ANTIMICROBIAL AGENTS AND CHEMOTHERAPY, June 1994, p. 1408-1412
0066-4804/94/$04.00+0
Copyright © 1994, American Society for Microbiology

Vol. 38, No. 6

Tetracycline Resistance Determinants in Mycobacterium and
Streptomyces Species

Y. PANG,' B. A. BROWN,? V. A. STEINGRUBE,? R. J. WALLACE JR.,?> anpo M. C. ROBERTS"*

Department of Pathobiology, University of Washington, Seattle, Washington 98195," and Department of Microbiology,
University of Texas Health Center, Tyler, Texas 75710%

Received 29 November 1993/Returned for modification 15 February 1994/Accepted 15 March 1994

Two of seven tetracycline-resistant (Tc") Mycobacterium fortuitum group isolates and six Tc" clinical
Streptomyces isolates carried gram-positive Tc" determinants (Tet K and Tet L) and Streptomyces resistance
determinants (Otr A, Otr B, and Otr C). This represents the first documentation of the aquisition by
mycobacteria of determinants coding for antibiotic resistance and suggests the potential for the spread of
antibiotic resistance determinants within mycobacterial species.

The nontuberculous mycobacteria and Streptomyces spp. are
commonly found in soil. Many species in these groups, includ-
ing Mycobacterium marinum, the pathogenic, rapidly growing
mycobacteria (Mycobacterium fortuitum and Mycobacterium
chelonae), and various Streptomyces spp., are capable of caus-
ing skin and skin-related infections following penetrating
trauma (28). Prior to the 1970s, the potential of the tetracy-
clines (including doxycycline and minocycline) for use in the
therapy of infections caused by these organisms was unknown.
In 1981, Dalovisio et al. (5) reported successful treatment
outcomes of skin and soft tissue infections caused by M.
fortuitum in three patients treated with doxycycline alone and
of an infection caused by M. abscessus (formerly M. chelonae
subsp. abscessus) in one patient treated with doxycycline in
combination with amikacin. Since then, there have been
numerous reports of favorable treatment outcomes that
were obtained when tetracyclines were used to treat soft tissue
or bone infections caused by rapidly growing mycobacteria
(21).

The in vitro tetracycline susceptibilities among the groups of
pathogenic, rapidly growing mycobacteria are highly variable.
Approximately 100% of the Mycobacterium smegmatis and
50% of the M. fortuitum (formerly M. fortuitum biovariant
fortuitum) isolates are susceptible to doxycycline (MICs <4
pg/ml), whereas fewer than 25% of the M. fortuitum third
biovariant complex, M. abscessus (formerly M. chelonae subsp.
abscessus), and M. chelonae (formerly M. chelonae subsp.
chelonae) are susceptible to doxycycline (24-27).

Recent increases in the number of cases of tuberculosis and
diseases caused by the nontuberculous mycobacteria have been
described (4, 8, 24, 25, 28). A limited number of active
antimycobacterial agents are available, and little is known
about the biochemical mechanisms and genetics of antimicro-
bial resistance in mycobacterial species, including resistance to
tetracyclines.

Plasmids have been recognized in most species of nontuber-
culous mycobacteria, but they are not known to carry antibiotic
resistance determinants (9, 11-13, 23). Antibiotic resistance
toward isoniazid and rifampin in Mycobacterium tuberculosis
has been linked to chromosomal mutations or deletions of
existing genes (10, 22, 29), suggesting that changes in intrinsic
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genes are the primary (if not the only) basis of antibiotic
resistance present in mycobacteria. In contrast, the most
important type of resistance in other bacterial species has been
the acquisition of new antibiotic resistance determinants,
usually on mobile elements (15). A large number of tetracy-
cline resistance (Tc") determinants (Tet determinants) are
recognized in bacterial species, and most are associated with
mobile plasmids or transposons (15, 20). Because of the
importance of treating diseases caused by some nontubercu-
lous mycobacteria with tetracycline and the potential impor-
tance of tetracyclines for treating diseases caused by actinomy-
cetes (5, 21, 24, 26, 27), we evaluated seven Tc" mycobacteria
and six Tc" Streptomyces spp. taken from among the clinical
isolates submitted to the Texas Laboratory for susceptibility
testing; we also evaluated a tetracycline-susceptible (Tc®) ref-
erence strain (Table 1). Bacterial isolates with the following
genes and plasmids were hybridized with the indicated tetra-
cycline resistance gene probes: tetK (pAT102), 870-bp Hincll
probe; tetL (pVB11.15), 3.7-kb Hincll probe; tetM (pJI3), 5-kb
Hincll probe; tetO (pUOAA4), 1.8-kb Hincll probe; Bacteroides
tetQ (pNFD13-2), 0.9-kb EcoRI-EcoRV probe; and tetB
(pRT11), 1.27-kb Hincll probe (3, 15, 20). Oxytetracycline-
producing Streptomyces spp. obtained from environmental
sources have been shown to have oxytetracycline resistance
determinants linked to their oxytetracycline biosynthetic path-
ways. The determinants included Otr A (pGLW?7), a 2.5-kb
BamHI-Sacl probe; Otr B (pGLW10), a 3-kb PstI-Sacl probe;
and Otr C (pGLWS52), a 6-kb Kpnl probe (2, 6, 7). Otr A and
Otr B have the same mechanisms of resistance as the Tet
determinants; Otr A codes for proteins which protect the
ribosomes, and Otr B has an active efflux system (6, 7), while
the mechanism for Otr C is unknown. Hybridization with
radiolabelled DNA was done under stringent conditions of
42°C with 50% (vol/vol) formamide, 0.1% (wt/vol) polyvi-
nylpyrrolidone, 0.1% (wt/vol) albumin, 0.1% (wt/vol) Ficoll,
0.1% (wt/vol) sodium dodecyl sulfate (SDS), 0.05 M mono-
basic sodium phosphate (pH 7.4), 0.005 M EDTA, 0.76 M
NaCl, and 200 pg of boiled calf thymus DNA per ml overnight
(16, 17). The filters were then washed three times for 10 min
each time at 52°C in 0.1% SDS-0.015 M NaCl-0.0015 M
sodium citrate; this was followed by three 10-min washes at
52°C in 0.015 M NaCl-0.0015 M sodium citrate. These condi-
tions required >80% sequence identity between the template
and labelled DNA for a positive hybridization reaction (16).
PCR assays were done for Otr A, Otr B, Tet K/L, and Tet M/O.
The Tet K/L PCR assay used 2 U of Taq polymerase (Perkin-
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TABLE 1. Characteristics of the isolates examined in the present study
Yearof G hic  Clinicall MIC (pg/mi)* e ants?
Isolate Source ReCAy eographic  Clinically determinants’
isolation  location significant
Tc Doxy Mino Otr Tet
Mycobacterium fortuitum
ATCC 6841 Cold abscess 1936  Brazil Yes =1 =025 0.5 Neg Neg
307 Sternal wound 1985  Texas Yes >16 4 1  Neg Neg
414 Breast implant 1986  Florida Yes >16 16 4 Neg Neg
Mycobacterium fortuitum third biovariant complex
ATCC 49403 Facial abscess 1980 Texas Yes 8 >32 >16 A,B K
ATCC 49404 Infected scalp 1987  Louisiana Yes >16 >16 4  Neg Neg
744 Stump incision 1990 Florida Yes >16 4 4 Neg Neg
Mycobacterium peregrinum
ATCC 14467 Bronchial aspirate 1962  Mexico * >16 16 2 AB K,L
494 Foot 1987 Texas Yes >16 8 2 Neg Neg
Streptomyces sp. strain
5 Foot 1978  Texas ? >16 4 2 AB K, L
32 Conjunctiva 1978 Texas ? 8 4 2 ABC K
41 Peripheral blood 1989  Texas ? 16 8 2 ABCK
42 Blood 1990 Texas No >16 16 8 ABC KL
43 Finger 1990 Texas Yes 8 4 1 A, B K, L
44 Lung wash (lung 1990 Texas No 16 8 2 ABC K
cancer)

@ Tk, tetracycline; Doxy, doxycycline; Mino, minocycline. Susceptible, =4 ug of tetracycline per ml; intermediate, 8 pg of tetracycline per ml; resistant, =16 pg of

tetracycline per ml Tc (21, 24).

b Neg, negative for hybridizations with Tet B, Tet K, Tet L, Tet M, and Tet O or Otr A, Otr B, and Otr C.

<7, inadequate history for evaluation.

A1 23 456 78 9101112

B1

2 3 456 7 8 9101112

-1048 bp

FIG. 1. (A) Gel electrophoresis of the 1,048-bp Tet K/ PCR
products. The assay detected Tet K and/or Tet L determinants.
However, the fragment produced was specific for Tet K or Tet L; thus,
the Tet K fragment did not hybridize with the Tet L probe, and vice
versa (14a). Lane 1, control carrying Tet K; lane 2, M. peregrinum
ATCC 14467, lane 3, M. fortuitum third biovariant ATCC 49403; lane

Elmer Cetus, Norwalk, Conn.), 200 nM (each) deoxynucleo-
side triphosphates, 1X PCR buffer II (50 mM KCl, 10 mM
Tris-HCI [pH 8.3], 0.001% [wt/vol] gelatin), 2.5 mM MgCl,, 50
ng of each oligonucleotide, and 20 ng of Mycobacterium or
Streptomyces DNA as template in a total reaction volume of 30
wl. Reactions were conducted by using a Perkin-Elmer Cetus
DNA thermal cycler for 35 cycles, each cycle of which con-
sisted of 96°C for 15 s, 45°C for 30 s, and 72°C for 2 min (14a).
Similar conditions were used for the Otr A and Otr B PCR
assays, while the Tet M/O PCR assay was done as described
previously (18). The PCR assays were used to verify the
hybridization results obtained with the labelled tetracycline
and oxytetracycline resistance gene probes. The primers from
the four PCR assays were labelled with the Genius system
(Boehringer-Mannheim, Indianapolis, Ind.) and were hybrid-
ized by the manufacturer’s protocol to provide a third method
of verifying the presence of the Tet K, Tet L, Otr A, and Otr
B determinants.

Consistent with its phenotype, the Tc® reference mycobac-
terium did not hybridize with any of the DNA or oligonucle-
otide probes, nor did it give PCR products (16, 18). All six of
the Tc" Streptomyces spp. hybridized with two or three of the
Otr determinants tested (Table 1); this represents the first
description of the presence of Otr determinants in clinical

4, control carrying Tet K; lanes 5 to 10, streptomyces 41, 43, 44, 32, 5,
and 42, respectively; lane 11, plasmid pAT102 [cloned Tet K]; lane 12,
?lasmid pUBL11.15 [cloned Tet L]. (B) Southern hybridization with the

2P-labeled Tet K fragment. Lanes 1 to 10 were positive for Tet K. The
Tet L PCR product in lane 12 did not hybridize with the labelled Tet
K DNA under stringent conditions, although they shared 65 to 70%
DNA homology (15), nor did the lower band in lane 6 hybridize with
the labeled Tet K DNA.
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240 250 260
PCR 89 3'ATTTATCATGTAAATGTAGCGACAATAGGTA
FEEETEETE bbbl

Tet K S'ATTTATCATGTAAATGTAGCGACAATAGGTA
1790 1800 1810 1820 1830 1840
270 280 290 300 310 320
PCR 89 ATAGTGTNATTTTTCCTGGAACCATGAGTGTTATTGTNTTTGGNTAATTTGGTGGTTTTT
POVt rerrrrrrrrerrrerrerrerretzrrettstt tererrerrentd
Tet k ATAGTGTTATTTTTCCTGGAACCATGAGTGTTATTGTTTTTGGTTATTTTGGTGGTTTTT
1850 1860 1870 1880 1890 1900
330 340 350 360 370 380
PCR 89 TAGTGGATAGAAAAGGATCATTATTTGTTTTTATTTTAGGATCATTGTCTATCTCTATAA
RN RN RN R RN RN RN R RN R R RN NN RN RN RRERREREREER
Tet K TAGTGGATAGAAAAGGATCATTATTTGTTTTTATTTTAGGATCATTGTCTATCTCTATAA
1910 1920 1930 1940 1950 1960
390 400 410 420 430 440
PCR 89 GTTTTTTAACTATTGCATTTTTTGTTGAGTTTAGTATGTGGTTGACTACTTTTATGTTTA
Pretrrrrrrereerrerrrrrerreerrrrrerrertrrerrrrerrererrrrrentd
Tet K GTTTTTTAACTATTGCATTTTTTGTTGAGTTTAGTATGTGGTTGACTACTTTTATGTTTA
1970 1980 1990 2000 2010 2020
450 460 470 480 490 500
PCR 89 TATTTGTTATGGGCGGATTATCTTTTACTAAAACAGTTATATCCAAAAATAGTATCAAGT
PEVEEEELREr e et eerrerrrrrerrrer et rerrrrirerrerrtnd
Tet K TATTTGTTATGGGCGAATTATCTTTTACTAAAACAGTTATAT-CAAAAATAGTATCAAGT
2030 2040 2050- 2060 2070 2080
510 520 530 540
PCR 89 AGTCTTTCTGAAGAAGAAGT TGCTTCTGGAATGAGNT . . vttt eeeeeocceees AAAT
Frerrrrererrrrrrrrrrrerrrrrerieirrest
Tet K AGTCTTTCTGAAGAAGAAGTTGCTTCTGGAATGAGTTTGCTAAATTTCACAAGTTTTTTA
2090 2100 2110 2120 2130 2140
AGTCTCCCTTGTCC 5'*
Tet K TCAGAGGGAACAGGTATAGCAATTGTAGGAGGTTTATTGTCACTACAATTGATTAATCGT 5'

2150 2160

2170

2180 2190 2200

FIG. 2. Nucleotide sequence comparison of the fetK gene from pT181 [labelled Tet K] from Staphylococcus aureus and the PCR sequence from
M. fortuitum third biovariant ATCC 49403 (labeled PCR 89). #, the primer sequence (in boldface type); N, the base pair could not be determined.

Streptomyces isolates. Unexpected was the finding of Otr A and
Otr B in two (29%) of the seven Tc" mycobacteria (Table 1).
Tet K and Tet L were detected in the same two mycobacteria
and all six Streptomyces spp. (Table 1; Fig. 1). The PCR
product from the M. fortuitum third biovariant complex ATCC
49403 was extracted by using an extraction kit (Qiagen, Chats-
worth, Calif.) and was sequenced with a sequencing kit (Ap-
plied Biosystems, Foster City, Calif.) on model 373A se-
quencer (Applied Biosystems). The Tet K primers amplified a
sequence spanning nucleotides 1110 to 2140 of tetK from
pT181 (GenBank accession number J01764). The first 300 bp
of the PCR-generated sequence was matched between nucle-
otides 1820 and 2120 of the Tet K determinant from pT181 and
had 98% identity (Fig. 2). A similar degree of identity was seen
with the Tet K determinant from plasmid pNS1 (GenBank
accession number M16217) (data not shown). As with all other
tetK and tetL sequences, the sequence from M. fortuitum had a
G+C content of approximately 35%, which is significantly
different from the approximate 70% G+C content found in
streptomyces and mycobacteria (14, 15, 19). Previously, we
have found the Tet L determinant in members of the genera
Actinomyces, Clostridium, Enterococcus, Listeria, Peptostrepto-
coccus, and Streptococcus (15, 16), while other investigators
have found Tet L in members of the genera Bacillus, Entero-
coccus, Staphylococcus, and Streptococcus (20). Similarly, the
Tet K determinant is associated with members of the genera
Bacillus, Clostridium, Enterococcus, Eubacterium, Listeria, Pep-

tostreptococcus, Staphylococcus, and Streptococcus (15, 16, 20).
However, this report represents the first time that either of
these determinants has been described in members of the
genera Mycobacterium and Streptomyces. Because the Tet K
and Tet L determinants have a low G+C content, can be
transferred by conjugation to other species, and are found in a
number of gram-positive species (15, 16, 20), their presence in
Mycobacterium and Streptomyces spp. strongly supports the
hypothesis that they were acquired from other gram-positive
species by conjugation. .

The MICs of tetracycline had limited variability, with a
range of 8 to >16 ng/ml for the Tc" isolates. In contrast, the
MICs of doxycycline had a broader range (4 to >32 pg/ml),
while mmocyclme MICs ranged from 1 to 4 pg/ml with the
exception of the minocycline MICs for ATCC 49403 and 42,
which were >16 and 8 pg/ml, respectively. The MICs of all
three drugs did not appear to be associated with the number of
Tc™ determinants carried by the isolates in our study. For
example, the MICs of tetracycline, doxycycline, and minocy-
cline for ATCC 49403 were 8, >32, and >16 pg/ml, respec-
tively; [ATCC 49403 carried Otr A, Otr B, and Tet K deter-
minants], while the MICs of tetracycline, doxycycline, and
minocycline for ATCC 14467 were >16, 16, and 2 pg/ml,
respectively [ATCC 14467 carried four determinants: Otr A,
Otr B, Tet K and Tet L].

Current data suggest that antibiotic-producing Streptomyces
spp. may be the ancestral source for many of the antibiotic
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resistance determinants found in other genera (1). It is an
interesting twist that these bacteria are now the likely source of
the Tet K and Tet L determinants found in Tc" Streptomyces
spp. and some of the Tc" mycobacteria described in this report.
The Streptomyces spp. and mycobacteria have followed the
trend of other bacterial species in carrying more than one tet
gene (16).

Most bacteria become clinically resistant to antibiotics by
acquiring new determinants which are then capable of moving
to other isolates and species (15). The transfer frequencies
of these determinants are usually greater when both the
donor and the recipient are of the same or related species
(15). Streptomyces spp. are gram-positive bacteria with traits
related to those found in the genus Mycobacterium, and
members of the two genera share the same habitat (14, 19).
This may explain why the two mycobacteria acquired the
Otr determinants. However, six of the Tc" mycobacteria did
not hybridize with any of the Tet or Otr determinants tested.
We have seen this with other Tc" bacteria (16) and hypothesize
that different or novel Tet determinants are present in the
isolates which did not hybridize with any of the determinants
tested.

The data presented here suggest the potential for the spread
of an antibiotic resistance gene into all environmental (nontu-
berculous) mycobacteria, including Mycobacterium leprae.
Therefore, monitoring of mycobacteria for the development of
Tc" should be considered. In addition, rRNA methylase deter-
minants, which confer resistance to lincosamides and the new
macrolides, are often associated with the Tet determinants (3,
15). Use of the new macrolides in the treatment and, possibly,
the prophylaxis of disseminated Mycobacterium avium complex
infections in patients with AIDS and patients with disease
caused by rapidly growing mycobacterial (24, 27) could provide
the pressure to introduce one of these mobile methylase
determinants as well as enhance the spread of the Tet deter-
minants into mycobacterial species.
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