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Glycerol catabolism was studied in Lactobacillus hilgardii X4B from wine, growing on glycerol and
limiting glucose or fructose concentrations in anaerobiosis and microaerophilia. Glycerol consumption
occurred simultaneously with sugar use, and it was higher with fructose as a cofermenting sugar in
microaerophilia. Enzymatic activities of the glycerol kinase and glycerol dehydratase pathways were
detected in both incubation conditions. In anaerobiosis, the main products were lactate, acetate,
ethanol, and the intermediary product of the glycerol dehydratase pathway, 3-hydroxypropionalde-
hyde. However, in microaerophilia, 1,3-propanediol was also detected. In anaerobic glucose + glycerol
and fructose + glycerol cultures as in microaerophilic glucose + glycerol cultures, glycerol was
degraded mainly through the reductive pathway. However, when L. hilgardii X;B was grown on
fructose + glycerol cultures in microaerophilia, glycerol dissimilation occurred mainly via the glycerol
kinase way. According to these results, L. hilgardii X;B can degrade glycerol by producing
3-hydroxypropionaldehyde and acetic acid, both undesirable products for wine sensorial quality.
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INTRODUCTION

Glycerol is quantitatively the main product of yeast fer-
mentation during winemaking in addition to ethanol and
carbon dioxide (/). It is a nonvolatile compound that lacks
aromatic properties but significantly contributes to the wine
quality by providing sweetness and fullness (2).

Lactic acid bacteria (LAB) play a key role in the malolactic
fermentation of wines (3 ). After alcoholic fermentation, when
sugars are exhausted, glycerol can be used by LAB to maintain
its viability and, dependent upon the way that they are used for
degrading it, they can be responsible of modifications in wine
quality (4). Consequently, in fermented beverages, such as
wines and ciders, bitterness is an alteration characterized by an
unpleasant bitter taste, which is associated with the presence of
acrolein. The combination of acrolein with polyphenols leads
to the development of bitter compounds. Thus, LAB belong-
ing to the genus Lactobacillus have been described as respon-
sible for bitterness when glycerol is metabolized through the
reductive pathway of glycerol dehydratase (GDA) (5, 6).
Glycerol is dehydrated into 3-hydroxypropionaldehyde
(3-HPA) by a coenzyme Bj,-dependent GDA. 3-HPA can
be transformed into acrolein by chemical dehydratation under
acidic and/or heat conditions (7). The 3-HPA is subsequently
reduced to 1,3-propanediol (1,3-PD) by a NADH-dependent
1,3-propanediol dehydrogenase (1,3-PDH) (5, §) or can be
oxidized to 3-hydroxypropionic acid (7 ) (Figure 1).
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The GDA pathway was demonstrated in heterofermenta-
tive lactobacilli, such as L. brevis and L. buchnerii (8),
L. collinoides (6, 9, 10), some L. hilgardii strains (11), L.
coryniformes (12), and L. reuteri (13, 14). These last two
species can synthesize 3-HPA, which excreted into the med-
ium forms, together with the HA hydrate and HA dimer, a
dynamic multicomponent system (HPA system) called reuter-
in (15). Reuterin is active toward Gram-positive and Gram-
negative bacteria, yeasts, fungi, protozoa, and viruses (/6 ). As
a consequence, the use of L. reuteri as probiotic has been
proposed (12, 14).

Other metabolic pathways for glycerol catabolism by LAB
from wine have been described. For instance, the glycerol
kinase (GK) pathway that involves GK, which phospho-
rylates glycerol to glycerol 3-phosphate (G3P), and a NAD-
dependent or NAD-independent G3P dehydrogenase
(G3PDH), which oxidizes G3P to dihydroxyacetone phos-
phate (DHA-P) (Figure 1).

The glycerol dehydrogenase (GDH) pathway includes
GDH that transform glycerol into dihydroxyacetone
(DHA). The DHA is consequently phosphorylated to
DHA-P by a DHA-kinase (DHAK). From DHA-P, the cells
are able to conduct glycerol catabolism through the Emb-
dem—Meyerhof—Parnas pathway (Figure 1). Thus, among
the homofermentative LAB from wine, the GK pathway has
been reported in L. casei Cog 812 (17) and microaerophilic
and aerobic Pediococcus pentosaceus Nsp growth. This
last strain is also able to degrade glycerol by the GDH way
under microaerophilic conditions (/8—20). If these pathways
are involved in glycerol degradation, it could lead to the
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Figure 1. Metabolic pathways involved in glycerol catabolism in LAB: (1) glycerol dehydratase, (2) 1,3-propanediol dehydrogenase, (3) glycerol kinase, (4) NAD-
dependent or NAD-independent glycerol 3-P dehydrogenase, (5) glycerol dehydrogenase, (6) dihydroxyacetone kinase, (7) triose phosphate isomerase, (8) NAD-
dependent lactate dehydrogenases, (9) NAD-independent lactate dehydrogenase, (10) pyruvate dehydrogenase, (11) phosphotransacetilase, (12) acetate
kinase, (13) a-acetolactate synthase, (14) o-acetolactate decarboxylase, (15) diacetyl reductase, (16) acetoin reductase, (17) acetaldehyde dehydrogenase, and

(18) alcohol dehydrogenase.

production of compounds, such as diacetyl, acetoin, and
acetic acid, which can alter the flavor of wine.

There are no references about glycerol catabolism in
L. hilgardii strains from wine. Taking into account the fact
that this heterofermentative species could be isolated from
some spoiled wine (27 ), the purpose of this work was to study
the catabolism of glycerol in the selected strain L. hilgardii
X;B. We investigated the enzymatic activities involved in
glycerol degradation as well as the influence of substrates
and atmospheres of incubation in the formation of products
related to wine-quality alterations.

MATERIALS AND METHODS

Bacterial Strain and Culture Conditions. L. hilgardii X,B
was isolated from an Argentinean wine (27 ). It was maintained
by a subculture in MRS medium (22) at pH 6.5 and 30 °C.

To study glycerol catabolism, the strain was grown in MRS
medium at pH 6.5, modified by suppressing acetate and citrate
with the addition of an appropriate carbon source: 5.5 mM
glucose or fructose and 43.2 mM glycerol.

Microaerophilic growth was conducted in unshaken capped
tubes or flasks two-thirds full (750 mL culture medium), in-
cubated for 48 h at 30 °C.

Anaerobic cultures were incubated, unshaken, in completely
filled tubes (1000 mL culture medium) for 96 h at 30 °Cina CO,
incubator under air supplemented with 5% CO,.

For each growth condition, several flasks were inoculated.
This technique was preferred to the alternative single large
culture to avoid aeration during sampling, which would disturb
the experimental conditions.

Growth was determined by measuring optical density at 660 nm.

Analytical Methods. After bacterial growth, the concentra-
tions of substrates and end products were determined in cell-free
supernatants of cultures. Glucose, fructose, and mannitol were
determined by high-pressure liquid chromatography. Samples
(20 uL) were analyzed using a Knauer system chromatograph
fitted with an IR detector K-2301 (Knauer) and an oven ZC90
(Zeltec). The compounds were separated on a Hamilton HC-75
column at 70 °C and eluted with double-distilled water, at a flow
rate of 1.2 mL min~'. The analysis was internally calibrated
using standard solutions prepared in double-distilled water.

1,3-propanediol, diacetyl, acetoin, and 2,3-butanediol were
determined by gas chromatography (GC). Samples (2 uL) were
analyzed using a HP 5890 gas chromatograph fitted with a flame
ionization detector. The compounds were separated on a HP-
Innowax (cross-linked polyethylene glycol) column: 30 m x 0.53
mm inner diameter, with a film thickness of 1.0 um. Nitrogen
was used as a carrier gas at a flow of 2.6 mL min~'. The GC
temperature program was as follow: 40 °C for 2.5 min and then
increased at 5 °C min~! to 228 °C for 20 min. The analysis was
externally calibrated using standard solutions prepared in etha-
nol. The identity of compounds in samples was verified using
GC—mass spectroscopy.

Glycerol, p- and L-lactate, ethanol, and acetate were quanti-
fied using kits supplied by Boehringer-Mannheim, Inc.
(Germany).

3-HPA determination was based on the colorimetric method
of Circle et al. (23).

Preparation of Cell-Free Extracts. Cells from 1000 mL
cultures of L. hilgardii X B, at the end of logarithmic phase of
growth, were harvested by centrifuging at 7000g for 15 min at
4 °C. The pellet were washed twice with 50 mM Tris-HCI buffer
at pH 7.5, suspended at 30% (w/v) in the same buffer, and
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disrupted in a French press. The cell-free extracts were obtained
by centrifuging at 30000g for 30 min at 4 °C.

Enzymatic Activities Assays. To assay GK activity, the
reaction mixture contained 50 mM Tris-HCI buffer at pH 7.5,
3.2mM MgCl,, | mM ATP, 100 mM glycerol, and 300 uL of cell-
free extract. After 5 min at 25 °C, the reaction was star-
ted with 1.47 mM phosphoenolpyruvate, 0.27 mM NADH, and
2 x 10° units L ™! of both pyruvate kinase and -lactate dehydro-
genase. NADH oxidation was followed at 340 nm at 25 °C (19).

For the determination of GDH activity, the reaction mixture
contained 50 mM Tris-HCl buffer at pH 7.5 and 9.0 (24 ), 30 mg
L 'NAD, 1.8 mM MgCl,, 1.5 mM glycerol, and 300 uL of cell-
free extract. NAD reduction was followed at 340 nm at 25 °C.
NAD- and FAD-dependent glycerol 3-phosphate dehydrogen-
ase activities were determined in the same reaction mixture but
replacing glycerol with G3P (19).

The reaction mixture for DHAK activity contained 50 mM
potassium phosphate buffer at pH 7.0, 1 mM MgCl,, | mM
ATP, 1 mM DHA, 0.133mM NADH, 2 ug mL ™! a-glyceropho-
sphate dehydrogenase, 5 mM glycerol, and 10 mM o—o-dipyr-
idyl, and 300 uL of cell-free extract. NADH oxidation was
followed at 340 nm at 25 °C (24). GK has a much higher
apparent affinity for glycerol than DHAK. Fortunately,
DHAK does not act on glycerol or is inhibited by it, even at
100 mM. Therefore, the presence of 1 mM glycerol almost
totally prevents the action of any GK on DHA without affecting
the activity of DHAK. GDH also interferes with the assay by
catalyzing the reduction of DHA at the expense of NADH. This
reaction can be strongly inhibited by a—o-dipyridyl at 10 mM,
under which condition there was no effect on DHAK (25).

GDA activity was determined by the 3-methyl-2-benzothia-
zolinone—hydrazone method described by Toraya et al. (26).

1,3-PDH activity was measured at 25 °C in 100 mM Tris-HCI
buffer at pH 9.0 containing 155 mM 1,3- propanediol, ] mM
NAD, and 200 uL of cell-free extract, following NAD reduction
at 340 nm (24, 27).

One unit of enzyme activity is the amount of enzyme that
catalyzes the formation of 1 umol of reaction product per
minute under the specific conditions of the particular assay used.

The protein concentration in crude extracts was determined by
Bradford’s method to allow for the calculation of specific activities.

Statistical Analysis. Experiments were carried out in tripli-
cate. One-way analysis of variance was performed separately in
anaerobic and microaerophilic conditions. Significant differ-
ences among treatments were computed using Tukey’s test at
a 0.05 level (Minitab Student R12) (28).

RESULTS

Growth Conditions. The growth of L. hilgardii X;B in
anaerobic and microaerophilic conditions, in the media
containing limiting glucose or fructose and glycerol as main
carbon sources, is shown in Figures 2 and 3. Even when good
growth of L. hilgardii X,B was observed in both incubation
conditions with glucose or fructose as carbon sources, this
growth was enhanced in microaerophilia with the highest
growth rate value.

The strain was unable to grow on glycerol as its sole
carbon source, independent of the incubation condition.
Consequently, the addition of glucose or fructose to glycerol
medium was necessary for L. hilgardii growth. In these
conditions, glycerol was cofermented with sugars and a
diminution in the final biomass and growth rates in both
media (glucose + glycerol and fructose + glycerol) and
incubation conditions was detected.

Substrates Consumption and End-Products Formation by
L. hilgardii X;B. Substrates and end products were quanti-
fied at the end of L. hilgardii growth on sugars or sugar +
glycerol media in both anaerobic (Table 1) and microaero-
philic (Table 2) conditions.
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Figure 2. Growth of L. hilgardii X4B in microaerophilia. Modified MRS
medium containing: glucose (®), fructose (M), glucose + glycerol (O), and
fructose + glycerol (OJ).
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Figure 3. Growth of L. hilgardiiX4B in anaerobiosis. Modified MRS medium

containing: glucose (@), fructose (M), glucose + glycerol (O), and fructose +

glycerol (O0).

In the media with limiting glucose and fructose concentra-
tions, sugars were completely consumed by L. hilgardii X,;B
by producing p- and L-lactate, acetate, ethanol, CO,, and a
little amount of mannitol in the fructose medium. In both
incubation conditions, the products were the same in either
glucose or fructose media. In anaerobiosis, L-lactate was the
main isomer, whereas in microaerophilia, p-lactate was
predominant but less total lactate and more acetate and
ethanol were produced.

When glycerol was added to the sugars media in anaero-
biosis, glycerol consumption was higher with fructose
(17.45%) than glucose (14.6%). The end products detected
were lactate, acetate, ethanol, and the intermediary product
of the GDA pathway: 3-HPA. In these conditions, there was
an enhancement in lactate, acetate, and ethanol concentra-
tions with respect to the sugars media. A total of 57.7 and
64% of glycerol were recovered as 3-HPA in glucose +
glycerol and fructose + glycerol cultures, respectively.

In microaerophilic conditions, glycerol consumption on
glucose + glycerol cultures (12.8%) was higher than that
observed in anaerobiosis and 55% of glycerol was recovered
as the GDA pathway products: 3-HPA and 1,3-propanediol
(1,3-PD). On fructose + glycerol cultures, glycerol use
(23.2%) was higher than in anaerobic conditions and only
34% of glycerol was recovered as 3-HPA and 1,3-PD.

Mannitol was not detected on fructose + glycerol cultures
in any incubation conditions.

Under our experimental conditions, no diacetyl, acetoin,
and 2,3-butanediol were found.

To determine the carbon recovery, the theoretical calcula-
tion of CO, produced was carried out and, in all conditions,
recovery values between 98 and 99.2% indicated that all
products formed have been detected.
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Table 1. Glycerol and Sugars Consumption in Anaerobic Cultures of L. hilgardi X;B: Substrates and Products at the End of Growth?

substrate consumption (mM) end products (mM)
carbon source” Glu Fru Gly p-lactate L-lactate acetate ethanol mannitol 3-HPA® €0, % CR®
glucose 5.50+0.26 247+0.12a 320 £0.19a 2.84+0.12a 2.40+0.18a 0.0a 0.0a 524+020a 985
fructose 5.50 4+ 0.30 2.28+0.10a 3.30+0.20a 272+0.19a 1.98+0.08b 0.34+0.03b 0.0a 470+0.32a 992
Glu + Gly 5.50 +0.28 6.34+0.29 3554021b 3.10+0.10a 3.57+0.33b 3.26+0.18¢ 0.0a 3.65+0.23b 6.83+0.36b 98.8
Fru + Gly 550+0.21 7.544+0.32 3.11+0.15¢ 2.63 £0.12b 4.23+0.29b 3.50 +-0.16¢ 0.0a 486 +£0.33c 7.73+0.45b 989

?Data are expressed as means + standard deviations. Treatment means followed by the same letter do not differ significantly at the 0.05 level according to Tukey’s test.
b Carbon source: Glu, glucose (5.50 mM); Fru, fructose (5.50 mM); Gly, glycerol (43.20 mM). Products: ©3-HPA, hydroxypropionaldehyde. @ The CO, concentration was calculated
considering its generation by pyruvate dehydrogenase: 1 mol of CO,/mol of acetate, 1 mol of CO,/mol of ethanol, and 1 mol/mol of hexose catabolized. ® % CR = carbon recovery

as a percentage.

Table 2. Glycerol and Sugars Consumption in Microaerophilic Cultures of L. hilgardii X{B: Substrates and Products at the End of Growth®

substrate consumption (mM)

end products (mM)

carbon source’  Glu Fru Gly p-lactate L-lactate ethanol mannitol 3-HPA® 1,3-PD? C0,° % CR'
glucose 55040.18 2.8440.18a 1.73 £0.10a 3.24+0.19a 3.00 £0.16a 0.0a 0.0a 00a  624+022ab 983
fructose 5.50 4 0.27 29340.13a 1.95:£0.142 2.93+021a 253+0.11b 025+002b 0.0a 00a 546+031a 985
Glu + Gly 550 +0.25 54340.33 412+0.28b 2.4040.13b 4.08+£0.34b 270+0.14ab  00a  1.08+0.07b 1.90+0.13b 6.78+0.46b  99.0
Fru + Gly 5504029 9.81£0.67 584 +027¢ 420-0.23¢c 419+029b 2.804+0.17ab  0.0a  0.88+0.06c 25140.16¢ 6.99-£059b  98.0

“Data are expressed as means = standard deviations. Treatment means followed by the same letter do not differ significantly at the 0 05 level according to Tukey's test.
b Carbon source: Glu, glucose (5.50 mM); Fru, fructose (5.50 mM); Gly, glycerol (43.20 mM). Products: ©3-HPA, 3-hydroxypropionaldehyde; 9 1,3-PD, 1,3-propanediol. ® The CO,
concentration was calculated considering its generation by pyruvate dehydrogenase: 1 mol of CO,/mol of acetate, 1 mol of CO,/mol of ethanol, and 1 mol/mol of hexose

catabolized. "% CR = carbon recovery as a percentage.

Table 3. Enzymatic Activities Involved in Glycerol Catabolism by L. hilgardii X;B?

specific activities (units mg ")

culture conditions® GK® G3PDH? GDA® 1,3-PD-DH’ GDH/DHAK?
Glu—Gly—Ana 62840252 741+£027a 5630244 1.394+0.05a ND"
Glu—Gly—Micro 22.14+1.09a 451+142a 7.87+0.40a 10.31+0.45a ND
Fru—Gly—Ana 9.17+0.43b 10.54+0.48b 5.78+0.23b 0.72+£0.03b ND
Fru—Gly—Micro 16.65+0.99b 337+1.34b 563+0.32b 7.90+0.38b ND

@ Data are expressed as means =+ standard deviations. Treatment means followed by the same letter do not differ significantly at the 0.05 level according to Tukey's test.
bCarbon sources concentration: glycerol (Gly), 43.20 mM; cplucose (Glu), 5.50 mM; and fructose (Fru), 5.50 mM. L. hilgardii cultures were incubated in anaerob|c (Ana) and

microaerophilic (Micro) conditions. °GK = glycerol kinase.

G3PDH = NAD -dependent glycerol 3 -phosphate dehydrogenase. ® GDA = glycerol dehydratase. 1,3-PDH = 1,3-

propanediol-dehydrogenase. ¢ GDH/DHAK = glycerol dehydrogenase/dihydroxyacetone kinase. "ND = no detected.

Enzymatic Activities. The enzymatic activities of GK,
GDA, and GDH pathways were evaluated in cell-free ex-
tracts of L. hilgardii X1B growing in anaerobic and micro-
aerophilic conditions (Table 3). Levels of GDA activity were
similar in both incubation conditions in fructose + glycerol
cultures as well as in anaerobic glucose + glycerol media, but
it was higher in glucose + glycerol cultures in microaero-
philic conditions. 1,3-PDH activities were about 10-fold
higher in microaerophilia than in anaerobiosis.

In reference to the GK pathway, GK and G3PDH activ-
ities were also higher in microaerophilic than in anaerobic
conditions.

Under our experimental conditions, the enzymes of the
GDH pathway were not detected in both incubation
conditions.

DISCUSSION

L. hilgardii is a species found in some Argentinean wines in
which the lactic microbiota is heterogeneous (27). Although
Oenococcus oeni strains contribute to wine quality (3, 4), other
LAB species (for example, heterofermentative lactobacilli)
would participate as spoilage microorganisms. This work
provides information about the ability of L. hilgardii X,B to
degrade glycerol under anaerobic and microaerophilic condi-
tions using culture media containing limiting glucose or

fructose and glycerol. Sugars and glycerol concentrations
were selected according to those usually found in Argentinean
wines when the alcoholic fermentation has finished (217).

Several factors can influence the fate of a substrate by
different alternative metabolic pathways. Among them, the
carbon source and the electron acceptors as oxygen can be
involved (29). According to our results, L. hilgardii X,B was
unable to grow in media containing glycerol as its sole carbon
source in either anaerobiosis or microaerophilia. Glycerol use
as its sole carbon source is possible when the two pathways of
the “dha regulon” (GDA and GDH) are present, as reported
in Klebsiella species (25, 30), Clostridium butyricum and C.
acetobutyricum (31), Citrobacter freundii (32), and Entero-
bacter agglomerans (33 ). Under our experimental conditions,
the enzymes of the GDH pathway were absent in L. hilgardii
XB cell-free extracts.

The ability of L. hilgardii to grow and degrade glycerol on
sugar + glycerol media agrees with the sugar—glycerol
cofermentation reported for other heterofermentative lacto-
bacilli, including L. reuteri (5, 34), L. brevis (27 ), L. buchnerii
(8), and L. collinoides (6, 9, 10), in which the GDA pathway is
efficient. Moreover, the GDA activity was detected in some L.
hilgardii strains isolated from spoiled ciders (/7). According
to our results, both the GK and GDA pathways operate for
glycerol catabolism in L. hilgardii X,B. The strain was able to
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produce lactate, acetate, ethanol, and CO, from sugars ac-
cording to their heterofermentative pattern. In the presence of
glycerol, the enhancement of these products could be related
to the activities of the GK pathway that catabolizes glycerol
into pyruvate, from which lactate, ethanol, and acetate are
produced. Ethanol formation contributes to recycling NADH
by the reaction catalyzed by ethanol dehydrogenase. Acetate
production from pyruvate is assumed to occur via acetyl
phosphate by acetate kinase, generating additional ATP.

The L. hilgardii strain was also able to synthesize the
products of the GDA pathway: 3-HPA in anaerobiosis and
3-HPA and 1,3-PD in microaerophilia. In fact, the GDA
pathway provides 3-HPA, which is an alternative hydrogen
acceptor for recycling NADH produced during the catabo-
lism of hexose via the 6-phosphogluconate pathway. 3-HPA is
a toxic metabolite and needs to be reduced to 1,2- or 1,3-PD to
detoxify the cell. Moreover, the absence of 1,3-PD in anaero-
bicsugars + glycerol cultures would be related to the very low
levels of 1,3-PDH activity detected.

In microaerophilic conditions, the addition of glycerol
produced an increase in both lactate isomers and acetate
production but the ethanol concentration remained without
significant variation. This is probably due to the formation of
1,3-PD that supplies NAD. As a consequence, no further
ethanol formation is needed; thus, more pyruvate is available
to form lactate and acetate.

In anaerobic sugars + glycerol cultures, an increase in L-
lactate production was not observed. Even more, there was a
decreasing production of L-lactate on fructose + glycerol
media. This is probably due to the oxidation of rL-lactate
produced from glycerol to pyruvate by NAD-independent
lactate dehydrogenases, as reported for other LAB (8, 35). The
absence of mannitol in fructose + glycerol cultures in both
incubation conditions suggests that the NADH reoxidation
occurs in anaerobiosis via ethanol production, while in micro-
aerophilia, the NADH reoxidation occurs through 1,3-PD
synthesis.

Similar to other heterofermentative lactobacilli isolated
from fermented beverages that convert glycerol in 3-HPA, a
precursor of acrolein (6 ), which is an undesirable compound
for human health (1/7), L. hilgardii X,B produces 3-HPA,
suggesting that this strain can be involved in the production of
the bitter taste in wine. The glycerol-degrading strains are
undesirable not only because they produce bitterness but also
because they produce high-volatile acidity.

This paper reports for the first time the catabolism of
glycerol in L. hilgardii, a heterofermentative lactobacilli iso-
lated from wine, in which operates both the GK and GDA
pathways. It seems that the ways to degrade glycerol in
Lactobacillus are variable. According to the species, it may
depend upon both the presence or absence of genes encoding
specific enzymes and the conditions of their expression.

The study includes the detection of the enzymatic activities
of the GK pathway, its relation to the GDA pathway, and the
end products of both sugars and glycerol catabolism. The end
products detected are in agreement with the enzymatic activity
levels and growth parameters. It is probable that the expres-
sion of the enzyme is regulated to the oxygen availability and
intracellular redox balance. This could be explained by the
better expression of the 1,3-PDH activity and the GK path-
way enzymes in the presence of oxygen, as reported for the
GK way in Pediococcus pentosaceus from wine (20).

These results represent the basis to study the catabolism of
glycerol by L. hilgardii X,B in different winemaking condi-
tions, taking into consideration that this strain can degrade
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glycerol by producing 3-HPA and acetic acid, both undesir-
able products for the sensorial quality of wines.

Further studies should be performed with other L. hilgardii
strains, to verify if the glycerol catabolism is a real problem in
winemaking or if it is sporadic.

ABBREVIATIONS USED

LAB, lactic acid bacteria; GC, gas chromatography; GDA,
glycerol dehydratase; 1,3-PDH, 1,3-propanediol dehydorgen-
ase; GK, glycerol kinase; G3PDH, NAD-dependent/indepen-
dent G3P dehydrogenase; GDH, glycerol dehydrogenase;
DHAK, dihydroxyacetone kinase; 3-HPA, 3-hydroxypropio-
naldehyde; 1,3-PD, 1,3-propanediol; G3P, glycerol 3-phos-
phate; DHA, dihydroxyacetone; DHA-P, dihydroxyacetone
phosphate.

ACKNOWLEDGMENT

The authors thank David A. Housel, ACSW, for proof-
reading and revising the English.

LITERATURE CITED

(1) Lafon-Lafourcade, S. In Wine and Brandy in Biotechnology;
Rehm, H. J., Redd, G., Eds.; Verlag Chemie: Weinheim,
Germany, 1983; Vol. 5, pp 82—163.

(2) Eustace, R.; Thornton, R. J. Selective hybridization of wine
yeast for higher yields of glycerol. Can. J. Microbiol. 1987, 33,
112-117.

(3) Lonvaud-Funel, A. Lactic acid bacteria in the quality improve-
ment and depreciation of wine. Antoine van Leeuwenhoek 1999,
76, 317-331.

(4) Liu, S. Q. Malolactic fermentation in wine-beyond deacidifica-
tion. A review. J. Appl. Microbiol. 2002, 92, 589-601.

(5) Talarico, T. L.; Dobrogosz, W. J. Purification and character-
ization of glycerol dehydratase from Lactobacillus reuteri.
Appl. Environ. Microbiol. 1990, 56, 1195-1197.

(6) Sauvageot, N.; Gouffi, K.; Laplace, J. M.; Auffray, Y. Glycer-
ol metabolism in Lactobacillus collinoides: Production of
3-hydroxypropionaldehyde, a precursor of acrolein. Int. J.
Food Microbiol. 2000, 55, 167-170.

(7) Lonvaud-Funel, A. Lactic acid bacteria in winemaking: Influ-
ence on sensorial and hygienic quality. In Biotransformations:
Bioremediation Technology for Health and Environmental Pro-
tection. Progress in Industrial Microbiology; Singh, V. P.,
Stapleton, R. D., Eds.; Elsevier Science: Amsterdam, The
Netherlands, 2002; Vol. 36, pp 231—262.

(8) Veiga da Cunha, M.; Foster, M. A. 1,3-Propanediol: NAD "
oxidoreductases of Lactobacillus brevis and Lactobacilllus
buchnerii. Appl. Environ. Microbiol. 1992, 58, 2005-2010.

(9) Claisse, O.; Lonvaud-Funel, A. Assimilation of glycerol by a
strain of Lactobacillus collinoides isolated from cider. Food
Microbiol. 2000, 17, 513-519.

(10) Garai-Ibabe, G.; Ibarburu, I.; Berregi, I.; Claisse, O.;
Lonvaud-Funnel, A.; Irastor, A.; Duenas, M. T. Glycerol
metabolism and bitterness producing lactic acid bacteria in
cidermaking. Int. J. Food Microbiol. 2008, 121, 253-261.

(11) Claisse, O.; Lonvaud-Funel, A. Primers and specific
DNA probe for detecting lactic acid bacteria producing
3-hydroxypropionaldehyde from glycerol in spoiled ciders.
J. Food Prot. 2001, 64 (6), 833-837.

(12) Martin, R.; Olivares, M.; Martin, M. L.; Xaus, J;
Ferndndez, L.; Rodriguez, J. M. Characterization of a
reuterin-producing Lactobacillus coryniformes strain isolated
from a goat’s milk cheese. Int. J. Food Microbiol. 2005, 104 (3),
267-271.

(13) Talarico, T. L.; Dobrogosz, W. J. Chemical characterization of
an antimicrobial substance produced by Lactobacillus reuteri.
Antimicrob. Agents Chemother. 1989, 33, 674-679.



3858  J. Agric. Food Chem., Vol. 57, No. 9, 2009

(14) Cadieux, P.; Wind, A.; Sommer, P.; Schaefer, L.; Crowley, K.;
Britton, R. A.; Reid, G. Evaluation of reuterin production in
urogenital probiotic Lactobacillus reuteri RC-14. Appl. Envir-
on. Microbiol. 2008, 74 (15), 4645-4649.

(15) Vollenweider, S.; Lacroix, C. 3-hydroxypropionaldehyde: Ap-
plications and perspectives of biotechnological production.
Appl. Microbiol. Biotechnol. 2004, 64 (1), 16-27.

(16) Cleusix, V.; Lacroix, C.; Vollenweider, S.; Duboux, M.; Le
Blay, G. Inhibitory activity spectrum of reuterin produced by
Lactobacillus reuteri against intestinal bacteria. BMC Micro-
biol. 2007, 7, 101-109.

(17) Lonvaud-Funel, A. Recherches sur les bactéries lactiques du
vin. Fonctions métaboliques, croissance, génétique plasmidi-
que. These Université de Bordeaux I1, France, 1986.

(18) Salado, A. 1. C.; Strasser de Saad, A. M. Glycerol utilization by
Pediococcus pentosaceus strains isolated from Argentinian
wines. Microbiol. Aliment. Nutr. 1995, 13, 319-325.

(19) Pasteris, S. E.; Strasser de Saad, A. M. Enzymatic activities
involved in glycerol utilization by Pediococcus pentosaceus
from Argentinian wine. Microbiol. Aliment. Nutr. 1997, 15,
139-145.

(20) Pasteris, S. E.; Strasser de Saad, A. M. Aerobic glycerol
catabolism by Pediococcus pentosaceus from wine. Food Micro-
biol. 2005, 22, 399-407.

(21) Strasser de Saad, A. M.; Manca de Nadra, M. C. Isolation and
identification of lactic acid bacteria from Cafayate (Argentina)
wines. Microbiol. Aliment. Nutr. 1987, 5, 45-49.

(22) de Man, J. C.; Rogosa, M.; Sharpe, E. A medium for cultiva-
tion of lactobacilli. J. Appl. Bacteriol. 1960, 23, 130-145.

(23) Circle, S. J.; Stone, I.; Boruff, C. S. Acrolein determination by
means of tryptophane. A colorimetric micromethod. /nd. Eng.
Chem. Anal. Ed. 1945, 17, 259-262.

(24) Vizoso Pinto, M. G.; Pasteris, S. E.; Strasser de Saad, A. M.
Glycerol catabolism by Pediococcus pentosaceus isolated from
beer. Food Microbiol. 2004, 21, 111-118.

(25) Forage, R. G.; Lin, E. C. C. DHA system mediating aerobic
and anaerobic dissimilation of glycerol in Klebsiella pneumo-
niae NCIB 418. J. Bacteriol. 1982, 151, 591-599.

(26) Toraya, T.; Ushio, K.; Fukui, S.; Hogenkamp, H. P. Studies

on the mechanism of the adenosylcobalamin-dependent diol

Pasteris and Strasser de Saad

dehydratase reaction by the use of analogs of the coenzyme. J.
Biol. Chem. 1977, 252, 963-970.

(27) Veiga da Cunha, M.; Foster, M. A. Sugar—glycerol cofermen-
tations in lactobacilli: The fate of lactate. J. Bacteriol. 1992,
174, 1013-1019.

(28) Rossman, A. J.; Chance, B. L. Workshop Statistics: Discovery
with Data and Minitab; Springer-Verlag: New York, 1998.

(29) Ruch, F. E.; Lengeler, J.; Lin, E. C. C. Regulation of glycerol
catabolism in Klebsiella aerogenes. J. Bacteriol. 1974, 119
50-55.

(30) Streekstra, H.; Teixeira de Mattos, M. J.; Neijssel, O. M.;
Tempest, D. W. Overflow metabolism during anaerobic
growth of Klebsiella aerogenes NCTC 418 on glycerol and
dihydroxyacetone in chemostat culture. Arch. Microbiol. 1987,
147, 268-2175.

(31) Abbad-Andaloussi, S.; Durr, C.; Raval, G.; Petitdemange, H.
Carbon and electron flow in Clostridium butyricum grown in
chemostat culture on glycerol and on glucose. Microbiolology
1996, 742, 1149-1158.

(32) Homann, T.; Tag, C.; Biebl, H.; Decker, W. D.; Shink, B.
Fermentation of glycerol to 1,3-propanediol by Klebsiella and
Citrobacter strains. Appl. Microbiol. Biotechnol. 1990, 33,
121-126.

(33) Barbirato, F.; Grivet, J. P.; Soucaille, P.; Bories, A.
3-hydroxypropionaldehyde, an inhibitory metabolite of
glycerol fermentation to 1,3-propanediol by enterobacterial
species. Appl. Environ. Microbiol. 1996, 62, 1448—1451.

(34) Talarico, T. L.; Dobrogosz, W. J. Purification and character-
ization of glycerol dehydratase from Lactobacillus reuteri.
Appl. Environ. Microbiol. 1990, 56, 1195-1197.

(35) Pasteris, S. E.; Strasser de Saad, A. M. Characterization of
glycerol kinase and NAD-independent glycerol 3-phosphate
dehydrogenase from Pediococcus pentosaceus Nsp. Lett. Appl.
Microbiol. 1998, 27, 93-97.

Received for Review December 5,2008. Accepted March 09, 2009. Revised
manuscript received February 28, 2009. This research was supported by
grants from Consejo de Investigaciones de la Universidad Nacional de
Tucuman (CIUNT), Repiblica Argentina.



