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Isolates of Vibrio harveyi, a prawn pathogen, have demonstrated multiple antibiotic resistance to commonly
used antimicrobial agents, such as oxytetracycline. In this paper, we describe the cloning and characterization
of two tetracycline resistance determinants from V. harveyi strain M3.4L. The first resistance determinant,
cloned as a 4,590-bp fragment, was identical to fet4 and flanking sequences encoded on transposon Tnl0 from
Shigella flexneri. The second determinant, cloned as a 3,358-bp fragment in pATJ1, contains two open reading
frames, designated ter35 and #xr. tet35 encodes a 369-amino-acid protein that was predicted to have nine
transmembrane regions. It is a novel protein which has no homology to any other drug resistance protein but
has low levels of homology (28%) to Na*/H* antiporters. Transposon mutagenesis showed that fet35 and txr
were required for tetracycline resistance in a heterologous Escherichia coli host. Tetracycline accumulation
studies indicate that E. coli carrying tet35 and fxr can function as an energy-dependent tetracycline efflux pump

but is less efficient than TetA.

Tetracyclines are broad-spectrum antibiotics which are
effective not only against gram-positive and gram-negative
bacteria but also against mycoplasmas, mycobacteria, and pro-
tozoan parasites (27). In bacteria, there are three known mech-
anisms of tetracycline resistance. The first is mediated by ribo-
somal protection proteins (TetM-TetS) (4). These are large
(72.5-kDa) cytoplasmic proteins that have N-terminal homol-
ogy to the elongation factors Tu and G (33). TetM and TetO
catalyze the release of tetracycline from the ribosome in a
GTP-dependent manner (7).

The tetX gene product from Bacteroides is the only example
of enzymatic inactivation of tetracycline that has been de-
scribed so far. The tetX gene has been found in two closely
related Bacteroides transposons, and its enzyme, TetX, re-
quires the presence of oxygen and NADPH for activity. Iron-
ically, TetX is functional not in Bacteroides but in aerobically
grown Escherichia coli cells (30, 31).

Tetracycline efflux genes, designated tetA-E, tetG, and tetH
in gram-negative bacteria and tetK, tetL, tetP, and otrB in gram-
positive bacteria, encode membrane-associated proteins which
transport tetracycline out of cells (27). The efflux of tetracy-
cline is an energy-dependent process that involves the ex-
change of a proton for a tetracycline-cation complex in an
antiport fashion (37). Therefore, compounds that block the
electrochemical gradient also inhibit the transport process (11).
These Tet proteins are approximately 46 kDa and have either 12
(gram-negative) or 14 (gram-positive) transmembrane-span-
ning segments (TMS) (27). Tet efflux proteins belong to the major
facilitator superfamily (MFS) of transport proteins.

Membrane topologies of tetracycline efflux proteins have
common structural motifs with other drug exporters in the
MES, such as CmlA from Streptomyces lividans, which mediates
chloramphenicol resistance (3), and MdfA, a multidrug trans-
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porter from E. coli (8). Other than the MF family, there are
two families of proton-motive-force (PMF)-dependent drug
transporters (25, 26). The small multidrug resistance (SMR)
family is composed of proteins that are about 110 amino acids
in length and have four TMS, such as the staphylococcal
multidrug efflux protein Smr (9, 25). The third family of PMF-
dependent drug efflux proteins is known as the resistance/
nodulation/cell division (RND) family. These proteins are nor-
mally around 1,000 amino acid residues in size and have 12
TMS. One such member is the multidrug exporter ArcB from
E. coli (17).

Luminous vibrios like Vibrio harveyi are the main causative
agent of luminous vibriosis in farm-reared penaeid shrimp
(28). The bacterial infection often results in mass mortality of
the affected shrimp and leads to extensive commercial losses
(13). Consequently, antibiotics like streptomycin, erythromy-
cin, and chloramphenicol are widely used to treat the infec-
tions, whereas oxytetracycline is commonly used as a prophy-
lactic agent. Vibrios isolated from shrimp hatcheries in Java
island (Indonesia) have demonstrated multiple antibiotic re-
sistance to antimicrobials like ampicillin, tetracycline, amoxi-
cillin, and streptomycin (35). A recent paper described two
novel B-lactamases isolated from V. harveyi that originated
from waters around Java (34).

The genetic basis of tetracycline resistance in V. harveyi has
not been studied. In this paper, we describe the cloning and
characterization of two tetracycline determinants from V. har-
veyi M3.4L. One of these determinants was found to be iden-
tical to tetA, which is present on transposon Tn/0 in Shigella
flexneri. TetA mediates active efflux of tetracycline from host
cells in an antiport fashion (19). The other determinant en-
codes a putative novel membrane protein that is postulated to
mediate tetracycline resistance by also functioning as an efflux

pump.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains used in this study are
detailed in Table 1. The V. harveyi strain used in this study was isolated from an
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TABLE 1. Bacterial strains and plasmids used in this study

Strains _and Relevant characteristics® Reference
plasmids or source
Strains
E. coli TOP 10 F~ mcrA(mrr-hsdRMS-mcrBC)$b80 Invitrogen
lac2AM15Alac74 recAl deoR araD139A
(ara-lew)7697 galU galK rpsL endAl
nupG u) Sm"
V. harveyi
M3.4L Tc" Amp* 32
W3B Tc® Amp" Kan"
Plasmids
pUCI18 Amp' lacZo 39
pATIJ1 pUCIS8 with 3,358-base HindIII Tc* This study
genomic fragment of M3.4L
pCT71 pUCI18 with 4,890-base HindIII Tc* This study
genomic fragment of M3.4L
pJKM10 PATIJ1 carrying a transposon disruption  This study
in tet35
pJKM115 PATIJ1 carrying a transposon disruption  This study
in txr
pCKM12 pCT71 carrying a transposon disruption ~ This study
in tetA

“Sm", streptomycin resistance; Tc", tetracycline resistance; Tc*® sensitivity;
Amp*, ampicillin resistance; Km", kanamycin resistance.

Indonesian prawn farm (32, 34). Recombinant plasmids were constructed with
the cloning vector pUC18 (39). E. coli TOP10 (Invitrogen Corp., Carlsbad,
Calif.) was used as the host strain for the recombinant plasmids. Strains were
grown in Luria-Bertani (LB) medium or on LB agar supplemented with 10 pg of
tetracycline per ml where appropriate.

Antimicrobial agents and susceptibility testing. MICs were determined by an
agar dilution technique on Mueller-Hinton agar plates (Oxoid Ltd., Basingstoke,
England) with an inoculum of 10* CFU/spot. All the plates were read after an
18-h incubation at 37°C for E. coli and at 30°C for V. harveyi. The antibiotics used
were tetracycline, oxytetracycline, minocycline, chloramphenicol, nalidixic acid,
rifampin, trimethoprim, spectinomycin, kanamycin, and gentamicin (Sigma
Chemical Co., St. Louis, Mo.). Testing of susceptibility to ciprofloxacin was
performed by the disk diffusion method with 1-wg ciprofloxacin disks (Oxoid
Ltd). All antimicrobial susceptibility tests were set up and the results were
interpreted according to the National Committee for Clinical Laboratory Stan-
dards (20). Antimicrobial cationic dyes used were ethidium bromide and crystal
violet (Sigma).

Enzymes and chemicals. Chemicals used were of the highest grade commer-
cially available. Restriction enzymes and T4 DNA ligase were purchased from
New England Biolabs, Inc. (Beverly, Mass.) and used according to the manufac-
turer’s recommendations.

DNA cloning and seq; nt plasmids. Genomic DNA from
V. harveyi M3.4L was extracted with phenol-chloroform (29). Genomic DNA was
digested with HindIll, and the resulting fragments were ligated into the HindIII
site of the pUCI18 vector. The ligation mixture was transformed into E. coli
TOP10 cells, and transformants were selected for tetracycline resistance. Plas-
mids were prepared with a Wizard Plus Miniprep DNA purification system
(Promega, Madison, Wis.). Sequencing of the DNA insert was performed with
the ABI Prism Big Dye terminator cycle sequencing ready reaction kit and ABI
cycle sequencer A377 (Applied Biosystems/Perkin-Elmer, Foster City, Calif.).

DNA and protein sequence analysis. DNA sequence analysis was performed
with DNASIS (Hitachi Software Engineering Co. Ltd., San Bruno, Calif.). Da-
tabase similarity searches for both the nucleotide and deduced protein sequences
were carried out with BLAST at the National Center of Biotechnology Infor-
mation website (http://www.ncbi.nlm.nih.gov./BLAST). Multiple sequence align-
ments of protein sequences were made with CLUSTALW (http://www.ebi.ac.uk
[clustalw). The predictions of transmembrane regions were carried out with
PRED-TMR?2 (24) at http://www.o2.biol.uoa.gr/PRED-TMR2.

Detection of Tnl0 by PCR analysis. In order to determine if V. harveyi M3.4L
harbors a complete Tn/0, PCR was carried out with primers that were designed
based on the complete nucleotide sequence of Tnl0 (GenBank accession num-
ber AF162223). PCR primers T1 (5'-CTGATGAATCCCCTAATGAT-3") and
T2 (5'-AACACTTGGATTAGTGTTGG-3') were designed based on the I1S10
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left element and the jemA gene, whereas T3 (5'-AGCCCGCGGTAAATAGCA
AT-3") and T4 (5'-GATGAATCCCCTAATGATTT-3") were based on the
ORF-L gene and the IS70 right sequence (Fig. 1). These primers were designed
to amplify regions that were not cloned in pCT71. Each PCR mixture consisted
of 2 pg of V. harveyi M3.4L genomic DNA per ml in 1X PCR buffer, 0.2 mM
deoxynucleoside triphosphates, 50 pmol of each primer, and 1.5 U of DyNazyme
EXT DNA polymerase (Finnzymes OY, Espoo, Finland) in a 100-pl volume.
PCR amplification consisted of an initial incubation of 2 min at 95°C, followed
by 25 cycles of 1 min of denaturation at 94°C, 1 min of primer annealing at 50°C,
and 4 min of extension at 72°C. The cycles were terminated with a final 10-min
extension at 72°C. Reaction products were analyzed on a 1% agarose gel in Tris-
borate-EDTA buffer.

Bacterial conjugations. Mating experiments were carried out to investigate the
potential transfer of tetracycline resistance from V. harveyi M3.4L to various
tetracycline-sensitive recipients. Plate matings were carried out overnight at 32°C
with a donor-to-recipient ratio of 1:1. Cells were scraped off the plate the
following day and resuspended in 1 ml of saline. Transconjugants were selected
on media supplemented with the appropriate antibiotics. When V. harveyi W3B
(Tc® Km") was used as the recipient, transconjugants were selected on LB agar
plates with 10 pg of tetracycline and 25 wg of kanamycin per ml. In mating
experiments with E. coli TOP10 cells (Sm"), transconjugants were selected on LB
agar plates supplemented with 10 pg of tetracycline and 100 pg of streptomycin
per ml, and when Pseudomonas alcaligenes NCIB 9867 (strain P25X) was used as
the recipient, transconjugants were selected on minimal medium plates supple-
mented with 10 pg of tetracycline per ml. Transfer frequency was expressed as
the number of transconjugants per recipient cell obtained after plating on selec-
tive medium.

Southern blotting and hybridization for PFGE. DNA fragments of pulsed-
field gel electrophoresis (PFGE) gels were run as previously described (34) and
transferred onto nylon membranes (Hybond-N+; Amersham, Little Chalfont,
Buckinghamshire, England) by capillary transfer and fixed by baking. The hy-
bridization probes used were the 4.6-kb HindIlI-HindIII fragment from pCT71
and the tet35 portion of pATJ1 amplified by PCR. Probe labeling was carried out
with the ECL nonradioactive detection kit (Amersham Life Science). Hybrid-
ization was performed overnight under high-stringency conditions as described
by the manufacturer.

Tetracycline uptake and efflux studies in intact cells. Strains harboring the
cloned tetracycline resistance determinants (recombinant plasmids pATJ1 and
pCT71) were grown in LB broth supplemented with 10 pg of tetracycline per ml
until an A4y, of 0.7 was reached. The cells were harvested by centrifugation and
washed once in 50 mM potassium phosphate buffer (pH 7.0), 1 mM MgSO,, and
0.25% glucose and resuspended in the same buffer to an optical density at 600
nm of 2 (approximately 2 mg of protein per ml). The cell suspension was
preincubated at 37°C in a shaking water bath, and the assay was started with the
addition of [*H]tetracycline (1.2 Ci/mmol; New England Nuclear, Boston, Mass.)
to a final concentration of 5 pM. At 5-min intervals, 50 pl of the cell sample was
removed and placed on top of a mixture of separating oils (melting point bath oil
and mineral oil overlaid on 37% saturated sodium chloride solution) in an
Eppendorf tube and centrifuged at room temperature for 10 min. The resulting
cell pellet was solubilized in 3 ml of Ready Safe liquid scintillation cocktail
(Beckman, Fullerton, Calif.) and the radioactivity of [*H]tetracycline accumu-
lated in cells was determined by liquid counting. An energy inhibitor, 0.2 mM
carbonyl cyanide m-chlorophenylhydrazone (CCCP), was added after 15 min of
incubation with [*H]tetracycline to analyze the energy dependence of the accu-
mulation process.

Transposon mutagenesis. In vitro transposon mutagenesis was carried out
with the EZ::TN <KAN-2> insertion system (Epicentre Technologies, Madison,
Wis.), which uses the EZ:TN <KAN-2> transposon carrying a kanamycin
resistance marker. The kit was used according to the manufacturer’s instructions.
Plasmids pATJ1 and pCT71 were used as the target DNA for mutagenesis, and
insertion clones were selected on kanamycin plates. The clones were screened by
restriction endonuclease digestions with insertion sites accurately mapped by
sequencing outwards from both ends of the transposon.

RT-PCR analysis. Total RNA was prepared from E. coli TOP 10 strains
carrying pATJ1 and pJKM115 as previously described (36). The isolated RNA
was treated with RNase-free DNase I (Roche, Mannheim, Germany) to remove
contaminating DNA. The following primer pairs were used: for amplification of
the tet35 gene, tet35F (5'-AGCTAACTACGCGTTCTGGC-3') and tet35R (5'-
GCTGCACCAAT GTGTGTGATC-3'), and for amplification of the txr gene,
txrF and txrR (5'-GTAGGCTTGTTAGATGGGCA-3' and 5'-AATGAAAGT
GCAAAAATGCAAAGC-3"). First-strand cDNA was reverse transcribed from
1 pg of total RNA with Expand reverse transcriptase (RT) (Roche) and 20 pmol
of forward primers. The enzyme was used according to the manufacturer’s
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4590-bp insert of pCT71 is homologous to Tn/0

B)
JKM10 JKMI115
. ¥ 4 b
pATIl | tet35 Il | il | |
nt 37 1146 1439 2395 1358
tet3s
) Hindlll
1 - AAGCTTGCGTACATCCTTGACTCAACCGCTGCACCAATGTGTGTGATCATGCCAGCTTCT - 60

M C¢C VvV I M P A S

61 - AGTTGGGGTGCGTACATCATTACCATCATCGGTGGTATCTTGGTGTCACACGGCATCACT - 120
S W ¢ A Y I I T I I 6 G I L V S H G I T

121 - GAATACTCGGCGCTTGGTGCTTACGTTCGTCTTATTCCTATGAACTTCTACGCAGTATTT - 180
E Y S AL GA Y VRILTI PMNUPFY A V F

181 - GCTCTACTAATGGTATTTGCAGTGGCGTGGTTTGGTCTAGATATCGGTAAGATGCGTGAA - 240
A L L M V F A YV A WVFGUL D I G K MR E

241 - CATGAAATCGCAGCATCTCAAGGCCGTGGTTTTGATAARAGATAAAGAGAACGACTCACAA - 300
H E I A A S Q G R G F D KD K E N D S Q

301 - GAAGCACACGACCTAAACGAAGAGCTAGATATTCGTGAAAGCGAGAAGGGTAAGGTTITCT - 360
E A HDLNUEEULUDTIIRE S EK G K V S

361 - GACCTAATTCTTCCTATCGTAACGCTTATTGTGGCGACTATTGCTTCAATGCTTTACACC - 420
b L I L P I vV T L I VvV A T I A 8 M L Y T

421 - GGTGGTCAAGCGCTAGCAGCAGATGGTAAAGAATTTGTGCTGTTGGGTGCGTTTGARAAC - 480
G G Q AL AADGI KEUFPFV L L G A F E N

481 - ACGGATGTTGGTACTTCTCTAATCTACGGTAGTTTACTTGGTCTAGCAGTTGCATTGTTC - 540
T D v ¢ T 8 L I ¥ G 8 L L. G L A V A L F

541 - ACTGTTATTAAGCAAGGTCTACCAATGGTTGAGATTGCACGCACGCTTTGGATTGGTGCT - 600
T v i K Q GG L p MV ETI ARTIULWI G A

601 - AAGTCAATGTTTGGTGCAATCCTTATCCTTGTTTTCGCTTGGACTATTGGTTCAGTTATC - 660
K §$ M F G A I L I L V F A W TI G S Vv I

661 - GGTGACATGAAGACGGGTTCTTACCTATCTACAATGGCGCAAGGCAACATCAACCCACAC - 720
G DM K T G S Y L S TMA AIGQGN I NP H

721 - TGGCTACCAGTTATCCTGTTCTTGCTGTCTGGCCTAATGGCGTTCTCTACAGGTACGTCA - 780
W L PV I L FP L L 8 6 L M A F 8 T G T S

781 - TGGGGTACGTTCGGTATCATGCTTCCAATCGCGGGTGACATGGCTGGCGCAACAGACGTG - 840
W &6 T F G I M L P I A G DMMAG ATTDV

841 - GCACTAATGCTACCAATGCTAAGTGCGGTTCTAGCTGGTGCAGTATTTGGTGACCACTGT - 900
A L M L P M L 8 AV L A G A V F G D H C

901 - TCACCAATTTCAGATACAACGATTCTGTCGTCAACAGGTGCACGCTGTAACCACATCGAT - 960
s P I $ D TTIUL S S TG AURTCNUHTITD

961 - CACGTATCGACGCAGCTACCTTATGCATTATCAGTGGCGTTTGTIGTCATGTATTGGCTTT - 1020
H V 8 T Q L P Y A L 8 V A F V 8 C¢C I G F

1021 - ATCACGCTGGGTATGACTGCATCGATCGCGTTCTCTTTCATCGCAGCATCGATCACTTTC - 1080
I T L G M T A S I A F 8 ¥ I A A 8 I T F

1081 - GTTATCGTTTGTGCGATTCTGTCGTGGCTGTCGAAGTCTAAAATGGCATCCTGCCAGAAC ~ 1140
v I v ¢ A I L S WL S K S KMMBAS C QN

1141 - GCGTAGTTAGCTTTATTAAGCGTATAAAAGAGGAAGCTCCGCTATTGCTAGCGGAGCTTT - 1200

A *
1201 - TTTTATACGCGATTTATGGTGAGGGGGGCAAATCGCGTTTTGGGGATAACCTATTAAGTC - 1260

FIG. 1. (A) Genetic map of TnZ0. The pCT71 insert has complete homology to regions extending from jemA to ORF-L of TnZ0. Primers T1-T2
and T3-T4 were used for PCR amplification. The maps are not drawn to scale. (B) Gene organization of pATJ1. The nucleic acid sequence of the
insert was used to construct the ORF map. Transcriptional direction is shown by small arrows on the ORF box. The vertical arrows indicate the
sites on tet35 and txr, respectively, of EZ::TN transposon transposition. (C) The putative amino acid sequence of Tet35 is given below its nucleic
acid sequence. The protein is predicted to have nine TMS regions (bold). (D) Putative amino acid sequence of Txr and its nucleic acid sequence.

instructions. The cDNA was then used for RT-PCR with the addition of 20 pmol
each of the appropriate forward and reverse primers. The PCRs were run for 35 tion of 16S rRNA with 16S rRNA gene-specific primers served as a positive control.
cycles of 1 min at 95°C for denaturing, 1 min at 50°C for annealing, and 1 min at Nucleotide sequence accession number. The nucleotide sequences of tet35 and
72°C for extension. Samples without RT were also run to ensure that there was txr have been deposited in GenBank under accession number AF353562.

no contaminating DNA, and these were used as negative controls. The amplifica-
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D) xr
2400 - AAA&;EAAAGTGCAAAAATGCAAAGCTACGATACACAGACGTTCTTTGGATGCAGACCCA - 2340
M K vV Q K ¢ K A T I H R R S L D A D P
2341 - TTACTTCCTCTTATTGGTAATAGCACTTGCATCAGTGAACTACGTAACAAACTCAARARA - 2280
L L P L I G N 8 T C I 8 E L R N K L K K
2281 - TACGCGCAATGTGATGCGGAAGTACTCATCCAAGGCGARACCGGGGTGGGCAAAGGTATG - 2220
Y A Q ¢C b A E V L I Q GE TG V G K G M
2221 - TGTGCTCGAATCATTCACGAACTTTCAAGTAGACATATATACCCATTTGTTGAAGTTAAC - 2160
Cc AR I I HETULSSU R HTIYU®PTFVE VN
2161 - TGCGGAGCGATTCCAAGCGGACTCATCGCATCAGAGCTCTTCGGTCATGAGAAAGGAGCA - 2100
¢ G A I P S G L I A S E L F GHE K G A
2101 - TTTACGGGGGCGATTTCGGATCGAATCGGCTTCATTCAAAAAGCGAACARAGGGACGCTA - 2040
F T G A I S DR I G F I Q KA NIKGTL
2041 - TTTCTCGATGAAATCGGCGACATGCCGCCTGATCTACAAATTCATTTGCTGCATTTTTTG - 1980
F L b E I 6 DM P P DL Q I HL L HF L
1981 - GAGAGTAAGCAAATCCATAAAGTTGGTGCAGACAAAATCATTGATGTGGATTGCCGCGTC - 1920
E S K Q I HK V GADIKTITIDVTDTCTR RV
1921 - ATCGCAGCCAGCCATGTAGATTTAAAAAGTGAAGTAATACAAGGAGGATTCCGAGAGGAT - 1860
I A A S HVDJLTZ KSETV VTIOQGGTFTZ RED
1861 - TTATTTTACCGACAARACATACTACCACTCACTATCCCCCCACTTCGAAAGCGTGGTGAG - 1800
L F Y R Q N I L P L T TI P P L R K R G E
1801 - GATACGGTCATATTGTCAGAGCGTTTTTTAGAAGAATTATCCAACGGAAAAGTTCAGAGT - 1740
D TV I L S ERTFTULETETLTSNTGTZ KUV Q §
1741 - ATGTCTCCGGAAGTGAAGAAAAAGCTACTGAAACATAAATGGCCCGGCAACGTGAGAGAG - 1680
M S P E V K K K L L K H K WP GNV R E
1681 - CTGCGCAATGTCATTCAAAGGGCGATTGTAATGTGTGAGGATAACACTCTTCACATCGCC - 1620
L R NV I Q RATIVMOCETDINTTULHTIA
1621 - GATCTCGGCTTGGACAATAACGAAAGACAGCTCCTTCCCTCTGTTGAACAARATTGACTTA — 1560
D L. G L D NNUEU RUOQTILUL P S V E Q I D L
1561 - GATTATTTGTTAAAAGCAATCGAAGACAACAAACACAACATGAGTGCGGCTGCGAGGAAT - 1500
D ¥ L L K A I E D N K H N M S A A A R N
1501 - TTAGGTATTTCTAGAACCACACTCTACCGTCTAATCAAGAAATATAACCTGCCCATCTAA - 1400
L G I §$ R T T L ¥ R L I K K Y N L P I ~*
FIG. 1—Continued.
RESULTS

Cloning and sequence analysis of the DNA insert in pCT71.
The first tetracycline resistance determinant was cloned in the
recombinant plasmid pCT71. Sequencing through the 4,591-bp
HindIll fragment of pCT7l revealed that it was identical to
nucleotides 2282 to 6872 of Tn10 of Shigella flexneri (GenBank
accession number AF162223) (Fig. 1). This region encom-
passes parts of jemA and jemC and the entire sequences of
jemB, tetR, and tetA (5). JemA is predicted to be a sodium-
dependent glutamate permease, JemB is a protein of unknown
function, and JemC showed sequence homology to bacterial
transcriptional regulators that repress arsenic and mercury op-
erons (5). tetA encodes a protein (TetA) known to be respon-
sible for the active efflux of tetracycline from host cells (10, 12),
and fetR functions as the repressor of fetA expression (11).

Cloning and sequence analysis of the pATJ1 insert. The
DNA insert present in plasmid pATJ1 carrying the second
tetracycline resistance determinant was sequenced. Analysis of
the 3,358-bp HindIll genomic fragment of pATJ1 revealed the
presence of two open reading frames (ORFs) (Fig. 1) that are
convergently transcribed from opposite directions and desig-
nated fet35 and txr. tet35 encodes a protein of 369 amino acid
residues, designated Tet35, according to the nomenclature for
new tetracycline resistant determinants (16). Tet35 has an es-
timated molecular mass of 39,121 Da. This protein was pre-
dicted to have nine a-helical transmembrane-spanning regions
(Fig. 1). The protein was found to have significant homology to
a number of hypothetical integral membrane proteins, such as
HI 1586 of Haemophilus influenzae (49% identity) (GenBank
accession number U32832), and, to a lesser extent, to Na*/H"
antiporters of Bacillus firmus (28% identity) (GenBank acces-
sion number U61539) and Neisseria meningitidis (25%) (Gen-

Bank accession number AE0024090). Tet35 did not share se-
quence similarities with any other drug transporters in the
database or with members of the MF, RND, or SMR family (1,
25). Highly conserved regions or motifs present in these drug
efflux families could not be identified in Tet35.

The 957-bp txr gene encoded a putative protein of 318 amino
acids, designated Txr, which shared sequence similarities with
various transcriptional regulatory proteins. The highest degree of
homology (45%) was with the Pseudomonas aeruginosa PA1945
transcriptional regulator (GenBank accession number AE004621).
Thirty-five percent homology was found with o>*-dependent
transcription factor VC2137 of Vibrio cholerae (GenBank ac-
cession number AE004286). These similarity searches suggest
that Txr may function as a putative transcription regulator.

Antibiotic susceptibility. E. coli TOP10 cells harboring re-
combinant plasmids pATJ1 and pCT71 had increased levels of
resistance to tetracycline, oxytetracycline, and the tetracycline
derivative minocycline (Table 2), indicating that the insert frag-
ments present on pATJ1 and pCT71 were responsible for tetra-
cycline resistance. It was observed that pATJ1 could not confer

TABLE 2. MICs for V. harveyi M3.4L and E. coli TOP10 cells
carrying pATJ1, pCT71, and transposon insertion plasmids

MIC (pg/ml)
Antibiotic harveyi E. coli TOPI10 carrying:
M3.4L No
plasmid PATIL PCT71 pIKMI0 pIKM115 pCKM12
Tetracycline 32 4 256 512 4 4 4
Oxytetracycline 128 4 512 256 4 4 4
Minocycline 16 0.5 32 32 4 4 4




1042 TEO ET AL.

resistance to other classes of antibiotics (data not shown).
Antimicrobials such as kanamycin, spectinomycin, gentamicin
(aminoglycoside), nalidixic acid (quinolone), trimethoprim
(diaminopyrimidine), rifampin (rifamycin), ciprofloxacin (flu-
oroquinolone), chloramphenicol, and ethidium bromide and
crystal violet (cationic dyes) were tested. However, the level of
resistance of cells containing pATJ1 to all antibiotics tested
remained the same as that of susceptible cells. Therefore,
pATIJ1 has only a narrow drug specificity to tetracyclines and
does not produce a multidrug resistance phenotype.

Detection of Tnl0 by PCR analysis. PCR primers based on
the IS70 left and right elements of Tn/0 as well as the internal
jemA and ORF-L sequences were used for amplification, to
determine if strain M3.4L harbors the complete Tnl0 in its
genome. Primer pairs T1-T2 and T3-T4 were designed so that
they would amplify away from each end of the pCT71 insert to
the ends of the insertion element. If Tni0 is present in the
genome, then T1-T2 and T3-T4 would be able to amplify a
band of approximately 2.2 kb. However, no band was detected
when the reaction mixture from the PCR was analyzed, indi-
cating that strain M3.4L either possessed an incomplete copy
of Tnl10, i.e., without the IS70 ends, or had flanking ends that
were dissimilar to the IS70.

Bacterial conjugation and analysis of transconjugants. In
mating studies using E. coli TOP10 cells or P. alcaligenes NCIB
9867 (strain P25X) as recipients, no transconjugants were ob-
tained. When V. harveyi W3B as used as the recipient, tetra-
cycline-resistant transconjugants were obtained at a frequency
of <10~”. Five transconjugants were picked at random, and
PFGE of genomic DNA confirmed that the transconjugants
were indeed V. harveyi W3B (data not shown). Analysis of
these transconjugants also showed that tez4 had transferred
into the transconjugants, because a hybridizing signal was ob-
tained when the transconjugants were probed with fez4 (data
not shown).

Distribution of tetracycline resistance determinants in dif-
ferent isolates of V. harveyi. Six other environmental isolates of
V. harveyi were probed with either tet4 from clone pCT71 or
tet35. Only a large (500-kb) band in strain M3.4L hybridized to
the fetA probe. However, with tet35, a hybridizing band of
approximately 180 kb was observed not only in strain M3.4L
but in the other strains as well (data not shown).

Transposon mutagenesis of the ORFs in pATJ1. In vitro
transposon mutagenesis was used to determine which of the
two ORFs, tet35 and txr, was needed for tetracycline resistance.
Clone pJKM10 had a single transposon inserted in zet35 (nu-
cleotide position 829), whereas pJKM115 was disrupted by a
transposon at nucleotide position 1488 within txr (Fig. 1). As a
result of the insertions in either of the ORFs, both clones were
rendered susceptible to tetracycline (Table 2), indicating that
the two ORFs were both likely to be important in mediating
tetracycline resistance. When each of the ORFs was cloned in-
dividually by PCR amplification and after ligation to pGEM-T
Easy vector (Promega), neither of the recombinant plasmids
could confer tetracycline resistance, suggesting that both ORFs
may be required for resistance.

Transposon mutagenesis of pCT71. In vitro transposon mu-
tagenesis using the EZ: TN <KAN-2> transposon was also
used to generate a mutant plasmid designated pCKM12. This
clone had an insertion at nucleotide position 3287 of pCT71,
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resulting in the disruption of the tet4 ORF. The MIC of tet-
racycline for the clone dropped to 4 pg/ml (Table 2), indicating
that TetA was indeed responsible for tetracycline resistance in
plasmid pCT71.

Transcriptional analysis of tet35. Homology searches sug-
gest that the second ORF, &xr, may be a putative transcriptional
regulator; hence, RT-PCR was used to determine whether txr
could regulate the transcription of fet35. RT-PCR of total
RNA isolated from TOP10 cells carrying pATJ1 shows that the
tet35F/R and txrF/R primer pairs correctly amplify tet35 and
txr, producing bands of the predicted size (Fig. 2). RT-PCR
analysis of total RNA from TOP10 cells carrying pJKM115
(transposon disruption in the &xr ORF) shows that txrF/R did
not amplify a detectable band corresponding to the disrupted
gene (Fig. 2). However, tet35F/R was still able to amplify a
tet35 band, indicating that the ter35 mRNA was still generated.
These results show that &xr probably does not act as a tran-
scriptional activator of tet35, as its transcripts could still be
detected even after disruption of &xr.

Accumulation of [*H]tetracycline by cells with and without
pATJ1. Susceptible E. coli TOP10 cells accumulated more tet-
racycline than cells carrying pATJ1 or pCT71 (Fig. 3). E. coli
cells with pCT71 carrying tetA from Tnl0 should express the
tetracycline efflux protein TetA and were expected to have low
levels of tetracycline uptake. Results showed that these cells
did have the lowest levels of accumulation, about 5-fold lower
than that of cells carrying pATJ1 and 12-fold lower than that of
E. coli TOP10 cells. It also appears that tetracycline efflux in
cells harboring pATJ1 was not as efficient as in cells carrying
pCT71. Cells containing pATJ1 did not achieve very low levels
of steady-state accumulation compared to cells with pCT71.

Active efflux systems are driven by the energy provided by an
electrochemical proton gradient (15). An energy inhibitor like
CCCP should be able to block the transport process. When
CCCP was added to E. coli TOP10 cells, a drastic decrease in
tetracycline uptake was observed, indicating that in susceptible
cells, the process of drug accumulation is one of active uptake
(19) and not a consequence of increased membrane perme-
ability which could allow the drug to enter cells. The addition
of CCCP to cells with pATJ1 caused an increase in uptake,
with levels of accumulation similar to that in E. coli TOP10
cells. These data point to a PMF driving an energy-dependent
drug export process in E. coli cells carrying pATJ1. Results of
the accumulation studies show that the DNA insert present in
pATIJ1 is capable of encoding the tetracycline efflux function,
and sequence analysis of pATJ1 shows that the tet35 ORF is
most likely to mediate the active efflux.

DISCUSSION

In this study, we report the isolation of two tetracycline
resistance determinants from V. harveyi M3.4L which enabled
susceptible E. coli cells to grow in the presence of tetracycline.
A recombinant E. coli clone carrying pCT71 was found to
possess tetA and tetR gene sequences identical to Tnl0 of
Shigella flexneri. It is well known that tet4 and tetR in Tnl0
confer high levels of inducible tetracycline resistance (2). TetA
functions as a metal-tetracycline antiporter, while zetR encodes
a repressor protein that negatively regulates transcription of
both the tet4 and tetR genes (15, 38). Therefore, the ftetA
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FIG. 2. RT-PCR analysis of fet35 expression. (A) RT-PCR of total RNA from E. coli TOP10 cells carrying pATJ1. Lanes: 1, 1-kb ladder; 2,
1.1-kb amplicon obtained with tet35F/R primers; 3, 900-base amplicon obtained with txrF/R primers; 4, positive control using 16S rRNA-specific
primers, amplifying a 1.3-kb amplicon; 5, negative control (no RT). (B) RT-PCR of total DNA from E. coli TOP10 cells carrying pJKM115. Lanes
1, 1-kb ladder; 2, 1.1-kb PCR amplicon obtained with tet35F/R primers; 3, no detectable amplicon obtained with txrF/R primers; 4; positive control
using 16S rRNA specific primers, amplifying a 1.3-kb amplicon; 5, negative control (no RT).

sequence found in V. harveyi M3.4L probably functions in a
similar manner and is responsible for the high level of tetra-
cycline resistance. This is supported by the observation that
high levels of tetracycline efflux are achieved in E. coli hosts
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carrying pCT71 and tetracycline resistance is lost when the fetA
OREF is disrupted by transposon mutagenesis. The inability to
obtain flanking regions of the pCT71 insert by PCR amplifi-
cation suggests that V. harveyi M3.4L may not harbor the entire
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FIG. 3. Accumulation of tetracycline by susceptible E. coli TOP10 cells and resistant clones. [*H]tetracycline was added to cells at time zero.

(A) Accumulation in E. coli carrying no plasmid (m), pATJ1 (@), or pCT71 (A); (B) effect of CCCP (0.2 mM) on accumulation in E. coli with no
plasmid (m) or pATJ1 (@). The graphs are typical of at least two independent experiments.
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Tnl0. This is interesting, as Tn/0 has been reported to retain
its physical integrity through multiple cycles of transposition
(2). Analysis of the genetic sequences surrounding fez4 may
reveal the kind of transposition events that have taken place
and how it may have been acquired by V. harveyi.

The tetracycline resistance determinant of Tnl0, as identi-
fied by DNA hybridization, is found widely in enteric bacteria
like E. coli, Klebsiella, Proteus, Pseudomonas, Vibrio spp., and
Salmonella (2, 18). Tnl0 is usually a plasmid-associated ele-
ment, and it is also possible that V. harveyi M3.4L acquired the
transposon by conjugative transfer of resistance plasmids. In
strain M3.4L, a single 500-kb band hybridized to the insert
fragment present in pCT71, but we have yet to determine if the
fragment is derived from the chromosome or is part of a large,
hitherto-undetected plasmid. Conjugation studies have shown
that the transmission range of fetA4 is narrow and will transfer
to a V. harveyi recipient but not to other gram-negative bacte-
ria. It is possible that fet4 in M3.4L is present on a narrow-
host-range plasmid, thus limiting its transfer to V. harveyi
strains.

The second resistance determinant is encoded by the insert
fragment carried in pATJ1, which has two ORFs, fet35 and txr.
Transposon mutations generated in each ORF suggest that
both ORFs are important for tetracycline resistance in E. coli,
as mutants with disruptions in either ORF were unable to grow
on media containing tetracycline. Sequence homology suggests
that Tet35 is an integral membrane protein with nine TMS and
has low homology to Na™/H™ antiporters. Homology searches
suggest that the second ORF, t&xr, may encode a putative tran-
scriptional regulator. Hence, transcriptional analysis by RT-
PCR was performed to determine if &xr could influence the
expression of fet35. Results of RT-PCR from E. coli cells car-
rying pJKM1159 (disrupted txr) show that txr does not act as a
transcriptional activator of tet35, because even when #xr is mu-
tated, fet35 transcripts could still be produced. This led us to
propose that while &7 does not act as a transcriptional regula-
tor of tet35, Txr may be required to interact with Tet35 to
enable the proper functioning of Tet35. For example, in the
doxorubicin efflux pump of Streptomyces peucetius, DrrB, the
peripheral membrane protein requires another protein, DrrA,
in order to be stably maintained, and biochemical coupling
between the two proteins has been demonstrated (14).

Uptake studies with [*H]tetracycline indicate that the deter-
minant carried on pATJ1 could mediate the active efflux of
tetracycline from cells through an energy-dependent process
that was likely to be driven by the PMF. This is substantiated
by the fact that cells with pATJ1 accumulated tetracycline to a
lower extent than susceptible E. coli cells this and drug export
was inhibited when the proton uncoupler CCCP was added to
the assay. However, Tet35 may not function as efficiently as
TetA, because cells carrying pCT71 tend to have lower levels
of tetracycline accumulation than cells with pATJ1. Also, MIC
data show that E. coli cells carrying pCT71 had a twofold-
greater resistance to tetracycline than cells with pATIJ1.

The majority of bacterial or drug-specific pumps use PMF as
the driving force for efflux and belong to the MFS, SMR, or
RND family of transporters (25). Prototype tetracycline efflux
proteins have 12 TMS, although many of its MF family mem-
bers have 14. Multidrug efflux transporters of the SMR family
are small (100-amino-acid) proteins that span the cell mem-
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brane four times (23), but the RND family are large (1,000-
amino-acid) proteins which have 12 TMS. No sequence simi-
larity to members of the MFS, SMR, or RND family was found
for either Tet35 or Txr. Neither signature sequences or con-
sensus motifs typical of any class (26) were detected on the
putative nine-TMS Tet35. MFS and SMR transporters tend to
have a narrower substrate range than RND transporters. For
example, the Bacillus subtilis transporter Bmr transports only
organic cations and fluoroquinones (22). On the other hand,
RND transporters pump out a wide range of substrates, in-
cluding almost all lipophilic and amphiphilic antibiotics, dyes,
detergents, solvents, and chemotherapeutic agents (23). When
the drug substrate range of pATJ1 was tested, the plasmid was
found to encode resistance to tetracyclines but not to structur-
ally different antimicrobial agents, such as cationic dyes, ami-
noglycosides, quinolones, and chloramphenicol. Hence, pATJ1
does not carry multidrug resistance determinants, and Tet35
appears to be a novel efflux pump that lacks homology to any
other antibiotic efflux pumps.

Hybridization studies using the tetA probe showed the pres-
ence of at least two copies in the genome of V. harveyi M3.4L
(data not shown), while tet35 exists as a single chromosomal
copy in the V. harveyi genome, and expression levels may not
be sufficiently high to produce the tetracycline resistance phe-
notype. The tetracycline resistance observed in E. coli may be
due to the high copy number of the pUCIS cloning vector,
which enables fet35 to be present in multiple copies in E. coli
cells. It is likely that the high levels of tetracycline resistance in
strain M3.4L can be attributed to the presence of tetA rather
than fet35. Screening of six other V. harveyi strains by Southern
blot hybridization with fet35 also showed that it is present as a
chromosomal gene. However, the MIC of tetracycline for these
strains was considerably lower than that for strain M3.4L,
which carries both fet35 and tetA.

It has been suggested that multidrug transporters may have
evolved to protect bacteria from diverse environmental toxins
or to transport physiological compounds and that the ability to
expel drugs is only a fortuitous side effect (21, 26). Convincing
evidence for this comes from Tet(A)L of B. subtilis, a multi-
functional antiporter that catalyzes metal-tetracycline/H™"
antiport as well as Na*/H" and K*/H™ antiport. It plays a
physiological role in Na™ resistance and pH homeostasis in
addition to conferring tetracycline resistance on its host (6). A
similar role may be suggested for Tet35: its primary function
may not be to transport tetracycline, but rather, tetracycline
may be an incidental substrate. This is reflected in tetracycline
accumulation studies which show that the protein encoded by
pATIJ1 is less effective than that encoded by pCT71 in pumping
out tetracycline. The low sequence homology of Tet35 to the
Na™/H™" antiporter suggests that the primary role of Tet35 is a
physiological one involving Na™/H™* antiport.
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