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Anaerobic bacteria insensitive to chlortetracycline (64 to 256 �g/ml) were isolated from cecal contents and
cecal tissues of swine fed or not fed chlortetracycline. A nutritionally complex, rumen fluid-based medium was
used for culturing the bacteria. Eight of 84 isolates from seven different animals were identified as Megasphaera
elsdenii strains based on their large-coccus morphology, rapid growth on lactate, and 16S ribosomal DNA
sequence similarities with M. elsdenii LC-1T. All eight strains had tetracycline MICs of between 128 and 256
�g/ml. Based on PCR assays differentiating 14 tet classes, the strains gave a positive reaction for the tet(O)
gene. By contrast, three ruminant M. elsdenii strains recovered from 30-year-old culture stocks had tetracycline
MICs of 4 �g/ml and did not contain tet genes. The tet genes of two tetracycline-resistant M. elsdenii strains were
amplified and cloned. Both genes bestowed tetracycline resistance (MIC � 32 to 64 �g/ml) on recombinant
Escherichia coli strains. Sequence analysis revealed that the M. elsdenii genes represent two different mosaic
genes formed by interclass (double-crossover) recombination events involving tet(O) and tet(W). One or the
other genotype was present in each of the eight tetracycline-resistant M. elsdenii strains isolated in these
studies. These findings suggest a role for commensal bacteria not only in the preservation and dissemination
of antibiotic resistance in the intestinal tract but also in the evolution of resistance.

Tetracycline antibiotics inhibit bacterial growth by prevent-
ing protein synthesis. Tetracyclines bind to bacterial ribo-
somes, interfering with the association of aminoacyl-tRNAs
with ribosomes (13, 43). Due to their efficacy against both
gram-positive and gram-negative bacteria and low toxicity for
eukaryotic cells, tetracycline is used in a long list of human
clinical and nonclinical applications for controlling bacterial
growth (13). Additionally, their low costs have made tetracy-
clines attractive for agricultural use to prevent diseases of
plants and animals and to promote animal growth (13, 40). In
a survey of 712 U.S. swine farms between 1989 and 1991,
tetracycline antibiotics (chlortetracycline, oxytetracycline, and
tetracycline) were the most commonly fed antimicrobials, es-
pecially to swine in the growth phase (20 to 90 kg) of devel-
opment (17).

Widespread use of tetracyclines has, not surprisingly, led to
widespread resistance. Several different mechanisms of bacte-
rial resistance to tetracycline have been reported. Nonspecific
tetracycline resistance can result from general efflux mecha-
nisms (13). Specific tetracycline resistance is often associated
with tetracycline efflux proteins and ribosomal protection pro-
teins and less commonly with 16S ribosomal DNA (rDNA)
mutations and enzyme inactivation of the antibiotic (13). Re-
cently a Vibrio tetracycline resistance mechanism (Tet34) was
linked to an enzyme of purine metabolism (45), although bio-
chemical evidence for the activity is lacking.

Over 30 classes of resistance determinants specific for tet-
racycline have been described (13, 57). The tet classes are
defined by amino acid sequence similarity of the proteins they

encode (33). Classes of tet genes are identified by DNA-DNA
hybridization, PCR assays, or both (5, 6, 8, 9, 12, 29, 44, 48, 49,
54).

The contributions of commensalistic bacteria to the dissem-
ination and persistence of antibiotic resistance in the mamma-
lian intestinal tract are only beginning to be appreciated (2, 8,
37, 54). In that tetracycline has been commonly added to swine
feed for disease prevention and growth promotion purposes,
the microbial ecosystem of the swine intestinal tract would
seem a good choice for investigating tet gene ecology. As a
basis for these investigations, we have begun to analyze tetra-
cycline-resistant anaerobes and their resistance mechanisms.
In this report we describe the isolation and characterization of
tetracycline-resistant Megasphaera elsdenii swine strains and
the discovery of interclass, mosaic tetracycline resistance de-
terminants.

MATERIALS AND METHODS

PCR amplification of tet and rrs genes. PCR primers for ribosomal protection
protein genes tet(M), tet(O), tet(S), tet(T), and tet(W) were described previously
(6). PCR primers for genes encoding tetracycline efflux proteins (Table 1) were
based on a comparative analysis of their sequences. GenBank accession numbers
for the sequences are X6137, X00006, and X75761 for tet(A); V00611,
AF223162, AF162223, J01830, and Y19113 for tet(B); J01749 and NC002109 for
tet(C); X65876, D16162, and L06798 for tet(D); L06940 and Y19116 for tet(E);
S52437, AF071555, Y19118, AF133139, and AF133140 for tet(G); U00792 and
Y16103 for tet(H), U36910, M16127, and S67449 for tet(K); and X51366,
M63891, D12567, D00006, D26045, U17153, X15669, and X60828 for tet(L). All
PCR assays for tet genes were validated by using bacterial strains containing
known tet determinants (Table 1).

Bacterial rrs V3 variable regions were amplified by using the forward PCR
primer 5�-CCTACGGGAGGCAGCAG and the reverse primer 5�-ATTACCG
CGGCTGCTGG (39). Primers for amplifying the nearly complete rrs gene were
forward 5�-GAGAGTTTGATC(C/A)TGGCTCAG and reverse 5�-GGTTACC
TTGTTACGACTT (10). ClustalW and other programs in the Vector NTI Suite
version 5.5 (Informax, Inc.) were used for accessing and comparing gene se-
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quences in GenBank. Oligo version 6.0 (Molecular Biology Insights, Inc.) was
used to design PCR primers. All PCR primers used throughout these studies
were synthesized at the Nucleic Acid Facility at Iowa State University.

For preliminary identification of unknown bacteria cultured from swine ceca,
a bacterial colony was stabbed with a sterile toothpick, and the cells were
suspended in 50 �l of sterile distilled water. This cell suspension was used as a
source of target DNA in PCRs. For PCR amplification of cloned bacterial
strains, broth cultures in the exponential phase of growth (optical density at 620
nm [OD620] approximately 1.0, 18-mm culture tubes) were washed once and
resuspended in equal volumes of sterile distilled water, diluted 1/10 in distilled
water, and the bacterial suspensions were stored at �20°C until use.

For PCR amplification reactions, a final volume of 50 �l contained 5 �l of cell
suspension (target DNA), 1 � PCR buffer II (Perkin-Elmer), 2.5 mM MgCl2, 200
�M each deoxynucleoside triphosphate, 100 �g of bovine serum albumin, 0.25
�M each primer, and 1.25 U of AmpliTaq Gold polymerase (Perkin-Elmer). An
initial hot start of 10 min at 95°C was followed by 30 to 35 cycles consisting of 1
min of denaturation at 95°C, 1 min of annealing at the appropriate temperature
and 2 min of extension at 72°C. The last cycle was followed by an 8-min extension
at 72°C. For amplifying the tet(B), tet(D), tet(H), tet(K), tet(L), and tet(S) genes,
the rrs V3 region, and nearly complete rrs sequences, the annealing temperature
was 50°C. For tet(A), tet(E), tet(G), and tet(M), the annealing temperature was
55°C, and for tet(C), tet(O), tet(Q), and tet(W), an annealing temperature of 60°C
was used. An MJ Research Dyad thermal cycler with independent block heater
control was used for amplification reactions.

DNA products in 10-�l samples of the PCR assays were detected and analyzed
by their electrophoretic migration on 4% agarose gels in 1� Tris-acetate-EDTA
buffer (53).

In parallel with PCR assays for tet genes, control assays for the rrs V3 region
were always included, as a means of confirming the integrity of the target DNA.

Swine origin and management. Seven swine were purchased from farm A with
no history of antibiotic use over the previous 2 years. Six swine were obtained
from farm B, which used feed formulated with chlortetracycline (400 g/ton) to
prevent disease. Animals were mixed breed, both sexes, in the early grower phase
of their life cycle (40 to 50 kg) at the start of the experiment. At the National
Animal Disease Center, the two groups were housed separately in climate-
regulated, controlled-access rooms. The swine were allowed to acclimate for 10
days before the beginning of sampling. Animals were supplied water ad libitum
and fed their original farm diet (1.5 kg/animal/day). Feed composition informa-
tion from the farmers was not available. Feed samples were assayed for chlor-
tetracycline (7).

Processing of cecal contents and tissues. Three animals were sampled every
week. Each animal was euthanized by intravenous injection of sodium pentobar-
bitol (26% solution; 1 ml/4.5 kg; Sleepaway, Fort Dodge Laboratories) followed
by exsanguination in accordance with National Animal Disease Center Animal
Care and Use Committee guidelines. The cecum was surgically exposed and tied
off by string ligatures at the ileocecal junction. The cecum was excised by cutting
between the ligatures, placed in a plastic bag, deposited in an ice bath, and
transported within 30 min to the laboratory. In the laboratory, the blind tip of the

TABLE 1. PCR assays for tetracycline resistance genesa

Gene PCR primers Species (plasmid) Strain sourceb (designation)

Efflux resistance genes
tetA CCTGCGCGATCTGGTTCACT Pseudomonas aeruginosa (RP1) NCTC (NC050076)

GCCAGCGAGACGAGCAAGA
tetB TTTCACCGCATAGTCCCTTT E. coli (R222Jap) NCTC (NC050019)

CGGGAATTTGGCCTATCAAT
tetC GCCTATATCGCCGACATCAC E. coli (pSC101) NCTC (NC050436)

GTAGGTTGAGGCCGTTGAGC
tetD CATCTGCCGTTTGTCATTGC E. coli (RA1) NCTC (NC050073)

ACAGCGCCAGAGGTTTAAGC
tetE GCTGACGGTTGTGGCCTATT E. coli (pSL1456) NCTC (NC050273)

CGCGGGTTGCACTATACAAA
tetG TTCAAGCCGGCTTGGAGAG E. coli (pJA8122) MR

TTGTTTGAGAGCATTGCCTGC
tetH AGCGCTTGTTGCCAATAGGAC E. coli (pVM112) MR

CCAAAGACATACCGATAGAAGTTGTG
tetK GTACAAGGAGTAGGATCTGCTGCAT Staphylococcus aureus (pT181) NCTC (NC050585)

TTATTCCCCCTATTGAAGGACCTAA
tetL TGAACGTCTCATTACCTGATATTGC Eaterococcus faecalis NADC (TspigL)

TTTGGAATATAGCGAGCAAC
M. elsdenii mosaic tet genesc

tet(O) product 1 ACGGARAGTTTATTGTATACC E. coli (pAT121) NCTC (NC050500)
TGGCGTATCTATAATGTTGAC

tet(W) product 2 GAATTCTTGCCCATGTAGAC E. coli (pIE1120) MR
AAGAGCGGTACACCTCCG

Mosaic tet product 3 ACGGARAGTTTATTGTATACC M. elsdenii This study (7-11, 14-14)
AAGAGCGGTACACCTCCG

tet(O) product 4 TTCGGAAATTATAGTGAAGCA E. coli (pAT121) NCTC (NC050500)
CGGAACATACATCTCTGTGA

tet(W) product 5 CTGCGGGATACGGTGGC E. coli (pIE1120) MR
ACCTCCAACTGCACCCGG

Mosaic tet product 6 GCCCCCCTCCCCATGC M. elsdenii This study (7-11)
AGGGAGCGGCTCTATGGA

Mosaic tet product 7 CTGGGATACTTGAACCAGAGT M. elsdenii This study (14-14)
GGCTGGTATCCTTTTAACTC

tet(O) product 8 TCAGATAAAGAATGACGAGGT E. coli (pAT121) NCTC (NC050500)
GGCTGGTATCCTTTTAACTC

tet(W) product 9 CCAGGTAAAAAAGGATGAAGT E. coli (pIE1120) MR
GCCTGATATCCTTTCAGCTC

a Gene target, PCR primers, validation strain, and strain source for PCR assays used to screen intestinal bacteria in these studies. Primer pairs are listed as forward
(top) and reverse (bottom) beginning with their 5� nucleotide positions.

b NCTC, National Culture Type Collection, Public Health Laboratory Service, London; NADC, National Animal Disease Center; MR, Marilyn Roberts, University
of Washington.

c PCR primers used to analyze M. elsdenii mosaic tet genes. Products of the PCR amplifications and corresponding tet gene regions are depicted in Fig. 4.
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cecum was cut off, and cecal contents were drained into a sterile 600-ml Ehr-
lenmeyer beaker. The beaker, covered with a loosely fitted aluminum foil hood,
was immediately transferred into a Coy anaerobic chamber inflated with a gas
mix of 85% N2–10% CO2–5% H2. Inside the chamber, the contents were mixed
by manual stirring, and a 5-ml sample was placed into 100 ml of sterile HI broth
(Difco heart infusion broth) in a Waring blender jar. Another 5-ml sample was
deposited into a tared weighing container to determine its wet weight. The
contents were blended twice for 10 s at the maximum blender speed with a 10-s
pause between blendings.

Simultaneously with the processing of cecal contents, 5 disks, 12 mm in diam-
eter, were cut from washed cecal tissues and blended in 100 ml of HI broth in an
anaerobic chamber to remove tissue-associated bacteria, as described (4).

Isolation of chlortetracycline-insensitive anaerobic bacteria from cecal sam-
ples. Within Coy anaerobic chambers, a 0.5-ml sample of either a cecal tissue or
cecal contents homogenate was serially diluted 10-fold to 10�8 in tubes of HI
broth. Samples (0.1 ml) of appropriate dilutions were plated on RTC agar
medium (described below) containing chlortetracycline at final concentrations of
0, 4, 16, 64, 128, and 256 �g/ml. After 5 days of incubation at 38°C within the
chamber incubator, colonies were counted. Strains growing on RTC plates con-
taining 64 or 256 �g of chlortetracycline/ml were isolated by subculturing single
colonies on RTC agar plates containing the same chlortetracycline concentra-
tion. After the second subculture, a sample of an isolated colony was taken with
a sterile toothpick for PCR amplification as described above. Additionally, a
block of agar containing three to four identical-appearing colonies was asepti-
cally cut from the agar plate and deposited into a Nunc cryovial. The vial
contained 1 ml of HI broth with dimethyl sulfoxide (10% vol/vol, final concen-
tration) as a cryoprotectant. The sealed vial was removed from the anaerobic
chamber and stored at �70°C.

Culture media. HI broth for blending and diluting cecal samples was prepared
aerobically, sterilized by autoclaving, and immediately placed into the Coy cham-
ber at least 48 h before use. PY broth (27) for M. elsdenii strains contained
glucose or lactate (1% wt/vol, final concentration).

RTC medium was modified from CCA medium used to culture swine cecal
anaerobes (4). RTC medium contained (per liter): clarified bovine rumen fluid,
300 ml; salts A, 200 ml; salts B, 200 ml; trypticase-peptone (BBL), 2 g; glycerol,
1.25 g; hemin solution, 10 ml; carbohydrate solution, 2.5 ml; resazurin solution
(0.1%, wt/vol), 1 ml; L-cysteine HCl, 1 g; and distilled water, 280 ml. The medium
(adjusted to pH 7.0) was gently heated under N2 gas until the resazurin indicator
became colorless and then either dispensed anaerobically into tubes for auto-
claving or autoclaved and used to make agar plates. For solid agar medium,
Difco Noble agar was added at a final concentration of 1.2% (wt/vol).

Clarified rumen fluid consisted of freshly collected rumen fluid filtered
through a layer of cheesecloth, centrifuged at 14,000 � g to remove particulates,
autoclaved, and stored at 5°C as described previously (4). Salts A contained
0.45 g of CaCl2 and 0.45 g of MgSO4 in 1 liter of distilled water. Salts B contained
2.25 g of KH2PO4, 2.25 g of K2HPO4, 4.5 g of NaCl, and 4.5 g of (NH4)2SO4 per
liter of distilled water. Hemin solution was made by dissolving 50 mg of hemin in
1 ml of NaOH and diluting to 100 ml with distilled water. The stock carbohydrate
solution contained 10 g each of D-fructose, maltose, D-glucose, N-acetyl-D-glu-
cosamine, D-ribose, cellobiose, and L-arabinose in 100 ml of distilled water and
was sterilized by autoclaving.

A filter-sterile stock solution of chlortetracycline (3.2 mg/ml of water) was
diluted and added to the media before pouring the agar plates. Aerobically
prepared RTC agar plates were put into the anaerobic chamber at least 48 h
before use, at which time the resazurin indicator in the medium had become
colorless. Throughout these studies, all media and solutions containing tetracy-
cline antibiotics were protected from light.

Strains and culture conditions. Bacterial strains containing known tet deter-
minants were used as validation strains and as control strains in PCR assays. The
strains and their suppliers are given in Table 1. Culture media and incubation
conditions followed the recommendations of the suppliers.

M. elsdenii strains LC1T, B159, and T81 were recovered from National Animal
Disease Center stock cultures frozen in 1972. All three strains were low-passage
subcultures of isolates from ovine or bovine rumen samples in the mid-1950s to
early 1960s. Strain LC1T is the M. elsdenii type strain. The strains were cultured
anaerobically in tubes of PY broth (10 ml/tube) containing 1% (wt/vol) glucose.

Strains of obligately anaerobic, large cocci isolated in these studies (see Table
3) were initially cultured in RTC medium containing 64 or 256 �g of chlortet-
racycline/ml. After they were identified as M. elsdenii strains, they were routinely
cultured in PY broth containing glucose. In experiments testing growth on
lactate, sodium D,L-lactate at 1% wt/vol (final concentration) replaced glucose.

In all experiments, M. elsdenii cells and cultures were maintained under an-
aerobic conditions, either within a Coy flexible film anaerobic chamber inflated

with a mixture of 85% N2–10% CO2–5%H2 or by typical anaerobic techniques
using sealed culture vessels with an O2-free N2 atmospheres (28). For long-term
preservation, M. elsdenii cultures in the late exponential growth phase (2 � 108

to 5 � 108 CFU/ml) were harvested by centrifugation (5°C, 3,000 � g, 10 min).
The cell pellets were resuspended in the original culture volume of fresh medium
containing 10% (vol/vol) dimethyl sulfoxide, and 1-ml volumes in Nunc cryovials
were frozen at �70°C.

Phylogenetic analysis. Phylogenetic analysis programs were accessed through
the web site (http://rdp.cme.msu.edu/html/) of the Ribosomal Database Project
II (RDPII) (35). The 16S rRNA V3 sequences (160 bp between primers) of the
swine bacterial isolates were analyzed with the Sequence Match version 2.7
program of Niels Larsen. Nearly complete 16S rDNA sequences (1,475 bp) of
strains 2-9, 4-13, and 7-11 were analyzed by the same program to identify species
phylogenetically related to those strains. A distance matrix for these three strains
and their nearest relatives in the database was generated with the DNADist
program in Felsenstein’s Phylip 3.5C. A phylogenetic tree was constructed with
the Neighbor program in Phylip.

Antibiotic MIC assays. Antibiotic MICs for M. elsdenii strains were deter-
mined by the agar dilution method, with Brucella blood agar base medium with
supplements (41). Bacteroides fragilis ATCC 25285 (tetracycline sensitive) and B.
thetaiotaomicron ATCC 29741 (tetracycline resistant) cultures were used as ref-
erence strains. Megasphaera and Bacteroides cells were cultured in RTC broth
containing (for resistant strains) 10 �g of chlortetracycline/ml. Bacteria in the
exponential growth phase (M. elsdenii culture OD620 � 1.0, equivalent to 5 � 107

CFU/ml; Bacteroides culture OD620 � 0.6, equivalent to 2 � 108 to 4 � 108

CFU/ml) were harvested by centrifugation, washed once in an equal volume of
cold anaerobic sodium phosphate-buffered saline (pH 7.0), and resuspended in
buffer to give a final concentration of 2 � 107 CFU/ml. In an anaerobic chamber,
5-�l aliquots of this suspension were spotted onto Brucella blood agar plates
containing antibiotic concentrations of 0, 1, 2, 4, 8, 16, 32, 64, 128, and 256 �g/ml.
All MIC determinations were performed at least twice. Stock solutions (5.12
mg/ml) of chlortetracycline, tetracycline, and doxycycline were made in distilled
water and filter sterilized. A stock solution of oxytetracycline (5.12 mg/ml of
ethanol) was used without filter sterilization.

Antibiotic MICs for E. coli strains carrying M. elsdenii tet genes were deter-
mined by the agar dilution method for aerobic bacteria with Mueller-Hinton agar
(42). E. coli ATCC 25922 (tetracycline sensitive) was used as a reference strain.

Cloning M. elsdenii strain 7-11 and 14-14 tetracycline resistance genes. The
tetracycline resistance genes of M. elsdenii strains 7-11 and 14-14 were amplified
by PCR with two primer pairs designated Str and Fus. Primer design was based
on the tet(O) gene of Campylobacter jejuni (GenBank accession number
M18896). The forward Str primer was 5�-AAAAAAGGATCCATGTAATTTT
ATATGCCCGAAAA, annealing to a region 107 bp upstream of the start of the
C. jejuni tet(O) coding sequence. The Fus forward primer was 5�-AAAAAAGG
ATCCAATGAAAATAATTAACTTAGGCATTC, annealing to the start of the
C. jejuni tet(O) coding sequence. The reverse primer, 5�-AAAAAAGAATTCA
TCATAATTATCTCTAATCCTTC, annealing to a region 36 bp downstream of
the end of tet(O) and was the same for both Str and Fus pairs. Each primer
contained a restriction site (underlined) at the 5� end (BamHI for forward
primers and EcoRI for reverse primer) to facilitate cloning of the amplicon.

PCR amplification mixes (100 �l) contained 0.5 mM each deoxynucleoside
triphosphate, 1 � PCR buffer, 2.5 U of Pfu Turbo polymerase (Stratagene), 0.25
�M each primer, and 100 ng of purified M. elsdenii DNA. Thermal cycler
conditions were 95°C for 2 min, followed by 36 cycles of denaturation at 95°C for
30 s, reannealing at 50°C for 30 s, and extension at 72°C for 2 min. The last cycle
was extended an additional 10 min at 72°C. The amplicons were purified by
ethanol precipitation, double digested with BamHI and EcoRI, deproteinized by
phenol-CHCl3 extraction, purified by ethanol precipitation and ultrafiltration
(Nanosep 10K filters; Pall Life Sciences), and ligated into plasmid pZero-2
(Invitrogen, Carlsbad, Calif.) that had been linearized by digestion with both
enzymes. Plasmid pZero-2 contains both a kanamycin resistance gene and a
lacZ�-ccdB fusion enabling positive selection (CcdB protein toxicity) against
plasmids not containing insert DNA. A 2:1 (insert-to-vector) molar ratio of DNA
ends was used. E. coli Top10 cells were electrotransformed with recombinant
plasmids, and survivors were plated onto agar medium containing kanamycin (50
�g/ml) and chlortetracycline (8 �g/ml). The instructions of the plasmid manu-
facturer for DNA preparation, ligation, electrotransformation, and selection of
bacterial transformants were followed closely.

Plasmids from tetracycline-resistant E. coli strains were purified with anion
exchange columns (plasmid midi kit; Qiagen, Valencia, Calif.). The M. elsdenii tet
gene inserts on the plasmids were sequenced by automated PCR cycle sequenc-
ing techniques (22) at the Iowa State University Nucleic Acid Facility.
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PCR assays for M. elsdenii mosaic tet genes. To detect tet mosaic genes in M.
elsdenii strains, nine PCR assays were designed to amplify specific regions along
the lengths of tet(O), tet(W), 7-11 tet, and 14-14 tet (see Table 1, Fig. 4). PCR
assay conditions were the same as described above for identifying tet gene classes,
with 30 cycles and an annealing temperature of 60°C.

Statistical analysis. Viable bacterial counts in swine cecal samples were nor-
malized by logarithmic transformation and statistically analyzed with a mixed-
models analysis of variance for the effect both of animal origin and chlortetra-
cycline concentration in the culture medium. Pooled estimates of the
experimental error from the analysis were used to make inferences. P values of
�0.01 were considered significant.

Nucleotide sequence accession numbers. The 2-9, 4-13, and 7-11 16S rDNA
sequences have been deposited in GenBank under accession numbers
AY196917, AY196918, and AY196919, respectively. The M. elsdenii strain 7-11
and 14-14 tet sequences have been deposited in GenBank under accession num-
bers AY196921 and AY196920, respectively.

RESULTS

PCR assays for tet gene classes. To detect and identify tet-
racycline resistance genes in swine intestinal anaerobes, previ-
ously reported PCR assays (6) for gene classes tet(M), tet(O),
tet(Q), tet(S), and tet(W), encoding ribosomal protection pro-
teins, were adopted. PCR assays for tet gene classes tet(A),
tet(B), tet(C), tet(D), tet(E), tet(G), tet(H), tet(K), and tet(L),
encoding efflux proteins, were not available at the beginning of
this research and were developed as part of this study (Table
1). All PCR assays were validated with strains carrying known
tet genes. Every validation strain gave a single amplicon in the
PCR assay targeting the gene it carried and a negative reaction
in all other tet PCR assays. Amplicon sizes were consistent with
published results, in the case of tet ribosomal protection genes
(6), or with expected sizes, in the case of tet efflux protein
genes. Based on these results, the assays were considered re-
liable for initial, presumptive identification of tet genes in swine
intestinal bacteria.

Viable bacterial counts of swine cecal samples. Bacteria able
to grow on RTC agar medium without chlortetracycline were
detected at average population densities of 1.5 � 1010 to 2.8 �
1010 CFU/g (wet weight) of cecal contents and 1.2 � 107 to 1.7

� 107 CFU/cm2 of cecal tissues of swine from the two farms in
this study (Table 2). These numbers compare reasonably with
previous estimates of swine bacterial populations (2.4 � 1010

CFU/g of cecal contents and 2.7 � 107 CFU/cm2 of cecal
tissues) as determined by Allison et al. with CCA agar medium
and anaerobic roll tube methods (4).

Except for cecal contents from animals at farm A, bacterial
CFU in the samples were unaffected by 4 or 16 �g of chlor-
tetracycline/ml (Table 2). At higher chlortetracycline concen-
trations (64 to 256 �g/ml), cecal bacterial populations insensi-
tive to chlortetracycline were significantly (3- to 100-fold)
greater in chlortetracycline-fed animals than in animals not fed
the antibiotic. Nevertheless, in animals on either diet, substan-
tial numbers of bacteria were insensitive to medium with 256
�g of chlortetracycline/ml, the highest concentration tested.
These results indicate that many commensal anaerobes in the
swine intestine are either resistant or insensitive to chlortetra-
cycline.

Eighty-four colonies were randomly selected from RTC
plates containing 64 or 256 �g of chlortetracycline/ml, subcul-
tured once by single-colony transfer, examined for cell mor-
phology and gram stain reaction, and placed into frozen stock.
The 84 strains were diverse, based on both cell and colony
morphology. Based on V3 16S rDNA sequence similarities
with GenBank sequences, they are related to known and un-
known species of Lactobacillus, Streptococcus, Eubacterium,
Ruminococcus, Prevotella, and Megasphaera. Some are unchar-
acterized bacterial genera.

Eight swine strains showed a distinctive cell morphology,
cocci with large cell diameters (Fig. 1). The strains were iso-
lated from cecal contents and tissues of seven different pigs
(Table 3). Based on the dilutions of cecal contents or tissue
homogenates from which they were obtained, the population
levels of these cocci were conservatively estimated to be 107

CFU/g of cecal contents and 106 CFU/cm2 of cecal tissues. In
that they had a distinctive morphology, were among the more
numerous tetracycline-insensitive bacteria, and were poten-
tially useful commensal “model bacteria” in future studies, the
strains were again cloned by colony subculture and investigated
further.

FIG. 1. Phase contrast photomicrograph of M. elsdenii 7-11 cells.
Wet mount preparation. Marker bar, 10 �m.

TABLE 2. Total and tetracycline-insensitive bacterial population
levels in swine cecal contents and cecal tissue homogenates

Sample
Chlortetra-

cycline concn
(�g/ml)

No. of viable bacteriaa � SEM

Farm A Farm B

Cecal contents 0 10.44 � 0.065 10.18 � 0.071
4 10.39 � 0.066 10.18 � 0.092

16 10.17 � 0.067A 10.13 � 0.083
64 9.62 � 0.093A,B 10.12 � 0.095B

128 ND 10.07 � 0.041
256 7.68 � 0.140A,B 9.68 � 0.084A,B

Cecal tissues 0 7.24 � 0.060 7.07 � 0.132
4 7.25 � 0.107 7.08 � 0.143

16 6.91 � 0.163 7.11 � 0.109
64 6.38 � 0.118A,B 7.07 � 0.112B

128 ND 6.80 � 0.085
256 5.07 � 0.373A,B 6.40 � 0.014A,B

a Values are average log10 bacterial counts for animals from each farm for
cecal contents and cecal tissues. Farm A, seven swine fed a diet without tetra-
cycline (or other antibiotics). Farm B, six swine fed a diet containing 400 g of
chlortetracycline/ton. A, values are significantly (P � 0.01) different from values
of samples from the same farm and cultured on medium without antibiotic. B,
values are significantly different between farms at the same antibiotic concen-
tration. ND, not determined.
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Identification of tetracycline-resistant cocci as M. elsdenii
strains. The eight selected strains grew in RTC broth, predom-
inantly in cell pairs, although chains of four to eight cells were
common. Strain 7-11 cells (Fig. 1) had a representative mor-
phology and measured 1.2 to 1.5 �m in diameter. Cells of some
strains clumped, forming large cell aggregates which settled
out of broth cultures. Cells from cultures in the exponential
growth phase were gram reaction negative to variable. Esche-
richia coli and Enterococcus faecalis, used as controls, consis-
tently gave the expected gram staining reactions.

Within the amplified V3 variable region of their rrs genes,
the eight strains showed 96.8 to 100% nucleotide similarity
with each other. The Sequence Match version 2.7 program was

used to search RDPII for matching sequences. Bacterial spe-
cies with the most similar V3 sequences formed the Veillonella
parvula subgroup of the Sporomusa group of gram-positive
bacteria. The closest related species in the database was Me-
gasphaera elsdenii strain B159 (GenBank accession number
M26493). The V3 sequences of the eight strains showed 98.2 to
99.4% sequence identity with the M. elsdenii type strain LC-1T

(Table 3).
Phylogenetic analysis (Fig. 2) of nearly complete rrs gene

sequences (1,475 bp) of strains 7-11, 4-13, 2-9, M. elsdenii
LC-1T, and species within the Veillonella parvula subgroup
indicated the uncharacterized strains were closely related to M.
elsdenii LC-1T (99.3 to 99.6% sequence similarity). The nearest

FIG. 2. Neighbor-joining dendrogram depicting phylogenetic relationships based on nearly complete 16S rDNA sequences among swine
isolates 2-9, 7-11, and 4-13 and selected members of the Veillonella parvula subgroup. GenBank accession numbers are in parentheses. Nucleotide
differences are determined by the sum of the horizontal lines connecting the organisms. The scale bar represents a 5% difference in nucleotide
sequence.

TABLE 3. M. elsdenii strain characteristics

Straina Animal or sample
V3 sequence
similarityb to
RLC-1 (%)

Growth on
lactate

(OD620)

MIC (�g/ml)c

Tet Ctc Otc Dox

LC-1T Ovine 100 1.75 4 4–8 8–16 1
B159 Bovine ND 1.7 4 4–8 8–16 1
T81 Ovine ND 1.75 4 2–4 8–16 1–2
2-9 Swine cecal contents (farm A) 98.2 1.8 128 256 256 64
4-13 Swine cecal contents (farm A) 99.4 1.7 128 	256 256 64
7-11 Swine cecal contents (farm A) 98.9 1.8 128 	256 256 64
7-12 Swine cecal contents (farm A) 98.9 1.6 128 	256 256 64
14-14 Swine cecal tissues (farm B) 99.4 1.85 256 	256 	256 64
15-5 Swine cecal tissues (farm B) 98.9 1.8 128 256 256 64
19-3 Swine cecal tissues (farm B) 98.9 1.55 128 256 256 64
20-11 Swine cecal tissues (farm B) 98.9 1.4 128 	256 256 64
Bacillus fragilis ATCC 25285 (TcS) 1–2 4 8–16 1
Bacillus thetaiotaomicron ATCC

29741 (Tcr)
64 128 64 32–64

a M. elsdenii strains LC-1T, B159, and T81 were obtained from stock cultures. Additional M. elsdenii strains were isolated in these studies. Bacteroides strains were
obtained from the American Type Culture Collection for use as reference strains in tetracycline MIC assays (41).

b Percent sequence similarity with M. elsdenii LC-1T (U95027) in the 16S rDNA V3 region. ND, not determined.
c Tetracycline (Tet), chlortetracycline (Ctc), oxytetracycline (Otc), and doxycycline (Dox) concentrations expressed per milliliter of medium.
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relative is Megasphaera cerevisiae (93.8 to 94% sequence sim-
ilarity), which was isolated from spoiled beer (21) and not
considered an intestinal inhabitant.

A significant physiological trait of M. elsdenii is the ability to
use lactate as a carbon and energy source (15, 34, 47). All eight
swine strains and three control (ruminant) M. elsdenii strains
grew rapidly in PY broth containing 1% lactate (Table 3). The
strains reached maximum population levels (final culture
OD620 � 1.4 to 1.85, 18-mm path length) within 10 to 12 h after
inoculation (initial cell densities � 2 � 107 CFU/ml). Growth
of all strains on lactate was better than on glucose (20 to 23 h
to attain maximum OD620 of 1.0 to 1.4 in PY broth containing
1% glucose).

On the basis of phylogenetic, morphological, and physiolog-
ical properties, we concluded that the eight strains of large
cocci were M. elsdenii strains.

Antibiotic MIC determinations. MICs of tetracycline com-
pounds for the eight M. elsdenii swine isolates ranged from 64
to greater than 256 �g/ml (Table 3). These values were 16- to
64-fold higher than the corresponding MICs for ruminant M.
elsdenii strains LC-1T, B159, and T81. Tetracycline MICs for
Bacteroides reference strains agreed with the National Com-
mittee for Clinical Laboratory Standards (NCCLS) values (41).
Based on these results, the swine strains were considered tet-
racycline resistant and the ruminant strains tetracycline sensi-
tive.

PCR assays for tet gene classes. Every tetracycline-resistant
M. elsdenii strain (Table 3) gave a positive reaction in a PCR
assay to detect the tet(O) class of tetracycline resistance genes
(strains 7-11 and 14-14, depicted as product 1 in Fig. 5, lane 1).
Tetracycline-sensitive strains LC-1T, B159, and T81 were neg-
ative. None of the M. elsdenii strains, tetracycline resistant or
sensitive, gave a positive reaction for the other tet class genes.

The amplicons of the tet(O) PCR of M. elsdenii strains 7-11
and 14-14 were purified and sequenced. Between the primer
regions, both sequences (129 bp) were identical to each other
and to a comparable region of the tet(O) gene of Campy-
lobacter jejuni (GenBank accession number M18896).

Cloning M. elsdenii 7-11 and 14-14 tetracycline resistance
genes. The PCR results suggested that the M. elsdenii tetracy-
cline resistance determinant belonged to the tet(O) class. To
confirm this conclusion, the tetracycline resistance determi-
nants of strains 7-11 and 14-14 were amplified and cloned into
E. coli. Since M. elsdenii gene expression has not been inves-
tigated, two sets of PCR primers were used to amplify and
clone the 7-11 tet. Str primers were designed to enable expres-

sion of tet from a native M. elsdenii promoter. Fus primers were
designed to enable expression as a fusion protein from the lacZ
gene promoter on pZero-2. Recombinant E. coli strains con-
taining either 7-11 tet amplicon had increased chlortetracycline
and tetracycline MICs compared to the parent E. coli strain
Top10 and control strains (Table 4).

Considering that the MICs of the E. coli strains containing
either 7-11 amplicon were comparable, only one PCR ampli-
con version, made from Str primers, was cloned from strain
14-14. The M. elsdenii 14-14 gene also conferred tetracycline
resistance on E. coli (Table 4).

Mosaic nature of M. elsdenii tet. Three clones originating
from independent amplifications of the 7-11 tet gene were
sequenced and found to be identical. Two independent 14-14
tet sequences were identical to each other. Surprisingly, in view
of the PCR results detecting tet(O), the complete nucleotide
sequences of the M. elsdenii 7-11 and 14-14 tet genes were only
78% and 72.5% similar to the C. jejuni tet(O), respectively.

Sequence comparisons with various tet classes revealed that
the 7-11 and 14-14 genes had specific regions matching two
different tet classes, tet(O) of C. jejuni and tet(W) of Butyrivibrio
fibrisolvens (Fig. 3). The middle portions of the genes had

FIG. 3. Schematic representation of tet genes from M. elsdenii
strain 7-11 (A) and strain 14-14 (B). Checkered regions indicate high
sequence similarity with C. jejuni tet(O) (M18896), and open regions
indicate high sequence similarity with B. fibrisolvens tet(W) (AJ222769).
Nucleotide base positions are indicated above each gene. Percent
sequence similarities are indicated below each gene.

TABLE 4. Tetracycline MICs for E. coli strains containing M. elsdenii tetracycline resistance determinants

Strain Description M. elsdenii tet gene
MIC (�g/ml)a

Tet Ctc

ATCC 25922 TcS reference None 1–2 4–8
TOP10 Cloning parent strain None 2 8
B-1 TOP10 containing pZErO-2 with fla insertb None 2 8
STR7-11 TOP10 containing pZero-2 with 7-11 amplicon 7-11 Str amplicon 32 64–128
FUS7-11 TOP10 containing pZero-2 with 7-11 amplicon 7-11 Fus amplicon 32 128
STR14-14 TOP10 containing pZero-2 with 14-14 amplicon 14-14 Str amplicon 64 128

a Expressed per milliliter of Mueller-Hinton agar. Results of at least two determinations. Tet, tetracycline; Ctc, chlortetracycline.
b Strain B-1 containing plasmid pZero-2 with a Brachyspira hyodysenteriae fla insert was used as a control since pZero-2 plasmid without insert is lethal for E. coli

TOP10 cells.
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98.1% identical nucleotide sequences with tet(W). The begin-
ning and end regions of the genes, however, showed 99.3 to
100% sequence similarity with tet(O) of C. jejuni. Additionally,
the nucleotide sequence (129 bases) upstream of the M. elsde-
nii 7-11 tet gene was 98.4% identical to the upstream region of
C. jejuni tet(O) (not shown). These results indicate that the M.
elsdenii 7-11 and 14-14 tet determinants are mosaic genes pro-
duced from a double-crossover recombination of tet(O) and
tet(W). The genes differed in crossover sites (O-W or W-O)
(Fig. 3). In the initial PCR assays, primers specific for tet(O)
amplified a tet(O) region of the M. elsdenii mosaic genes (de-
picted as product 1 in Fig. 4).

PCR assays for M. elsdenii mosaic tet genes. PCR assays were
developed to detect and differentiate tet(O), tet(W), and the
7-11 and 14-14 tet mosaic genes (Fig. 4 and Fig. 5). The six
other tetracycline-resistant M. elsdenii strains were tested in
the PCR assays. Strain 2-9 gave PCR results identical to those
of strain 7-11 (Fig. 5). The other five strains, 4-13, 7-12, 15-5,
19-3, and 20-11, had PCR results similar to those of 14-14 (Fig.
5). These results indicate that there at least two distinct tetra-
cycline resistance genotypes among swine isolates of M. elsdenii.

DISCUSSION

Eight of 84 strains of swine intestinal anaerobes growing in
medium containing high levels of chlortetracycline were iden-
tified as strains of M. elsdenii. The tetracycline-resistant strains
were isolated from the ceca of swine regardless of a history of
tetracycline in their diet. Two tetracycline resistance geno-
types, represented by strains 7-11 and 14-14, were detected by
PCR assays in the swine isolates of M. elsdenii. These tet genes

were absent from tetracycline-sensitive strains, and PCR cop-
ies of the genes conferred tetracycline resistance on recombi-
nant E. coli strains. More recently, a tet gene was cloned di-
rectly from M. elsdenii 7-11 genomic DNA in our laboratory
and was identical in sequence to the 7-11 tet amplicon cloned
in these investigations.

FIG. 4. Schematic representation of nine PCR amplicons differentiating tet(O), tet(W), and the mosaic tet genes from strains 7-11 and 14-14
(Table 1). Double-headed arrows indicate amplified regions of the target gene. PCR amplicons identifying specific genes are: product 4, tet(O);
products 2 and 9, tet(W); product 6, 7-11 mosaic tet; product 7, 14-14 mosaic tet.

FIG. 5. PCR assays to identify tet(O), tet(W), and mosaic tet genes
of strains 7-11 and 14-14. Size markers (in base pairs) are given at the
right of the figure. Lane numbers 1 to 9 correspond to PCR products
1 to 9 depicted schematically in Fig. 4.
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M. elsdenii, originally called Peptostreptococcus elsdenii (50),
has been detected in intestinal contents and feces of ruminants
(20, 24, 26), swine (1, 23, 32, 58), and humans (56, 59). Results
from these studies suggest that M. elsdenii might colonize in-
testinal mucosal surfaces (Table 3), a habitat where microbial
biofilms are likely sites of genetic and physiological exchanges.

Although M. elsdenii strains have been associated with dis-
ease (11, 18, 56), the species is better known as a commensal or
mutualist organism whose ecological niche lies at the intersec-
tion of various metabolic pathways of the rumen and lower
bowel ecosystems (3, 38, 52). Most noteworthy, M. elsdenii
converts lactate to propionate, a glucogenic metabolite for the
host animal (14, 15, 31). Depending on the animal diet, M.
elsdenii ferments up to 60 to 80% of the lactate produced in the
rumen (15), a metabolic capacity that makes it attractive as a
probiotic culture to prevent acidosis caused by lactate-produc-
ing bacteria in cattle (30, 47). Our working hypothesis is that
physiological interactions of M. elsdenii with other species
might predispose genetic exchanges among these species.

Ruminant M. elsdenii strains have been analyzed previously
for tetracycline sensitivity (19, 36). Unfortunately, the methods
for assessing sensitivity did not follow the protocols used in
these investigations, making MIC comparisons impossible and
underscoring the importance of standard assays (41).

The M. elsdenii tet determinants are mosaic genes formed by
recombination of tet(O) and tet(W) class genes. Mosaic peni-
cillin resistance genes are present in Streptococcus pneumoniae
(25) and Neisseria species (55). Mosaic tet(M) genes in Neisse-
ria, Enterococcus, Ureaplasma, and Streptococcus species are
the products of recombination between tet(M) genes from
Staphylococcus aureus and Streptococcus pneumoniae (46).
Functional gene hybrids of two different tet classes [tet(A)-
tet(C)] have been genetically created in the laboratory (51). To
our knowledge, the M. elsdenii resistance determinants are
unique in being the first natural examples of mosaic genes
formed between two distinct classes of tetracycline resistance
genes, that is, genes separated by 36% nucleotide sequence
divergence.

An intriguing mystery surrounds the origin of the M. elsdenii
mosaic tet determinants. Does recombination between tet(O)
and tet(W) occur within M. elsdenii cells, or do mosaic genes
originate from other bacterial genera?

Although hybrid tet(O)-tet(W) genes have not been re-
ported, tet(W) genes are present in diverse genera from gas-
trointestinal environments, e.g., Butyrivibrio fibrisolvens, Seleno-
monas ruminantium, Mitsuokella multiacidus, Fusobacterium
prausnitzii, Bifidobacterium longum, Clostridium-like strain K-10,
and Arcanobacterium pyogenes (8, 9, 37, 54). The tet(O) gene is
present in various gram-negative and gram-positive bacteria,
notably gram-positive cocci (13, 60), and in intestinal bacteria
such as Campylobacter spp. (13) and B. fibrisolvens (8). B.
fibrisolvens strains contain both tet(W) and tet(O) in the same
bacterium (8). There is evidence of intergeneric transfers of tet
determinants among intestinal bacteria (8, 16, 37, 54). The
PCR assays developed in these studies should be useful for
determining whether additional M. elsdenii strains contain
more than one tet gene class and for examining other intestinal
bacteria for the mosaic genes.

The existence of interclass mosaic tet genes in M. elsdenii has
practical implications for investigators of tetracycline resis-

tance. First, assays targeting specific regions of tet genes can be
deceiving. Based on the results of a positive PCR assay limited
to a specific region of tet(O) (6), the M. elsdenii tet determinant
was initially considered to belong to class tet(O). Furthermore,
we speculate that DNA hybridization probes for tet(W) could
misidentify the mosaic genes due to the large portions of the
genes showing high sequence homology with tet(W). For these
reasons, the identification of tet gene classes in (unstudied)
bacteria in pure culture should be based on complete sequenc-
ing or on PCR assays targeting multiple regions of the gene.
Future investigations of tet gene ecology in microbially com-
plex environments (5, 6, 12) should consider the impact of
mosaic tet genes on study results.

Second, the current cutoff for classifying tet genes is 	80%
amino acid identity of the encoded proteins (33). This nomen-
clature guideline was based on comparisons of known tet genes,
which, unlike the mosaic tet, vary in sequence over their entire
lengths. On the basis of this criterion, both the M. elsdenii 7-11
and 14-14 genes should be classified as tet(W) alleles because
the putative Tet proteins show 89.1% and 91.9% sequence
identity, respectively, with B. fibrisolvens tet(W).

In our view, the classification of the M. elsdenii mosaic genes
as tet(W) neither reflects the evolutionary background nor
conveys the unique recombinant nature of the genes. It is also
confusing for practical applications, because the M. elsdenii
genes are clearly differentiated from tet(W) genes. For these
reasons, we suggest that the genes not be named at this time.
We fully support a uniform nomenclature for antibiotic resis-
tance genes and suggest that future classification guidelines
address mosaic tet genes.

The commensalistic microbiota of animals and humans has
been proposed as a reservoir for the expansion, dissemination,
and preservation of antibiotic resistance determinants. The
existence of mosaic genes in M. elsdenii suggests that the nor-
mal intestinal microbes may serve not only as a reservoir of
antibiotic resistance genes but also as a proving ground for the
evolution of those genes.
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