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Resistances to tetracycline and mercury were identified in an environmental strain of Serratia marcescens
isolated from a stream highly contaminated with heavy metals. As a step toward addressing the mechanisms
of coselection of heavy metal and antibiotic resistances, the tetracycline resistance determinant was cloned in
Escherichia coli. Within the cloned 13-kb segment, the tetracycline resistance locus was localized by deletion
analysis and transposon mutagenesis. DNA sequence analysis of an 8.0-kb region revealed a novel gene
[tetA(41)] that was predicted to encode a tetracycline efflux pump. Phylogenetic analysis showed that the
TetA(41) protein was most closely related to the Tet(39) efflux protein of Acinetobacter spp. yet had less than
80% amino acid identity with known tetracycline eflux pumps. Adjacent to the zez4(41) gene was a divergently
transcribed gene [fetR(41)] predicted to encode a tetracycline-responsive repressor protein. The fet4(41)-
tetR(41) intergenic region contained putative operators for TetR(41) binding. The tet4(41) and tetR(41) pro-
moters were analyzed using lacZ fusions, which showed that the expression of both the fez4(41) and tetR(41)
genes exhibited TetR(41)-dependent regulation by subinhibitory concentrations of tetracycline. The apparent
lack of plasmids in this S. marcescens strain, as well as the presence of metabolic genes adjacent to the
tetracycline resistance locus, suggested that the genes were located on the S. marcescens chromosome and may
have been acquired by transduction. The cloned Tet 41 determinant did not confer mercury resistance to E. coli,

confirming that Tet 41 is a tetracycline-specific eflux pump rather than a multidrug transporter.

Antibiotic resistance has become one of the greatest obsta-
cles to the successful treatment of bacterial diseases. Resis-
tance to antimicrobial agents is widespread and occurs in nu-
merous bacterial genera (7). Abundant evidence shows that
resistance also occurs in many commensal or environmental
organisms (5, 7, 20, 31, 37), which may serve as reservoirs of
antibiotic resistance genes that can subsequently be transferred
to pathogens by horizontal gene transfer. Consequently, eluci-
dating sources and mechanisms that select for antibiotic resis-
tance in the environment is critical to a complete understanding
of the problem of bacterial antibiotic resistance.

Tetracycline and its many derivatives have been used exten-
sively for nearly 6 decades (7) to treat many types of bacterial
illnesses in humans and in animals and have been included as
growth promoters in animal feeds or sprayed onto fruit trees
for disease prevention (7, 30). Despite its widespread use, the
effectiveness of tetracycline therapy has been limited due to
antibiotic resistance, which began to arise shortly after the
discovery of tetracycline (30). Resistance to tetracycline can be
made manifest by ribosomal protection, enzymatic inactiva-
tion, or drug efflux. Of the nearly 40 known classes of tetracy-
cline resistance determinants, the majority belong to the drug
efflux group (7, 22). Membrane-bound tetracycline efflux pro-
teins actively transport the drug from the cytoplasm, prevent-
ing the accumulation of tetracycline within the cell. Some
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classes of efflux proteins (multidrug transporters) can transport
tetracycline as well as other drugs or toxic compounds, such as
heavy metals (7).

The synthesis of some (but not all) gram-negative tetracy-
cline pumps is tightly regulated by the presence of tetracycline
(7, 16). In the absence of tetracycline, expression of the efflux
protein is negatively regulated by a repressor protein (TetR)
that is encoded by a gene divergently transcribed from that
encoding the resistance protein (16). When tetracycline is
present in as little as nanomolar concentrations, it is bound by
TetR, which then loses affinity for the operator of the resis-
tance gene. Expression of the efflux protein is then rapidly and
dramatically upregulated (16).

Several factors influencing the direct selection of tetracy-
cline resistance have been proposed, including misuse (e.g.,
overprescription) during therapy of humans, the use of sub-
therapeutic doses in animals, and the stability of tetracycline in
the environment (7, 21). Direct selection of antibiotic resis-
tance by exposure to antibiotics such as tetracycline, however,
is not the only mechanism by which resistance can be selected
or maintained. It is well known that resistances to antibiotics
and other compounds such as antibacterial compounds and
heavy metals can be found on the same genetic elements. Few
experimental studies have been conducted to investigate the
role of various selective agents in co- or cross-resistance. One
study examined the effects of Ni, Cd, tetracycline, or ampicillin
on the frequency of resistance traits found in aquatic bacteria
(36). When microcosms containing river water were exposed to
various concentrations of these selective agents, increases in
both metal and antibiotic resistance were observed, suggesting
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TABLE 1. Strains and plasmids

Strain or plasmid Description Resistance Source or reference
Strains
FMC 1-23-O S. marcescens environmental isolate Tetracycline Savannah River Site
IM109 E. coli cloning host Promega
Plasmids
pBluescript II SK(—) Cloning vector Ampicillin Stratagene
pEVM1 13-kb EcoRI fragment of FMC 1-23-O in pBluescript II SK(—) Tetracycline This study
pEVM2 4.4-kb BamHI fragment from pEVM1 in pBluescript I SK(—) Tetracycline This study
pEVM3 tetA(41)-lacZ transcriptional fusion in pMW10 Kanamycin This study
pEVM4 tetR(41)-lacZ transcriptional fusion in pMW10 Kanamycin This study
pMOD-Kan EZ::TN transposon containing Km" cassette (aphA gene from pUC4K) Kanamycin This study
pMW10 Promoterless lacZ shuttle vector Kanamycin 41

the potential for environmentally mediated increases in unre-
lated resistance traits.

Serratia marcescens is an opportunistic gram-negative patho-
gen that is a significant cause of nosocomial infections, such as
pneumonia, urinary tract infections, bacteremia, meningitis,
and myocarditis (1, 18, 28, 33), including troublesome and
recurrent hospital outbreaks, for example, in neonatal inten-
sive care units (11). S. marcescens infections (septicemia, pneu-
monia, cellulitis) are also problematic in human immunodefi-
ciency virus-infected persons (24). S. marcescens is ubiquitous
in nature and can be found in water, soil, plants, insects, and
animals (1). While tetracycline resistance is reportedly wide-
spread in S. marcescens (6, 12, 15, 38), the only characterized
S. marcescens tetracycline resistance determinant is the Tet(B)
protein expressed by the conjugative plasmid R478 (13).

This study was initiated in an effort to further our under-
standing of the possible indirect selection of antibiotic resis-
tance in bacteria living in environments contaminated with
heavy metals. While characterizing the mechanism of antibi-
otic resistance genes from this environment, we isolated a
strain of S. marcescens that contained a previously unreported
class of the tetracycline resistance gene fetA(41).

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Bacterial strains and
plasmids used in these studies are listed in Table 1. Strain FMC 1-23-O,
identified as S. marcescens and resistant to tetracycline and mercury, is an
environmental isolate obtained from Four Mile Creek at the Savannah River
site (near Aiken, SC).

Samples were collected from the top 10 cm of sediment from select locations
in Four Mile Creek, placed in sterile bags, and transported on ice to the labo-
ratory. Each sample was homogenized by kneading, and ~10 g of sediment was
removed and diluted with 10 ml sterile saline and sonicated for 5 minutes (Fisher
Bransonic ultrasonic cleaner, model B2200R-1). The resulting slurry was used to

isolate and enumerate Escherichia coli organisms using USEPA approved
method no. 10029. Strain FMC 1-23-O was putatively identified as E. coli based
on colony color and morphology but later identified as S. marcescens as described
below. The isolate was screened for antibiotic resistance by plating it onto
nutrient agar amended with gentamicin (10 mg/liter), streptomycin (10 mg/liter),
kanamycin (30 mg/liter), tetracycline (30 mg/liter), chloramphenicol (30 mg/
liter), or HgCl, (10 mg/liter).

Competent E. coli JM109 (Promega, Madison, WI) was used in all transfor-
mations, and pBluescript IT SK(—) was used as the cloning vector (Stratagene, La
Jolla, CA). When appropriate, E. coli were selected in Luria-Bertani (LB) me-
dium using the antibiotics listed above or ampicillin (100 mg/liter).

DNA techniques. Restriction enzymes and DNA ligase (Promega), Tag DNA
polymerase and DNA extraction kits (QIAGEN, Chatsworth, CA), and Pfu-
Turbo DNA polymerase (Stratagene) were each used according to manufactur-
ers’ recommendations. PCR and sequencing primers (Table 2) were synthesized
by MWG Biotech (High Point, NC). DNA sequencing was performed by the
MCG Genomics Core Facility using an ABI Prism 377 XL DNA sequencer
(Applied Biosystems, Foster City, CA).

Identification of FMC 1-23-O. Two methods were used to identify FMC
1-23-0. Initial identification was achieved from the partial sequence of the 16S
rRNA gene as described previously (27), following PCR with universal primers
519fta and 1390rta (Table 2). The DNA sequence of the FMC 1-23-O 16S rRNA
gene was compared to sequences in the National Center for Biotechnology
Information (NCBI) sequence database using the BLAST program (3). Conclu-
sive identification of FMC 1-23-O as S. marcescens was provided by the MCG
Clinical Microbiology Laboratory using biochemical assays contained in a Micro-
Scan broth microdilution kit (Dade-Behring, West Sacramento, CA).

Construction of genomic library and cloning procedures. To prepare a
genomic library, FMC 1-23-O chromosomal DNA was purified, digested to
completion with EcoRI, and ligated with EcoRI-digested pBluescript IT SK(—).
The ligation was used to transform E. coli JM109 (32), which was plated on LB
agar containing ampicillin and tetracycline to select for transformants containing
the cloned tetracycline resistance determinant.

Restriction mapping and deletion mapping of and transposon insertion into
pEVMI. The plasmid from a single tetracycline-resistant transformant (pEVM1)
was digested with six different restriction endonucleases (Xhol, HindIII, BamHI,
Sacl, Kpnl, and PstI) (Fig. 1). The vector-containing fragments were purified,
self-ligated, and used to transform E. coli IM109. The plasmids of the resulting
subclones (i.e., the religated restriction fragment containing the vector) were

TABLE 2. PCR primers

Primer

Sequence (5'—3") (reference)

Tet-Prom-R1 ....

GTT TCA GCM GCC GCG GTA ATW C (27)

.GTT TGA CGG GCG GTG TGT RCA A (27)

AAA TCT AGA GTG AGC TGA TAC CGC TCG CC

TTT TCT AGA AGC TGT TTC CTG TGT GAA ATT GTT
CCC TCT AGA GTT AGC ATA GGT CAG CGG ATC CCG
GGT CTA GAC CTA TAG ATA AGC CTG GTT TTA TGA TT
CCC TCT AGA ATG ATC AGA CCG ATG CCC ACC GCA
GGG TCT AGA GAT GTC ATC CAG TAA CGC CAG CGC
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FIG. 1. A restriction map of the ~13-kb pEVMI1 insert containing
the tetracycline resistance locus was created using the following en-
zymes: EcoRI (E), Xhol (X), HindIII (H), BamHI (B), SacI (S), Kpnl
(K), and PstI (P). Shaded bars below the map indicate DNA that is
present in various deletion subclones of pEVMI, and the effect of the
deletions on tetracycline resistance is shown in the right margin (R,
resistance; S, susceptibility). Filled circles represent the sites of trans-
poson insertions that did not disrupt tetracycline resistance; the single
open circle represents a transposon insertion that disrupted tetracy-
cline resistance. pPEVM?2 contains a subcloned BamHI fragment iden-
tified as containing the tetracycline resistance determinant.

purified, digested with the appropriate restriction enzyme, and analyzed to create
a restriction map. The subclones were also tested for their abilities to confer
tetracycline resistance and compared to the restriction map to localize the tet-
racycline resistance determinant.

In vitro transposon insertions into pEVMI1 were accomplished with the
EZ::TN transposon construction vector pMOD-2 (Epicenter, Madison, WI). A
selectable transposon was created by subcloning the E. coli kanamycin resistance
(aphA) cassette from pUC4K as a BamHI fragment, to yield the kanamycin-
resistant transposon donor plasmid pMOD-Kan. Transposon insertions into
pEVMI were recovered by selection with ampicillin and kanamycin and subse-
quently tested for resistance or sensitivity to tetracycline.

To subclone the BamHI restriction fragment containing the tetracycline resis-
tance determinant, pPEVM1 was digested to completion with BamHI. The 4.2-kb
pEVMI1 BamHI fragment of interest was gel purified and ligated with BamHI-
digested pBluescript IT SK(—), and transformants of E. coli JM109 were selected
with ampicillin and tetracycline. Subclone pEVM2 was subjected to restriction
analysis and DNA sequencing to verify the presence of the expected insert.

DNA sequencing and protein and phylogenetic analyses. The DNA sequences
of portions of pEVMI, deletion plasmids thereof, and pEVM2 (Fig. 1) were
determined on both strands using vector primers and primer walking (32). The
sequence was analyzed for open reading frames (ORFs) using VectorNTI 7.0
(Invitrogen, Carlsbad, CA). Sequences of known tetracycline resistance proteins
were obtained from the NCBI database and were aligned using ClustalW (40) of
VectorNTI. A phylogenetic comparison of representative tetracycline resistance
proteins was performed using the parsimony algorithm, and the statistical sig-
nificance of the tree nodes was determined by bootstrap analysis (1,000 bootstrap
replicates), both done using PAUP 4.0b10 (39). Prediction of transmembrane
segments was achieved using the TMpred algorithm (17) of VectorNTI. The
presence of helix-turn-helix motifs was evaluated by the method of Dodd and
Egan (10) using the NPS@ server (8).

Regulation of tet4(41) and tetR(41) promoters by tetracycline. The tetA(41)-
tetR(41) intergenic region along with the tetR(41) repressor gene was amplified
using PCR with high-fidelity PfuTurbo DNA polymerase, primers Tet-Prom-F1
and Tet-R2 (Table 2), and the following PCR conditions: 95°C for 2 min,
followed by 30 cycles of 30 seconds of denaturation at 95°C, 30 seconds of
annealing at 58.3°C, and a 2-min extension at 72°C, with a final extension
reaction of 10 min at 72°C. The resulting 0.8-kb fragment was purified and
digested with Xbal and then ligated with Xbal-digested pMW10 (41), a promot-
erless lacZ shuttle vector, which allows the screening of promoter activity by
B-galactosidase activity (26). Transformants were recovered as blue colonies on
LB-kanamycin plates containing X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galac-
topyranoside) and a subinhibitory concentration of tetracycline (0.5 pg/ml) re-
ported to induce the expression of tetracycline resistance determinants (7).

To determine the B-galactosidase activities of lacZ fusions, all samples were
grown in LB-kanamycin, with and without tetracycline (0.5 wg/ml). B-Galacto-
sidase assays were performed as described previously (26). The optimal tetracy-
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cline concentration for induction of the fet4(41) promoter was determined by
growing E. coli containing pEVM3 in various concentrations of tetracycline,
ranging from 0 to 10 wg/ml, and measuring B-galactosidase activities. B-Galac-
tosidase assays were repeated twice on different days, with each experiment being
performed using samples in triplicate.

Nucleotide seq bers. The S. marcescens tetA(41) tetracy-
cline resistance locus and partial 16S rRNA gene sequences were deposited in
GenBank under accession numbers AY264780 and EF210775, respectively.

e accession

RESULTS

Isolation of an S. marcescens tetracycline resistance gene. In
the course of studies investigating the role of indirect selection
of antibiotic-resistant environmental organisms growing in
contaminated streams at the U.S. Department of Energy
Savannah River site near Aiken, SC, we isolated FMC 1-23-0O,
an environmental strain resistant to mercury and tetracycline.
FMC 1-23-O was identified as Serratia marcescens using both
16S rRNA gene sequencing and diagnostic biochemical assays
performed by the MCG clinical microbiology laboratory (data
not shown). A single tetracycline-resistant clone, pPEVM1, was
isolated from a genomic library of FMC 1-23-O. Restriction
mapping of pEVMI1 revealed the presence of a 13-kb EcoRI
insert, and several restriction sites were localized within this
fragment (Fig. 1). The approximate location of the tetracycline
resistance within the pEVMI insert was determined using in
vitro transposon mutagenesis. Eight independent transposon
insertions were chosen, and the locations of the transposons
were mapped using restriction analysis. The plasmids contain-
ing transposon insertions were also screened for resistance or
sensitivity to tetracycline. Seven of the eight transposon inser-
tions did not disrupt the pEVMI1-encoded tetracycline resis-
tance (Fig. 1). However, a single transposon insertion inacti-
vated the tetracycline resistance phenotype, and this insertion
mapped within a 4.4-kb BamHI-HindIII fragment (Fig. 1).

To further localize the region responsible for tetracycline
resistance, we digested pEVMI1 with each of the restriction
enzymes mapped previously, each of which has a single site in
pBluescript II. The vector-containing restriction fragments
were self-ligated, and E. coli bacteria containing these deleted
plasmids were screened for sensitivity or resistance to tetracy-
cline (Fig. 1). Results from this experiment showed that the
tetracycline resistance determinant was located on the same
4.4-kb BamHI-HindIII fragment implicated by transposon mu-
tagenesis (Fig. 1).

To confirm the localization of the tetracycline resistance
gene to the indicated 4.4-kb BamHI-HindIII fragment, a
4.2-kb BamHI fragment of pPEVMI1 (an additional BamHI site
is present just to the right of the HindIII site implicated by
deletion analysis as a boundary of the resistance-containing
fragment) was subcloned to yield pEVM2. Resistance to tet-
racycline was conferred by pPEVM2, confirming that the entire
tetracycline resistance determinant was contained within this
region.

Features of the tetracycline resistance locus. The DNA se-
quence of the pEVM?2 insert was determined using vector
primers. Immediately adjacent to the leftmost BamHI site of
pEVM?2 (Fig. 1 and 2) was an ORF with substantial homology
to bacterial tetracycline efflux pumps. Within this region were
two divergently transcribed ORFs (Fig. 2). The larger ORF
was 1,179 nucleotides in length, preceded by an intergenic
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FIG. 2. Genetic organization of the fet4(41)-tetR(41) tetracycline resistance locus and its flanking regions. (Top) DNA sequence of the 64-bp
tetA(41)-tetR(41) intergenic region. Putative start codons are underlined. Repeated DNA sequences suggestive of putative operator regions (O
and Oy) for TetR(41) binding are designated by gray shading and arrows. (Middle and bottom) Diagrams showing the region flanking the ret4(41)
locus in S. marcescens FMC 1-23-O, including orthologs of a putative P. aeruginosa carbon monoxide dehydrogenase (coxS, coxL, cccA), and
Yersinia bglA and rpiR genes (middle). In sequenced Yersinia genomes, the location corresponding to fetA(41) is occupied by Mu-like phage genes
(bottom) (only the Y. pestis CO92 genome is shown). The shaded box indicates the extent of homology between DNA cloned in pEVM1 and the

Y. pestis CO92 genome.

region of 64 nucleotides, and followed by a second ORF of 639
nucleotides. The larger ORF predicted a basic 41-kDa protein
(393 amino acids, pI 10.1) that was most similar to the tetra-
cycline efflux protein Tet(39) from Acinetobacter sp. strain
LUHS5605 (GenBank accession no. AAW66497; 63% amino
acid identity/78% similarity) (2). The protein was 43% identi-
cal/62% similar to the only previously known tetracycline re-
sistance protein of S. marcescens, the Tet(B) protein of conju-
gative plasmid R478 (13). Because this predicted tetracycline
resistance protein shared less than 80% amino acid identity
with known tetracycline resistance alleles, it was given the
allele number TetA(41) in accordance with current nomencla-
ture of tetracycline resistance determinants (22). DNA se-
quence analysis of the single transposon insertion into pEVM1
that disrupted tetracycline resistance (Fig. 1) verified that the
transposon had inserted within codon 351 of the larger ORF
and that the interruption of this ORF resulted in tetracycline
sensitivity. Together, these results indicated that the expression
of TetA(41) was necessary and sufficient for the tetracycline
resistance phenotype of pEVM1 and pEVM2.

The TetA(41) protein was compared to other representative
tetracycline alleles in a phylogenetic analysis (data not shown).
As predicted from BLAST searches, TetA(41) was most
closely related to the Tet(39) allele of Acinetobacter, as well as
to Tet(30) from Agrobacterium tumefaciens. Furthermore,
TetA(41) was found within a cluster of proteins that comprise
the group 1 family of tetracycline efflux proteins (7). Consistent

with this observation, TetA(41) was predicted to have 12 trans-
membrane a-helices (located at amino acids 7 to 30, 43 to 65,
72 to 100, 94 to 117, 131 to 149, 159 to 179, 209 to 236, 239 to
259, 277 to 294, 300 to 321, 341 to 359, and 363 to 384)—
properties also characteristic of group 1 efflux proteins (7).

The smaller ORF adjacent to and divergently transcribed
from tetA(41) predicted a protein of 23.7 kDa (213 amino
acids, pI 6.1). As with TetA(41) homologies, TetR(41) was
most closely related to the TetR(39) protein of Acinetobacter
(57% amino acid identity/73% similarity), as well as to numer-
ous TetR orthologs in other bacteria. These proteins are in-
volved in the regulation of the tetracycline efflux proteins such
that the pump becomes highly upregulated in the presence of
tetracycline. The putative S. marcescens TetA(41) repressor
protein had a helix-turn-helix motif (amino acids 31 to 52) as
well as several specific amino acid residues that are signatures
of TetR family members (29), supporting its proposed role as
a regulator of tetA(41) transcription (7).

The 64-nucleotide intergenic region between fet4(41) and
tetR(41) contained two regions of imperfect dyad symmetry
that are candidate operator sequences for TetR(41) binding
(designated O, and Oy for the left and right operators, re-
spectively) (Fig. 2, top). These sequences had the consensus
sequence CtCTAtCA(G/C)TGATAGAG (lowercase letters
indicate nucleotides that do not match perfect dyad symmetry)
and were separated by 20 nucleotides. These sequences closely
matched the TetR binding sites that have been well studied in
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other TetR-regulated systems (29). Thus, the tet4(41) locus in
S. marcescens resembled those in other bacteria encoding
group 1 tetracycline efflux pumps, and its expression was in-
ducible by the presence of tetracycline.

DNA sequence flanking the tet4(41) locus. Because gram-
negative, group 1 tetracycline efflux pumps are usually found
on plasmids (7), we made numerous attempts to isolate plas-
mids from S. marcescens FMC 1-23-O. However, plasmids
were not detected in this strain (data not shown). To gain
further insight into the context of the tetracycline resistance
determinant (i.e., chromosomal or plasmid), additional DNA
sequencing was performed on the region of pPEVMI containing
the S. marcescens FMC 1-23-O tetA(41) locus (Fig. 2). DNA
sequencing of a total of 8.0 kb containing and adjacent to the
S. marcescens tetA(41) locus revealed that the fet4(41) and
tetR(41) genes were flanked by predicted regulatory and met-
abolic genes (Fig. 2, middle). Downstream of fetR(41) was a
cluster of three genes orthologous to those comprising a pu-
tative Pseudomonas aeruginosa carbon monoxide dehydroge-
nase (coxS, coxL, and cccA). The DNA downstream of fet4(41)
encoded two genes most closely related to genes from Yersinia
pestis. Separated by 256 bp from tet4(41) was a predicted lacl
family regulatory gene (7piR), followed by the bgl4 gene, pre-
dicted to encode the catabolic enzyme 6-phospho-B-glucosi-
dase. Interestingly, comparison of this region of pEVMI1 with
the corresponding regions from three sequenced Y. pestis ge-
nomes and one Y. pseudotuberculosis genome revealed that the
tetA(41) locus was present in a position occupied in all four
sequenced Yersinia genomes by clusters of genes constituting
Mu-like bacteriophages (Fig. 2, bottom). Analysis of the inter-
genic regions flanking the tet4(41) tetracycline resistance locus
[i.e., between bgld and rpiR, rpiR and tetA(41), and tetR(41)
and coxS] did not reveal direct or inverted repeat sequences
indicative of remnants of bacteriophages or transposons. Due
to our inability to isolate plasmids, the presence of several
metabolic genes, and the apparent lack of transmissible ele-
ments flanking the tetracycline resistance gene, we concluded
that the fet4(41) locus is most likely found on the S. marcescens
chromosome.

Regulation of tet4(41) and tetR(41) promoters by tetracy-
cline. Because the S. marcescens tetA(41) locus was similar to
efflux pumps inducible by tetracycline, we examined the regu-
lation of tetA4(41) and tetR(41) expression in E. coli. The area of
the fet4(41) locus encompassing the tetA(41)-tetR(41) inter-
genic region and the entirety of the fetR(41) gene was amplified
and cloned in both orientations into the promoter probe vector
pMW10 (41). This resulted in two plasmids, pEVM3 and
pEVM4, containing transcriptional fusions of lacZ to the
tet4(41) and tetR(41) promoters, respectively (Fig. 3A). These
plasmids were used in B-galactosidase assays to determine the
activities of these promoters in the presence or absence of a
subinhibitory concentration (0.5 wg/ml) of tetracycline. In the
absence of tetracycline, the fet4(41) promoter (in pEVM3)
yielded minimal B-galactosidase activity (Fig. 3B), indicating
nearly complete repression of this promoter. Without tetracy-
cline, the fetR(41) promoter (in pEVM4) gave 3-galactosidase
activity approximately six times higher than that of the fezA4(41)
promoter. In the presence of tetracycline, however, the activ-
ities of both promoters were equivalent and substantially
higher than in the absence of tetracycline (Fig. 3B), with the
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FIG. 3. Regulation of the fet4(41) and tetR(41) promoters by tet-
racycline. (A) Diagram of the lacZ fusions used to assay tetracycline
regulation of the tet4(41) and tetR(41) promoters; (B) B-galactosidase
activity of E. coli containing the tet4(41)- and tetR(41)-lacZ fusions [in
the presence of the TetR(41) repressor protein] either in the presence
(+) or absence (—) of 0.5 pg/ml tetracycline.

tetA(41) and tetR(41) promoters induced 27-fold and 4-fold,
respectively. Therefore, like many other gram-negative efflux
pumps, the tetA(41) system of S. marcescens was inducible by
tetracycline.

To determine the amount of tetracycline needed to induce
the fetA(41) promoter, E. coli containing pPEVM3 was incu-
bated with various concentrations of tetracycline. Tetracycline
concentrations less than 0.063 pg/ml did not induce the ex-
pression of the zet4(41) promoter (data not shown). Antibiotic
concentrations of 0.125 pg/ml or higher caused the induction
of B-galactosidase activity, with a maximum at 0.5 pg/ml tet-
racycline. Concentrations of tetracycline higher than 0.5 wg/ml
did not result in greater expression of the tet4(41) promoter.

Does tetA(41) confer resistance to mercury? S. marcescens
FMC 1-23-O was originally isolated based on its resistance to
mercury and subsequently was shown to be resistant to tetra-
cycline as well. To determine whether both the resistance to
mercury and that to tetracycline were conferred by the fet4(41)
efflux pump, we plated E. coli containing either pEVMI,
pEVM2, or pBluescript (control) on various inhibitory concen-
trations of mercury. Resistance to mercury was the same for
each strain, indicating that fet4(41) was not responsible for the
mercury resistance of strain FMC 1-23-O (data not shown).

DISCUSSION

Resistance to antimicrobials is a tremendous public health
problem. While the misuse and overuse of antibiotics certainly
selects for resistance in both pathogenic and commensal bac-
teria, there may be underappreciated environmental sources of
indirect selection for antibiotic resistance. One possible source
of indirect selection is exposure to heavy metal contamination,
which is abundant throughout the world (5). Simultaneous
selection of multiple resistances can be due to distinct resis-
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tances present on the same genetic element (coresistance) or
to the same protein(s) mediating resistance to multiple com-
pounds (cross-resistance). As a step in characterizing the pos-
sible indirect selection of antibiotic resistance by heavy metal
contamination at the Savannah River site, we selected an en-
vironmental bacterium that was resistant to mercury. It was
screened for resistance to several antibiotics and found to also
be resistant to tetracycline.

We first showed by biochemical assays and by 16S rRNA
gene sequencing that the environmental organism was S. marc-
escens. Tetracycline resistance is reportedly abundant in S.
marcescens (6, 12, 15, 38), although with the exception of the
tet(B) allele found on the broad-host-range conjugative plas-
mid R478 (13), the resistance determinants have not been
characterized. In addition to fet(B), S. marcescens also contains
tet(A), tet(C), and fet(E) alleles (7), including tet(E) found in S.
marcescens isolated from a polluted aquatic environment (4).

The selection of pEVMI1 showed that the S. marcescens
determinant was expressed and able to confer tetracycline re-
sistance to E. coli. Using a combination of deletion analyses,
transposon mutagenesis, and subcloning, we identified the re-
gion of the cloned DNA that was responsible for tetracycline
resistance. This region contained two genes, tet4(41) and
tetR(41), that were orthologous to numerous genetic elements
encoding tetracycline-inducible drug efflux pumps. The two
components of such systems include the structural genes for
the single protein efflux pump itself [tez4(41)] and for a repres-
sor protein responsible for the tetracycline inducibility of the
efflux pump [tetR(41)].

The TetA(41) protein is most similar to proteins comprising
group 1 tetracycline efflux pumps and most closely related to
the recently identified Tet(39) protein of Acinetobacter (2) and
to Tet(30) of Agrobacterium tumefaciens (23). TetA(41) is
clearly different from the only previously sequenced tetracy-
cline determinant from Serratia [Tet(B) from plasmid R478],
sharing only 43% amino acid identity. Consistent with the
identification of this determinant as a group 1 member, the
G+C content of the fetA(41) genes is 65.4%. This further
shows that fet4(41) is a “gram-negative-like” resistance gene,
as these typically have >40% G+C (7).

Despite the divergence of the TetA(41) and TetR(41) pro-
teins being significant enough for them to constitute a novel fet
allele, each protein has features known to be present in or-
thologous proteins. First, the size of the TetA(41) protein (41
kDa) is consistent with the sizes of known group 1 efflux pro-
teins, which are ~46 kDa (7). Second, as with group 1 efflux
proteins, TetA(41) is predicted to have 12 a-helical transmem-
brane segments separated by alternating cytoplasmic and
periplasmic loops. These transmembrane segments allow the
formation of a pore through which tetracycline-cation com-
plexes are extruded (7). Third, mutational studies of the
TetA(C) efflux pump defined eight amino acid residues in
cytoplasmic loops 2 to 3 and 10 to 11 that are involved in
coupling drug transport to the bacterial proton motive force
(25). Seven of eight of these are conserved in the TetA(41)
protein [serine-65, aspartate-66, glycine-69, arginine-70, ala-
nine-320, glycine-332, and glycine-336 of TetA(41)]. The
eighth residue (alanine-323) is a conservative substitution from
the serine at the analogous position in TetA(C). Furthermore,
residues arginine-70 and aspartate-120 of Tet(B) were shown
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to be required for proper insertion of the transmembrane
regions into the cytoplasmic membrane (34). These amino
acids were also present at the corresponding positions in
TetA(41), suggesting that these residues serve similar func-
tions.

TetR and related proteins constitute a large family of bac-
terial transcriptional regulators (29). E. coli TetR contains a
helix-turn-helix motif located at the amino terminus of the
protein, and this has been shown by mutational and crystallo-
graphic studies to constitute the DNA binding region of this
protein family (29). The DNA binding region consists of four
a-helical segments (o, to o), with turns between «, to a, and
a5 to ay (29). Within o, and o5, specific amino acid residues
that are involved in DNA contact have been identified. Like-
wise, S. marcescens TetR(41) possesses a similar helix-turn-
helix structure at its amino terminus (data not shown). Of the
eight amino acids identified in DNA binding by other TetR
family proteins, seven were conserved in TetR(41). Therefore,
the mechanistic paradigm for DNA binding and repression by
TetR proteins appears to occur with TetR(41) as well, and we
have no reason to suggest that transcriptional regulation by
TetR(41) is atypical.

The tetA(41) and tetR(41) genes are divergently transcribed,
sharing a 64-nucleotide regulatory region. Within this region
are two predicted operator regions, designated O; and Og
(Fig. 2). In other tetracycline-regulated systems, similar oper-
ator sequences are bound by TetR proteins when tetracycline
is absent. Mutational, biochemical, and crystallographic studies
have identified points of interaction between E. coli TetR and
its cognate operators (29) and defined a consensus TetR op-
erator consisting of an imperfect palindromic 15-bp sequence
(TCTATCATTGATAGG). Amino acid residues in the helix-
turn-helix binding motif of TetR (described above) interact
with the majority of the nucleotides within these operators.
The putative palindromic O; and Oy operators in the tet4(41)-
tetR(41) intergenic region are slightly longer (17 bp) than those
in E. coli but have 12 bp (O,) or 13 bp (Og) in common with
the E. coli counterparts. The S. marcescens TetR(41) protein
appears to have differing affinities for the O, and Oy opera-
tors, demonstrated by the finding that the tez4(41) gene is
more stringently repressed in the absence of tetracycline than
is tetR(41). The putative fetA(41) O, and O operators are not
identical but have three nucleotide differences from each
other, and these differences may account for variation in the
levels of binding of TetR(41) to these operators.

The majority of antibiotic resistance genes are found on
mobile genetic elements such as plasmids and transposons,
facilitating the dissemination of resistances among diverse bac-
teria (7). However, certain tetracycline genes are not found on
readily mobilizable elements. For example, fet(B) genes found
in some Haemophilus, Moraxella catarrhalis, and Treponema
denticola strains are chromosomal (7). Many tet(E) genes are
found on nonconjugative and nonmobile plasmids (9, 35), and
in numerous E. coli isolates the fet(E) gene was found to be
chromosomal (19). These tet(E) alleles are predicted to be of
more limited distribution (7) and, interestingly, are prevalent
in aquatic environments and polluted marine sediments (4). In
S. marcescens strain FMC 1-23-0, the tetA(41)-tetR(41) genes
are flanked by predicted metabolic genes, including bgl4 (6-
phospho-B-glucosidase), mpiR (lacl family repressor protein),
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and coxSL-cccA (carbon monoxide dehydrogenase). Com-
bined with our inability to isolate or detect plasmids in this
strain, this strongly suggests that the fez4(41) locus is found on
the S. marcescens chromosome. However, we cannot rule out
the possibility that both the predicted metabolic genes and the
tetracycline resistance determinant are carried on a hypothet-
ical low-copy-number plasmid that was undetected in our stud-
ies. The G+C content of each of the genes in the S. marcescens
tetA(41) region [bgl4, 60.0% G+C; miR, 54.0% G+C;
tetA(41)-tetR(41), 65.4% G+C; and coxSL-cccA, 65.9% G+C]
is not significantly different from that of the S. marcescens
chromosome as a whole (58% G+C) (14). This suggests that
these genes were not recently acquired from a bacterium with
a different G+C content but rather have been long-term con-
stituents of S. marcescens. It is interesting to note that the
closest similarities of the bgl4 and rpiR genes flanking the left
side of the fet4(41) locus are to orthologs in Yersinia. Imme-
diately adjacent to the bgl4 and 7piR genes in all four se-
quenced Yersinia genomes are genes comprising predicted
prophage genomes of Mu-like bacteriophages (Fig. 2). It is
tempting to speculate, therefore, that the fet4(41) locus en-
tered S. marcescens via transduction by a Mu-like bacterio-
phage. We did not detect sequence remnants of such a hypo-
thetical transduction event.

One of the original questions pertaining to this project was
whether exposure to heavy metals can indirectly select for
antibiotic resistance in this strain. For example, both mercury
and tetracycline resistances are found on the conjugative plas-
mid R478 (13), which is found in S. marcescens, and selection
for either resistance can select for maintenance of the plasmid.
Furthermore, some multidrug efflux pumps can mediate the
removal of both tetracycline and toxic metals from the cell (7).
Because S. marcescens FMC 1-23-O was resistant to both mer-
cury and tetracycline, we cloned the tetracycline resistance
gene in E. coli on pEVMI1. However, pEVM1 did not confer
mercury resistance to E. coli, showing that the mercury resis-
tance was not due to the tret4(41) determinant, nor was the
mercury resistance gene located on the ~13-kb segment of
DNA cloned in pEVMI. In consideration of these findings
together with the probable chromosomal location of tetA4(41),
we therefore conclude that the mercury and tetracycline resis-
tances of S. marcescens FMC 1-23-O do not represent either
coresistance (two different resistances on the same mobile ge-
netic element) or cross-resistance (a single determinant con-
ferring both resistances) but rather independent selection of
two separate resistances.
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