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In a chemically defined medium under anaerobic conditions, Lactobacillus plan-
tarum grew on glucose, but was unable to grow with mannitol as the carbon source.
Mannitol was a suitable carbon source, provided 1 of 11 compounds (pyruvic acid,
a-ketobutyric acid, «-ketovaleric acid, «-ketocaprylic acid, acetic acid, acetyl phos-
phate, acetaldehyde, citric acid, oxaloacetic acid, malic acid, and fumaric acid) was
added to the medium as an electron acceptor. The extent of mannitol fermentation was
proportional to the concentration of available electron acceptor. The reduced products
of the electron acceptor compounds were identified and possible pathways for the
metabolism of electron acceptors were proposed. Strains from two other species of
lactobacilli which ferment mannitol appear to use different electron acceptor

pathways.

Introduction

Mannitol is a major end product of
heterolactic acid fermentations of vege-
tables such as cabbage (Pederson and
Albury 1969) and green beans (Chen et
al. 1983a). According to Bergey’s Manual
(Buchanan and Gibbons 1974), mannitol
can be used as a carbon source by eight
species of lactobacilli, including L. plan-
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tarum, the species which generally pre-
dominates at the terminal stages of most
natural lactic acid fermentations (Peder-
son and Albury 1969). Based upon
limited analytical data, it has been
reported that mannitol accumulates
early in the sauerkraut fermentation,
but it then declines as the L. plantarum
population builds up (Pederson and
Albury 1969). Chen et al. (1983b) found
that when L. plantarum was inoculated
into pH 3-9 green bean juice, which had
been first fermented by the heterofer-
mentative organism, L. cellobiosus, the
accumulated mannitol declined. Accom-
panying the fermentation of mannitol, a
decline in acetic acid and an increase of
ethanol was observed. These changes
suggested that some acetic acid may
have been reduced to ethanol during
fermentation.
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L. plantarum can grow aerobically
with mannitol as a carbon source, but not
in an anaerobic atmosphere (Brown and
VanDemark 1968). This behaviour pre-
sumably arises from the fact that NADH
will accumulate because 3 mols of
NADH are formed by converting manni-
tol to lactic acid via the glycolytic path-
way; however, only 2 mols can be reoxi-
dized anaerobically (Equation 1).

Growth medium

A chemically defined basal medium was
prepared from the five 100-fold concentrated
stock solutions listed in Table 1. To the basal
medium a carbon source (55-5 mm glucose or
mannitol) and a potential electron acceptor
(10 mm except as noted) were added. After the
pH was adjusted to 6-8 with KOH or HC], the
medium was sterile-filtered through a 0-22 n
Millex filter (Millipore Corporation, Bedford,
MA, USA) into sterile test tubes.

(1) Mannitol ———=—> Fructose~6-P ————>2 Pyruvote —————>2 Lactate

NAD NADH

The observation that acetic acid might
be converted to ethanol during mannitol
fermentation led us to consider whether
the acetic acid may serve as an electron
acceptor in green bean juice in order for
mannitol fermentation to occur (Chen et
al. 1983b). It also led us to search for
other compounds which might be utilized
as electron acceptors by L. plantarum.

The objectives of this investigation
were: (1) to identify compounds which
function as electron acceptors during
anaerobic mannitol metabolism by L.
plantarum; (2) to identify the products
formed from the electron acceptors, and
(3) to determine quantitative relation-
ships between mannitol fermentation
and utilization of acceptors.

Materials and Methods
Organisms

Lactobacillus plantarum (WSQO) from this
laboratory’s culture collection was used in all
experiments. Other organisms tested for
their ability to utilize certain electron accep-
tors were: L. plantarum C11 from this labora-
tory, L. plantarum ATCC 14917 from the
American Type Culture Collection, and Lac-
tobacillus casei ssp. pseudoplantarum
B-4560, Lactobacillus coryneformis ssp. cory-
neformis B—4391 and Lactobacillus coryne-
formis ssp. torquens B-4390 from the USDA-
ARS Northern Regional Research Centre
culture collection, Peoria, Illinois.

2NAD 2NADH

2NADH 2NAD

Growth conditions

Lactobacillus plantarum was grown anaerob-
ically at 30°C in the defined basal medium
with glucose. A BBL Gas Pak (Betcon Dickin-
son and Co., Cockeysville, MD, USA) with a
platinum catalyst was used to produce an
anaerobic atmosphere which contained nit-
rogen, carbon dioxide and hydrogen. A 12-h
culture was centrifuged, washed twice with
sterile saline (30 ml), and the cell pellet was
suspended in sterile saline. For all experi-
ments, each tube was inoculated with washed
cells to give 106 cfu ml-! and incubated for 2
weeks in an anaerobic jar (Chen et al. 1983a).
Duplicate tubes were fermented and analy-
zed separately in all experiments.

Analysis

Quantitative HPLC analysis of sugars,
organic acids, and ethanol was done by the
procedure of McFeeters et al. (1984).

Identification of reduced products of
electron acceptors

Products formed from the added electron
acceptors were identified by comparison of
retention times with the retention times of
authentic compounds on a C;g reversed phase
HPLC column (Techsil p 5 C,, Phenomenex,
Rancho Palos Verdes, CA, USA) and on an
ion exchange HPLC column (HPX-87H, Bio-
Rad Labs., Richmond, CA, USA). The iden-
tity of ethanol was also confirmed by gas
chromatography using the procedure des-
cribed by McFeeters and Armstrong (1984)
for methanol analysis.
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Table 1. Composition of a defined basal medium for determination of electron
acceptors in mannitol fermentation=.

100X Concentration Final concentrationin
Component gl . basal medium (mm)
Solution I
(NH.S0, 200-0 15-14
MgS0,47H0 150 0-61
MnSO,4-4 H,0O 2-0 0-09
FeS0,7H,0 10 0-04
Solution IT
Adenine 0-5 3-7x10-2
Pyridoxal 02 1-2x 10-2
Nicotinic acid 01 8-1x10-3
Ca-D-pantothenate 01 2-1x10-3
Riboflavin 01 2-7x10-8
Thiamine 01 3-0x10-3
Vitamin B, 1-0x 104 7-4 X 10-7
Biotin 1.0 x 10-3 4-1 x10-5
p-Aminobenzoic acid 5-0 x 104 3-6 x 10-5
Folic acid® 1-0 x 10-8 2-3x10-5
Solution III*
Isoleucine 2:0 0-15
Leucine 2-0 0:15
Tyrosine 1-0 0-06
Aspartic acid 75 0-56
Tryptophan 20 0-10
Methionine 15 0-10
Phynylanine 20 0-12
Histidine 50 0-32
Serine 4-0 0-38
Valine 30 0-26
Glutamic acid 7-5 0-51
Alanine 30 0-34
Arginine 4-0 0-23
Lysine 50 0-34
Proline 5-0 0-43
Threonine 20 0-17
Cysteine 2-0 0-17
Solution IV
Guanineb 0-50 0-03
Uracil 0-50 0-05
Xanthine 0-50 0-03
Solution V
K;HPO, 456-0 26-20

a The synthetic medium was formulated based upon the media described by Garvie (1967) and Ledesma
et al. (1977). The 100X stock solutions were dispensed into small test tubes (5-0 ml tube—) and frozen
until use. The frozen solutions have been stored for 3 months without noticeable effect on the growth of
L. plantarum.

» Folic acid and guanine do not dissolve completely in their respective stock solutions. Therefore, these

solutions must be stirred as they are dispensed.

¢ Due to the limited solubility of some amino acids in the 100X stock solution, the amino acids must be

added into water containing 0-2 N HCl in the order listed to all be completely dissolved.
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Chemicals

Chemicals were obtained from Sigma Chem-
ical Company (St. Louis, MO, USA), except as
indicated. Mannitol was purchased from
Aldrich Chemical Company, Inc. (Mil-
waukee, WI, USA). The following compounds
were tested as possible electron acceptors for
L. plantarum: citric acid, isocitric acid, oxalo-
succinic o-ketoglutaric acid, succinic acid,
fumaric acid, malic acid, oxaloacetic acid,
formic acid, acetic acid (Fisher Scientific
Company, Fairlawn, NJ, USA), propionic
acid, a-ketobutyric acid, a-ketovaleric acid
(ICN Pharmaceuticals, Inc., Plainview, NY,
USA), a-ketocaprylic acid (ICN), acetoacetic
acid, acetone, dehydrochloric acid, acetyl
phosphate, acetaldehyde (Fisher), N-acetyl-
L-glutamic acid, adipic acid, ascorbic acid,
benzaldehyde, benzoic acid, crotonic acid,
cysteine, galacturonic acid, gluconolactone,
glutamic acid, glutaric acid, lanosterol,
maleic acid, methionine, nicotanamide ade-
nine dinucleotide, oxamic acid, sodium nit-
rate, sodium nitrite, tartaric acid, thiogly-
colic acid, and yellow No. 5.

Results
Identification of electron acceptors

A defined medium was used which sup-
ported growth of L. plantarum on glu-
cose, but in which no detectable growth
occurred when mannitol was used as the
carbon source. Compounds were initially
identified as electron acceptors for man-
nitol fermentation by the fact that L.
plantarum showed visible growth when
an appropriate compound was added
with mannitol in the medium. Among
the 46 compounds tested as possible
electron acceptors, 11 presumptive
acceptors were identified. Four of the
compounds were TCA cycle interme-
diates (citric acid, fumaric acid, malic
acid, and oxaloacetic acid). In addition,
acetic acid, acetyl phosphate, acetal-
dehyde, and four «-keto acids (pyruvic
a-ketobutyric, a-ketovaleric, and a-keto-
caprylic) allowed the fermentation of
mannitol. With glucose as a carbon
source, L. plantarum grew when each of
the 46 compounds was added to the
defined medium. This result indicated

that the lack of growth in the presence of
mannitol for 35 of the compounds was
not caused by specific toxic effects of the
compounds on the organism.

Metabolism of glucose and mannitol
with electron acceptors

Two mols of lactic acid were formed when
10 of the 11 presumptive electron accep-
tors was added to the growth medium
containing either glucose or mannitol.
More than 2 mols of lactic acid were
found when oxaloacetate was added as
an acceptor.

The effect of acceptor concentration on
the amount of mannitol fermented was
studied for acetic acid. The amount of
mannitol fermented was directly related
to the amount of acetate added to the
medium over a concentration range of 5
to 25 mm (Fig. 1.) As indicated by the
slope of the line, 2 mols of mannitol were
fermented per mol of acetate utilized.
Since 55-5 mm mannitol was available
for fermentation in each tube, the man-
nitol fermentation appeared to be
strictly limited by acetate availability.

Table 2 shows the relationship between
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Fig. 1. Relationship between acetic acid
utilization and the amount of mannitol fer-
mented by L. plantarum.
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Citrate

Oxaloacetate Acetate

+2H
Malate Acetyl—phosphate
Fumarate Acetyl-CoA
+2H +2H
Succinate Acetaldehyde

+2H

Ethano!

Fig. 2. Proposed pathway for citrate utiliza-
tion during mannitol fermentation.

the amount of each electron acceptor
added to the defined medium and the
amount of mannitol fermented during a
2-week incubation period. The results
indicated that the ratio of the mols of
mannitol fermented per mol of electron
acceptor added was close to a small whole
integer in every case, except oxaloacetic
acid. When the wo-keto acids (pyruvic,
a-ketobutyric, a-ketovaleric, and a-keto-
caprylic) were added, 1 mol of mannitol
was fermented for each mol of electron
acceptor. A ratio close to 1-0 was also
observed for malic acid, fumaric acid,
and acetaldehyde. When acetic acid and
acetyl phosphate were added to the
medium, 2 mol of mannitol were fermen-
ted per mol of electron acceptor. Finally,
4 mols of mannitol were fermented per
mol of citric acid added.

Identification of the products of acceptor
metabolism

Table 2 shows both the products and
quantity of the products formed from

each acceptor during mannitol fermenta-
tion. L. plantarum did not produce these
products, with the exception of lactic
acid, either from glucose under anae-
robic conditions or from mannitol in the
presence of air. Quantitative product
formation was observed in each case
where authentic compounds were avail-
able for comparison. Formation of lactic
acid from pyruvate was assumed because
3 mols of lactic acid were formed for each
mol of mannitol fermented when pyru-
vate was added to the medium.
a-Hydroxybutyric acid was produced
from o-ketobutyric acid. Products from
the metabolism of «-ketovaleric acid and
a-ketocaprylic acid were not identified.
Both malic acid and fumaric acid were
quantitatively converted to succinic
acid. Acetic acid, acetyl phosphate and
acetaldehyde all were quantitatively
reduced to ethanol. On a molar basis,
citric acid was quantitatively converted
to succinic acid and ethanol. Oxaloacetic
acid was the only compound not conver-
ted to an equimolar amount of a product.
However, the sum of lactic acid and
ethanol was 9-8 mm compared to 10-0 mm
oxaloacetate added to the medium.

Acceptor utilization with other
lactobacilli

Two other strains of L. plantarum, the
type strain and a strain recently isolated
from a cucumber fermentation, showed
the same pattern of metabolism for cit-
rate, malate and acetate as WSO. On the
other hand, L. casei ssp. pseudoplan-
tarum, L. coryniformis ssp. coryniformis,
and L. coryniformis ssp. torquens all
grew anaerobically on mannitol without
the addition of an electron acceptor.
These organisms produced ethanol with
or without the addition of an external
electron acceptor. None of them produced
succinate from citrate or malate.
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Discussion

L. plantarum was previously found to
grow with mannitol as a carbon source in
the presence of oxygen, but not in the
absence of oxygen (Brown and VanDe-
mark 1968). These results confirmed
these observations and showed that at
least 11 compounds in addition to oxygen
could serve as electron acceptors for the
organism during mannitol fermentation.
These compounds fall into three groups:
o-keto acids; intermediates found in the
heterofermentative pathway, such as
occurs in the heterofermentative lactic
acid bacteria; and citric acid cycle inter-
mediates.

A requirement for an external electron
acceptor to support mannitol fermenta-
tion has previously been reported for
other organisms, including Streptococ-
cus faecalis (Gunsalus 1947), Clostri-
dium lacto-acetophilum (Bhat and
Barker 1947) and L. casei (Brown and
VanDemark 1968). However, strains of
L. casei, which do not require an external
electron acceptor, have been found by
DeVries et al. (1970) and in this study.
Compounds found to serve as electron
acceptors during mannitol fermentation
for these organisms include: acetic acid
for C. lacto-acetophilum (Bhat and
Barker 1947), fumarate for S. faecalis
(Gunsalus 1947) and acetic acid, pyruvic
acid, methylene blue, potassium ferric-
yanide, and 2,6-dichlorophenol indophe-
nol for L. casei (Brown and VanDemark
1968, DeVries et al. 1970).

The specificity of electron acceptor
utilization in L. plantarum was indicated
by the inability of the organism to utilize
structural analogs of several acceptors.
For example, only acetic acid, among the
aliphatic carboxylic acids from C, to Cs,
supported mannitol fermentation. Four
a-ketocarboxylic acids tested were elec-
tron acceptors, but a-ketoglutaric acid,
acetone and acetoacetic acid did not
allow the organism to ferment mannitol.

The inability of the organism to utilize
maleic acid , the cis-isomer of fumaric
acid, also indicates a high degree of
specificity in the metabolism of electron
acceptors. At present, there is no
evidence for the existence of a relatively
nonspecific electron acceptor system in
L. plantarum which can utilize a broad
range of compounds to reoxidize NADH
under anaerobic conditions.

In the presence of the 11 electron
acceptors studied, L. plantarum quanti-
tatively fermented 1 mol of glucose and
mannitol to 2 mols of lactic acid, except
oxaloacetate. This indicated that energy
was produced by the glycolytic pathway
when mannitol was fermented. Also,
reactions which result in the formation
of products other than lactate from pyru-
vate were minimal or absent. Oxal-
oacetic acid is unstable in solution (Wil-
cock and Goldberg 1972). It was
degraded into pyruvate and other un-
known compounds in the defined medium
at 30°C (data not shown). Presumably,
pyruvate formed from oxaloacetate was
reduced to lactic acid. This might be the
reason for more than 2 mols of lactic acid
produced per mol of mannitol degraded.

Two «-keto acids, pyruvic acid and
a-ketobutyric acid, were quantitatively
reduced to a-hydroxy acids (Table 2). The
reduction of pyruvic acid to lactic acid
was inferred from the fact that 30 mm of
lactic acid was produced when 10 mm of
mannitol and pyruvic acid were metabo-
lized. Purified lactate dehydrogenase
(LDH) from L. plantarum can reduce
both pyruvic acid and «-ketobutyric acid
(Dennis and Kaplan 1960). LDH from
various muscle tissues can catalyze the
NAD-dependent reduction of both «-
ketovaleric acid and «-ketocaprylic acid
(Meister 1950), but the ability of L.
plantarum to utilize these substrates has
not been determined. Recently, Schutte
et al. (1984) reported that L-2-
hydroxyisocaproate dehydrogenase from
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Lactobacillus confusus could catalyze the
NAD-dependent reduction of several
o-keto acids, including o-ketovaleric
acid. Therefore, it is possible that L.
plantarum contains enzymes other than
LDHs, which catalyze the reduction of
o-keto acids other than pyruvate. The
enzymes responsible for the reduction of
o-keto acids will be discussed in a subse-
quent paper.

If we assume that a-keto acids are
reduced by LDH or other enzymes spe-
cific for a-keto acids, the other electron
acceptors found in this study can be
organized into the proposed pathway
shown in Fig. 2. With the exception of the
result obtained when oxaloacetic was
added as an acceptor, this sequence of
reactions can explain both the products
formed from each acceptor and the ratio
of mannitol fermented per mol of accep-
tor metabolized. For example, 2 mols of
NADH, would be oxidized to NAD on
each branch of the pathway from citric
acid. This can account for fermentation
of 4 mols of mannitol per mol of citric
acid. We believe that oxaloacetate
formed within the cell from citrate would
be metabolized via these reactions.
However, the instability of this com-
pound in solution probably resulted in its
decomposition before entering the cell
when it was added to the medium.
Experiments to provide further evidence
to support the proposed pathway for
reduction of the electron acceptors iden-
tified herein will be presented in a
subsequent paper

Strains from two other species of lacto-
bacilli, L. casei and L. coryniformis,
which utilize mannitol as a carbon
source and which were able to grow in
the defined medium used in this study,
appear to have different electron accep-
tor capabilities than L. plantarum since
they grew anaerobically on mannitol
without an electron acceptor. DeVries et
al. (1970) previously found that L. casei

produced lactate, acetate, ethanol, and
formate from mannitol under anaerobic
conditions without addition of an accep-
tor. Neither organism produced succi-
nate from either malate or citrate, indi-
cating that the sequence of reactions for
succinate formation shown in Fig. 1 is
not present.

On the other hand, two other strains of
L. plantarum were found to be like the
WSO strain in that they were unable to
grow on mannitol in the absence of an
added acceptor, and they produced the
same fermentation products when cit-
rate, malate and acetate were added to
the mannitol medium. This suggests
that the proposed acceptor pathways
may be characteristic for L. plantarum
and that L. plantarum is different in its
electron acceptor capabilities than some
other mannitol-utilizing lactobacilli.
This is significant in food fermentations
since L. plantarum is the usual terminal
organism in natural lactic acid fermen-
tations. In cases such as sauerkraut
fermentations where mannitol is formed
during the period when heterofermenta-
tive organisms dominate the fermenta-
tion, it would be expected that some
ethanol would be produced by L. plan-
tarum at the expense of acetic acid as it
ferments mannitol. If citrate were a
major organic acid in the fermented food,
substantial amounts of succinic acid, as
well as ethanol, could be formed. Malic
acid could also be converted to succinic
acid, but in natural fermentation it could
also be decarboxylated by a malolactic
enzyme to lactic acid and CO,. Thus, if
the proposed pathways are confirmed, it
will help to better understand the metab-
olism of organic acids in food fermenta-
tions.
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occupy a separate sheet in the manuscript.

Figures should be indicated with Arabic numerals and should be approximately
twice the size at which they are intended to appear. Line drawings should be drawn
in Indian ink on white drawing paper, tracing paper or tracing linen, lettering
should be pencilled on a transparent overlay or on a photocopy. All drawings should
be clearly marked on the reverse side with the authors’ names. For photographs,
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good quality, well contrasted black-and-white prints on glossy paper should be
submitted. The legends for illustrations should be typed on a separate sheet.

Abbreviations and units

Non-standard abbreviations should be kept to 2a minimum and on first use should be
defined by a footnote to the test. SI units are recommended, but conventional ones
will be accepted if unambiguous.

Nomenclature and descriptions of organisms

The correct name of the organism must be used, conforming with international rules
of nomenclature; synonyms may be added in brackets when the name is first
mentioned. Names of bacteria must conform with the current Bacteriological Code
and the opinions issued by the International Committee on Systematic Bacteriology.
Names of fungi must conform with the current International Code of Botanical
Nomenclature. The species name should be underlined in the typescript and written
in full at first mention, but subsequently the name of the genus may be abbreviated,
single letter abbreviations being used where they are not ambiguous. To facilitate
further studies the journal supports the view that important strains should be
deposited in a recognized culture collection.



