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Using degenerate oligonucleotides complementary to sequences encoding conserved amino acid motifs in
D-alanine-D-alanine (Ddl) ligases, we have amplified ca. 600-bp fragments from Enterococcus casseliflavus
ATCC 25788 and Enterococcusflavescens CCM439. Sequence analysis of the amplification products indicated
that each strain possessed two genes, ddlE ass. and vanC-2, and ddlE flav and vanC-3, respectively, encoding
Ddl-related enzymes. The fragments internal to the vanC genes were 98.3% identical. The vanC-2 gene was
cloned into Escherichia coli and sequenced. Extensive similarity (66% nucleotide identity) was detected between
this gene and vanC-1 from Enterococcus gaUlinarum (S. Dutka-Malen, C. Molinas, M. Arthur, and P. Courvalin,
Gene 112:53-58, 1992), suggesting that the vanC genes are required for intrinsic low-level resistance to
vancomycin. The partial deduced amino acid sequences of ddlE. ass. and ddlE fla were identical and closely
related to that of the Ddl ligase of Enterococcusfaecalis (79%o identity). In Southern hybridization experiments,
only DNA from E. casselipiavus and E.flavescens hybridized to probes internal to the vanC-2 and ddlE ass. genes.

The glycopeptides vancomycin and teicoplanin constitute an
important class of antibiotics for the treatment of severe
infections due to gram-positive bacteria. Glycopeptides bind to
the peptidyl-D-alanyl-D-alanine (D-Ala-D-Ala) termini of pep-
tidoglycan precursors at the cell surface, thereby inhibiting cell
wall synthesis (2). The D-Ala residues that interact with
glycopeptides are incorporated into peptidoglycan precursors
as a dipeptide synthesized by D-alanine-D-alanine ligases
(Ddl). Acquired resistance to glycopeptides in enterococci is
due to production of D-Ala-D-Ala structurally related ligase
VanA (6) or VanB (15), which synthesizes the depsipeptide
D-alanyl-D-lactate (D-Ala-D-Lac) (3, 18). The depsipeptide
replaces the dipeptide D-Ala-D-Ala, leading to synthesis of
peptidoglycan precursors that bind vancomycin with greatly
reduced affinity (6, 23). D-Ala-D-Ala and D-Ala-D-Lac ligases
are structurally related (12, 15).

Enterococci with acquired glycopeptide resistance harbor
two related but distinct gene clusters, vanA and vanB, defined
by hybridization with DNA probes derived from the structural
genes for the VanA and VanB ligases, respectively (11, 28).
Strains possessing the vanA operon are inducibly resistant to
high levels of vancomycin and teicoplanin (VanA phenotype).
Strains with the vanB gene cluster are inducibly resistant to
various levels of vancomycin but remain susceptible to teico-
planin (VanB phenotype). Three species of enterococci are
intrinsically resistant to low levels of vancomycin only: Entero-
coccus gallinarum, Enterococcus casseliflavus, and Enterococcus
flavescens. The vanC-1 gene of E. gallinarum BM4174 encodes
a D-Ala-D-serine ligase required for low-level vancomycin
resistance (13, 29). The vanC-1 gene was detected in all strains
of E. gallinarum tested but not in E. casseliflavus and E.
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flavescens (21). In this study, we analyze the nucleotide se-
quence of genes encoding D-Ala-D-Ala ligase-related proteins
from these two intrinsically resistant species.

MATERIALS AND METHODS

Bacterial strains. Twenty-four E. casseliflavus strains and
two E. flavescens strains were collected from various sources
(Table 1). As controls, we included well-characterized glyco-
peptide-resistant enterococcal strains belonging to phenotypes
VanA, VanB, and VanC. These were Enterococcus faecium
BM4147 (VanA [12]), Enterococcusfaecalis V583 (VanB [15]),
and five strains of E. gallinarum: NCDO 2313, A13 (from the
laboratory collection of L. A. Devriese), BM4115 (from our
laboratory collection), 6764 (from the bioMerieux collection
[Marcy l'Etoile, France]), and BM4174 (VanC [13]). The
following susceptible strains belonging to 16 different species
were used: Enterococcus avium NCDO 2369, Enterococcus
cecorum NCDO 2674, Enterococcus columbae STR 345, En-
terococcus dispar NCIMB 13000, Enterococcus durans NCDO
596, E. faecalis NCDO 581, E. faecium NCDO 942, Enterococ-
cus hirae NCDO 1258, Enterococcus malodoratus NCDO 846,
E. mundtii NCDO 2375 and API 9001120, Enterococcus
pseudoavium NCDO 2138, Enterococcus raffinosus NCTC
12192, Enterococcus saccharolyticus NCDO 2594, Enterococcus
solitarius NCTC 12193, Enterococcus sulfureus NCDO 2379,
and Enterococcus seriolicida ATCC 49156.

Identification of enterococci. Enterococci were identified as
described previously (10) with the 30°C motility test and API
50 CH strips (bioMerieux).

Culture conditions and antibiotic susceptibility tests. All
cultures were performed at 37°C in brain heart infusion broth
and agar (Difco Laboratories, Detroit, Mich.). The method of
Steers et al. (33), with 104 CFU per spot, was used to
determine the MICs of antibiotics on Mueller-Hinton agar
(Sanofi Diagnostics Pasteur, Marnes-la-Coquette, France).
DNA manipulation. Total (20) and plasmid (5) DNA was

prepared as described previously. Restriction fragments were
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TABLE 1. Properties of the E. casseliflavus and E. flavescens strains

StrainpigmentMotilityMIC (Rg/ml), from nbose Fragment hybridizing
Strain Yellow MotilityMC ~/m) Acid production with': Source or

pigment from ribose referencec
Vm Te vanC-2 ddlE.

E. casseliflavus
ATCC 25788 + + 8 0.5 + 2.5 4.1 37
8410085 + + 4 0.5 + 2.5 4.1 API
8407106 + + 8 0.5 + 2.5 4.1 API
A22 + + 1 0.25 + 4.2 6.8 8
9001123 + + 4 0.5 + 9.5 2.6 API
9001122 + + 4 0.5 + 8.6 2.6 API
9001119 + + 4 0.25 + 4.2 6.8 API
8911032 + + 8 1 + 7.9 3.3 API
8910035 + + 8 0.5 + 2.5 4.1 API
ATCC 25789 + - 4 0.5 + 2.5 4.1 37
LT52 + - 8 0.5 + 7.4 3.3 37
LT62 + + 8 0.5 + 7.4 3.9 37
LT31 - + 4 0.5 + 7.4 7 37
C7 + + 8 0.5 + 7.4 6.5 37
G13 - + 1 0.25 + 7.4 7 37
NCDO 2154 + + 4 1 + 2.5 4.1 NCDO
NCDO 2310 + + 4 0.5 + 2.5 4.1 NCDO
NCDO 2376 + + 4 1 + 2.5 4.1 NCDO
NCDO 2378 + + 8 0.5 + 8.3 7.5 NCDO
NCDO 2380 + + 8 0.5 + 2.3 4.2 NCDO
NCDO 2725 + + 2 0.5 + 7.9 7.7 NCDO
ATCC 14436 + + 8 1 + 8.1 3.2 26
ATCC 12817 + + 8 0.5 + 7.9 3.2 26
ATCC 13638 + + 8 0.5 + 7.9 4 7

E. flavescens
CCM 439 + - 8 1 - 4.1 8.2 26
CCM 441 + - 8 0.5 - 4.1 8 26
a Vm, vancomycin; Te, teicoplanin.
b Size in kilobases of the KnI fragment hybridizing with the vanC-2 and ddl probes.
cAPI, API-bioMerieux collection; NCDO, National Collection of Dairy Organisms, Reading, United Kingdom.

analyzed by 0.8% agarose gel electrophoresis. DNA fragments
were extracted from gels with the QLAEX Gel Extraction Kit
(Qiagen Inc., Chatsworth, Calif.). For Southern hybridization,
DNA was transferred by vacuum onto Nytran membranes
(Schleicher & Schuell, Dassel, Germany) with a Trans Vac
TE80 apparatus (Hoefer Scientific Instruments, San Francisco,
Calif.). Prehybridization and hybridization were performed
under stringent conditions at 68°C in 0.1% sodium dodecyl
sulfate (SDS)-0.7% nonfat dry milk-6X SSC (lx SSC is 0.15
M NaCl plus 0.015 M sodium citrate) (21). Membranes were
washed at 68°C in 0.1% SDS-2X SSC. Probes were labeled
with [a-32P]dCTP (Radiochemical Centre, Amersham, En-
gland) with a nick-translation kit (Bethesda Research Labora-
tories, Inc., Gaithersburg, Md.).
DNA amplification, cloning, and sequencing. DNA amplifi-

cation by PCR was performed with oligonucleotides Vi and
V2 (13). The PCR products were purified by gel electrophore-
sis and cloned into the SmaI site of pUC18 (24). Nucleotide
sequencing was by the dideoxynucleotide chain terminator
technique (32) with modified T7 DNA polymerase (Seque-
nase; U.S. Biochemicals, Cleveland, Ohio), ot-35S-dATP (Ra-
diochemical Centre), and synthetic oligodeoxyribonucleotides
complementary to the sequence (Unite de Chimie Organique,
Institut Pasteur, Paris, France).
Computer analysis of sequence data. Nucleotide and amino

acid sequences were compared by using GenBank, EMBL, and
Swiss-Prot databases with the Genetics Computer Group
software (9) and with the program FASTA (25).
Enzymes and chemicals. Restriction endonucleases and T4

DNA ligase were purchased from Amersham Corp., Arlington
Heights, Ill. RNase A (bovine pancreas) and proteinase K were
from Calbiochem-Behring (La Jolla, Calif.). SeaKem GTG
agarose was from FMC Bioproducts (Rockland, Maine).
Teicoplanin was provided by Gruppo Lepetit (Milan, Italy),
and vancomycin was from Eli Lilly & Co. (Indianapolis, Ind.).

Nucleotide sequence accession numbers. The nucleotide
sequence of vanC-2 and the partial sequences of vanC-3,
ddlE. cass. and ddlE. flay. genes have been deposited in the
GenBank data library (Los Alamos, N.Mex.) under accession
numbers L29638, L29639, L29641, and L29640, respectively.

RESULTS AND DISCUSSION

Identification of Enterococcus spp. Differentiation among E.
faecium, E. gallinarum, E. casseliflavus, and E. flavescens is
based on a few physiological tests, the most discriminative
being motility at 30°C and production of a yellow pigment (10).
However, certain strains of E. casseliflavus were nonpig-
mented, and the motility test was not totally reliable (Table 1),
as already reported (37). Absence of these traits can lead to
misidentification of enterococcal clinical isolates.

Intrinsic resistance of E. casseliflavus and E. flavescens to
vancomycin. The MIC of vancomycin for the reference strain
E. casseliflavus ATCC 25788 was 8 ,ug/ml. The MICs for the 23
other E. casseliflavus strains ranged from 1 to 8 ,ug/ml (Table
1). The MICs for two strains were only 1 ,ug/ml, and that for
one strain was 2 ,ug/ml. The two strains of E. flavescens were
also resistant to low levels of the antibiotic, with vancomycin
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VanC-2
vanC-2
vanC-l
VanC-1

1
1
1
1

VanC-2 24
vanC-2 101
vanc-1 101
VanC-1 24

VanC-2 57
vanC-2 201
varC-1 192
VanC-1 54

VanC-2 91
vanC-2 301
vanC-1 286
VanC-1 86

VanC-2 124
vanC-2 401
vanC-1 380
VanC-1 117

VanC-2 157
vanC-2 501
vanC-l 480
VanC-1 150

VanC-2 191
vanC-2 601
vanC-l 580
VanC-1 184

VanC-2 224
vanC-2 701
vanC-l 680
VanC-1 217

VanC-2 257
vanC-2 801
vanC-1 780
VanC-1 250

VanC-2 291
vanC-2 901
vanC-1 880
VanC-1 284

VanC-2 324
vanC-2 1001
vanC-1 980
VanC-1 317
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GTAAGAATCGGAAAAGcG9AAgM&AAAAACATGAAAAAAATCGCCATTATTTTTGGAGGCAATTCACCGGAATACACGTTTTCTTTAGCTTCAGCAAC
ACCTTAAAAGAAAAAAGg_hWAAATGATGAAAAAAATTGCCGTTTTATTTGGAGGGAATTCTCCAGAATACTCAGTG;TCACTAACCTCAGCAGC

RBS M K K I A V L F G G N S P E Y S V S L T S A A

S A I E A L Q S S P Y D Y D L S L I G I A P D A M D W Y L Y T G E
TAGCGCAATCGAAGCACTCCAATCATCTCCCTATGACTACGACCTCTCTGATCGGGATCGCCCCAGATGCTATGGATTGGTACTTGTATACAGGAGAA
AAGTGTGATCCAAGCTATTGAC. CCGCTGAAATATGAAGTAATGACCATTGGCATCGCACCA.. ACAATGGATTGGTATTGGTATCAAGGAAAC
S V I Q A I D P L K Y E V H T I G I A P T M D W Y W Y Q G N

L E N I R Q D T W L L D T K H K Q K I Q P L F E G N G F W L S E E Q
CTGGAAAACATCCGACAAGACACGTGGTTGTTGGATACGAAACATAAACAGAAAATACAGCCGCTATTCGAAG W
CPCGCGAATGTTCGCAATGATACTTGGCTAGAAGAT. CACAAAAACTGTCACCAGCTGACTTTTTCTAGCCAAGGATTTATATTAGGAGAAAAAC
L A N V R N D T W L E D H K N C H Q L T F S S Q G F I L G E K R

Q T L V P D V L F P I M H G K Y G E D G S I Q G L F E L H K L P Y
AGCAAACGTTGGTACCTGATGTTTTATTTCCCATTATGCATGGCAAATACGGGGAAGATGGCAGTATCCAAGGATTGTTTGAATTGATGAAGCTGCCTTA
GA. ATCGTCCCTGATGTCCTCTTTCCAGTCTTGCATGGGAAGTATGGCGAGGATGGcTGTATCCAAGGACTGCTTGAACTAATGAACCTGCcCTA

I V P D V L F P V L H G K Y G E D G C I Q G L L E L N N L P Y

V G C G V A G S A L C M N K N L L H Q A A A A I G V Q S A P T I L
TGTAGGCTGCGGGGTGGCAGGTTCTGCCTTATGTATGAACAAATGGCTGCTGCATCAAGCTGCAGCAGCCATTGGCGTACAAAGTGCTCCTACGATTCTC
TGTTGGTTGCCATGTCGCTGCCTCCGCATTATGTATGAACAAATGGCTCTTGCATCAACTTGCTGATACCATGGGAATCGCTAGTGCTCCCACTTTGCTT
V G C H V A A S A L C M N K W L L H Q L A D T M G I A S A P T L L

L T N Q A N Q Q E Q I E A F I Q T H G F P V F F K P N E A G S S K G
TTGACAAATCAAGCCAACCAGCAAGAACAAATCGAAGCTTTTATCCAGACCCATGGCTTCCCAGTTTTCTTTAAGCCTAATGAAGCGGGCTCCTCAAAAG
TTATCCCGCTATGAAAACGATCCTGCCACAkATCGATCGTTTTATTCAAGACCATGGATTCCCGATCTTTATCAAGCCGAATGAAGCCGGTTCTTCAAAAG
L S R Y E N D P A T I D R F I Q D H G F PI F KI P N E A G S S K G

I T K V T C V E E I A S A L K E A F T Y C S A V L L Q K N I A G V
GGATCACTAAAGTCACCTGCGTTGAAGAAATCGCTTCTGCCTTAAAAGAAGCCTTTACTTATTGTTCCGCAGTGCTCCT A
GGATCACAAAAGTAACTGACAAAACAGCGCTCCAATCTGCATTAACGACTGCTTTTGCTTACGGTTCTACTGTGTTGATCCAAAAGGCGATAGCGGGTAT

I T K V T D K T A L Q S A L T T A F A Y G S T V L I Q K A I A G I

E I G C G I L G N D S L T V G A C D A I S L V D G F F D F E E K Y
TGAGATCGGTTGCGGTATTTTGGGCAACGACTCTTTGACTGTCGGTGCTTGTGACGCCATTTCATTAGTAGACGGCTTTTTCGATTTTGAAGAAAAGTAC
TGAAATTGGCTGCGGCATCTTAGGAAATGAGCAATTGACGATTGGTGCTTGTGATGCGATTTCTCrTGTCGACGGTTTTTTTGATTTTGAAGAGAAATAC
E I G C G I L G N E Q L T I G A C D A I S L V D G F F D F E E K Y

Q L I S A K I T V P A P L P E T I E T K V K E Q A Q L L Y R S L G L
CAGCTGATCAGCGCCAAAATCACCGTCCCTGCGCCATTGCCTGAAACGATTGAAACCAAGGTCAAAGAACAAGCTCAGCTGCTCTATCGTAGTCTTGGTC
CAATTAATCAGCGCCACGATCACTGTCCCAGCACCATTGCCTCTCGCGCTTGAATCACAGATCAAGGAGCAGGCACAGCTGCTTTATCGAAACTTGGGAT
Q L I S A T I T V P A P L P L A L E S Q I K E Q A Q L L Y R N L G L

K G L A R I D F F V T E R G E L Y L N E I N T M P G F T S H S R Y
TTAAAGGTCTTGCTCGCATCGACTTTTTTGTCACGGAGCGAGGAGAACTATACTTGAATGAAATCAATACTATGCCGGGCTTTACGAGTCACTCCCGCTA
TGACGGGTCTGGCTCGAATCGATTTTTTCGTCACCAATCAAGGAGCGATTTATTTAAACGAAATCAACACCATGCCGGGATTTACTGGGCACTCCCGCTA

T G L A R I D F F V T N Q G A I Y L N E I N T M P G F T G H S R Y

P A N M A A V G L S Y Q E L L Q K L L V L A K E E V K *

TCCTGCCATGATGGCAGCGGTCGGCTTATCCTATCAAGAACTACTACAAAAACTGCTTGTCTTAGCAAAGGAGGAAGTCAAATGA
CCCAGCTATGATGGCGGAAGTCGGGTTATCCTACGAAATATTAGTAGAGCAATTGATTGCACTGGCAGAGGAGGACAAACGATGA
P A M N A E V G L S Y E I L V E Q L I A L A E E D K R *

FIG. 1. Comparison of DNA and deduced amino acid sequences of vanC-2 from E. casseliflavus ATCC 25788 and vanC-1 from E. gallinarum
BM4174 (13). The putative ribosome binding sites (RBS) are underlined. Dots indicate gaps.

MICs of 8 ,ug/ml. By contrast, the MICs of vancomycin for
strains belonging to the other enterococcal species studied
were between 0.25 and 2 ,ug/ml. These results confirm that
vancomycin MICs for E. casseliflavus and E. flavescens are
usually higher than those for other enterococcal species (34,
36). For the former species, the low MIC breakpoint of
vancomycin (4 ,ug/ml) (1, 22) divides the bacterial population
into two parts, and half of the isolates are categorized as
susceptible (Table 1).

Nucleotide sequence of the vanC-2 gene from E. casseliflavus
ATCC 25788. Degenerate oligonucleotides Vl and V2 (13) are
complementary to sequences encoding amino acid motifs that
are conserved in DdlA and DdlB ligases of Escherichia coli and
in resistance proteins VanA, VanB, and VanC. The oligonu-
cleotides allow amplification by PCR of fragments internal to
genes encoding Ddl-related enzymes (13). Amplification of ca.
600-bp fragments from E. casseliflavus ATCC 25788 was
obtained with Vl and V2 (data not shown). The PCR products
were cloned into pUC18 in E. coli, and the sequence of the
insert of a recombinant plasmid was determined. Sequence
comparison indicated that the insert corresponded to a frag-
ment internal to a Ddl-related gene that was designated
vanC-2. A genomic library from E. casseliflavus ATCC 25788
was constructed by cloning total DNA digested partially with
Sau3AI into bacteriophage XEMBL3 (17). Recombinant
phages containing the vanC-2 gene were identified by plaque
hybridization with the cloned PCR fragment as a probe (4).

The DNA of a recombinant bacteriophage was purified and
digested with SphI, and a 2-kb fragment containing the vanC-2
gene was subcloned into pUC18. The sequence of vanC-2 was
determined, and the nucleotide and the deduced amino acid
sequences were compared with those of the vanC-1 gene from
E. gallinarum BM4174 (Fig. 1). Extensive similarity was de-
tected between vanC-1 and vanC-2 (66% nucleotide identity)
and the corresponding gene products (69% amino acid iden-
tity), suggesting that VanC-2 is involved in low-level vancomy-
cin resistance like VanC-1.

Nucleotide sequence of fragments internal to genes encod-
ing D-Ala-D-Ala ligase-related enzymes from E. casseliflavus
and E. flavescens. Sequencing of other cloned PCR products
indicated that Vl and V2 amplified fragments of two genes
from E. casseliflavus ATCC 25788, one corresponding to
vanC-2 and the other to a gene designated ddlE cass. Similarly,
two amplification products were obtained with DNA from E.
flavescens CCM 439. The sequence of these fragments was
determined, and the corresponding genes were designated
vanC-3 and ddlE gav. The fragments internal to the vanC-2 and
vanC-3 genes differed at 10 positions, leading to four amino
acid differences (Fig. 2A). The fragments of ddlE cass. and
ddlE fla, displayed 25 differences, but the deduced amino acid
sequences were identical (Fig. 2B). This observation suggests
that the ddl genes are under a strong selective pressure which
eliminates missense mutations.

Analysis of the sequence of the PCR products showed that
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A
1 L F E L M K L P Y V G C G V A G S A L C M N K W L L H Q A A A A I G

vanC-2 1 TTGTTGAATTGATGAAGCTGCCTTATGTAGGCTGCGGGGTGGCAGGTTCTGCCTTATGTATGAACAAATGGCTGCTGCATCAAGCTGCAGCAGCTTG
vanC-3 A. A. T.

(M)
35 V Q S A P T I L L T N Q A N Q Q E Q I E A F I Q T H G F P V F F K

vanC-2 101 GCGTACAAAGTGCTCCTACGATTCTCTTGACAAATCAAGCCAACCAGCAAGAACAAATCGAAGCTTTTATCCAGACCCATGGCTTCCCAGTTTTCTTTAA
vanC-3 .....................................................................T ..............

(H)
68 P N e A G S S K G I T K V T C V E E I A S A L K E A F T Y C S A V

vanC-2 201 GCCTAATGAAGCGGGCTCCTCAAAAGGGATCACTAAAGTCACCTQCCGTTGAAaAAATCGCTTCTGCCTTAAAAGAAGCCTTTACTTATTGTTCCGCAGTG
vanC-3 ................................

101 L L Q K N I A G V E I G C G I L G N D S L T V G A C D A I S L V D G
vanC-2 301 CTCCTACAAAAAAATATTGCCGGTGTTGAGATCGGTTGCGGTATTTTGGGCAACGACTCTGACGTCGGTGCTTGTGACGCCATTTCATTAGTAGACG
vanC-3 ....................................................................................................

135 F F D F E E K Y Q L I S A K I T V P A P L P E T I E T K V K E Q A
vanC-2 401 GCTTTTTCGATTTTG TACCGATCAGCGCCAAC GCGCCATTGCCTGAAACGATTGAAACCAAGGTCAAAGAACAAC
vanC-3 .................................................................................. .................

168 Q L L Y R S L G L K G L A R I D F F V T E R G E L Y L N E I
vanC-2 501 TCAGCTGCATCGTAGTCTTGGTCTTAAAGGTCTTGCTCCATCGACTGTCACGCAGGAGAACTATACTTGAATGAAATC
vanC-3.A ..........................TA......................A.

(D) (Q)

B
1 F L E T I G M P Y V G A G V L T S A C G M D K I M T K Y I L Q A A G

ddl E. cass. 1 TTTTTAGAAACCATCGGAATGCCTTATGTCGGAGCCGGTGTCTTGACTAGTGCCTGTGGGATGGACAAAATCATGACCAAGTATATCTTGCAAGCTGCAG
ddl E.flav................................. .T...................................GC G

35 I P Q V P Y V P V L K N A W K E N P K K I F D Q C E G S L L Y P M
ddl E.cags. 101 GGATTCCACAAGTTCCCTATGTACCAGTCTTGAAAAATGCGTGGAAAGAAAATCCGAAAAAGATTTTCGATCAATGTGAAGGCAGTCTGCTTTATCCGAT
ddl E.flav..G.................... C ...........A..

68 F V K P A N H G S S V G I S K A E N R E E L Q N A L Q E A Y R Y D
ddl E. cass. 201 G CTCAACCTCCAACATGGGCTCAAGTGTCGGTATCTCGAAAGCCGAGACCGAGAACTACAAGAAGCGTATCGCFACCAT
ddl E.tflav..........A . A. C G . T.G

101T R A I V E Q G I E A R E I E V A V L G N E D V R T T H P G E I V K
ddl E.casa. 301 GTTGAACAAGGAATCGAAGCCCGTGAGATCGAAGTAGCCGTTCTTGGAAACGAAGACGTTCGGACCACAATGCCGGGAGAAATCGTAA
ddlE.flav. C..T.. ....... C.T

135 D V A F Y D Y N S K Y I D N R I E M Q I P A Q I P E E T Q A K A Q
ddl S. cags. 401 AAGATCTTGCCTTTTATGATTACAATTCCAAATACATTGACAACCGAATCGAGATGCAGATTCCTGCACAAATTCCAGAAGAAACACAAGCCAAAGCTCA
ddl E.flav..G..C.C..

168 E F A K K A Y T H L G G S G L S R C D F F L T N K N E L F L N E L
ddl E.cags. 501 AGAGTTTGCGAAAAAAGCCTATACGATGTTAGGCGGCAGTGGATTGAGCCGTTGTGATTTCTTTTTGACCAATAAAAATGCTCTTAAATGAGCTG
ddl E.flav. .........C.

FIG. 2. Comparison of partial DNA and deduced amino acid sequences of vanC-2 of E. casseliflavus and vanC-3 of E. flavescens (A) and ddl
of E. casseliflavus (ddl E. cass.) and ddl of E. flavescens (ddl E. flav.) (B). Dots indicate positions where identical nucleotides were present. The
deduced amino acid sequences of vanC-2 and ddl E. cass. are indicated above the nucleotide sequence. Amino acid substitutions in VanC-3 are
indicated in parentheses below the sequence of vanC-3.

E. casseliflavus and E. flavescens each possess two genes expected for housekeeping genes from different species or
encoding D-Ala-D-Ala ligase-related enzymes. The interspecies relative to estimates of sequence diversity between the ge-
nucleotide sequence divergence between the vanC (1.7%) and nomes of E. casseliflavus and E. flavescens based on DNA-
ddl (4.2%) genes was surprisingly low compared with that DNA hybridization experiments (26).

1 80
Vnc-1 LaBUOIPYV GCHVAASALC ILI DTIWIASAPT LLLSR ... Y ZNDPATIDSP IQDOFPPIPI KPNEAGSSKO
Van-2 I LP CVASALC iAAIGVQSAPT ILTN.... Q ANOQEQIWAP IQTHOFPVFF KPMUAGSSKG

Ddl B. caa FLZTIaPV GAGVLTSACG NKMYIL QAAGIPQVPY VPVIW.K ZNPIXPDQC UWSYIFV KPANGSS8V
Ddl B. faec FMETnW GAGVLASVNA QTVGIPQVP VPVLRSDF.K -N----F-C DGSLIYPVFV XPAMUSSVG

VanA LPZLSGIPFV CCDI C NDKSLTYZVA DXIIA.TPAFWN.....X. DRVA ... .AFTIYPVFV KPARSBSSPG
VanS LFzLsGZPYV CDIQSAAC NKSIYZLT KNGIA.VPPF,Z......A....K.R.Rn nmvVKPARSGSFG

DdlB B. coil NLUP PYT OSGYMASALS QGAGLPVAPW VALTRABYNK GLSDKQLABI .SALGLPVV XPSRUGSSVG
DdlA B. coil RVAMLPFV SDVLASAAC RDAGLNIAPP ITLTRAMR.H NIS... PAEV iWLPLV KPAMQC8SVG

* * * * * * * a ** *~** *

81 160
VanC-1 r=VTDKTAL OSALTTAFAY GSTVLIQKAI AGIKIOCCIL GN.EOLTIGA CDAISLVDGF FDFEEQL. ...ISATIT
VanC-2 ITTCVUI ASALKEATYCSAVLLQKMI AGVRIGCGIL GN.DSLTVGA CDAISLVDGF P..IKYQLA ...ISAKITV

Ddl B. came ISKADIRBEL QNALQ3AYRY MRIUVMGI EAREIXVAVL GN..NRTTK PGEVKWA YDYNSKY ... ID.MRIDIQI
Ddl B. faec IS ML DARAIVEOGIQARIZVAIL GN. RDVRTTL PYWKDVAYDKY... IM.NTIBQI

VanA VIMARD rAIrY DSKIL!DOAV SGCSVGCAVL NSAALWVGE VDQIRLQYGI VRIHQEVEPB XGSUIAVITV
VanS VK AAXAGQY DGKIE1A SOCEVOCAaVMGNDLIVGE VDQIRLSGI KGS8UIV

Dd1A B. coll VSKVTSEDQY AIAVELAFW DIKVIVQWI KGRBIECAVL (M.MPQAST CGO IVLTS YAYDTY,... IDMDGAKVVV
DdlB B. coil MSKVAIAQDALRLAFQA DUVL!EW SGPTVAL G.ZPSI. ..RIQPSGTP YDYzKY... LSDET.QYFC

161 196
VanC-1 PAPLPLALES Q a Y R LT LR IDFVTMQG YLNI
VanC-2 PAPLPITIET KmKBQAQLLY RSmLKGLAR IyT LYLNUI

Ddl E. came PAQIPEETQA KAQ3VAKKAY TELGSOLSA CDFFLTM LFLNML
Ddl B. fa.c PVA QAQAKAY M.DGSGLM CDVFLTSKMM LFLM

VanA P RIQETAKY X L VDELQCUGR IVLNEV
VaB PADIY N RVQUTAKVY RV9CRMG VDLPLQEDG IVLMKV

Dd1A B.Coll PAAZAPS3ND xRAIVQAY OraCAGMR VFVPD VwnMI
DdlB B.coll PAGLEASQIA MLQALVLKR IDVNLDSDGQ FYLLIA

*. * * * *

FIG. 3. Alignment of the deduced partial amino acid sequences of VanC-1, VanC-2, Ddl ofE. casseliflavus (Ddl E. cass), Ddl ofE. faecalis (Ddl
E. faec) (14), VanA (12), VanB (14), and DdIA (38) and DdlB (30) of E. coli. Stars indicate positions where identical amino acids were present
in all sequences.
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TABLE 2. Sequence identity between the deduced partial amino acid sequences of ligases*

Sequence % Sequence identity with:
compared VanC-1 VanC-2 VanC-3 Dd1E b DdlE. faec. VanA VanB Dd1AE. coZi DdIBE. coli

VanC-1 73 73 32 34 38 38 34 35
VanC-2 98 33 34 37 39 36 33
VanC-3 33 34 37 38 37 34
Dd1E. cass. 79 33 35 42 35
DdlE. faec. 31 35 42 36
VanA 77 34 30
VanB 35 32
DdlAE coli 39
DdlBE. coli

a Identity between pairs of sequences was derived from the alignment in Fig. 3.
b The deduced partial amino acid sequences of DdlE cass. and DdlE. fla, were identical.

The distinction between E. casseliflavus and E. flavescens is
tenuous since the two species are differentiated only on the
basis of acid production from ribose (26). The high degree of
identity between the ligase genes (Fig. 2B) is not consistent
with the assignation of clinical isolates of E. casseliflavus and E.
flavescens to two different species.
Amino acid sequence comparison. The deduced amino acid

sequences of the amplification products of vanC-2 and
ddlE cass. were aligned with the corresponding portions of other
ligases (Fig. 3), and the percentages of identity were derived
for pairs of sequences (Table 2). Identity was significantly
higher between VanC-1 and VanC-2 (73%) than between
these proteins and any of the other ligases (33 to 39%).
Likewise, Ddl from E. casseliflavus was closely related to the
D-Ala-D-Ala ligase of E. faecalis (79%) and displayed a lower
level of identity with other ligases (32 to 42%). These results
are expected if the Ddl proteins from E. faecalis and from E.
casseliflavus correspond to D-Ala-D-Ala ligases from related
species whereas VanC-1 and VanC-2 correspond to ligases
involved in vancomycin resistance that have no counterpart in
glycopeptide-susceptible enterococci.

Distribution of the vanC-2 and ddl genes from E. casselifla-
vus. Genomic DNA from enterococcal strains was digested
with KpnI or KpnI plus HindlIl and analyzed by Southern
hybridization with the vanC-2 and ddlE. cass gene fragments as

probes (data not shown). The probes hybridized with DNA of
the 24 E. casseliflavus strains and of the 2 E. flavescens strains
(Table 1). A minimum of five hybridization profiles was

detected in E. casseliflavus. The two E. flavescens strains were
indistinguishable and had profiles distinct from those of the E.
casseliflavus isolates. The probes did not hybridize with DNA
from strains of E. gallinarum and E. faecalis, from E. faecium
with VanA- or VanB-type resistance, and from susceptible
enterococci belonging to 16 species.

E. casseliflavus is pathogenic for humans with frequencies
ranging from 0.3 to 1% of clinically relevant enterococcal
isolates (27, 31). The frequency of isolation of yellow-pig-
mented enterococci, mainly E. casseliflavus, from wounds
(approximately 4%) is similar to that of E. faecium (27, 30).
Low-level vancomycin resistance in enterococci is frequently
not detected by disk diffusion or by automated antibiotic
susceptibility techniques (34-36). The possibility of treatment
failure because of intrinsic low-level resistance in infections has
been documented previously (16, 19, 21). These two observa-
tions stress the need for accurate identification of bacterial
species intrinsically resistant to this drug.
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