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Abstract

Amino acid catabolism plays a major role in cheese aroma development. Previously, we showed that the lactococcal

aminotransferases AraT and BcaT initiate the conversion of aromatic amino acids, branched-chain amino acids and methionine to

aroma compounds. In this study, we evaluated the importance of these two enzymes in the formation of aroma compounds in a

cheese model by using single araT and bcaT mutants and a double araT/bcaT mutant. We confirmed that addition of a-
ketoglutarate, a co-substrate of aminotransferases, stimulates the conversion of amino acids to aroma compounds in cheese. The

results demonstrated that AraT and BcaT are essential for conversion of aromatic and branched-chain amino acids to aroma

compounds by Lactococcus lactis in the cheese model and that they also play a major role in the formation of volatile sulphur

compounds from methionine. However, another pathway or another aminotransferase appears also to be weakly involved in the

formation of these sulphur compounds.

r 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Cheese aroma is the result of a balance between a
large number of compounds with different aromatic
characteristics. Many of the compounds identified as
major aroma compounds in cheese result from amino
acid catabolism, in particular from the aromatic amino
acids (phenylalanine, tyrosine and tryptophan), the
branched-chain amino acids (leucine, isoleucine and
valine) and methionine. Compounds produced from
aromatic amino acids, such as phenylacetic acid,
phenylacetaldehyde, benzaldehyde, cresol, phenol and
indol have a floral or phenolic aroma, whereas
compounds produced from branched-chain amino
acids, such as isovaleric acid, isobutyric acid, 2- and 3-
methylbutan(al)(ol) and 2-methylpropan(al)(ol), have a
ripened cheese, fruity or malty aroma. The volatile
sulphur compounds (VSCs) produced from methionine,

such as methanethiol, dimethylsulphide (DMS) and
dimethyldisulphide (DMDS), have a garlic, cheesy or
sulphur aroma. It is therefore possible that control of
the formation of these compounds from amino acid
catabolism may allow the production of cheese with a
diverse range of aromas.
Over the past few years, several research groups have

focused on amino acid catabolism by lactococci, which
are widely used as starters in the cheese industry. Results
have shown that two major pathways for amino acid
conversion to aroma compounds exist in lactococci, and
in most other lactic acid bacteria. The first is initiated by
a transamination, converting the amino acid into the
corresponding a-ketoacid, which is then transformed via
different reactions, such as (oxidative) decarboxylation,
dehydrogenation or chemical oxidation to a range of
aroma compounds (Yvon & Rijnen, 2001). The second
pathway is essentially associated with methionine
conversion and is initiated by a demethiolation, produ-
cing methanethiol (Alting, Engels, van Schalkwijk, &
Exterkate, 1995; Bruinenberg, de Roo, & Limsowtin,
1997; Dias & Weimer, 1998a, b), which is itself a major
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cheese aroma compound along with its degradation
products (Parliment, Kolor, & Rizzo, 1982; Chin &
Lindsay, 1994; Lamberet, Auberger, & Berg"ere, 1997).
In previous studies, Yvon, Thirouin, Rijnen, Fromen-

tier, and Gripon (1997), Yvon, Chambellon, Sorokine,
and Roudot-Algaron (2000) and Rijnen, Bonneau, and
Yvon (1999a) demonstrated that the transamination of
aromatic amino acids, branched-chain amino acids and
methionine is catalysed by two aminotransferases. These
are the aromatic aminotransferase (AraT) and the
branched-chain aminotransferase (BcaT), which transfer
the amino group of amino acids onto an a-ketoacid
acceptor. The role of the aminotransferases in the
conversion of amino acids to aroma compounds was
demonstrated in vitro using single araT and bcaT

mutants (Rijnen et al., 1999a; Yvon et al., 2000) and
in cheese using the single araT mutant (Rijnen et al.,
1999b). In vitro, AraT is mostly responsible for
transamination of aromatic amino acids and partly for
transamination of leucine and methionine, whereas
BcaT is mostly responsible for transamination of valine
and isoleucine and partly for transamination of leucine
and methionine. In St. Paulin-type cheese, inactivation
of AraT prevented the conversion of aromatic amino
acids to aroma compounds. Yvon, Berthelot, and
Gripon (1998) also demonstrated that the amount of
a-ketoacid acceptor was not sufficient for efficient
transamination in cheese and that addition of a-
ketoglutarate (a-KG) to cheese greatly increased amino
acid conversion to aroma compounds.
The second enzymatic pathway for methionine con-

version is initiated by a demethiolation, which can be
catalysed by cystathionine-lyases. A cystathionine-b-
lyase (CBL) and a cystathionine-g-lyase (CGL) were
isolated from L. lactis (Alting et al., 1995; Bruinenberg
et al., 1997), but inactivation of the CBL gene had no
effect on the formation of VSCs from methionine
(Fernandez et al., 2000). The role of this pathway on
aroma formation in cheese by L. lactis is still unknown.
Based on the activity of the enzymes under conditions
simulating cheese ripening, Dias and Weimer (1998a)
suggest that they should not make a significant
contribution to the formation of VSCs from methionine
in cheese. Conversely, Fernandez et al. (2000) showed
that overproduction of the CBL gene resulted in a
strong increase in sulphur compounds originating from
methionine in vitro.
In this study, we demonstrated for the first time the

significance of the pathway initiated by AraT and BcaT
for aroma formation in cheese, in comparison to other
potential pathways by using a double araT/bcaT mutant
in a model cheese system. Also, to complete the previous
study performed in St. Paulin-type cheese with only the
single araT mutant, we used both single araT and bcaT

mutants in this well-controlled model cheese. In this
way, we evaluated the respective roles of AraT and BcaT

in the formation of different flavour characteristics, with
the aim of controlling cheese aroma.

2. Materials and methods

2.1. Bacterial strains, construction of negative mutants,

media and growth conditions

The strains used in this study are listed in Table 1.
They were grown either in M17 medium (Terzaghi &
Sandine, 1975) supplemented with 0.5% (wt vol�1)
lactose or in buffered (75mm b-glycerophosphate) milk
reconstituted with NILAC milk powder (NIZO, Ede,
Netherlands) at 10% (wt vol�1) in distilled sterilised
water. When necessary, 5 mgmL�1 erythromycin was
added.
All the constructions were made in the L. lactis subsp.

cremoris strain TIL46 derived from NCDO763 and have
already been described. The araT mutant (TIL313) was
constructed by disruption of the araT gene by a single
homologous recombination with the integrative vector
pTag containing a 1-kb fragment of araT (Rijnen et al.,
1999a). The bcaT mutant (TIL357) was constructed by
double homologous recombination using pGhost9 con-
taining an internal fragment of bcaT (Chambellon &
Yvon, 2003). The double araT and bcaT mutant
(TIL358) was constructed from the bcaT mutant in
which the araT gene was disrupted as described above
(Chambellon & Yvon, 2003).

2.2. Cheese model trials

Amino acid catabolism and formation of volatile
compounds were studied under cheese ripening condi-
tions using the Ch-easy model (Smit, Braber, van
Spronsen, van den Berg, & Exterkate, 1995). For amino
acid catabolism and free amino acid analysis, the trials
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Table 1

Strains

Strain of L. lactis

subsp. cremoris

Relevant feature Reference or source

NCDO763 Wild-type strain

derived from

NCDO712

National collection of

food Bacteria

(Shinfield, Reading,

UK)

TIL46 NCDO763 cured of

its 2-kb plasmid

TIL313 TIL46 araT mutant,

Emr

Rijnen et al. (1999a)

TIL357 TIL46 bcaT mutant,

food grade

Chambellon and Yvon

(2003)

TIL358 TIL46 araT, bcaT

mutant, Emr

Chambellon and Yvon

(2003)
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were performed in small sterile tubes containing
270.05 g of cheese paste as described by Rijnen,
Courtin, Gripon, and Yvon (2000). For volatile
compound analysis, the trials were performed using
200 g of cheese paste.
For each strain, resting cells, grown in milk and

washed as described by Rijnen et al. (2000), were added
aseptically to the cheese paste at a concentration of
5� 109 cells g�1. Control cheeses contained water
instead of cell suspension. An a-KG solution (15mg g�1

paste) was added to one-half of the trials carried out
with each strain. To monitor amino acid catabolism,
radiolabelled valine (Val), leucine (Leu), methionine
(Met) and phenylalanine (Phe) (10 mCi g�1 in 50 ml) were
added into different tubes of cheese paste as previously
described (Rijnen et al., 2000). The paste mixture was
homogenised before incubation at 13�C, and all
analyses were performed at zero time and after 4 weeks
incubation. All cheese model experiments were carried
out in duplicate using cells harvested from separate
cultures except the experiments for volatile compounds
analysis, which was carried out only once. Volatile
compounds were analysed in duplicate from one cheese
sample.

2.3. Microbiological analysis

Microbiological analysis was performed before in-
cubation and after 4 weeks incubation. For this purpose,
2.5mL of Ringer was added to 2 g of Ch-easy and the
mixture was homogenised with an ultraturrax disperser
at 11,000 rpm for 45 s. The mixture was then adjusted to
20mL and cell enumeration was done on M17 medium
containing 5 mgmL�1 erythromycin when necessary.

2.4. Analysis of cheese model for radiolabelled

metabolites, free amino acid content, a-KG and volatile

compounds

Radiolabelled metabolites were extracted and ana-
lysed as previously described (Yvon et al., 1998). a-KG
and free amino acid contents were determined as
previously described with minor modifications (Yvon
et al., 1998). Volatile compounds were identified using
purge-and-trap thermal desorption cold-trap (TDCT)
gas chromatography mass spectrometry (GC-MS).
Cheese paste was mixed with double distilled water
(1:3 wt:vol) and homogenised and subsequently 20mL
of this mixture was purged with 150mLmin�1 helium
gas for 30min at room temperature. The volatile
compounds were trapped on an absorbent trap contain-
ing carbotrap (80mg, 20–40mesh, Supelco, Belle Fonte,
PA, USA) and carbosieve SIII (10mg, 60–80mesh,
Supelco). The trapped compounds were transferred onto
a capillary column of a gas chromatograph using a
Chrompack PTI injector (Chrompack, Middelburg, The

Netherlands) in the TCDT mode, by heating the trap for
10min at 250�C. A narrow injection band was achieved
by cryofocusing at �100�C. The conditions for the
chromatographic separation and mass spectrometry
were as described previously (Engels, 1997). Structures
were assigned by spectrum interpretation, comparison
of the spectra with bibliographic data and comparison
with retention times of reference compounds.
Quantification of components was performed using a

gas chromatograph equipped with a flame ionisation
detector (GC-FID) (FID 40, Carlo Erba, Milan, Italy)
as described by Ayad, Verheul, Wouters, and Smit
(2000). Sulphur compounds were analysed in duplicate
by head space GC analysis using an FPD detector
(Carbo Erba, Milan, Italy) as described by de Jong,
Neeter, Boelrijk, and Smit (2000). For quantification the
average peak areas and the deviations were determined.

3. Results

3.1. Cell survival and free amino acid analysis in the

cheese model

The viable cell count and the free amino acid contents
before incubation and after 4 weeks incubation of the
Ch-easy model are shown in Table 2. The lactococcal
inoculation levels in the cheese model were between
3� 109 and 6.4� 109 cells g�1 cheese paste. The cell
survival rate appeared to be higher in the cheese model
containing a-KG than in the model without a-KG, as
previously observed by Rijnen et al. (2000).
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Table 2

Microbial control values and free amino acid concentrations (initially

and after 4 weeks incubation) in Ch-easy model preparations

containing the wild-type strain (WT), the araT mutant (AraT-), the

bcaT mutant (BcaT-) and the araT/bcaT double mutant (AraT-/BcaT-)

with (+) or without (�) a-ketoglutarate addition

Strain a-KG Free amino

acid levelsa

(mmol g�1)

Viable cellsa

(cfu g�1)

Initial After 4

weeks

Initial After 4

weeks

WT + 31.6 71.7 4.7� 109 1.4� 109

WT � 31.6 68.3 5.5� 109 1.6� 107

AraT- + 34.6 50.3 3.0� 109 2.5� 109

AraT- � 34.6 50.3 3.3� 109 2.1� 108

BcaT- + 33.9 55.7 5.1� 109 2.0� 109

BcaT- � 33.9 59.1 6.4� 109 8.7� 107

AraT-/

BcaT-

+ 30.6 63.9 4.2� 109 1.8� 109

AraT-/

BcaT-

� 30.6 56.3 4.5� 109 8.8� 108

aResults are means of two independent experiments.
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The level of free amino acids in the cheese model
before incubation was between 30 and 35 mmol g�1

cheese paste. The release of free amino acids after 4
weeks ripening appeared to be lower in cheeses made
with mutant strains. This might be partly due to the
different inoculation levels of the cheeses or might be the
result of a partial inhibition of the proteolytic system
since AraT and BcaT seem to be involved in its
regulation (Chambellon & Yvon, 2003).

3.2. Degradation of amino acids during ripening

Amino acid degradation was measured by two
different methods. Fig. 1 shows the degradation of
amino acids in the presence of a-KG in cheese, measured
after 4 weeks ripening by amino acid analysis. In this
case, the amount of degraded amino acids was
calculated as the difference between the level of amino
acids in the cheese model without a-KG and the level in
cheese model with a-KG. Fig. 2 shows the degradation
of amino acids, determined after 4 weeks of ripening by
using radiolabelled amino acids as tracers.
In the cheese model without a-KG (Fig. 2A), amino

acid degradation was low and the amino acid degrada-
tion was not significantly affected by the single gene
inactivations, while it was almost completely inhibited
by the double inactivation. In the cheese model contain-
ing a-KG, the amino acid degradation was highly
increased (5–10-fold higher) (Figs. 2B and 1). Fig. 1
shows that in these cheeses, inactivation of only the araT

gene had no effect on the degradation of aspartate and
the branched-chain amino acids, while it inhibited
almost completely the degradation of aromatic amino

acids and methionine. Similar results were obtained by
using radiolabelled amino acids except that a significant
decrease in leucine degradation was observed (Fig. 2B).
In contrast, inactivation of only the bcaT gene had no
effect on the degradation of aspartate, leucine, methio-
nine and aromatic amino acids, while it inhibited almost
completely the degradation of valine and isoleucine
(Figs. 1 and 2B). Finally, double inactivation of the araT

and bcaT genes had no effect on the degradation of
aspartate, while it completely inhibited the degradation
of aromatic amino acids, branched-chain amino acids
and methionine.

3.3. Formation of soluble aroma compounds

Fig. 3 shows the formation of the main water-soluble
aroma compounds derived from valine, leucine and
phenylalanine, which were isobutyrate, isovalerate and
benzaldehyde, respectively. The formation is expressed
as a percentage of initial radioactivity of the radiola-
belled amino acids added as tracer in the cheese paste.
The formation of these compounds was very low (less
than 1% of the initial amino acid) in the cheese model
without a-KG (Fig. 3A) and was not significantly
affected by the single gene inactivations. However, no
trace of metabolites was observed with the double
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Fig. 1. Degradation of amino acids after 4 weeks incubation in the Ch-

easy model containing a-ketoglutarate (a-KG) by the wild-type strain

(WT), the derivative araT mutant (AraT-), the derivative bcaT mutant

(BcaT-) and the double araT/bcaT mutant (AraT-/BcaT-). Results are

calculated as the difference between the amount of the amino acids

(mmoles g�1) in the Ch-easy model without a-KG and that in the Ch-

easy model containing a-KG. Data are means and deviations of at least
two independent experiments. Asp, aspartic acid; Val, valine; Ile,

isoleucine; Leu, leucine; Met, methionine; Tyr, tyrosine; Phe,

phenylalanine.

Fig. 2. Effect of AraT and BcaT inactivation on amino acid

degradation in the Ch-easy model without a-ketoglutarate (A) and in

the Ch-easy model containing a-ketoglutarate (B) after 4 weeks

incubation. Results are expressed as a percentage of initial amino acid

level. Data are means and deviations of two independent experiments.

WT, wild-type strain; AraT-, araT mutant; BcaT-, bcaT mutant;

AraT-/BcaT-, araT/bcaT mutant; Val, valine; Leu, leucine; Met,

methionine; Phe, phenylalanine.
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mutant. Addition of a-KG to the cheese paste highly
increased (8–50 times) the formation of all three
compounds by the wild-type strain (Fig. 3B). In the
cheese model containing a-KG, inactivation of only the
araT gene had no effect on isobutyrate formation, while
it significantly decreased isovalerate and benzaldehyde
formation. Inactivation of only the bcaT gene had no
effect on isovalerate and benzaldehyde formation, but
significantly decreased the formation of isobutyrate.
Finally, double inactivation of the araT and the bcaT

genes completely inhibited the formation of isobutyrate,
isovalerate and benzaldehyde.

3.4. Formation of volatile compounds

The formation of different VSCs from methionine in
addition to the aldehydes and alcohols from the three
branched-chain amino acids (valine, leucine and iso-
leucine) are shown in Figs. 4 and 5, respectively.
Comparison of relative amounts was only possible for
homologous compounds because of differences in the
partitioning coefficients. In the cheese model without a-
KG (Fig. 4A), the level of VSCs produced by L. lactis

TIL46 was very small but significantly higher than the

level in the cheese control without cells. The level of
compounds produced was not affected by inactivation
of AraT or BcaT or both. Addition of a-KG increased
the formation of VSCs by L. lactis TIL46 approximately
4.5 times (Fig. 4B). This formation was highly reduced
by inactivation of AraT (70%) and partly reduced by
inactivation of BcaT (25%). Inactivation of both
aminotransferases reduced the formation of VSCs by
70%. The residual level of VSCs produced by the double
mutant in the cheese with a-KG was around 1.8 times
higher than in the cheese without a-KG.
In the cheese model without a-KG, the amount of

aldehyde and alcohol produced from branched-chain
amino acids by the wild-type strain was very small and
close to that produced in the control cheese (Fig. 5A–C).
It was not affected by inactivation of AraT, BcaT or
both. Addition of a-KG significantly increased the
formation of aldehydes and alcohols from valine by 35
times, from leucine by 5 times and from isoleucine by
15–25 times (Fig. 5D–F). It should be particularly noted
that the area of the peaks corresponding to the aldehyde
produced from valine (2-methylpropanal) was found to
be approximately 10-fold higher than that obtained
from leucine (3-methylbutanal). Since in calibration
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Fig. 3. Effect of AraT and BcaT inactivation on the formation of

isobutyrate (from valine), isovalerate (from leucine) and benzaldehyde

(from phenylalanine) in the Ch-easy model without a-ketoglutarate (A)
and containing a-ketoglutarate (B). Data are means and deviations of

two independent experiments. WT, wild-type strain; AraT-, araT

mutant; BcaT-, bcaT mutant; AraT-/BcaT-, araT/bcaT mutant.

Fig. 4. Effect of AraT and BcaT inactivation on VSCs formation from

methionine [methanethiol, dimethylsulphide (DMS) and dimethyldi-

sulphide (DMDS)] in the Ch-easy model without a-ketoglutarate (A)
and containing a-ketoglutarate (B). Results are expressed as peak area

(mean value and deviation of duplicate GC-FID analysis). WT, wild-

type strain; AraT-, araT mutant; BcaT-, bcaT mutant; AraT-/BcaT-,

araT/bcaT mutant; control, without cells.
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experiments with these compounds using buffered
solutions, the FID response for each compound was
found to be similar (data not shown), we can suppose
that the production of aldehyde from valine was 10-fold
higher than from leucine. In contrast, the production of
alcohols from Val and Leu appeared to be similar since
the peak areas and the FID responses of both alcohols
were also similar. Inactivation of only AraT had no
effect on the formation of aldehyde and alcohol derived
from branched-chain amino acids. Inactivation of only
BcaT reduced by 50% the formation of volatiles derived
from valine, while it only slightly affected the formation
of volatiles derived from leucine and isoleucine. How-
ever, inactivation of both AraT and BcaT almost
completely inhibited the formation of alcohols and
aldehydes from all three branched-chain amino acids (25
times), the level of these compounds almost reaching
that found in the control cheese.

4. Discussion

The Ch-easy model developed by Smit et al. (1995)
was used in this study as it allows control of the

sterility and of the quantity of cells added to the
cheese paste. Moreover, it has previously been used
in a similar study, showing that the catabolism of
amino acids in the Ch-easy model was similar to
that observed in St. Paulin-type cheese (Rijnen et al.,
2000).
The results of the present study show that AraT and

BcaT are essential for the production of most aroma
compounds from amino acids in cheese. Indeed, AraT
and BcaT are the only enzymes capable of initiating the
conversion of aromatic and branched-chain amino acids
to aroma compounds. In cheese model with or without
a-KG, the inactivation of both aminotransferases
prevents completely the catabolism of these amino acids
and the formation of all their metabolites analysed. As
previously observed in cheese, the small formation of
metabolites derived from these amino acids in cheese
model without a-KG addition was limited by the small
amount of a-KG available for transamination, since a-
KG addition highly increased (5–50 times) their
production. However, even if the role of the amino-
transferases is essential for the conversion of amino
acids, the steps following the transamination are
probably also of major importance for the quantity of
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Fig. 5. Effect of AraT and BcaT inactivation on the formation of aldehyde (O) and alcohol (T) from (A, D) leucine (2-methylpropanal and 2-

methylpropanol), from (B, E) leucine (3-methylbutanal and 3-methylbutanol) and from (C, F) isoleucine (2-methylbutanal and 2-methylbutanol) in

the Ch-easy model without a-ketoglutarate (A–C) and containing a-ketoglutarate (D–F). Results are expressed as peak area (mean value and

deviation of duplicate GC-FID analysis). WT, wild-type strain; AraT-, araT mutant; BcaT-, bcaT mutant; AraT-/BcaT-, araT/bcaT mutant; control,

without cells.
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aroma compounds produced. Indeed, we observed
that the quantity of aldehyde derived from valine
was much higher than that derived from leucine,
while leucine degradation was higher than valine
degradation. This could be explained by the presence
of an a-ketoacid decarboxylase more active towards the
ketoacid derived from valine than towards the ketoacid
derived from leucine, as it has been found in L. lactis

IFPL 730 (Amarita, Fernandez-Espla Requena, &
Pelaez, 2001).
Regarding the conversion of methionine to VSCs, the

pathway initiated by AraT and BcaT is the major but
not the sole pathway. Indeed, in cheese without a-KG
addition, the formation of VSCs (which was very low)
was not affected by AraT or BcaT inactivation. In
contrast, in cheese with a-KG addition, the production,
which was much higher, was highly reduced but not
completely inhibited by AraT and BcaT inactivation.
These results suggest that another pathway or another
aminotransferase is involved in VSCs formation from
methionine. The alternative pathway could be catalysed
by the cystathionine lyases (CBL and CGL) present in
L. lactis (Alting et al., 1995; Bruinenberg et al., 1997;
Dias & Weimer, 1998b). The inactivation of the CBL
does not affect the formation of VSCs (Fernandez et al.,
2000), but other genes homologous to cystathionine
lyases and aminotransferases are present in the genome
of L. lactis and could also be involved (Bolotin et al.,
2001). Since the formation of VSCs in the Ch-easy
model incubated with the double mutant with a-KG was
weakly higher than in the Ch-easy model without a-KG,
the residual formation might partly be due to another
aminotransferase.
Considering the respective roles of AraT and BcaT in

the formation of cheese aroma, our results show that
AraT produces a more diversified aroma than BcaT.
Indeed, AraT is mostly involved in the degradation of
aromatic amino acids, methionine and leucine, which
produces isovalerate (ripened cheese aroma), 2-methyl-
butanal (ripened cheese, malty, fruity aroma), benzalde-
hyde (bitter almond aroma) and VSCs (sulphur, cheesy,
garlic aroma). In contrast, BcaT is mostly involved in
the degradation of all three branched-chain amino
acids which produces isobutyrate, isovalerate (ripened
cheese aroma) and aldehydes and alcohols derived
from branched-chain amino acids (ripened cheese,
malty or fruity aroma). These results suggest that
using strains with different relative AraT/BcaT activities
for cheese-making could change the balance between
the aroma compounds involved in cheese aroma
and therefore enable a more diverse range of final
cheese aromas. Currently, we are interested in selecting
natural strains with different relative AraT/BcaT
activities for the manufacture of cheeses in order to
determine the impact of aminotransferase activities on
cheese aroma.
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