The majority of these cultures, however, were un- 

satisfactory from the standpoint of flavor and aroma develop- 

ment and were discarded. Discards were based on opinions of 

judges and also on results of the modified King test (40, 

p. 860 -861) for acetoin and diacetyl. The cultures selected 

were used in the manufacture of ripened cream butter in the OSU 

creamery. 

The cultures selected for use in butter -making experiments 

were three Moseley cultures (Mo2, 3 and 5), an Angevine culture 

and a Danish culture (D). The inoculum used to prepare the 

ripened cream was made by adding each of these cultures at the 

one per cent level to sterile, homogenized milk containing 0.20 



35 

per cent trisodium citrate. Cultures were ripened at 22° C. 

to approximately 0.80 per cent acidity and then added to the 

cream at the rate of 10 per cent by weight. 

Fresh, sweet cream with 0.10 per cent titratable acidity 

or less was pasteurized (160° F. for 30 minutes), inoculated 

and incubated at 22° C. for 3 to 4 hours or until the titratable 

acidity reached from 0.35 to 0.46 per cent. The ripened cream 

was cooled and held overnight at 2 to 5° C. and then neutral- 

ized back to 0.30 per cent acidity prior to churning. A small 

commercial churn was used and 600 to 1000 pound batches of 

butter were made. The butter was washed and salted (1.5 per 

cent) by usual manufacturing procedures. The finished butters, 

7 samples in all, were evaluated for flavor and aroma by a 

panel of judges; they also were tested for diacetyl content by 

the previously described method. 

Diacetyl Biosynthesis by S. diacetilactis 

Strain Selected for Study 

Sixteen stock strains of S. diacetilactis were tested for 

their diacetyl synthesizing capacities using the diacetyl assay 

method previously described. Strain 18 -16 was able to produce 

consistently the most diacetyl when it was grown in milk and 

the citrate broth medium described in the next section. As a 

result, this strain was selected for use in this phase of the 

study. 
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Preparation of Resting Cells 

The organism was grown at 30° C. in citrate broth medium 

containing 2.0 per cent trisodium citrate, 1.0 per cent glu- 

cose, 1.0 per cent Tryptone, 0.5 yeast extract, 0.1 per cent 

K2HPO4 and 0.1 per cent MgSO4. The pH was adjusted to 7.0 

with HC1 prior to sterilization by autoclaving at 121° C. for 

15 minutes. Cells were harvested by centrifugation after 18 to 

20 hours of incubation. The cells then were washed twice in 

sterile 0.85 per cent NaCl. Following washing, cells from one 

liter of medium were suspended in 10 ml. of the saline solution 

and diluted with an equal volume of 0.1M potassium phosphate 

buffer at the desired pH. Phosphoric acid (1.0N) was added 

when necessary for further pH adjustment. 

Preparation of Cell -Free Extracts 

Freshly washed cells from one liter of the citrate broth 

medium were suspended in 40 ml. of 0.1M potassium phosphate 

buffer at pH 7.2 and sonicated in a Raytheon Model DF 101, 10 KC 

sonic oscillator for 15 minutes. Cell debris was removed by 

centrifugation at 15,000 r.p.m. at 3° C. for 25 minutes. Some 

of the supernatants obtained in this manner were dialyzed for 

24 hours against two changes (2000 ml. each) of 0.1M potassium 

phosphate at pH 7.0. Cell -free extracts were stored frozen at 

-20° C. until used (less than 2 weeks). Protein determinations 

were made by the method of Lowry et al. (46. po 265 -275) and a 

typical standard curve is shown in Table 2. 
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TABLE 2 

Known amounts of bovine serum protein and corresponding optical 
densities at 500 mu as determined by the method of Lowry et al. 

(46, p. 265 -275) 

Micrograms 
of protein 

Optical density 
at 500 mu 

o 0.000 

25 0.045 

3o. 0.060 

40 0.076 

5o 0.091 

6o 0.116 

70 0.142 

8o 0.158 

90 0.165 

loo 0.200 

150 0.279 

200 0.355 

250 0.462 

300 0.536 

35o 0.610 

400 0.695 

45o 0.750 

500 0.820 

Fresh bovine serum was made up in an aqueous stock 
solution at 500 ug. per ml. Appropriate amounts of 
the stock solution were diluted to 1 ml. with dis- 
tilled water and Lowry reagents A and B added. Opti- 
cal densities were read at 500 mil after 30 minutes 
using a Beckman Model B spectrophotometer. 
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Colorimetric Assays 

The more rapid quantitative method of Westerfeld (84, 

p. 495 -502) was modified and employed in place of the steam 

distillation procedure to measure acetoin plus diacetyl in this 

second phase of the investigation. Samples from resting cell 

or cell -free extract experiments containing from one to 12 

micrograms (ug.) of acetoin plus diacetyl were diluted to 15 ml. 

Three ml. of 0.5 per cent aqueous creatine and 3.0 ml. of 5.0 

per cent a- naphthol in 2.5N NaOH were added in that order and 

the reaction mixture incubated at 25° C. for one hour. The 

turbidity in the reacted mixtures was removed by centrifugation 

at 12,000 r.p.m. for 10 minutes and the pink color that de- 

veloped was measured by taking optical density readings on a 

Beckman Model DU spectrophotometer at 540 mu. Reagent blanks 

were run on reaction mixtures from the resting cell or enzyme 

experiments not containing substrate. The standard reference 

curve was made using reagent grade acetoin (Mann Research 

Laboratories, Inc.) and a typical response curve is shown in 

Table 3. 

Measurement of synthetic a- acetolactic acid was carried out 

according to the method of Krampitz (43, po 81 -85) and Edson 

(14, p. 2082 -2094), involving decarboxylation to acetoin with 

5 N H2SO4 and analine citrate respectively. Colorimetric de- 

termination of acetoin then was carried out by the modified 

Westerfeld method and the volume of carbon dioxide resulting 
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TABLE 3 

Known amounts of acetoin and corresponding optical densities at 

540 mu as determined by a modified method of Westerfeld (84, 

p. 495 -502) 

Micrograms 
of acetoin 

Optical density 
at 540 mu 

0 0.000 

1 0.009 

2 0.024 

3 0.025 

4 0.035 

5 0.038 

6 0.047 

7 0.053 

8 0.059 

9 0.075 

10 0.079 

11 0.092 

12 0.096 

Freshly prepared stock solution containing 1 ug. of 

acetoin per ml. was appropriately dispensed and the 
volumes made up to 15 ml. with distilled water. 
Three ml. each of 0.5 per cent aqueous creatine and 
5.0 per cent alkaline a- naphthol solution were added 
to each tube. Optical densities, after one hour re- 
action time at room temperature, were read using a 
Beckman DU spectrophotometer at 540 mu. 

from the decarboxylation was measured manometrically. Citric 

acid was determined using the method outlined by Stern (75, 

p. 425 -431) based on the oxidation of citrate to pentabromo- 

acetone and conversion of the latter to a colored complex. A 

typical standard curve is shown in Table 4. 
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TABLE 4 

Known amounts of citric acid and 
ties at 430 mu as determined by 

corresponding optical densi- 
the method of Stern (75, p. 426) 

Micrograms 
of citric acid 

Optical density 
at 430 mu 

0 0.000 

10 0.042 

20 00064 

3o 0.106 

4o 0.142 

5o 0.172 

6o 0.225 

7o 0.245 

8o 0.284 

90 0.330 

loo 0.335 

Anhydrous citric acid prepared from citric acid mono - 
hydrate by drying to a constant weight in a 105° C. 
oven was made up to 40 ug. per ml. in a stock solution. 
Appropriate amounts of this stock solution were made 
up to 5 ml. with distilled water after which the color - 
developing reagents were added. The mixtures were 
shaken in glass- stoppered tubes on a reciprocal shaker 
for two 10- minute periods as required in the method 
and the color immediately read at 430 mu using a 
Beckman Model B spectrophotometer. 

Resting Cell Studies 

Conventional Warburg manometry described by Umbreit et al. 

(78, p. 28 -29) was used to study the action of S. diacetilactis 

cells on citrate, oxaloacetate, pyruvate and a- acetolactic 

acid. Cell suspensions were placed in the vessels and 0.2 ml. 

volumes of substrate (10 micromoles) were placed in one of the 
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two side arms. All substrates were obtained from commercial 

sources; a- acetolactic acid was purchased as the ethyl ester 

from K and K Laboratories, Inc., Jamaica 33, N. Y. It was 

saponified with two equivalents of aqueous NaOH at room tempera- 

ture just prior to use. About 4 hours were required for sig- 

nificant hydrolysis and the degree of saponification to the 

free acid was measured by decarboxylation with aniline citrate 

(14, p. 2082 -2094) and with 5 N H2SO4 (43, p. 81 -85). 

The pH levels used in manometric experiments ranged from 

4.0 to 7.0. Five -tenths ml. of 5 N H2SO4 was placed in the 

second side arm of Warburg flasks and tipped into the reaction 

mixture to release dissolved carbon dioxide after activity 

appeared complete. The water bath temperature was controlled 

at 30.2° C. and the gas phase was air or nitrogen as indicated 

in the Results section. The carbon dioxide flask constants 

used to convert the manometer arm readings to microliters 

(Ill.) of gas were calculated using the method of Umbreit et al. 

(78, p. 4). 

To insure that each Warburg flask- manometer setup was not 

leaking, a preliminary test was made to determine the volume of 

carbon dioxide produced by 1.5 mg. of crude enzyme protein from 

S. diacetilactis 18 -16 incubated with 5.0 umoles of trisodium 

citrate in each apparatus. 
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Cell -Free Extract Studies 

Assays of cell -free extracts for various enzymes were made 

at 30° C. under the conditions described in the Results section 

beneath each table presenting data on a particular enzyme assay. 

Citritase was studied by following the disappearance of citrate. 

Pyruvate metabolism was studied by measuring the acetoin plus 

diacetyl and carbon dioxide formation. Protein was removed 

when necessary by addition of 10 per cent trichloroacetic acid 

or 5 N H2SO4. Diacetyl reductase, 2,3- butanediol dehydrogenase 

and lactic dehydrogenase activities were followed by observing 

changes in optical density at 340 mu caused by the oxidation or 

reduction of DPNH or DPN respectively. Oxaloacetic acid de- 

carboxylase and a- acetolactic acid decarboxylase were studied 

manometrically by measuring the volume of carbon dioxide pro- 

duced from these substrates manometrically. 

Several Leuconostoc, S. lactis, S. cremoris, psychrophile 

and coliform organisms also were assayed for diacetyl reductase 

activity for comparison with strains of S. diacetilactis. Many 

of the Leuconostoc cultures would not grow in either citrate or 

lactic broth and so it was necessary to develop a medium which 

would support their growth as well as the lactic streptococcus 

organisms. The medium shown in Table 5 was found satisfactory 

and all cultures tested for diacetyl reductase were grown in 

one liter of this medium. Cell -free extracts were prepared in 

the manner described above. 
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TABLE 5 

Composition of Leuconostoc medium 

Ingredient Grams per liter 

Yeast extract 10.0 

Tryptone 1000 

* 

Whey -lac 2.0 

Sodium acetate 1.5 

Sodium citrate 5.0 

Glucose 10.0 

Ascorbic acid 0.7 

Tap water 33.0 ml. 

NaC1 2.0 

K2HPO4 2.0 

KH2PO4 2.0 

MgSO4 2.0 

Deionized, spray- dried, whey (Consolidated Dairy 
Products, 635 Elliott Avenue, Seattle 99, Washington) 
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RESULTS 

Factors Affecting Diacetyl Production 
by S. diacetilactis 

Diacetyl Production in Nonfat Milk 

The range and average amounts of diacetyl produced by the 

S. lactis, S. cremoris, S. diacetilactis and Leuconostoc organ- 

isms cultured in sterile, nonfat milk are shown in Table 6. It 

is evident that the S. lactis and S. cremoris strains produce 

little or no diacetyl; the Leuconostoc species produced only 

slight amounts while the S. diacetilactis strains produced the 

highest levels of diacetyl. It was found that diacetyl produc- 

tion in nonfat milk by S. diacetilactis strains could be con- 

siderably enhanced by acidifying cultures to pH 4.3 with a 25 

per cent solution of citric acid after an initial incubation 

period. Table 7 records data showing this effect. 

Incubation Time 

The effect of incubation time at 22° C. on diacetyl produc- 

tion, pH and cell count of S. diacetilactis 18 -16 grown in non- 

fat milk is shown in Table 8. An increase in diacetyl production 

through 20 to 24 hours may be seen. Further incubation, however, 

resulted in significant diacetyl destruction. 

Acidification Procedure 

Table 9 presents results on the effect of the two different 

acidification procedures on diacetyl production by S. 
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TABLE 6 

Parts per million of diacetyl produced in 100 ml. of nonfat milk 
by lactic streptococcus and Leuconostoc organisms after 18 hours 
incubation at 22° C. 

No. 
Organism 

of strains 
tested 

Diacetyl produced in p.p.m. 

Range Average 

S. lactis 3 0.0-0.57 0.24 

S. cremoris 3 0.0-0.50 0.17 

S. diacetilactis 16 1.03-4.66 2.71 

Leuconostoc species 16 0.02-0.72 0.55 

TABLE 7 

Diacetyl produced by S. diacetilactis organisms cultured in 
unacidified nonfat milk and milk acidified to pH 4.3 

Strain of S. diacetilactis 

Diacetyl produced in p.p.m. 

Unacidi- Milk acidified 
fied milk to pH 4.3 

18-16 1.3 12.1 

26-2 4.7 10.4 

31-2 2.8 9.4 

31-8 4.o 8.9 

4R-1 2.1 7.4 

11D-3 3.1 7.3 

DRC-2 2.8 8.8 

RM-1 1.8 6.7 

DRC-1 1.9 7:2 

Organisms were cultured for 24 hours at 22° C., acidi- 
fied with a 25 per cent solution of citric acid and 
reincubated for 18 hours at 22° C. Unacidified cul- 
tures were incubated for 42 hours. The amount of 
citrate added to each culture varied from 0.7 to 0.9 
per cent. 

. 

' 
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TABLE 8 

Diacetyl, cell numbers, and acidity produced by S. diacetilactis 
18 -16 grown for 48 hours at 22° C. in 3.8 per cent fat, sterile, 
homogenized milk containing 2 per cent trisodium citrate 

Diacetyl 
Time in produced No. cells per ml. pH 
hours in p.p.m. x 107 values 

0 0.24 1.15 7.10 

4 0.40 6.44 7.05 

8 0.54 26.55 6.93 

12 1.40 50.00 6.81 

14 1.66 59.00 6.70 

16 1.61 66.50 6.8o 

18 2.41 67.5o 6.70 

20 4.63 67.50 6.6o 

24 4.75 78.00 6.5o 

28 1.83 87.50 6.54 

32 2.73 75.50 6.51 

36 3.4o 168.50 6.45 

4o 2.8o 136.00 6.45 

44 2.35 156.0o 6.5o 

48 3.03 64.5o 6.53 
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TABLE 9 

Amount of diacetyl produced by S. diacetilactis and Leuconostoc 
organisms cultured in nonfat milk using two different acidifi- 
cation procedures 

S. 

Strain 

Diacetyl produced in p.p.m. 

Procedure A Procedure B 

diacetilactis 

31-2 4.17 2.15 

4R-5 2.64 2.82 

26-2 6.75 2.76 

18-16 2.19 4.27 

Leuconostoc 

LcF8 6.93 5.50 

Da -3 5.98 4.18 

91404 5.31 7.01 

CAF -10 5.53 5.95 

diacetilactis and Leuconostoc strains. Repeated experiments of 

this type revealed little difference between these procedures 

but a definite beneficial effect of acidification in general. 

As a result, procedure B (acidification of culture milk con- 

taining various amounts of sodium citrate to pH 4.3 with phos- 

phoric acid) was used in most of the subsequent experiments be- 

cause it afforded an easier method of controlling the final 

concentration of citrate. This procedure was applied in evalu- 

ating diacetyl production by a few S. lactis, S. cremoris, 

S. diacetilactis and Leuconostoc strains grown in homogenized, 

3.8 per cent fat milk. The results are presented in Table 10. 
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TABLE 10 

Amount of diacetyl produced by lactic streptococcus and 

Leuconostoc organisms cultured in sterile, homogenized, 3.8 

per cent fat milk by 
of 2 per cent citrate 

acidification procedure B in the presence 

Strain 
Diacetyl produced 
in p.p.m. 

S. lactis 

27 0.91 

C2 0.20 

C10 0.41 

S. cremoris 

0.29 144F 

KH 0.38 

w 0.51 

S. diacetilactis 

13.26 26-2 

31-2 12.28 

18-16 9.09 

Leuconostoc 

CAF -10 4.26 

Da -3 3.46 

LcF8 4.94 

It may be seen that the culturing method had little effect on 

the amount of diacetyl produced by the S. lactis and S. cremoris 

strains but enhanced flavor production by Leuconostoc and S. 

diacetilactis organisms, especially the latter. As a result, 

the method was used to measure diacetyl, acetoin and volatile 

acidity productions by 16 strains each of S. diacetilactis and 
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Leuconostoc organisms and the data appear in Tables 11 and 12 

respectively. Considerable variation between strains is evident, 

especially where the S. diacetilactis organisms are concerned. 

Again, it may be noted that even under these cultural conditions, 

the Leuconostoc species were unable to produce as much diacetyl 

as the S. diacetilactis organisms. The average diacetyl values 

were 8.5 p.p.m. for S. diacetilactis and 3.7 p.p.m. for the 

Leuconostoc organisms. It also is evident that diacetyl and 

volatile acid production are indirectly related. 

Heat Effect 

The effect of the heat treatment given to the culture milk 

on diacetyl production by four strains each of the two types of 

flavor organisms is shown in Table 13. It may be seen that the 

heat treatment is of great importance to diacetyl production for 

both Leuconostoc and S. diacetilactis. Excessive heat (121° C. 

for 25 minutes) was inhibitory while a flavor- enhancing effect 

was evident when the temperature and duration of treatment in- 

creased up to 121° C. for 12 minutes. For the strains used, the 

Leuconostoc organisms appeared to be slightly more affected by 

the heat treatment than S. diacetilactis. The Leuconostoc 

species produced almost no diacetyl in pasteurized (62° C. for 

30 minutes) milk. The highest average diacetyl values produced 

were 6.0 p.p.m. (121° C. for 12 minutes) by S. diacetilactis 

strains and 5.9 p.p.m. (100° C. for 60 minutes) by Leuconostoc 

species. 
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TABLE 11 

Amounts of diacetyl, 
S. diacetilactis strains 

acetoin and volatile acidity produced by 
cultured in sterile, homogenized 3.8 

acidification procedure B in the presence 
citrate 

per cent fat milk by 

of one per cent trisodium 

Strain 
Diacetyl 
produced 
in p.p.m, 

Acetoin 
produced 
in p.p.m. 

Per cent volatile 
acidity produced* 

RM-1 6.7 405.3 0.043 

DRC-1 7.2 347.8 0.049 

DRC-2 8.8 823.8 0.088 

DRC-3 3.2 644.8 0.051 

18-16 18.7 1300.0 0.037 

6B-1 12.2 0.002 

6B-3 6.7 108.9 0.038 

Da-20 3.9 846.2 0.038 

26-2 10.4 87.4 0.029 

4R-1 7.4 115705 0,094 

4R-5 12.4 762.o 0.035 

3D-1 7.1 130.8 0.038 

11D-2 7.2 470.0 0.049 

31-2 904 950.0 0.046 

31-8 8.9 1280.0 0.053 

cc-1 6.8 118.2 0.027 

Calculated as acetic acid. 

i 

- 
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TABLE 12 

Amounts of 
Leuconostoc 

diacetyl, acetoin and volatile acidity produced by 
organisms cultured in sterile, homogenized 3.8 per 

by acidification procedure B in the presence of 
trisodium citrate 

cent fat milk 
one per cent 

Strain 
Diacetyl 
produced 
in p.p.m. 

Acetoin 
produced 
in p.p.m. 

Per cent volatile 
acidity produced' 

CAF -1 0.6 279.5 0.002 

CAF -2 0.5 390.5 0.006 

CAF -7 6.6 0.005 

CAF -l0 8.1 685.0 0.021 

CAF -19 3.9 538.5 0.04 

Bc o.4 145.5 0.004 

8081 0.3 63.7 0.004 

8082 0.25 46.5 0.027 

LdF o.4 8.0 0.008 

91404 7.9 0.023 

21 0.4 1.4 0.001 

P325 8.3 0.001 

Da -3 6.8 429.2 0.030 

Da -15 5.9 382.1 0.023 

LcF 0.75 12.1 0.001 

LcF8 7.3 0.006 

* Calculated as acetic acid. 

- 

- 

- 

- 
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TABLE 13 

Amount of diacetyl produced by S. diacetilactis strains cultured 
by acidification procedure B in nonfat milk receiving different 
heat treatments 

Strain 

Diacetyl produced in p.p.m. 

121° C. 

25 min. 
121° C. 

12 min. 
100° C. 

60 min. 
90° C. 

60 min. 
62° C. 

30 min. 

S. diacetilactis 

18-16 4.o 7.5 5.1 3.4 2.5 

26-2 4.8 4.6 4.6 3.1 3.0 

4R-5 4.8 4.5 5.0 4.o 3.2 

31-2 4.8 7.2 6.8 4.7 2.9 

Leuconostoc 

91404 5.1 4.2 6,7 5.1 0.04 

CAF -l0 6.7 7.0 6.3 4.5 0.05 

LcF8 5.1 5.0 5.o 3.9 0.00 

Da -3 3.8 5.1 5.4 4.5 0.30 

pH Effect 

The effect of acidifying S. diacetilactis cultures to 

different pH values with phosphoric acid following an initial 

incubation of 24 hours in milks containing 2 and 4 per cent 

citrate is shown in Table 14. In milk containing 2 per cent 

citrate, it appeared that a pH value of about 4.4 was the most 

desirable while a pH level of 5.0 seemed most beneficial in 

milk containing 4.0 per cent citrate. 



53 

TABLE 14 

Effect of pH on amount of diacetyl produced by S. diacetilactis 
18 -16 cultured by acidification procedure B in sterile, homo- 
genized 3.8 per cent fat milk at 22° C. in the presence of 2 

and 4 per cent trisodium citrate 

2 per cent citrate 4 per cent citrate 

pH 
Diacetyl pro- 
duced in p.p.m. pH 

Diacetyl pro- 
duced in p.p.m. 

6.43 7.75 6.35* 5.63 

5.59 5.3o 5.40 

5.3o 5.56 5.2o - 

5.2o 7.03 5.0 9.2o 

5.00 7.58 4.8 8.95 

4.8o 10.98 4.6 8.96 

4.6o 15.60 4.5 8.36 

4.4o 15.71 4.4 

4.2o 6.01 4.3 8.76 

4.2 8.18 

4.1 8.55 

3.8 4.81 

Unacidified control. 

Citrate Concentration 

Table 15 records the quantities of diacetyl produced by 

S. diacetilactis 18 -16 grown in homogenized milk supplemented 

with different amounts of trisodium citrate and acidified by 

procedure B. The data indicate that the upper limit of supple- 

mentation for increased diacetyl production is about 4 per 

cent with the optimum level around 2 per cent. The best level 

from a practical, economic standpoint was about one per cent. 

' 

- 

- 
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TABLE 15 

Effect of trisodium citrate concentration on amount of diacetyl 

produced by S. diacetilactis 18 -16 cultured by acidification 
procedure B in sterile, homogenized 3.8 per cent fat milk at 

22° C. 

Per cent 
citrate 
added 

Diacetyl produced in p.p.m. 

Trial I Trial II 

0.0 2.10 3.31 

0.2 4.05 4.13 

0.4 5.75 6.70 

0.6 7.20 7.76 

0.8 10.11 9.11 

1.0 9.81 10.01 

2.0 12.08 9.91 

4.o 13.80 8.10 

6.o 7.78 7.61 

Citrate Exposure Time 

The effect of culturing S. diacetilactis in the presence 

of trisodium citrate for different periods of time prior to 

acidification with phosphoric acid by procedure B is shown in 

Table 16. Prolonged exposure to citrate before acidification 

resulted in a less efficient conversion of citrate to diacetyl. 

The data suggest that citrate should not be added sooner than 

2 hours before adjusting the pH to 4.3 with phosphoric acid; 

significantly less diacetyl was produced when the sodium 

citrate was added at the beginning of the incubation time. 
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TABLE 16 

The effect of 2 per cent trisodium citrate exposure time on the 
amount of diacetyl produced by S. diacetilactis 18 -16 cultured 
by acidification procedure Ba in sterile, homogenized 3.8 per 
cent fat milk at 22° C. 

Hours after inocula- 
tion of citrate 
addition 

Hours in presence 
of citrate prior 
to acidification 

Diacetyl 
produced 
in p.p.m. 

Controló 
Control' - 

3.72 
1.29 

3 27 8.01 

3.5 26.5 6.85 
4 26 9.04 
6 24 5.36 

8 22 8.48 
10 20 7.81 
12 18 8.35 
14 16 8.26 
26 6 9.68 
27 5 10.91 
30 2 12.51 

32 0 11.45 

aTotal incubation time was extended to 30 -32 hours 
in order to accomplish the experiment. 

óUncitrated. 

cUncitrated and unacidified. 

Diacetyl Production by 
Mixed -Strain Starter Cultures 

Results of preliminary attempts to enhance flavor produc- 

tion by the mixed -strain starter cultures used to manufacture 

butter are recorded in Table 17. Positive King tests were ob- 

tained, as a general rule, under those conditions where citrate 

was present. Results of attempts to increase numbers of 

- 

" . 
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TABLE 17 

Effect of various additives to milk media on flavor and King 
reaction given by three commercial mixed -strain starter cultures 
incubated for 16 hours at 22° C. 

G Mo6 Mo5 

Medium Flavor Reaction Flavor Reaction Flavor Reaction 

la 

2b 

3c 

+g 

+ 

+ 

- 

+ + 

+ - 

+ 

- 

+ 

- 

4d + + + + + + 

5e + - - - + - 

6f + + + + + + 

aControl medium - 10 per cent nonfat milk. 

bControl plus 0.2 per cent trisodium citrate. 

cControl plus 0.2 per cent yeast extract and 0.1 per 
cent Tryptone. 

dCombination of 
b +c 

e3.8 per cent homogenized whole milk. 

(Homogenized milk plus 0.2 per cent trisodium citrate. 

g+ = positive King test or pleasing diacetyl flavor. 

L. citrovorum 91404 in nonfat milk cultures are shown in Table 

18. It may be seen that each additive increased the numbers 

of this organism. It was felt that growth stimulation of 

Leuconostoc also would occur in mixed -strain starter cultures 

supplemented with such additives resulting in enhancement of 

their flavor and aroma. However, when such experiments were 

performed, no significant effect was observed. 

. 
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TABLE 18 

Effect of various additives to milk media on the average numbera 
of L. citrovorum 91404 cells developing on agarg petri dishes 
of plated 48 -hour milk cultures upon incubation at 22° C. for 

48 hours 

Medium 

lb 

2c 

3d 

4e 

5f 

Number of colonies x 106 

Trial I Trial II 

20.0 20.2 

27.4 28.9 

54.2 66.5 

81.7 96.0 

70.0 79.2 

aAverage count from three plates. 

bControl medium - 10 per cent nonfat milk. 

°Control plus 0.2 per cent trisodium citrate. 

dControl plus 0.1 per cent liver fraction L. 

eControl plus 0.1 per cent Tryptone. 

(Control plus 0.1 per cent yeast extract. 

gAgar medium of Elliker et al. (16, p. 1611-1612). 

Results of subsequent studies with a commercial mixed -strain 

starter culture are shown in Table 19. It may be seen that as 

little as 0.2 per cent trisodium citrate added to the culture 

milk increased the amount of diacetyl produced. Furthermore, 

lactic or citric acid, when used to acidify the cultures to pH 

4.3 after 12 or 16 hours of incubation, also increased diacetyl 

production; citric acid appeared to be more effective. Finally, 
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TABLE 19 

Amount of diacetyl produced by mixed -strain starter culture G 

grown in sterile nonfat milk for 18 hours at 22° C. under 

different cultural conditions 

Cultural condition 

Diacetyl 
produced 
in p.p.m. 

1. Control' 1.49 

2. Control plus 0.2 per cent trisodium citrate 3.22 

3. Same as (2) but acidified to pH 4.3 with 

25 per cent lactic acid after 12 hours 

of incubation 

4. Same as (3) but acidified after 16 hours of 

incubation 

5. Same as (2) but acidified to pH 4.3 with 

25 per cent citric acid after 12 hours of 

incubation 

6. Same as (5) but acidified after 16 hours 

of incubation 

7. Same as (5) but aerated 

8. Same as (6) but aerated 

4.62 

5.46 

7.91 

6.68 

8.71 

7.49 

Unaltered 18 -hour nonfat milk culture. 

aeration of the culture resulted in about a 10 per cent addi- 

tional increase in diacetyl production. Another commercial 

culture (Mo5) produced 0.56 p.p.m. diacetyl in a control 

culture and 4.12 p.p.m. when acidified with citric acid to pH 

4.3 after 12 hours of incubation. 

i 
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Diacetyl Production by Bulk Cultures of 

S. diacetilactis 

Results of the effect of heat treatment and acidification 

by three different methods on diacetyl production in bulk 

cultures of S. diacetilactis 18 -16 are shown in Table 20. 

Comparatively low diacetyl values were found in these bulk 

cultures and repeated experiments did not yield better results. 

However, the beneficial effect of the prolonged heat treatment 

again is apparent. Culture method C appeared satisfactory for 

imparting relatively high levels of diacetyl (2.75 p.p.m.) to 

butter on a commercial scale. 

TABLE 20 

Effect of heat treatement and acidification on diacetyl produc- 
tion by S. diacetilactis 18 -16 cultured at 22° C. in 10 gallons 

of pasteurized, homogenized 3.8 per cent fat milk 

Experimental procedurea 

Diacetyl produced in p.p.m.b 

Bulk culture Butter 

Method A 

Method B 

Method C 

0.95 

3.5 

5.4 

0.7 

0.5 

2.75 

aMethods A, B and C are described on page 32. 

bUnpublished data of Day et al. (10). 
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Manufacture of Cultured Butter 
on a Laboratory Scale 

Diacetyl values on cultures and butter churned from sweet 

cream ripened with those cultures are presented in Table 21. 

It may be seen that most of the diacetyl contained in the cul- 

tures was lost during churning, presumably in the buttermilk. 

Even greater diacetyl losses were found when butters were 

washed. All of the butters were unusually fine -flavored and 

consequently were difficult to score and arrange in flavor - 

preference order. Judges regarded cultures containing greater 

than 6 p.p.m. of diacetyl as harsh in flavor but corresponding 

butters were not so criticized. 

Butters manufactured using the concentrated masses of 

L. citrovorum 91404 cells also were judged by the panel of 

judges to be superior in flavor and aroma. They ranged from 

1.5 to 2.5 p.p.m. of diacetyl. 

Manufacture of Cultured Butter 
on a Commercial Scale 

The butter cultures selected by the flavor panel for butter 

manufacture are listed in Table 22, together with the flavor 

evaluations and diacetyl contents in the resulting butters. The 

most desirable butters from the standpoint of flavor as judged 

by the panel contained a level of diacetyl between about 1.0 to 

1.5 p.p.m. while the butters with 2.5 p.p.m. of diacetyl or over 
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TABLE 21 

Diacetyl content and flavor characteristics of single- and 
mixed -strain starter cultures cultured by procedure A and the 

butter manufactured from each on a laboratory scale 

Diacetyl produced in p.p.m. 

Duplicate 
Butter cultures for 

Culture cultures taste panel Butters 
Flavor 
evaluation 

S. diacetilactis 

0.17 clean, bland Controla - 

18 -16 12.07 12.70 1.21 mild, good 

4R -5 8.31 8.27 1.18 mild, good 

6B -1 8.40 7.28 1.09 fine 

Rm -1 5.16 6.52 1.53 mild, good 

DRC -1 7.60 6.98 2.66 high, good 

Leuconostoc species 

CAF -10 1.02 - 0.36 low, clean 

CAF -7 1.16 1.34 low, clean 

Commercial culture 

Gb 1.30 2.20 0.94 very fine 
(2nd) 

G 6.50 6.98 2.52 very fine 
(1st) 

Mob 0.90 0.50 1.87 low, clean 

Mo5 1.30 3.60 0.69 low, clean 

aUninoculated homogenized milk. 

Control culture grown 18 hours at 22° C. in 
plain homogenized milk. 

- 

- 
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TABLE 22 

Diacetyl 
factured 
scale 

content and flavor characteristics of butter manu- 
from mixed -strain starter cultures on a commercial 

Churning Flavor Diacetyl pro- 
No. Culture evaluation duced in p.p.m.a 

1 D + S. diacetilactis flat 0.79 

26 -2b 

2 D + S. diacetilactis high diacetyl, 
slightly off 

2.48 
26 -2 

3 Moab high, coarse, 
harsh 

2.78 

4 Mo3 very fine 1.31 

5 Mot + L. citrovorum slight coarse 0.98 
91404 

6 Mo5 + L. citrovorum flat 0.70 
91404 

7 Angevine flat 0.44 

aUnpublished data of Day et al. (10) 

bControl culture prepared in milk containing no 
added citrate. 

were judged as being coarse or harsh in flavor. Also, the 

fortification of bulk cultures with 0.20 per cent trisodium 

citrate or the use of Leuconostoc and S. diacetilactis strains 

with the mixed -strain starter did not enhance the level of 

diacetyl remaining in the finished butter. 
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Diacetyl Biosynthesis by S. diacetilactis 

Resting Cell Studies 

Results of the study to insure that each Warburg unit was 

operating properly are shown in Table 23. The data indicate 

that units 7, 8, 9 and 16 were leaking. Repeated trials 

verified this and they were not used in subsequent experiments. 

Manometric studies indicated that resting cells of S. 

diacetilactis possessed active decarboxylases for citrate, 

oxaloacetate, pyruvate and x- acetolactate. The quantities of 

carbon dioxide produced from 10 micromoles (umoles) of each of 

these substrates appear in Table 24. The data suggest that 

more than one equivalent of carbon dioxide was released from 

both citrate and oxaloacetate but not from the pyruvate or 

x- acetolactate. 

Cell -Free Extract Studies - Citritase 

Dialyzed sonic extracts of S. diacetilactis possessed an 

active citritase; freshly prepared extracts were most active. 

For example, 3.0 mg. of enzyme protein was found capable of 

dissimilating 0.5 umoles of citrate in 10 minutes. The re- 

lationship between mg. of enzyme protein and ug. of citrate 

dissimilated is shown in Figure 2. Coenzyme A was not re- 

quired for activity even in dialyzed extracts. Cells grown 

in a 2 per cent citrate broth possessed about twice as much 

enzyme activity as cells grown in the lactic broth of Ellikér 
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TABLE 23 

Microliters of carbon dioxide produced by crude enzyme extract 
of S. diacetilactis 18 -16 from 5.0 umoles of citrate upon in- 

for 2.5 hours cubation at 30° C. 

No. of manometer 
and flask 

i1 of CO CO No. 

produced 
2 

of manometer 
and flask 

ul. of CO CO 
produced 

2 

1 89.3 9 10.1 

2 103.5 10 112.7 

3 87.9 11 93.0 

4 138.5 12 138.5 

5 84.3 13 98.3 

6 137.9 14 145.5 

7 10.1 15 91.5 

8 7.9 16 5.6 

TABLE 24 

Micromoles of carbon dioxide produced from 10 umoles of various 
substrates by resting cells.of S. diacetilactis 18 -16 at 30° C. 

umoles of carbon 
Substrate dioxide produced 

Sodium citrate 

Oxaloacetic acid 

Sodium pyruvate 

a- acetolactic acid 

12.8 

15.5 

6.o 

4.7 

et al. (16, p. 1611 -1612). For example, when a unit of enzyme 

was defined as the amount necessary to dissimilate 10 -3 }moles 

of citrate under the standard conditions shown in Figure 2, 

1250 units of enzyme per mg. of protein were found in the 

- 
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citrate -grown cells; only 625 units were found in the lactic 

broth -grown cells. 

Attempts to inactivate citritase by dialysis were un- 

successful, however, ethylenediaminetetracetate (EDTA) was 

effective in this regard; addition of 5.0 }moles of EDTA to 

4 mg. of dialyzed enzyme protein completely inactivated the 

enzyme, while 4.0 }moles of the chelating agent did not retard 

activity. 

Reversal of this inhibition by EDTA was possible with 10 

}moles of Fe Cu", Mg++, Co++, 
Zn++, Cd++, or Mn++ ions 

added as chlorides. Ba ++ was completely ineffective and Ca 
++ 

was only slightly effective in reversing the EDTA inhibition. 

The pH level of a reaction mixture had a decided effect on 

the activity of citritase. Data given in Figure 3 indicate 

that a neutral pH was necessary for maximal activity. 

Oxaloacetate Decarboxylase 

Cell -free extracts of S. diacetilactis 18 -16 were able to 

produce carbon dioxide from oxaloacetic acid as shown in 

Table 25. It may be seen that some carbon dioxide was evolved 

in the complete system without enzyme; this is in keeping with 

the observation of Taufel and Behnke (77, p. 197 -208) that 

oxaloacetic acid is decarboxylated by metal ions. Nevertheless, 

the stimulatory effect of the enzyme preparation is evident. 

Activity was lost with dialysis and this enzyme also was present 
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TABLE 25 

Micromoles of carbon dioxide produced from oxaloacetic acid by 
crude enzyme preparation from S. diacetilactis 18 -16 incubated 
at 30° C. in an air atmosphere 

}moles of carbon dioxide produced 

Time in Complete system 
minutes Complete system' minus enzyme 

1 1.3 0.6 

3o 8.1 2.8 

6o 11.8 5.o 

90 13.3 6.9 

* The complete system in a Warburg vessel consisted 
of 10 µmoles of oxaloacetic acid, 20 moles of 
MgCl and 4,0 mg. of enzyme protein in a total 
volume of 3.2 ml. 

in lower concentrations in extracts prepared from cells grown 

in media lacking citrate. Possible participation of the malic 

enzyme system in the decarboxylation of oxaloacetate was not 

excluded. 

Pyruvate Decarboxylase System 

Studies with cell -free extracts indicated that pyruvate 

was decarboxylated by S. diacetilactis 18 -16 with the formation 

of m- acetolactic acid, acetoin plus diacetyl as well as carbon 

dioxide. Data presented in Table 26 show the total amount of 

carbon dioxide produced with time from pyruvate. 

The effect of thiamine pyrophosphate (TPP) and EDTA on 

carbon dioxide and acetoin plus diacetyl formation from pyruvate 
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TABLE 26 

Micromoles of carbon dioxide produced from sodium pyruvate by 
cell -free extracts of S. diacetilactis 18 -16 incubated at 30° C. 

in an air atmospherea 

Time in 
minutes 

0 

100 

200 

300 

315b 

340 

umoles of carbon 
dioxide produced 

0 

12.1 

15.2 

15.9 

30.0 

88.8 

aThe complete system in a Warburg vessel consisted 
of 250 }moles of sodium pyruvate, 35 ug of co- 

carboxylase (TPP), 10 umoles MnCl, 100 umoles of 

KH PO at pH 6.0 and 4 mg. of dialyzed enzyme pro- 
tein. The total volume was 3.2 ml. 

b 
H 
2 
SO 

4 
(0.2 ml.) tipped in just before the reading 

to dissolved carbon dioxide. 

is summarized in Table 27. The results indicate that both TPP 

and a divalent metal ion were necessary for pyruvate metabolism 

by S. diacetilactis. An accumulation of a- acetolactic acid 

was suggested in these experiments when the addition of H2SO4 

at the conclusion of each Warburg run resulted in a release of 

considerable carbon dioxide with concomitant increase in acetoin 

plus diacetyl values. Control flasks to which water was added 

did not show the release of dissolved gas but also did not re- 

veal the presence of nearly as much acetoin plus diacetyl. 

These facts also may be seen from Table 27. 

' 
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TABLE 27 

The effect of TPP omission and EDTA addition on the quantity of 

acetoin plus diacetyl, a- acetolactic acid and carbon dioxide 

produced from pyruvate by S. diacetilactis 18 -16 crude enzyme 
incubated at 30° C. in an air atmosphere 

System 

}moles produced of 

Acetoin plus a- acetolactic Carbon 
diacetyl acid dioxide 

Completea 12.7 34.5 23.8 

Complete without TPP 7.3 10.9 8.5 

Complete plus EDTA 0 0 0 

aComplete system in a Warburg vessel consisted of 250 
}moles of pyruvate, 35 }g. of TPP, 10 }moles of 

10 }moles KH PO4 at pH 6.0 and 4 mg. of enzyme pro- 
tein in a total volume of 3.2 ml. 

bMeasured by the increase in acetoin plus diacetyl over 
the control when 0.5 ml. of 5N H2SO4 was tipped into 
the mixture to decarboxylate the a- acetolactate. 

Results of further studies on the pyruvate decarboxylation 

system are presented in Table 28. It may be seen that TPP and a 

divalent metal ion both were required for optimal activity. 

`Phenyl pyruvate depressed both carbon dioxide and acetoin pro- 

duction while sodium fluoroacetate had no apparent effect on the 

system. Results of a similar experiment, but one in which 

a- acetolactic acid determinations were made are shown in 

Table 29. This enzyme preparation had lost some activity due 

to its age (2 weeks) but the inhibition by phenyl pyruvate and 

lack of inhibition by acetaldehyde may be seen. 

- 

MnC12, 

' 
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TABLE 28 

Micromoles of carbon dioxide and acetoin plus diacetyl produced 
from 200 }moles of sodium pyruvate by crude enzyme extract of 

S. diacetilactis 18 -16 incubated at 30° C. under various condi- 
tions 

Modification of }moles of carbon 
complete system* dioxide produced 

}moles of acetoin 
plus diacetyl 
produced 

None 62.7 48.5 

TPP omitted 8.5 18.2 

10 }moles EDTA added 0 0 

Enzyme boiled 0 0 

250 }moles sodium 
fluoroacetate added 66.2 55.6 

150 }moles phenyl 
pyruvate added 24.5 1.4 

'Complete system contained 200 }moles of sodium 
pyruvate, 50 ug. of TPP, 20 }moles of MgC12, 100 
}moles of KH2PO4 at pH 6.0 and 7.0 mg. of enzyme 
protein. 

It was found that relatively large quantities of pyruvate 

were necessary for acetoin plus diacetyl and x- acetolactic acid 

production. Quantities less than 80 }moles were insufficient 

but 200 }moles of pyruvate were satisfactory. 

The effect of acetaldehyde on carbon dioxide and acetoin 

plus diacetyl synthesis from pyruvate by S. diacetilactis 18 -16 

enzyme preparations was studied under both nitrogen and air 

atmospheres. Typical results appear in Table 30 (page 73). The 

- 
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TABLE 29 

The effect of phenyl pyruvate and acetaldehyde on the production 
of carbon dioxide, a- acetolactic acid and acetoin plus diacetyl 
from pyruvate by crude enzyme preparation from S. diacetilactis 
18 -16 upon incubation at 30° C. under an air atmosphere 

System 

umoles produced of 

Carbon a- acetolactic Acetoin plus 
dioxide acid diacetyl 

Complete* 58.0 1.6 5.4 

Complete plus 150 }moles 
phenyl pyruvate 24.5 0.6 0.8 

Complete plus 200 
}moles acetaldehyde 41.9 3.6 4.8 

*Complete system contained in a Warburg vessel con- 
sisted of 200 }moles of sodium pyruvate, 35 }g. of 
TPP, 10 }moles of MnC12, 100 umoles of KH2POL4 at 
pH 6.0 and 4 mg. of dialyzed enzyme protein in a 
total volume of 3.2 ml. 

data indicate that acetaldehyde stimulated acetoin plus diacetyl 

synthesis under both air and nitrogen. Oxygen, in the absence 

of acetaldehyde, however, appeared to depress the synthesis of 

both carbon dioxide and acetoin plus diacetyl from pyruvate. 

Alpha -Acetolactic Acid Decarboxylase 

Synthetic a- acetolactic acid was decarboxylated by cell - 

free extracts of S. diacetilactis with the formation of acetoin 

plus diacetyl and carbon dioxide. Results appear in Table 31 

(page 74). It may be seen that the ester was only about 30 per 

cent saponified when added to the enzyme mixture, whereupon it 

' 
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TABLE 30 

The effect of acetaldehyde on the production of carbon dioxide 
and acetoin plus diacetyl from pyruvate by crude enzyme prepara- 
tion from S. diacetilactis 18 -16 incubated at 30° C. under air 
and nitrogen atmospheres 

Modification of 
complete system' 

pmoles of carbon }moles of acetoin plus 
dioxide produced diacetyl produced 

Air N2 Air N2 

None 

30 µmoles of 

acetaldehyde added 

81.8 97.3 

97.8 94.8 

43.0 54.3 

58.6 61.4 

'Complete system contained 200 µmoles of sodium pyru- 
vate, 50 µg. of TPP, 20 }moles of KH PO4 at pH 6.0 
and 7.0 mg. of enzyme protein in a total volume of 
3.2 ml. 

was completely converted to carbon dioxide and acetoin plus 

diacetyl. 

Lactic Dehydrogenase 

Evidence for the presence of lactic dehydrogenase in crude 

enzyme preparations from S. diacetilactis 18 -16 is shown in 

Figure 4 (page 75). DPNH was rapidly oxidized to DPN in the 

presence of pyruvate and enzyme protein. 

Diacetyl Reductase 

Spectrophotometric studies using cell -free extracts of 

S. diacetilactis 18 -16 provided evidence that diacetyl was 

enzymatically reduced, presumably to acetoin. The reaction was 

not reversible and DPNH was required as the coenzyme. 



TABLE 31 

Micromoles of acetoin plus diacetyl and 
chemical means and by crude enzyme extract 

carbon dioxide produced 
from S. diacetilactis 

from a- acetolactic acid by 
18 -16 incubated at 30° C. 

Method of 
decarboxylation 

}moles of 
a- acetolactic 
acid addeda 

}moles of acetoin 
plus diacetyl }moles of carbon 
produced dioxide produced Average 

Edson (14) 

Krampitz (43) 

Crude enzymeb 

15.6 

15.6 

1506 

5.2 

5.5 

5.2 

6.9 

3.9 

6.2 

6.1 

4.7 

5.7 

aAdded as partially saponified ester. 

b 
bComplete system contained 100 umoles of KH2PO4 at pH 6.0, 20 umoles of MgC12, 
and 5.8 mg, of enzyme protein. 
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Diacetyl reduction occurred independently of a divalent 

metal activator; EDTA and dialysis did not inactivate the 

enzyme. Figure 5 shows typical spectrophotometer data ob- 

tained in testing cell -free extracts for diacetyl reductase. 

A survey of lactic streptococcus and Leuconostoc organisms 

for diacetyl reductase activity was made and the results appear 

in Table 32. It may be seen that S. diacetilactis strains, 

especially 18 -16, were quite active in this regard. S. lactis, 

S. cremoris and L. citrovorum were relatively inactive while 

the two L. dextranicum strains were as active as some of the 

S. diacetilactis organisms. Coliform and psychrophilic bac- 

teria, which Elliker (15, p. 93 -102) had shown to rapidly 

destroy diacetyl when present as contaminants in butter, also 

were compared for diacetyl reductase content. From Table 33 it 

may be noted that A. aerogenes was most active in reducing 

diacetyl while E. coli and Pseudomonas viscosus were relatively 

inactive. 

2,3- Butanediol Dehydrogenase 

Dialyzed cell -free extracts of S. diacetilactis 18 -16 con- 

tained an active reversible 2,3- butanediol dehydrogenase. The 

forward (oxidation) and reverse reactions are depicted in 

Figures 6 and 7 respectively. The amounts of oxidation and re- 

duction were not equal in these experiments despite identical 

conditions, presumably because some of the DPN reduced by 

2,3- butanediol dehydrogenase was re- oxidized. 
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TABLE 32 

Relative amounts of diacetyl reductase activity found in cell - 
free extracts of lactic streptococcus and Leuconostoc organisms 

Units* per mg. of 

Strain enzyme protein 

S. diacetilactis 

18 -16 
26-2 
DRC-1 
DRC-2 
DRC-3 
RM-1 

S. lactis 

Clo 

S. cremoris 

KH 
1 

L. citrovorum 

58 
15 
16 

8 
18 
20 

1.5 

5 

8 

LcF 6 
LcF8 0 

91404 6 
8081 o 
82 6 

L. dextranicum 

LdF 15 
688 lo 

'A unit of activity was defined as the amount 
of enzyme necessary to cause a 0.001 change 
in optical density at 340 mu during the second 
30- second time interval after beginning the 
reaction by adding enzyme. 

. 
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TABLE 33 

Relative amounts of diacetyl reductase activity found in cell - 
free extracts of coliform and psychrophilic organisms 

Organisms 
Units per mg. of 
enzyme protein 

COLIFORMS 

A. aerogenes 8724 345.3 

E. coli OSU 4.9 

PSYCHROPHILES 

Ps. putrefaciens OSU 63.7 

Alc. metalcaligines OSU 54.5 

Ps. fragi OSU 43.6 

Ps. fluorescens OSU 19.2 

Ps. viscosus OSU 2.7 
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DISCUSSION 

Factors Affecting Diacetyl Production 
by S. diacetilactis 

Results of these experiments have extended our knowledge 

regarding a bacterium in which the dairy industry is becoming 

more interested for use in increasing the flavor and aroma of 

cultured dairy products. It soon was evident from the first 

phases of this study that S. diacetilactis organisms produced 

greater flavor and aroma than lactic streptococcus or 

Leuconostoc organisms, regardless of cultural environment. The 

ability of this organism to ferment citrate and lactose con- 

comitantly undoubtedly accounts for this; S. lactis and S. cre- 

moris can utilize lactose but not citrate and thus are re- 

stricted to acid production, while the reverse generally is true 

of the Leuconostoc, Thus S. diacetilactis may perform the func- 

tion of a mixed -strain starter culture, especially those strains 

which are fast acid -producers. 

While acidification procedures A and B were effective in 

enhancing diacetyl production by S. diacetilactis in milk cul- 

ture, the greater desirability of procedure B as far as indus- 

trial application is concerned may be mentioned. This method 

would be simpler and easier to control by plant personnel. 

Furthermore, the citrate could be added a few hours prior to 

acidification in order to avoid the detrimental effect of 
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prolonged citrate exposure pointed out in Table 16. It should 

be pointed out further, however, that additional studies on a 

commercial scale would be necessary to fully evaluate this pro- 

cedure for industrial use. 

The observation that a cultural pH of 4.3 enhanced diacetyl 

production by S. diacetilactis as well as Leuconostoc species 

was not expected, since significant diacetyl production at pH 

levels near neutrality in the former organism had been reported 

by Sandine et al. (66, p. 79 -808). A different mechanism was 

believed operative in Leuconostoc species. This concept was 

suggested by findings of Michaelian et al. (51, p. 323 -360), 

Wiley et al. (86, p. 227 -238; 87, p. 239 -249), Cox (8, p. 28- 

`35) and Mather and Babel (48, p. 1045 -1056) who reported that 

pH values of 4.0 to 4.4 were optimum for diacetyl production in 

Leuconostoc. Therefore, the first phase of the present investi- 

gation suggested that the two organisms had a common mechanism 

for diacetyl production. The possibility, however, that 

another mechanism existed in S. diacetilactis was not excluded 

until later in the study. 

Variation in diacetyl production by flavor organisms in 

milk receiving different heat treatments has not been reported 

previously. Yet it is well known that milk heat treatment 

directly influences rate of acid production by lactic strepto- 

coccus organisms (22, p. 1053 -1061; 62, p. 57 -69), and so 

these results were not unexpected. Data indicated that 
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pasteurized milk was least satisfactory and milk boiled for 60 

minutes or autoclaved (121° C. for 12 minutes) was best suited 

for diacetyl production (Table 13). The Leuconostoc species, 

in contrast to S. diacetilactis, produced no diacetyl in 

pasteurized milk, suggesting that heat -liberated growth stimu- 

lants may be very important to insure maximum flavor and aroma 

production by Leuconostoc. Thus milk -heat treatment may be- 

come an important consideration in preparing bulk cultures, 

especially if the starters contain only Leuconostoc as aroma 

bacteria. This undoubtedly accounts in part for the low 

diacetyl values obtained in the bulk cultures prepared in these 

studies, however, advantage of this information could not be 

taken since the plant bulk cultures were prepared prior to the 

heat effect studies. Furthermore, large quantities of culture 

would be expected to have less diacetyl since under anaerobic 

conditions a- acetolactic acid forms only acetoin (79, p. 250- 

260). It also was apparent from these experiments that ex- 

cessive heating (121° C. for 25 minutes) destroyed at least 

some of the growth factors needed by both types of organisms, 

probably as a result of protein -lactose interactions. 

Diacetyl destruction by S. diacetilactis 18 -16 cultured in 

homogenized milk supplemented with 2 per cent citrate was not 

apparent until after 24 hours of incubation at 22° C. (Table 8). 

It is likely, however, that diacetyl destruction occurred much 

earlier, but could not be detected because of the high levels. 



85 

of diacetyl being produced in the citrated milk. Sandine et al. 

(67, 755 -761) plotted diacetyl production by S. diacetilactis 

18 -16 against time when the organism was cultured in plain 

nonfat milk; there was an apparent loss of diacetyl after 12 to 

15 hours. It is likely, therefore, that enzymatic destruction 

of diacetyl began early in the incubation and continued until 

after its synthesis had stopped or was significantly retarded. 

Table 8 also revealed that cell numbers after 24 hours of 

incubation had reached about one -half the maximum number 

attained by the culture. Thus, it is evident that acidification 

after 24 hours, as practiced during these studies, did not 

significantly inhibit the growth of S. diacetilactis cells. It 

is possible also that acidification at this point during the 

incubation prevented or retarded diacetyl destruction during 

subsequent incubation while permitting further diacetyl produc- 

tion. In this regard, Michaelian et al. (51, p. 323 -360) 

demonstrated that acidification of Leuconostoc cultures pre- 

vented diacetyl destruction. 

It was rewarding to find that excellent, high - flavored 

butter could be produced with pure cultures of S. diacetilactis 

in both small and large scale operations. This also is of some 

practical significance since the difficulties of maintaining 

fine - flavored mixed -strain starter cultures for use in preparing 

ripened cream butter can now be avoided. In this connection, 

Michaelian et al. (51, p. 323 -360) found that Leuconostoc 
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organisms imparted a slightly different character of aroma and 

flavor to butter than the flavor and aroma secured with regular 

butter cultures, This difference, however, was not apparent 

with the S. diacetilactis cultures used in this study. 

Diacetyl content and flavor of cultures were the main 

criteria for selecting butter cultures for butter manufacture 

in this study. This proved to be a reliable method and ex- 

cellent flavors resulted in many of the laboratory butters, for 

which fine - flavored cultures containing over 6 p.p.m. of dia- 

cetyl were used. Such findings also attested to the desirability 

of using high diacetyl- producing single- strain cultures in 

ripened cream butter manufacture, especially since such cultures 

also produced greater amounts of other volatile compounds 

(Table 11); some of these volatiles also may be important flavor 

contributors. This system, however, may not be infallible since 

Wiley et al. (87, p. 239 -249) found that the diacetyl content of 

a starter culture was not a sure guide to the starter's value as 

a flavor -producer in butter. 

The successful use of S. diacetilactis as butter cultures 

suggested possibilities for detailed chemical analysis of flavor 

imparted to butter by a single strain. This would eliminate the 

uncertainty of identifying the organisms producing flavor in 

mixed- strain starter cultures and the final product. In addi- 

tion, since these studies have shown that overnight ripening 

of cream for butter making is unnecessary, resulting products 
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should have better keeping qualities than ripened cream butters 

with high acidities which accelerate development of off -flavors. 

All butters produced with single strains of S. diacetilactis 

in this study had sera pH values over 6.0. 

A more rapid method of preparing high -flavored, ripened 

cream butter using S. diacetilactis might involve the use of 

cell concentrates that are added directly to citrated culture 

milk adjusted to pH 4.3 with lactic acid. The success of this 

type of laboratory -scale experiment in the present study sug- 

gests that this approach may be applicable to industrial use. 

Diacetyl Biosynthesis by S. diacetilactis 

S. diacetilactis is an organism well- suited for use in 

studying the pathway of diacetyl biosynthesis. Unlike L, 

citrovorum or L. dextranicum, it need not be grown in associa- 

tion with lactic streptococci or added acid in order to produce 

diacetyl. In addition, this organism grows luxuriantly in 

broth media containing 2 per cent citrate which is sufficient 

to inhibit Leuconostoc species. Citrate -containing media also 

appear to induce the synthesis of relatively high levels of 

enzymes involved in diacetyl production; it was not necessary 

in the present study to grow large masses of cells in order to 

detect the various enzymes studied. Active enzyme preparations 

were readily obtained from cells harvested from only one, liter 
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of medium. However, it soon became apparent in these studies 

that enzyme preparations could not be stored for periods longer 

than two weeks.at -20° C. without significant loss in activity. 

This was especially true for the pyruvate decarboxylase system, 

which may be seen by comparing Tables 27 and 29. The reason 

for this was not investigated. 

The enhancement of diacetyl production by citrate in 

Leuconostoc and mixed- strain lactic starter cultures have been 

known since the work of Hammer (27, p. 139 -144) in 1921. The 

present study extended these findings to S. diacetilactis; 

citrate was readily metabolized and contributed to diacetyl 

synthesis. Demonstration of citritase in S. faecalis by 

Gillespie and Gunsalus (20, p. 80) predicted the existence of 

the same enzyme in S. diacetilactis to explain citrate stimula- 

tion of diacetyl production; this also was found to be the case 

in this work. Harvey and Collins (31, p. 954 -959) recently re- 

ported the same finding. 

Pyruvate occupies a prominent position in the synthesis of 

diacetyl, just as it does in many other biosynthetic reactions 

in microorganisms. However, pyruvate derived from citrate 

appears to be much more available than that derived from glu- 

cose, lactose, or other fermentable sugars. In this regard, 

De Man (12, p. 38 -52), Rushing and Senn (65, p. 286 -290) and 

Mizuno and Jezeski (53, p. 579 -588) reported that fermentable 

sugars contributed only slightly to diacetyl synthesis. Busse 

. 
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and Kandler (5, P. 774 =775) suggested that the fermentable sugars 

were hydrogen donors so that the resulting pyruvate was prac- 

tically all reduced to lactate. Thus glyceraldehyde 3- phosphate 

dehydrogenase appears to be tightly coupled with lactic dehydro- 

genase to provide constant regeneration of DPNH and DPN to func- 

tion with these enzymes. 

The absence of a coenzyme A dependent pyruvic oxidase was 

suggested when fluoroacetate failed to reduce carbon dioxide 

production from pyruvate (Table 28). If such a CoA- dependent 

enzyme system is absent, this points up a difference between 

this organism and S. faecalis 10C1 which was shown by Gunsalus 

(23, p. 546) to require coenzyme A in order to decarboxylate 

pyruvate. It is possible that S. diacetilactis has a pyruvic 

oxidase system similar to that of Lactobacillus delbrueckii, 

recently described in detail by Hager and Lipmann (25, p. 1768- 

1775). Evidence for the existence of some type of pyruvic 

oxidase in S. diacetilactis was given by Table 30 where it was 

seen that acetoin plus diacetyl synthesis was stimulated under 

anaerobic conditions. This stimulation may be due to the 

accumulation of greater quantities of active acetaldehyde 

(m- hydroxyethyl thiamine pyrophosphate) and free acetaldehyde 

resulting from an exchange reaction between the former compound 

and pyruvate such as was demonstrated by Holzer and Beaucamp 

(34, p. 225 -243). The products of pyruvic decarboxylase 

accumulating under anaerobic conditions could react to form 



90 

acetoin and diacetyl via x- acetolactic acid or acetoin by the 

condensation reaction between acetaldehyde and active acetalde- 

hyde. 

The addition of acetaldehyde to cell -free preparations in- 

creased acetoin production more than anaerobic incubation. 

Still greater quantities of acetoin plus diacetyl were produced 

when acetaldehyde was added and the reaction carried out 

anaerobically (Table 30). Thus it appears that accumulated 

acetaldehyde formed anaerobically from pyruvate as well as added 

acetaldehyde condensed with active acetaldehyde to form acetoin 

as also was reported for Acetobacter by De Ley (11, p. 352 -365). 

The increased carbon dioxide produced under both anaerobic con- 

ditions and in the presence of added acetaldehyde presumably is 

due to increased a- acetolactic acid formation and decarboxyla- 

tion. 

Stoichiometric recovery of pyruvate as carbon dioxide and 

acetoin plus diacetyl was not obtained, presumably because a 

significant amount of this substrate was reduced to lactic acid 

by lactic dehydrogenase. Reversibility of oxaloacetic decarboxy- 

lase by carbon dioxide fixation also could drain off some of the 

pyruvate. Additional pyruvate also may be decarboxylated and 

then metabolized via a- hydroxyethyl thiamine pyrophosphate to 

free acetaldehyde and acetic acid. The free acetaldehyde and 

diacetyl produced could suppress pyruvic decarboxylase as has 

been reported by Gale (19, p. 236 -240). Furthermore, some 
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pyruvate remained unmetabolized in these studies as demonstrated 

by additional carbon dioxide evolution in the presence of crude 

yeast carboxylase added after activity had almost ceased. 

Alpha -acetolactic acid has been considered the immediate 

precursor compound for diacetyl by Van Beynum and Pette (79, 

p. 250 -266), Pette (63, p. 572 -579), De Man (12, p. 38 -52; 

13, p. 480 -486) and Taufel and Behnke (77, p. 197 -208). Direct 

support that a- acetolactic acid is an intermediate in diacetyl 

synthesis by S. diacetilactis was offered in these studies by 

the presence of the decarboxylase for this substrate and also 

by the experiments suggesting accumulation of this intermediate 

(Tables 27 and 29). Juni (37, p. 715 -726) also reported that 

a- acetolactic acid decarboxylase was present in several bacteria 

producing acetoin and diacetyl. Before considering the meta- 

bolic fates of this key compound it may be in order to examine 

a possible mechanism for its formation from pyruvate. 

The original scheme for a- acetolactic acid biosynthesis 

from pyruvate by bacterial systems given by Kobayashi and 

Kalnitsky (42, p. 473 -482) in 1954 can be depicted as shown in 

Figure 8, largely as a result of the work by Breslow (4, p. 3719- 

3726), Holzer and Beaucamp (34, p. 225 -243) and Krampitz et al. 

(44, p. 971 -977). Breslow (4, p. 3719 -3726) found that the 

thiazole ring of thiamine pyrophosphate possessed a quaternary 

ammonium ion which created a strong ylide or zwitterion. He 

contended that the thiazolium salt was in equilibrium with the 
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anion at carbon two located between the quaternary ammonium 

nitrogen and the sulfur atom. He concluded that catalysis by 

the thiazolium salt occurred via the zwitherion as depicted in 

the figure; the carbonyl of pyruvate was attracted to the 

negative part of the ylide to form a complex with the thiazole 

ring, and the carboxyl group dissociated as a result of a 

weakened bond. 

Figure 8 also shows the formation a- lactyl -2- thiamine pyro- 

phosphate (active pyruvate), by the reaction between thiamine 

pyrophosphate and pyruvate. The active pyruvate loses carbon 

dioxide as shown to form a- hydroxyethyl thiamine pyrophosphate 

(active acetaldehyde). Both compounds have been isolated by 

Holzer and Beaucamp (34, p. 225 -243) and Krampitz et al. (44, 

p. 971 -977). The latter compound has been shown by these in- 

vestigators to be the active intermediate in the enzymatic con- 

version of pyruvate to acetaldehyde, a- acetolactic acid, 

acetoin, carbon dioxide and acetate. According to Holzer and 

Beaucamp (34, p. 225 -243), active acetaldehyde dissociates into 

acetaldehyde plus thiamine pyrophosphate as depicted in Figure 8. 

However, most of the free acetaldehyde is formed through an ex- 

change reaction between active acetaldehyde and pyruvate by 

which more active pyruvate is returned to the cyclic mechanism. 

In addition, pyruvate may join directly with active acetalde- 

hyde to form a- acetolactic acid - thiamine pyrophosphate complex. 
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The demonstration of citritase along with oxaloacetic, 

pyruvic and a- acetolactic acid decarboxylases in S. diacetilac- 

tis 18 -16 provides an explanation for carbon dioxide evolution 

from citrate as well as a basis for postulating a mechanism for 

diacetyl biosynthesis by this organism. A scheme showing the 

reactions originating from citrate is shown in Figure 9. It is 

possible that two enzymes are involved in diacetyl biosynthesis 

from a- acetolactic acid, a dehydrogenase and a decarboxylase. 

However, the enzyme catalyzing this reaction is shown as an 

oxidase in the figure. It may be noted that three acetoin- 

producing reactions occur in this organism to limit diacetyl 

synthesis. One is the condensation of active and free acet- 

aldehyde, another is the non -oxidative decarboxylation of 

a- acetolactic acid and the third is the reduction of diacetyl. 

Diacetyl synthesis also is limited by lactic dehydrogenase which 

diverts pyruvate from the biosynthesis of a- acetolactic acid. 

It has been observed (10) that certain mixed -strain commer- 

cial butter cultures, especially culture G, develop the most 

satisfactory aroma and flavor when the mother cultures are 

underincubated (13 hours) to an acidity of about 0.75 per cent, 

and the bulk cultures are overincubated. Isolations of aroma 

organisms from culture G made during the present study revealed 

a large number of S. diacetilactis types along with a few L. 

citrovorum strains. Thus, overincubation of culture G might 

result in loss of flavor due to the high diacetyl reductase 

. 
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Figure 9. Pathways for enzymatic conversion of citric acid 
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activity of the former organisms. Underincubation of commercial 

cultures, however, is contrary to the general practice of over - 

incubation for enhancement of aroma and flavor production. It 

seems likely that these two opposing practices have arisen be- 

cause diacetyl reductase is active in S. diacetilactis but 

absent or weak in L. citrovorum. This fact could explain why 

L. citrovorum- containing mixed -strain cultures have benefited 

from overripening, while cultures containing S. diacetilactis 

may suffer from this treatment. 

The irreversibility of diacetyl reductase in S. diaceti- 

lactis seems unfortunate in view of the importance of diacetyl 

to the flavor and aroma of cultured dairy products, Attempts 

to isolate mutants lacking this enzyme would appear worthwhile. 

It would be presumptive, however, to assume that all diacetyl 

destruction that occurs in mixed -strain starter or S. diaceti- 

lactis cultures results from the action of diacetyl reductase. 

The diacetyl mutase- catalyzed reaction described by Green et 

al. (21, p. 811 -824) and Aubert and Millet (2, p. 1512- 1514), 

resulting in the formation of two molecules of acetic acid and 

one of acetoin from two of diacetyl also may occur in these 

organisms. 

The non -reversible nature of diacetyl reductase in S. 

diacetilactis is in agreement with earlier findings that acetoin 

is not oxidized to diacetyl; Strecker and Harary (76, p. 263- 

270) found the same irreversible enzyme in both A. aerogenes 
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and S. auerus. It is of interest to note that a correlation 

exists between diacetyl reductase activity and diacetyl destruc- 

tion by coliform and Pseudomonas organisms. For example, 

Elliker (15, p. 93 -102) showed that A. aerogenes, Ps. 

fluorescens, Ps. fragi and Ps. putrefaciens destroyed diacetyl 

in that order of activity. The present study revealed that 

among these organisms, the former had the most diacetyl reductase 

while the latter three organisms had less (Table 33). 

It is not known why mixed -strain starter cultures used and 

examined during the era of Weigman (83, p. 150 -156), Orla- Jensen 

(59, p. 81 -196) and other early dairy microbiologists were not 

found to contain S. diacetilactis. Since it seems impossible 

that the organism was confused with typical L. citrovorum or 

L. dextranicum strains by these competent investigators, it is 

tempting to suggest that S. diacetilactis was evolved from 

early starter bacteria as a result of some type of mutation and 

selection. The progenitors of existing S. diacetilactis strains 

seem to be too far removed to have evolved by genetic mutation. 

However, the new organisms may have resulted by the transduc- 

tion of lactic streptococcus organisms by L. citrovorum phages 

carrying the genetic characters for citrate fermentation. This 

theory becomes plausible since mixed -strain starter cultures 

often provide an abundance of phages and host bacteria in close 

proximity under suitable conditions for virus proliferation. 

Bacteria taken from nature for early cultures may not have been 

' 
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subjected to these influences and therefore the S. diacetilactis 

organisms were not isolated. The wide -spread prevalence of S. 

diacetilactis in many commercial mixed -strain starter cultures 

of today may also be attributable to the accelerated rate of 

culture exchange in recent times between dairy microbiologists 

the world over. 

Many reports in the literature indicate that a pH level of 

about 4.3 is necessary for maximum diacetyl production by or- 

ganisms cultured in milk. For example, diacetyl production in 

Leuconostoc species was induced by adjusting the pH to 4.3 after 

logarithmic growth of a culture by Michaelian et al. (51, p.323- 

360), Rumments (64, p. 107 -111), Wiley et al. (86, p. 227 -238), 

Cox (8, p. 28 -35) and Mather and Babel (48, p. 1045 -1056). 

Similarly, cultures of S. diacetilactis were found in the pre- 

sent study to produce greater quantities of diacetyl when the 

pH was adjusted to 4.3 after logarithmic growth. The results, 

however, do not explain the reason for this acid stimulation of 

diacetyl production; citritase and the other enzymes involved 

in diacetyl syntheses required pH levels higher than 4.3 for 

optimal activity. 

Juni (37, p. 715 -726) reported that in A. aerogenes the 

optimum pH for a- acetolactic acid decarboxylase was 5.9. 

Mizuno and Jezeski (52, p. 251 -263) reported a pH optimum of 

5.5 for the same enzyme in Leuconostoc and suggested that in- 

creased diacetyl production at a low pH (5.0) was due to 

t 
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greater activity by this enzyme. Thus it appears that the pH 

requirements in whole and broken cells for optimal diacetyl 

synthesis are different; while the intact cell requires a low 

pH (4.3), the disrupted cell enzymes require less acid condi- 

tions. It is possible, however, that the strong acid conditions 

in whole cells may favor a slightly acidic internal condition 

to stimulate enzymes involved in diacetyl production. For ex- 

ample, it has been shown by Conway and Duggan (7, p. 265 -274) 

that yeasts maintain a near neutral condition inside the cell 

by exchanging metabolically produced hydrogen for external 

potassium and that external hydrogen ions have a high affinity 

for the potassium transport system. It is conceivable, there- 

fore, that added hydrogen (acidification of cultures) would 

favor development of slight acid internal conditions which 

would stimulate diacetyl production. 

It is also possible that acidification represses lactic 

dehydrogenase and favors the accumulation of pyruvate which 

would be metabolized via a- acetolactic acid to diacetyl, 

acetoin and 2,3- butanediol. Thus under acid conditions 2,3- 

butanediol dehydrogenase may perform the function of lactic 

dehydrogenase (regeneration of DPN). It is probable that 

natural selection has provided for the existence of the 

a- acetolactic acid pathway since it may allow anaerobic growth 

without harmful accumulation of lactic acid. 
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There are a number of reports indicating that vigorous 

aeration also favors increased diacetyl production in mixed - 

strain lactic starter cultures. Van Beynum and Pette (79, 

p. 250 -266) and Taufel and Behnke (77, p. 197 -208) among others 

have made this observation. A possible explanation for this 

was provided by Pette (63, p. 572 -579) who reported that 

a- acetolactic acid was easily oxidized to diacetyl by atmos- 

pheric oxygen at room temperature. Further support for this 

theory came from De Man (12, p. 38 -52) who showed that oxidation 

of a- acetolactic acid may be favored by the strong reducing 

properties of this compound. The theory was indirectly 

strengthened when Pette (63, p. 572 -579) found that acetoin 

could not be oxidized to diacetyl under conditions prevailing 

in starters. His investigations also indicated that the effect 

of oxygen was limited to the period of vigorous fermentation of 

citric acid. In view of the fact that a- acetolactic acid may 

be anaerobically converted to acetoin and carbon dioxide by the 

decarboxylase, it seems likely that none would remain to be 

oxidatively decarboxylated to diacetyl following removal of the 

citric acid. 
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SUMMARY 

This investigation on diacetyl production by S. diaceti- 

lactis was carried out in an effort to develop a cultural 

method to enhance the flavor and aroma of commercial mixed - 

strain starter cultures. Single strains of aroma bacteria were 

used to avoid the complexities of strain interactions. Diacetyl 

determinations were used as the main criteria for estimating 

flavor and aroma in cultures. 

It was found that nonfat milk cultures of S. diacetilactis 

produced an average of 2.7 p.p.m. of diacetyl, while negligible 

amounts were produced under the same conditions by either 

Leuconostoc, S. lactis or S. cremoris organisms. A number of 

factors and cultural procedures were found to affect diacetyl 

production by S. diacetilactis and Leuconostoc. The addition 

of trisodium citrate in concentrations from 0.2 to 2.0 per cent 

greatly increased diacetyl production. However, incubation of 

citrated cultures beyond 24 hours at 22° C. resulted in signifi- 

cant destruction of diacetyl. 

Even greater quantities of diacetyl were produced when 

S. diacetilactis cultures containing one per cent trisodium 

citrate were acidified to pH 4.3 with citric acid or phosphoric 

acid. The acidification was carried out following a 24 -hour 

incubation period and the cultures then were incubated for an 

additional 18 hours at 22° C. Simultaneous acidification and ' 
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fortification with one per cent citrate following the first 

24 -hour incubation period resulted in greater diacetyl produc- 

tion than when the cultures were exposed to citrate for more 

than two hours prior to acidification. 

Culture milk heat treatment was found to influence diacetyl 

production by both S. diacetilactis and Leuconostoc organisms. 

Autoclaving culture milk at 121° C. for 12 minutes resulted in 

considerably more diacetyl production than when milk was pasteur- 

ized (62° C. for 30 minutes) or given excessive heat treatment 

(121° C. for 25 minutes). Leuconostoc organisms produced no 

diacetyl in pasteurized milk despite addition of acid and 

citrate. 

The foregoing cultural manipulations, which resulted in in- 

creased diacetyl production, were incorporated into a procedure 

for producing high - flavored cultured butter, Cultures of S. 

diacetilactis were prepared in appropriate quantities for use in 

the manufacture of ripened cream butter on a laboratory and 

commercial scale. These cultures were added directly to sweet 

cream containing 39 per cent fat at the rate of 25 per cent by 

volume. After a brief holding period, the mixture was churned 

into butter. Washed butters made in this manner on a laboratory 

scale contained an average of 1.66 p.p.m. of diacetyl and were 

superior in flavor and aroma to non -cultured butters. Butters 

prepared under these same conditions but on a commercial scale 

also were superior to control butters. 
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A great deal of variation and inefficiency in diacetyl for- 

mation in cultures of S. diacetilactis was observed both in 

laboratory and bulk -scale experiments. This prompted studies on 

the mechanism of diacetyl biosynthesis, the results of which 

provided explanations for the relatively low levels of diacetyl 

produced by this organism despite additions of high concentra- 

tions of citrate. Citric, oxaloacetic, pyruvic and a- acetolactic 

acids, previously implicated as precursors of diacetyl, were 

readily decarboxylated by resting cells. Citric and oxaloacetic 

acids yielded about 2 }moles of carbon dioxide per }mole of sub- 

strate; pyruvic and a- acetolactic acids yielded only one }mole of 

carbon dioxide per }mole of substrate. 

Cell -free extracts of S. diacetilactis contained citritase. 

The enzyme required a neutral pH and a divalent metal ion (Mg ++ 

or Mn + +) for optimal activity. Barium or calcium ions could not 

serve as activators for this enzyme. Dialysis did not inacti- 

vate the enzyme; however, the addition of EDTA destroyed activity. 

S. diacetilactis extracts also possessed an oxaloacetic acid 

decarboxylase. Activity was lost upon dialysis and less enzyme 

was found in extracts from cells grown in a medium lacking 

citrate. Cell -free extracts also contained a pyruvate decar- 

boxylase system requiring TPP and Mg ++ or Mn ++ for activity; 

carbon dioxide, acetoin plus diacetyl and a- acetolactic acid 

were formed from pyruvate. The formation of 2,3- butanediol, 

lactic acid, oxaloacetic acid and acetic acid from pyruvate were 



loo 

indicated. Acetaldehyde and anaerobiosis both stimulated acetoin 

plus diacetyl and carbon dioxide production from pyruvate. So- 

dium fluoroacetate did not affect pyruvate metabolism but phenyl 

pyruvate was inhibitory. 

An active a- acetolactic acid decarboxylase was found in 

cell -free extracts of the organism. The presence of this 

enzyme, along with evidence for the accumulation of a- acetolac- 

tic acid, provided direct support that this compound was an 

intermediate in diacetyl biosynthesis by S. diacetilactis. 

Evidence for a lactic dehydrogenase was obtained when DPNH 

was rapidly oxidized to DPN in the presence of pyruvate and 

enzyme protein obtained from S. diacetilactis cells. 

Diacetyl reductase, requiring DPNH for activity, was also 

found in cell -free extracts of S. diacetilactis. The enzyme was 

not able to convert acetoin to diacetyl in the presence of DPN 

and therefore was irreversible. EDTA or dialysis did not in- 

activate the enzyme. Leuconostoc organisms examined had little 

or no diacetyl reductase. A. aerogenes exhibited a high level 

of diacetyl reductase and significant amounts of the enzyme also 

were found in a number of psychrophilic spoilage bacteria of 

the Pseudomonas genus. Dialyzed cell -free extracts of S. 

diacetilactis also contained a reversible DPN- dependent 2,3- 

butanediol dehydrogenase. 

Diacetyl formation and accumulation in cultures of S. 

diacetilactis was found to be limited by diacetyl reductase, the 
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anaerobic decarboxylation of a- acetolactic acid, the direct 

formation of acetoin by condensation of active and free acet- 

aldehyde and by lactic dehydrogenase. A scheme for the bio- 

synthesis of diacetyl from citric acid was presented, including 

reactions showing the interconvertibility of diacetyl, 2,3- 

butanediol and acetoin. 

r 
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