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Abstract approved:

Grain positive cocci, in pairs and chains isolated from Oregon

wines were characterized and their ability to decompose malate deterin-

med. They were heterofermentative,catalase negative and facultative--

ly anaerobic. Acid was produced from glucose, fructose and ribose but

not from sucrose or lactose. D(-) lactate was the isomeric form prod-

uced from glucose. Cellobiose, trehalose, salicin, esculin, galactcse,

mannose, arabinose and xylose were fermented by most scrain. Ammonia

was not produced from arginine or dextran from sucrose, The msolat.es

grew at pB values less than 4 and in 10 ethanol. The strains tested

exhibited a lactic dehydrogenase. activity. All strains produced lact-

ate and CO front malate as determined by chromatography and respfrom-

etry, and they were more efficient in this regard than referetce

Leuconcstoc strains. These malo-lactic bacteria are considered to be

strains of L. cenos.
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The pH optimum for growth was between 4.0 and 5.5 while the

temperature optimum ranged from 28 to 31°C. These isolates were better

adapted to low pH and temperatures than reference strains and at pH

3.0, effected a faster malo-lactic fermentation.

Tomato and vegetable juices stimulated the growth of most

strains; two strains inhibited by the juices were stimulated by yeast

extract. Carbon dioxide incubation was also stimulatory.

The volatile compounds produced include acetoin, 2-propanol,

2-methyl-l-propanol, butanol, 3-methyl-l-butanol, 1-pentanol, and

benzaldehyde.

Malate did not serve as an energy source for the bacteria test-

ed. It was, however, slightly stimulatory to their growth rate at pH

5.5 in a medium containing carbohydrates, probably due to increased

carbohydrate utilization at this pH value.

The malo-lactic enzyme of the strain studied (Ey 4-I) was

active over a pH range of 6.0 to 7.5 and a temperature range of 15

to 45°C. NAD was required as coenzyme but NADP seemed to replace it

in a much lower capacity. Besides Mn, the enzyme could utilize Ng,

H- H- H- ±H- . H- H-Zn or Co . .0 , Fe and Fe were not used while Pb , Hg anu

pyruvate were inhibitory. Lactate, CO2 and pyruvate were the end

products of malate decomposition, but NADH formation was not detected

spectrophotometrically.
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PREFACE

The formulation of a problem is often more essential
than its solution, which may be merely a matter of
experimental or mathematical skill. To raise new
questions, new possibilities, to regard old problems
from a new angle, requires creative imagination and
marks real advance in science.

-Albert Einstein (1952)



NALO-LACTIC FERNTATION OF LEUCONOSTOC

ISOLATES FROM OREGON WINES

INTRODUCT ION

Malo-lactic fermentation is a secondary fermentation caused by

certain lactic acid bacteria during storage of new wine (Kunkee, 1967,

1974; Rankine, 1977; Beelman and Gallander, 1979). Three genera of

lactic acid bacteria have been implicated in this phenomenon and they

include Lactobacillus, Leuconostoc and Pediococcus (Ingraham et al.,

1960; Kunkee, 1974; Rankine, 1977; Beelinan and Gallander, 1979). Of

these the Leuconostoc spp. have been found to carry out the ferment-

ation most frequently and have been found to be more desirable (Forn-

achon, 1957; Kunkee, 1967, 1974; Rankine, 1977). T1e fermentation is

especially important in cold climatic areas where the wines are more

acidic due to the high acid grapes produced in such regions (Rartkine

et al., 1970; Kunkee, 1974; Gallander, 1979; Beelman and Gallander,

1979), necessitating the decarboxylation of malic acid (a dicarboxylic

acid) to lactic acid (a monocarboxylic acid). It is also important

in warm climates where the pH of the wines is so high that it is dif-

ficult to prevent the fermentation (Kunkee, 1974; Yang, 1973; Phone,

1975; Rankine, 1977). In such regions the only attributes of a malo-

lactic fermentation in wine are the bacteriological stability and flav-

or complexity (Kunkee, 1974; Ingrahain et al., 1960; Rankine, 1977).

The fermentation generally is observed as an effervescence from

escaping carbon dioxide, an increase in turbidity due to bacterial
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growth and a slight decrease in the color of red wines (Kunkee, 1974;

Rankine, 1977). Apart from decreasing the acidity of wines, the malo-

lactic fermentation has two other important effects. Bacteriological

stability is an important effect, since if the fermentation does not

occur during or after the primary yeast alcoholic fermentation of the

must and subsequent storage, malo-lactic bacteria present in the wine

after bottling will carry out the secondary fermentation during ware-

housing and distribution. This leads to haze and sediment formation

in the bottle as well as an increase in pH and a build-up of carbon

dioxide (Kunkee, 1974; Rankine, 1977). The wine may therefore not be

acceptable to the consumer on the basis of aesthetic and flavor dete-

rioration. A subtler effect is an increase in flavor complexity due

to end products of bacterial metabolism such as esters, alcohol, ace-

tom and diacetyl which, at threshold levels, contribute to the bouquet

of wine (Rankine, 1972; Kunkee, 1974; Rankine, 1977).

The mechanism of the malo-lactic fermentation has recently been

elucidated (Morenzorii, 1973, 1974; Kunkee, 1974, 1975) and it is be-

lieved to involve two separate enzyme activities located on the same

protein which act simultaneously on malic acid. One activity, the

malo-lactic activity, converts malic acid to lactic acid and carbon

dioxide with NAB4 and Mn as cofactors. The other activity, the

NADH+Htforming activity, converts malic acid to pyruvic acid and

carbon dioxide with the reduction of NAD+.

Grapes grown in cool climates are usually lower in sugar and

higher in acid than grapes grown in warmer climates arid for the former,

this may result in the production of wines with harsh tastes (Beelman
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and Gallander, 1979). For example, titratable acidities and sugar

content of Oregon musts range from 0.93 to 1.62 g of tartaric acid/lOOml

and 15.70 to 22.6 °Brix, respectively (Yang, 1973) whereas those of

California range from 0.56 to 1.01 g of tartaric acid/lOOmi and 20 to

24.l°Brix, respectively (Amerjne and Winkler, 1963). These differences

may be due to the climate, soil, grape varieties and cultural practices,

all factors known to influence the quality of wines produced in var-

ious places (Rankine et al., 1971; Beelnian and Gallander, 1979). As a

result the malo-lactic fermentation is desirable to reduce the acidity

of certain wines. The occurrence of the fermentation, however, is

variable which may be due to low temperature and pH values.

Pure culture innoculation with Leuconostoc oenos ML34 used

commercially and in laboratory experiments in California and other

places (Webb and Ingraham, 1960; Tchelistcheff et al., 1971; Rankine,

1977; Beelman et al., 1980) is practiced to some extent in Oregon

wineries but the organism is not well suited to the low temperature-

pH conditions operative during wine production in the Northwest United

States. Use of such pure cultures apart from enabling the winemaker

to stimulate a malo-lactic fermentation in a fast and predictable man-

ner, offers him the assurance that a dependable and known strain is

dominant in the fermentation and this would also insure elimination

of potential off-odors and off-flavors by undesirable strains (Beelman

et al., 1980).

The possibility of using malo-lactic bacteria indigenous to

Oregon wines to reduce wine acidity initiated this study. The object-

ives included isolation of bacteria from wines active in carrying out
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the malo-lactic fermentation, characterization of such bacteria for

their identity and ability to decompose malate, selection of the most

active strains for possible pure culture inoculation to improve wine

quality and determination of the effect of low temperatures and pH

values on the growth of such bacteria. Since it has been shown that

the wine leuconostocs are better adapted to this hostile environment

and are more effective in carrying out the fermentation (Kunkee, 1974),

we concentrated on isolating these malo-lactic bacteria. A further

objective of the study was the determination of some of the volatile

compounds produced by the probable candidates in pure culture which

might have an impact on the wine when used for inoculation. Finally,

we aimed at the partial purification of the malo-lactic enzyme to de-

termine those factors which potentiate or inhibit the malo-lactic

activity and thus shed some light on the characteristics of the enzyme.



LITERATURE REVIEW

MALO-LACTIC FERNENTATION

Historical Background

5

The malo-lactic fermentation was first observed in the late 19th

and early 20th centuries when a loss in the total acidity of wine was

found by investigators. The first most definite observation of the loss

of malic acid in wine has been credited to Ordonneau in 1891 by Kunkee

(1967). However, Morenzoni (1973) predates the first observation of the

phenomenon to Biblical times when it was reported that if new wines were

placed in old bottles, the bottles would break and the wine would run out.

This, asserts Morenzoni, literally meant that the CO2 released during the

malo-lactic fermentation of wines that were put in animal skins that were

no longer soft, could exert enough pressure to rupture the container.

Pasteur, cited by Kunkee (1967), first showed that bacteria pro-

duced lactic acid in wine in 1858; that microorganisms were responsible

for the fermentation in cider was proven by Kuiisch in 1889, also cited

by Kunkee (1967). Kunkee (1967) also credited the first isolation of

malo-lactic bacteria to Koch in 1901 and further stated that Seifert de-

scribed his isolate and named it Micrococcus malolacticus and showed

that the deacidification was a conversion of malate to lactate in the

same year. Furthermore, Moslinger (1901), cited by Kunkee (1967), first

presented the malo-lactic equation and pointed out that lactate arose

from malate and carbohydrates.
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Muller-Thurgau and Osterwalder (1913) cited by Cruess (1943),

described four malo-lactic bacteria isolated from wine and classified

them as Micrococcus acidovorax and M. variococcus. In his 1943 review,

Cruess shed some more light on malate-destroying organisms and observed

that Swiss wines, being fermented by these two microorganisms, were not

adversely affected.

As will be discussed later, several other workers have isolated

and classified various malo-lactic bacteria as belonging to the genera

Lactobacillus, Leuconostoc and Pediococcus from wines of various regions

including the United States, Germany, France, Switzerland, Israel and

South Africa.

The mechanism of the fermentation had been confusing to earlier

workers since the enzyme presumably involved in the fermentation was

first described by Korkes and Ochoa in 1948. Their work and recent

studies on this subject will be reviewed in a separate section.

Bacteria Involved

As noted above, the genera Lactobacillus, Leuconostoc and Pedio-

coccus, all lactic acid bacteria, have been implicated in the ferment-

ation (Kunkee, 1974). Among the lactobacilli, the species which carry

out the fermentation are L. buchneri, L. casei, L. delbrueckii, L. fer-

mentii, L. plantarum, and L. storianus. Among the Leuconostoc spp.

are L. citrovorum (oenos), L. dextranicum and L. mesenteroides. Only

Pediococcus cerevisiae has been found to carry out the fermentation

among the pediococci (Kunkee, 1967). He advocates, however, that Lacto-

bacillus brevis, Lactobacillus leichmannii (1967), Pediococcus
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pentosaceus and Lactobacillus trichodes (1974) should be added to the

list.

Various workers have reported the isolation of these bacteria

from wines produced in most viticultural regions. Carr (1952) found a

Lactobacillus similar to L. brevis and a Leuconostoc similar to L. cit-

rovorum that caused a malo-lactic fermentation in cider. Yoshizumi

(1963) found Lactobacillus plantarum in a Japanese wine. Barre (1966)

isolated Leuconostoc citrovorum, Lactobacillus plantarum, L. buchneri,

L. hilgardii and L. casei from wine. Fornachon (1965) isolated Leuc-

onostoc mesenteroides which did not produce dextran from wines. Peynaud

et al. (1967) found Leuconostoc gracile and L. oenos in wine and Peynaud

and Domercq (1970) subsequently classified their wine isolates on the

basis of pentose fermentation as Lactobacillus fructivorans, L. desid-

iosus, L. hilgardii and L. brevis. Weiller and Radler (1970) isolated

from German wines Streptobacterium Orla-Jensen, Betabacterium Orla-Jensen,

Pediococcus and Leuconostoc. Furthermore, Fornachon (1957) had earlier

found Lactobacillus brevis and L. hilgardi! as the organisms mainly re-

sponsible for malo-lactic fermentation in Australian wines. But Rankine

(1977) found lactobacilli and jeuconostocs to be the predominant organ-

isms responsible for the fermentation in Australia. In California,

Ingraham et al. (1960) isolated from wines for the first time inalo-

lactic bacteria which he identified as Lactobacillus hilgardii, L.

brevis, L. delbrueckii, Leuconostoc sp. and possibly Pediococcus.

Pilone et al. (1966) followed up with this work and identified the Leuc-

onostoc sp. as L. citrovorum and the Pediococcus as P. cerevisiae.

Their L. citrovorum is the now famous L. oenos ML34 (Pilone and Kunkee,



1972). Du Plessis and Van Zyl (1963) also isolated the above named

organisms except the Leuconostoc sp. and also claimed isolating Lacto-

bacillus leichmannii, never isolated before in any wine-producing

region. Yoshizumi (1975)reported that his previously unidentified

isolates had been classified as Leuconostoc oenos. Chalfan et al.

(1977) isolated Lactobacillus plantarum, L. brevis, Streptobacterium,

Leuconostoc oenos, and L. dextranium from Israeli red wines.

Recent studies have focused attention on Leuconostoc oenos

since Kunkee (1974) advocated its use in inducing malo-lactic ferment-

ations in wines. Consequently, Beelman et al. (1977) obtained one

isolate from Pennsylvania wines and more recently Naret et al. (1979)

also found L. oenos in Swiss wines though Maret and Sozzi (1979) had

earlier reported finding Lactobacillus plantaruin, L. casei, L.

hilgardii, L. brevis,. Pediococcus pentosaceus and P. cerevisiae

occuring in succession. Most recently, however, Silver and Leighton

(1981) also isolated L. oenos from a 1978 Sonoma Chardonnay. Obviously,

interest in L. oenos has heightened since several reports have indi-

cated that this organism does better than the other bacteria in wine

presumably because of its high alcohol and low pH tolerance (Garvie,

1967; Kunkee, 1974; Phone and Kunkee, 1972; Maret et al.,1979).

Source of Malo-lactic Bacteria in Wine

This is a matter that has not been clearly resolved. Two

schools of thought do exist however: (a) that the bacteria arise from

grapes and grape leaves; (b) that they originate from the winery itself.

It is well known that lactic acid bacteria are found, among

other sources, in plant materials and fermenting vegetables, and sugar



solutions (Orla-Jensen, 1919; Sharpe, 1979). Weiller and Radler

(1970) reportedly isolated bacteria from grape leaves after Radler

(1966) had earlier found bacteria on grape leaves and in the winery.

Webb and Ingraham (1960) found bacteria in the winery but not on

grape leaves. Luthi (1959) reported that the soil was the main source

of microbes on fruits and in fruit juices, and that visitation by in-

sects increased the chances of contamination of fruits during ripening.

He also blamed processing and in-plant practices as the source of

contamination.

That the winery is a possible source of the bacteria in wine

has been suggested by Kunkee (1967) for he noted that Webb and

Ingrahain in 1960 obtained a natural malo-lactic fermentation in one

winery but when the same grapes were used in another, the ferment-

ation did not occur spontaneously. He further suggested that used

cooperage not properly cleaned could harbor bacteria that had found

their way into the wines from grapes and that when new must is added,

the bacteria develop into a population capable of effecting the malo-

lactic fermentation, especially after alcoholic fermentation. More-

over, contends Kunkee, pomace which is often disposed of in the vine-

yards may also contain these bacteria and this practice may lead to a

circulation of the bacteria in the winery. Rankine et al. (1970) sug-

gested the view that the winery was the primary source of the malo-

lactic bacteria when they observed that wines made in different winer-

ies of the same viticultural areas in Australia showed differences in

the incidence of the uialo-lactic fermentation.
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Recently Etchells et al. (1975) found that microorganisms re-

sponsible for fermentation of brined cucumbers came mainly from the

cucumbers and adhering soil particles. It thus seems that the malo-

lactic bacteria may have originated from the grapes, the soil, and the

winery itself. Of course, that these bacteria could also be carried

by the wind would not be excluded.

Taxonomy of the Nab-lactic Bacteria

London (1976) in his eloquent review wrote:

The bacterial systematist's perception of the lactic
acid bacteria, like the astronomer's conceptualization
of the universe, includes a dynamism that permits period-
ic expansions and contradictions of this group's
taxononiic structure.

This is indeed true, for the genera of this group of bacteria were in

1957 (Breed et al.) lumped together in the family Lactobacillaceae based

on biochemical characteristics while in the latest edition of Bergey's

Manual (Buchanan et al., 1974), they are separated into two families,

the Streptococcaceae and Lactobacillaceae on the basis of their morph-

ological characteristics. London (1976), however, notes that Orla-

Jensen's pioneering work in the early 20th century still afforded us

a judicious approach to their classification based on carbohydrate

utilization, optimal temperatures of growth, end products of ferment-

ation, and the isomeric form of lactic acid produced.

Physiologically, Kluvyer cited by London (1976) divided the

lactic acid bacteria into homofermenters, i.e., those that produce

lactic acid and heterofermenters which produce other end products be-

sides lactic acid. That this group of bacteria is difficult to classify
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has been noted by Amerine and Kunkee (1968) who found that the confusion

arising from differentiating between short rods and elongated cocci on

the one hand and homofermentative and heterofermentative on the other,

created the difficulty. However, use of such tools as chemical comp-

osition of cell walls, the moles 0/0 (guanine plus cytosine) in DNA,

DNA-DNA homology, DNA-RNA homology and the use of glycolytic enzymes

to demonstrate structural homologies has aided in the classification

of this complex group of bacteria.

Several definitions of the group have been presented (cf. Kunk-

ee, 1967; Amerine and Kunkee, 1968; Sharpe, 1979). In the eighth ed-

ition of Bergeyts Manual (Buchanan et al., 1974), and as pointed out

by Sharpe (1979), the lactic acid bacteria are now divided into two

families, the cocci in the family Streptococcaceae and the rods in the

family Lactobacillaceae. The Streptococcaceae includes five genera,

two of which, the Leuconostoc and the Pediococcus, are implicated in

the malo-lactic fermentation. The family is defined as composed of

members that are spherical or ovoid in pairs or chains or in tetrads,

are nonspore-forming, Gram positive, nonmotile, or rarely motile, hav-

ing a fermentative metabolism yielding lactic, acetic, and formic acids,

and ethanol and carbon dioxide from carbohydrates. Catalase test is

variable but the benzidine test is negative. Since this work is prim-

arily concerned with a Leuconostoc species, we will concentrate on the

taxonomy of the genus.

The leuconostocs have been implicated for years in the spoil-

age of sugar products and have been used as starter cultures in the

dairy industry (Garvie, 1960). Orla-Jensen (1919) first described
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this group and separated them from the streptococci based on the type of

lactic acid produced from glucose and on gas production. He named them

Betacoccus presumably because of their wide distribution in beets. Van.

Tieghm cited by Hucker and Pederson (1931) first suggested the generic

name Leuconostoc in 1878. However, their first classification was by

Orla-Jensen (1919) on the basis of pentose fermentation. He clearly

pointed out the difficulty in classifying them into species because of

their variability. Such variation was also encountered by Pederson and

Albury (1955) when they found that serial transfer of non-dextran form-

ing strains through acid medium reverted then into dextran formers.

Hucker and Pederson (1931) also found difficulty in classifying them be-

cause of their morphological similarities to other groups being intermed-

iate between rods and cocci. They advocated that they be classified as

streptococci on morphological grounds only and should be distinguished

from the streptococci based on mannitol production from fructose, form-

ation of leavorotatory lactic acid, CO2, volatile acid and ethanol from

glucose. They suggested that Betacoccus be included in the genus Leuc-

onostoc.

Orla-Jensen (1919) classified his isloates on the basis of arab-

inose fermentation into Betacoccus arabinosaceous for those fermenting

arabinose and B. bovis f or non-arabinose fermenters. But Hucker and

Pederson (1931) contended that pentose fermentation was not sufficient

reason for dividing the group into two. They therefore used a combin-

ation of the more reliable character of sucrose fermentation and the less

reliable pentose fermentation and classified the genus into three species:

Group I included the non-sucrose fermenters and which produced no slime
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which they named Leuconostoc citrovorus; Group II comprised the sucrose

and pentose fermenters which readily produced slime from sucrose and

were named L. mesenteroides; the third group contained the sucrose fer-

menting strains that produced little slime and were called L. dextranicus.

After their report, not much work was done on the classification

of this genus except for the description of a new species by Abd-el--Malek

and Gibson (1948) and Pederson and Albury's 1955 observation of variabil-

ity in the ability of strains to produce slime from sucrose. Garvie

(1960) however attempted a satisfactory definition of the genus based on

the description contained in the seventh edition of Bergey's Manual

(Breed et al., 1957). She described the genus as consisting of Grain pos-

itive, often elongated cocci occuring in chains and which are catalase

negative producing gas from glucose. Her strains did not produce ammon-

ia from arginine, neither was litmus milk reduced.

Following a detailed study of those strains in her collection

which were within the defined limits of the genus, she came up with six

groups which had a spectrum of shared characters. She classified them

on the basis of temperature of growth, tolerance to NaC1, dextran form-

ation and carbohydrate fermentation. The groups were as follows:

I. Leuconostoc cremoris: failed to grow at 37°C and formed acid

from glucose, galactose and lactose; were non-slime formers.

II. L. lactis: did not ferment mannitol or salicin or raffinose.

They fermented lactose vigorously and were non-slime farmers.

III. L. mesenteroides: were non-slime farmers and fermented sug-

ars actively.

IV. L. dextranicum: were slime-producing strains which fermented

arabinose and xylose. She felt that this strain was similar

to Orla-Jensen's Betacoccus bovis.
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V and Were separated on the basis of acid production

VI:
from pentoses and are regarded to be strains

of L.. mesenteroides.

Up to this point in the literature no mention has been made

of wine leuconostocs except for the Leuconostoc isolated by Ingraham

et al. (1960) from a California wine. He did not identify the organ-

ism to the species level but, as noted before, Pilone et al. (1966)

identified it as L. citrovorum. Garvie (1967), after having received

leuconostoc cultures isolated from wine, identified all 19 strains as

Leuconostoc oenos sp. nov. which she said were Gram positive, catalase

negative cocci which formed pairs of chains, produced gas from glucose,

D(-) lactic acid being the isomeric form produced. Ammonia was not

released from arginine, neither did they change litmus milk. In this

publication she suggested that wine leuconostocs be separated from other

species because of their ability to grow in media with a pH of 3.7 while

other leuconOstocs will not initiate growth in media with pH lower than

4.2 and because of their greater tolerance to alcohol. She also present-

ed a scheme for classifying the leuconostocs into six species based on

slime formation, fermentation of sugars and growth at a low pH value,

viz.: Leuconostoc mesenteroides, L. dextranicum, L. paramesenteroides,

L. lactis, L. cremoris, and L oenos. In a subsequent publication

(1967) Garvie separated the genus into two groups based on amino acid

requirements: dextran formers which required up to eight amino acids

and non-dextran formers which required greater than eight amino acids.

She retained the same six species which are now recognized in Bergey's

Manual.
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In the same year, Peynaud et al. separated their wine leucon-

ostocs into two on the basis of pentose fermentation. Those that did

not ferment pentose they called L. gracile while those that fermented

arabinose or xylose were designated as L. oenos. They felt that L.

gracile was similar to Muller-Thurgau and Osterwalder's Bacterium

gracile but Garvie (1967) was not sure that B. gracile was a leucon-

ostoc. Following Garvie's 1967 publication which placed L. citrovorum,

originally isolated by Ingraham et al. (1960) and identified as such by

Pilone et al. in 1966, into the species L. oenos, Bousbouras and Kunkee

(1971) accepted the name for their L. citrovorum ML 34 and the organism

is now the famous L. oenos ML34. However, Phone and Kunkee (1972)

feel that if the criterion used for classifying the wine leuconostocs

adopted by Peynaud et al. (1967) based on pentose fermentation is used,

then their L. oenos ML34 would be more appropriately called L. gracile

since it does not ferment arabinose or xylose. Despite these controvers-

ial undertones regarding the true nomenclature of wine leuconostocs, L.

oenos is the name recognized in the eighth edition of Bergey's Manual,

(Buchanan et al. 1974), which divides the genus into two groups, the

first comprising five species which initiate growth at pH 5.5 to 6.5 and

hardly grow below pH 5.0 and which occur in sugar solutions, dairy prod-

ucts and fermenting vegetables. The other group consists of one species

which occur in wine, grows in media with pH less than 4.2 and usually

require a tomato juice factor for growth. This is L. oenos and the

electrophoretic mobility of its lactate dehydrogenase differs from those

of the other five species. We shall show later that our isolates from

wines are strains of L. oenos.
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Isolation and Identification of L. Oenos

Wine, from which this organism is usually isolated, is a hostile

environment due to its high alcohol concentration, presence of SO2, lack

of nutrients (Kunkee, 1967; Lafon-Lafourcade, 1975; Pilone, 1975; Pilone

and Kunkee, 1976; and Beelman and Gallander, 1979), low p13 and low temp-

erature of storage (Bambalovi, 1974; Pilone and Kunkee, 1976; Beelman

and Gallander, 1979). Thus one would expect these organisms to be

fastidious and tolerant to these adverse conditions. Because of their

fastidious nature, the isolation of these organisms is often difficult.

This difficulty is often resolved by use of a complex medium. Use of

media containing tomato juice has been widely used for isolation of

Leuconostoc oenos as it has been found to be stimulatory for growth

(Hucker and Pederson, 1931; Garvie and Mabbit, 1967; Amerine and Kunkee,

1968; Stainer and Stoyla, 1970; Yoshizumi, 1975; and Amachi, 1975). Mod-

if led Rogosa medium has been used successfully for isolation and cult-

ivation of the organism by various workers (Ingraham et al., 1960; Phone

and Kunkee, 1972; PilorLe and Kunkee, 1976; Beelman et al., 1977;

Silver and Leighton, 1981; and Westhuizen et al., 1981). Such media

contain tryptose, peptone, yeast extract, glucose, lactose, L-malic

acid, Tween 80, liver extract added to a diluted and filtered tomato

juice in various combinations. We added fructose which is known to be

stimulatory to this organism (Stainer and Stoyla, 1970) without neces-

sarily adding liver extract and lactose. Appropriate dilutions of wine

samples are usually spread plated (Ingraham et al., 1960) or pour plated

(Beelman et al., 1977). When growth is detected, typical colonies are
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then examined microscopically to ensure they belong to the organism for

which you are looking.

Incubation is frequently done in an atmosphere of CO2, either in

a desiccator in which a candle is burned to remove all oxygen (Ingraham

et al., 1960), or using anaerobic jars evacuated and filled with a mix-

ture of 112 and CO2 (Garvie, 1967). We successfully used the BBL (Bait-

imore Biological Laboratory) CO2 and anaerobic systems for isolation

and cultivation. Incubation under an atmosphere of CO2 is done because

this gas has been found to be stimulatory to the growth of lactic acid

bacteria presumably because it is used to synthesize essential compounds

required by them (Snell, 1952; Stainer and Stoyla, 1970).

Another difficulty often encountered when isolating bacteria

from wine is the presence of yeast. This can be eliminated by using

a suitable concentration of Actidione (cycloheximide). Beech and

Carr (1955) successfully used 50 ppm to suppress yeasts and molds in

apple juices and ciders. They also used 100 ppm of diphenyl to sup-

press molds. The wine may be selectively filtered using membrane filt-

ers with pore sizes between 0.45 and 0.651d to remove yeasts and molds.

esthuizen et al. (1981) compared three methods for isolation

of malo-lactic bacteria from wine. They included aerobic incubation

after streaking on modified Rogosa medium, incubation in a high CO2 at-

mosphere after streaking, and enrichment in modified Rogosa broth before

streaking and aerobic incubation. They found that the high CO2 incub-

ation favored isolation of leuconostocs over lactobacilli and pedio-

cocci.
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Characterization of the wine leuconostocs is done using the stand-

ard methods for lactic acid bacteria. Kunkee (1967) has suggested an

abbreviation of this procedure since few genera of lactic acid bacteria

are found in wine. He suggests that we should first check the organisms

for the absence of catalase and minimal surface growth in stab cultures.

If the cells are Gram positive, then we have a presumptive diagnosis.

The presumptive test is confirmed by a positive lactic acid production.

At this point he further suggests, short rods should be differentiated

from elongated leuconostocs. Gas production from glucose and mannitol

formation from fructose then confirm the isolates as being heteroferment-

ative. To determine if the isolates are leuconostocs, further tests

which include optimal temperature of growth, the isomeric form of lactic

acid produced and fermentation of various sugars are performed. The abil-

ity to decompose inalic acid can then be checked by chromatography.

Another method that has been used is that of Rogosa and Sharpe

(1959). Peynaud and Domercq (1967) used the method to study homoferm-

entatjve lactic acid bacteria from wine but found it inadequate for

identification of wine lactic acid bacteria as it did not render such

bacteria identifiable nor did it allow them to determine what wine con-

stituents such bacteria metabolize.

Sharpe (1979) gave four characters for recognition of the genera

of lactic acid bacteria as microscopic appearance using the Gram stain,

the catalase test, carbohydrate fermentation under aerobic and anaerobic

conditions, and whether they are homofermentative or heterofermentative.

She contendB that if acid is produced only under aerobic conditions then

the organism does not belong to this group.
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The first standard criteria for characterizing L. oenos and for

distinguishing it from other leuconostocs were given by Garvie in 1967.

The criteria mainly include tolerance to low pH values and high alco-

hol concentrations. Other characters for speciation given were the

failure to ferment sucrose, maltose, lactose and galactose, the ability

to produce acid from fructose, esculin and salicin, and failure to

form dextran from sucrose and to liberate ammonia from arginine.

Following the reorganization of the leuconostocs by Garvie in 1967,

Pilone and Kunkee (1972) observed that the characteristics of their

strain L. oenos ML34 were not fully published and therefore character-

ized their organism based on the Gram stain and morphology, presence of

catalase, production of lactic acid from carbohydrates, type produced

from glucose, gas production from glucose, mannitol production from

fructose, dextran formation, ammonia production from arginine, toler-

ance to low pH and 10% ethanol, and fermentation of various carbohydrates.

Sharpe (1979) observed that the confusion which often arises

when differentiating between the heterofermentative lactobacilli which

are coccobacilli and the leuconostocs can be resolved by determining

ammonia production from arginine and the type of lactic acid produced

from glucose. She states that all leuconostocs do not hydrolyze arginine

and produce D(-) lactic acid from glucose whereas these lactobacilli

hydrolyze arginine and form DL lactic acid from glucose. For L. oenos

she proposed the use of growth at 37°C, growth in 10% ethanol, dextran

formation, esculin hydrolysis, citrate utilization, fermentation of

arabinose, fructose and trehalose, non-fermentation of lactose, maltose

and sucrose as well as the moles 0/0 G+C to differentiate it from other
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leuconos toes.

Garvie and Farrow (1980) however reported that the use of carb-

ohydrates was not a satisfactory means of separating L. oenos from the

non-acidophilic leuconostocs and proposed the use of the electrophoretic

mobilities of their lactate and glucose 6-phosphate dehydrogenases as a

better and more reliable means of separation. They contend further that

use of moles 0/0
G+C would not be a reliable means since the range for

all the species of the genus is narrow and that only L. lactis could pos-

sibly be separated from the other species by this method.

Nutritional Requirements of Leuconostoc oenos

The malo-lactic bacteria as members of the lactic bacterial group

are nutritionally fastidious. Their nutritional requirements are gener-

ally the same as those of other lactic acid bacteria although they are

more tolerant to alcohol and pH (Kunkee, 1967). It is known that the

lactic acid bacteria constitute one of the most complex of organisms with

regard to their nutritional requirements, a complexity that reflects simp-

licity in enzymatic constitution. They cannot synthesize compounds that

most other organisms synthesize (Snell, 1952). They also do not possess

a Krebs cycle or a typical electron transport chain, a probable ref lee-

tion of their oxygen deficient environment (Whiting, 1975). These organ-

isms are known to require a vast array of amino acids, purines, pyrimid-

meg and vitamins, besides carbon and nitrogen compounds as well as

mineral salts.

The nutritional requirements of L. oenos have, at best, been

studied modestly. Kunkee (1967) reported that this organism, then
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called L. citrovorum ML34, was very fastidious as it grew poorly on a

medium consisting of the citrovorum factor assay medium, folinic acid,

lipoic acid, cyanocobalamine, inositol, L-asparagine, -aminobutyrate,

thymidine, deoxycytidine, Tween 80, sodium pyruvate, xylose, arabinose,

galactose, sucrose and pantothenic acid. Neither malate, citrate, acet-

ate, or ethanol enhanced growth in this medium. Luthi (1957) cited by

Carr (1958) reported that Bacterium gracile, once thought to be close-

ly related to L. oenos (Peynaud et al., 1967) required pantothenate,

nicotinic acid, riboflavin and folic acid for growth. Carr (1958)

agreed with the findings of Luthi when he studied the requirements of

lactic acid bacteria in cider. Du Plessis (1963) while studying the

growth requirements of lactic acid bacteria isolated from wine reported

that nicotinic acid, riboflavin, pantothenate and either thiamine or

pyridixoine were required. He also found that glutamate, valine, argin-

in leucine and isoleucine were essential for growth.

The most detailed work done on the growth factor and amino acid

requirements of L. oenos was by Garvie (1967). She showed that L. oenos

required from 10 to 14 amino acids, which included arginine, cystine,

glutamate, glycine, histidine, leucine, inethionine, phenylalanine, ser-

in threonine, tryptophan, tyrosine and valine. These requirements var-

ied with strains. Aspartic acid was only stimulatory to some strains while

proline and lysine were not required by all strains. Of the growth fact-

ors examined, guanine, adenine, and xanthine were not required individ-

ually but were required when, along with uracil, they were omitted from

the medium. Vitamin Bl2 (cobalamine), and p-amino benzoic acid were not

required but all strains studied required thiamine, nicotinic acid,
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pantothenic acid and biotin together. Also riboflavin and folic acid

were required by all strains of L. oenos while Tween 80 was required by

most strains but pyridoxal was not. Obviously more work needs to be done

on the amino acid and growth factor requirements of L. oenos.

Media for growth of tnalo-lactic bacteria and especially L. oenos

usually contain yeast extract. Most workers have reported a stimulatory

effect by yeast extract on the growth of these bacteria. Hucker and

Pederson (1931) first reported that when yeast extract was added to milk,

the growth of leuconostocs was stimulated. This was confirmed by Luthi

and Vetsch (1959) who studied the effect of yeast extract on the growth

of malo-lactic bacteria isolated from wines and also tentatively ident-

if ied the growth-promoting substance as a streptogenine-active subs-,

tance. Moreover, Radler (1966) sound that in general, yeasts favored

the growth of malo-lactic bacteria since they were a source of nutrients

for the organisms. Fornachon (1968), however, observed that growth of

bacteria in wine containing yeasts was delayed hut noticed that this un-

favorable influence declined when the wines were left in contact for

weeks with the yeasts after fermentation, presumably after yeast auto-

lysis. Amerine and Kunkee (1968) reported stimulation of bacterial

growth when the wine was left on the yeast lees for a long period of

time.

In contrast to these observations, Carr et al. (1971) reported

that certain yeasts were inhibitory to the growth of malo-lactic bact-

eria in cider, either as a result of production of toxic substances or

the metabolic removal of an essential growth factor required by the
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bacteria. The evidence available is in favor of growth stimulation by

yeast extract.

Another important requirement of some malo-lactic bacteria and

especially L. oenos is a factor found in tomato juice, grape juice, or

other vegetable juices. This compound, commonly called Tomato Juice

Factor (TJF), is stimulatory to and often required for the growth of L.

oenos (Kunkee, 1967; Garvie, 1967; Garvie and Mabbit, 1967; Ainerine and

Kunkee, 1968; Yoshizumi and Ainachi, 1969; Amachi et al., 1971, and Yosh-

izuini, 1975). Several workers have attempted to isolate and identify

the active compound involved in the stimulation. Stamer et al. (1964)

reported that an inorganic compound was responsible since incineration

of treated tomato juice extracts did not destroy the activity. They al-

so found that the requirement for it could be satisfied by Mn. Garvie

and Mabbit (1967) found that 90 0/0 of the factor was eliminated by L.

oenos after seven days of growth; Tween 80 could support growth in its

absence while pantothenate and pantothenine, which were not identical to

the factor, stimulated the growth of the organism at low pH and temper-

ature. In contrast to the work of Stainer et al. (1964), Cogan et al. (1968)

identif led the stimulants as adenine and adenosiñe based on ultraviolet

spectral analysis and thin layer chromatography. Stamer and Stoyla

(1970) following further work, identified the stiinulatory factor in

tomato juice as fructose which was acting as a reductant that initiates

the growth process. However, Yoshizumi (1975), contrary to the reports

cited above, purified the component and named it glucosyl pantothenic acid.

No growth factor could replace TJF in his study. Amachi and co-workers

published a sequence of research results in 1969, 1971, and 1975 reporting
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their findings on the TJF, and in 1975 reported the total structure as

4-O-(-D-g1ucopyranosyl)-D-(R)-pantothenic acid. Amachi' s 1975 report

contends that portions of the moiety of the factor are used by the

organisms in the synthesis of coenzyme A hence its stiinulatory effect.

Yoshizumi and Amachi also reported in 1969 that the activity of the fact-

or was higher in red than in white wines and this may be responsible for

the ready occurence of malo-lactic fermentation in red wines. One dis-

senting voice that we have encountered in the literature is the report

of Carr et al. (1973) who used a pure preparation of TJF to grow various

lactic acid bacteria including L. oenos. They found the factor slightly

inhibitory and concluded that TJF was probably not a major factor con-

trolling the malo-lactic fermentation. We will show later that both

tomato and vegetable juices were stimulatory to most of our isolates.

Factors Affecting Bacterial Growth in Wines

As noted earlier, wine is a harsh environment for bacteria. The

pH of wine is one of the major factors limiting bacterial growth in wine.

Lafon-Lafourcade (1975) stated that the pH threshold of growth is depend-

ent on the bacterial strain and the composition of the growth medium.

She reportedly did not obtain growth of Leuconostoc gracile Cf 34 (L.

oenos) at pH 3.0 and could not obtain growth in wine. The pH of wine

affects also the malo-lactic fermentation as a consequence of the in-

hibition of bacteria. Bousbouras and Kunkee (1971) found that the rate

of the fermentation was proportional to the initial pH values. However1

it has been pointed out that optimal pH of growth and malo-lactic fer-

mentation are different (Lafon-Lafourcade, 1975) and that the rate of
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the fermentation decreased with an increase in pH (Du Plessis, 1964;

Lafon-Lafourcade, 1975). Vaughn (1955), in his review, showed that the

lower the pH, the less susceptible was a wine to malo-lactic fermentation

and possibly, spoilage. He found that the pH threshold of growth was

3.3-3.5. However, Amerine and Kunkee (1968) showed that bacterial growth

and the malo-lactic fermentation were inhibited in wine at pH values be-

low 3.2. Beelman and Gallander (1979) confirmed this. Silver and Leight-

on (1981) found inhibition of both growth and malo-lactic fermentation

at pH 3.0. But Saenko, cited by Amerine and Kunkee (1968), found lactic

acid bacteria which survived and grew at pH values between 1.1 and 3.3.

We have obtained growth and malo-lactic fermentation with L. oenos at

pH values below 3.0.

The next important factor affecting bacterial growth in wine is

the alcohol content. The inhibitory action of alcohol on growth of bact-

eria is well known but L. oenos and several other wine bacteria are

known to be tolerant to alcohol, possibly as a result of environmental

adaptation. Lafon-Lafourcade (1975) has found that their organism de-

graded malic acid at alcohol concentrations of 11 °/obut that at greater

concentrations, this ability was greatly inhibited. Castino et al.

(1975) and Beelman et al. (1977) also found inhibition of bacterial

growth at alcohol concentrations of 12 0/0. Earlier reports have shown

that inhibition of bacterial growth occured at alcohol concentrations of

6 and higher (Kunkee, 1967; Amerine and Kunkee, 1968). This ob-

servation is not consistent with the reports that appear now, for it has

been shown that three strains of L. oenos can grow at alcohol concent-

rations of up to 16 (Silver and Leighton, 1981). It is therefore
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conceivable that these bacteria may cause a malo-lactic fermentation in

table wines; therefore, where this fermentation is not desirable, efforts

should be made to prevent it. In the case of fortified wines with an al-

cohol content greater than 20 0/0 the fermentation is usually not a prob-

lem, although Fornachon et al. (1949) have reported isolation of Lacto-

bacillus trichodes from appetizer and dessert wines.

Another factor affecting bacterial growth in wine is the sulfur

dioxide content. SO2 is usually added to wine either in liquid form or

as the sulfurous acid, the inetabisulfite or the bisulfite to inhibit the

growth of undesirable microorganisms. SO2 also acts as an antioxidant,

thus reducing available oxygen in wine. It also inhibits enzymic and

non-enzymic browning. This compound, however, has, in its active form

of sulfurous acid, a selective bactericidal and fungicidal effect on the

activity of both bacteria and yeasts. Its potency is, however, limited

because parts of it combine with acetaldehyde, pyruvate, aldose sugars,

ketones, uronic acids, etc. (Fornachon, 1963; Blouin, 1966; Amerine and

Joslyn, 1967). This leaves free sulfur dioxide in solution which inhib-

its both bacteria and yeasts. Removal of acetaldehyde required for reox-

idation of reduced coenzymes by yeasts during alcoholic fermentation in-

directly inhibits the growth of yeasts (Fornachon, 1963). The activity

of SO2 is dependent on the pH, temperature and the level of those com-

pounds which combine with it (Luthi, 1959; Fornachon, 1963; Amerine et

al., 1967). It has frequently been thought that only the free SO2 was

inhibitory to these organisms but it has been shown that bound SO2 is

equally effective since the bacteria normally attack the acetaldehyde

aipha-hydrosulfonic acid, releasing sufficient SO2 to inhibit growth
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(Amerine and Joslyn, 1967). It is thought that the antimicrobial action

of SO2 is due to its inhibitory action on SH-enzymes and NAD (Wyss,

1948; Amerine and Joslyn, 1967).

The level of SO2 inhibitory to bacteria in wine varies, depend-

ing on the organisms and environmental conditions. For instance, Lafon-

Lafourcade (1975) reported that 30 mg/i was sufficient to destroy bact-

eria tested in 15 days while at 100 mg/i there was complete inhibition

of growth and malo-lactic activity. Amerine and Kunkee (1968), however,

stated that 75 mg/i or higher inhibits growth. Beelman et al. (1977)

found inhibition of growth by 25 mg/i and subsequently reported inhib-

ition by SO2 levels of 50 mg/i or greater (Beelman et al., 1980). Silver

and Leighton (1981) showed marked inhibition of the growth of three

strains of L. oenos at 100 mg/i.

The temperature at which wine is stored certainly would affect

bacterial growth and consequently the malo-lactic fermentation. Vaughn

(1955) found that spoilage bacteria grew in wine most rapidly at 20-35°C.

Bambalovi (1974) reported that the optimum temperature for the fermenta-

tion during wine storage was 20-25°C and that between 15 and 20°C, the

fermentation was reasonably fast. He, however, noted a delay at 10-15°C

and a complete inhibition at 5°C though the bacteria retained their act-

ivity. Lafon-Lafourcade (1975) noted that malate decomposition by L.

gracile Cf34 was much more rapid at 30°C than at 25°C or 20°C. It also

has been shown that a strain of L. oenos completes this fermentation in

10 days at 10°C, compared to L. oenos N134 and L. oenos PSU-1 which, at

the same temperature, completed the fermentation in 58 and 64 days, re-

spectively (Silver and Leighton, 1981). However, L. oenos is known to
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is a range within which a malo-lactic fermentation occurs, it is thus

conceivable that this organism would proliferate and carry out a malo-

lactic fermentation, albeit slowly, at cellar temperatures.

Other factors which will affect bacterial growth in wine include

the availability of nutrients, most of which are supplied by yeast auto-

lysis (Vaughn, 1955); level of O2 which does not pose a great problem

since most of the organisms are facultatives; and the presence of tannin,

which hardly influences the malo-lactic fermentation (Kunkee, 1967).

In spite of these mitigating conditions, the malo-lactic bacter-

ia are still able to grow in wine and effect a change in its composition.

METABOLISM OF SUBSTRATES PRESENT IN WINE

A judicious review of this subject will necessitate the inclu-

sion of other malo-lactic bacteria although where necessary emphasis

will be placed on substrate metabolism of L. oenos.

Organic Acids and End Products of Their Metabolism

Two organic acids, L-malic and tartaric, predominate in wine

but we do have small amounts of citric and pyruvic acids (Kunkee,

1967; Radler, 1975). These acids are utilized to various degrees by

the malo-lactic bacteria. Wejnar (1966) reported that malic acid was

first utilized by the bacteria among the two major acids but this

claim was discounted by Whiting (1975) who found that pyruvate was

the first acid to be used by these bacteria in cider and felt that a

similar situation existed in wine.
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L-malic acid is believed to be stoichiometrically converted to

L- lactic acid and CO2 (inalo-lactic fermentation) in wine (Kunkee, 1967;

Radler, 1966; Rankine, 1972, 1977; Amerine and Kunkee, 1968; Pukrushpan

and Kunkee, 1977). Du Plessis (1964) observed that besides lactate and

CO2, small amounts of ethanol and acetate were produced from malate by

most of his lactobacilli isolated from wine. He also observed formation

of some acetoin and diacetyl by homofermentative lactobacilli. These

findings find some support in the fact that the malo-lactic fermentation

is frequently accompanied by an increase in the volatile acidity of wine

(Bousbouras and Kunkee, 1971; Whiting, 1975) and an increase in the diac-

etyl and acetoin contents (Fornachon and Lloyd, 1965; Radler, 1966; Bous-

bouras and Kunkee, 1971; Rankine, 1972). Some of these end products may

impart some flavor to the wine (Snell, 1952; Radler, 1966; Rankine, 1972).

Morenzoni (1973, 1974) has shown that small amounts of pyruvate

and NADH are also formed, a finding that could be of great significance

in the energy requirements of the organisms. He, however, did not find

production of the other products mentioned above from malate. Yet Rank-

me reported earlier in 1972 that these other by-products (diacetyl and

acetoin) were end products of glucose metabolism. It thus seems that

malate utilization by the organism leads mainly to production of lactate,

CO2. pyruvate and NADU; these could cause stimulation of growth when mal-

ate is used (Pilone and Kunkee, 1976). Malate utilization, depending on

the pH of wine, may be desirable or undesirable. It therefore does not

always cause spoilage of wine.

Tartaric acid decomposition on the other hand by malo-lactic bact-

eria is almost always tantamount to spoilage of wine and it is seldom
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observed nowadays because of the methods used in wine production (Rad-

ler, 1975). Radler and Yannissis (1972) found that Lactobacillus plant-

arum and L. brevis could decompose tartaric acid. The honiofermentative

Lactobacillus plantarum under anaerobic conditions produces acetate, CO2

and lactate from tartarate while the heterofermentative L. brevis yields

acetate, CO2 and succinate from tartarate. The benefits of this decomp-

osition are far from clear.

As indicated earlier, small amounts of pyruvate are present in

wine but following the malo-lactic fermentation, levels of the pyruvate

have been found to be reduced (Rankine, 1965; Fornachon and Lloyd, 1965).

Pyruvate plays the dual role of reducing the microbicidal power of SO2

as it is next to acetaldehyde in binding of SO2 and stimulating the malo-

lactic fermentation since it is metabolized by malo-lactic bacteria (Rank-

me, 1965). Pyruvate is metabolized in a number of ways by these bacter-

ia. In the first way, it is reduced to lactate by the action of lactate

dehydrogenase, acting here as a hydrogen acceptor in the reoxidation of

reduced coenzyines (Kunkee, 1967). It may also be oxidatively decarboxy-

lated with the phosphorylation of the resultant acetate to form acetyl

phosphate, either with another molecule of pyruvate acting as an elect-

ron acceptor or the electron being carried by riboflavin between two

flavin enzymes, or with the use of 02 which is reduced to H202. The

oxygen then converts another pyruvate molecule to CO2 and acetate and

the high energy phosphate thus formed can then be used for ATP synthes-

is (Hagger et al., 1944; Kunkee, 1967). The acetyl phosphate may alter-

natively be reduced to ethanol and inorganic phosphate anaerobically.
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Furthermore, pyruvate may be converted to acetoin, diacetyl and

2,3 butyleneglycol (Kunkee, 1967). Radler (1975) also found that be-

sides lactic acid, CO2, ethanol, acetoin and diacetyl were produced from

pyruvate. Fornachon (1965) had earlier pointed out that the acetoin and

diacetyl found in wine originated not only from pyruvate but also from

citrate. Masuda and Muraki (1975) also showed that pyruvate and pyruv-

ate + acetaldehyde were the main sources of acetoin which is reduced to

2,3 butylene glycol in the presence of NADH by 2,3 butylene glycol de-

hydrogenase. These by-products, they concluded, contributed to the

flavor and body of wine.

Acetoin formation from pyruvate involves condensation with acet-

eldehyde-thiamine pyrophosphate via aipha-acetolactate which is decarb-

oxylated to acetoin which in the presence of NADH is reduced to 2,3

butylene glycol as stated above. (Speckman and Collins, 1968.) Di-

acetyl however is formed by a different pathway which involves thiamine

pyrophosphate, a divalent cation and CoA in Leuconostoc citrovorum

(Speckman and Collins, 1968). The diacetyl so formed is irreversibly

reduced to acetoin (Seitz et al. 1963; Whiting, 1975). Du Plessis

(1964) also found formation of formate from pyruvate.

Citrate, the other important acid found in wine, is also metab-

olized by lactic acid bacteria and they normally use it as an energy

source (Campbell and Gunsalus, 1944). Cogan et al.. (1981) found that

acetate and CO2 were the main products of citrate fermentation by three

lactic acid bacteria; the other end products were formic and lactic acids

as well as acetoin and ethanol in trace amounts. Whiting and Coggins

(1963) had earlier reported formation of acetate and lactate from
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citrate by their heterofermentative isolates. Homofermenters as well as

leuconostocs, they reported, formed acetoin and lactate. Traces of ac-

etoin were reportedly formed by two strains of heterofermentative lactic

acid bacteria and the citrate was stimulatory to growth; homofermentat-

ive isolates formed diacetyl in addition (Drinan et al., 1976). Christ-

ensen and Pederson (1958) had earlier found that the homofermentative

lactic acid bacteria formed more diacetyl than heterofermenters. Radler

(1966) and Du Plessis (1964) found that their wine isolates produced CU2,

acetate, lactate, formate, acetoin, and ethanol from citrate. However, al-

though there are reports which show that citrate is used for growth,

Harvey and Collins (1963) found that Streptococcus diacetilactis did

not use it as an energy source but that acetoin production was a means

of removing excess toxic intracellular pyruvate. Citrate is known to

be taken up into the cell by an inducible permease and split by a lyase

into acetate and oxaloacetate which is then decarboxylated to pyruvate,

two molecules of which condense to yield aipha-acetolactate which is

then converted to acetoin with the release of CO2 (Cogan et al., 1981).

Besides acetoin, diacetyl and acetate, other volatiles which

might contribute to the flavor of wine are produced by malo-lactic bact-

eria. Pilone et al. (1966), after induction of malo-lactic fermentation

with various bacteria, identified besides acetoin and diacetyl, 15 vol-

atile compounds which include isobutyl alcohol, n-butyalcohol, active

amyl alcohol, hexanol, ethyl lactate, ethyl caproate, ethyl caprylate,

isobutyl caproate, isoamyl caproate, y-Butyrolactone, diethylsuccinate,

ethyl caprate, isoamyl caprylate and 2-phenethyl alcohol. There were

also increases in lactate and ethyl lactate in the wines that had under-
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gone a malo-lactic fermentation. Radler and Gerwarth (1971) investigat-

ed the volatiles produced from a synthetic medium by several strains of

lactic acid bacteria by gas chromatography and found that Leuconostoc

oenos produced ethanol, acetaldehyde, acetoin, diacetyl and traces of

2- or 3-methyl-l-butanol, isobutanol, propanol, isopropanol, ethyl lact-

ate, n-hexanol, 2,3-butylene glycol, and n-octanol. Stern et al.

(1975) using a gas chromatograph and mass spectrometer system isolated

and identified various esters, terpines, alcohols, ethers, acetals, al-

dehydes and ketones from Zinfandel wines. The most significant changes

in the volatile content of the wines came after the malo-lactic ferment-

ation had occurred. Shinohara et al. (1979) found that formation of

ethyl lactate was favored and that considerable amounts of acetoin were

produced during aerobic fermentation. Shimazu and Watanabe (1979) also

found high levels of ethyl lactate and acetoin after the fermentation.

The overall significance of these products has been regarded

by some as being beneficial. Diacetyl, for example, is regarded as be-

ing desirable in wine at low concentrations, but above its threshold

levels (2-4 mg/nil) it becomes the dominant aroma, imparting a buttery

aroma to the wine which is undesirable (Rankine, 1972; Rankine et al.,

1969). Whiting (1975) stated that diacetyl was the most important

flavor product of pyruvate metabolism, presumably because it has a very

low aroma threshold and, as a result, the balance of flavor accepta-

bility could be tipped if the level is not controlled depending on the

beverage. The other products are known to increase the flavor com-

plexity of wines.
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The activity of the malo-lactic bacteria in wine does not be-

come noticeable until after the alcoholic fermentation by yeasts which

reduce sugars present in trace amounts (Whiting, 1975). In wines, L.-

arabinose is the predominant residual sugar while small amounts of

xylose and glucose as well as fructose also occur (Melamed, 1962).

Melamed (1962) observed the disappearance of arabinose and glucose dur-

ing the fermentation and thinks this is the source of energy for the

bacteria. Du Plessis and Van Zyl (1963) reported that the homoferment-

ative lactic acid bacteria they isolated from wine produced lactate as

the major end product from glucose and fructose while the heteroferment-

ative ones formed in addition, cetate, ethanol and glycerol from glucose.

They also reported that large amounts of mannitol, in addition to the

end products of glucose dissimilation, were formed from fructose by the

heterofermenters. These findings are in general agreement with the

known end products of glucose metabolism except for the glycerol they

reportedly found. Whiting (1975), however, feels that these bacteria may

not make a significant contribution to the glycerol content of alcohol-

ic beverages. De Moss et al. (1951) had earlier established that a

lower yield of energy per mole of glucose fermented results from heter-

olactic fermentations compared to homolactic fermentations and proposed

a departure from the Embden-Meyerhoff pathway of glucose fermentation

used by the homolactic bacteria. They reported that L. mesenteroides

which is heterolactic had no aldolase and yielded one mole each of

lactate, ethanol and carbon dioxide from one mole of glucose. Johnson
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and McCleskey (1957) showed that the aerobic breakdown of glucose by the

heterofermenters required one mole of oxygen and resulted in the produc-

tion of one mole of CO2, lactate and acetate.

The heterolactic pathway is now well known. Stanier et al. (1976)

stated that because the bacteria lack fructose diphosphate aldolase, they

ferment glucose through the oxidative pentose phosphate pathway. Follow-

ing the oxidation of glucose-6-phosphate to CO2 and ribulose 5-phosphate,

a C3-C2 cleavage of the latter intermediate occurs to form glyceraldehyde

3-phosphate and acetyl phosphate. The glyceraldehyde 3-phosphate pro-

ceeds to lactic acid through the glycolytic sequence while acetyl phos-

phate is reduced to ethanol and this results in reoxidation of NADH

which was reduced in the conversion of glucose-6-phosphate to pentose

phosphate and CO2. The products of this fermentation are equimolar

quantities of lactate, ethanol and CO2. Homolactic fermentation yields.

two moles of ATP per mole of glucose while the heterolactic fermentation

yields only one mole of ATP per mole of glucose.

Lactobacillus brevis and L. buchneri on the other hand cannot re-

duce acetyl phosphate anaerobically and therefore cannot reoxidize reduced

NAD; in the present of oxygen they dissimilate glucose, and are able to

reoxidize NADH by means of a flavoprotein enzyme. Their end products

are therefore lactate, acetate and CO2 (Stanier et al., 1976), Leucon

ostoc oenos is known to be heterofermentative andlacks aldolase but

the pathway of glucose metabolism has not been established (Garvie, 1974).

Fructose is reduced to mannitol by heterofermenters but lactate, acetate

and carbon dioxide are also produced. The overall reaction involves the

conversion of three molecules of fructose to two molecules of mannitol
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and one molecule each of lactate, acetate and CO2 (Wood, 1961; Stainier

et al.,, 1976).

Pentoses are fermented by both groups of organisms. Du Plessis

and Van Zyl (1963) found that equimolar quantities of lactate and acetate

were produced by lactic acid bacteria from arabinose and xylose with CO2,

ethanol and glycerol produced in small amounts. Kunkee (1967) stated

that pentose fermentation required no coenzyme reduction and that the use

of acetyl phosphate as a hydrogen acceptor is unnecessary. He further

contended that the use of the high energy phosphate of this acetyl phos-

phate to make AT? as shown by Lipmann (1944) would result in a greater

yield of energy for these bacteria with the formation of acetate rather

than ethanol. He further stated that if regeneration of coenzyme dur-

ing glucose dissimilation was mediated by °2' as pointed out aive in

heterolactic fermentations of some bacteria and as used by aerobic org-

anims, then the acetyl phosphate could be used more efficiently by malo-

lactic bacteria for ATP synthesis. This is done in pentose fermentation

and could have been a vital energy source for these bacteria in their

nutritionally-poor habitat.

Not much is known about the decomposition of amino acids by these

bacteria but Radler (1975) reported that only L. brevis among several

lactic acid bacteria examined could decompose glutamic acid, arginine

and isoleucine. Also only one strain of Pediococcus cerevisiae could

decompose histidine to histamine, a product which is undesirable in

wine.
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Control of Malo-lactic Fermentation

Production of high premium wines requires a judicious control

during the vinification process. It is often difficult for the vintner

to decide whether to encourage or discourage the malo-lactic fermentat-

ion because control of the fermentation itself is difficult. High acid

wines in which the fermentation is desirable are inhibitory to the bact-

eria involved because of the low pH (Beelman and Gallander, 1979). On

the other hand, low acid wines with their high pH values are very sus-

ceptible to the fermentation (Kunkee, 1967; Amerine and Kunkee, 1968)

and if it is not prevented it could lead to spoilage since the ferment-

ation occurs spontaneously (Rankine, 1977).

In areas where high acid wines are produced, enologists usually

refer to the fermentation as desirable because of the deacidification

that follows the fermentation, the bacteriological stability afforded

the wine and the increase in flavor complexity due to end products of

bacterial metabolism (Kunkee, 1967, 1974).

In warm regions, however, acid reduction is usually undesirable.

In California, for instance, the practice is to prevent the fermentation

from occurring but the fermentation does occur anyway, more so in red

than in white wines presumably because of the low pH and high SO2 con-

centrations in white wines (Amerine and Joslyn, 1967; Kunkee, 1967;

Rankine, 1972). Rankine (1977) observed that the greatest problem

facing Australian wine makers was the control of this fermentation be-

cause their wines have a mean pH of 3.85. Further increases in the PH

of such wines, he concluded, would lead to the production of low quality
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that in the low acid ciders of Soinmerset and Devon, fermentation was

hardly desirable since further acid reduction could encourage the growth

of Saccharomyces anaerobium, the causative agent of cider sickness. The

undesirable effects of the fermentation include a loss in the color of

red wine, gassiness associated with CO2 production, formation of trans-

ient off-odors, haziness due to bacterial growth and loss into solution

of Cu and Fe ions which are normally chelated by malate (Kunkee, 1974).

However, Gallander (1979) pointed out that the fermentation may be want-

ed in warin-region wines in which case bacteriological stability and

flavor complexity are its attributes.

Kunkee (1974) has suggested that pH be used as the criterion

for deciding whether or not a wine will be allowed to undergo the ferm-

entation. He suggested that at pH values less than 3.3, the fermentation

should be encouraged, but at values greater than 3.3 efforts should be

made to discourage it.

(a) Stimulation

When a decision is finally made to encourage a malo-lactic ferm-

entation in wine, use of low concentrations of SO2 (' 50 ppm), storage

at temperatures above 15°C, delayed racking of the yeast lees without

SO2 addition, all encourage it (Fornachon, 1957; Webb and Ingraham, 1960;

Zinchenko, 1964; Kunkee, 1967, 1974; Rankine, 1972; Van Wyk, 1976;

Beelman and Gallander, 1979). High pH also encourages the fermentation,

therefore acid reduction in wines with low pH values by use of chemicals,

amelioration with water, and ion exchange is often practiced and this is

usually followed by a natural malo-lactic fermentation. Alternatively,
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a wine that has had a previously acceptable fermentation may be blended

with the high acid wine. The conditions noted above are also conditions

which favor bacterial spoilage; therefore careful attention must be paid

to the wine.

Where a natural malo-lactic fermentation does not occur, pure

culture inoculation with a carefully selected strain is often used to

induce the fermentation. This has been shown by various workers (Kunk-

ee, 1967, 1974; Flesch, 1967; Phone et al., 1966; Lafon-Lafourcade,

1975). Kunkee (1967, 1974) and Rankine (1977) have suggested use of

Leuconostoc oenos ML34 as a 0.1-1 0/0 inoculum. This organism has

the added advantage of being pH and alcohol tolerant and it produces

less off-flavors. Kunkee (1974) further suggests that inoculation be

made at the time the must is 5°Brjx at which time the inhibitory effect

of the SO2 would be minimal and the alcohol concentration would be low.

Gallander (1979) obtained a greater stimulation when inoculation was done

after yeast fermentation. Inoculation with L. oenos is often enchanced

by fermenting the musts on grape skins (Beelman and Gallander, 1970,

1980). However, Rankine in 1977 observed that commercial inoculations

were not convenient due to lack of trained microbiological personnel

in most wineries and suggested the establishment of a central laboratory

for procurement and/or propagation of cultures. We know of one such

laboratory: the Tri-Bio Laboratories in State College, Pennsylvania,

which propogate and market L. oenos PSU-1 as freeze-dried cultures called

LeucoStart. They have instructions for inoculating musts with the bact-

erial cultures.
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Where a pure culture is not readily available it has been sug-

gested that between 15 and 50 0/0 of a wine that has undergone a clean

fermentation should be used to blend the wine requiring a malo-lactic

fermentation. Following the fermentation, however, special cellar treat-

ments such as addition of SO2, storage at low temperatures, fining, filt-

ration, aeration and adjusting the acid level are often done to prevent

a second bacterial fermentation in the bottle (Kunkee, 1967, 1974).

(b) Inhibition

Generally, inhibition is effected by reversing those conditions

which stimulate it. These include early racking to avoid release of nu-

trients from yeast autolysis, addition of SO2, maintenance of the wine

at temperatures below 15°C, reduction of the wine acidity to an accept-

able empirical limit, sterile filtration and possibly flash pasteuriz-

ation (Kunkee, 1967, 1974; Carr, 1952; Rankine, 1977; Beelman and Gal-

lander, 1979). Kunkee (1974) reported that pH values below 3.3 should

be maintained to inhibit the fermentation while Rankine (1977) believes

that pH 3.4 is the lower limit for the fermentation. Castino et al.

(1975) found that a pH value less than 3.2 was alone the greatest obst-

acle to the fermentation and that a combination of low pH (less than 3.2)

and a high alcohol content >12 0/0 or high SO2 levels greater than lOOppm

and a pH less than 3.2 will accentuate the inhibition. Kunkee (1974),

however, thought that perhaps 30 ppm SO2 concentrations, depending on pH,

might be enough to procure inhibition when the other conditions stated

above are maintained. He also advocates the storage of wine in new

cooperage to avoid contamination with bacteria still left on used
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cooperage and that if the winery is scrupulously clean, chances of a

spontaneous fermentation are low.

Fuinaric acid has been widely used to prevent the fermentation.

Cofran and Mayer (1970) found that addition of fumarate at concentrations

greater than 3 lb./l000 gallons retarded the fermentation. They observed

that because of this unique property it should be used as an acidulant.

Tchelistcheff et al. (1971) found inhibition of this fermentation by L.

citrovoruin (oeno) in wines when greater than 0.8g11 of fumarate was

added and also suggested its use as an acidulant. Pilone et al. (1974)

and Rankine (1977) found that fumarate addition delayed malo-lactic fer-

mentation in Australian red wines and the inhibition increased with in-

creased concentration and that there was a synergism with a decrease in

p11. They indeed found the acid bactericidal at low pH values. Recently

Silver and Leighton (1980) cited by Silver and Leighton (1981) found that

fumarate inhibition was due to its interference in the ability of the

lactic acid bacteria to synthesize nucleic acid precursors. The use of

fumaric acid to prevent the malo-lactic fermentation has been criticized

because of its low solubility in wine and the reluctance by wine makers

to add chemicals to wine (Kunkee, 1974).

Detection of Malo-lactic Fermentation

The production of high quality wines by a wine maker may he af-

fected by his ability to monitor the malo-lactic fermentation in wine.

This is especially so if the fermentation is to be inhibited, in which

case, if it is not detected and stopped, a poor quality wine might re-

sult. Moreover, if the fermentation were to be encouraged, detecting
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its absence or presence will enable the wine maker to decide when to

bottle the wine since an incomplete malo-lactic fermentation results in

bottle instability (NcCloskey, 1980).

The disappearance of malic acid is the evidence of a malo-lactic

fermentation while appearance of lactate does not necessarily confirm a

fermentation since succinate and lactate migrate to about the same spot

on a chromatogram and lactate could be produced from other wine constit-

uents by bacteria and yeasts (Kunkee, 1967, 1968, 1974).

Paper chromatography is the most widely used method for detect-

ing the fermentation in wineries and enology laboratories (Kunkee, 1967,

1968) and we have used this method successfully to follow our experiments.

It involves the use of a butanol: water: formic acid solvent system with

the addition of bromcresol green as dye. After mixing properly, the aq-

ueous layer is discarded while the organic layer is used. Wine samples

are spotted on a Whatman #1 chromatographic paper and placed in a chrom-

atography jar containing the solvent and allowed to ascend by capillary

action f or eight hours or overnight. After this, the paper is removed

and dried at room temperature. Organic acid spots appear as yellow spots

against a blue background. Rf values for malate and lactate average

0.51 and 0.75 respectively (Kunkee, 1968). This method is, however,

qualitative.

Quantitative methods used include assaying for malate with mal-

ate dehydrogenose (MDH) in the presence of NAD+ (Horhost 1963). Hydra-

zine is often added and the reaction is run at alkaline pH to remove

protons:

MDH +
L(-) malate + hydrazine +NAD

pH 95 oxaloacetate +NADH+H
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The reaction is followed by assaying for NADH production spectrophoto-

metrically at 340 nm. Use of the Beer-Lambert equation enables one to

relate the NADH level directly to the concentration of malate in the

sample.

Another quantitative method is the manometric method of Korkes

(1957) in which a suspension of lyophilized cells of Lactobacillus

arum is placed in the side arm of a Warburg vessel. To the main chamber

of the vessel is added 5-15 pmoles of L-malate pH 5.0, 0.5 ml 2N acetate

buffer pH 5.0 and 3 pmoles of MnC12. The reaction is run at 38°C in

air for 20-30 minutes.

A recent and a less time-consuming assay has been developed by

McCloskey (1980) in which two enzymes, malate dehydrogenase (MDII) and

glutamate oxaloacetate transaminase (GOT), are used. The MDII converts

malat to oxaloacetate in the presence of NAD+ as above and the GOT then

converts oxaloacetate in the presence of a glycine-glutamate buffer to

aspartate and 2-oxoglutarate thus:

oxaloacetate + glutamate . aspartate + 2-oxogiutarate

Removal of oxaloacetate speeds up the reaction reducing the time of as-

say to three to six minutes. This method has yielded variable results

in our laboratory because of the frequent instability of the enzymes

which are also very expensive. Moreover, use of such quantitative meth-

ods in the winery requires microbiologically trained personnel. It

would therefore be prudent for small wineries to rely on the relatively

cheap and simple paper chromatographic method for detection of malo-

lactic fermentation.
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Peynaud and Lafon-Lafourcade (1965) suggested the use of Schiz-

osaccharomyçes pombe to detect the level of malic acid in wine by meas-

uring loss in titratable acidity of an experimental sample added to a

suspension of young cells of the yeast after a sufficient time inter-

val. Peynaud and Blouin (1965), comparing five methods for quantitat-

ively determining L-malate, recommended the use of S. pombe for detec-

tion in wines and the enzymatic methods in research laboratories. It

has, however, been pointed out that measurement of deacidification is

not a reliable means for detecting the malo-lactIc fermentation since

the change in titratable acidity may be complicated by added lactic acid

produced by bacteria from other sources and by potassium bitartarate

precipitation (Kunkee, 1974). Use of bacterial population which could

be indicative of a fermentation [since the rate of the fermentation is

proportional to bacterial population (Rice and Mattick, 1970)] is tedi-

ous when counting is done and, of course, bacteria could be confused

with grape leaf particles under the microscope.

Therefore, it seems that the chromatographic method is still

the best.

Alternative Methods of Wine Deacidification

Use of Schizosaccharomyces pbe to decompose malate has been

suggested by some workers (Amerine and Kunkee, 1968; Yang, 1973; Snow

and Gallander, 1979). However, the action of the yeast is variable

and it is frequently overgrown by Saccharoyces spp., and sometimes

it produces copious amounts of hydrogen sulfide (Rankine, 1963, 1966).
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Other methods used include neutralization with CaCO3, and double salt

precipitation using Acidex and ion exchange (Beelman and Gallander,

1979, Nagel et al., 1975; Munyon and Nagel, 1977).
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ENZYMOLOGy OF THE MA.LO-LACTIC
FERMENTATION

Function of the Malo-Lactic Fermentation

Various workers have reviewed the importance of the malo-lactic

fermentation and the question of whether the fermentation is stimulatory

to growth of the causative organisms remains an enigma (Kunkee, 1967,

1974; Morenzoni, 1974).

The malo-lactic fermentation, as first proposed by Korkes and

Ochoa in 1948, using resting cells of Latobaci11us arabinosus (plant-

arum), involved a net decarboxylation of malata to lactic acid. They

suggested that the reaction was an NAD-linked dismutation involving py-

ruvate as a short-lived or fleeting intermediate or as an intermediate

bound to the surface of mali.c enzyme so that soon after its formation,

it is converted to lactic acid by lactate dehydrogenase. The reaction,

according to Kunkee (1967), yields a standard free energy change of -8.2

Kcal/mole and therefore is exergonic and should go to completion. This

energy, if actually produced, should be sufficient to yield one mole of

AT? and thus a potential source of energy for the bacteria. Using cel-

lar temperatures and conditions in wine, he adjusted the change of free

energy to -6 Kcal/tuole which would make the reaction favorable in the

direction of product formation. He further pointed out that the potent-

ial energy of this reaction is unavailable to the bacteria since ATP is

actually not formed in the reaction and there is no reoxidation of reduced

coenzyme and hence no net change in the redox state of the coenzyme.

However it s doubtful if this reaction is complete for between 75-106 0/0
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lactate has been reportedly recovered from malate (Kunkee, 1967; Rice

and Mattick, 1970; Pilone and Kunkee, 1972).

Furthermore, Pilone and Kunkee (1970) showed that anhydrous CO2

was not the form of CO2 produced but that either carbonic acid, bicarb-

onate or carbonate ions were produced and subsequently dehydrated at

low pH to produce anhydrous CO2 which is evolved. Based on their calc-

ulations of the free energy changes, the changes in standard free energy

for the three possible forms of CO2 produced were respectively -6.2,

-7.1, and -2.6. They thus concluded that the malo-lactic reaction at

standard conditions was less exergonic than previously thought by Kunkee

and that less potential energy is lost to the organism. They also con-

cluded that this energy was unavailable to the organism. Webb and

Ingraham (1960) had earlier pointed out that the fermentation does not

provide energy for the organism.

If, in fact, pyruvate is an intermediate in this reaction as

first proposed by Korkes and Ochoa (1948), the possibility of convert-

ing the pyruvate to acetyiphosphate by oxidatively decarboxylating the

pyruvate with an uptake of phosphate could be real. The acetylphosphate

could therefore be transferred to AD? for ATP formation or it could be

reduced to ethanol by acting as a hydrogen acceptor (Kunkee, 1967). The

intermediate pyruvate would then be able to provide energy for the org-

anism but only small increments in cell yield have been found and this

happened only in the presence of fermentable carbohydrates which serve

as energy source (Krasil'nikova, 1965; Pilone and Kunkee, 1972). How-

ever, as will be shown later, pyruvate has been found to be a real end

product and not an intermediate (Morenzoni, 1973, 1974). Therefore, the
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ruvate is remote.

Another way the bacteria would obtain energy is if malic acid

was first converted to oxaloacetate before decarboxylation to pyruvate

which is subsequently reduced to lactic acid as noted by Radler (1966)

and Morenzoni (1974). But they, however, point out that this situation

does not exist since, as found Out by Korkes et al. (1950), malic acid

is decarboxylated faster than oxaloacetate at pH 6.0, the optimum pH

of malic enzyme.

Since we have so far not seen how energy could be produced in

this reaction, what then is the function of this fermentation in the

metabolism of the bacteria? There have been numerous reports that mal-

ate serves as an energy source. Diebel and Niven (1960) found that

malate was an energy source for growth of Streptococcus faecalis.

Krasil'nikova (1965) reported that malate promoted the growth on and fer-

mentation of sugars by Lactobacillus delbrueckii. Flesch (1969) found

that synthesis of lactate dehydroganase was induced by malate as also

did Doelle (1971). He also found that addition of L-tialate to a culture

of Leuconostoc mesenteroides stimulated lactate production from glucose.

Campbell et al. (1943) found that loc2cus faecalis could grow on

nialate at a rate 20 0/0 of the rate of growth on glucose. Flesch (1968)

found that the presence. of malate accelerated the decomposition of gluc-

ose and fructose by Lactobacillus vlantarum. Melamed (1962) had earlier

found that the rnalo-lactic bacteria grew on residual sugars in wine

after the alcoholic fermentation and thought that the source of needed

energy for the fermentation was these residual sugars but Rice and
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Mattick (1970) did not detect significant reductions in residual sugars

after the malo-lactic fermentation and found that malate was the source

of all lactate. However, London et al. (1971) felt that the ability to syn-

thesize malic enzyme and grow on malate were attributes of only Lacto-

bacillus casei and Streptococcus faecalis among lactic acid bacteria

they surveyed. They believed that the malic enzyme synthesized by these

bacteria was different from the typical malic enzyme of Lactobacillus

piantarum and concluded that some species of lactic acid bacteria form

two distinct inalate decomposing enzymes. Schutz and Radler (1974) have

subsequently purified two such enzymes which they called the malo-lactic

enzyme and the malic enzyme in L. casel. These reports have so far not

shown how this fermentation is stimulatory to the growth of the bacteria.

Kunkee (1967) wonders what the role of the fermentation would be

in these bacteria if it does not provide energy. He contends that an

increase in pH of wine provided by the fermentation would be an advant-

age to the growth of the organisms. He further suggests the possibil-

ity that the malo-lactic enzyme is used for other reactions and that

the fermentation oujd be an accidental expression of its activity and

malate decomposition could possibly be a detoxification mechanism.

This conclusion was also reacb.ed by Morenzoni (l974)

Pilone and Kunkee (1972) found that more 1)-lactic acid was form-

ed in the presence of malata and glucose than coul be accounted for and

suggest that decompositior! of malste stimulated the metabolism of other

carbon compounds, hence the. small cellular yields observed, Kunke.e (1974)

reported that the increase in cell yield was due to a pH effect and con-

cluded that the biological function of the malu-lactic reaction Was to
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stimulate the growth rate. However, Pilona and Kunkee (1972) had earl-

ier found that stimulation of growth of L. oenos was not a ph effect.

They reached the same conclusion in 1976. They noted growth rate stim-

ulation at pH values below 4 at which pH bacteria grow in wine. They

suggest that the stimulatory effect on the growth rate of L. oenos may

be similar to that found in Streptococcus diacetilactis by Harvey and

Collins in 1963 who found that the intermediate pyruvate formed from

citrate was partly incorporated into cellular material. Phone and Kun-

ee (1976), though, acknowledged that malate was not an energy source.

Other reports, however, claim that malate does not serve as an

energy source and that carbohydrate fermentation must occur to provide

energy (Radler, 1966). He also suggests that the function of the malo-

lactic enzyme was not CO2 fixation but acid reduction in the medium and

that at low pH values lactic acid bacteria are favored by malic acid.

Kandler et al. (1973) found that in Leuconostoc mesenteroides, addition

of malate to the fermentation medium did not yield different end prod-

ucts and that inalate utilization provides no energy for growth. They

found that the yield from glucose dissimilation was the same as when

glucose and malate were used together and that the increased amounts of

lactate formed from glucose was a result of a ph effect. Radler (1975)

supported the idea of the stimulation due to a pH effect. He observed

that at low pH, the removal of hydrogen ions aid bacterial growth, thus

bacterial degradation of malate enabled them to utilize more sugar, thus

enhancing their growth. He also pointed out that malate was converted

to lactate through the action of a malo-lactic enzyme in lactic acid

bacteria that does not involve lactate dehydrogenase and that a malic
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enzyme was responsible for the energy yielding conversion of pyruvate

by organisms which grow on malate as an energy source.

With the finding of Morenzoni in 1973 that NADU and pyruvate

were end products of the malo-lactic reaction, the question as to how the

stimulatory effect comes about may be answered. Kunkee (1975) asserts

that the production of RADII, though small, may have a more important ef-

fect on the metabolism of the organism than the direct conversion of

malate to lactate and CO2. The CO2 produced in the reaction may have a

stimulatory effect on the organism as noted by Stamer and Stoyla (1970).

The pyruvate formed in the reaction could be used to generate high ener-

gy phosphate as noted earlier. Other hydrogen acceptors are known to

act as essential reductants which initiate the onset of growth (Stamer

and Stoyla, 1970). Kunkee (1975) thus concludes that the pyruvate formed

may account for growth stimulation by the malo-lactic fermentation but

since the high energy formed would be small, an increase in growth yield

may not occur. However, Pukrushpan and Kunkee (1977) noted that malate

was stitnulatory to the growth rate of L. oenos ML34 which converts a

small portion of malate to pyruvate. Of the organisms used to demon-

strate that pyruvate was acting as a hydrogen acceptor and thereby stim-

ulated growth, they found that two other malo-lactic bacteria showed

growth stimulation and concomitant formation of pyruvate and were the

most effective malo-lactic fermenters in wine. They therefore concluded

that the function of the malo-lactic reaction was in the provision of a

hydrogen acceptor.

We did not observe an enhancement of growth by malate in our is-

olates as will be shown later.



52

Mechanism of the Nab-Lactic Fermentation

Previous Research Work

Korkes and Ochoa (l94) first reported discovering an adaptivc

(inducible) malic enzyme in Lactobacillus arabinosus (plantarum). Iii

an earlier publication, Ochoa et al. (1948) isolated and described an

enzyme from pigeon liver capable of oxidatively decarboxylating L-malate

+ ++
to pyruvate. The enzyme was NADP specific andrequired Mn as co-

factor. It could also decarboxylate oxaloacetate to pyruvate in the

presence of These findings were confirmed by VeigaSalles et al.

(1950). The enzyme was named malic enzyme to differentiate it from mal-

ate dehydrogenase.

In the report of Korkes and Ochoa (1948), the enzyme extracted

from L. plantarum converted L-malate to L-lactate and CO2 quantitative-

ly and decarboxylated oxaboacetate to pyruvate in the presence of

aowever, they further reported that the reaction from malate to lact-

ate was an MAD- rather than NADP-linked dismutation involving pyruvate

as an intermediate which is reduced by lactate dehydrogenase to lact-

ate. This implied reoxidation of coenzymas, thus:

(i) L-tnalate + NAD+ = pyruvate + CO2 + NADH + (malic enzyme)

+
(11) pyruvate+ NADH±H = L-lactate +

4-

NAD (lactate dehydrogenase)

L-malate L-lactate + CO2

The reaction, they said, required and the first enzyme in the two-

step reaction was also named malic enzyme, which they said was similar
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to the malic enzyme from pigeon liver. Korkes et al. (1950) and Kaufman

et al. (1951) further purified the enzyme and in their report Korkes et

al. concluded that the reaction did not involve a direct decarboxylation

and that it was an oxidation-reduction reaction. Due to the presence

of contaminating lactate dehydrogenose, they could not show spectrophot-

ometrically the existence of reaction (ii) which would imply the pres-

ence of pyruvate and reduction of NAD. They, however, found small

amounts of pyruvate which was inferred from the coenzyme requirements

and the diminishing activity of lactate dehydrogenase on further purif-

ication while the malate decarboxylating activity was constant. In the

following report by Kaufman and coworkers (1951) significant amounts of

pyruvate formation could not be demonstrated during the reaction even

though malate was iotopical1y labeled. They, however, maintained that

pyruvate was an intermediate in the reaction. They also stated that the

malic decomposing activity and the oxaloacetate decarboxylating activity

were associated with one protein or one functional protein unit.

The inability of these wnrkers to fully differentiate between

the two malic enzymes led to some confusion among later workers as to

the correct pathway of this decarboxylation. Obviously, the two en-

zymes were different. For instance, the pigeon liver enzyme accumul-

ated pyruvate which could be assayed spectrophotometricaily with lact-

ate dehydrogenase, the L. piantarum enzyme only accumulated small amounts

of pyruvate which could not be determined spectrophotometrically. More-

over, the avian malic enzyme had a sharp optimum p11 of 7.5 whereas the

bacterial enzyme had a sharp optimum pH of 6.0.



54

Duerre and Lichstein (1961) showed the nialic enzyme to be induc-

ible in a number of other lactic acid bacteria including Lactobacillus

deibrueckil, L. mesenteroides, Strptococcus faecalis, L. arabinosus,

and L. casei, some of which are known to be malo-lactic bacteria. Sim-

ilar enzymes have, since Korkes and Ochoa's 1948 report, been found in

other bacteria (Nathan, 1961; Radler, 1966; Whiting and Coggins, 1963;

Takeo, 1969; Katsuki et al., 1967; London and Meyer, 1969; London et al.,

1971), in higher plants (Macrae, 1971) and in animals (Saz and Hubbard,

1956; Hsu and Lardy, 1967).

Nathan (1961) demonstrated the inducibility of malic enzyme

which was NAD-specific by only L-malate in Lactobacillus plantarum, L.

case! and S. faecalis and this indicated specificity for induction.

She reported that the malic enzymes of the three organisms were not bi-

functional proteins as previously reported by Kaufman et al. (1951) and

they had no different sites for oxaloacetate decarboxylation. She ar-

rived at this conclusion when she observed that besides malate, oxalo-

acetate, acetoacetate and ct-ketoglutarate could induce oxaloacetate de-

carboxylasa synthesis whereas they could not induce inalic enzyme synth-

esis. She found that the oxaloacetate decarboxylase system of L. plant-

arum consisted of an oxaloacetate decarboxylase and an oxaloacetate per-

mease. The organism possessed no inducible malate permease. Whiting and

Coggins (1963) reported that L. plantarum and Leuconostoc mesenteroides

possessed inducible malic enzymes while other heterofermenters had const-

itutive enzymes, This finding was confirmed by Radler (1966) while study-

ing the malic enzyme of some malo-lactic bacteria. He also found that D-

malic acid could not induce synthesis of the enzyme and, in agreement with
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Korkes and Ochoa (1948), found that L-malate was first converted to py-

ruvate which was then reduced to lactic acid, but cautions that the

possibility of oxaloacetate being an intermediate in the reaction could

not be ignored.

Hsu and Lardy (1967) working with the uialic enzyme from pigeon

liver, found that the enzyme catalyzed the slow but measurable reduction

of the pyruvate formed from malate to lactate in the presence of NADP,

and Mg2. They suggest that a pyruvate reductase activity might

reside in malic enzyme because of the need in this reaction for NADPH2

and a divalent cation. They showed that free pyruvate was not an int-

ermediate in the formation of L-lactate from L-malate in the NAD-linked

reaction catalyzed by the malic enzyme of L. plantarum which was claimed

by Korkes and Ochoa (1948) as being accomplished by a malic enzyme-lact--

ate dehydrogenase complex. They assert that a clarification of those

workers' results would be the assumption that there is a direct decarb-

oxylation of malate to lactate without the intervention of lactate de-

hydrogenation. Moreover, Flesch (1968) showed that the p11 optimum for

malic acid decomposition by six strains of malo-lactic bacteria was 3.9

while that of oxaloacetate decarboxylase activity was 3.6 quite distinct

from the pH optima obtained by Korkes et al. (1948) (6.0 and 4.5 respect-

ively). We thus begin to sense a difference between the enzyme studied

by Korkes and coworkers and the enzyme responsible for the malo-lactic

fermentation.

The malic enzyme debacle seemed to have been clarified when

London and Meyer (1969) showed that Strepococcus faecalis could grow on

malate with the concomitant induction of malic enzyme. The enzyme
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H
required NAD, Mn and Mg for activity and it decarboxylated malate to

pyruvate. A homologous enzyme was found in L. casei by London et al. in

1971. Both enzymes were similar in action to the malic enzyme of Korkes

et al. (1948)from pigeon liver in that they decarboxylated malate to py-

ruvate at an alkaline pH and were repressed by glucose. The activity of

these enzymes could be assayed spectrophotometrically; and both organisms

grew on malate. Their preliminary conclusion was that some lactic acid

bacteria synthesize two distinct types of malate decomposing enzymes.

However, as noted earlier Kandler et al. (1973) did not find growth of

Leuconostoc mesenteroides on malate as an energy source.

Schutz and Radler (1973) using partially purified malic enzymes

of Lactobacillus plantarum and Leuconostoc mesenteroides freed of lactic

dehydrogenase found that L-lactate and CO2 were still yielded quantitat-

ively from malate with NAD and Mn acting as cofactors. This is in

direct contradicition to the report of Korkes and Ochoa (1948) and Korkes

et al. (1950). Their enzymes also decarboxylated oxaloacetate but not

in the presence of NAD. Lactic acid was not produced by reduction with

NADH2 but oxaloacetate was decarboxylated in the presence of NADH2 to

pyruvate and not lactate. In the presence of excess semicarbazide, lact-

ate was formed from L-malate. They therefore concluded that pyruvate was

not an intermediate in the malo-lactic reaction. This again is contrary

to the work of Ochoa's group. They felt also that the enzyme was an in-

separable but uniform complex of two enzyme components or cf a single

protein molecule. Park and Guttman in the same year, however, showed

they could assay spectrometrically for NAD with the enzyme from L. plant-

arum, a contradiction of Schutz and Radler's work, but their enzyme was
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more similar to the pigeon liver enzyme since it had an alkaline pH

optimum. However, Schutz and Radler (1974) showed the existence of two

malic enzymes in L. easel capable of degrading malic acid. One was the

malic enzyme which had a pH optimum between 8.0-8.5 and which apparently

was similar to Ochoa et al.'s original enzyme and the enzyme of Park and

Guttman. The other enzyme they called the malo-lactic enzyme which had

a pH optimum of 5.6-6.1. They reported that the two enzymes differed in

the pH optima, substrate affinities and end products of malate metabol-

ism. The malo-lactic enzyme was inducible in the presence of nialate and

glucose but the malic enzyme was induced only with malate.

The confusion surrounding the malo-lactic reaction has been ap-

parently resolved by Morenzoni's 1973 finding that pyruvate and small

amounts of NADE (demonstrated fluorometrically) were actually formed as

end products from malate. This they inferred from the fact that addition

of pyruvate to the reaction mixture led to inhibition of the decarboxyl-

ation reaction which indicated an end product inhibition. Moreover, when

lactate dehydrogenase was added to the reaction mixture, NADH formation

decreased but malate dehydrogenase had no effect showing that oxaloacetate

was not the end product but that pyruvate was. He therefore concluded

that the malo-lactic enzyme was involved in two activities; the major

one was the direct decarboxylation of malate to lactate and a lesser but

real activity was the formation of pyruvate and NkDH as end products

which would explain the slight stiniulatory effect seen when Leuconostoc

oenos is grown on L-malic acid. The optimum pH of the malo-lactic act-

ivity was found to be 5.6 (cf. Morenzoni, 1974; Kunkee, 1975).
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This so far is a summary of the research done regarding the

maJ.o-lactic enzyme. It is, however, pertinent at this point to exam-

me the various lines of thought presented as to the true mechanism of

action of this enzyme.

From the above review, three pathways of malate decarboxylation

clearly stand out and these are shown in Figure 1 (Radler, 1975):

NADH2 çooH
NAD =o OOH OOH

) CO2 ± = 0
LDH (1H0HCOOH

H3
IOOH

pyruvate I CH3

'UOH
O1A

COOH NADH1 NAD

I Mn ,NAD I

áHOH +CO2 ©
L-lactic
acid

2

malo-lactic enzyme
H3

I

L-lactic acid

b

L-malic
OOH

L-LDH
COOH

acid HOH

+
NADH2 NAD

2 pyruvate L-lac tic acid

Figure 1.

Footnote: H = malate dehydrogenase
OAA = oxaloacetate
OAD = oxaloacetate decarboxylase

L-LDH = L-lactate dehydrogenase
= malic enzyme

Pathway 1 involves oxaloacetate as intermediate.

Pathway 2 involves the direct decarboxylation of malate to lactate.

Pathway 3 involves pyruvate as an intermediate.
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As suggested by Radler (1966), that the reaction pathway could

involve oxaloacetate is a possibility. If oxaloacetate was involved as

an intermediate, then there would be no reasoa for malate to be decarb-

obylated faster than oxaloacetate as shown by Korkes et al. (1950) at

the same pH (6.0). They also showed that malonate which is inhibitory

to oxaloacetate decarboxylase did not inhibit the decarboxylation of

malate. Moreover, when Morenzoni (1973) added malic dehydrogenase to

his reaction system to test whether oxaloacetate was involved as an

intermediate, the rate of NADH formation by extracts of L. oenos was not

inhibited but addition of L-lactate dehydrogenase decreased the rate of

NADH formation showing clearly that oxaloacetate was not being produced

in the reaction. Furthermore, Flesch and Holbach (1965) cited by Kunkee

(1967) and Morenzoni (1973) showed that the optimum pH of malate dehydr-

ogenase which would convert nialate to oxaloacetate was 10 whereas the

malo-lactic reaction occurred at pH 5.6 at which pH malate dehydrogenase

would be inactive. Moreover, malic enzyme activity was inhibited by

parachloromercuribenzoate but oxaloacetate decarboxylase activity was

not. As shown by Korkes and Ochoa (1948) oxaloacetate decarboxylase

4+
activity requires only Mn whereas malic enzyme activity requires both

4+
Mn and NAD for optimal activity. These facts clearly exclude the first

pathway as the mechanism.

That pyruvate is first formed from malate and then reduced by

lactate dehydrogenase to lactic acid has been adequately discussed.

Kunkee (1967) feels that the production of pyruvate in the reaction as

an intermediate would explain the cofactor requirement though free py-

ruvate had not been found. Peynaud cited by Morenzoni (1973) showed
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ed L-lactate from malate. This was confirmed by Radler (1975). Accord-

ing to Morenzoni, Peynaud showed that pyruvate was certainly not an

intermediate because the symmetry of L-malic acid would disappear if it

was first converted to pyruvate which is asymmetric. Moreover, as noted

earlier, Schutz and Radler (1973) found that after addition of excess

seinicarbazide to the reaction mixture, the partially purified extracts

of Lactobacillus plantarum still produced L-inalic acid. This definitely

excluded pyruvate as an intermediate. They also showed that oxaloacet-

ate was decarboxylated to pyruvate in the absence of NAD and that pyruv-

ate was not reduced to lactate with NADH. Furthermore., these enzyme

preparations freed of lactate dehydrogenase still produced L-lactate from

L-malate and the lactate was not produced by reduction with NADH. Moren-

zoni (1973) dealt a decisive blow to the hypothesis by supporting some

of the above reasoning and by showing that hydrazine was stimulatory to

the production of NADH in the reaction and that oniy L-lactic acid in-

stead of DL-lactic acid was formed. Furthermore, he stated that if py-

ruvate was an intermediate, there would not be any net build up of NADH

as he found out. Of course, he also showed that small amounts of pyruv-

ate were produced as a real end product.

We are thus left with reaction (2) which was demonstrated by

Schutz and Radler (1973) in the absence of L-iactate dehydrogenase and

since no free carbonyl compounds have been found as intermediates, the

correct pathway seems to involve a direct decarboxylation.
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Current Concept of the Malo-lactic Reaction

In his studies with the malo-lactic enzyme of Leuconostoc oenos

ML34. Moreazoni (1973, 1974) was able to demonstrate that besides lactic

.acid and CO2. small amounts of pyruvate and NADH were being continuously

formed as real end products and not as intermediates. He detected form-

ation of N.A1DR (about 1 0/) fluorometrically since this could not be done

spectrophotometrically. Production of pyruvate was confirmed by addition

of malate dehydrogenase and lactate dehydrogenase as well as pyruvate to

the reaction mixture as already noted. Lactate dehydrogenase decreased

the rate of NADH production. by 64 0/0 whereas malate dehydrogenase had

no effect. Pyruvate inhibited the reaction. Their enzyme was inducible

only with L-malate and decarboxylated small amounts of oxaloacetate.

This activity was 3
o/o

of malate decarboxylating activity.

Moreuzoni (1973, 1974) and Kunkee (1974, 1975) therefore conclud-

ed that a second malic decomposing activity was associated with the malo-

lactic enzyme and that this activity resulted in the production of NADH,

pyruvate and CO2 as end products. They believe that two separate enzyme

activities present in the same protein were acting concomitantly on mal-

ic acid. The major activity they called the malo-lactic activity inedi-

ates the reaction:

2+
Mn NADL-malic acid > L-lactic acic + COD;

the minor activity mediates the reaction:

L-malate + NAD >-- pyruvate + NADH2 + CO2
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We shall show later that we detected small amounts of pyruvate with our

extracts but could not detect NADH spectrophotometrically which gives

some support to their conclusions.
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CHARACTERISTICS OP THE MALO-LACTIC ENZYME

From the preponderance of evidence from several publications

there seems to be two distinct enzymes involved in malate decomposition

among the lactic acid bacteria. One, the typical malic enzyme [L-

malate: NAD oxidoreductase (decarboxylating) E.C. l.l.l.38J is similar

to the enzyme described by Korkes and Ochoa in 1948, and by Ochoa et al.

in 1948. Morenzoni (1974), however, feels that the enzyme ought to be

given the Enzyme Commission Number E.C. 1.1.1.39 since the enzyme does

not decarboxylate oxaloacetate.

The other enzyme, variously called L-malate carboxylyase (Rad-

ler, 1975), L-malate:NAD carboxylase (Kunkee, 1975), or the malo-lactic

enzyme (Schutz and Radler, 1974; Morenzoni, 1973; and Kunkee, 1975) is

most probably the one involved in the malo-lactic fermentation. While

the malic enzyme acts at alkaline pH values (London et al., 1971; Park

and Guttman, 1973; Schutz and Radler, 1974) the malo-lactic enzyme acts

at an acid pH. pH optimum values reported for this enzyme were 6.0

(Whiting and Coggins, 1963), 3.6-4.0 (Flesch and Holbach, 1968), 3.9

(Flesch, 1968), 5.6-6.1 (Schutz and Radler, 1974), and pH 5.6 (Moren-

zoni, 1973, 1974; Kunkee, 1975). The malic enzyme is probably non-

functional in Leuconostoc oenos since it has been shown to be repressed

by glucose in S. faecalis (London and Meyer, 1969) but the enzyme that

decarboxylates malate to lactate is not repressible by glucose (Moren-

zoni, 1974; Schutz and Radler, 1974). Moreover, it seems that those

organisms which possess the malic enzyme can grow on malate whereas
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organisms which have the malo-lactic enzyme are probably not able to grow

on malate.

The malo-lactic enzyme is generally believed to require only NAD

as coenzyine (Schutz and Radler, 1973; Norenzoni, 1973, 1974; Kunkee,

1974, 1975). NADP did not seem to replace NAD. Various workers have

reported that Mn is required for optimal activity. Morenzoni (1973,

1974) found that CO3 Mg, ?eand Zn could not substitute for

in the NADH producing activity. Cu was inhibitory for both this act-

ivity and the malo-lactic activity. The malic and malo-lactic enzymes

have been known to be difficult to purify because they become increasing-

ly unstable with purification (Park and Guttman, 1973; Schutz and Radler,

1972, cited by Morenzoni in 1973). However, Schutz and Radler (1973) ob-

tained a partially pure malo-lactic enzyme from Lactobacillus plantaruin

and found that it had a molecular weight of 150,000. They subsequently

confirmed this in L. casei in 1974 after separating malic enzyme from the

malo-lactic enzyme.

We have not seen in the literature any facts regarding the temp-

erature optimum of the malo-lactic enzyme, but recent workers have used

temperatrues of 30°C. Morenzoni (1973) and Kunkee (1975) reported in-

activition of their enzyme at temperatures between 40 and 45°C. We will

show later that we had increasing enzyme activity of up to 45°C.

With regards to the correct nomenclature of the malo-lactic en-

zyme, Morenzoni (1973) has argued that the malic acid to lactic acid

activity is not an oxidoreductase whereas the conversion of malate to

pyruvate is, and that since only about 0.2 0/0 of the enzyme activity

involves pyruvate production and since an enzyme should be named based
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on the major end product, he named it the malo-lactic enzynie. This

name aptly refers to the fermentation but does not describe the action

of the enzyme. Since CO2 is produced in both reactions and, in the

first reaction equimolar quantities of both lactate and CO2 are pro-

duced, naming the enzyme the malo-lactic enzyme is grossly weighted in

favor of lactic acid production. The enzyme should therefore be ap-

propriately given the trivial name, malate decarboxylase. This will

emphasize the fact that this enzyme is involved in malate decarboxyl-

ation.



MATERIALS AND METHODS

SOURCE OF BACTERIA

Several samples of 1980 Pinot noir, Chardonnay and Merlot wine

varieties obtained from the McMinnville and Dundee wineries in Oregon

were used as sources of the bacteria isolated from wine. Stock control

strains of Leuconostoc oenos were obtained from Dr. R. E. Kunkee, Univ-

ersity of California at Davis (ML34) and from Tri-Bio Laboratories, State

College, Pennsylvania (PSU-l).

CULTURE MEDIA

Medium A

This medium, called Tomato juice-glucose--fructose-malate broth,

which was essentially a modified Rogosa medium (Ingraham et al., 1960;

Pilone and Kunkee, 1972) contained 2 0/0 tryptone (Bacto), 0.5 pep-

tone (Bacto), 0.5 glucose (Sigma), 0.3 0/0 fructose (Sigma), 0.2 0/0

L-malate (Sigma), 2 drops of Polysorbate 80 (BBL), and 325m1 yeast extract

in a 3:1 diluted tomato juice (canned without preservative). For isol-

ation it was solidified with 2 0/0 agar (Bacto). The diluted tomato

juice had been filtered through analytical filter papers (Schleicher and

Schuell) and Whatman glass microfibre filter papers with the aid of di-

atomaceous earth (Sigma). To avoid haze and sediment formation in the

medium we prepared our own yeast extract by blending commercial compressed

baker's yeast (Fleischman's, Standard Brands, Inc., New York) at low speed



67

with sufficient distilled water to form a 20 0/0 suspension and auto-

claved it for 30 minutes at 121°C. Solids were allowed to settle over-

night at -20°C and the cloudy supernatant clarified by centrifugation. The

resulting clear solution was frozen and stored at 4°C The pH of the

medium was adjusted to 5.5 with potassium hydroxide using a Corning 125

digital pH meter. This medium was used for cultivation of the isolates

and for most of the experiments.

Medium B

This medium called Basal broth was the same as Medium A except

that it lacked tomato juice, glucose and fructose.

Medium C

Called tomato juice glucose broth; lacked fructose and L-malate.

Medium D

Although we were successful with tomato juice as a supplement in

our media, we found that it took a relatively long time of up to four

days to obtain satisfactory growth. We therefore experimented with veg-

etable juice (V-8, Campbell's). This medium therefore contained all the

ingredients in Medium A except that vegetable juice was substituted for

tomato juice. Both juices were diluted and filtered the same way. All

media were autoclaved at 121°C for 15 minutes.



ISOLATION OF BACTERIA

Bacteria were isolated from wine samples by making pour plates

of O.lml of the diluted wine samples in Medium A treated with 50 mg/i

cycioheximide (Sigma) to inhibit yeast growth and solidified with 2

agar. Characteristic lactic acid bacterial colonies were picked and ex-

amined microscopically for Gram positive cocci in pairs and short chains.

A representative of such slightly different colonies was then picked and

streaked for pure culture isolation. When satisfied that individual pure

colonies had developed, they were again examined and then subcultured on

Medium A and maintained in stab cultures of solidified Medium A at 4°C.

Cultures were routinely incubated in the Gas Pak CO2 and Anaerobic Sys-

tems (BBL) at 30°C for three to four days. Twenty-three strains were isol-

ated in this way. Sterile procedures were used throughout the isolation.

CHARACTERIZATION OF BACTERIA

Isolates were characterized in comparison with L. oenos ML34

and PSU-l. Only those isolates that were active in decarboxylating L-

malate were characterized further. There were 12 of such isolates.

A number of tests were done based on the recommendation of Kunkee

(1967) and the work of Garvie (1967), and Pilone and Kunkee (1972). The

organisms were first of all Gram stained, checked for presence of cata-

lase and growth on the surface of an agar stab. These were followed by

checking for dextran production from sucrose, ammonia production from

arginine and production of lactic acid from glucose. These were determ-

ined as described by Garvie (1967) and Phone and Kunkee (1972). The



isomeric form of lactic acid formed from glucose was then determined us-

ing the colorimetric method of Phone and Kunkee (1970) to determine the

total lactic acid produced and the enzymatic method of ILohorst (1963)

for determination of L-(+)-lactate. By these methods D-(--)-lactate was

then calculated by difference.

Carbohydrate Utilization

Carbohydrate fermentation was determined in three ways to avoid

the complications that could arise from the inherent carbohydrate in the

complex medium used for cultivation above. The first method involved

culturing the isolates in autoclaved Medium B containing 0.5 0/0 of the

membrane-filtered sugar to be tested and 0.004 0/ bromcresol green.

Gas production from glucose was determined by sealing the tubes with

liquid paraffin. The second method involved the use of the Minitek Dif-

ferentiation System (BBL) in which 0.05m1 of washed cells (see below)

was added to various sugar discs. The third method was as described by

Garvie (1967). For the first two methods incubation was done at 30°C

in the Gas Pak CO2 and Anaerobic systems. Sugars tested included gluc-

ose, fructose, arabinose, ribose, xylose, mannose, cellobiose, galact-

ose, sucrose, lactose, maltose, raffinose, trehalose, salicin, and esc-

ulin. Uninoculated media were used as negative controls.

Utilization of Organic Acids

Their ability to utilize L-malate and citrate in the presence of

fermentable substrates was determined by growing the isolates in Medium

C containing 0.2 °/0 of the acids. Uninoculated media were used as
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controls. Presence or absence of the acids was determined by paper

chromatography after growth for four to seven days using a butanol:water:

formic acid solvent system with bromcresol green as dye (see below).

Effect of Added Malate on Growth

The effect of various levels of malate on the growth of the is-

olates was determined by the addition of 0.05, 0.10, 0.15, 0.20 and

0.25 0/0 malate to Medium C and taking turbidity readings in a Bausch

and Lomb Spectronic 20 spectrophotometer at 600nm after growth for three

days.

Total Lactic Acid Produced from Medium A and Medium C

This was determined by growing the isolates in the respective

media for three. to four days and determining the amount of lactic acid by

the method of Pilone and Kunkee (1970).

Cellular Dry Weight Determination

The dry weight of the cells was compared by growing the isolates

in lOOml of Medium A (pH 5.5) until the cells began to settle and cen-

trifuging at 10,000 rpm for 20 minutes. The cells were washed with an

equal volume of sterile potassium phosphate buffer pH 5.5, centrifuged

and resuspended in an equal volume of buffer. The washed cells were

again centrifuged and the pellet resuspended in l5ml of sterile distilled

water. Five ml of the suspension was then transferred into a preweighed

dry beaker and dried in the oven at 60°C overnight. Sufficient buffer
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was then added to the remaining lOmi which was centrifuged and the pellet

used after resuspension in lOmi of buffer for detection of carbon dioxide

production from malate by respirometry as described below.

Optimum Temperature of Growth

The growth of one isolate was measured spectrophotometrically

over a temperature range of 6-35°C at 600nin after growing it for 72 hours

in a temperature gradient incubator (Scientific Industries, Inc.) to de-

termine what temperature was most suitable for growth.

Optimum pH

A number of strains were grown at different pH values ranging

from 3.0-7.5 to determine their pH optima. Growth was for three to four

days and turbidimetric readings were made at 600nm.

Effect of Tomato Juice (TJ), Vegetable Juice (VJ), and Yeast Extract
(YE) on Growth

This experiment was done to determine whether omission of the

juices significantly affected the growth of these isolates as has been

shown by previous workers (Garvie, 1967, 1974; Stainer and Stoyla, 1970;

Yoshizumi, 1975) and to demonstrate whether, as frequently claimed, that

yeast extract or yeast autolysate is stimulatory to the malo-lactic bact-

eria in wine (Luthi and Vetsch, 1959; Radler, 1966, merine and Kunkee,

1968; Fornachon, 1968). We thus grew selected isolates in three differ-

ent media: Medium A, Medium 0 and Medium A without tomato juice. Turb-

idity readings were taken at 600nm at periodic intervals for 96 hours
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using an Update Gilford 2000 digital spectrophotometer. The generation

time of the isolates was determined using the formula:

G= 0.3010 X t
log b - log a

where a and b are the optical density readings at two sampling times

during logarithmic growth, and t is the time elapsed. Where necessary,

cultures were diluted to stay within an absorbance range of approximate-

ly 0 to 0.4, the range within which Beerts law is obeyed.

Effect of CO2 Incubation on Growth of Isolates

We also decided to determine the effect CO2 has on the growth

of the isolates since this gas is often claimed to be stiinulatory to or

essential for the growth of lactic acid bacteria (Snell, 1952; Stainer

and Stoyla, 1970). We thus grew selected strains in Medium D and incub-

ated one batch under an atmosphere of CO2 and another in air, both at

30°C for 96 hours.

Influence of Citrate and l0°/ Ethanol on Growth

To two tubes of Medium A were added 0.2 0/0 citrate and 10

ethanol (added aseptically after autoclaving) respectively, and inocul-

ated with our isolates to determine what effect the acid and the alcohol

had on their growth. They were incubated at 30°C for three to four days

and turbidiinetric readings taken in the Klett-Summerson Colorirneter. Ned-

ium A without any of these compounds was used as control.



DETECTION OF MALO-LACTIC ACTIVITY

Resp irome try
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An eight-channel Gilson Differential Respiroineter (Gilson Med-

ical Electronics, Inc., Middleton, Wis.) was used to determine carbon

dioxide production from malate. This involved adding 1 mIL-malate (20

mg/mi) adjusted to pH 5.0 or 5.5 in KH2PO4 buffer (0.2 M pH 5.0 or 5.5).

0.1 ml of 10 mg/mi nicotinamide adenine dinucleotide (NAD) (Sigma)

and 0.1 ml of 10 mg/mi MnCl24H20 (Sigma) and sufficient O.2N K112PO4

at pH 5.0 or 5.5 to give a final volume of 3 ml, including washed whole

cells. 1 ml of washed resting cells was usually placed in one side arm

and reaction was started by tipping the cells into the reaction mixture.

The rate of CO2 evolution was determined from 60 minute plots of CO2

evolution versus time in pl in 10 minute intervals. The number of 1

were usually read off the dial-micrometers on each channel and were

corrected for volume of gas at standard conditions of temperature and

pressure by using the calculations below:

273
Correction factor

(t+273) (760)

where
b

= operating pressure (mmHg) and

t operating temperature in °C

A correction factor of 0.915 was always used as t was 26°C and was

as observed from a barcmeter in the laboratory.

To compare the relative malate decarboxylating activity among
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our isolates and reference strains, the amount of CO2 produced per mg

dry weight of cells was determined.

Paper Chromatography

This was used to detect production of lactic acid from malic acid

as described by Kunkee (1968, 1974). In a separating funnel were mixed

100 ml of n-butanol (reagent grade), 100 ml water, 10.7 ml concentrated

formic acid (reagent grade), and 15 ml bromcresol green solution. The

mixture was then shaken properly and allowed to separate into two layers.

The lower aqueous layer was usually discarded and the organic layer used.

A Whatman #1 chromatographic filter paper measuring 20 by 30 cm was of t-

en used. Spots of the samples to be tested, usually after running a

reaction either in the respirometer as described above with whole cells,

with cell free extracts (50 j.il) or with partially purified enzyme prep-

arations (50 iil) in test tubes, were made (10 iil) on the filter paper and

allowed to dry. After drying, the paper was stapled to make a cylinder

and placed with the spots toward the bottom into a chromatographic jar

containing about 70 ml of the solvent described above. After running

for eight hours or overnight, the paper was removed and dried at room

temperature. Presence of organic acids was usually indicated by yellow

spots against a blue-green background. Absence of malate was indicat-

ive of a positive fermentation. However, since most of our assays con-

tained only L-malic acid, presence of the lactic spot was also consid-

ered a positive malo-lactic conversion.
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Enzymatic Method

This was mainly used for anaizying the malo-lactic conversion

when our cell-free extracts or partially purified enzymes were used as

described below. The method was that of McCloskey (1980). After run-

ning a reaction that consisted of a mixture of 1.0 ml 20 mg/ml L-malate

pH 6.0, 0.lml 10 mg/mi NAD, 0.1 ml 20 mg/mi MnC124H20 and 50 p1 of cell-

free extracts or partially purified enzyme, 25 l of the reaction mixt-

ure was carefully pipetted out into a 1 cm cuvette. To this was added

3 ml of a solution containing 3 ml glycine-glutamate buffer, pH 9.8 and

0.1 ml NAD (ig in 6.0 ml water) and mixed. The absorbance of the mixt-

ure was read at 340 nm in an Update Gilford 2000 spectrophotometer and

noted as E1. The assay reactions were then started by adding 25 p1 of

an enzyme solution which contained 1 ml of 1250 lU/in! of malate dehyd-

rogenase and 400-500 lU/mi of glutamate oxaloacetate transaminase and

incubated for 5-10 minutes at 26°C and the final absorbance noted as

E2. Calculations of the level of malic acid remaining in the exper-

imental sample were made from the following equation:

E sample (mg/i00 ml Standard)
Sample malic acid in mg/l00 ml

E Standard

A standard of 20 mg/mi malate was often used and similarly treated.

Effect of Low pH and Incubation Temperatures on Growth

Since the Oregon weather is usually cold and thus fermentation

temperatures are relatively low, and since the grapes used for wine



making here are low in pH, we thought we ought to investigate the effect

such conditions might have on indigenous malo-lactic bacteria compared

to the strains from California and Pennsylvania. We thus grew our is-

olates at 15, 20 and 25°C, and pH values of 2.4, 2.7, 3.0, and 3.3 for

a period of 21 days with a weekly determination of growth spectrophot-

ometrically. We also determined weekly the survivability of some strains

compared to reference strains after incubation for a period of four weeks

at pH 3.0.

Volatile Compounds Produced

To have an insight into what compounds are produced by these

organisms that could have an impact on the flavor of the wines upon

pure culture inoculation to induce a malo-lactic fermentation, we grew

one isolate in Medium A. We also grew some of the isolates in Medium

A with added citrate to test for acetoin production. The broth cult-

ures after satisfactory growth were centrifuged at 8000 rpm for 20

minutes to remove the cells and other debris and the supernatants were

then carefully decanted and used for study.

Analysis of Volatile Compounds

Volatile compounds in the supernatant (Medium A) were collected

on Porapak Q traps for subsequent capillary column and gas chromatograph-

ic/mass spectrometric analysis as described by Boyko et al. (1978).

The sample was purged with nitrogen at 60°C for 20 minutes while the

Porapak Q traps were heated at 55°C with a heat gun. After removal of

water for 25 minutes at 55°C, the traps were reversed and heated at
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125-135°C for 45 minutes; the entrained volatile compounds were trans-

f erred for 30 minutes to an open tubular trap immersed in a slurry of

dry ice. The volatile compounds were then introduced into a capillary

column through a modified inlet system while the column was connected

to the high vacuum system of the mass spectrometer.

Initial analysis was performed with a Varian Aerograph Model

1400 gas chromatograph with a 500 by 0.03 inch inner diameter stainless

steel capillary column coated with S.F.-96 in conjunction with a flame

ionization detector. The column was calibrated with perfluorotributyl-

amine and run isothermally for five minutes at 70°C and programmed at

a rate of 2°C per minute to 162°C with a final hold of 20 minutes.

Helium gas with a flow rate of 15 cc/mm. was utilized as the carrier

gas.

Mass Spectral Analysis

A Finnigan series 1015C GCIMS system was used in combination

with the gas chrotnatograph. A System Industries System 150 data system

aided in interpretation of data obtained.

For acetoin determination in Medium A plus added citrate, a

direct injection method was used with the aid of a Hewlett Packard 5710A

gas chromotograph. The column was a 0.3 0/0 Carbowax 20M (Supelco, Inc.,

Pa.). Helium was also the carrier gas here. All other manipulations

were carried out according to the manufacturer's instructions. 1 i1 of

sample was usually injected. Acetoin was used for calibration. Quant-

itative comparison was made by multiplication of retention time by peak
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centration in each supernatant.

Lactate Dehydroenase Activity

It has been shown that L. oenos has only D(-) NAD-dependent lact-

ic dehydrogenase which catalyzes the reversible conversion of pyruvate

to lactate (Garvie, 1969). To further study our isolates, we determined

the presence of this activity in two strains.

Preparation of Cell Free Extract

Washed cells as described above after centrifugation were re-

suspended in 10-20 ml 0.02M phosphate buffer pH 7.0 and broken with a

Carver Laboratory Press (Fred S. Carver, Inc., N.J.) at 20,000 lbs./sq.

in. Cellular debris were then removed from the extract by centrifugat-

ion at 30,000 x g for 25 to 30 minutes at 4°C. The resulting extract

was dialyzed and used for the assay.

Testing for the Activity

This was tested f or by the Oxidation of NADH method described

by Garvie (1969). The NADE oxidation rate was followed spectrophotomet-

rically at 340 nm. The reaction mixture contained 0.02 ml cell-free

extract, 0.5 ml of buffered substrate solution which consisted of 0.1

mg NADH, 1 iimole of sodium pyruvate in 3 ml of 0.03 M phosphate buffer,

pH 7.0. The reaction was followed at one-minute intervals for six mm-

utes and reduction in absorbance was noted.



FUNCTION OF THE MALO-LACTIC REACTION

As noted in the literature review, the role of the malo-lactic

fermentation in the metabolism of the malo-lactic bacteria continues to

remain unsettled. We therefore proceeded to determine whether the re-

action was a source of energy for the bacteria or if the stimulation of

growth noted by Pilone and Kunkee (1972, 1976) was actually true.

We thus conducted two experiments; one involved growing some

of our isolates in Medium B that had no carbohydrates in it and con-

0 0 0sisted basically of 2 /o Tryptone, 0.5 /0 Peptone, 0.5 /0 yeast ex-

tract, 0.2 0/0 malate and two drops of Polysorbate 80. The ph was ad-

justed to 5.5. The growth of bacteria was followed spectrophotometric-

cally at 600 am for 21 days at weekly intervals. At each reading, 10

il of the broth as aseptically removed and chromatographed. The other

experiment involved growing three strains of L. oenos in two media at

low pH [which is claimed by Pilone and Kunkee (1976) to be especially

favorable to the stimulation of growth of the organism by malate] for

100 hours. One medium was Medium D and the other was Medium D without

malate; pH of approximately 3.55 was used, optical density readings

were taken at 24-hour intervals for 100 hours. Any changes in ph after

growth ere also noted. The growth of the organisms in these two media

was also determined at pH 5.5 to note any difference.

The specific growth rates of the strains in both media at ph

3.55 and 5.5 were calculated from the equation K = O.693/g where

k = specific growth rate and g = generation time.



Partial Characterization of Enzyme

For partial purification and characterization of enzyme, one

isolate (Ey4-l) was used. Cell-free extracts were prepared as described

above but the cells were suspended in 0.2M KH2PO4 buffer pH 6.0.

Protamine Sulfate Precipitation

To 6 ml of the crude extract was added slowly with stirring 20

mg/nil solution of protamine sulfate (Sigma) adjusted to pH 5.0 until

a precipatate was formed, approximately 2 ml of solution was added to

extract. The pellet was removed by centrifugation and discarded.

To this extract was added 1 ml/ml of 0.003 M 3-mercaptoethanol.

Aimnonium Sulfate Fractionation

The extract from above was saturated in the cold to 40
0

(N}14)2SO4 with solid ammoniuni sulfate as described in the nomograph

(p.372, Cooper, 1977). The extract was then centrifuged and the pellet

discarded. The supernatant was then saturated to 60
0/

with solid

ammonium sulfate in 10 0/0 intervals according to the nomograph above.

The precipitate was removed by centrifugation and the resulting super-

natant dialysed against 1000 ml of stirred 0.2M KH2PO4 buffer which had

been adjusted to pH 6.0 with potassium hydroxide. Dialysis was done in

the cold room with eight-hourly changes of buffer for 24 hours. After

dialysis, the extract was transferred to screw cap tubes stored at 2°C

or used for analysis of enzyme activity. Further purification was dis-

continued at this point as we found loss of activity with this treatment.
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The enzyme activity was usually determined in test tubes at

30°C and reaction mixture was the same as described under respirometry

except that 50 p1 of partially purified extract was used. Nab-lactic

conversion was detected by the enzymatic method as above, after the

reaction had been stopped by boiling, or by chromatography.

Determination of Protein Content

This was determined by the method of Lowry as described by

Cooper (1977). The standard was prepared by dissolving 3 mg/mi Bovine

Serum Albumin (BSA) (Difco) in double distilled water. The standard

curve was prepared for each analysis by adding 0.1 to 1 ml of 0.3 mg/mi

BSA in increasing order to nine tubes; a tenth tube had no BSA. The

volume in each tube was brought to 1 ml with distilled water. Fifteen

ml of a solution containing 100 g Na2CO3 in 1 liter (final volume) of

0.5 N NaOH, 0.75 ml of a solution containing 1 g CuSO4.5H20 in 100 ml

(final volume) of glass distilled water and 0.75 ml of a solution con-

taining 2 g potassium tartarate in 100 xni. (final volume) of glass dis-

tilled water were mixed thoroughly in an Erlenmeyer flask and 1 ml of

this solution was added to each of the 10 test tubes and vortexed thor-

oughly. The tubes were then incubated at room temperature for 15 min-

utes. While the tubes were being incubated, 5.0 ml of 2 NFolin-

phenol reagent was added to 50 ml distilled water in an Erlenmeyer

flask and mixed thoroughly. At the end of the incubation period, 3.0

ml of the solution made above was forcibly pipetted into each tube and

immediately mixed. The tubes were incubated at room temperature for
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45 minutes and absorbance read at 540 rim. Our enzyme solutions were

similarly treated and absorbance determined.

Effect of Substrate Concentration on Enzyme Activity

This was determined with 10 mg/mi (74.5 pinoles/ml), 20 mg/mi

(149.0 irnioles/mi), 30 mg/mi (223.5 pinoles/mi), 40 mg/mi (298 pmoles/mi)

malate. These were usually adjusted to pH 6.0. 50 p1 of extract was

used. Nab-lactic activity was determined by the enzymatic method.

Effect of pH and Temperature on Enzyme Activity

When we found that the enzymes involved in the enzymatic method

for detection of the malo-lactic activLty were frequently unstable and

giving unreliable results and that the respiroineter we had used earlier

had a leakage problem, we could only determine the malo-lactic activity

of the enzyme preparations by the more reliable chromatographic method.

Thus the pH values and temperature at which the best activity occurred

were determined in this way. The reaction mixture was the same as the

respirometric mixture but pH and temperature values were varied. En-

zyme activity was determined at pH values of 4.0, 5.0, 5.5, 6.0, 6.5,

7.0, and 7.5 while temperature values of 10, 15, 20, 25, 30, 40, and

45 were used.

Coenzyme and Ion Specificity

The coenzyme and ion requirements of the enzyme were tested by

4± 4± 4±
use of NADP in place of NAD (0.1 ml of 10 mg/mi) and Fe , Cu , Mg



4- 4- -H- +-H-.
Zn , CO , Pb , Hg and Fe in place of Mn , 0.1 ml of 20 mg/mi

of each was used. Controls included the unincubated reaction mixture,

a reaction mixture devoid of NADP, HAD or any cation.

Pyruvate as an Inriediate_or End Product of the Malo-Lactic
Reaction

As first proposed by Korkes and Ochoa (1948) pyruvate is an

intermediate in the malo-lactic reaction. Later, it was established

that pyruvate is not an intermediate (Schutz and Radler, 1973; Moren-

zoni, 1973). These workers showed that the intermediary position of

pyruvate was not true by addition of excess semicarbazide or addition

of hydrazine, and Morenzoni (1973) concluded that if pyruvate was an

intermediate, then there should not be a net build-up of NADH. To test

the hypothesis that pyruvate was not an intermediate, we substituted

pyruvate for malate with the addition of small amounts of NADH in the

reaction mixture described above; after running the reaction, we chrom-

atographed the mixture to see if lactic acid would be produced.

We used the method of Bucher et al. (1963) to determine whether

pyruvate was an end product as has been found out by Morenzoni (1973).

The accompanying NADH activity was determined spectrophotometrically

at 340 nm by monitoring reduction of MAD as a continuous increase in

absorbance.
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RE S ULT S

Of the 23 isolates obtained, 12 (Table 3) were characterized

based on their ability to decarboxylate malate. In order to circumvent

the fastidious nature of wine leuconostocs, a complex medium containing

tomato juice or vegetable juice, glucose and fructose was used for cult-

ivation. It has been documented that they grow best in media contain-

ing these substrates (Ainachi, 1975; Ingraham et al., 1960; Kunkee,

1967; Radler, 1975; Yoshizumi, 1975) and we confirmed these findings.

Table 1 shows the number of the characterized strains isolated from

each wine variety.

CHARACTERISTICS

The strains isolated in this study were all Gram positive cocci

in pairs and chains, facultatively anaerobic, heterofermentative, pro-

ducing gas from glucose. They were also catalase negative, produced

lactic acid from carbohydrates, D(-) lactic acid being the isomer pro-

duced from glucose (Table 2). They did not produce ammonia from arg-

mine, nor dextran from sucrose. Table 3 shows the pattern of carbo-

hydrate fermentation compared to L. oenos reference strains ML34 and

PSU-1. All the strains fermented glucose, fructose, and ribose while

most of the strains utilized arabinose, xylose, mannose, cellobiose,

galactose, salicin and esculin. Maltose was utilized by some while

sucrose and lactose were generally not used as energy sources. Raf f--

inose was weakly utilized. They utilized malate and citrate in the



TABLE 1

NUMBER OF STRAINS ISOLATED
FROM EACH WINE VARIETY

Wine Variety Number of Isolates

Chardonnay (White) 4

Merlot (red) 3

Pinot noir (red) 5

TABLE 2

ISOMERIC FORM OF LACTIC ACID PRODUCED FROM
GLUCOSE CALCULATED BY DIFFERENCE

Form of
Total Lactate L(+) Lactate D(-) Lactate

Strains Lactate
(jig/mi) iig/m1) (jig/mi) Produced

Ey 4-1 375 11.89 363.11 D

Ey 4-2 300 0 300 D

Ey4-2a 85 0 85 13

Ey 4-2b 220 0 220 D

Erla 20 0 20 D

Ey2a 30 0 30 D

Ey C 280 11.89 278.11 13

Ey3c 40 0 40 D

Ey2d 100 0 100 D

ML34 115 0 115 D



TABLE 3

FERMENTATION OF CARBOHYDRATES BY 14 LEUCONOSTOC OENOS STRAINS1

4)
(1)
U)

4)
U)
0

U)
0

(1) 4) 0) 0)

(11

(1)

0
4)
U)
0

4)
U)
0
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0 0

14 r4
(1)
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Cl) 0
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0
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0

U)
0
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0

44
0 tl r4

C)
rl

CO U C) ,C)
43

0 04 ci C.)

44
C) (U

43
r4

4-I
4-4

rl
C)

Ey4-1 + + + + + - + ± ± ± ±
Ey4-2 + + + + + + - - - + ± - + +

Ey4-2a + + + + + - + + + - + + - + +

Ey4-2b + + + + ± + + ± - + + + + +

Eyla + + ± + + + ± - + ± + - + ±
Ens + + + + + - + + + ± ±
Er2 + + + + + + + - - + + + +

Ey2a + + + + + + + - - - + + + +

Ey2d + + + + + - + + ± ± ±
EyC + + + + + + + +

Er3b + + - + + + + - + - + + + + ±
Ey3c + + - + + + + - - - + ± - + -
ML34 + + - + + - - - + + +

PSU-i + + - + - + - + ± + + N ± + +

+ = positive; + = weak; - = negative; N not determined.

1 0'
ML 34 and PSU-1 characters were as published by PHone and Kunkee (1972) and Beelman et al. (1977).



presence of fermentable carbohydrates. These characteristics are sim-

ilar to to those of L. oenos as published by Garvie (1967), in Bergeyts

Manual of Determinative Bacteriology (Buchanan et al., 1974), and as

published by Pilone and Kunkee (1972), and Beelman et al. (1977).

Effect of Added Malic Acid on Growth

Figure 2 shows the effect of added malate on the growth of sotae

of our isolates compared with L. oenos PSU-1. This reference strain

seemed to grow better under these conditions (pH 5.5, 30°C) and 0.2 0/0

malate appeared to be the level at which there was no further increase

in turbidity for the isolates.

Total Lactic Acid from Medium A and Medium C

Figures 3 and 4 show respectively the totaJ lactic acid pro-

duced by some strains from Medium A and Medium C. All isolates tested

produced lactic acid, though to varying degrees. It can be seen that

the broth with malate, fructose and glucose had more lactic acid. The

highest lactic acid-producing organism in Mediutu A produced about six

times the amount of lactate produced by the highest lactic acid-produc-

ing organism in Medium C. This extra lactic acid may have come from

fermentation of fructose and the malo-lactic fermentation. Ey 4-2,

Ey 4-2a and ML 34 show this striking difference in the amount of lact-

ate produced in both media.
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Temperature and pH tima

Figures 5 and 6 show the temperature optimum for one isolate

and the pH optima for selected strains. At the lower temperature lev-

els, substantial growth was not observed until about 24°C. Growth in-

creased with increasing temperature until about 31°C, when we see a

decrease with increased temperature. Thus the optimum temperature

range for this isolate lies between 28 and 31°C.

The pH of growth of selected strains and their respective opt-

ima is especially interesting in that we see most of them growing well

at low pH values and it can be seen that some of them had optimum

pH values of as low as 4.0. In contrast to our strains, ML34 exhibits

a broad pH optimum between pH 4.0 and 5.5. Among our strains, Ey 4-2a

and Ey 4-1 had pH optima of 4.0; Er la, a sharp optimum of 4.5. Ey 4-2

had a fairly broad optimum of between 4.0 and 5.5 while Ey 2a had an

optimum of 5.0 and Ey 2d an optimum range of 4.0 to 5.5. Thus, optimum

pH values for our strains ranged from 4.0 to 5.5. Figure 7 shows the

relative growth capacities of most of our strains in this pH range

compared to ML34.

Effect of Tomato Juice (TJ
(YE) on Growth

Vegetable Juice (V and Yeast Extract

Figures 8 through 17 show the effect these supplements have on

different strains over a growth period of 96 hours. Generally, the

juices were stimulatory to their growth. In the absence of the juices,

growth was generally depressed except for two isolates, Ey 2b and Ey C,
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Figure 8. Effect of tomato juice (TJ), vegetable juice (VJ),
and yeast extract (YE) on the growth of L. oenos
Ey 3c.
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Figure 15. Effect of tomato juice, vegetable juice, and yeast
extract on the growth of L. oenos Ey 2d.
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whose growth seemed to be repressed by the presence of the juices in

the medium. Optimal growth was observed for both these isolates in

the yeast extract medium. However, it should be noted that they did

not grow considerably in the three media until after about 54 hours.

It should be said also that the yeast extract was stimulatory to the

growth of most of the isolates, even though the juices were clearly

more advantageous to most of them. Moreover, those strains that were

greatly stimulated by yeast extract were not stimulated by the juices.

Of the two juices, most of the strains derived a long-term benefit

from tomato juice while the vegetable juice enabled them to pick up

growth early. In media without these added stimulants, growth was

hardly detectable.

Table 4 shows the generation times for the isolates tested.

Generation times were calculated from the logarithmic portion of growth

in the medium that supported the growth of each strain best. The val-

ues range from a low of 4.97 hours for Ey C to a high of 16.56 hours

for Ey 2d with an average value of 11.46 hours. However, Ey C with the

lowest generation time did not show any appreciable growth until about

54 hours after the experiment was started; its lag period was thus

rather long.

Effect of Carbon Dioxide Incubation on Growth

Of the 10 isolates investigated, only three did not grow better

in the presence of CO2 (Figure 18). The gas was especially stimulatory

to Ey 2d and Er 2 and inhibitory to the growth of strain Ey 2b. That
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TABLE 4

GENERATION TIMES OF SELECTED STRAINS OF L. OENOS

Generation TimeSt rain
(Hours)

Ey 4-1 16.07

Ey 4-2 15.52

Ey 4-2a 5.65

Ey 4-2b 7.65

Ey 2a 12.80

Ey 2b 12.20

Er 2 10.60

Ey C 4.97

Ey 3c 12.60

Ey 2d 16.56
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the majority of them grew with or without carbon diocide emphasizes

their facultatively anaerobic mode of life.

Influence of Citrate and 10 0/0 Ethanol on Growth

Citrate was stitnulatory to the growth of strains Ey 4-2b, Ey la

and Ey C. The presence or absence of citrate did not affect the growth

of Ey 4-2 while the growth of the other strains used in the experiment,

including ML34, was repressed (Figure 19). However, we observed by

paper chromatography that this organic acid was utilized and converted

to at least lactic acid in the presence of fermentable carbohydrates

by the strains.

- 0
All the strains examined grew in the presence or 10 /0 ethanol

although by no means comparable to their growth in its absence as shown

in Figure 19. Strains Ey 2d, Ey 2b, and Ey C appear to be more toler-

ant to alcohol inhibition than the faster growing strains in its

absence, including ML34.

Nab-lactic Activity of Strains

This activity among our strains was determined as gas evolution

from malic acid by washed cells. The respirometric analysis of the

malo-lactic fermentation by some strains is shown in Figures 20 and 21.

In Figure 20, four strains are compared to PSU-1 and, as can be seen,

three of our strains possessed a greater ability to decarboxylate malic

acid. Figure 21, however, shows a comparison of our strains with ML34

and PSU-1, as to their abilities to effect a rapid mabo-lactic
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fermentation. Partly, the experiment was also designed to enable us

to select the most active strains for possible pure culture inoculation

in Oregon wineries. It can be observed in this figure that five of our

strains, Ey 4-1, Ey 4-2, Ey C, Ev 2d, and Ey 2a were more efficient in

effecting a malo.-iactic fermentation than their coisolates and the ref-

erence strains, ML34 and PSU-l.

As shown in Table 5, the ability of the isolates to decarboxyl-

ate malate with respect to their dry weights was compared. Dry weight

ranged from 0.12 mg/mi for Ey 4-2b to 2.10 mg/mi for Ey 3c. The broth

obtained after centrifuging a three-to-four-day-old culture was usual-

ly chromatographed to determine the malo-lactic conversion. Results

are shown in Table 5 also. As is seen in this table, the dry weight

did not seem to influence the malo-lactic activity of these organisms.

It is apparent that the rate of the fermentation varied with the dry

weight since Ey 3c, with a dry weight of 2.10 mg/mi produced only 7.09

iii CO2 per minute whereas Er 2, with a dry weight of 1.20 mg/mi, pro-

duced 12.20 p1 CO2 per minute; also strain Ey 4-2b, with a dry weight

of 0.12 mg/mi released 0.53 i.t1 CO2 per minute, while Er 3b, with a dry

weight of 0.21 mg/mi released only 0.2 iil CO2 per minute. However,

when the rate of CO2 evolution from malate is computed to reflect the

dry weight of the organisms, it is then obvious that those strains with

higher dry weights do not yield more carbon dioxide individually (Fig-

ure 21). It thus appears that the ability to decompose malic acid is

dependent on the individual strain and not necessarily on the mass of

cells present.
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TABLE 5

COMPARISON OF CELLULAR DRY WEIGHT AND MALO-LACTIC

ACTIVITYa OF VARIOUS L. OENOS STRAINS

Strain Dry Weight (mg/nil) ul co2ib MLFC

Ey C 0.20 6.10 +

Ey 4-2 0.27 6.10 +

Ey 2d 0.27 6.48 +

Ey 3c 2.10 7.09 +

Ey la 1.44 6.60 +

Ey 2a 0.27 7.62 +

Ey 4-20 0.57 4.56 +

Er la 0.15
S

1.36 ±

Er 2 1.20 12.20 +

Ey 4-i 0.30 8.52 +

Er 3b 0.21 0.20 ±

Ey 4-2b 0.12 0.53 ±

ML34 0.30 7.26 +

PSU-1 0.60 4.83 +

aValues are averages of duplicate determinations.

bAmount of CO2 produced per minute using the respirometer.

Clo_1actic fermentation as determined by paper chromat-
ography of broth cultures.

+ = positive

± = variable response
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To demonstrate that the lactic acid produced from Medium A

(Figure 4) was not solely from the endogenous carbohydrates but was

also from malate, the reaction mixture used in the respirometric an-

alysis was usually chromatographed after reaction had been stopped.

The results obtained for all strains were similar to those presented

under MLF in Table 5. Since malate was the sole substrate in the re-

action mixture, it was possible then to show that our isolates were

truly malo-lactic bacteria.

Effect of Low p11 and Incubation Temperatures on Growth

pH and temperature are factors known to influence the malo-

lactic activity of malo-lactic bacteria. Since Oregon wineries pro-

duce wines of low pH and since the climate here, as earlier stated, is

cold, the goal of detecting the effect of low pH and temperature on our

isolates naturally presented itself. The results of such experiments

are presented in Figures 22 through 27. In Figures 22 to 27, histograms

are shown comparing the growth of the isolates to that of the reference

strains at pH 2.4, 2.7, 3.0, and 3.3 at 15, 20 and 25°C for seven days.

All strains tested showed some growth at these p11 and temperature val-

ues. At seven days of incubation, some of our strains grew better than

reference strains at the low pH of 2.4 and 2.7 and at temperature values

of 15 and 20°C. PSU-1 was especially inhibited under these conditions

(Figures 22 and 23). As the p11 increased beyond these values, ML34 and

PSU-1 showed a dramatic increase in their growth; this was especially

evident in Figure 23 where ML34 outgrew every other strain at 20°C,
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reaching an O.D. of greater than 0.5 at pH 3.3. Our isolates showed

greater tolerance to these low pH and temperature values since most of

them showed no such resurgence as pH and temperature increased. At

25°C (Figure 24), however, all isolates did not show such increases and,

in fact, there seemed to be a decrease in their growth rate. Figures

25 to 27 further emphasize the increased growth at 20°C compared to

growth at 25°C for most isolates at these low pH values. The signif-

icance of this observation is not very clear; this may be a case of low

temperature-pH interaction, since these organisms exhibit greater opt-

ical density readings at higher pH and temperature values. In any case,

Figure 25 shows plots of O.D. readings versus temperature at various

pH values. Only Er la and Ey 4-2 showed increased turbidity readings

with increasing temperatures at pH 2.4 and 3.0 and pH 2.4 respectively.

Others showed the stimulation at 20°C with a decrease at 25°C. Figures

26 and 27 show the effect of low pH on the growth of four strains at

different temperatures. Generally, there was increased growth at pH

3.3 irrespective of the temperature although 20°C still favored them

most except for Ey C, which did equally well at 15°C than at 25°C. The

amount of growth obtained for the isolates following prolonged incub-

ation, i.e., for 14 and 21 days, did not differ significantly from the

growth obtained at seven days at the low pH values.

Figure 28 shows the logarithmic number of viable cells after

incubation in Medium A at pH 3.0 for four weeks at 30°C. The number

of cells per ml at the onset of the experiment was between lxlO6 and

1x107. An increase in colony-forming units can be seen for Er 3b for

the first two weeks before falling slightly to about 1x106 cfp/ml at
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four weeks. Ey 2a showed an initial decrease followed by an increase

after one week and, by the end of the fourth week, no viable cells were

observed. Ey 2d, on the other hand, gradually decreased in cell numb-

ers until the fourth week when no viable cells were found. The ref er-

ence strains showed a different pattern. PSU-1 fell slightly in numbers

and leveled off to just below lxlO6 cfii/ml by the end of the experiment

while ML34 showed a substantial decrease in numbers for three weeks

before picking up again to achieve a number lower than we started with.

This may be a significant reason why it does not effect a predictable

fermentation in Oregon wines. Chromatographic analysis of the broth

cultures at weekly intervals revealed that Ey 2a and Ey 2d had com-

pleted the malo-lactic fermentation in three weeks whereas Er 3b show-

ed complete fermentation in four weeks. PSU-1 was also active but

ML34 was just beginning to attack malic acid by the third week.

Volatile Compounds Produced

The total ionization chrotnatograms of volatile compounds pro-

duced by Ey 4-2 is shown in Figure 29. This is a computer reconstructed

gas chromatogram. The compounds identified are listed as follows, ac-

cording to peak numbers:

1, probably 2-propanol; 2, 2-methyl-l-propanol; 3, butanol; 4, 3-

rnethyl-l-butanol; 5, 1-pentanol; and 6, benzaldehyde. Identifications

were based on mass spectral comparison with reference spectra. The

mass spectra for two of the compounds obtained are shown in Figures 30

and 31. Figure 30 shows the mass spectrum for butanol with a molecular
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Figure 29. Volatile compounds produced by L. oenos strain. Ey 4-2
after growth in Medium A: 1, 2-propanol; 2, 2-methyl-
1-propanol; 3, butanol; 4, 3-methyl-1-butanol;
5, 1-pentanol; and 6, benzaldehyde.
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weight of 74 and a base peak of 56 while that of benzaldehyde is shown

in Figure 31 with a molecular weight of 106.

Acetoin

The relative amount of acetoin produced by 10 strains is shown

in Figure 32. As is seen from the figure, all of them produced some

acetoin with strains Er 2, Ey 2b, and Ey 4-2a producing the greatest

amounts. The range was from 4.75 mg/lOOml for Ey C to 7.2 mg/lOOml f or

Er 2. Most of the Oregon wine isolates produced more acetoin than ML34.

Lactic Dehydrogenase Activity

The presence of an NAD-dependent lactic dehydrogenase activity

in dialyzed extracts is shown for two strains in Figure 33. NADE was

oxidized in the presence of pyruvate as evidenced by the decrease in

absorbance at 340 am. Ey 4-1 exhibited greater activity than Ey 2a.
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Figure 33. Lactic dehydrogenase activity of two strains of L.
oenos using dialyzed call-free extracts--Oxidation
of NADH.
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ROLE OF THE HALO-LACTIC REACTION

Figures 34 and 35 show the effect of the malo-lactic ferment-

ation on the growth of selected strains of L. oenos. In Figure 34,

where malate was the sole carbon source besides yeast extract, minimal

growth was observed compared to the growth of Ey 4-2, Ey 4-2b and ML34

in the complex medium containing malate and fermentable carbohydrates

(Figure 35). Growth in the absence of fermentable carbohydrates hardly

exceeded an optical density reading of 0.15, even after 21 days of inc-

ubation at pH 5.5 (Figure 34). But in the presence of fermentable carb-

ohydrates, optical density readings of up to 2.0 were obtained at the

same pH after only a 100-hour period of incubation as shown in Figure

35. This shows clearly that malate is probably not an energy source

for the organisms. The very small increments in optical density ob-

served in Figure 34 could be attributed to the small amount of carbo-

hydrate present in the yeast extract in the medium. It should be point-

ed out that even at the low pH of 3.55, the three strains tested at-

tained turbidities much greater than turbidities attained by them in

the absence of malate; for example, ML34 had an O.D. reading of 0.98

in the presence of fermentable carbohydrates after 100 hours of mc-

ubation at pH 3.55 whereas at pH 5.5, and after 21 days of incubation,

an O.D. reading of 0.15 was obtained. Surprisingly, however, these

organisms, shown in Figure 34, effected a malo-lactic fermentation to

varying extents in the medium without added carbohydrates, although

their growth was greatly impaired.
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The second phase of this experiment involved growing three

strains in Medium D in the presence and absence of malate at pH 3.55

and pH 5.5. The results of this study are shown in Figure 35. At the

lower pH value, the presence of malate did not seem to enhance the

growth of the strains. For Ey 4-2 and ML34, less growth was observed

in the presence than in the absence of malate, while at the end of the

experiment almost equal growth was obtained for Ey 4-2b. However, as

noted earlier, ML34 grew better than the other two strains at this pH

both in the presence or absence of malate. Furthermore, at the higher

pH of 5.50, there was no significant difference in growth either in

the presence or absence of malate although after 100 hours, ML34 had

attained a higher turbidimetric reading in the presence of malate.

What these results indicated was that malate was not stimulatory to

the growth of malo-lactic bacteria either at low or high pH values.

We thus decided to compute the specific growth rates of these strains

from their generation times using the equation K = 0.6931g where K is

the specific growth rate and g the generation time. This computation

was done for both pH values and in the presence or absence of nialate

as shown in Table 6. From this table it is obvious that the specific

growth rates were greater for our two isolates, Ey 4-2 and Ey 4-2b, in

the presence of malate than in its absence at both pH values. This

stimulation in growth rate by malate was accentuated at the higher pH

of 5.50, 0.086 per hour in the presence of malate as opposed to 0.061

per hour in its absence for Ey 4-2. However, for ML34, there was no

stimulation of growth rate at the lower pH value. At this pH, the

specific growth rate in the absence or presence of malate was the same
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TABLE 6

SPECIFIC GROWTH RATES OF THREE L. OENOS STRAINS IN THE
PRESENCE AND ABSENCE OF MALATE AT pH 3.55 AND 5.501

pH 3.55 pH 5.50
Strain

+ inalate - malate + malate - malate

Ey 4-2 0.036 0.034 0.086 0.061

Ey 4-2b 0.031 0.027 0.073 0.057

NL34 0.021 0.021 0.068 0.058

1Specific growth rate expressed as K = 0.693/g hr where g is
the generation time.

at 0.021 per hour while at pH 5.5, malate had a somewhat stimulatory

influence on the growth, 0.068 per hour in the presence of malate as

against 0.058 per hour in its absence. What is obvious here therefore

is that a slight stimulation in growth rate occurs at the high pH value

in all three cases, whereas there is no stimulation for NL34 at the

lower pH value.

The pH changes accompanying the growth of the strains in both

media at pH 3.55 and pH 5.50 are shown in Table 7. At pH 3.55 there

was an increase in pH in both media at the end of the experiment,

whereas a decrease in pH occurred in media with a pH value of 5.50.

This difference may be due to the increased utilization of carbohyd-

rates in the medium thereby causing production of more acid at the

higher pH value. The changes in pH due to malo-lactic fermentation

are also shown. There was generally an increase in pH attributable
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TABLE 7

pH CHANGES ACCOMPANYING GROWTH OF THREE STRAINS OF L. OENOS
IN MEDIUM D WITH AND WITHOUT MALATE AT pH 3.55 AND 5.5

Change Due to
Strains Medium Initial Final Change Malo-lacticpH pH

.mpH Fermentation

With malate 3.55 3.74 0.19

Ey 4-2 Without inalate 3.55 3.63 0.08 0.11

With malate 5.50 4.29 -1.21

Without malate 5.50 4.14 -1.36 0.15

With malate 3.55 375 0.20

Ey 4-2b Without malate 3.55 3.62 0.07 0.13

With inalate 5.50 4.32 -1.18

Without malate 5.50 4.14 -1.36 0.18

With malate 3.55 3.68 0.13

34
Without malate 3.55 3.60 0.05 0.08

With malate 5.50 4.23 -1.27

Without inalate 5.50 4.14 -1.36 0.09
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to this fermentation with an average of 0.12 pH units at pH 3.55 and

of 0.165 units at pH 5.5 for the Oregon wine isolates. Strain ML34

had pH increases of 0.08 units and 0.09 units respectively. At both

pH values, our two strains thus effected a greater malo-lactic ferm-

entation than ML34 and since ML34 grew better than our isolates, es-

pecially at the lower pH value, it would imply that the fermentation

was not stimulatory to growth. However, from the growth rates obtain-

ed, it was seen that malate was slightly stimulatory. This ambiguity

could possibly be explained by the fact that since in the absence of

fermentable carbohydrate, no appreciable growth was observed for these

strains (Figure 34) but, in the presence of carbohydrates, there is

copious growth, it would seem that the stimulation given by ma1ate

occurs in the presence of fermentable carbohydrates and especially so

at higher pH values. Although more acid was produced in the medium

without malate than that with malate, it should be remembered that the

decarboyxlation of malate to lactate leads to an increase in pH, hence

the lesser change in pH observed for all three strains at pH 5.50.
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PARTIAL CHARACTERIZATION OF
THE HALO-LACTIC ENZYME

Partial Purification

Figure 36 is a paper chromatogram showing enzyme activity dur-

ing successive stages of purification. The enzyme preparation as seen

in the chromatogram was quite active in the malo-lactic conversion af t-

er protamine sulfate precipitation, evidenced by the disappearance of

inalate and appearance of lactate. After the first anmionium sulfate

fractionation, the activity decreased while after the second aimnonium

sulfate fractionation there was a loss of activity. Both the super-

natant and precipitate (where present) were tested for activity. After

repeated trials, this loss of activity was observed and further purif-

ication was discontinued.

Effect of Substrate Concentration on Halo-lactic Enzyme Activity

This was determined for strain Ey 4-1 with the crude extract

alone, crude extract after addition of -mercaptoethanol and the crude

extract after protamine sulfate precipitation as shown in Figure 37.

The crude extract exhibited a high activity, converting up to 85 0/0 of

malate at the highest concentration. However, the reaction approached

a zero order at 74.5 jimoles/ml of malate. Addition of -mercaptoeth-

anol seemed to decrease enzyme activity which may be indicative of the

formation of complexes between the compound and components in the ex-

tract. Both these curves are rectangular hyperbolas suggesting that
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Figure 36. Paper chromatogram showing malo-lactic enzyme activity during successive
stages of purification. Std. = standard (20 mg/mi malate); PS = Prota-
mine sulfate supernatant; AS = first ammonium sulfate supernatant, and
2nd AS = second ammonium sulfate supernatant. Strain Ey 4-i of L. oenos
was used.
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Figure 37. Effect of substrate concentration on the malo-
lactic erzvrne activity of cell-free extract
from L. oenos strain Ey 4-1.
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the enzyme obeys the classical Henri-Michaels-Menten kinetics. The

curve obtained after the protamine sulfate treatment did not exhibit

this characteristic since it seems to be S-shaped. It can be seen

that the enzyme activity at all levels of substrate concentration was

lower, more so at the lower substrate concentrations. The frequent in-

stability associated with purification of the enzyme, noted earlier,

may be responsible for these observations.

Effect of pH and Temperature on Enzyme Activity

The response of the enzyme preparations to various pH and temp-

erature values is shown in Figures 38 and 39. The enzyme showed activ-

ity in a pH range of from 6.0 to 7.5 as shown in Figure 38. As seen in

Figure 39, there is a gradation in activity from 15°C up to 45°C. Max

imum conversion of malate to lactate occurred at 45°C as evidenced by

the large lactic spot. This may reflect the relationship between temp-

erature and enzyme activity since increased temperatures yield increas-

ed reaction rates up to the denaturation point of enzymes.

Coenzyme and Ion Specificiy

The coenzyme and ion requirements of the partially purified

malo-lactic enzyme are shown in Figures 40 and 41. NADP+ had very

little activity in place of NAD+ as shown in Figure 40. In the ab-

sence of both coenzynies, there was no activity.

The effect of various cations on the malo-lactic activity are

II ++
similarly shown in Figure 40; Fe , Cu , and Fe could not replace



Figure 38. Effect of pH on L. oenos strain Ey 4-1 malo-lactic enzyme activity;
.STD Standard (20 mg/mi malate).
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Figure 39. Effect of temperature on L. oenos strain Ey 4-i malo-lactic enzyme
activity; STD = Standard (20 mg/mi malate).
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Figure 40. Coenzyme and ion requirement of the L. oenos strain Ey 4-i inalo-lactic
enzyme, and the effect of pyruvate as substrate for the enzyme.
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Figure 41. Cation requirement of the L. oenos strain Ey 4-1 malo-lactic enzyme
and effect of heavy metals on its activity at 30 and 45°C.
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-H- 4-F
Mn while Mg was slightly active. Co and Zn could replace Mn

while Hg4-F was inhibitory as shown in Figure 41. However, at 30°C

Pb4-F was slightly active while this activity disappeared at 45°C.

Controls used for these experiments included an uninoculated reaction

mixture, a reaction mixture that had inalate and NAD+ but without Mn4-F

+ ++
and one that had both NAD and Mi-i excluded. From the results obtain-

ed (not shown), no activity was observed in the uninoculated mixture

and the mixture without NAD+ and but a slight activity was ob-

served in the mixture without Mn which may be indicative of the pres-

4-F.
ence of endogenous Mn in the cell-free extract. This could explain

-I-F ++. -H-.
the little activity found with Mg and possibly Pb in place of Mn

Mechanism of the Reaction

We have already established that lactic acid and CO2 are major

end products of the malo-lactic fermentation. That pyruvate is not a

substrate for the malo-lactic enzyme is shown in Figure 40 since it is

not converted to lactate. This may exclude the possibility that py-

ruvate is an intermediate and that lactic dehydrogenase is complexed

with the malic enzyme. For, if the latter were true, then pyruvate

should have been reduced by the lactic dehydrogenase to lactic acid in

the presence of the small amounts of NADU added. It thus appears pos-

sible that the lactic acid produced in the malo-lactic reaction results

directly from malic acid and that only one enzyme is involved in the

phenomenon.

We were able to demonstrate the production of 0.032 pmoles of

pyruvate in the malo-lactic reaction mixture. The addition of pyruvate



to the reaction mixture inhibited the malo-lactic activity probably,

a case of end product inhibition. We could, however, not demonstrate

the formation of the accompanying NADH spectrophotometrically from

NAD+ in the second activity ascribed to the malo-lactic enzyme by

Morenzoni (1973, 1974).
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DISCUSSION

A careful control of the malo-lactic fermentation during stor-

age of new wine is undoubtedly essential for the production of high

premium wines as pointed out earlier. To this end, a winemaker

should be in a position to influence the course of this fermentation

if he is to be economically viable. In areas where the fermentation

is spontaneous, i.e., low acid-wine producing areas, inhibiting the

fermentation is usually sufficient but in cold climate areas like

Oregon where the acidity is unacceptably high, the fermentation is

sporadic. The winemaker here has therefore to induce this ferm-

entation. Recent information regarding the use of L. oenos as a

starter has led to increased interest in this organism for use in

pure culture for inoculating wines desiring a malo-lactic ferment-

ation. Strains of this organism have frequently failed to initiate

a fermentation in regions such as Oregon that are not favorable to

it with regards to environmental and growth conditions. There was

thus a natural tendency to isolate from these wines similar strains

that are adapted to these conditions, evaluate them for rapidity in

effecting a clean fermentation and possibly use them for pure culture

inoculation. A knowledge about the identity of such bacteria, their

tolerance to low pH, their end products of metabolism which could af-

fect the flavor of wine and factors which enhance the activity of

the organisms would be of great importance to the winemaker.
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Moreover, a better knowledge about the enzyme involved in the

fermentation and factors which inhibit or stimulate its activity could

revolutionize the wine industry since such an enzyme if studied in

detail could be immobilized for continuous wine production.

In this study, we have attempted to shed some light on the

characteristics of malo-lactic bacteria isolated for the first time

from Oregon wines, screen them for their malo-lactic abilities, in-

vestigate those factors which encourage the growth of the organisms,

and end products of their metabolism. We have also attempted to

partially characterize the enzyme to shed more light on what is now

kno about the enzyme and its role in the metabolism of the bacteria.

Several workers have reported that red wines are generally more

favorable to malo-lactic bacteria than white wines presumably because

of the low pH and high sulfur dioxide concentrations associated with

white wines (Fornachon, 1957; Kunkee, 1967, 1974). This implied that

more of such bacteria were found in red wines. However, Du Plessis

and Van Zyl (1963) found more malo-lactic bacteria in white wines.

Our results show that a fairly even number of leuconostocs were ob-

tained from white and red wines since, out of a total of 12 isolates

found to be leuconostocs, four were found in a white wine (Chardonnay),

while three and five, respectively, were found in two different red

wines (Merlot and Pinot noir).

Strain characteristics presented in the results section and in

Tables 2 and 3 are similar to the characters of L. oenos published

in the 8th edition of Bergey's Manual (Buchanan et al., 1974) as well

as the properties used in separating L. oenos from other leuconostocs
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(Garvie, 1967). The results also showed a great similarity with the

characters published for L. oenos ML34 (Pilone and Kunkee, 1972),

L. oenos PSTJ-1 (Beelman et al., 1977), and L. oenos B44-40 (Silver

and Leighton, 1981) and, to some extent, the results obtained for

three strains of L. oenos A-9, A-10 and A-li, and two strains of L.

oinos [sic] EV-23 and L. oinos [sic] LV-2 (Chalfan et al., 1977).

The results are in general agreement with the findings of the

above workers with regards to morphology of the isolates, catalase

test, Gram reaction, gas production from glucose (heterofermentation),

production of D(-) lactic acid from glucose, formation of dextran

from sucrose and ability to grow in the presence or absence of air.

Our results also show that these leuconostoc isolates grow in media

with pH values less than 4.0 and in the presence of 10 0/0 alcohol

as was found by Garvie (1967, 1980), Pilone and Kunkee (1972), and

Chalfan et al. (1977). There is also an agreement as to the fact

that these strains do not release ammonia from arginine although

Garvie (1980) reported finding two strains with this capability.

This is not consistent with previous reports. Malate and citrate

were found to be dissimilated in the presence of fermentable carb-

ohydrate as reported earlier (Pilone and Kunkee, 1972; Beelman et al.,

1977).

The workers mentioned above have presented varying sugar fer-

mentatlon patterns f or L. oenos. But there is a general consensus

that glucose, fructose, ribose, trehalose, salicin, esculin, cellobi-

ose, and mannose are fermented while lactose and sucrose are not.

The results presented here agree with these findings to a great
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extent. Furthermore, Garvie (1967) and Phone and Kunkee (1972)

found that maltose was not fermented by this organism but Chalfan et

al. (1977), Beelman et al. (1977) and Silver and Leighton (1981)

found that their strains fermented maltose. Some of the Oregon wine

isolates utilized maltose. It has been reported that some strains

of L. oenos ferment sucrose and even produce gas from this sugar

(Maret et al., 1979). The validity of this statement is yet to be

seen.

Pentose utilization by L. oenos has not been entirely settled

by earlier workers; for example, Garvie (1967) states that xylose

and arabinose may be dissimilated by this organism. Peynaud et al.

(1967), however, suggested that those wine leuconostocs which fer-

mented either xylose or arabinose be named L. oenos while those not

fermenting either be called L. gracile. Pilone and Kunkee (1972) did

not observe the utilization of xylose or arabinose by L. oenos ML34

which would place this organism in the L. gracile group. This was

also found by Beelman et al. (1977) for PSU-1 as did Chalfan et al.

(1977) for their L. oenos isolates but the L. oinos [sic] strains they

used fermented either arabinose (Ara+) or xylose (Xyi+). However,

Silver and Leighton (1981) found that their isolate could only util-

ize xylose at a rate 11 0/0 of the rate it utilized glucose and

that arabinose was not utilized at all. The 8th edition of Bergey's

Manual (Buchanan et al., 1974) indicated that both these pentoses

were utilized by from 10 to 90 0/0 of the strains of L. oenos. Both

xylose and arabinose were utilized by most of our strain's characters

which place them in the L. oenos group, although some were weak in
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this regard. This variation is of no surprise as it has been stated

by Garvie (1967, 1980) that L. oenos is hardly a homogeneous group.

Although sugar utilization has been regarded as being unsat-

isfactory for separation of L. oenos from the other leuconostocs

(Garvie, 1980) probably due to the inherent carbohydrates in the

complex medium used (Pilone and Kunkee, 1972), the use of washed

cells for inoculation in combination with the Minitek Differenti-

ation System without any inherent carbohydrate other than the test

sugar, were helpful in obtaining reliable results.

The inability to ferment lactose and sucrose separates our

wine isolates from the milk-curdling and slime-forming leuconostocs;

these properties are typical of L. oenos. Moreover, tolerance to low

pH values (3.7) and 10 0/0 ethanol are characters used to separate L.

oenos from the non-acidophilic leuconostocs (Garvie, 1967, 1980); our

strains possess both these properties. We were even able to induce

growth at pH 2.4, a characteristic that is of major significance in

terms of effecting a malo-lactic fermentation with these isolates in

the high acid wines of Oregon.

From the foregoing discussion it is clear that the strains used

in this study belong to L. oenos which show some differences in sugar

utilization.

Since malic acid is sometimes added to media used in the isol-

ation and cultivation of malo-lactic bacteria (Ingraham et al., 1960;

Morenzoni, 1973; Silver and Leighton, 1981), we decided to determine

what level of inalic acid would be more appropriate for use in cultiv-

ation. Malic acid levels of 0.01 0/0 gave enough growth for most of
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the strains tested while 0.2 0/0 was the level at which no further

increases in turbidity were observed.

During the early stages of our experiments, we noticed that

lactic acid was being produced in the broth containing both malate

and fermentable carbohydrates. We therefore decided to conduct a pre-

liminary experiment to determine whether the lactic acid also origin-

ated from malate. The results of the experiment in Figures 3 and 4

showed that lactate was also being produced from malate since much

more lactate was found in the broth containing malate and fermentable

carbohydrates (glucose and fructose) than in the broth containing only

glucose. This indicates the presence of a malo-lactic fermentation.

For a winemaker to successfully utilize a strain for pure cult-

ure inoculation, he must be adequately informed on the temperature

and pH characteristics of his malo-lactic bacteria since he has to

culture the organisms prior to inoculation in wine. It has been re-

ported that strains of L. oenos grow at a temperature range of 10 to

35°C and that optimum temperature was in the range 18 to 24°C (Garvie,

1974). However, Chalfan et al. (1977) did not find any growth of L.

oenos at 10°C at pH 4.8 but they found that the organisms grew at

temperatures between 25 and 37°C. The optimum temperature thus lies

between these values. Beelman et al. (1977) did not observe signif-

icant growth at 12°C until after about one week of incubation and

even then growth thereafter was not significant for ML34 and PSTJ--1

at pH 4.5. Furthermore, they observed the greatest growth at 22°C,

while at 32°C, the growth of both strains was reduced. They did not,

however, indicate the temperature optimum. However, Silver and
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Leighton (1981) found significant growth for their isolate at 10°C

in a medium of pH 4.5 while both ML34 and PSU-1 did not show any

significant growth at this temperature. They found increased growth

at 20 and 30°C for all three isolates. In this investigation cult-

ures were regularly cultivated at 30°C; for the isolate tested,

significant growth was not obtained at 10°C. Increased growth was

only noticeable beginning from 24°C and the optimum temperature was

around 30°C with a range of 28 to 31°C. Maret et al. (1979) found

an optimum of between 25 and 30°C.

It is generally agreed that L. oenos grows at low pH values;

as a result many workers have hardly bothered to determine what pH

is optimal for the growth of this organism. However, Garvie (1974)

reported that the organism grows best in tomato juice media at pH

values between 4.2 and 4.8. Lafon-Lafourcade (1975) found the opt-

imum pH for the growth of L. gracile Cf 34 (oenos) to be 4.5. This

value was confirmed by Maret et al. (1979). It has been shown that

in the absence of L-malate, the optimal pH for growth was in the

range 5.4 to 5.6 but with the addition of malic acid the optimal

range decreased to 4.8 to 5.2 (Pilone and Kunkee, 1976). Further-

more, Beelman et al. (1977) reported increasing growth as the pH was

increased from 3.5 to 5.5 for ML34 and PSU-l. Similarly, Chaif an et

al. (1977) found growth in the pH range of 3.7 to 5.5. Phone and

Kunkee (1972) had earlier reported that increasing the pH of the med-

ium from 5.01 to 6.42 resulted in a decrease in cell yields for L.

oenos NL34. In our investigation, all the strains tested had an opt-

imum pH within the range of 4.0 and 5.5 though some strains exhibited
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a more or less sharp optimum. It is known, however, that the pH

threshold of growth is characteristic of the bacterial strain and of

the composition of the medium (Lafon-Lafourcade, 1975), factors that

may explain these variations.

The preponderance of evidence, however, indicates that these

organisms grow well between 22 and 32°C and at pH values less than

6.0.

As mentioned earlier, several workers have reported the require-

ment by malo-lactic bacteria and, especially L. oenos, for a growth

stimulant found in tomato juice and various other fruit juices (Gary-

ie, 1967; Garvie and Mabbit, 1967; Kunkee, 1967; Yoshizumi et al.,

1969; Stainer and Stoyla, 1970; Chalf an et al., 1977). Also there

are reports in the literature that yeast extract and autolysate are

stimulatory to both growth of, and malo-lactic fermentation by, malo-

lactic bacteria (Luthi and Vetsch, 1959; Mnerine and Kunkee, 1968).

Most of the reports have focussed on tomato juice; we therefore felt

the need to test some other juice, especially after we found sluggish

growth of our strains in media with tomato juice. To complete the

picture, we further decided to omit both tomato juice and vegetable

juice and see what effects the yeast extract along with the carbohyd-

rates in the medium have on the growth of L. oenos. The results ind-

icate that for a majority of the Oregon wine isolates, both tomato

juice and vegetable juice stimulated growth of the isolates tested,

only two, to our surprise, were actually inhibited by the juices and

were stimulated to a greater extent by yeast extract than the stim-

ulation the other strains received. This implied that contrary to
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earlier reports, certain strains of this organism might as well not

have a requirement for these growth stimulants. In the absence of

the juices, however, those strains stimulated by them got little

stimulation from the yeast extract. Vegetable juice enabled most

organisms to initiate growth earlier than tomato juice.

A winemaker who intends to propagate a inalo-lactic bacterium

for inoculation would rather have a fast strain than a slow one; it

was therefore of interest to determine the generation times of the

isolates. As previously reported, in the absence of malic acid, the

generation time for L. oenos was 38 hours at pH 5.4 to 5.6 whereas

in the presence of malate where the pH optimal range was 4.8 to 5.2,

the generation time was found to be 22 hours (Pilone and Kunkee,

1976). We obtained generation times in the range of 4.97 hours to

16.56 hours with an average of 11.46 hours for our strains at pH 5.5.

This would imply a superiority of our strains over L. oenos ML34 in

terms of their ability to divide rapidly and reach such high numbers

that could effectively carry out a malo-lactic fermentation in the

wine when inoculated.

Carbon dioxide which is abundant in wine is known to be stimul-

atory to the growth of lactic acid bacteria, presumably used to syn-

thesize compounds they ordinarily are unable to synthesize (Snell,

1952). The need was therefore felt to investigate what effect, if

at all, this gas had on the growth of our strains. We found that

this gas stimulated the growth of most of the isolates tested. Only

three of the ten isolates tested did not benefit from carbon dioxide

incubation. This again indicates the heterogeneity of L. oenos and
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also shows that while some strains conform to generally agreed norms

others do show differences. Such differences should not be overlooked

but investigated further.

Citrate is an organic acid present in small amounts in wine and

is a precursor of some flavorful compounds, such as diacetyl and ac-

etoin, present in wine. This acid has been found utilizable as a

source of energy in the absence of fermentable substrates by lactic

acid bacteria (Campbell and Gunsalus, 1944). However, Harvey and

Collins (1963) reported that citrate was not utilized as a source of

energy but as a means of removal of excess toxic pyruvate in Strept-

ococcus diacetilactis. Pilone and Kunkee (1972) found that in the

absence of glucose or other fermentable substrate, citrate could not

provide L. oenos with a source of energy. They, however, found in

1976 that citrate was stimulatory only at low pH values. The exact

influence of citrate on the growth of this organism in the presence

of fermentable substrate has not been adequately documented at the

pH of growth. We thus grew our isolates in a medium containing cit-

rate at pH 5.5 to determine its influence. Of the 12 strains tested,

citrate was stimulatory to the growth of three strains, was indiffer-

ent to two strains and was inhibitory to the rest including ML34.

An interpretation of these results could be that the variation ob-

served was due to strain differences.

It has already been shown that L. oenos is tolerant to 10 0/0

ethanol but the extent of inhibition of the alcohol if documented

would aid the winemaker in selecting the most tolerant strains for

use in inducing a malo-lactic fermentation. Beelman et al. (1977)
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found inhibition during the early stages of growth of ML34 and PSU-1

by 12 0/0 ethanol at pH 4.5, but after 15 days of growth no detect-

able inhibition occurred. This they attributed to adaptation by

these organisms to the alcohol. Silver and Leighton (1981) found

growth of these L. oenos strains and their own isolate at alcohol

concentrations of 10 to 16
0,

at pH 4.5. In this investigation,

however, we compared the growth of 12 strains in the presence of

10 0/o ethanol with their growth in a regular medium. We found that

this concentration of alcohol inhibited all the strains used; three

of the strains, however, were more tolerant to the presence of this

alcohol than others and, based on this characteristic, could be pos-

sible contenders for use in wine inoculation.

One of the major goals of this investigation was to screen our

characterized isolates as to their rapidity and/or capacity to carry

out the malo-lactic fermentation so that the most active strains could

then be used for inoculation in wine. We also compared our strains

with the reference strains, NL34 and PSU-l. The results showed that

at least five Oregon wine isolates effected a uialo-lactic fermentation

more effectively and rapidly than the reference strains. When the

ability to decarboxylate malate was compared to the dry weight of

the organisms, the results surprised us. We had thought earlier that

the number of cells present was the most important factor in effecting

a more rapid malo-lactic fermentation as has been shown previously

(Rice and Mattick, 1970). What we found, however, was that those

strains with a greater dry weight actually produced less carbon diox-

ide per mg dry weight in the majority of cases and this seemed to
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indicate that the ability to decarboxylate malate was dependent on

the individual strain and its ability to produce enough enzyme to

effect the conversion.

Following chromatographic analysis of the reaction mixture used

in the respirometric analysis we confirmed that our strains were in-

deed malo-lactic bacteria.

The pH of the wine and temperature of its storage are two fact-

ors known to influence the growth and consequently the ability of

bacteria to effect a malo-lactic fermentation in wine. Tolerance

of potential candidates for pure culture inoculation in wine, to

low pH and temperatures, especially in regions like Oregon, is a

significant factor in selecting such bacteria for use in the winery.

Thus we set out to determine which strains, or if all strains, were

tolerant to very low pH and temperature values which should enhance

their use in wineries in this viticultural region. When compared

with reference strains, we found that the Oregon wine isolates grew

better at the low pH values of 2.4 and 2.7 at 15 and 20°C. We found

that under these conditions PSU-1 was especially inhibited. As both

pH and temperature values were increased the reference strains grew

much better than our strains. This was more pronounced in the case

of ML34. These results would thus imply that our strains are better

adapted to the low pH-temperature conditions operative in the winer-

ies here. An unusual observation noticed, however, in this experi-

ment, was that at 20°C, at these low pH values better growth was ob-

tained for most of the isolates than at 25°C, whereas at higher p11

values there is usually an increase in turbidity with increasing
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temperatures. This observation was consistent for most of the isol-

ates and its significance is not clear. It may be a result of the

pH-temperature interactions at low pH values or it may be due to the

incubation conditions since the organisms were incubated at differ-

ent temperatures. As pH increased from 2.4 to 3.3, an increase in

turbidity was noticed with all isolates irrespective of the temper-

ature of incubation. The important conclusion reached here is that

the Oregon wine isolates are more tolerant to low pH and temperature

values than are the reference strains.

Although measurement of turbidity is indicative of the amount

of growth, it does not, however, distinguish between live and dead

cells. We therefore felt the need to determine how many viable cells

remained after cultivation of some strains at pH 3.0 for a period of

four weeks. Cell survival at this pH could be a useful criterion for

determining those strains that are well suited for Oregon conditions.

The results obtained showed that after three weeks of incubation, all

the Oregon isolates had a viable cell count above the 1x106 per ml,

that Rice and Mattick (1970) felt was necessary for a malo-lactic

fermentation. In fact, one of the isolates achieved a higher cell

count after one week of incubation and remained a little bit higher

until a decrease in cell counts was observed during the third week.

A decline in cell count was noticeable after the third week for the

Oregon isolates. They effected a complete fermentation in two to

three weeks. The reference strains PSU-1 and NL34 showed different

patterns. PSU-1 remained viable throughout the period with no in-

crease in cell numbers while ML34 had an initial decrease for a
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period of three weeks before an increase during the fourth week.

PSU-1 had a slower fermentation at this pH but ML34 did not start

the fermentation until after the third week. Contrary to our find-

ing, it has been reported that at this pH, no viable cells of ML34

and PSU-1 could be found after incubation for 18 days (Silver and

Leighton, 1981). These organisms were reportedly unable to complete

a fermentation at this pH in a wine sample. Since these workers used

a wine sample, it might not be appropriate to make a comparison here.

One of the important attributes of a malo-lactic fermentation

is the presence of end products of bacterial metabolism which are

said to increase the flavor complexity thereby mellowing the wine.

It was thus of interest to determine what flavor compounds our isol-

ates could produce which might have a beneficial or deleterious effect

on the bouquet of wine. Several compounds are known to impart flav-

or to wines. Such compounds include diacetyl, acetoin, esters,

alcohols and a variety of other end products. Fornachon and Lloyd

(1965) found significant amounts of diacetyl and acetoin in wines

that have undergone a malo-lactic fermentation. This observation was

confirmed by Pilone et al. (1966). Masuda and Muraki (1975) stated

that the by-products of bacterial metabolism of sugars and acids

contributed to the flavor and body of wine. Other volatile compounds

reportedly produced by malo-lactic bacteria apart from diacetyl and

acetoin include isobutyl alcohol, n-butyl alcohol, active amyl alco-

hol. hexanol, ethyl lactate, ethyl caproate, ethyl caprylate, iso-

butyl caproate, isoamyl caprate, ethyl caprylate, isobutyl caproate,

isoamyl caprylate and 2-phenethyl alcohol (Phone et al., 1966).
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These compounds were identified in wines that had undergone the fer-

mentation. Furthermore, Stern et al. (1975) found that after malo-

lactic fermentation in Zinfandel wines, a variety of esters, alcohols,

ethers, acetals, aldehydes, ketones, etc. were produced by malo-lactic

bacteria. However, Radler and Gerwath (1971) inoculated a synthetic

medium with L. oenos and found the presence, after the fermentation

of, ethanol, acetaldehyde, acetoin, diacetyl and traces of 2-or-3-

methyi-i-butanol, isobutanol, propanol, isopropanol, ethyl lactate,

n-hexanol, 2,3-butanediol, and n-octanol. In our study in which a

complex medium was used, we were able to identify six volatiles which

included 2-propanol, 2-methyl-l-propanol, butanol, 3-methyl-i-

butanol, 1-pentanol and benzaldehyde, some of which have been found

in previous studies. We were also able to demonstrate the formation

of acetoin from citrate by 10 of our strains. The ability of these

isolates to produce acetoin might be significant with regards to the

removal of excess diacetyl from wine as has been done in beer with

Streptococcus diacetilactis and yeasts which possess a diacetyl re-

ductase that converts diacetyl to acetoin (Tolls et al., 1970).

This is important because diacetyl above its threshold levels (2 to

4 mg/mi) becomes the dominant aroma in wine and it imparts a buttery

aroma that is undesirable (Rankine, 1972).

it is known that the leuconostocs possess an NAD-dependent

D(-) lactic dehydrogenase and this has been used in speciating the

genus (Garvie, 1969). As a further characteristic of some of our

isolates, we decided to determine the existence of this enzyme in

two strains using dialyzed cell-free extracts. Although the activity
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was not very high, we did find reduction in optical density indicat-

ive of the oxidation of NADH in the presence of pyruvate at 340 nm

as previously reported (Garvie, 1969).

As has already been reviewed, several workers have reported

their findings on the function of the malo-lactic reaction in the

metabolism of the malo-lactic bacteria. A short outline of the var-

ious schools of thought would be in order here, before discussing our

findings. As was first presented by Korkes and Ochoa in 1948, malate

was reportedly converted via pyruvate to lactic acid through the

action of malic enzyme and lactic dehydrogenase involving NAD. Kunkee

(1967), however, pointed Out that since no ATP was formed, the reac-

tion was not a potential source of energy for the organisms; he also

arrived at this conclusion because of the fact that there was no net

change in the redox state of the coenzyme. The fact that pyruvate

was an intermediate in the reaction as first pointed out lent some

support to the notion that the fermentation was beneficial to the

organism. But Morenzoni (1973, 1974) and Kunkee (1975) reported

that pyruvate was not an intermediate and that two enzyme activities

were located on the same protein which produced lactate and CO2 in

the malo-lactic activity, and small amounts of pyruvate, NADU and

CO2 in the NADE-forming activity. Kunkee (1974) felt that the small

amounts of pyruvate and NADH as well as CO2 formed could provide

the organism with the energy responsible for the small increases in

cell yield observed by Pilone and Kunkee (1972). But Pilone and

Kunkee (1972) had earlier indicated that the small molar yields ob-

tained could have come from the minute amount of glucose present in
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the medium and that in the presence of fermentable carbohydrate, the

stimulating effect of L-malic acid occurred but that this stimulation

was not due to a pH effect. Contrary to this conclusion, Kandler et

al. (1973) reported that addition of malate did not lead to different

end products quantitatively and that the malo-lactic fermentation did

not provide energy for the organisms. Its stimulation they said was

due to a pH effect. Radler (1966) had earlier pointed out that the

fermentation was not a source of energy but that only in the presence

of fermentable substrates is energy obtained and suggested reduction

of acid as the function of the fermentation in the medium. Once the

pH is thus increased these organisms are able to grow in the medium

since the removal of hydrogen ion aids bacterial growth (Radler,

1975). Others have suggested that the malo-lactic reaction could

be a detoxification mechanism (Kunkee, 1967; Morenzoni, 1974).

Moreover, Pilone and Kunkee (1976) took the issue further and

concluded that malic acid did not provide L. oenos with energy but

that its growth rate was greatly stimulated by the malo-lactic con-

version especially at pH values below 4. They further stated that

the stimulation was not the result of a pH effect and that the malo-

lactic fermentation had a biological function. They pointed out that

they did not know the mechanism of stimulation but speculated that

the stimulation afforded L. oenos could be similar to the stimulation

of Streptococcus diacetilactis by citrate. These results were con-

firmed by Pukrushpan and Kunkee (1977) who went further to say that

the stimulatory effect of malate on the growth was due to the
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production of pyruvate, which functioned as a hydrogen acceptor. Mor-

enzoni (1973) had earlier suggested this.

In this investigation, in the absence of fermentable carbohyd-

rates, malic acid was not stitnulatory to growth; although there were

very small increments in optical density readings, these could have

resulted from the endogenous carbohydrate in the medium as Pilone and

Kunkee (1972) had earlier found. We agree with their finding that

malate is not an energy source for L. oenos. The strains tested in

this experiment effected a malo-lactic conversion to some extent

showing that the fermentation does not yield energy for the growth

of the organisms. Furthermore, from experiments we conducted at low

and high pH values in the absence or presence of malate, the presence

of malate seemed to repress the growth of the organisms at the lower

pH value (3.55) whereas at the higher pH value (5.50) there was no

significant difference in optical density readings in the absence or

presence of malate. This also indicated to us that malate was not

a source of energy for the organisms. However, upon calculation of

the specific growth rates of these strains, we found stimulation by

malate but this was accentuated at the higher pH of 5.5 than at the

lower pH of 3.55 in contrast to Pilone and Kunkee's 1976 report.

Also at the lower pH value ML34 had the same specific growth rate in

the absence or presence of malate and this contrasts strongly with

their finding.

The pH changes due to malo-lactic fermentation was also determ-

ined in media with malic acid and at both pH values and we found a

greater increase for the two Oregon wine isolates at both pH values
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than for ML34 suggesting that our strains effected a greater malo-

lactic fermentation, but especially at the lower pH level, NL34 grew

better than our two strains under the conditions of incubation, im-

plying that the fermentation did not stimulate the growth of the

organisms, for if the fermentation was responsible for growth stun-

ulation, there is no reason why the organisms that fermented the

substrate more should grow less. Yet the results obtained from

specific growth rate calculations did indicate a growth rate stiniu-

lation. The only plausible explanation for these results might be

the presence of fermentable carbohydrates since in their absence, no

appreciable growth could be. detected but when added to the medium,

there was copious growth. This is especially so at the high pH of

5.5. Phone and Kunkee (1976) had earlier observed that stimulation

at higher pH values could be due to optimal enzyme activity at such

pH values. We therefore feel that stimulation of the growth rate of

L. oenos by malate occurs in the presence of fermentable carbohydrate

and at high pH.

The aspect raised by Pukrushpan and Kunkee (1977) that the stun-

ulation of growth rate was due to the production of pyruvate which

then acts as a hydrogen acceptor should not be ignored. We did not

investigate this possibility but we did find production of small

amounts of pyruvate from malate. It is therefore possible that py-

ruvate in its capacity as a hydrogen acceptor could cause an increased

growth rate.

The malo-lactic enzyme is known to be difficult to purify due

to increased instability. We found difficulty in stabilizing the
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enzyme and after repeated attempts we encountered frequent losses in

activity. However, with cell-free extracts and partially purified

extracts (after protamine sulfate precipitation) we attempted a mod-

est characterization.

The results showed that at 74.5 pmoles/ml, the enzyme activity

was approaching a zero order reaction, i.e., enzyme was becoming satur-

ated with substrate. The enzyme seems to obey the Henri-Michaels-

Menten kinetics except that after precipitation with protainine sulf-

ate we did not see this behavior possibly due to a loss of activity.

The optimum pH of the enzyme responsible for malate decarboxyl-

ation was first found to be 6.0 for Lactobacillus plantarum by Korkes

et al. (1950). Subsequent workers have reported various pH optima

f or this enzyme now known as the malo-lactic enzyme. Whiting and

Coggins (1963) also reported that the malic enzyme of L. plantarum

and L. mesenteroides had a pH optimum of 6.0 for malate decarboxyl-

ation. Contrary to their findings Flesch and Rolbach (1967) re-

ported that the pH optimum for the malic acid decoiuposing activity

of the malic enzyme of L. pptarum was 3.6 to 4.0. Flesch (1968)

subsequently reported that this activity in six strains of nialo-

lactic bacteria was optimal at 3.9. Another contrasting report in-

dicated that the optimum pH of this enzyme was between 7.6 and 8.0

(Park and Guttman, 1973). This apparent confusion as to what pH was

the optimum f or this enzyme was partially resolved when Schutz and

Radler (1974) separated a malic enzyme from the true malo-lactic

enzyme. They found that the malo-lactic enzyme had a pH optimum of

5.6 to 6.1. Morenzoni (1973, 1974) also found that the pH optimum
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for the malo-lactic activity of the enzyme of L. oenos was 5.6. In

our investigation we found an activity over the p1-I range of 6.0 to

7.5 based on the lactic acid spot produced from malate. The spots

were more pronounced at pH 6.0 and 6.5. This would tend to place Our

nialo-lactic enzyme among those studied by Korkes et al. (1950) and

Whiting and Coggins (1963) and, since the enzyme is not repressed by

glucose, it is a true malo-lactic enzyme.

We have not seen reports in the literature that have attempted

to determine at what temperature this enzyme is most active. Several

workers have carried out their reactions at room temperature or at

38°C. However, Morenzoni (1973) reported that the malo-lactic enzyme

activities were inactivated at temperatures between 40 and 50°C. Our

results indicate otherwise. The enzyme is active between 15°C and

45°C and the degree of activity increased with increasing temperature;

maximal activity was detected at 45°C. These results are consistent

with the known effect of temperature on enzyme activity, i.e., in-

creased reaction with increased temperature Ufltil the point of prot-

ein denaturation is reached.

The coenzyme requirement of the nialo-lactic enzyme has, since

the report of Korkes and Ochoa (1948) been found to be satisfied by

only NAD. NADP, FAD and FMN were found not to replace NAD (Moren-

zoni, 1973, 1974). Our results found that MAD was required for

maximal activity but there was little activity with NADP. This act-

ivity found with NADP was consistent but it was very small compared

to the MAD-linked activity.



Of the various cations that have been tested, only Mn4-1- has

been found to be required by the enzyme. Morenzoni (1973) found

4-1- ++ -H- -H- + -H- -H-
that Mg , Fe , Zn , Cu , Cu , and Co could not replace Mn

++
and that Cu was in fact inhibitory to both the malo-lactic activ-

ity and the NADH-forming activity. We tested the effect of these

cations as well as heavy metals on the activity of the enzyme. The

4-1- 4-f
results showed that Mn was the major cation required, but Mg

Zn4-1- and Co4-1- could replace Mn4-1-. The Mg4-1- activity was minimal

and could be explained by the fact that we found very little activity

-H- .

when no cation including Mn was present in the mixture which ind-

icated the possibility of the presence of Mn4- in the cell-free ex-

tracts. However, the activities with Zn4-1- and Co4-1- were too pron-

ounced to be due to the presence of Mn4-1- in the cell-free extract.

4-1- +1-1- 4-1- -H- ++
Fe , Fe , and Cu could not replace Mn while Hg was inhib-

itory to enzyme activity. One surprising observation made was the

fact that Pb4-1- which we thought would inhibit or even precipitate the

enzyme, only showed mild inhibition at 30°C but at 45°C the activity

of the enzyme was totally inhibited. The significance of this find-

ing is far from clear. It may be that at 30°C, the enzyme is protect-

+4- - . . -H-
ed by malate and endogenous Mn from inhibition by Pb , but at 45 C

such protection was probably not available.

As has been mentioned earlier, the current concept of the mech-

anism of the malo-lactic fermentation involves two enzyme activities

both of which are mediated by the same enzyme. One activity produces

lactic acid and CO2 and the other yields pyruvate, NADH and CO2

(Morenzoni, 1973, 1974; Kunkee, 1974, 1975). However, Moreuzoni



169

(1973) did not measure the formation of pyruvate quantitatively but

by inference from the fact that addition of hydrazine to the reaction

mixture in the presence of pyruvate, increased NADH production from

L-malate; that addition of pyruvate inhibited NADH production (end

product inhibition); addition of L-lactic dehydrogenase decreased

the production of NADR since the generated pyruvic acid and NADH

would then be converted to lactic acid and NAD. We were able to

determine the formation of a small amount of pyruvic acid as a real

end product quantitatively. We also found that pyruvate inhibited

the production of lactic acid from malate. Our results also indic-

ated that pyruvate was not an intermediate in this reaction since

when pyruvate was used as a substrate, no lactic acid was detected.

This further excluded the posibility that the enzyme responsible for

malate decarboxylation is complexed with lactic dehydrogenase as pre-

viously thought (Korkes and Ochoa, 1948). We could not demonstrate

the formation of NADH in these experiments spectrophotometrically.

It seems therefore that Morenzonits conclusions (1973) truly repre-

sents the mechanism of the malo-lactic reaction.

The results we have presented in this study indicate that malo-

lactic bacterial strains of Leuconostoc oenos that differ from already

existing strains can be isolated from different wines and such bact-

eria may possess different attributes that are best suited to the

environment to which they are indigenous. We have also shown that

these bacteria produce some compounds that could influence the flavor

and body of wine. They do not utilize malate as an energy source
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but in the presence of fermentable substrates and at pH values above

the pH of wine, their growth rate is stimulated.

The tolerance of the Oregon wine isolates to low pH and temper-

ature values, and to alcohol as well as their inability to produce

deleterious compounds make the most active strains strong candidates

for future pure culture inoculation in the Oregon wine industry. The

possibility of immobilizing whole cells and/or cell-free extracts

needs further investigation with the hope of further improving the

yield and quality of wine produced in this potentially viable viti-

cultural state.
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