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Although a large number of key odorants of Swiss-type cheese result from amino acid catabolism, the amino
acid catabolic pathways in the bacteria present in these cheeses are not well known. In this study, we compared
the in vitro abilities of Lactobacillus delbrueckii subsp. lactis, Lactobacillus helveticus, and Streptococcus ther-
mophilus to produce aroma compounds from three amino acids, leucine, phenylalanine, and methionine, under
mid-pH conditions of cheese ripening (pH 5.5), and we investigated the catabolic pathways used by these
bacteria. In the three lactic acid bacterial species, amino acid catabolism was initiated by a transamination
step, which requires the presence of an �-keto acid such as �-ketoglutarate (�-KG) as the amino group
acceptor, and produced �-keto acids. Only S. thermophilus exhibited glutamate dehydrogenase activity, which
produces �-KG from glutamate, and consequently only S. thermophilus was capable of catabolizing amino acids
in the reaction medium without �-KG addition. In the presence of �-KG, lactobacilli produced much more
varied aroma compounds such as acids, aldehydes, and alcohols than S. thermophilus, which mainly produced
�-keto acids and a small amount of hydroxy acids and acids. L. helveticus mainly produced acids from phe-
nylalanine and leucine, while L. delbrueckii subsp. lactis produced larger amounts of alcohols and/or aldehydes.
Formation of aldehydes, alcohols, and acids from �-keto acids by L. delbrueckii subsp. lactis mainly results from
the action of an �-keto acid decarboxylase, which produces aldehydes that are then oxidized or reduced to acids
or alcohols. In contrast, the enzyme involved in the �-keto acid conversion to acids in L. helveticus and S. ther-
mophilus is an �-keto acid dehydrogenase that produces acyl coenzymes A.

Amino acid catabolism by the microflora is a major process
for the formation of a large number of key aroma compounds
in Swiss-type cheeses such as gruyere and emmental (7, 14, 17).
However, the amino acid catabolic pathways in the different
bacteria present in these cheeses are not well known. This
knowledge could lead to the development of cultures with
optimized aromatic properties.

Amino acid catabolism by Lactococcus lactis and mesophilic
lactobacilli has been extensively studied recently (2, 8, 11, 19,
26; S. Gummalla and J. R. Broadbent, Abstract, J. Dairy Sci.
79(Suppl. 1):101, 1996). In these lactic acid bacteria (LAB),
amino acid catabolism is mainly initiated by a transamination
reaction, which requires the presence of an �-keto acid as the
amino group acceptor. The production of an �-keto acid ac-
ceptor by LAB often limits amino acid catabolism, but strains
exhibiting glutamate dehydrogenase (GDH) activity are capa-
ble of producing �-ketoglutarate (�-KG) from glutamate (Glu)
and therefore are capable of degrading amino acids in a reac-
tion medium containing Glu (20).

The key aroma compounds identified in Swiss-type cheese
result mainly from the catabolism of branched-chain amino
acids (3-methylbutanal, isobutyric acid, isovaleric acid, and
their derived esters), methionine (methional, methanethiol,
and dimethyl trisulfide), and phenylalanine (phenylacetic acid

and phenylacetaldehyde). Most of these compounds are con-
sidered beneficial to the cheese flavor. Isobutyric acid and
isovaleric acid participate in the sweaty and strong cheese
notes, respectively, while 3-methylbutanal has a malty aroma.
All the compounds derived from methionine have sulfur notes
that are appreciated in cheese. Finally, phenylacetic acid and
phenylacetaldehyde have a floral or fruity note. However, a few
of them, such as methional and compounds derived from tryp-
tophan such as indole, have been identified as being responsi-
ble for off flavors when they are present in too high amounts
(13, 17).

The microflora of Swiss-type cheese consists mainly of pro-
pionibacteria and thermophilic LAB, especially Lactobacillus
helveticus, Lactobacillus delbrueckii subsp. lactis, and Strepto-
coccus thermophilus. Recently, Thierry et al. have shown that
propionibacteria are capable of producing isovaleric acid from
leucine in vitro (21) and are mainly responsible for its produc-
tion in Swiss cheese (22). However, propionibacteria do not
seem to be capable of producing aldehydes from amino acids,
while these compounds are very important for Swiss cheese
aroma. Among the thermophilic LAB, only amino acid con-
version by L. helveticus was partially studied. In vitro studies
have shown that L. helveticus can produce acetaldehyde from
threonine (10), volatile sulfur compounds from methionine (5,
18), and, in the presence of �-KG, benzaldehyde from phenyl-
alanine (12). Under simulated cheese-ripening conditions,
L. helveticus cells mainly produces carboxylic acids and hy-
droxyacids from phenylalanine and tyrosine (9).

Investigations of amino acid catabolism by S. thermophilus
and L. delbrueckii subsp. lactis have been limited. Cystathi-
onine-�-lyase activity, which is involved in the production of
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volatile sulfur compounds from methionine in Lactococcus lac-
tis (6), has been detected in only one strain of L. delbrueckii
subsp. lactis of five strains tested (3).

The aim of the present study was to compare the in vitro
abilities of L. delbrueckii subsp. lactis, L. helveticus, and S.
thermophilus to produce aroma compounds from three amino
acids, leucine, methionine, and phenylalanine, and to elucidate
the catabolic pathways used by these bacteria. Here we report
the results obtained with one laboratory strain of each species,
but otherwise we used two other industrial strains for each
species to determine if the amino acid catabolism was strain
dependent.

MATERIALS AND METHODS

Bacterial strains and preparation of cells for amino acid degradation. The
three strains used in this study were obtained from the Centre National de la
Recherche Zootechnique culture collection (CNRZ, INRA, Jouy-en-Josas,
France): L. helveticus CNRZ 32, L. delbrueckii subsp. lactis CNRZ 207, and S.
thermophilus CNRZ 302. Six other strains of S. thermophilus were used for the
determination of GDH activity: CNRZ 390, CNRZ 1446, CNRZ 1447, CNRZ
1591, CNRZ 385, and LMG 18311 (LMG collection, Laboratory of Microbiol-
ogy, University of Gest, Gest, Belgium). All strains were stored at �80°C in MRS
broth (Difco) containing 20% (vol/vol) glycerol. Strains were cultivated (1%
inoculum) in 10% Nilac low-heat skim milk powder (Netherlands Institute for
Dairy Research, Ede, The Netherlands) at 42°C for streptococci and 45°C for
lactobacilli. Cells in the late exponential growth phase were harvested by cen-
trifugation (5,000 � g, 10 min, 4°C), washed twice with 50 mM sodium glycero-
phosphate buffer (pH 7.5), and suspended in the same buffer to an optical density
at 480 nm of 200. Cell dry weights were determined by drying 100 to 300 �l of cell
suspensions under vacuum (3 h) with a SpeedVac concentrator. Aliquots of cell
suspensions (200 �l) were stored at �80°C until used.

Determination of GDH activity in cell extracts. Cell extracts were prepared by
disrupting cells with a mini-bead beater 8TM cell disrupter, as previously de-
scribed (11). NAD- and NADP-dependent GDH activities were determined in
fresh cell extracts with the test based on the colorimetric glutamic acid assay of
Boehringer, as previously described (11). Briefly, the reduced cofactor (NADH
or NADPH) produced by oxidative deamination of glutamate reacts with iodon-
itrotetrazolium in the presence of diaphorase to produce a colored product that
absorbs at a wavelength of 492 nm. Quantification was made with calibration
curves established with pure NADH and NADPH. The test was performed with
enzyme-linked immunoassay plates. One unit of GDH activity corresponds to the
production of 1 nmol of NAD(P)H per min of reaction. The results are the
means of three determinations (plus or minus the standard deviation).

Analysis of amino acid catabolism by HPLC. The catabolism of Phe, Leu, and
Met by the different strains was investigated in different reaction mixtures. The
basic reaction mixture consisted of 70 mM potassium phosphate buffer (pH 5.5),
3 mM unlabeled amino acid (Phe, Leu, or Met), and 0.05 �M radiolabeled amino
acid (L-[2,3,4,5,6-3H]phenylalanine, 100 to 140 Ci/mmol; L-[4,5-3H]leucine, 120
to 190 Ci/mmol; or L-[methyl-3H]methionine, 70 to 85 Ci/mmol) (Amersham
Pharmacia Biotech). In some experiments, 0.05 mM pyridoxal phosphate (PLP)
and 10 mM �-ketoglutarate (�-KG) or 10 mM glutamate (Glu) were added to
the reaction medium. When specified, 10 mM sodium m-arsenite (NaAsO2;
Sigma Chemical Co., St. Louis, Mo.) was added as an inhibitor of keto acid

dehydrogenases. Resting cell suspension (0.05 ml) was added to 0.45 ml of the
different reaction mixtures, and the mixtures were incubated for 40 h at 37°C.
Aliquots (100 �l) of the reaction mixture were taken after 0, 10, 20, and 40 h of
incubation, and cells were removed by centrifugation (5,000 � g, 5 min).

Cell lysis was evaluated during incubation by measuring cell protein release in
the supernatant of the reaction medium. The protein concentration was deter-
mined in the supernatant and in cells (after cell disruption with a cell disrupter
as described above) by the method of Bradford (4).

The soluble metabolites were then analyzed by reverse-phase high-pressure
liquid chromatography (HPLC) and ion exclusion HPLC with both UV and
radioactivity detection as previously described (24). Identification was made by
comparison of the retention times with those of appropriate standard com-
pounds, obtained from Sigma Chemical Co. Table 1 shows the common names
of metabolites resulting from Phe, Leu, and Met catabolism.

Analysis of amino acid catabolism by headspace gas chromatography-mass
spectrometry. The catabolism of Leu and Met by the different strains was inves-
tigated in the reaction mixture containing PLP and �-KG but without radiola-
beled amino acid. A volume of 0.15 ml of the cell suspension was added to 1.35
ml of the reaction mixture, and incubations were performed for 40 h at 37°C.
Aliquots (500 �l) of the reaction mixture were taken after 0, 20, and 40 h of
incubation, and cells were removed by centrifugation (5,000 � g, 5 min). The
supernatants were stored at �20°C until analysis.

The neutral volatile compounds were analyzed with a system composed of a
3100 Purge and Trap concentrator (Tekmar and Dohrmann, Cincinnati, Ohio)
fitted with a sorbent trap (Tenax, 60 to 80 mesh, 0.25 g, 30 by 0.32 cm; Tekmar
Inc.) and a cryofocusing module. The concentrator was coupled to a gas chro-
matograph (GC 6890�, Agilent Technologies Inc., Palo Alto, Calif.) connected
to a mass spectrometer detector (MS 5973N; Agilent Technologies). The reac-
tion mixture diluted with pure water (0.5 ml of the supernatant plus 1.5 ml of
boiled MilliQ water) was heated at 60°C and then purged for 15 min with
high-purity helium at 2.88 ml min�1 (5 lb/in2). The volatile compounds were
concentrated by adsorption to the Tenax trap maintained at 30°C for analysis of
Leu metabolites and at 10°C for analysis of Met metabolites. Water was then
removed by flushing the trap with helium for 5 min (dry purge). The trap was
heated at 225°C for 2 min to desorb the volatile compounds, which were directly
transferred at 150°C to the head of a capillary column and condensed by cryo-
focusing at �150°C.

The condensed volatile compounds were then injected by heating (225°C) on
a nonpolar capillary column (HP-5MS, 30.0 m by 0.25 mm, 0.25-�m film thick-
ness) flushed with high-purity helium at a constant pressure of 30 lb/in2. The
oven temperature was held at 5°C for 8 min. Then the metabolites were eluted
with a first linear gradient of 3°C min�1 from 5 to 20°C, followed by a second
linear gradient of 10°C min�1 from 20 to 150°C. The temperature was then held
at 150°C for 10 min. The compounds were identified and quantified by mass
spectrometry. The column was directly connected to the mass sensitive detector
by an interface heated at 280°C. The electron impact energy was set at 70 eV, and
data were collected in the range of 20 to 200 atomic mass units. Components
were identified by their retention times and by comparison of their mass spectra
with those of the NIST98 library (National Institute of Standards and Technol-
ogy). The concentration of components was calculated by external standard
calibration.

Control of experimental conditions used for the study of amino acid catabo-
lism. The method used to study amino acid catabolism by the different strains
consisted of incubating resting cells stored at �80°C at 37°C for 40 h in a
phosphate buffer at pH 5.5 (average pH of cheese) in the presence of one amino
acid and in the presence or the absence of cofactors (PLP and �-KG). Before

TABLE 1. Common names of compounds resulting from Phe, Leu, and Met degradation

Type Formula
Compound formed

Phe Leu Met

�-Keto acid R-CH2-CO-COOH Phenylpyruvate �-Ketoisocaproate �-Ketomethylthiobutyrate
Hydroxy acid R-CH2-CHO-COOH Phenyllactate Hydroxyisocaproate Hydroxymethylthiobutyrate
Carboxylic acid R-CH2-COOH Phenylacetic acid Isovaleric acid 3-Methylthiopropionic acid
Aldehyde R-CH2-CHO Phenylacetaldehyde 3-Methylbutanal or

isovaleraldehyde
Methional

Alcohol R-CH2-CHOH 3-Methylbutanol Methionol
Other volatile sulfur

compounds
Methanethiol, dimethyl disul-

fide, dimethyl trisulfide
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beginning the study, we verified three points of the experimental protocol. First,
we verified that similar quantities of cells from the different strains were added
when we used optical density for measuring the cell concentration of cell sus-
pensions. Indeed, the dry weights of the cells per ml of suspension (optical
density at 480 nm � 200) were similar whatever the strain used (27.0 � 4.7 mg
[dry weight] ml�1). Second, we checked that storage of cells at �80°C did not
affect the amino acid catabolism of the different strains. The comparison between
fresh cells and cells stored at �80°C was made for each strain by incubating the
cells in reaction medium containing �-KG and PLP. The amino acid catabolism
observed was quantitatively and qualitatively similar for both types of cells (data
not shown). Finally, we verified that cells were not lysed after incubation by
measuring intracellular protein release in the supernatants of the reaction me-
dium after incubation with cells of each strain. Less than 0.2% of the total cell
protein was detected in the supernatants of all reaction mixtures after 40 h of
incubation, indicating that the strains did not lyse significantly under our incu-
bation conditions.

RESULTS

Amino acid catabolism in the absence of �-KG in the reac-
tion medium and GDH activity. Amino acid catabolism by
L. helveticus CNRZ 32, L. delbrueckii subsp. lactis CNRZ 207,
and S. thermophilus CNRZ 302 was studied in vitro with ra-
diolabeled Phe, Leu, and Met as tracers. In reaction medium
without �-KG, only little or no amino acid degradation was
observed with the two lactobacilli, while S. thermophilus signif-
icantly degraded Phe, Leu, and Met (Table 2). Figure 1 shows
that S. thermophilus degraded the three amino acids to various
metabolites, which were identified as �-keto acids, products of
amino acid transamination or deamination, and their further
degradation products, hydroxy acids and carboxylic acids. The
major metabolites produced from Phe and Met were carboxylic
acids (phenylacetic acid and methylthiopropionic acid). Car-
boxylic acid was also the main degradation product of the
�-keto acid derived from Leu, but a large proportion of the
�-keto acid was not degraded.

Since it has been shown previously that the ability of several
LAB to catabolize amino acids in reaction medium without
�-KG addition is closely related to their GDH activity, we
searched for both NAD- and NADP-GDH activities in the
three thermophilic LAB strains. S. thermophilus CNRZ 302
exhibited high NADP and NAD activities (221 and 16 U mg of
protein �1, respectively) while no activity was detected for the
lactobacilli. Therefore, six other Streptococcus strains were fur-
ther screened. NADP-dependent activity was detected in all
the strains tested except S. thermophilus LMG 18311, but the
level of activity was strain dependent, while NAD-dependent
activity was found only in S. thermophilus CNRZ 302. Since
strains possessing GDH activity produce �-KG from Glu, we
examined the ability of S. thermophilus CNRZ 302 to degrade

amino acids in a reaction medium containing Glu. The levels of
amino acid degradation in the presence (Fig. 1) and in the
absence (data not shown) of Glu were similar, suggesting that
the intracellular pool of Glu was sufficient to produce the
�-KG required for amino acid transamination.

Amino acid catabolism in the presence of �-KG in the me-
dium. Amino acid catabolism by L. helveticus CNRZ 32, L.
delbrueckii subsp. lactis CNRZ 207, and S. thermophilus CNRZ
302 was also studied in the reaction mixture containing �-KG.
Figure 2 shows the metabolites produced from Phe, Leu, and
Met by the three LAB species after incubation for 40 h. Amino
acid catabolism by the three strains in the presence of �-KG
was much higher than in its absence, as previously observed
with L. lactis (15, 25). Indeed, previously it was shown that
�-KG addition stimulated the amino acid catabolism initiated
by a transamination step because �-KG is the cosubstrate of
aminotransferases. Therefore, we can conclude that the catab-
olism of Phe, Leu, and Met by the three LAB species studied
is also initiated by a transamination reaction. �-Keto acids
resulting from transamination (phenylpyruvate, ketoisocap-
roate, and ketomethylthiobutyrate) were further differently
transformed by the three species of LAB.

From Phe and Leu, lactobacilli produced larger quantities of
key aroma compounds such as carboxylic acids, aldehydes, and
alcohols (Fig. 2A and B) than S. thermophilus CNRZ 302,
which mainly produced �-keto acids and, to a lesser extent,
hydroxy acids (phenyllactate), which are not aroma compounds
(Fig. 2C). S. thermophilus CNRZ 302 also produced 3 to 13%
carboxylic acids from the three amino acids, but the production
of phenylacetic acid from Phe was fourfold lower than in the
reaction medium without �-KG addition (Fig. 1). A similar
observation was previously reported for GDH-positive lacto-
bacilli (11) and for a genetically modified L. lactis strain over-
producing a GDH (16). The mechanism of such behavior is not
yet understood, but it may be related to a change in the intra-

FIG. 1. Metabolites produced from phenylalanine, leucine, and
methionine by S. thermophilus CNRZ 302 after incubation for 40 h in
reaction medium without �-KG addition but containing Glu. Metab-
olites were analyzed by HPLC with radioactivity detection. Results are
expressed as percentages of the initial amino acid concentration and
are the means of three independent experiments. Error bars indicate
the variation in the total of metabolites. The names of metabolites
resulting from amino acid catabolism are given in Table 1.

TABLE 2. Amino acid degradation by Lactobacillus and
Streptococcus strains after incubation for 40 h in

reaction mixture without �-KGa

Strain
% Amino acid degradation � SD

Phe Leu Met

L. helveticus CNRZ 32 2.3 � 0.9 0.6 � 1.1 1.3 � 2.1
L. delbrueckii subsp. lactis

CNRZ 207
1.3 � 1.2 0.5 � 0.6 0

S. thermophilus CNRZ 302 17.0 � 7.1 21.1 � 4.3 8.0 � 3.6

a Results are expressed as a percentage of the initial amino acid concentration
and are the means of three independent experiments � standard deviation.
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cellular oxidoreduction potential caused by the oxidative
deamination of Glu to �-KG.

L. helveticus CNRZ 32 (Fig. 2A) mainly transformed phe-
nylpyruvate into phenylacetic acid and, to a lesser extent, to
phenylethanol and �-ketoisocaproate into isovaleric acid.
From 50 to 100 �mol of 3-methylbutanol and 3-methylbutanal
per liter was also detected by headspace gas chromatography-
mass spectrometry (Fig. 3). The quantity of aldehydes pro-
duced from Phe and Leu after 20 h of incubation was higher
than the quantity produced after 40 h of incubation, while the
quantity of alcohols was the highest after 40 h (data not
shown), suggesting that aldehydes were further transformed to
alcohols.

L. delbrueckii subsp. lactis CNRZ 207 (Fig. 2B) produced
much less carboxylic acids but larger amounts of alcohol from
Phe and Leu than L. helveticus. About 200 �mol of 3-methyl-
butanol per liter was also found by headspace gas chromatog-
raphy-mass spectrometry (Fig. 3), but aldehydes were not de-
tected even after 20 h of incubation.

From Met, L. helveticus and S. thermophilus mainly pro-
duced �-keto acid (ketomethylthiobutyrate) and 5 to 10% car-
boxylic acid. L. delbrueckii subsp. lactis mainly converted
ketomethylthiobutyrate to hydroxy acid and carboxylic acid.
Negligible quantities of volatile sulfur compounds were de-
tected by headspace gas chromatography-mass spectrometry in
the reaction medium containing Met and resting cells of the
three strains (data not shown).

Amino acid catabolism pathways. To identify the catabolic
pathways used by the three strains for the production of acids,
alcohols, and aldehydes, resting cells were incubated in reac-
tion medium in the presence of arsenite, which is a specific
inhibitor of �-keto acid dehydrogenases (23). In fact, acids,
alcohols, and aldehydes could be produced from �-keto acids
via two different pathways (Fig. 4). The first pathway (Fig. 4A)
consists of �-keto acid decarboxylation to aldehydes by an
�-keto acid decarboxylase (KADC), followed by an aldehyde

FIG. 2. Metabolites produced from phenylalanine, leucine, and
methionine in reaction medium containing �-KG and PLP by L. hel-
veticus CNRZ 32 (A), L. delbrueckii subsp. lactis CNRZ 207 (B), and
S. thermophilus CNRZ 302 (C). Metabolites were analyzed after 40 h
of incubation by HPLC with radioactivity detection. Results are ex-
pressed as percentages of the initial amino acid concentration and are
the means of three independent experiments. Error bars indicate the
variation in the total of metabolites. The names of metabolites result-
ing from amino acid catabolism are given in Table 1.

FIG. 3. Production of volatile compounds from leucine in reaction
medium containing �-KG and PLP by L. helveticus CNRZ 32 (L. helv),
L. delbrueckii subsp. lactis CNRZ 207 (L. delb), and S. thermophilus
CNRZ 302 (S. therm). Metabolites were analyzed by headspace gas
chromatography-mass spectrometry after 40 h of incubation.
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reduction or oxidation to alcohol or acid, respectively. The
second pathway (Fig. 4B) consists of oxidative decarboxylation
of �-keto acid to acyl coenzyme A (acyl-CoA) by an �-keto
acid dehydrogenase (KADH). Acyl-CoA can then be directly
converted into carboxylic acid by an acyl-CoA hydrolase or
reduced to aldehyde by an acyl-CoA reductase. Aldehyde can
be further oxidized or reduced to carboxylic acid or alcohol,
respectively.

Sodium arsenite addition did not affect the total percentage
of Phe and Leu degradation (data not shown), indicating that
amino acid conversion to �-keto acids was not affected, and did
not affect hydroxy acid formation. But Fig. 5 shows that sodium
arsenite totally inhibited the conversion of �-keto acids derived
from Phe and Leu into aldehydes, alcohols, and acids by the
L. helveticus strain and slightly reduced the formation of car-
boxylic acids from the �-keto acid of Leu by the S. thermophilus
strain. In the presence of sodium arsenite, �-keto acids accu-
mulated in the reaction medium. On the contrary, sodium
arsenite did not affect the formation of these compounds by
L. delbrueckii subsp. lactis. These results indicate that L. hel-
veticus mainly used the KADH pathway, while L. delbrueckii
subsp. lactis used the KADC pathway.

We also verified the presence of aldehyde and alcohol de-
hydrogenases in lactobacilli by incubating the cells with phe-
nylacetaldehyde (derived from Phe) and isovaleraldehyde (de-
rived from Leu). Indeed, both lactobacilli produced alcohols
and acids from these aldehydes (results not shown).

DISCUSSION

As previously demonstrated for many LAB, including L.
lactis, mesophilic lactobacilli, and propionibacteria (2, 8, 11, 19,
26; Gummall and Broadbent, abstract), our results showed that
catabolism of Phe, Leu, and Met in L. helveticus, L. delbrueckii
subsp. lactis, and S. thermophilus is initiated by an amino acid
transamination step, which requires the presence of an �-keto
acid such �-KG as an amino group acceptor for the amin-
otransferases. This finding was confirmed with two other
strains of each species. Among the three LAB species tested in
this study, only S. thermophilus generally exhibited GDH ac-
tivity that produced �-KG from glutamate. Consequently, only

FIG. 4. Two possible pathways for the formation of acid, aldehyde,
and alcohol from �-keto acid: the KADC pathway (A) and the KADH
pathway (B). The names of metabolites resulting from amino acid
catabolism are given in Table 1.

FIG. 5. Metabolites produced from Phe (A) and Leu (B) by L.
helveticus CNRZ 32 (L. helv), L. delbrueckii subsp. lactis CNRZ 207 (L.
delb), and S. thermophilus CNRZ 302 (S. therm) in reaction medium
containing �-KG and PLP in the presence of sodium arsenite (ars) or
in its absence (C). Metabolites were analyzed after 40 h of incubation
by HPLC with radioactivity detection. Results are expressed as per-
centages of the initial amino acid concentration and are the means of
three independent experiments. Error bars indicate the variation in the
total of metabolites. The names of metabolites resulting from amino
acid catabolism are given in Table 1.
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S. thermophilus was capable of catabolizing amino acids in the
reaction medium without �-KG addition.

GDH activity appeared to be widespread among S. ther-
mophilus species, but the intensity of activity was strain depen-
dent. Although S. thermophilus LMG 18311 did not exhibit
significant GDH activity, a gene sharing high homology with
gdh genes from other bacteria has been found in its genome
(UCL Life Sciences Institute website, www.biol.ucl.ac.be/gene/
genome). However, it is not possible to know whether the gene
is functional or not because the open reading frame has not
been totally sequenced yet. Surprisingly, although the GDH
activity of S. thermophilus CNRZ 302 was much higher (50-
fold) than the activity previously determined in some L. plan-
tarum and L. paracasei strains, the level of amino acid degra-
dation by S. thermophilus CNRZ 302 was not higher than the
degradation observed with the L. plantarum or L. paracasei
strains under similar conditions (20). Amino acid degradation
by S. thermophilus is not limited by accumulation of �-keto
acids (without further degradation of these compounds) be-
cause, in the presence of �-KG, amino acid degradation was
threefold higher than without �-KG addition. Therefore, our
results suggest that the GDH of S. thermophilus is less efficient
than that of other GDH-positive LAB for producing �-KG.
However, the reason for such poor efficiency remains to be
explained. GDH activity was not detected in the three L. hel-
veticus strains or in the three L. delbrueckii subsp. lactis strains,
but more strains should be tested before generalizing because
this activity appeared to be quite rare in certain LAB species,
such as L. lactis (20).

In the presence of �-KG, thermophilic lactobacilli produced
much more varied aroma compounds than S. thermophilus.
Indeed, L. helveticus and L. delbrueckii subsp. lactis produced
acids, alcohols, and aldehydes from Phe and Leu, while S.
thermophilus mainly produced �-keto acids, which are not by
themselves aroma compounds. This finding was verified with
two other strains of each species. L. helveticus mainly produced
phenylacetic acid from Phe and isovaleric acid from Leu, as
previously observed for propionibacteria (21), while L. del-
brueckii subsp. lactis produced large amounts of alcohols
(and/or aldehydes). Among the LAB studied previously, only a
few strains of L. lactis and Lactobacillus maltaromicus also
produced large amounts of aldehyde (26). The catabolism of
Leu in S. thermophilus looks like that previously described for
L. lactis (11), since both produced mainly �-ketoisocaproate
from Leu. L. lactis produced more carboxylic acids from Phe
and Met than S. thermophilus in medium containing �-KG, but
in medium without �-KG addition, S. thermophilus also pro-
duced large amounts of carboxylic acids.

The formation of alcohols and acids by L. delbrueckii subsp.
lactis mainly results from the action of a KADC (Fig. 6B).
KADC produces aldehydes that are then either oxidized to
acids or reduced to alcohols, probably depending on the redox
potential inside the cell or in the medium, since lactobacilli
exhibited both aldehyde and alcohol dehydrogenase activities.
The formation of aldehyde by certain L. lactis strains is also
due to a KADC that was recently partially purified (1). On the
contrary, L. helveticus uses the KADH pathway (Fig. 6A).
KADHs produce acyl-CoAs from �-keto acids, but the path-
way for further conversion of acyl-CoAs to acids and aldehydes
has not been identified yet. Other experiments are necessary to

discriminate between the acyl-CoA hydrolase and acyl-CoA
reductase pathways. The pathway used by S. thermophilus has
not been clearly identified because acid production was very
low and not really significant.

Our results suggest a major role of lactobacilli, especially L.
delbrueckii subsp. lactis, in flavor development in cheese be-
cause they have the enzymatic potential to produce potent and
varied aroma compounds from amino acids. However, these
lactobacilli do not seem to be capable of producing the �-KG
required for amino acid transamination, which initiates the
amino acid conversion. S. thermophilus generates �-KG from
Glu due to its GDH activity and therefore could initiate amino
acid catabolism by producing �-keto acids. Cooperation in
amino acid catabolism may occur between S. thermophilus and
thermophilic lactobacilli, as has been shown in vitro for L.
lactis and L. paracasei (11). Indeed, the GDH-positive lacto-
bacilli degraded amino acids to �-keto acids that were further
transformed to carboxylic acids by L. lactis. Further studies are
necessary to verify that such cooperation between S. thermo-
philus and thermophilic lactobacilli occurs in cheese.
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