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The sequence of the trimethoprim resistance gene of the 3.7-kb plasmid (pIP823) that confers high-level
resistance (MIC, 1,024 pg/ml) to Listeria monocytogenes BM4293 was determined. The gene was identical to
dfrD recently detected in Staphylococcus haemolyticus MUR313. The corresponding protein, S2DHFR, repre-
sents the second class of high-level trimethoprim-resistant dihydrofolate reductase identified in gram-positive
bacteria. We propose that trimethoprim resistance in L. monocytogenes BM4293 could originate in staphylo-

cocci.

Listeria monocytogenes is a gram-positive pathogen respon-
sible for severe food-borne infections which can lead to spon-
taneous abortion in pregnant women and to meningitis, me-
ningoencephalitis, and septicemia primarily in newborns,
immunocompromised patients, and elderly people (12). First-
choice treatment of listeriosis generally consists of ampicillin
combined with gentamicin or of co-trimoxazole (7, 11). Since
1988, more than 80 strains of L. monocytogenes resistant to one
or more antibiotics have been isolated from food, the environ-
ment, or patients with sporadic cases of listeriosis (2).

Dihydrofolate reductase (DHFR) is a key enzyme in the
tetrahydrofolic pathway, in which it catalyzes the NADPH-
dependent reduction of dihydrofolate to tetrahydrofolate (10).
Due to structural analogy with dihydrofolate, trimethoprim is a
competitive inhibitor of this enzyme in bacteria (10). The most
common mechanism of resistance to trimethoprim is plasmid-
mediated production of an additional trimethoprim-resistant
DHFR which can function in place of the susceptible host
chromosomal enzyme. In gram-negative bacteria, a minimum
of 17 different plasmid-encoded DHFRs have been described
(10). By contrast, only two types of DHFR that confer resis-
tance to trimethoprim have been described in gram-positive
bacteria. The type S1 enzyme encoded by the dfr4 gene located
in transposon Tn4003 has been found in Staphylococcus aureus,
Staphylococcus haemolyticus, Staphylococcus epidermidis, and
Staphylococcus hominis (3, 13), and recently, the type S2
DHFR encoded by dfrD carried by plasmid pABU17 has been
detected in S. haemolyticus MUR313 (4).

In a previous study, we described the first strain of L. mono-
cytogenes (strain BM4293) resistant to high levels of tri-
methoprim (MIC, 1,024 pg/ml). This strain, isolated from the
environment in France, harbors plasmid pIP823, of 3.7 kb,
which is responsible for the resistance (2). Since the resistance
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determinant did not hybridize with a dfr4-specific probe (2),
we decided to clone and sequence this new gene.

(Part of this work was presented at the 35th Interscience
Conference on Antimicrobial Agents and Chemotherapy [1].)

Plasmid pIP823 DNA partially digested with Sau3A and
pUC18 DNA digested with BamHI were mixed, ligated, and
introduced by transformation into Escherichia coli DH5a
(Gibco BRL, Eragny, France). Cloning was performed with
restriction endonucleases (Pharmacia Biotech, Saclay, France),
T4 DNA ligase (Pharmacia), and alkaline phosphatase (Pharma-
cia) by standard methods (14). Transformants were selected on
Mueller-Hinton agar (Sanofi Diagnostics Pasteur, Marnes-La-
Coquette, France) containing 100 pg of ampicillin (Laborato-
ries Panpharma, Fougeres, France) per ml and 5 pg of tri-
methoprim (Roche, Fontenay-sous-Bois, France) per ml and
were screened for their plasmid contents by agarose gel elec-
trophoresis of crude bacterial lysates. The smallest recombi-
nant plasmid, pAT460, was found to contain a 1.1-kb insert. E.
coli LH18 thyAAfol::kan, from which the gene for DHFR has
been deleted, is a mutant auxotroph for thymine which is thus
unable to grow on Mueller-Hinton agar (9). This strain, after
acquisition of pAT460, was able to grow on Mueller-Hinton
plates, whereas the same host containing pUC18 was not. This
trans-complementation assay indicated that pAT460, which
conferred resistance to the new host, encodes a functional
DHFR.

The nucleotide sequence of both strands of the pAT460
insert was determined by the dideoxynucleotide chain-termi-
nation method (15) with T7-modified DNA polymerase (Se-
quenase; United States Biochemicals, Cleveland, Ohio),
[«-**S]dATP (Amersham France, Les Ulis, France), and oli-
gonucleotides complementary to the sequence synthesized by
the methoxy phosphoamidite method (Unité de Chimie Or-
ganique, Institut Pasteur, Paris, France). This sequence has
been submitted to the GenBank database (accession number
U43152). A search for stop codons in the three reading frames
of each DNA strand revealed the presence of a single open
reading frame. Two putative translational initiation codons,
ATG at coordinate 548 and TTG at coordinate 560, preceded
by a typical Shine-Dalgarno sequence were identified. The
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type 82 ..... LKISLIVAMD.KKRVIGKDNDIPWR . ISSDWEYVKNTTKGHAITLGRKNLQSIG. RALPDRRNIILTR. DKNFNFK.D. .CEIAHS. .. .. IEAAF.KL.CEN.EE.EV.FIFGGEQ 100
type 81 ... MTLSIIVAHD.KQRVIGYQNQLPWH . LPNDLKHIKQLTTGNTLVMARKTFNSIG. KPLPNRRNVVLTN. QASFHHE.G. . VDVINS. . .. .LDEIK.EL.SG. ... . HV.FIFGGQT
typela ... MKLSLMVAIS . KNGVIGNGPDIPWS . AKGEQLLFKAITYNQWLLVGRKTFESMG. . ALPNRKYAVVTR. SSFTSDNEN. . VLIFPS. . . . . IKDAL. TN.LKKITD. HV.IVEGGGE
typelb ... LKVSLIAAKA . KNGVIGCGPDIPWS . AKGEQLLFKALTYNQCLLVGRKTFESMG . . ALPNRKYAVVTRSGWTSNDD. N. . VVVFQS. . .. . IEEAMDRL.AEF . TG . HV. IVEGGGE
type IIla ..., MLISLIAALA . HNNLIGKDNLIPWH . LPADLRHPKAVTLGKPVVMGRRTFESIG . RPLPGRRNVVVSR .NPQWQAE.G. . VEVAPS. . . . . LDAAL.AL.LTD.CE. EA.MIIGGGQ
type V. ... MKVSLMAAKA . KNGVIGCGPHIPWS . AKGEQLLFKALTYNQWLLVGRKTFESMG. . ALPNRKYAVVTR . SAWTADNDN. . VIVFPS. . .. . IEEAM. YG.LAELTD. HV. IVSGGGE
type VI ..., LKISLISATS.ENGVIGNGPDIPWS . AKGEQLLFKALTYNQWLLVGRKTFDSMG. . VLPNRKYAVVSR . KGISSSNEN. . VLVFPS IEIAL.QE.LSKITD.HL.YVS8GGGQ

type VIIVIIIc

....MIELHATILAAT.ANGCIGKDNALPWPPLKGDLARPKKLTMGKVVIMGRKTYESLPVK . LEGRTCIVMTR.QA . LELPGV. . RDANGAIFVNNVSDAM. RF . AQEESVGDVAYVIGGAE

type IX ....MASLNMIVAVN.KTGGIGFENQIPWH . EPEDLKHFKAVTMNSVLIMGRKTFASLP . KVLPGRLHVVVSK. TVPPTONTD. . QVVYVSTYQIAVRTAS. LL.VDKPEYSQI.FVIGGKS

type X ... MNISLIFANELITRAFGNQGKLPWQFIKEDMOFPOKTTENSVVVMGLNTWRSLPKMKKLGRDFIVISS. TITEHEVLN. .NNIQIFKSFESFLEAF.RD.TTKPIN. . ... VIGGVG

type XII MNSESVRIYLVAAMG . ANRVIGNGPNIPWK . IPGEQKIPRRLTEGKVVVMGRKTFESIG . KPLPNRHTLVISR . QANYRAT . G. . CVVVST .AL.ASELGN.EL.YVAGGAE

B. subtilis  ...... MISFIFAMD.ANRLIGKDNDLPWH . LPNDLAYPKKITSGHSIIMGRKTFESIG.RPLPNRKNIVVTS.APDSEFQ.G..CTVVSS. . .DI.CSG.PE.EC.FVIGGAQ

S. aureus ......TLSILVAHD.LQRVIGFENQLPWH . LPNDLKHVKKLSTGHTLVMGRKTFESIG.KPLPNRRNVVLTS.DTSFNVE.G. . VDVIHS. . QL.PG. ... HV.FIPGGQT

S. epidermidis  ..... MTLSIIVAHD.KQRVIGYONQLPWH . LPNDLKHVKQLTTGNTLVMGRKTFNSIG . KPLPNRRNVVLTN. QASFHHE.G. . VDVINS. . .EL.SGH..... V.FIPGGQT

S. pneumoniae .. .MTKKIVAIWAQD.EEGVIGKENRLPWH . LPAELQHPKETTLNHATLMGRVTFDGMGRRLLPKRETLILTR . NPEEKID. G. . VATFQD. . .DW.YQD. QEKNL. YIIGGKQ

L. lactis ......MIIGIWAED.EQGLIGEADKMPWS . LPAEQKHPKETTMNQVILMGRKTFEGMNKRVLPGRISIILTR . DETYQSE . NEKVLIMHS. . .DWYYKQ.DK.DL. FIPGGAE

E, faecium . .MFISMWAQD . KNGLIGKDGLLPWR . LPNDMRFFREHTMDK I LVMGRKTYEGMGKLSLPYRHIIVLTT . QKDFKVEKN . . AEVLHS.. . .AY.AKDIPE.DI.YV8GGSR

L. casei . .MTAFLWAQD . RDGLIGKDGHLPWH . LPDDLHYFRAQTVGKIMVVGRRTYESFPKRPLPERTNVVLTH. QEDYQAQ.G. . AVVVHD .AY.AKQHPDQEL.VIAGGAQ

E. coli +.....MISLIAALA.VDRVIGMENAMPWN . LPADLAWPKRNTLNKPVIMGRHTWESIG.RPLPGRKNIILSS.QPGTD.D.R..VTWVKS .AA.CGD.VP.EI.MVIGGGR

E. aerogemes ...... MISLIAALA.VDRVIGMENAMPWD. LPADLAWPKRNTLNKPVVMGRLTWESIG . RPLPGRKNIVISS.KPGSD.D.R. . VOWVKS. . .AA.CGD.AE.EI.MVIGGGR

N. gonorrhoeae ....MLKITIIAACA.ENLCIGAGNAMPWH . IPEDFAFFKVYTLGKPVIMGRKTWESLPVKPLPGRRNIVISR. QADYCAA.G. .AETVAS -AL.CAG.AE.EA.VIMGGAQ
NN . T . NN . . . .

type S2 IYVMFLPYVEKMYVTKIHH. . EFEGDTFFP. . ..V.VNFDDWKEVSVEKGIKDEKNPY . DYYFHIYERIR*. ... .. .. .. 162

type S1 LYEAMIDQVDDMYITVIDG. . KFQGDTFFP. . . .P.YTFENWEVESSVEGQLDEKNTI . PHTFLHLVRRKGK* . .

type Ia IYKSLIDQVDTLHISTIDI. .EPEGDVYFP. .. .E.IP.SNFRPVFTQDFASN. ... I.NYSYQIWQKG*. ....

type Ib IYRETLPMASTLHLSTIDI..EPEGDVFFP....... SIPNTFEVVFEQHFTSNIN. . . .YCYQIWKKG*. .

type Illa LYAEALPRADRLYLTYIDA. .QLNGDTHFP. .. .D.YLSLGWQELERSTHPADDKNSY . ACEFVTLSRQR* .

type V IYRETLPMASTLHISTIDI. .EPEGDVFFP. . ..N.IP.NTFEVVFEQHFSSN. ... T.NYCYQIWQKG*. .

type VII TYNSLIEKADIIHLSTVHV. .EVEGDINFP. . ..K,IP.ENFNLVFEQFFLSN. ...I NYTYQIWKKG*..

type VIIVIIc IPKRLALMITQIELTFVKR. .LYEGDTYV.......... DLAEMVKDYEQNGMEEHD . LHTYFTYRKKELTE*. . . .. ..

type IX AYENLAAYVDKLYLTRVQL . .NTQQDTELD. . . . L. SLFKSWKLVSEVPTITENKTKL . IFQIWINPNPISEEPTC*. .. ..

type X LLSEAIEHASTVYMSSIHMVKPVHADVYVPVE .KLYSDFKYPENILWVGDPIDSVYSLSIDKFVRPASLVGVPNDINT*

type XII IYTLALPHAHGVFLSEVHQ. . TFEGDAFFP. . . .M. LNETEFELVSTE. . . . TIQAVI. PYTHSVYARRNG*. ... ......

B. subtilis LYTDLFPYADRLYMTKIHH. . EFEGDRHFP. . . .E. FDESNWKLVSSEQGTKDEKNPY . DYEFLMYEKKNSSKVGGF*, . . .

S. aureus LFPEEMIDKVDDMYITVIEG. .KFRGDTFFP. .. .P.YTFEDWEVASSVEGKLDEKNTI. PHTFLHLIRKK*. . . ... ... ..

S. epidermidis LPEAMIDQVDDMYITVIDG. .KFQGDTFFP. . . .P.YTFENWEVESSVEGQLDEKNTI . PHTFLHLVRRKGK*. . . ..

S. pnreumoniae IFQAFEPYLDEVIVTHIHA. .RVEGDTYFP.E. . E. LDLSLFETVSSKFYAKDEKNPY . DFTIQYRKRKEV*. ... ..

L. lactis ILALFESELELLYRTVVHE. .KFQGDTYFP. . . . THFDFGKFKVVSEIFHDKDERNAY . TFTIKKYEKVKQP*. . ...

E. faecium IPQALLPETKIIWRTLIDA. .EFEGDTFIG. . . .E. IDFTSFELVEEHEGIVNQENQY . PHRFQKWQRMSKVV*. . . .

L. casei IPTAFKDDVDTLLVTRLAG. . SFEGDTKMI. . . . P, LNWDDFTKVSSR . TVEDTNPAL . THTYEVWQKRKA*. . .. ...

E. coli VYEQFLPKAQKLYLTHIDA. . EVEGDTHFP. . . .D. YEPDDWESVFSEFHDADAQNSH . SYCFEILERR*. .. ... ..

E. aerogenes VYEQFLPKAHKLYLTHIDA. . EVEGDTHFP. . . .D. YDPDEWESVFSEFHDADAQNSH . SYCFEILERR*. .. .. ... -

N. gonorrhoeae IYGOAMPLATDLRITEVDL. . SVEGDAFFP. . . .E. IDRTHWREAERTERRVSSK.GV.AYTFVHYLGK*. , ... ... ...

*

FIG. 1. Alignment of the deduced amino acid sequences of S2DHFR from L. monocytogenes BM4293, additional bacterial trimethoprim-resistant DHFRs (types
S1 to XII), and prokaryotic chromosomal DHFRs. The sequence numbering is based on that of S2DHFR. The stop codons are indicated by asterisks. The amino acids
at positions 32, 96, and 102 in S2DHFR are indicated in boldface type. The amino acid positions involved in the binding of trimethoprim (T) and NADPH cofactor
(N), based on studies of the E. coli K-12 enzyme (3, 4), are indicated. The Swissprot and GenBank accession numbers of the additional and chromosomal DHFRs are
as follows: type S1, P13355; type Ia, P00382; type 11la, P12833; type V, P11731; type VII, P27422; Bacillus subtilis, P11045; S. aureus, P10167; Enterococcus faecium,
P00380; Lactobacillus casei, P00381; E. coli, P00379; Enterobacter aerogenes, P31074; and Neisseria gonorrhoeae, P04174 in the SwissProt database and type Ib, Z50805;
type Illc, U09273; type VIII, U10186; type IX, X57730; type X, L06418; type XII, Z21672; S. epidermidis, Z48233; Streptococcus pneumoniae, Z74778; and Lactococcus

lactis, X60681 in the GenBank database.

486-bp sequence from the TTG codon at coordinate 560 to the
TAA codon at coordinate 1046, designated dfrD, could code
for a protein of 162 amino acid residues with a calculated
molecular mass of 19,273 Da, designated S2DHFR. The G+C
content of dfrD (31.5%) was more similar to that of Staphylo-
coccus DNA (34%) than to that of DNA from L. monocyto-
genes (38%) and Enterococcus (38%). The deduced amino acid
sequence of type S2 DHFR encoded by pIP823 was aligned
with those of known DHFRs in the SwissProt and GenBank
databases by using the Genetics Computer Group program
(Fig. 1) (5, 8). This sequence was found to be identical to that
of the recently described S2DHFR encoded by dfrD of
pABU17 from S. haemolyticus MUR313 (4). The two enzymes
differ by their number of amino acid residues since the ATG
translational initiation codon was chosen for the S2DHFR
from S. haemolyticus. On the basis of the structural and kinetic
properties, the active site of S2DHFR is very closely related to
that of the resistant and susceptible DHFRs already described
in staphylococci (3, 4, 13). The S2DHFR was more distantly
related to the SIDHFR from S. aureus, with 38.1% amino acid
identity, and it showed less similarity with trimethoprim-resis-
tant DHFRs from gram-negative bacteria (from 22.2% with
type X DHFR to 37.7% with type 1Ila DHFR).

In contrast to plasmid pABU17 (3.8 kb) from S. haemolyti-
cus, plasmid pIP823 (3.7 kb) from L. monocytogenes does not

possess a BamHI site, and the three EcoRI sites present in the
two plasmids yield restriction fragments of different sizes (Fig.
2). These plasmids therefore appear to be different. However,
the 81-bp sequence upstream and the 203-bp sequence down-
stream from dfrD are identical in pIP823 and pABU17 (data
not shown). Plasmid pIP823 is able to replicate and is stable in
E. coli HB101 and S. aureus RN4220, where it confers high-
level trimethoprim resistance (2; data not shown). It is there-
fore likely that pIP823 belongs to the family of rolling-circle
replicating plasmids, common in staphylococci, that possess a
broad host spectrum including gram-positive and gram-nega-
tive bacteria (2, 6).

EcoRI
Hind 111
EcoR1
EcoRI
EcoRIL

————————————————

——-
dfrD

FIG. 2. Map of 3.7-kb plasmid pIP823 from L. monocytogenes BM4293. Only
relevant restriction sites are indicated. The open arrow represents the direction
and extent of translation of dfrD. The bar at the bottom represents 500 bp.
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Our results suggest that the trimethoprim resistance gene
dfrD from L. monocytogenes BM4293 could originate in the
genus Staphylococcus. However, it would be interesting to
characterize the trimethoprim-susceptible chromosomal dfr
gene of L. monocytogenes to obtain additional information on
the origin of dfrD and on the divergence and the evolution of
DHFRs from gram-positive bacteria. The emergence of tri-
methoprim resistance in L. monocytogenes is of particular in-
terest since the trimethoprim-sulfamethoxazole combination is
a successful alternative treatment for human listeriosis (7).
Dissemination of plasmid pIP823 from BM4293 to other
strains of L. monocytogenes and to other species of Listeria is
likely. Acquisition by L. monocytogenes of other resistance
genes carried by this family of plasmids can also be anticipated.

Nucleotide sequence accession number. The nucleotide se-
quence of the pAT460 insert has been submitted to the Gen-
Bank database and has been given accession number U43152.

We thank Guy Gerbaud for helpful discussions.
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