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Staphylococcus carnosus and Staphylococcus xylosus are widely used as aroma producers in the manufacture
of dried fermented sausages. Catabolism of branched-chain amino acids (BCAAs) by these strains contributes
to aroma formation by production of methyl-branched aldehydes and carboxy acids. The first step in the
catabolism is most likely a transamination reaction catalyzed by BCAA aminotransferases (IlvE proteins). In
this study, we cloned the ilvE gene from S. carnosus by using degenerate oligonucleotides and PCR. We found
that the deduced amino acid sequence was 80% identical to that of the corresponding enzyme in Staphylococcus
aureus and that the ilvE gene was constitutively expressed as a monocistronic transcript. To study the influence
of ilvE on BCAA catabolism, we constructed an ilvE deletion mutant by gene replacement. The IlvE protein
from S. carnosus was shown mainly to catalyze the transamination of isoleucine, valine, leucine, and, to some
extent, methionine using pyridoxal 5�-phosphate as a coenzyme. The ilvE mutant degraded less than 5% of the
BCAAs, while the wild-type strain degraded 75 to 95%. Furthermore, the mutant strain produced approxi-
mately 100-fold less of the methyl-branched carboxy acids, 2-methylpropanoic acid, 2-methylbutanoic acid, and
3-methylbutanoic acid, which derived from the BCAA catabolism, clearly emphasizing the role of IlvE in aroma
formation. In contrast to previous reports, we found that IlvE was the only enzyme that catalyzed the
deamination of BCAAs in S. carnosus. The ilvE mutant strain showed remarkably lower growth rate and
biomass yield compared to those of the wild-type strain when grown in rich medium. Normal growth rate and
biomass yield were restored by addition of the three BCAA-derived �-keto acids, showing that degradation
products of BCAAs were essential for optimal cell growth.

The gram-positive bacteria Staphylococcus carnosus and
Staphylococcus xylosus are widely used in the meat industry for
the manufacture of fermented meat products such as dried
sausages. One role of these bacteria is in the formation of
flavor compounds in the final product. Catabolism of aromatic
amino acids (ArAAs), branched-chain amino acids (BCAAs),
and methionine by different starter cultures is believed to play
a major role in the formation of aroma and flavor compounds
in fermented meat as well as in fermented dairy products (16,
18, 28).

In S. carnosus, leucine degradation gives rise to aroma com-
pounds such as 3-methylbutanol acid, 3-methylbutanal acid,
and 3-methylbutanoic acid (12, 15, 25). Based on the ability of
S. carnosus to degrade leucine in the absence of an �-keto acid
acceptor and pyridoxal 5�-phosphate, Larrouture et al. (12)
suggested that both transamination and oxidative deamination
reactions are involved in the deamination of leucine. The pu-
tative pathway for the catabolism of leucine is shown in Fig. 1.
The described transamination and oxidative deamination re-
actions catalyze the initial step of leucine catabolism, which
leads to �-ketoisocaproic acid. The metabolite, 3-methylbu-

tanoic acid, may be formed either via the acyl-CoA interme-
diate (26) or the aldehyde (3, 15, 23, 24). Despite the impor-
tance of aroma formation in fermented meat products, no
genetic studies on the amino acid catabolism in S. carnosus or
S. xylosus have yet been described. In contrast, several studies
using Lactococcus lactis have been done on gene cloning and
mutant construction and for characterization of the genes en-
coding enzymes responsible for degradation of both ArAAs
and BCAAs (1, 20, 27, 29). Although several enzymes in L.
lactis may catalyze the first step in amino acid catabolism, only
aminotransferases, which catalyze the transfer of an �-amino
group from ArAAs and BCAAs to an �-keto acid acceptor
using pyridoxal 5�-phosphate as a coenzyme, seem to be re-
sponsible for deamination of these amino acids (1, 20, 27, 29).
Two recent studies with L. lactis showed that IlvE is responsi-
ble for approximately 90% of the total isoleucine and valine
aminotransferase activity and also for 60% of the leucine and
38 to 60% of the methionine activity (1, 27). Recently, the
genes encoding ilvE of L. lactis NCDO763 and LM0230 were
cloned and sequenced, and expression studies showed that the
BCAA aminotransferase of NCDO763 is repressed by free
BCAAs, suggesting a biosynthetic role of the gene (27). How-
ever, dairy strains require BCAAs for growth and, therefore,
the role of IlvE in L. lactis dairy strains is believed to be purely
catabolic (27).

Another aminotransferase, the ArAA aminotransferase
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(AraT) of L. lactis NCDO763, has been characterized bio-
chemically (29), and the corresponding gene has been cloned
(20). Inactivation of AraT results in a 90 to 95% decrease in
aminotransferase activity towards phenylalanine, tyrosine, and
tryptophan and a 50 and 25% decrease in activity towards
methionine and leucine, respectively. Inactivation of AraT has
minor effects on the aminotransferase activity towards valine
and isoleucine.

In this work, we have initiated genetic and physiological
studies of genes and gene products involved in the degradation
of BCAAs in S. carnosus. Here we report the molecular cloning
of the ilvE gene, which is involved in the degradation of
BCAAs in S. carnosus, and the construction of an ilvE mutant
strain and its use for analysis of amino acid catabolism and
metabolite formation.

MATERIALS AND METHODS

Bacterial strains, plasmids, media, and growth conditions. Bacterial strains
and plasmids are listed in Table 1. Escherichia coli strain DH10B was grown in
Luria-Bertani broth or on agar plates at 37°C and supplemented with 100 �g of
ampicillin/ml when appropriate. S. carnosus BioCarna Ferment S1 (Wisby
Starter Cultures and Media, Niebüll, Germany) was grown at 30°C with shaking

in B-T medium, which consisted of 1% tryptone, 0.5% yeast extract, 0.5% NaCl,
0.1% K2HPO4�3H2O, and 0.5% glucose, and supplemented with 10 �g of chlor-
amphenicol/ml when appropriate. �-Ketoisocaproate (KIC), �-keto-�-methyl-
valerate (KMV), and �-ketoisovalerate (KIV) obtained from Sigma Chemical
Co. (St. Louis, Mo.) were used at 100 �g/ml.

Transformation and isolation of plasmid and chromosomal DNA. Plasmid
DNA was introduced into competent E. coli cells (ElectroMAX DH10B from
Life Technologies, Roskilde, Denmark) by electroporation as described by the
manufacturer and into S. carnosus by protoplast transformation as described by
Götz and Schumacher (7). Plasmid DNA was isolated from E. coli by using Jet
Prep columns (Genomed, Bad Oeynhausen, Germany) and from S. carnosus as
described by O’Sullivan and Klaenhammer (19), except that cells were incubated
with 45 mg of lysozyme/ml at 37°C for 11⁄2 h. Genomic DNA was prepared from
6 to 8 ml of an overnight culture of S. carnosus as described by Johansen and
Kibenich (8), except that lysozyme (20 mg/ml) treatment was carried out for 11⁄2
h. SDS was subsequently added, and samples were incubated at 37°C for 1/2 h
and again at 65°C for 1/2 h.

DNA manipulation and sequencing. DNA was manipulated according to stan-
dard procedures (21). Taq polymerase (Life Technologies) was used for PCR
unless otherwise noted. All primers used for PCR or DNA sequencing were
obtained from DNA Technology A/S, Aarhus, Denmark. Plasmid DNA was
sequenced on both strands by using an ALFexpress DNA sequencer (Amersham
Pharmacia Biotech, Little Chalfont, England). DNA and deduced amino acid
sequences were analyzed using the BlastN and BlastP programs available at
www.ncbi.nlm.nih.gov/BLAST.

FIG. 1. Putative pathways of BCAA catabolism in S. carnosus as exemplified with leucine. Reaction 1 was catalyzed by BCAA aminotransferase,
leucine dehydrogenase, or leucine oxidase; reaction 2 was catalyzed by branched-chain �-keto acid decarboxylase; reaction 3 was catalyzed by
aldehyde dehydrogenase; reaction 4 was catalyzed by branched-chain �-keto acid dehydrogenase; and reaction 5 was catalyzed by acyl-CoA
hydrolase or phosphate butyrate-CoA transferase and butyrate kinase.

TABLE 1. Strains and plasmids

Bacterial strain or plasmid Relevant characteristic(s) or DNA inserta Reference or source

Bacterial strains
S. carnosus

BioCarna Ferment S1 Industrial flavor-producing strain, Nuc� Wisbyb

PSM213 Strain S1 containing pPSM1064, Nuc�, Camr This study
PSM215 Strain S1 containing pPSM1064 integrated into the chromosome,

wild-type ilvE, Nuc�, Camr
This study

PSM217 Strain S1 containing a deletion in the ilvE gene, Nuc�, Cams This study
E. coli DH10B E. coli cloning host strain Life Technologies

Plasmids
pBluescript KS II E. coli cloning vector, Ampr Stratagene
pCR2.1 TA-cloning vector, Ampr Invitrogen
pBT2 S. carnosus integration vector, Ts replicon, Camr 6
pSMBI93 Vector containing Usp45-nucB gene cassette Vrang et al., unpublished
pPRA26 pCR2.1 � 4.1-kb S1 chromosomal fragment containing the ilvE gene This study
pPSM1058 pBT2 � 0.9-kb BamHI-SalI fragment containing the Usp45-nucB

cassette from pSMBI93
This study

pPSM1060 pBluescript KS II � 0.8-kb BamHI-SmaI �ilvE fragment This study
pPSM1064 pPSM1058 � 0.8-kb BamHI-KpnI fragment with �ilvE gene from

pPSM1060 fused to Usp45-nucB
This study

a Nuc�, nuclease producer; Nuc�, does not produce nuclease; Ampr, ampicillin resistance; Camr, chloramphenicol resistance; Camr, chloramphenicol sensitivity; Ts,
temperature sensitive.

b Wisby, Wisby Starter Cultures and Media.
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Cloning of the ilvE gene. An internal ilvE fragment from S. carnosus was
amplified by PCR using the degenerate primers P1-IlvE (5� TTY GAR GGN
YTN AAR GC 3�), used at a final concentration of 6 �M, and P4-IlvE (5� ATN
ACN GCN GCN GTN CC 3�), used at a final concentration of 0.6 �M, with Y
being C or T; R being A or G; and N being A, C, G, or T. PCR amplifications
were done by gradually decreasing the annealing temperature from 60°C to 45°C
(6a). The resulting 0.7-kb PCR fragment was cloned into the pCR2.1 vector
(Invitrogen, Carlsbad, Calif.). The remaining part of the ilvE gene and the
adjacent regions were amplified by inverse PCR (17). In short, genomic DNA of
S. carnosus was digested with EcoRI and religated in a large volume. PCR
amplifications were carried out using primers P6-IlvE (5� GAA GAA CGT CAT
ATC TCT ATC G 3�) and P7-IlvE (5� GCC TTC TAA TAG CTC TTC TTC 3�)
and the Platinum Pfx DNA Polymerase (Life Technologies), with annealing
temperatures being gradually decreased from 68 to 52°C. The obtained 4.1-kb
PCR fragment was cloned into pCR2.1 by adding A overhangs to the PCR
products prior to cloning, as recommended by Invitrogen. The resulting plasmid
was named pPRA26.

Construction of a new nuclease reporter gene vector. The reporter gene
cassette containing the Usp45 signal peptide from L. lactis, translationally fused
to nucB from Staphylococcus aureus, was isolated on a 900-bp BamHI-SalI
fragment from plasmid pSMBI93 (A. Vrang et al., unpublished data) and in-
serted into pBT2 (6) digested with BamHI and SalI. This resulted in plasmid
pPSM1058.

Construction of an ilvE deletion mutant. An internal 277-bp (fragment B)
deletion of ilvE was created using PCR. A 400-bp fragment corresponding to the
5� end of the ilvE gene (fragment A) was amplified using S. carnosus genomic
DNA as template and primers ilvE-N-term (5� AAC CGG AAT TCA TGT CAG
AAA AAG TAA AAT TTG AAA AAC GTG 3�) and ilvE-�1 (5� CTT CAA
TAT ATT TGC GTT CTA TTG TCC TTC GCC TTC AGG CAC CCA ATC
AC 3�). A 408-bp fragment covering the 3� end of the ilvE gene (fragment C) was
amplified similarly, using primers P32-ilvE-SmaI (5� TAG TCC CGG GCA ATT
TTA ATA TTC TGG TAC TAC G 3�) and ilvE-�2 (5� CCT GAA GGC GAA
GGA CAA TAG AAC GCA AAT ATA TTG AAG AAG TGG GC 3�). Primers
ilvE-�1 and ilvE-�2 were designed so that they contain DNA sequences com-
plementary to each other. This allowed the two PCR fragments to anneal to each
other after mixing. The overlapping sequences were extended using Taq poly-
merase, followed by PCR amplification using the outer primers ilvE-N-term and
P32-ilvE-SmaI. The PCR product (�0.8 kb) was digested with EcoRI and SmaI
and ligated to similarly digested pKS Bluescript II (Stratagene, La Jolla, Calif.),
resulting in pPSM1060. This plasmid was digested with KpnI and BamHI, and the
ilvE gene, containing an internal deletion, was inserted into the KpnI-BamHI-
digested integration vector pPSM1058 (see Fig. 3). The resulting plasmid,
pPSM1064, was introduced into S. carnosus protoplasts, and selection was per-
formed at 30°C on B-T agar plates supplemented with chloramphenicol. The
resulting strain, PSM213, was grown for approximately 20 generations in selec-
tive B-T medium at the nonpermissive temperature of 40°C. After appropriate
dilution, the culture was plated on B-T agar plates containing chloramphenicol
and incubated at 40°C. Colonies were subsequently screened for nuclease activity
in an overlay assay essentially as described by Lachica et al. (11), except that 10
mM CaCl2 and 0.1% DNA were used. A single clone (PSM215) that produced
nuclease was inoculated in B-T medium containing KIC, KMV, and KIV and
grown for approximately 50 generations at the permissive temperature of 30°C.
The temperature was increased to 40°C for 10 generations to ensure loss of the
excised integration vector. After appropriate dilution, the culture was spread on
B-T agar plates containing the three �-keto acids and incubated overnight at
30°C. By replica plating to B-T agar plates supplemented with chloramphenicol
and the three �-keto acids, a single chloramphenicol-sensitive clone was identi-
fied, which was named PSM217. PCR and DNA sequencing verified the presence
of an internal deletion in the ilvE gene in the genome of strain PSM217.

Isolation of total RNA and Northern blotting. Total RNA was extracted from
S. carnosus using the RNeasy Midi kit from Qiagen GmbH (Hilden, Germany)
and modified as described by Bassias and Brückner (2). Ten micrograms of total
RNA was separated on a 1% (wt/vol) agarose–0.66 M formaldehyde gel. The
RNA was transferred to a membrane and baked for 2 h at 80°C. Prehybridiza-
tion, hybridization with a radioactive DNA probe covering the ilvE gene, and
washing conditions were as previously described (13). The ilvE probe was ob-
tained by PCR using chromosomal DNA from S. carnosus as template and
primers P27-ilvE (5� GCA CCG ATC GAA CTA GAT CCA GCT GCA C 3�)
and P32-ilvE-SmaI. Primer extension and labeling were done as recommended
by the manufacturer of the Primer Extension System-AMV Reverse Transcrip-
tase kit (Promega, Madison, Wis.). The oligonucleotide ilvE-PE 2 (5� GCC AAC
CGC CTT TTT CGC TAT CGT AGT C 3�) was used to prime cDNA synthesis.
The primer extension product was analyzed on a denaturing 6% polyacrylamide

gel by running it next to a sequencing ladder made by using the same primer and
plasmid pPRA26 as the sequencing template.

Amino acid catabolism. The amino acid catabolism of S. carnosus and the ilvE
mutant (PSM217) was examined by incubating whole cells in a reaction mixture
containing 0.1 M phosphate buffer (pH 6.8), 20 mM �-ketoglutarate, 0.2 mM
pyridoxal 5�-phosphate, and phenylalanine, tyrosine, tryptophan, methionine,
leucine, valine, or isoleucine at a final concentration of 150 mg/liter. S. carnosus
and the ilvE mutant were grown in a B-T medium containing KIC, KMV, and
KIV. Cells were harvested in the late exponential phase by centrifugation (10,000
	 g at 4°C), washed in a 0.9% sterile NaCl solution, and resuspended in the
reaction mixture to a final optical density at 600 nm (OD600) of �12. Five-
milliliter aliquots were transferred to 12-ml tubes and supplemented with the
relevant amino acid. The tubes were incubated at 30°C with shaking at 250 rpm.
One-milliliter aliquots were collected after 0 and 24 h of incubation. Cells were
removed by centrifugation (20,000 	 g at 4°C), and the supernatants were
analyzed for the amount of the amino acid of interest by high-performance liquid
chromatography (HPLC) as described below. The amount of the methyl-
branched acids 2-methylpropanoic acid, 2-methylbutanoic acid, and 3-methylbu-
tanoic acid, which are the major metabolites from the catabolism of valine,
isoleucine, and leucine, respectively, was analyzed according to the levels of their
corresponding methylesters by static headspace gas chromatography as previ-
ously described (3).

HPLC analysis. The amount of amino acids in the supernatant was analyzed
by ion exchange HPLC. The equipment consisted of a BioLC pump, an ED50
electrochemical detector, and an AS50 auto sampler (Dionex, Austin, Tex.). The
separation was performed on an AminoPAC PA 10 column (Dionex) equili-
brated with a mixture of 76% deionized water and 24% 250 mM NaOH. The flow
rate was 0.25 ml/min, and the volume injected was 25 �l. Amino acids were
eluted with a linear gradient as described by Dionex (technical note # 50). The
relevant amino acids (leucine, valine, isoleucine, methionine, phenylalanine,
tryptophan, and tyrosine) were quantified by comparison with external standard
curves made from a mixture of standards. Norleucine was used as internal
standard.

Nucleotide accession number. The nucleotide sequence described here has
been deposited in the EMBL database under accession number AJ279090.

RESULTS

Cloning and identification of ilvE in S. carnosus. Alignment
of the protein sequences encoding BCAA aminotransferases
(IlvE proteins) from S. aureus, Bacillus subtilis, Haemophilus
influenzae, Mycobacterium tuberculosis, Streptomyces coelicolor,
Helicobacter pylori, and E. coli showed several regions of high
amino acid identity. Based on two highly conserved regions
(region 1, encoding FEGLKA, and region 2, encoding
GTAAVI), degenerate oligonucleotides were designed and
used to PCR amplify an internal 0.7-kb fragment of the ilvE
gene from the S. carnosus genome. The DNA sequence of this
fragment was determined and used to design new primers,
which allowed cloning of the remaining part of the ilvE gene by
inverse PCR. Analysis of the deduced amino acid sequence
revealed an open reading frame encoding a 359-amino acid
polypeptide with homology to BCAA aminotransferases from
other bacteria. BlastP searches showed that the protein was
80% identical to IlvE of S. aureus. Furthermore, the S. carno-
sus IlvE contained an amino acid motif that matched the
PROSITE aminotransferase class-IV pyridoxal 5�-phosphate
binding site (http://www.expasy.org/prosite), suggesting the
presence of a pyridoxal 5�-phosphate-dependent aminotrans-
ferase. Analysis of the DNA sequence showed a consensus
promoter region containing an extended �10 region (TGC-
TATAAT) and a �35 region (TTGAAT) located upstream of
the coding sequence of ilvE. A putative rho-independent tran-
scription terminator with a �G of �22 kcal/mol was found
downstream of the ilvE coding sequence. Analysis of the DNA
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sequence surrounding the ilvE gene showed no other genes
involved in amino acid metabolism.

Using Northern blotting, a 1.2-kb transcript was identified
both in the exponential growth phase and in the stationary
phase (Fig. 2). This shows that ilvE was transcribed as a mono-
cistronic mRNA, which agrees with the presence of a putative
promoter upstream and a putative transcriptional terminator
downstream of the coding sequence of ilvE. Primer extension
analysis was used to map the 5� end of the ilvE transcript to a
G located 7 bp downstream of the �10 sequence (data not
shown).

Development of a new integration vector and its use for
construction of an ilvE mutant strain. Two conditionally active
delivery vectors, pBT1 and pBT2, based on the temperature-
sensitive replicon of pE194, have been developed for gene
inactivation in S. carnosus and S. xylosus by Brückner (6). To
facilitate identification of homologous recombination events in
S. carnosus and S. xylosus leading to gene inactivation and to
avoid construction of antibiotic-resistant mutant strains, one of

these vectors, pBT2, was further developed in this work. A
promoterless nuclease gene from S. aureus was cloned into
pBT2, resulting in the new integration vector pPSM1058 (Fig.
3). During growth at the permissive temperature, pPSM1058
will exist as a freely replicating plasmid in S. carnosus. Further-
more, when gene fragments without promoter activity are
cloned into the multiple cloning site of pPSM1058, the recom-
binant cells will not produce nuclease when maintained at the
permissive temperature. However, plasmid replication ceases
upon shift to the nonpermissive temperature and clones with a
plasmid integrated through the homologous gene sequences
present in the resident chromosome can be selected on chlor-
amphenicol plates. In this case, the recombination event led to
a transcriptional fusion of the nuclease reporter gene to the
chromosomal promoter, located upstream of the ilvE gene.
This resulted in the nuclease-producing strain PSM215, which
was identified using a chromogenic substrate in an overlay
plate assay. The expected homologous recombination was ver-
ified by Southern blot analysis (data not shown). Because it was
shown that the homologous recombination event had occurred
through fragment C, strain PSM215 was still wild type with
respect to IlvE activity (Fig. 3D). An ilvE deletion mutant was
subsequently obtained by growing PSM215 in rich medium at
the permissive temperature without antibiotic selection but in
the presence of the three �-keto acids. This allowed recombi-
nation between the two homologous A fragments present in
strain PSM215, resulting in the ilvE mutant strain PSM217.

Characterization of the ilvE mutant strain and the transam-
ination of BCAAs in S. carnosus. The role of IlvE in the ca-
tabolism of amino acids was studied by comparing the amino
acid degradation by whole cells from S. carnosus and from the
isogenic ilvE mutant strain PSM217. Cells were incubated in
the reaction mixture containing �-ketoglutarate, pyridoxal 5�-
phosphate, and the relevant amino acid. Samples were col-
lected after 24 h of incubation, and the remaining amount of
the added amino acid was determined by HPLC. The wild-type
strain showed 75 to 95% degradation of the BCAAs, leucine,
isoleucine, and valine, whereas only 2 to 4% percent degrada-
tion was observed in the ilvE mutant strain (Fig. 4). The deg-
radation of phenylalanine and tryptophan was only slightly
affected by ilvE inactivation, while degradation of methionine
decreased from 88% in the wild-type strain to 50% in the ilvE
mutant strain. Tyrosine degradation was similar in the two
strains. We also found that the wild-type strain converted
leucine, isoleucine, and valine stoichiometrically into 3-meth-
ylbutanoic acid, 2-methylbutanoic acid, and 2-methylpropanoic
acid, respectively. The amounts of methyl-branched carboxy
acids detected in the mutant strain were approximately 100-
fold lower than in the wild-type strain (Table 2).

DISCUSSION

S. carnosus and S. xylosus are important starter cultures for
production of essential flavor compounds, such as aldehydes,
alcohols, esters, and carboxy acids in dried fermented sausages.
Many of these compounds are derived from degradation of
amino acids and provide the product with its unique taste and
aroma. To our knowledge, no staphylococcal gene or enzyme
involved in amino acid metabolism has yet been characterized
at the genetic or biochemical level, although several similar

FIG. 2. Analysis of ilvE transcription in rich medium by Northern
blot hybridization. Lanes: 1, total RNA from S. carnosus, isolated at an
OD600 of �1.3; 2, total RNA from S. carnosus, isolated at an OD600 of
�2.5. The probe covered an internal part of the ilvE gene.
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FIG. 3. Construction of an ilvE deletion mutant. (A) Plasmid pPSM1058 is a modified pBT2 integration vector and contains a promoterless
nuclease reporter gene (nuc). The temperature-sensitive replicon from plasmid pE194 (repF Ts) and the chloramphenicol acetyltransferase gene
from pC194 (cat194) are also indicated. (B) The ilvE gene, containing an internal deletion, was inserted into pPSM1058, resulting in pPSM1064.
The disrupted ilvE gene is divided into two parts, represented by fragments A and C for illustrative purposes. (C) Chromosomal structure of the
ilvE gene from S. carnosus. The complete ilvE gene is divided into three parts, A, B, and C. (D) A single-crossover event between the homologous
C fragments present in pPSM1064 and the S. carnosus S1 chromosome resulted in strain PSM215. Only part of the integrated plasmid structure
is indicated. (E) A second crossover event between the two homologous A fragments present in the chromosome of strain PSM215 resulted in the
ilvE deletion strain PSM217. The figure is not drawn to scale.
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genes and enzymes have been isolated and characterized in
lactic acid bacteria. The knowledge obtained on lactococcal
amino acid degradation has provided new opportunities for
intensifying, directing, and controlling aroma formation in
cheese, and similar approaches might also be applied to such
meat starter cultures as S. carnosus and S. xylosus. Recently, it
was reported that key sausage aroma compounds like 3-meth-
ylbutanal and 3-methylbutanoic acid are derived from catabo-
lism of leucine (12, 15, 25). In many bacteria, the first degra-
dation step towards these compounds is likely catalyzed by
leucine dehydrogenase, leucine oxidase, or BCAA aminotrans-
ferase (14), while in L. lactis, only aminotransferases seem to
be responsible for isoleucine, valine, and leucine catabolism (1,
20, 27, 28, 29). The aim of this study was to provide genetic and
physiological evidence of the role of the IlvE enzyme in the
degradation of BCAAs in S. carnosus.

We used degenerate DNA primers and inverse PCR to

clone the complete ilvE gene from S. carnosus. The deduced
amino acid sequence of IlvE showed highest identity to the
IlvE proteins of S. aureus, B. subtilis, and Bacillus halodurans,
all of which belong to the class IV family of pyridoxal 5�-
phosphate-dependent aminotransferases.

Transcriptional analysis by Northern blot hybridization
showed constitutive expression of ilvE in rich medium. How-
ever, to reach firm conclusions on the regulation of ilvE ex-
pression, comprehensive studies in a chemically defined me-
dium are required. Such studies were actually done in L. lactis,
using a transcriptional fusion of the ilvE promoter to the luxAB
reporter genes. The results showed that free BCAAs repress
ilvE transcription (27). In the present study, a new reporter
gene system, equally useful for promoter regulation studies,
was developed and used for construction of an ilvE mutant.
However, due to low expression levels, we found that the
reporter construction needs to be optimized in order to ana-
lyze the regulation of the ilvE promoter. This optimization is
presently in progress.

Previously, an efficient gene replacement system, pBT2,
based on a temperature-sensitive replicon, has been developed
for use in S. carnosus and S. xylosus (6). In this system, a
chloramphenicol acetyltransferase gene (cat194) is used for
plasmid selection in staphylococci and a gene conferring eryth-
romycin resistance (ermB) is used for recognition of gene in-
activation. The use of this system results in a chromosomal
structure in which the target gene is disrupted by the ermB
gene cassette. However, we were unable to use this system
directly, due to a background of erythromycin resistance in S.

FIG. 4. Amounts of amino acids (in percentages) degraded by whole cells of S. carnosus and the isogenic ilvE mutant after incubation for 24 h
in the reaction mixture containing the indicated amino acid, �-ketoglutarate, and pyridoxal 5�-phosphate. The amino acids studied were leucine
(Leu), isoleucine (Ile), valine (Val), phenylalanine (Phe), tryptophan (Trp), methionine (Met), and tyrosine (Tyr). Values are means of duplicate
determinations. Differences between samples were �6%.

TABLE 2. Percentages of Leu, Ile, and Val degraded to methyl-
branched acids by whole cells from S. carnosus and the isogenic

ilvE mutanta

Product
% Degradation by:

Wild type ilvE mutant

3-Methylbutanoic acid 112 1.3
2-Methylbutanoic acid 76 
1
2-Methylpropanoic acid 89 
1

a Values are means of duplicate determinations. Differences between samples
were �6%.
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carnosus. In addition, we wanted to develop a gene inactivation
system which yields food-grade strains, harboring no antibiotic
resistance genes in their chromosomes. To achieve this, the
existing delivery vector and protocol were modified. First, an
ilvE fragment containing an internal deletion was cloned di-
rectly into pBT2, thereby avoiding the use of the erythromycin
resistance gene. However, efforts to force plasmid integration
by single-crossover recombination using temperature shifts
and chloramphenicol selection were unsuccessful, as all ana-
lyzed chloramphenicol-resistant colonies contained plasmid
DNA. To detect homologous recombination into the chromo-
some, we therefore designed a new integration system, based
on expression of a nuclease reporter and a plate assay. Using
this system, we achieved a single-crossover recombination be-
tween the ilvE sequences present in the delivery vector and in
the genome of S. carnosus. The food-grade ilvE deletion mu-
tant was obtained by a second crossover event, demonstrating
the usefulness of the system.

Although the importance of the ilvE gene product in the
catabolism of amino acids into important flavor compounds is
obvious, the physiological role of BCAA catabolism in S. car-
nosus is still unclear. We were not able to isolate ilvE mutants
in rich medium without added �-keto acids, indicating that the
�-keto acids are needed for optimal growth. Actually, the dou-
bling time of the wild-type strain was 45 min, compared to 85
min for the ilvE mutant strain when grown without the three
�-keto acids, showing that degradation of BCAAs is an impor-
tant but not vital property of S. carnosus. The growth rate in
the mutant strain was restored by addition of the three �-keto
acids to the growth medium. In other organisms, the products
of BCAA aminotransferases are used in the formation of fatty
acids for cell membrane synthesis (9), in the biosynthesis of
pantothenic acid (5), or in siderophore production (10). On-
going work in our laboratories is aimed at providing evidence
for the biological role of catabolism of BCAAs in S. carnosus.

We found that inactivation of the ilvE gene resulted in com-
plete inhibition of the catabolism of Leu, Ile, and Val and in a
reduction of Met, Trp, and Phe conversion. In L. lactis, inac-
tivation of ilvE significantly reduces the catabolism of Ile and
Val but does not affect the catabolism of Leu, Phe, Trp, Tyr,
and Met (27). Interestingly, the BCAA aminotransferase of S.
carnosus catabolized leucine much more efficiently than the
corresponding enzyme in L. lactis (27). This dissimilarity in
efficiency could be caused by the difference between the two
IlvE proteins, which are only 38% identical.

Catabolism of the methyl-branched amino acids, leucine,
isoleucine, and valine, leads to production of the important
methyl-branched flavor aldehydes, 3-methylbutanal, 2-methyl-
butanal, and 2-methylpropanal, respectively. Leucine catabo-
lism is of particular interest, since Leu is degraded to 3-meth-
ylbutanal, which is essential for the flavor of fermented
sausages (4, 22). Larrouture et al. (12) concluded that both a
transamination and an oxidative deamination reaction are in-
volved in the catabolism of leucine in S. carnosus. In contrast,
our results clearly showed that IlvE was the only enzyme that
catalyzed the deamination of Leu, Ile, and Val in this organ-
ism. This conclusion is based on the observations that the ilvE
mutant was unable to catabolize BCAAs and that the methyl-
branched acids, 3-methylbutanoic acid, 2-methylbutanoic acid,
and 2-methylpropanoic acid, which are the major products of

BCAA catabolism, were not formed. A likely explanation for
these contradictory results is that the intracellular pool of
pyridoxal 5�-phosphate and �-ketoglutarate in resting S. car-
nosus cells is sufficient to catabolize BCAA.

In the present study, we characterized the ilvE gene from S.
carnosus and constructed an ilvE mutant. This mutant strain
could be useful in applied studies on model sausage minces,
thereby increasing our understanding of BCAA catabolism in
flavor development. In addition, knowledge about the genes
involved in amino acid catabolism and how these genes are
regulated could lead to better control of aroma formation in
fermented meat products. We are presently working on the
identification and characterization of other genes involved in
BCAA catabolism in S. carnosus.
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