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Abstract Resistance to tetracycline emerged soon after
its discovery six decades ago. Extensive clinical and non-
clinical uses of this class of antibiotic over the years have
combined to select for a large number of resistant deter-
minants, collectively termed the tetracycline resistome. In
order to impart resistance, microbes use different molecular
mechanisms including target protection, active efflux, and
enzymatic degradation. A deeper understanding of the
structure, mechanism, and regulation of the genes and
proteins associated with tetracycline resistance will con-
tribute to the development of tetracycline derivatives that
overcome resistance. Newer generations of tetracyclines
derived from engineering of biosynthetic genetic programs,
semi-synthesis, and in particular recent developments in
their chemical synthesis, together with a growing under-
standing of resistance, will serve to retain this class of
antibiotic to combat pathogens.

Keywords Antibiotic - Resistance - Efflux - Oxidation -
Ribosome
Introduction

The tetracycline antibiotics offer a primer in the rise, fall,
and resurgence of an antibiotic scaffold in the face of
selection and emergence of resistance. As such, the tetra-
cycline saga provides important insight into the impact of
resistance on an antibiotic class and the options and
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strategies to researchers and clinicians to retain a valued
group of drugs.

Discovered 60 years ago as the first class of broad-
spectrum antibiotics (i.e. effective versus both Gram
positive and Gram negative bacterial pathogens), tetracy-
clines found rapid use in the clinic and in agriculture. As a
class, they have an excellent therapeutic index and many
are orally available. These characteristics made them first
choice antibiotics for many outpatient treatments. Unfor-
tunately, following the ‘use it and lose it’ rule of
antibiotics, the extensive use of tetracycline antibiotics in
medicine and agriculture have maintained a continuous
selective pressure for tetracycline resistance in previously
susceptible pathogenic organisms. Fortunately, this was
balanced for over two decades by the discovery of new
analogues from producing soil bacteria and medicinal
chemical modification of the chemical scaffolds to generate
next generation antibiotics that circumvented resistance.
This cycle of resistance coupled to the introduction of new
derivatives reached an asymptote about 20 years ago when
newer tetracyclines with growth inhibition activity versus
the large number of resistance determinants circulating in
microbes were increasingly difficult to identify. The con-
temporaneous emergence of the fluroquinolone class of
antibiotics in the 1970s and 1980s with a different mode of
action but similar broad-spectrum pathogen profile and
pharmacology prevented a health care crisis that may
otherwise have followed the decline in utility of tetra-
cyclines. As a result, the use of tetracycline antibiotics in
medicine decreased significantly over subsequent years.
Recently, the growing problem of fluroquinolone resistance
and the introduction of a novel class of third generation
semi-synthetic tetracycline antibiotics have returned
attention to this class of antibiotic. This review will focus
on the tetracycline antibiotic resistance genes, their
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evolution, and their selection in the face of the introduction
of new antibiotics.

Chemical diversity of tetracycline antibiotics

Following the pioneering work of contemporaries in aca-
deme including Walksman (aminoglycosides such as
streptomycin) and Dubos (peptides such as gramicidin),
researchers at various pharmaceutical firms in the US
identified the first tetracycline antibiotics over 50 years
ago. These antibiotics were the products of actinomycete
secondary metabolism and included chlortetracycline
(Lederle, 1948), oxytetracycline (Pfizer, 1950), tetracycline
(Pfizer, 1953), and 6-demethylchlortetracycline (Lederle,
1957) (Fig. 1). These compounds were discovered by
systematic sampling of the fermentation products of spore-
forming soil bacteria (and, in the case of tetracycline, also
by chemical transformation of chlortetracycline) and were

A

rapidly introduced into clinical practice and, in many cases,
into agriculture as feed additives.

The core structure of an active tetracycline antibiotic
includes a four-ring system (labeled A-D, Fig. 1) where
ring D is aromatic but rings A, B, and C include saturated
carbon centers. As a result, although the tetracyclines
appear planar in two-dimensional structure images, they in
fact have a significant bend and a unique 3D-structure
(Fig. 2). The antibiotic properties are largely retained fol-
lowing chemical modification of the ‘top’ of the molecule
(positions 4—7). On the other hand, the ‘bottom’ half of the
structure (positions 10—12 and 1) is intolerant of substitu-
tion. In particular, the beta-diketone region consisting of
carbons 11 and 12 comprises a divalent metal chelation site
that is characteristic of the class and essential for biological
activity (vide infra).

The emergence of resistance to this ‘first generation’ of
tetracyclines spurred an effort to chemically synthesize
derivatives with improved pharmacological properties and
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Fig. 1 Chemical structures of various tetracycline antibiotics. a Structure of tetracycline, b advances in new generation tetracycline

development over a period of time
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Fig. 2 Three-dimensional architecture of tetracycline and chelocar-
din. Tetracycline binding to the ribosome is achieved by its unique
three-dimensional architecture including the kink between rings A
and B. In contrast, chelocardin is a more planar molecule than
tetracycline and consequently inhibits bacterial growth by not binding

spectrum versus resistant bacteria. These second generation
tetracyclines include minocycline (Lederle, 1972) and
doxycycline (Pfizer, 1967), which continue to find clinical
use across the globe. Meta-substitution of ring D has
resulted in a third generation of tetracyclines exemplified
by the glycylcyclines and the first in class drug tigecycline
(Tigacyl™) from Wyeth approved by the FDA in 2005.
These newer antibiotics have a similar mode of action as
first and second generation tetracyclines but are insensitive
to common mechanisms of resistance such as efflux [1].

Second and third generation tetracyclines are the prod-
ucts of semi-synthesis, i.e. synthetic organic manipulation
of natural product antibiotic scaffolds obtained by fer-
mentation. It was not until 2005 that the Myers group at
Harvard reported an efficient total synthesis of tetracycline
antibiotics [2, 3] thereby enabling the dramatic expansion
of tetracycline antibiotic chemical diversity. This advance
holds significant promise for the generation of future tet-
racyclines (Fig. 3).

Additionally, there have been extensive efforts to
explore tetracyclines and their analogs with a goal of
expanding bioactivity to cancer targets (Fig.3). Early
studies revealed that certain tetracyclines inhibited cancer

Bottom View

OH CH o] o] o]

Chelocardin

to the ribosome but most likely due to interference with the cell
membrane. Tetracycline structure taken from Hinrichs et al. [69]
(PDB file *2trt). Chelocardin generated using Chem3D Pro 7.0 and
MOPAC minimization [70]

cell growth, in particular metastasis. These compounds
show a different structure activity relationship profile than
the antibacterial compounds and continue to be explored as
drug candidates [4]. COL-3 (metastat), a chemically
modified tetracycline, has emerged as a promising candi-
date for treatment of AIDS-related Kaposi’s sarcoma and
has successfully cleared Phase II clinical trials [5].

Mode of action

Tetracyclines exert their antibiotic activity by binding to
the bacterial ribosome and thereby interfering with protein
translation. There are several tetracycline binding sites on
the ribosome, but the key interfering binding appears to be
in the region of the tRNA acceptor site (A-site) [6-8].
Recent molecular dynamics studies support the high
affinity TET1 site as the primary antibiotic binding site [9].
Docking of cognate aminoacyl-tRNAs with mRNA occurs
at this site of the ribosome and tetracyclines in complex
with Mg®" bind to the 30S subunit at the apex of the A-site.
This binding sterically blocks aminoacyl-tRNA binding
and as a result inhibits protein synthesis [8]. The result is
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Fig. 3 Newly developed tetracycline analogs. a Promising anticancer drug candidate COL-3, a chemically modified tetracycline. b Recently
developed new tetracycline derivatives using the Myers total synthesis approach, which are inaccessible using conventional semi-synthetic

approach [71]

generally bacteriostatic (arrest of cell growth) rather than
cell death.

Tetracyclines enter the cell in Mg®>" bound form via
outer membrane porins in Gram negative bacteria, fol-
lowed by passive diffusion of the metal-free antibiotic
across the cell membrane [10]. Thus, divalent metal bind-
ing is vital to both antibiotic delivery into the cell and
binding to the target.

The tetracycline resistome

The resistome concept refers to the aggregate of all anti-
biotic resistance mechanisms [11, 12]. These not only
comprise those found in pathogens but also resistance
genes in environmental organisms not normally associated

with disease. This includes, for example, antibiotic pro-
ducers that must co-evolve resistance with production in
order to avoid auto-toxicity. It has been shown repeatedly
that resistance genes that emerge clinically likely have
their origins in non-pathogenic bacteria: for example,
aminoglycoside resistance via inactivating enzymes [13]
and ribosomal methylation [14], glycopeptide resistance
via altered cell wall biosynthesis [15], and f-lactam
resistance by production of the CTX class of extended
spectrum f-lactamases [16] to name but a few. By under-
standing antibiotic resistance in its totality and not just
focusing on mechanisms that have already emerged as
clinical problems, we can better understand the evolution
of resistance, anticipate the emergence of new mechanisms
from the environment into the clinic, and use this infor-
mation to guide new drug discovery.
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Fig. 4 Diversity and abundance of tetracycline resistance determinants found in nature: the tetracycline resistome. Asterisk indicates activity not

confirmed with pure protein

Resistance to tetracyclines was first reported in 1953,
shortly after their first clinical use [17]. In the following
decades, resistance increased rapidly in many bacterial
species as a result of horizontal exchange of resistance
genes on mobile genetic elements such as plasmids and
transposons. Like most antibiotics, resistance to tetracy-
clines can occur through a number of mechanisms. These
include active efflux of tetracycline from the cell, the
production of ribosomal protection proteins, decreased
drug permeability, target mutation, and enzymatic degra-
dation of the antibiotics (Fig. 4). The first two mechanisms
currently predominate in clinical settings.

Tetracycline efflux

There are 26 different classes of efflux pumps present in
Gram negative and Gram positive bacteria of which 18
classes of tetracycline efflux pumps were classified into 6
groups by Chopra and Roberts [18] and an additional 5
were classified later by Roberts [19]. Similar classification
based on protein phylogeny has been suggested by Guil-
laume et al. [20]. According to this classification, Group-1

consists of drug-H"' antiporters with 12 transmembrane
sequences (TMS) namely, Tet(A), Tet(B), Tet(C), Tet(D),
Tet(E), Tet(G), Tet(H), Tet(J), Tet(Y), Tet(Z), Tet(30),
Tet(31), and Tet(33). Members with 14 TMSs were divi-
ded into 2 groups due to the low homology of genes
between Streptomyces and non-Streptomyces strains.
While Tet(L) and Tet(K) were classified under Group-2,
the resistance genes of Streptomyces origin (otrB and
tcr3), with high G+C DNA, were kept separately under
Group-3. TetA(P) has 12 TMS but a very different
hydrophobicity pattern from other Group-1 members, and
also lacks conserved major facilitator superfamily (MFS)
motifs and so forms sole member of Group-4. Another
atypical MFS (see below) protein with at least ten TMS is
Tet(V) from Mycobacteria, which is placed in Group-5.
Tet(35) is member of Group-6, with only nine TMS and
does not belong to the MFS family. The other Group-6
member is OtrC, a predicted ABC transporter from the
oxytetracycline producer Streptomyces rimosus. The
determinants discovered since these classifications were
examined for their similarity to other tetracycline resis-
tance elements using the antibiotic resistance gene
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database (ardb.cbcb.umd.edu). Tet(39) [21], Tet(41) [22],
and Tet(42) [23] showed high similarity among them-
selves and to Tet(C) and so can be added to Group-I,
whereas Tet(40) [24] with 43.4% average similarity to
TetA(P) is placed in Group-4. Tet(38) [25] is another 14
TMS protein. It shares only 29% homology and 50%
similarity to Tet(K) (Table 1) and should be classified as
Group-7.

Efflux of tetracyclines predominantly occurs via pro-
teins that are members of the MFS group of integral
membrane transporters [26]. These efflux pumps are found

across several microbial genera and are integral membrane
proteins that span the lipid bilayer of the inner cell mem-
brane 12—14 times. There are well over two dozen MFS
tetracycline transporters known (Table 1). Based on
homology to other known transporters, the membrane
spanning regions of the protein are predicted to be helical.
An atomic resolution structure of a tetracycline efflux
pump is not yet available; however, mutagenesis and
structure—function studies predict a water-filled channel
surrounded by six transmembrane helices (Fig. 5). The
antibiotic is predicted to pass through this channel and is

Table 1 Features of representative elements of each class of tetracycline efflux protein

Protein® Accession no.? Source Predicted TM helices Nearest class Identity® Similarity®
Group-1
Tet(A) X00006 pRP1/Tnl721 12 Tet(C) 78 86
Tet(B) J01830 pR100/Tnl0 12 Tet(D) 60 76
Tet(C) J01749 pBR322 12 Tet(A) 78 86
Tet(D) X65876 Plasmid pIP173 12 Tet(B) 60 76
Tet(E) L06940 Unassigned DNA 12 Tet(D) 57 71
Tet(G) S$52437 pJA8122 12 Tet(Y) 63 75
Tet(H) u00792 pVMI111 12 Tet(J) 78 86
Tet(J) AF038993 Chromosomal 12 Tet(H) 78 86
Tet(Y) AF070999 pIE1120 12 Tet(G) 63 75
Tet(Z) AF121000 PAGI 12 Tet(33) 68 80
Tet(30) AF090987 Chromosomal 12 Tet(C) 48 67
Tet(31) CAC80727 PRAS2 12 Tet(D) 59 74
Tet(33) NP_478096 pTET3/1S6100 12 Tet(Z) 68 80
Tet(39) AY743590 ptet5605 12 Tet(C) 49 69
Tet(41) AY?264780 Chromosomal 12 Tet(39) 63 78
Tet(42) EU523697 Chromosomal 10 Tet(C) 34 50
Group-2
Tet(K) M16217 pNS1 14 Tet(L) 60 80
Tet(L) M11036 pTHTI15 14 Tet(K) 60 80
Group-3
OtrB AF079900 Chromosomal 14 Ter3 59 71
Ter3 D38215 Chromosomal 14 Otr(B) 59 71
Group-4
TetA(P) L.20800 pCW3 12 Tet(40) 43 67
Tet(40) AM419751 - 12 TetA(P) 43 66
Group-5
Tet(V) AF030344 Chromosomal >10 Tet(A) - -
Group-6
Tet(35)° AF353562 Chromosomal 9 NA - -
OotrC® AY509111 Chromosomal NA - -
Group-7
Tet(38) AY825285 Chromosomal 14 Tet(K) 29 50

? Sourced from Levy et al. [72] and NCBI database
° For full length protein
¢ Do not belong to MFS
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Fig. 5 Model of the TetA(B) efflux pump. a Orientation of 12
transmembrane helices to form water-filled channel for export of
tetracycline. b Amino acids D66, R101, G247, and D285 implicated
to be vital for efflux activity are shown

exchanged for H' [27]. It is this vectorial flow of protons
through the channel, down the pH gradient, which provides
the energy required to pump the antibiotic from the cell.

There is a conserved sequence motif, GXXXXRXGRR,
common to tetracycline efflux proteins, glucose uniporters,
and sugar/H™ symporters [28]. Much of our understanding
of the molecular basis of tetracycline efflux comes from
detailed studies of the Tet(B) protein from Tn/0 [some-
times referred to as TetA(B)]. Saturation mutagenesis
studies of the 62GKMSDRFGRR?71 motif of Tet(B) have
revealed D66, located in the cytoplasmic loop connecting
helices 2 and 3, to be essential for activity [29]. Other key
residues identified to be essential for Tet(B) activity
include R101 in helix 4, G247 in helix 8, and D285 in helix
9 (Fig. 5) [27]. Residue H257 has been implicated in
proton flux in Tet(B), but is not essential for full func-
tionality of the protein [30].

Regulation of expression for these MFS proteins is often
tightly coupled to a repressor protein of the TetR family.
TetR proteins bind to the upstream operator region of genes
encoding efflux determinants and negatively regulate efflux

protein expression. Tetracycline also binds to TetR
resulting in a conformational change that weakens its
interaction with DNA resulting in dissociation from
the operator region, which allows efflux protein synthesis
[31, 32]. This allows ‘just in time’ expression of resistance
only when the antibiotic is present. The interaction of tet-
racyclines with TetR is not exclusively shared with
portions of the molecule that are essential for interaction
with the ribosome (Fig. 6). Therefore, modification of the
tetracycline scaffold can inhibit TetR interaction, and thus
maintain repression of Tet(A) expression while retaining
antibiotic activity.

Ribosomal protection proteins

Ribosomal protection proteins (RPP) represent a widely
distributed class of tetracycline resistance determinants.
There are 11 different types of RPPs spanning Gram
positive as well as Gram negative bacterial genera. Tet(O)
and Tet(M) are the most prevalent and the best studied
class of RPPs. While Tet(M) is detected in 24 genera,
Tet(O) is found in 8 different bacterial genera. otrA is
believed to be the ancestor of some other RPPs found in
pathogens like Mycobacteria [33]. RPPs are divided into
three groups based on the amino acid sequence of encoded
proteins. Group-1 includes tet(M), tet(O), tet(S), tet(W),
tet(32), and tet(36), whereas Group-2 includes tetB(P),
otr(A), and fet. Group-3 is represented by tet(Q) and tet(T).

RPPs are approximately 72.5 kDa in size and share high
homology to translation elongation factors EF-Tu and
EF-G GTPases [34]. RPPs are proposed to be EF paralogs
that have evolved through duplication and divergence of an
ancient GTPase [35]. RPPs were earlier proposed to work
as tetracycline resistant elongation factors to carry out
protein synthesis in the presence of tetracycline, but sub-
stitution experiments have ruled out this hypothesis [36].
Tetracycline resistance is achieved by weakening the
interaction of tetracycline and the ribosome with sub-
sequent antibiotic release [37] (Fig. 7). This then frees the
ribosome from the inhibitory effects of the drug, such that
aa-tRNA can bind to the A-site and protein synthesis can
continue. By this mechanism, they exhibit resistance
against first as well as second generation tetracyclines, but
not to third generation compounds. In fact, tigecycline has
been shown to effectively exhibit antibacterial activity
against Tet(M)-protected ribosomes possibly due to stron-
ger binding of the drug to its target [38].

Mosaic elements
A new class of tetracycline resistance determinants has

recently been discovered. Mosaic derivatives of known
resistance genes, in which at least one part of the gene



426

M. Thaker et al.

A Leu131

i
Glu147

Fig. 6 Schematic diagram illustrating interactions of magnesium
bound tetracycline with a the TetR homodimer [69] and b primary
binding site in 16S rRNA of the small ribosomal subunit [8]. While
TetR interactions surround the tetracycline scaffold from all direc-
tions, the ribosome binding sites are confined to the bottom portion

Fig. 7 Ribosomal protection
protein-mediated tetracycline GTP
resistance. a Tetracycline binds
the ribosome at the apex of the
A-site which in turn sterically
blocks the aminoacyl-tRNA
binding site and inhibits protein
synthesis. b When bound by
tetracycline, RPPs along with
bound GTP will associate with
the ribosome which results in
tetracycline release from the
A-site. ¢ Upon tetracycline
release, GTP is hydrolyzed and
the RPP subsequently
dissociates from the ribosome
which restores protein synthesis
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shares over 80% homology to a known tetracycline resis-
tance gene and the other part with homology to other
known or new determinant, have been found. These mosaic
genes are products of the RPP group of resistance deter-
minants. So far, the Tet(M), Tet(W), and Tet(O) classes of
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exploited to create interference in TetR tetracycline docking, and
thereby overcome TetR mediated efflux resistance without compro-
mising its ribosome binding antibiotic property
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genes have been predominantly found to form such mosaic
patterns. The best example comes from te#(32), a known
ribosomal protection gene isolated originally from Clos-
tridium strain K10, which shares 60% identity with fef(O)
[39]. It has been reclassified as ref(0/32/0), since the novel
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tet(32) sequence is limited to the central portion of the gene
product, flanked by known tet(O) sequence. Resistance-
imparting wild-type fet(32), devoid of any tet(O) sequences
flanking it, has been subsequently discovered from human
saliva [40, 41]. This indicates the presence of intact genes,
which form the source of hybrid genes, also prevailing in
similar niches. As more mosaic genes are discovered, their
complexity and abundance is becoming evident. Intra-class
mosaic genes have been described for tet(M) [42]. Also,
there is ample evidence for inter-class mosaic genes.
Mosaic tet(O/W/O) genes are prevalent in Megasphaera
elsdenii isolates from swine farms in the US. These hybrid
genes conferred a higher level of resistance (128 to
>256 pg/ml) as compared to 64 pg/ml conferred by te?(O)
or tet(W) genes [43]. This suggests that not all mosaic
determinants obtained are significantly active, but some
can even be superior and exceed the resistance levels of
their parental determinants [40]. A recent study on DNA
isolated from animal and human fecal samples suggest that
mosaic tetracycline resistance genes comprised of tet(O),
tet(W), and ret(32) sequences were abundant [40]. More
surprisingly, an identical hybrid determinant tef(O/W/32/
O/W/O) has been isolated from two independent studies
[40, 44]. Initially, the occurrence of such mosaic genes was
hypothesized to be restricted to a particular niche [19], but
these recent reports suggest that such genes are more pre-
valent than anticipated and their representation in the
environment is significant. Most of the bacteria harboring
mosaic genes so far have been sourced from either farm
animals or humans, which is probably a reflection of the
opportunity for the evolution of resistance in the presence
of drug. Interestingly, the mosaic genes found so far have
shown different patterns of mosaicism but the final size of
the genes has remained unaltered. These determinants
definitely impart a strong signal for evolution of resistance
determinants at a rapid rate. It will be of particular interest
to explore the driving force that determines the specific
recombination events and presence of hotspots for cross-
over, leading to formation of active mosaic determinants.
These mosaic genes might have been circulating for a
number of years, but escaped detection due to use of well-
defined class specific primers for the RPP group of deter-
minants. More rigorous investigation may reveal the
abundance and spread of these determinants. The high
frequency at which they have been discovered so far
strongly suggests that these genes be considered in future
surveillance programs.

Tetracycline inactivation
Unlike other antibiotic classes such as the f-lactams and

aminoglycosides where drug inactivation and modification
predominates, there are relatively few reported tetracycline

inactivators. Only three genes in the entire tetracycline
resistome, tet(X), tet(34), and tet(37), have so far been
associated with enzymatic inactivation of tetracyclines.
Tet(X) was the first tetracycline inactivator to be discov-
ered in 1989 from a strain of Bacteroides fragilis [45].
Introduction of the fet(X) gene into E. coli resulted in the
presence of an oxygen-dependent color change in the
growth media to a black color in the presence of tetracy-
cline. We showed that Tet(X) is a flavin-dependent
monooxygenase that inactivates tetracycline by regiose-
lectively adding a hydroxyl group to the C-11a position of
the antibiotic [46]. This results in an unstable compound
that undergoes non-enzymatic decomposition to a black
polymer. Further, not only does Tet(X) act on first and
second generation tetracyclines by this mechanism, but it is
also active against the recently approved third generation
antibiotic tigecycline [47]. Under aerobic conditions,
Tet(X) utilizes NADPH in presence of magnesium and
converts tigecycline to 1la-hydroxytigecycline (Fig. 8).
The modified molecule has weaker binding to magnesium,
which is essential for its binding to ribosome.

Oxidation and reduction are generally not prevalent
mechanisms of antibiotic inactivation in bacteria.

HsC

HSCX
CHa
/ NADPH, O,
TetX

\ NADP*, H,0

Y
HiC NH,
=]

CHs

Fig. 8 TetX mediated tigecycline inactivation. The enzymatic inac-
tivation of tigecycline is mediated by TetX, a flavin-dependent
monooxygenase. In the presence of oxygen, TetX catalyze the
regiospecific hydroxylation of tigecycline at position 11a producing
11a-hydroxytigecycline
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Interestingly, Tet(X) is an oxygen-dependent flavoprotein
whereas the organism harboring it is an obligate anaerobe.
This suggests that the gene must have migrated from some
other genome. Moreover, it is borne by conjugative trans-
posons Tn43517 and Tn4400 that also carry an erythromycin
resistance gene (ermF). In fact, Tet(X) was discovered
serendipitously, when Speer et al. [45] were trying to clone
the associated erythromycin resistance gene ermF into
E. coli and found the resulting recombinant strains to be
tetracycline resistant as well. TetX orthologs, TetX1 and
TetX2, have been identified on another transposon
CTnDOT. Very recently, fef(X) has been discovered from
Sphingobacterium sp. PM2-P1-29, on a mobilizable
transposon-like element Tn60371 [48]. With a 99.8%
nucleotide homology and 99.5% amino acid homology,
this gene is almost identical to fetX2 of CTnDOT from
Bacteriodes thetaiotaomicron. Although genes corre-
sponding to fetX1 and ermF of CTnDOT were not
homologous to Tn6031, the remainder of the transposon
showed very high conservation. It is hypothesized that
Sphingobacterium sp. could be the ancestral strain that
originally harbored functional Tet(X) in nature and passed
it on to Bacteriodes sp.

Several Tet(X)-like proteins have been identified in the
chromosomes of bacteria like S. coelicolor and Cytophaga.
In our investigations, we did not find that any of these
proteins could inactivate tetracycline nor were they asso-
ciated with tetracycline resistance (Thompson and Wright,
unpublished). In another attempt to search for tetracycline
inactivating determinants, 286 tetracycline resistant Strep-
tomyces environmental isolates in our Streptomyces library
were screened and not a single determinant was found to
adopt an inactivation mechanism for tetracycline resistance
(Thompson and Wright, unpublished).

Besides fet(X), there are two other genes that have been
predicted to inactivate tetracycline. Tet(34), identified from
Vibrio sp. present in the intestine of yellow tail tuna, shares
significant homology to xanthine—guanine phosphor-
ibosyltransferases (XGPRTs) that catalyze the synthesis of
guanosine monophosphate and xanthine monophosphate,
and thus supply purine nucleotides for translation [49].
Although it has been classified under determinants
imparting tetracycline resistance by enzymatic action, the
purified protein could not bring about any alteration in the
antibiotic when assayed in our laboratory. In our view,
Tet(34) needs to be revisited as a tetracycline resistance
determinant. Another determinant in this group is fet(37) a
small 327-bp gene, with proposed tetracycline inactivation
product [50]. The predicted protein is not homologous to
Tet(X) but shares homology with other flavoproteins,
oxidoreductases, and NAD(P)-requiring enzymes. Protein
functional analysis for Tet(37) and its exact mechanism of
action on tetracycline remains to be determined.

Other mechanisms of tetracycline resistance
Self-resistance genes

Self-resistance genes usually are present as a part of the
antibiotic biosynthesis gene cluster. Three resistance genes
were found in the oxytetracycline producer Streptomyces
rimosus: otrA, otrB, and otrC [51]. They are expected to
impart resistance non-destructively for the obvious reason
of avoiding a futile biosynthetic cycle. OtrA has a con-
served GTPase domain and is a predicted ribosomal
protection protein. The protein shares 50% sequence sim-
ilarity with Tet(O) from C. jejuni as well as Tet(M) from
Streptococcus sp, which impart resistance by similar
mechanism in non-tetracycline-producing strains. OtrB
resembles the efflux determinants of MFS proteins in Gram
negative bacteria and imparts resistance by reduced intra-
cellular accumulation of the drug [52, 53]. A similar gene,
tcr3 has also been obtained from another tetracycline
producer, S. aureofaciens, and is predicted to be an efflux
pump [54]. OuC is a putative ABC transporter, suggestive
of its role in tetracycline efflux [19].

Reduced antibiotic permeability

Gram negative bacteria are naturally resistant to several
antibiotics due to the presence of a lipopolysaccharide
containing outer membrane layer. Tetracyclines can easily
cross this barrier by forming a magnesium complex fol-
lowed by a rapid passage via porin channels such as OmpF
[10]. To date, mutants adapting such a mechanism of
resistance are not prevalent in pathogenic isolates obtained
from clinics. In the presence of antibiotic stress, E. coli
overexpresses the global activator protein MarA, which
besides inducing MDR efflux pump AcrAB, also down-
regulates synthesis of OmpF, through the increased pro-
duction of antisense RNA encoded by micF [55]. This has
the combinatorial effect of reducing both tetracycline
uptake and accumulation by the cell.

Target modification

Modification of drug target is often a prevalent mechanism
by which pathogens escape antibiotic action. Though tet-
racycline resistance in isolates of Propionibacterium acnes
has been reported since the 1980s from various parts of the
world [56-58], no systematic study to characterize the
mechanism was conducted until 1998, when Ross et al.
[59] showed a point mutation (G — C) at position 1,058 in
16S-rRNA to be responsible for the resistant phenotype.
Different mutations in the 16S-rRNA of Helicobacter
pylori strains showed variable resistance to tetracy-
cline. More than one study has revealed substitutions
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(AGA — TTC) of nucleotides at positions 926, 927, and
928 in tetracycline resistant isolates of H. pylori [60, 61].
The mutations are located within the primary binding site
of tetracycline. Further, it has been shown that each sub-
stitution has a cumulative effect in tetracycline resistance,
as double (AGA — GTA/GGC) or single (AGA — GGA/
AGQC) base change could mediate low levels of tetracycline
resistance [62, 63].

The impact of the tetracycline resistome

Since the identification of the first tetracycline resistance
genes in the 1970s, numerous other genes with associated
proteins of varying amino acid sequence have been iden-
tified. To keep track of the rapidly growing resistome, rules
for nomenclature of new tetracycline resistance determi-
nants were published in 1989 [64]. In a span of just one
decade, the expanding resistome included all the available
letters of the alphabet, which forced the introduction of a
numerical pattern of nomenclature in 1999. fef(30) was the
first gene to have been assigned a number. The emergence
of mosaic genes has once again challenged existing
nomenclature pattern. It has been suggested to incorporate
the designations of the known tetracycline gene classes
forming the hybrid in the order of their occurrence in the
gene [65].

The diverse tetracycline resistome includes over 1,189
reported tetracycline genes, identified in more than 84
genera and 354 species of Gram positive and Gram nega-
tive bacteria [66]. Based on their sequence homology, these
genes have been classified into 41 resistance determinant
classes. Of these, 26 are efflux pumps, 11 ribosomal pro-
tection protein, and 2 are inactivators, while the mechanism
of resistance by ter(34) remains unclear. In addition,, the
resistome also hosts other resistance mechanisms such as
MDR, point mutations, and mosaic genes that have not
been included in these classes. This may make it the largest
resistome against an individual class of antibiotics.

In a sampling for resistance determinants in diverse soils
from various regions of the world, we showed a wide
dispersion of antibiotic resistance, and the data on tetra-
cyclines were informative [67]. Of 482 strains tested, 286
strains were found to be resistant to tetracyclines; ~60%
of the strains in the sample. Even the resistance against
semisynthetic second and third generation could be
observed in a significant fraction of the sample (Fig. 9).
Alarmingly, the incidence of resistance against tigecycline
was more prevalent than its second generation precursor
minocycline.

Why is there such a plethora of tetracycline resistance
genes in microbial populations? Baltz [68] has estimated
that, out of 1,000 actinomycetes, one will produce

482

Tetracycline Minocycline

<y

Tigecycline

Fig. 9 Venn diagram showing prevalence of resistance against first,
second, and third generation tetracyclines from soil actinomycetes.
Data are derived from [67]

tetracycline. In an average sample of soil, there are 10°-~10°
bacteria, out of which 5-6% are actinobacteria. Therefore,
if viewed on a global scale, the amount of naturally
occurring tetracycline-like molecules in the environment is
staggering. If we now add human application in agriculture
and continued use in the community in particular as low
cost treatment for disease, the planetary tetracycline burden
in massive. Under such powerful selection pressure, it is
not surprising in retrospect that the tetracycline resistome is
so broad.

The impact of the tetracycline resistome has already
been felt. Once a dominant class of antibiotic with desir-
able broad-spectrum activity against numerous pathogens
and orally available, the widespread emergence of resis-
tance has had a massive impact on these drugs.
Preservation of the clinical utility of third generation tet-
racyclines such as tigecycline will require a thorough
understanding of resistance at the molecule, population,
and evolutionary levels along with vigilance and surveil-
lance to identify and circumvent new resistance challenges
as they emerge.
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