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The first step of amino acid degradation in lactococci is a transamination, which requires an a-keto acid as
the amino group acceptor. We have previously shown that the level of available a-keto acid in semihard cheese
is the first limiting factor for conversion of amino acids to aroma compounds, since aroma formation is greatly
enhanced by adding a-ketoglutarate to cheese curd. In this study we introduced a heterologous catabolic
glutamate dehydrogenase (GDH) gene into Lactococcus lactis so that this organism could produce a-ketoglu-
tarate from glutamate, which is present at high levels in cheese. Then we evaluated the impact of GDH activity
on amino acid conversion in in vitro tests and in a cheese model by using radiolabeled amino acids as tracers.
The GDH-producing lactococcal strain degraded amino acids without added a-ketoglutarate to the same extent
that the wild-type strain degraded amino acids with added a-ketoglutarate. Interestingly, the GDH-producing
lactococcal strain produced a higher proportion of carboxylic acids, which are major aroma compounds. Our
results demonstrated that a GDH-producing lactococcal strain could be used instead of adding a-ketoglutarate
to improve aroma development in cheese.

Enzymatic degradation of amino acids plays an important
role in the development of flavor cheese. In particular,
branched-chain amino acids are precursors of cheesy aroma
compounds, such as isovalerate (precursor, Leu) and isobu-
tyrate (Val), which are major aroma compounds of cheese, and
aromatic amino acids are precursors of floral or phenolic
aroma compounds, such as phenylacetate and phenylacetalde-
hyde (Phe), indole (Trp), and phenol (Tyr). The first step of
branched-chain and aromatic amino acid degradation by lac-
tococci, which are widely used as starters, is a transamination
(6, 36; S. Thirouin, L. Rijnen, J. C. Gripon, and M. Yvon, Club
des bactéries lactiques—7ème Colloq., abstr. M4, 1995). This
reaction is catalyzed by branched-chain or aromatic amino-
transferases and requires an a-keto acid as the amino group
acceptor (6, 21, 36, 38). We have previously shown that in
semihard cheese the presence of such a keto acid is the first
limiting factor for amino acid transamination, since adding
a-ketoglutarate (a-KG) greatly enhances the formation of
cheese flavor from amino acids (37).

As an alternative to adding a-KG, we thought of using a
lactic acid bacterial strain that is capable of producing a suffi-
cient amount of a-KG from precursors present in cheese.
Large amounts of glutamate are present in cheese, and this
compound is a direct precursor of a-KG, since the conversion
requires only oxidative deamination by a glutamate dehydro-
genase (GDH). Unfortunately, we did not detect GDH activity
in several strains of Lactococcus lactis and other lactic acid
bacteria and did not find a gene homologous to known gdh
sequences in the L. lactis IL1403 genome (P. Renault, personal
communication).

Before large-scale screening for a GDH-containing strain is
begun, it is essential to verify that a strain with such activity can

produce a-KG and transform amino acids to aroma com-
pounds under cheese-ripening conditions. To do this, we
expressed a heterologous gdh gene in L. lactis. The GDH
enzymes have been divided into two classes on the basis of
metabolic specificity and oligomeric structure (27, 31). NAD1-
dependent GDHs are either tetrameric or hexameric and are
mainly involved in glutamate catabolism, while NADP1-de-
pendent GDHs are hexameric and are mainly involved in am-
monia assimilation and hence in glutamate synthesis. Catabolic
NAD1-dependent GDHs have been found in several microor-
ganisms, including Saccharomyces cerevisiae (34), Candida uti-
lis (9), Neurospora crassa (2, 8), Streptomyces fradiae (17), Pep-
tostreptococcus asaccharolyticus (28), Halobacterium halobium
(3), Thermus thermophilus (23), Clostridium symbiosum (32),
and Clostridium difficile (16), but only a few of these enzymes
have been genetically and biochemically characterized (the
C. symbiosum, C. difficile, and P. asaccharolyticus enzymes).
Of the known gdh genes, the gdh gene of P. asaccharolyticus
seems to be suitable for expression in L. lactis, since it is a gene
from a gram-positive coccus that is phylogenetically closely re-
lated to L. lactis. Also, its promoter region (28) is highly ho-
mologous to the consensus promoter region of L. lactis (5), and
the gene has a low G1C content (36%), like L. lactis genes (36
to 38%) (15). Moreover, this gene has already been success-
fully cloned with its own promoter in Escherichia coli, in which
it was highly expressed (28). In P. asaccharolyticus GDH acts
during hydroxyglutarate fermentation of glutamate, in which
its role consists of degrading glutamate (11).

In this study, we cloned the P. asaccharolyticus gdh gene in
L. lactis and examined the impact of expression of this gene on
conversion of amino acids to aroma compounds in in vitro tests
and in a cheese model in which radiolabeled amino acids were
used as tracers. Tritiated phenylalanine and leucine were
used as radiolabeled substrates that represented aromatic
and branched-chain amino acids, respectively, since members
of these two amino acid groups are major precursors of aroma
compounds.
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MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains and
plasmids used in this study are listed in Table 1. P. asaccharolyticus was grown
anaerobically in brain heart infusion broth (Difco) (1) supplemented with 0.5%
(wt/vol) yeast extract, hemin (5 mg/liter), and cysteine (0.3 g/liter) at 37°C. E. coli
was grown in Luria-Bertani medium (24) at 37°C with aeration. L. lactis strains
were grown either in M17 medium (33) supplemented with 0.5% (wt/vol) lactose
or 0.5% (wt/vol) glucose or in a chemically defined medium (CDM) (25). When
necessary, erythromycin (5 mg z ml21 for L. lactis and 150 mg z ml21 for E. coli)
or ampicillin (50 mg z ml21 for E. coli) was added to the culture medium. For
growth experiments, L. lactis was cultivated in buffered 75 mM b-glycerophos-
phate or in nonbuffered milk (reconstituted with NILAC milk powder [NIZO,
Ede, The Netherlands] at a concentration of 10% [wt/vol] in distilled sterilized
water) at 30°C. For milk cultures, precultures were grown in NILAC milk, which
contained erythromycin for modified strains, by inoculating a series of tubes at
concentrations of 0.5, 1, 2, and 4% with a preculture grown on M17 medium
containing lactose. The most highly developed preculture that was not coagu-
lated after incubation for 1 night at 30°C was then used to inoculate milk at a
concentration of 2%. The optical densities at 480 nm of milk cultures were
determined after 10-fold dilution with 5 mM EDTA (pH 12). Viable cell counts
were determined by using M17 medium containing lactose with and without
erythromycin selection.

DNA techniques. DNA restriction and modification enzymes were purchased
from GIBCO-BRL and Eurogentec and were used as recommended by the
suppliers. Oligonucleotides were synthesized by Eurogentec (Seraing, Belgium).

L. lactis electrocompetent cells were prepared and transformed as described
by Holo and Nes (10), with minor modifications, and E. coli electrocompetent
cells were prepared and transformed as described by Sambrook et al. (24).
Chromosomal DNA from P. asaccharolyticus was isolated as described by Sne-
decor et al. (28) and was extracted by isopropanol precipitation followed by
ethanol precipitation. Plasmid DNA was prepared by using a plasmid purifica-
tion kit obtained from Qiagen Inc. (Chatsworth, Calif.) for E. coli and by using
the O’Sullivan-Klaenhammer method for L. lactis (19). PCR amplification was
carried out with a Perkin-Elmer model 2400 DNA thermal cycler by using Taq
polymerase. Samples used for sequencing were prepared with a PRISM Ready
Reaction Dye Deoxy terminator cycle sequencing kit (Applied Biosystems, War-
rington, Great Britain) by using the PCR apparatus, and the sequences were
determined with an automatic sequencer (model 370A DNA sequencer; Applied
Biosystems).

Construction of the gdh-producing (gdh1) strain. A 1.6-kb DNA fragment
containing the gdh gene and its promoter was amplified by PCR from the total
DNA of P. asaccharolyticus by using two oligonucleotides chosen from the DNA
sequence (28) (59AGCTGATTAGCTATGAGT and 59AAGTTCTGCTTATTT
CGC). The PCR product was cloned in the cloning site of the pGEMT-Easy
vector to obtain pTIL221, which was used to transform TG1 cells, which resulted
in TIL321.

Plasmid pTIL221 was cloned in the PstI site of lactococcal expression vector
pILN13 at a high copy number to obtain pTIL223, which was used to transform
L. lactis TIL46 cells and create TIL323. A control strain (TIL324) was con-
structed by introducing the same plasmid construction without the gdh gene
(pTIL224) into TIL46. Final constructions were verified by plasmid extraction
and plasmid DNA sequencing.

Determination of GDH activity. The GDH activities of cell extracts were
determined by measuring the glutamate-dependent reduction of NAD as de-
scribed by Johnson and Westlake (12). The reaction medium contained 10 mM
L-glutamate, 1 mM NAD1, 40 mM Tris-HCl buffer (pH 8.8), and cell extract.
Changes in NADH concentration were monitored at room temperature by mea-
suring the absorbance at 340 nm, and the results were expressed in micromoles
of NADH produced per minute per milligram of protein. Cell extracts were
prepared as previously described (21), and protein concentrations were deter-
mined by the Bradford assay (4) by using bovine serum albumin as the standard.

Amino acid catabolism in vitro. Amino acid catabolism by the different strains
(TIL46, TIL323, and TIL324) was studied as previously described (21) by incu-
bating whole CDM-cultivated cells in various reaction media containing L-[2,6-
3H]phenylalanine (60 Ci mmol21) or L-[4,5-3H]leucine (60 Ci mmol21) as the
tracer. The reaction mixtures contained 70 mM buffer (phosphate buffer [pH 5.5
or 6.5] or Tris-HCl buffer [pH 8]), unlabeled amino acid at a concentration of 3
mM, and radiolabeled amino acid at a concentration of 0.05 mM. In some cases,
glucose (0.3%), a-KG (10 mM), or glutamate (10 mM) was added. Aliquots of
the reaction mixtures were analyzed at zero time and after incubation for 40 h at
37°C by reverse-phase or ion-exclusion high-performance liquid chromatography
with both UV detection (214 nm) and radioactivity detection as previously
described (36, 37).

Amino acid catabolism in a cheese model. Amino acid catabolism by the gdh1

strain and the control strain (TIL324) was also studied under cheese-ripening
conditions by using the cheese model (Ch-Easy) developed by NIZO (26). The
trials were performed in small sterile tubes containing 2 g 6 0.05 g of cheese
paste. For each strain, whole cells were harvested from a culture in buffered
NILAC milk containing erythromycin at an optical density of 4.5. The cells were
washed twice with 0.5 M glycerophosphate (pH 7) and resuspended in the same
buffer to obtain a cellular concentration of 1010 cells z ml21. The cells were added
aseptically to the cheese paste at a concentration of 2 3 109 cells z g21. Fifty
microliters of an a-KG solution (15 mg z g of paste21) was added in one-half of
the trials carried out with the control strain, while the same volume of water was
added in the other half of the trials carried out with the control strain and the
trials carried out with the gdh1 strain. To monitor amino acid catabolism,
radiolabeled Phe and Leu (10 mCi z g21 in 50 ml) were also added to the paste
except for the paste used for the free amino acid and a-KG analysis and for
microbiological controls. The paste mixture was homogenized before incubation
at 13°C, and all analyses were performed at zero time and after 4 weeks of
incubation. Radiolabeled metabolites were extracted and analyzed as previously
described (37). a-KG and free amino acid contents were determined as previ-
ously described, with minor modifications (37). All cheese model experiments
were done in duplicate by using cells from different cultures.

RESULTS

Expression of gdh in L. lactis. Expression of gdh from P. asac-
charolyticus in E. coli was verified by determining the GDH
activity in a TIL321 cellular extract. The GDH specific activity
was 6.8 mmol per mg of protein per min, while no activity was
found in TG1; these findings demonstrated that the level of

TABLE 1. Strains and plasmids

Strain or plasmid Characteristics Reference or source

Strains
L. lactis subsp. cremoris strains

NCDO763 Wild-type strain National Collection of Food Bacteria
(Shinfield, Reading, England)

TIL46 NCDO763 cured of its 2-kb plasmid
TIL323 TIL46 with pTIL322, GDH1 This study
TIL324 TIL46 with pTIL325, GDH2 This study

E. coli strains
TG1 7
TIL321 TG1 with pTIL320 This study

P. asaccharolyticus ATCC 14963 Wild-type strain American Type Culture Collection
(Rockville, Md.)

Plasmids
pGEMT-Easy Cloning vector (T-overhangs) Promega Corp., Madison, Wis.

3.0 kb, Ampr lacZ f1ori
pILN13 4.8 kb, repE Eryr repF, high (45 to 65) or low

(6 to 9) copy number
20

pTIL320 pGEMT-Easy 1 gdh of P. asaccharolyticus This study
pTIL322 pTIL320 1 pILN13 This study
pTIL325 pGEMT-Easy 1 pILN13 This study
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expression of gdh in E. coli was high, as previously observed by
Snedecor et al. (28). By using lactococcal expression vector
pILN13 at a high copy number (45 to 65 copies/cell), gdh was
also successfully expressed in L. lactis, although the enzyme
activity was 8-fold lower than the enzyme activity in E. coli.
Indeed, the GDH specific activity of strain TIL323 was 0.9
mmol per mg of protein per min, while no activity was detected
in control strain TIL324.

GDH activity in L. lactis affected growth in CDM and in
buffered milk only very slightly (results not shown), but in
nonbuffered milk the gdh1 strain grew and acidified the me-
dium more slowly than the wild-type strain (Fig. 1).

The constructions appeared to be stable in L. lactis, since the
viable cell counts with and without erythromycin selection after
growth in milk without erythromycin were not significantly
different (results not shown).

Amino acid catabolism in vitro. Amino acid catabolism by
the gdh1 strain (TIL323) was compared to amino acid catab-
olism by the wild-type strain (TIL46) and the control strain
(TIL324) in vitro by using radiolabeled Phe or Leu as the
tracer. Amino acid degradation was determined under differ-
ent reaction conditions (Fig. 2). Degradation by the wild-type
strain and degradation by the control strain were similar in
each medium (results not shown), and the levels of degrada-
tion were very low in each medium when a-KG was not
present. When a-KG was added to the media at pH 8, the
wild-type strain degraded large amounts of Leu and Phe. At
the same pH when a-KG was not present, the gdh1 strain also
degraded large amounts of Leu and Phe, and adding glutamate
did not increase the level of degradation. In fact, a-KG accu-
mulated in cells of the gdh1 strain during growth (approxi-
mately 2 mM), while no a-KG was found in the wild-type
strain. Moreover, all of the cells also contained a large amount
of glutamate which could be used by the GDH. Therefore, in
this case adding glutamate did not seem to be essential for
a-KG production. These results indicate that the gdh1 strain
does produce a-KG, which can be used as a cosubstrate for
amino acid transamination. Since the amount of a-KG present
in the cells due to accumulation during growth (18 nmol) was
much smaller than the amount of amino acid transformed (750
nmol), the GDH must also have been active during incubation
in order to generate a-KG from glutamate. Amino acid deg-
radation by the wild-type strain was not affected by a decrease
in the pH to 5.5, indicating that transaminase activity was not
actually reduced by this external pH. Conversely, amino acid

degradation by the modified strain gradually decreased as the
reaction pH decreased, indicating that GDH activity was in-
hibited by a lower pH, which limited the amount of a-KG
available for transamination.

Microbial control and free amino acid analysis in a cheese
model. The microbial control values and free amino acid con-
tents before incubation and after 4 weeks of incubation and the
amounts of ammonia produced in 4 weeks are shown in Table
2. The amount of free amino acids in the cheese model before
incubation was approximately 40 mmol per g of cheese paste,
which is much greater than the amount present in semihard
cheeses before ripening (approximately 4 mmol per g) (21a,
37). This is because the basis of the cheese model is a 4-week-
old Gouda type of cheese (26). The lactococcal inoculation
levels in the cheese model were very similar for the different
strains in both trials and corresponded to the expected levels
(2 3 109 cells per g). The level of survival of the gdh1 mutant
cells after 4 weeks of incubation was not significantly different
from the level of survival of the control strain, while adding
a-KG in the cheese model seemed to increase the level of
survival of the control strain. The modified strains appeared to
be stable during incubation, since the viable cell counts with
and without erythromycin selection were similar (results not

FIG. 1. Growth curves and acidification of the wild-type strain and the gdh1

strain in nonbuffered milk. The data are means based on two determinations. OD
at 480 nm, optical density at 480 nm.

FIG. 2. Percentages of amino acids degraded in reaction media at pH 8, 6.5,
and 5.5 by the wild-type strain without added a-KG (WT) or with added a-KG
(WT 1 KG) and by the gdh1 strain without added glutamate (gdh1) or with
added glutamate (gdh1 1 Glu). (A) Phenylalanine degradation. (B) Leucine
degradation. Amino acid degradation was monitored by measuring the radioac-
tivity associated with the residual amino acid introduced into the reaction mix-
ture as the tracer after incubation for 40 h at 37°C. The error bars indicate
standard deviations based on duplicate or triplicate determinations.
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shown). In the first experiment, the amounts of free amino
acids released in the cheese model incubated with the gdh1

strain were greater than the amounts released in the cheese
model incubated with the control strain; however, this finding
was not confirmed in the second experiment. The GDH1 mu-
tant produced twice as much ammonia as the control strain,
probably due to the deamination activity of GDH.

To compare the free amino acid compositions in the cheese
model incubated with both strains, the amount of each amino
acid was expressed as a percentage of the total amount of free
amino acid in the cheese model (Table 3). As previously ob-
served in semihard cheese made with the same strain (21a, 37),
the main free amino acids released during ripening in the
cheese model were glutamate and leucine, as well as (to a
lesser extent) phenylalanine, asparagine, lysine, ornithine (or
arginine), valine, and proline. In the cheese model when the
control strain was used, adding a-KG significantly increased
the level of Glu and significantly decreased the levels of Leu,
Ile, Val, Asp, Met, Phe, Tyr, and Trp, indicating that transam-
ination of these amino acids occurred. Expression of the het-
erologous gdh gene in L. lactis also resulted in decreases in the
proportions of Leu, Val, Phe, Tyr, and Trp in the cheese model
compared to the proportions of the amino acids in the cheese
model incubated with the control strain without a-KG, but the
glutamate level did not increase simultaneously. These results
indicate that GDH did utilize glutamate to generate a-KG,
which allowed transamination of aromatic and branched-chain
amino acids to occur. However, on the basis of these analyses
it is not possible to compare the absolute extents of amino acid
degradation, since the amounts of free amino acids released
were not the same for both strains.

Amino acid catabolism in the cheese model. Amino acid
catabolism was monitored in the cheese model by using radio-
labeled Phe and Leu as tracers (Fig. 3). The results obtained
with the cheese model when the control strain was used were
very similar to the results obtained previously with experimen-
tal St. Paulin type cheeses made with the wild-type strain (21a,
37). Indeed, in the cheese model when the control strain was
used without a-KG, the level of amino acid degradation was
very low, and it increased substantially when a-KG was added.
The major metabolites produced were also similar to those
produced in semihard cheese and were keto acids, hydroxy
acids (from Phe and Leu), and benzaldehyde (from Phe), as
well as (to a lesser extent) carboxylic acids (from Phe and Leu),
aldehyde (from Phe), and some unidentified compounds (from
Leu). In the cheese model when the gdh1 strain was used
without a-KG, the levels of Phe and Leu degradation were also
much greater than the levels of degradation in the cheese
model when the control strain was used without a-KG and
almost reached the levels of degradation obtained with the
control strain when a-KG was added. This confirmed that the
gdh1 strain produced a-KG from glutamate under cheese-

ripening conditions, which allowed amino acid transamination
to occur. Interestingly, in the cheese model, the gdh1 strain
produced much more carboxylic acid from a-keto acids than
the wild-type strain produced when a-KG was added, indicat-
ing that the levels of a-keto acid dehydrogenase activities which
were probably involved in the conversion were higher (22). In
contrast, lower levels of benzaldehyde, which was formed by
spontaneous oxidation of the keto acid of Phe (18), were pro-
duced in the cheese model when the gdh1 strain was used.

DISCUSSION

In order to verify that a GDH-producing lactococcal strain is
capable of producing sufficient a-KG to transform amino acids
to aroma compounds under cheese-ripening conditions, we
introduced the gdh gene from P. asaccharolyticus with its own
promoter into L. lactis. As expected from the high levels of
homology between the transcription and translation signal se-
quences of P. asaccharolyticus and the consensus sequences of
L. lactis, the heterologous gene was successfully expressed in

TABLE 2. Microbial control values and free amino acid concentrations in Ch-easy cheese model preparations containing
the control strain or the gdh1 strain with or without a-KG

Ch-easy
trial Strain Presence

of a-KG

Free amino acid
concn at zero time

(mmol z g21)

Free amino acid
concn at 4 weeks

(mmol z g21)

NH3 formed
in 4 weeks

(mmol z g21)

No. of viable cells
at zero time
(CFU z g21)

No. of viable cells
at 4 weeks

(CFU z g21)

1 Control 1 38.40 47.25 3.48 2.0 3 109 2.6 3 108

Control 2 49.94 3.27 2.0 3 109 1.6 3 106

gdh1 2 68.03 6.60 2.0 3 109 5.7 3 106

2 Control 1 42.85 53.70 2.57 2.3 3 109 1.1 3 109

Control 2 51.88 2.64 2.6 3 109 1.5 3 107

gdh1 2 56.12 4.41 2.2 3 109 1.0 3 106

TABLE 3. Amino acid composition of control Ch-easy preparation
containing the wild-type strain and effect of

adding a-KG or effect of GDH activity

Amino
acid

% of total
amino acidsa

Difference (%) forb:

Wild type 1 a-KG gdh1

Asp 2.34 20.33 10.19
Thr 2.76 20.03 10.14
Ser 3.12 20.11 10.37
Asn 8.03 20.20 20.99
Glu 18.97 16.74 20.83
Gln 3.34 10.01 11.18
Pro 6.04 10.38 10.33
Gly 1.87 10.08 10.22
Ala 3.72 20.08 10.09
Cit 0.70 10.05 20.02
Val 5.96 20.78 20.33
Cys 0.00 10.00 10.00
Met 1.71 20.21 10.02
Ile 2.22 20.53 10.26
Leu 15.87 23.15 21.64
Tyr 2.86 20.49 20.09
Phe 5.72 21.36 20.45
His 1.24 20.01 10.32
Trp 1.85 20.09 20.29
Orn 6.16 20.06 20.02
Lys 5.50 10.17 11.54
Arg 0.00 10.00 10.00

a Means based on two determinations.
b The boldface type indicates values that are greater than the variability be-

tween the two trials.
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L. lactis. The GDH activity of the gdh1 L. lactis strain in the
direction of oxidative deamination was 0.9 mmol per mg per
min, which is only fivefold lower than the level of activity found
in extracts of P. asaccharolyticus grown on glutamate, in which
high levels of GDH are produced (12, 14).

In contrast to the wild-type strain, the gdh1 strain was able
to degrade amino acids to aroma compounds in the absence of
a-KG in vitro at pH 8, and the extent of degradation was sim-
ilar to the extent observed with the wild-type strain in a me-
dium containing a-KG. However, in vitro GDH activity, which
is optimal at pH 8 to 8.8, was reduced when the pH was de-
creased to 5.5, which is the pH of cheese. This decrease in ac-
tivity led to a decrease in amino acid degradation, since a-KG
was limiting for transamination. However, in the cheese model,
the GDH activity of the gdh1 strain was still high enough that
amino acid degradation could occur, similar to the degradation
obtained when a-KG is added in the cheese model with the
wild-type strain. In fact, the level of amino acid degradation in
the cheese model when a-KG is added is lower than the level
in liquid medium since the level of uptake of exogenous a-KG
in cells is probably lower in solid cheese than in liquid medium.

Surprisingly, the gdh1 strain produced much more carboxy-
lic acid from the a-keto acids than the wild-type strain pro-
duced, and the gdh1 strain produced less benzaldehyde from

phenylpyruvate. Since a-keto acid oxidative decarboxylation by
a-keto acid dehydrogenase occurs mainly at pH 5.5 to 6.5 (29),
requires NAD1, and is inhibited by NADH (30) and since, in
contrast, chemical oxidation of phenylpyruvate to benzalde-
hyde mainly occurs at pH values greater than 7 and uses oxy-
gen (18), we can assume that the intracellular pH of the gdh1

strain was lower than the intracellular pH of the wild-type
strain and the ratio of NAD1 to NADH was much higher.
However, this was not expected, since glutamate oxidation by
GDH generates reduced coenzyme and ammonia, so addi-
tional studies are needed to explain the change in metabolism.

However, whatever the reason for the changes in metabo-
lism, the intensification of keto acid transformation to carbox-
ylic acids is very interesting in terms of the development of
flavor in cheese. Indeed, carboxylic acids, such as isovaleric
acid and isobutyric acid, are very potent aroma compounds and
contribute greatly to cheese flavor (35). Ammonia produced by
glutamate deamination could also generate ammoniacal flavor.
However, the ammonia concentration in cheese prepared with
the gdh1 strain reached only 0.2 mg/g, which is 10-fold lower
than the concentration found in Camembert and Brie (13), in
which ammonia really contributes to the cheese flavor. Now,
experimental cheese trials have to be performed to verify the
value of such a strain for cheese making. In fact, the experi-
ments performed with the cheese model show that a GDH-
producing strain has potential value for cheese ripening, but
this model does not take into account development of the
strain in milk, which seems to be slowed down.

In lactic acid bacteria and in other bacteria used in the food
industry, the presence of GDH activity or of a gene encoding
GDH has not been reported previously. However, considering
the effect of gdh expression in L. lactis on the formation of
aroma from amino acids, it would be interesting to perform
large-scale screening of these bacteria for GDH activity.

In conclusion, we demonstrated that a GDH-producing lac-
tococcal strain could be used instead of adding a-KG to cheese
to enhance amino acid degradation to aroma compounds.
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