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Bacteria can become resistant to antibiotics by mutation, transformation, and/or acquisition of 
new genes which are normally associated with mobile elements (plasmids, transposons, and 
integrons). Mobile elements are the main driving force in horizontal gene transfer between 
strains, species, and genera and are responsible for the rapid spread of particular elements 
throughout a bacterial community and between ecosystems. Today, antibiotic resistant bacteria 
are widely distributed throughout the world and have even been isolated from environments 
that are relatively untouched by human civilization. In this review macrolides, lincosamides, 
streptogramins, and tetracycline resistance genes and bacteria will be discussed with an 
emphasis on the resistance genes which are unique to environmental bacteria which are defined 
for this review as species and genera that are primarily found outside of humans and animals.
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action of tetracyclines; or (c) enzymatically deactivate tetracyclines 
(Table 2). Tetracyclines interact with the bacterial ribosomes by 
reversibly attaching to the ribosome which blocks protein synthesis.

Different classes of MLS and tetracycline (tet) resistance genes 
are defined as having <79% amino acid identity with all previously 
characterized genes. Two genes are of the same class if they share 
>80% amino acid sequence identity over the entire length of the 
protein. For a tet or a MLS resistance gene to be assigned a new 
gene designation, it has to be completely sequenced and its amino 
acid composition compared with all currently known classes. This 
information should be submitted to the MLS resistance nomen-
clature center (Dr. Roberts, University of Washington) or the tet 
nomenclature center clearing (Dr. Stuart Levy and Ms. McMurry, 
Tufts University) are assigned a new resistance gene name which 
should be used for submission to GenBank and for publication. 
Demonstration that the gene confers antibiotic resistance is required 
and data mining genomes looking for DNA and amino acid similari-
ties to known genes is not adequate to be recognized as a new gene. 
A website1 with the MLS and tetracycline resistance genes provides 
updated information taken from published papers and abstracts 
presented at scientific meetings. The majority of both the MLS and 
tet genes are associated with mobile elements and thus have the 
capacity to spread through the bacterial ecosystem (Roberts, 1997). 
Today most characterization of antibiotic resistance genes carried by 
specific bacteria is done by PCR assays. However only rarely are the 
PCR products verified by either sequencing or hybridization with a 
known labeled probe. As a result there is potential for false positive 
and false negative results to be reported in the literature. Therefore 
if unusual results occur, such as finding the Gram-negative tet(B) 
gene in a Gram-positive bacterium, this should be further verified 

IntroductIon
The first macrolide, erythromycin, was discovered in 1952 and since 
then macrolides have had an important role in treating infectious 
diseases (Kirst, 2002). Erythromycin had moderate activity against 
Gram-positive pathogens, while the newer semi-synthetic derivatives 
azithromycin, clarithromycin, and ketolides have broader antibacte-
rial activity. Macrolides, lincosamides, and streptogramins (MLS), 
though chemically distinct, are usually considered together because 
most share overlapping binding sites on the 50S subunit of the ribos-
ome and many bacteria carry acquired resistance genes which confer 
resistance to more than one drug within this group (Sutcliffe and 
Leclercq, 2003). These antibiotics inhibit protein synthesis by binding 
within the exit tunnel, adjacent to the peptidyl transferase center, and 
inhibit translation by preventing progression of the nascent chain 
inducing peptidyl-tRNA drop off (Auerbach et al., 2010; Starosta 
et al., 2010). Different antibiotics within the MLS group interact 
and bind with different rRNA residues which may account for why 
a bacterium may be resistant to the macrolide erythromycin but 
susceptible to semi-synthetic erythromycin telithromycin (Bulkley 
et al., 2010; Dunkle et al., 2010). Resistance to MLS antibiotics can be 
due to mutations. However for most bacteria acquisition of new genes 
coding for; (a) rRNA methylases which generally results in resistance 
to macrolides, lincosamides, and streptogramin B antibiotics (MLS

B
); 

(b) two types of efflux pumps which pump the drug(s) out of the cell; 
or (c) one of four types of inactivating enzymes which chemically 
modify the antibiotic preventing it from binding to the ribosome 
that is the most important way they become MLS resistant (Table 1).

Tetracyclines are one of the oldest classes of antibiotics and the first 
broad spectrum class of antibiotics. Bacteria may become resistant 
to tetracyclines by mutation, while the majority of bacteria become 
tetracycline resistant because they acquire new genes which; (a) pump 
tetracycline out the cell (efflux); (b) protect the ribosome from the 1http://faculty.washington.edu/marilynr/
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Table 1 | Mechanisms of MLS resistance genes.

 
 Inactivating enzymes

 n = 19

rRNA methylase Efflux Esterases Lysases Transferases Phosphorylases

n = 34 n = 17 n = 2 n = 2 n = 11 n = 4

erm(A), erm(B), erm(C), erm(D), erm(E) car(A) ere(A) vgb(A) lnu(A), lnu(B), mph(A), mph(B)

erm(F), erm(G), erm(H), erm(I), erm(N) ole(B), ole(C) ere(B) vgb(B) lnu(C), lnu(D), lnu(F) mph(C), mph(D)

erm(O), erm(Q), erm(R), erm(S), erm(T) srm(B), tlr(C)   vat(A), vat(B) 

erm(U), erm(V), erm(W), erm (X), erm(Y) vga(A)a, vga(B), vga(C)b   vat(C), vat(D) 

erm(Z), erm(30), erm(31), erm(32), erm(33) lmr(A), mef(A), mef(B)   vat(E), vat(F) 

erm(34), erm(35), erm(36), erm(37), erm(38) msr(A), msr(C), msr(D)    

erm(39), erm(40), erm(41) lsa(A), lsa(B), lsa(C)    

cfrc     

Data taken from following http://faculty.washington.edu/marilynr/
avga(A)lc is a variant of vga(A) but it is worth separating in Table 2 because it is the only recognized variant because of it is extended range in conferring resistance 
to streptogramin A and lincomycin (Novotna and Janata, 2006) and variants confer resistance to lincosamides, streptogramin A, and pleuromutilins (Kadlec and 
Schwarz, 2009); bhas been shown to confer resistance to lincosamides, streptogramin A, and pleuromutilins (Kadlec and Schwarz, 2009); cconfers resistance to 
lincosamides, oxazolidinones, streptogramin A, phenicols, and pleuromutilins (PhLOSPSA) but not macrolides.

2http://faculty.washington.edu/marilynr/

antibiotics from attaching to the ribosome and protein synthesis 
is not impeded. The erm genes confer resistance to MLS

B
, while 

the genetically distinct cfr gene confers resistance to lincosamides, 
oxazolidinones, streptogramin A, phenicols, and pleuromutilins 
(PhLOSPS

A
) but not macrolides (Table 1). Sixteen (48%) of the erm 

genes [erm(H), erm(I), erm(N), erm(O), erm(R), erm(S), erm(W), 
erm(Z), erm(30), erm(31), erm(32), erm(34), erm(36), erm(39), 
erm(40), and erm(41)] are unique to environmental bacteria, which 
for this review are defined as those species and genera which are 
primarily found outside of humans and animals. The erm(37) gene 
is found in Mycobacterium tuberculosis and not considered unique 
to environmental bacteria, while the erm(39), erm(40), and erm(41) 
genes are found in one or more environmental Mycobacterium 
species (Nash et al., 2006). There are 17 efflux genes that code for 
proteins that pump one or more of the MLS antibiotics out of the 
cell and are either ATP-transporters or major facilitator transport-
ers. Recently variants of the vga(A) gene and the vga(C) genes have 
been shown to confer resistance not only to lincosamides but to 
streptogramin A and pleuromutilins (Gentry et al., 2008; Kadlec 
and Schwarz, 2009). Six (37.5%) of the efflux genes [car(A), lmr(A), 
ole(B), ole(C), srm(B), tlr(C)] are unique to environmental bacteria 
and are each found in Streptomyces spp. (Table 3). There are 19 
genes which code for inactivating enzymes including 2 esterases, 2 
lyases, 11 transferases, and 4 phosphorylases (Table 1). These genes 
code for proteins which modify the antibiotics by  hydrolyzing the 
lactone ring [ere(A), ere(B)], adenylylating [lnu(A), lnu(B), lnu(F)], 
acetylating [vat genes], or phosphorylating the antibiotic which dis-
rupts the structure and inactivates the antibiotic. None of the inac-
tivating enzymes are unique to environmental bacteria (Table 3)2.

Forty-three Gram-negative, 22 Gram-positive genera plus 
Mycobacterium, Streptomyces, and Ureaplasma spp. have been 
shown to carry one or more of the MLS resistance gene. This list 

Table 2 | Mechanism of resistance of tet and otr genes.

Efflux (27) Ribosomal 

protection (12)

Enzymatic 

(3)c

Unknowna

tet(A), tet(B), tet(C), 

tet(D), tet(E)

tet(M), tet(O), tet(S), 

tet(W), tet(32),

tet(X) tet(U)

tet(G), tet(H), tet(J), 

tet(V), tet(Y)

tet(Q), tet (T), tet(36) tet(34)

tet(Z), tet(30), 

tet(31), tet(33)

otr(A), tetB(P)b, 

tet(44), tet

tet(37)

tet(35)d

tet(39), tet(41)

tet(K), tet(L), tet(38)

tetA(P), tet(40), 

tet(42), tet(43)

otr(B), otr(C), tcr3

atet (U) has been sequenced but does not appear to be related to either efflux 
or ribosomal protection proteins; btetB(P) is not found alone and tetA(P) and 
tetB(P) are counted as one operon; ctet(X) and tet(37) are unrelated but both 
are NADP-requiring oxidoreductases: tet(34) similar to the xanthine–guanine 
phosphoribosyl transferase genes of V. cholerae; dNot related to other tet efflux 
genes; tet(37), tet(43).

by sequencing of the PCR product and further testing. In the current 
review only genes that have been given approved MLS or tet genes 
will be include in the discussion though other genes which confer 
MLS or tetracycline can be found in the literature and GenBank.

MLS reSIStance GeneS
There are 70 different MLS genes of which 33 are rRNA methylase 
genes (erm; Table 1). These genes code for enzymes which add one 
or two methyl groups to a single adenine (A2058 in Escherichia coli) 
in 23S rRNA (Roberts, 2005). This modification prevents the MLS 
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 genera ], mph(B) [4 genera ], mph(D) [6 genera] all Gram-
negative genera and mph(C) [1 Gram-positive, 1 Gram-negative 
genus] (Roberts, 2004)3.

tetracycLIne reSIStance GeneS
There are 43 different known tet/otr genes which confer resistance to 
tetracyclines (Table 2) of which 17 (39%) are unique to environmen-
tal bacteria (Table 4). The majority of the tet/otr genes are associated 
with mobile elements which allow for gene exchange and spread 
throughout different ecosystems (Roberts, 1997). Twenty-seven 
of the genes encode for energy-dependent efflux proteins, 12 code 
for ribosomal protection proteins, 3 code for inactivating enzymes 
and one gene is of unknown mechanism of resistance (Table 2). 
The efflux proteins are able to reduce intracellular concentrations 
of tetracycline by exchanging a proton for the tetracycline-cation 
complex against a concentration gradient and require intact cells 
to function (Palm et al., 2008). Twenty-six of 27 genetically distinct 
efflux genes export and confer resistance to tetracycline and doxy-
cycline but not minocycline or tigecycline, while the Gram-negative 
tet(B) gene exports and confers resistance to tetracycline, doxycy-
cline, and minocycline. Twelve (41%) of the efflux genes [tetA(P), 
tet(V), tet(Z), tet(30), tet(33), tet(35), tet(39), tet(41), tet(42), otr(B), 
otr(C), tcr] are unique to environmental bacteria (Table 4).

Seventy-six Gram-negative and 47 Gram-positive genera have 
been identified that carry tetracycline efflux resistance genes. Many 
of these genes and genera are found in environmental bacteria but 
can also be found in bacteria associated with man and/or animals4. 
The tet(B) gene is the most common efflux gene among Gram-
negative bacteria and has been identified in 31 genera, while the 
tet(A) gene [20 genera], tet(C) gene [10 genera], tet(D) gene [16 
genera], tet(E) gene in [10 genera], tet(G) gene [13 genera], the 
tet(H) gene [8 genera], and the tet(35) [2 genera]. The tet(K) gene 
is found in 12 Gram-positive genera and the otr(B) gene is found 
in Mycobacterium and Streptomyces spp. The tet(L) gene is found 
in 14 Gram-negative and 19 Gram-positive genera, the tet(39) gene 
is found in 4 Gram-negative and 3 Gram-positive genera, while the 
tet(42) gene is found in 4 Gram-positive and 2 Gram-negative gen-
era (Table 2). Twelve (44%) of the efflux genes including the tet(J), 
tetA(P) tet(V), tet(Y), tet(Z), tet(30), tet(31), otr(C), tcr, tet(33), 
tet(40), and tet(41) are found in a single genera. The tet(43) gene 
was isolated from a metagenomic DNA library and has yet to be 
identified in a specific bacterial species or genus.

includes innate genes which are limited to a single genus or in 
some case, species. For example there are 5 different innate rRNA 
methylases macrolide resistance genes [erm(37), erm(38), erm(39), 
erm(40), erm(41)] each found in different intrinsically macrolide 
resistant Mycobacterium spp., and 10 different rRNA methylases 
macrolide and 6 different innate efflux resistance genes in antibiotic 
producing Streptomyces spp. These genes have traditionally been 
included because they confer MLS resistance and are related to 
resistance genes found in non-antibiotic producing bacteria and 
are important for this review because they are unique to environ-
mental bacteria (Table 3).

Among the rRNA methylases classes, the most commonly 
carried is erm(B) [24 genera], followed by erm(F) [24 genera], 
erm(C) [24 genera], erm(A) [8 genera], erm(G) and erm(E) [7 
genera each], erm(Q) [6 genera], erm(T) and erm(X) [4 genera 
each], erm(V) [3 genera], erm(D), erm(R), cfr [2 genera each]. 
The remaining 21 (64%) erm genes are found in a single genus. 
The erm(A)–erm(G), erm(Q) and erm(V) genes are found in 
both Gram-positive, Ureaplasma spp., and Gram-negative gen-
era as well as aerobic and anaerobic species, the erm(35) gene 
is found in Gram-negative genera and the remaining 26 MLS 
genes are found in Gram-positive, anaerobic Bacteriodes, and/
or Streptomyces spp.

The most prevalent efflux gene is mef(A) [27 genera] fol-
lowed by msr(D) [22 genera] and are found in Gram-positive, 
Ureaplasma spp., Gram-negative, aerobic, and anaerobic genera. 
These two genes are normally linked on the same mobile ele-
ment suggesting that they have the same host range, though 
msr(D) is often not included in surveillance studies. The 
msr(A) gene has been identified in eight genera including 
Gram-positive, Ureaplasma spp., and Gram-negative genera. 
The recently described mef(B) gene is found in Escherichia spp., 
while the vga(B) gene is in two genera and the remaining 13 MLS 
resistance genes (76%) are found in Gram-positive genera or 
Streptomyces spp. Distributions of the 19 inactivating enzymes 
are as follows; ere(A) [11 genera] and ere(B) [8 genera] found 
in both Gram-positive and Gram-negative genera; vgb(A) [2 
genera], vgb(B) [1 genus] both Gram-positive genera; lnu(A) 
[3 genera], lnu(B) [4 genera], ], lnu(D) [1 genus] all Gram-
positive genera; lnu(C) [1 Gram-positive, 1 Gram-negative 
genus] lnu(F) [2 Gram-negative genera]; vat(A), vat(C), vat(D) 
[1 Gram-positive genus each], vat(B), vat(E) [2 Gram-positive 
genera each]; vat(F) [1 Gram-negative genus]; mph(A) [11 

Table 3 | Macrolides, lincosamides, and streptogramins resistance 

genes unique to environmental bacteria.

rRNA methylase Efflux Inactivating 

  enzyme

16/34 6/17 0/19

erm(H), erm(I), erm(N), Car(A), lmr(A)  

erm(O), erm(R)

erm(S), erm(W), erm(Z),  ole(B), ole(C)  

erm(31), erm(32)

erm(34), erm(36), erm(39),  srm(B), tlr(C)  

erm(40), erm(41)

3http://faculty.washington.edu.marilynr/
4http://faculty.washington.edu.marilynr/

Table 4 | Tetracycline resistance genes unique to environmental bacteria.

Efflux 12/27 (44%) Ribosomal protection 

3/12 (25%)

Enzymatic 

2/3 (66%)

tetA(P), tet(V), tet(30), tet(35) tetB(P), otr(A), tet tet(X)a, tet(34)

tet(33), tet(39), tet(41), 

tet(42), tet(43)

otr(B), otr(C), tcr3

aThe tet(X) is only functional in environmental Spingobacterium spp. although it 
is found in Bacteroides spp.
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are transcribed from a single promoter which is located 529 bp 
upstream of the tetA(P) start codon; the tetB(P) gene overlaps the 
tetA(P) gene by 17 nucleotides (Johanesen et al., 2001). The tetA(P) 
gene alone confers Tcr to the bacterial host, while it is not clear if 
the tetB(P) gene alone would confer clinically relevant levels of 
tetracycline resistance.

A few of the ribosomal protection genes have been found to 
be part of mosaic genes consisting of regions from two or three 
different known tet genes (Stanton et al., 2005; Patterson et al., 
2007; Van Hoek et al., 2008). Identification of mosaic genes requires 
sequencing of the complete gene which is rarely done in current 
studies. Hence misnaming the gene present is possible as originally 
occurred with the tet(32) gene (Patterson et al., 2007). One such 
gene is a hybrid between the tet(O) at one end and tet(W) at the 
other end of the gene labeled tet(O/W). Another hybrid between 
the tet(O) and tet(W) genes has been identified which has a partial 
tet(O) sequence between the ends of the tet(W) gene [tet(W/O/W)]. 
Mosaic Tcr genes can only be defined by sequencing the complete 
gene and at this time, the number of different genera known to have 
them is very limited (Bifidobacteria, Lactobacillus, Megasphaera). 
In addition, studies have found mosaic tet genes from metagen-
omic samples taken from human and animal feces and human 
saliva samples (Patterson et al., 2007; Kazimierczak et al., 2009). 
The first mosaic genes sequenced were from Megasphaera elsdenii 
and a new designation was suggested for hybrid genes which code 
for proteins made of >50 amino acid residues in a single stretch 
derived from different genes (Levy et al., 2005; Stanton et al., 2005). 
Mosaic genes currently identified include tet(O/W), tet(O/W/O), 
tet(W/32/O), tet(O/32/O), tet(O/W/32/O), tet(O/W/32/W/O), 
tet(O/W/32/O/W/O) which include genes with fewer then 50 amino 
acid residues suggesting that a modification of the current recom-
mendation for mosaic genes may need to be considered (Stanton 
et al., 2005; Patterson et al., 2007; Van Hoek et al., 2008).

The tet(U) gene produces a small protein (105 amino acids) 
which confers low level tetracycline resistance (Chopra and Roberts, 
2001). The TetU protein has 21% similarity over its length to the 
TetM protein, but it does not include the consensus GTP-binding 
sequences, which are thought to be important for tetracycline resist-
ance in these proteins. The tet(U) gene has been identified in only 
one Gram-positive genus.

There are three enzymatic Tcr genes (Table 2). The tet(X) gene 
encodes for a flavin NADP-dependent monooxygenase that inac-
tivates by region selectively adding a hydroxyl group to the C-11a 
position of the antibiotic. This action requires oxygen and confers 
resistance to tetracycline, doxycycline, minocycline, and tigecycline 
and is found in two genera (Yang et al., 2004; Moore et al., 2005). 
The tet(37) gene, codes for a NADP-dependent monooxygenase. 
The tet(37) gene has only been cloned from the oral metagenome 
and no bacterial isolate has been identified that carrying this gene. 
The tet(34) gene has been found in three Gram-negative genera 
[Pseudomonas, Serratia, and Vibrio] and is unique to environmental 
bacteria (Table 4; Nonaka and Suzuki, 2002).

the envIronMent
Among the culturable bacteria, some genera are found only in the 
environment, others are found in the environment and animals 
and/or man but the distinction between environmental and clinical 

Tcr C. suis, an obligate intracellular species, contains a13-kb 
fragment of foreign DNA which includes a truncated repressor 
gene, tetR(C), and a functional tet(C) gene. The 13-kb region is 
closely related to the pRAS3.2 plasmid from the environmental 
water bacterium Aeromonas salmonicida (L’Abbe-Lund and Sorum, 
2002). The hypothesis is that C. suis could have acquired the tet(C) 
gene when other bacteria carrying the 13-kb region with the tet(C) 
gene co-infected the same eukaryotic cell; this is the first example of 
horizontal transfer of an antibiotic resistance gene into this group of 
bacteria. Suchland et al. (2009) have demonstrated that co-infection 
between Tcr C. suis and susceptible C. trachomatis resulted in Tcr 

C. trachomatis containing the 13-kb tet(C) region inserted within 
the ribosomal cluster of the chromosome and is the first example 
of horizontal transfer between obligate intracellular bacteria. It is 
likely that other antibiotic resistance genes may be introduced and 
become established in other obligate intracellular bacteria.

There are 12 ribosomal protection Tcr genes of which three [25%; 
tetB(P), otr(A), tet] are unique to environmental bacteria (Table 4). 
The ribosomal protection genes code for cytoplasmic proteins of 
∼72.5 kDa which protect the ribosomes from the action of tetra-
cyclines in vitro and in vivo and confer resistance to tetracycline, 
doxycycline, and minocycline but not tigecycline (Roberts, 2005). 
These proteins have sequence similarity to the ribosomal elongation 
factors, EF-G and EF-TU and are grouped in the translation factor 
superfamily of GTPases (Leipe et al., 2002). The ribosomal protec-
tion proteins are hypothesized to interact with the h34 ribosomal 
protein causing allosteric disruption of the primary tetracycline bind-
ing site(s) which releases the bound tetracycline. More details can be 
found in other publications (Connell et al., 2003a,b). The tet(M) gene 
has been identified in clinical Enterococcus spp. isolated between 1954 
and 1955, approximately the same time as the first Gram-negative tet 
efflux genes were identified (Watanabe, 1963; Atkinson et al., 1997). 
Thus both the tet efflux and tet ribosomal protection genes have been 
in the bacterial population for a considerable time.

Forty-nine Gram-negative genera have been characterized 
which carry one or more ribosomal protection tet gene(s). Thirty-
eight Gram-positive genera carry ribosomal protection genes of 
which 15 carry a single gene and 23 carry one or more ribosomal 
protection and/or both ribosomal protection and efflux tet genes5. 
The tet(M) gene is the most commonly found Tcr gene in bacte-
ria, identified in 36 Gram-negative genera, and 31 Gram-positive 
genera, Mycoplasma, Mycobacterium, Streptomyces, and Ureaplasma 
spp. The tet(W) gene has been identified in 25 genera [15 Gram-
negative, 10 Gram-positive], the tet(Q) gene has been identified 
in 22 genera [12 Gram-negative, 10 Gram-positive], the tet(O) 
gene has been found in 20 genera [8 Gram-negative, 12 Gram-
positive], the tet(S) gene has been identified in 7 genera [3 Gram-
negative, 4 Gram-positive], while the otr(A) gene has been found in 
3 Gram-positive genera, the tet(T), tet(32), and tet(44) genes have 
been found in 2 Gram-positive genera each, the tet gene has been 
identified in Streptomyces, and the tetB(P) found in one Gram-
positive genera6. The tetB(P) gene is unique among the ribosomal 
protection genes because all isolates that carry this gene also carry 
a tetA(P) gene encoding an inducible efflux protein. The two genes 

5http://faculty.washington.edu/marilynr/
6http://faculty.washington.edu/marilynr/
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 animal manure which may be transferred to the immediate envi-
ronment when it is applied to fields or stored in ponds. Antibiotics 
are sprayed onto crops which contaminate the surrounding soil, 
sediment, and ground water as well as small wild mammals in the 
area (Kozak et al., 2009). Antibiotics may be impregnated in food 
given to farm animals and fish and uneaten food contaminates the 
surrounding environment. Antibiotics from human therapeutic 
use, especially from hospital effluents, are a continual source of 
pollution and are considered part of the “emerging contaminants” 
in municipal waste with concentrations of tetracycline varying from 
ng/L to μg/L (Verlicchi et al., 2010). At these levels antibiotics may 
select for antibiotic resistant environmental bacteria which may 
persist for extended time periods and become reservoirs of anti-
biotic resistance genes.

The mobile elements associated with MLS and tet antibiotic 
resistance genes are often linked to genes which confer resistance 
to other classes of antibiotic, heavy metal, and detergents (Baker-
Austin et al., 2006; Soge et al., 2008). Heavy metals are found nat-
urally in the environment but copper is found in biocides used 
in agricultural settings, while mercury and silver can be found 
in antiseptics. Various studies have found a correlation between 
exposure to heavy metals and co-selection of antibiotic resistance 
bacteria (Baker-Austin et al., 2006; Stepanauskas et al., 2006; Berg 
et al., 2010).

Antibiotic resistant bacteria from human activity may contami-
nate the environment either directly, such as occurs when manure 
is applied to enrich agricultural fields or indirectly due to sewage 
contamination. The first description of the tet(M) gene in Bacillus 
spp. and Tcr Bacillus cereus strains carrying the tet(M) gene, on a 
functional Tn916 element, were found in animal manure and in 
the fields where the manure was spread. This suggests that the pres-
ence of the tet(M) carrying B. cereus in the fields was a direct result 
of manure application to the soil. Whether the tet(M) carrying B. 
cereus would act as a donor and transfer the tet(M) gene to related 
B. anthracis, and/or B. thuringiensis is unknown, however toxin 
encoding plasmids are shared between the three species (Agerso 
et al., 2002).

How human wastes may increase antibiotic resistant bacteria 
in wild animals was illustrated by a 1980s study which examined 
three groups of wild baboons in Kenya. Three groups of baboons 
were examined and the two groups which lived in their natural 
habitat, with limited or no human contact, had low levels of anti-
biotic resistant Gram-negative enteric bacteria. The third group of 
baboons lived close to a tourist lodge and had daily contact with 
unprocessed human refuse and these animals carried high levels 
of antibiotic resistant Gram-negative enteric bacteria with >90% 
Tcr. This study suggests that contact with human refuse greatly 
increased the carriage of Tcr bacteria in wild animals (Rolland et al., 
1985). Unfortunately the surrounding environmental bacteria were 
not sampled, but one could speculate that the level of Tcr bacteria 
was most likely higher than in the areas where the other baboon 
groups lived. Human and animal Tcr bacteria share the majority 
of the efflux and ribosomal protection genes with environmental 
bacteria. Recently studies have shown carriage of Tcr bacteria from 
arctic and sub-arctic seals (Glad et al., 2010); wild boars (Poeta et al., 
2009); and wild rabbits (Silva et al., 2010) though the sources of 
the Tcr E. coli bacteria was not determined.

bacteria has been blurred over the years as more classically envi-
ronmental bacteria are found as the source of disease in immuno-
compromised patients. Complication the situation is the fact that 
some species within a genus are strictly environmental while other 
species within the same genus are associated with animals and/or 
man such as M. tuberculosis thus making it difficult to distinguish 
environmental vs clinical genera. In the past it has been assumed 
that most environmental bacteria were not well adapted to live in 
man or animals. However this perception is changing as medicine 
progresses allowing severely immunocompromised patients to 
live in the community, others people have productive lives with 
foreign objects permanently implanted, these and other techno-
logical changes in society have provided new opportunities for 
environmental bacteria to cause disease (Trujillo and Goodfellow, 
2003; Rowlinson et al., 2006). Human activity has resulted in only 
rare remote ecosystems where mankind and civilization’s waste are 
absent. Thus, today it is more difficult to distinguish environmen-
tal from non-environmental bacteria. As a result there is constant 
mixing of environmental and non-environmental bacteria which 
provides multiple opportunities for horizontal genetic exchange 
of antibiotic resistance genes. In addition antibiotic resistance 
genes associated with mobile elements can be transferred back 
and forth between environmental and non-environmental bacte-
ria thus reducing the number of resistance genes which are unique 
to the environment.

Both antibiotics and antibiotic resistant bacteria are moved 
by water and wind, as well as, by transportation of goods and 
people around the world. One result of this has been the spread 
of specific strains around the world such as the recently identified 
Clostridium difficile NAP1/027/BI (Gould and Limbago, 2010). 
Originally C. difficile was thought to be a nosocomial disease asso-
ciated with the hospital setting, but today C. difficile is considered 
a foodborne and community pathogen. Similarly 25 years ago 
Acinetobacter baumannii was a rare pathogen and Acinetobacter 
spp. were thought to be primarily environmental in origin where it 
is well adapted to grow at different temperatures and pH, using a 
variety of carbon and energy sources to persist in both moist and 
dry places for extended time periods. However, today A. bauman-
nii is an opportunistic pathogen which is of major concern to the 
because it has become multidrug resistant due to the inheritance 
of a mosaic genomic 86 kb chromosomal antibiotic resistance 
island which carries integrons and non-integron regions encoding 
both antibiotic and heavy metal resistance including two copies 
of the tet(A) gene (Abbo et al., 2005; Fournier et al., 2006). A 
more recent study from Adams et al. (2010) has demonstrated 
variability in the composition of the resistance island between 
various A. baumannii strains suggesting that the resistance in 
this bacterium is evolving.

Antibiotics are used for both human and agricultural activities 
for prevention and treatment of infections, as well as food additives 
and growth promoters in food production in most parts of the 
world and also used in animal husbandry, aquaculture, fruit crops, 
and bee-keeping. All of these activities contaminate the environ-
ment and provide selective pressure on the resident environmental 
bacteria to become antibiotic resistant and increases transfer of 
specific antibiotic resistance genes including tet genes (Facinelli 
et al., 1993). Antibiotic residues are associated with domestic 
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are found in waste lagoons and groundwater wells at swine farms 
with a history of tylosin use and erm(A), erm(B), erm(C), and 
erm(F) genes were detected at high frequency with only a weak 
correlation with the distribution patterns of tet genes. Many of 
the RNA methylase genes were associated with bacteria found in 
animal waste while tylosin resistance genes were rare, this sug-
gests limited levels lack of tylosin-producing Streptomyces genes in 
either the lagoons or wells and may indicate that lagoon leakage as 
sources of groundwater contamination (Koike et al., 2010). This 
study suggests that there could be alternative sources of MLS resist-
ance genes and/or background antibiotic resistant environmental 
bacteria contributing to the levels of MLS genes, since the most 
common erm genes, erm(B), and erm(C), identified in the study 
are also found in environmental bacteria.

concLuSIon
Antibiotic resistant bacteria are widely distributed throughout the 
world and have been isolated from deep subsurface trenches, in waste 
water, surface and ground water, sediments, and soils. They are present 
also in places which are relatively untouched by human civilization 
such as mammals from Antarctica and the Arctic (Kummerer, 2004; 
Rahman et al., 2008; Donato et al., 2010; Glad et al., 2010). Twenty-two 
(31%) of the 70 MLS and 17 (40%) of the 43 tet genes are unique to 
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true separation between MLS and tet genes that are “unique” to envi-
ronmental bacteria or because the genes are innate to environmental 
bacteria or that the resistance genes have not been used in surveillance 
studies of animal/human bacteria is not known. It is possible that over 
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et al., 2009). The antibiotic resistance gene complement of environ-
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illustrated by the D’Costa et al. (2006) study. This work quantified 
the density and diversity of antibiotic resistant soil Streptomycetes 
and even identified genes with novel mechanisms of antibiotic resist-
ance to the recently approved telithromycin and daptomycin. D’Costa 
et al. (2007) suggest that the number of antibiotic resistance genes 
in environmental bacteria has been underestimated and given that 
they found a new mechanisms of drug resistance more studies with 
environmental bacteria are essential.

Tetracyclines have been extensively used in aquaculture and 
Tcr bacteria including fish pathogens and environmental bacte-
ria associated with fin fish aquaculture have been characterized 
(DePaola and Roberts, 1995; Furushita et al., 2003; Akinobowale 
et al., 2007; Jacobs and Chenia, 2007; Nawaz et al., 2008; Seyfried 
et al., 2010). Tcr bacteria can be found in fish feed, the sediment 
under the fish pens, as well as the water entering and leaving fresh 
water ponds (Kerry et al., 1995; Miranda and Zemelman, 2002). 
Some of the greatest diversity in bacterial Tcr genes has been iden-
tified in the aquaculture environment. In one of our studies, we 
found that 40% of the Tcr bacteria isolated from Chilean salmon 
fish farms carried previously unidentified Tcr genes suggesting 
tet resistance gene diversity present in this ecosystem, higher 
than routinely found in collections from man or food animals 
(Miranda et al., 2003). We also identified new genera carrying 
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ronments and ecosystems. More recently, a diverse group of Tcr 

bacteria, carrying a range of tet genes, isolated from surface water 
receiving effluent from an oxytetracycline production plant has 
been reported (Li et al., 2010). Many of the tet gene combinations 
reported were novel however detection was without verification 
of the PCR products. This raises the question as to the validity 
of the study. Nevertheless this study suggests that waste treat-
ment from antibiotic production plants is a potential hot spot 
for spread of known and uncharacterized antibiotic resistance 
genes into the environment.

The environments are so physically diverse that many asso-
ciated bacteria are distinct from those normally found in ani-
mals and/or man. Most environmental bacteria have not been 
characterized and it is estimated that <1% of the total number 
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