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The multiresistance gene cfr was found in two porcine Escherichia coli isolates, one harboring it on the conjugative 33,885-bp
plasmid pFSEC-01, the other harboring it in the chromosomal DNA. Sequence analysis of pFSEC-01 revealed that a 6,769-bp
fragment containing the cfr gene bracketed by two IS26 elements was inserted into a plasmid closely related to pEA3 from the
plant pathogen Erwinia amylovora, suggesting that pFSEC-01 may be transferred between different bacterial genera of both ani-
mal and plant origin.

The multiresistance gene cfr confers resistance to phenicols, lin-
cosamides, pleuromutilins, streptogramin, and oxazolidino-

nes and decreased susceptibility to the 16-membered macrolides
spiramycin and josamycin (1–3). While the cfr gene is found
mainly in Gram-positive bacteria (4), it has also been detected in
two species of Gram-negative bacteria, Proteus vulgaris and Esch-
erichia coli, during recent years (5–10). Here, we report IS26-
flanked cfr genes from porcine E. coli are located either on a plas-
mid that most likely originated from the plant pathogen Erwinia
amylovora or in the chromosomal DNA.

During July and August 2013, a total of 396 samples were col-
lected from the lungs of diseased animals (pigs, n � 334; chickens,
n � 40; ducks, n � 22) at an animal diagnostic laboratory at
Foshan University, Foshan City, Guangdong, China. A total of 64
E. coli isolates grew on MacConkey agar plates supplemented with
10 mg/liter florfenicol. Of these, only two isolates, FSEC-01 and
FSEC-02, which were obtained from swine suffering from pneu-
monia and sepsis, respectively, that originated from two different
pig farms were positive for the cfr gene by PCR as described pre-
viously (11, 12).

In vitro susceptibility testing (13, 14) showed that isolates
FSEC-01 and FSEC-02 were resistant to chloramphenicol, am-
picillin, tetracycline, gentamicin, and streptomycin and also
had high MIC values of florfenicol (128 �g/ml). Isolate
FSEC-02 also exhibited resistance to amoxicillin-clavulanic
acid and sulfamethoxazole. In addition to harboring the cfr
gene, both isolates harbored the phenicol exporter gene floR,
the �-lactam resistance gene blaTEM-1, and the tetracycline re-
sistance gene tet(A). Isolate FSEC-01 also carried the aminogly-
coside resistance gene aacC2 and the �-lactam resistance gene
blaCTX-M-65, whereas isolate FSEC-02 also harbored the amin-
oglycoside resistance genes aac(3)-VI, aadA2, aacC3, strA, and
strB, the sulfonamide resistance gene sul2, and the �-lactam
resistance gene blaOXA-30 (Table 1).

S1 nuclease pulsed-field gel electrophoresis (PFGE) and South-
ern blot analysis (15) showed that the cfr gene was located on an
�34-kb plasmid, designated pFSEC-01, in isolate FSEC-01 and in
the chromosomal DNA of isolate FSEC-02 (see Fig. S1 in the sup-
plemental material). Conjugation experiments by filter mating
(15) using isolate FSEC-01 as the donor and E. coli C600 as the

recipient proved to be successful. The transconjugant, designated
EC-600-FS-01, which harbored only the cfr-carrying plasmid
pFSEC-01, was negative for floR and exhibited resistance to both
chloramphenicol and florfenicol (Table 1), suggesting that cfr was
functionally active.

The complete DNA sequence of the cfr-carrying plasmid
pFSEC-01, extracted from a transconjugant, and the regions
flanking the cfr gene in the chromosome of FSEC-02 were ob-
tained by whole-plasmid and genomic-DNA sequencing, respec-
tively, using the Illumina HiSeq 2500 system, which produced
125-bp paired-end reads (Berry Genomics Company, Beijing,
China). The draft assembly of the sequences was generated using
Genomics Workbench 5 (CLC Bio, Aarhus, Denmark). The gap
closure was performed by a modified random-primer walking
strategy (15), using the primers listed in Table S1 in the supple-
mental material. The plasmid pFSEC-01 had a size of 33,885 bp,
assembled from two contigs (4,390 bp and 27,928 bp), with a
coverage of �5,000-fold and subsequent gap closure. The average
GC content was 44.8%, and 27 predicted open reading frames
coding for proteins of �100 amino acids were detected. The plas-
mid contained two main regions (region A and region B), which
differed in GC content (Fig. 1). The 5,990-bp fragment located in
6,769-bp region A, containing the cfr gene flanked by two copies of
IS26 located in the same orientation, had a distinctly low GC con-
tent of 38.9% and showed 99.5% nucleotide sequence identity to
the corresponding region of plasmid pSD6 (GenBank accession
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number NG_041755.1) from porcine E. coli 8GZ12D (Fig. 1 and
2) (8). Fragments of 1,700 bp and 1,492 bp in region A, comprising
mainly the rep gene and the cfr gene, respectively, shared �99.9%
nucleotide identity to the corresponding regions of plasmid
pSA8589 (GenBank accession no. KC561137.1) from Staphylococ-
cus aureus isolated from a medical institution in Ohio, USA (16)
(Fig. 2). No direct repeats were found immediately upstream and
downstream of these IS26 elements in region A (Fig. 2). Moreover,
no cfr-carrying intermediate circular forms were detected by in-

verse PCR in either FSEC-01 or the transconjugant EC-600-FS-01.
The entire 5,990-bp region is the internal part of a 6,769-bp seg-
ment that was inserted into the pEA3 backbone. The insertion of
this segment was accompanied by the loss of a 1,412-bp segment
in pEA3 which harbored mainly genes for hypothetical proteins 5
to 8 (Fig. 2).

Region B of pFSEC-01 had a size of 27,116 bp and a high GC
content (46.1%) (Fig. 1). It displayed 98.2% nucleotide sequence
identity to the corresponding region in plasmid pEA3. Plasmid

TABLE 1 Antimicrobial susceptibility profiles of E. coli FSEC-01, FSEC-02, and EC-600 and the transconjugant EC-600-FS-01, which contains
plasmid pFSEC-01

Bacterial isolate Resistance gene(s)

MIC (mg/liter) ofa:

CHL FFC AMP AMC TET SMZ GEN STR AMK

FSEC-01 cfr, floR, aacC2, blaTEM-1, blaCTX-M-65, tet(A) 512 128 512 8/16 256 32 64 512 4
FSEC-02 cfr, floR, aac(3)-IV, aadA2, strA, strB, aacC3,

sul2, blaOXA-30, blaTEM-1, tet(A)
512 128 512 32/64 256 �512 128 512 16

EC-600-FS-01 cfr 128 64 1 2/4 0.5 16 1 2 1
EC-600 2 8 1 2/4 0.5 16 1 2 1
a The antimicrobial agents are abbreviated as follows: CHL, chloramphenicol; FFC, florfenicol; AMP, ampicillin; AMC, amoxicillin-clavulanic acid; TET, tetracycline; SMZ,
sulfamethoxazole; GEN, gentamicin; STR, streptomycin; and AMK, amikacin.

FIG 1 Circular representation of plasmid pFSEC-01. The circles display (from outside to inside) (i) sizes in base pairs, (ii) the positions of predicted coding
sequences, with arrows indicating the positions and directions of transcription of the genes, and (iii) the GC contents plotted against 44.8%, with pink indicating
�44.8% and yellow indicating �44.8% GC. Genes are color coded, depending on functional annotations, as follows: pink, transposition; black, type IV secretory
components; red, antimicrobial resistance; and green, transposition/recombination/replication and other putative functions/hypothetical proteins.
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pEA3 has a size of 29,585 bp and was originally identified in the
plant pathogen Erwinia amylovora CFBP 2585 (GenBank acces-
sion number HF560646.1), which causes fire blight, a devastating
disease that threatens a wide range of plants, including apple, pear,
cotoneaster, and hawthorn shrubs and trees (17, 18). Region B
also harbored the genes of a type IV secretion system (T4SS) gene
cluster (Fig. 1). This T4SS might play a role in the conjugative
transfer of plasmids, and its presence might explain how a basic
pEA3 plasmid might have been transferred between the plant patho-
gen E. amylovora and E. coli of swine origin. However, it is unknown
whether the plasmids pFSEC-01 and pEA3 were directly transferred
between E. amylovora and E. coli or whether other intermediate-host
bacteria have also been involved in the dissemination of these plas-
mids. It is also not known where and when the insertion of the IS26-
flanked cfr segment into the pEA3 replicon occurred.

In the chromosomal DNA of FSEC-02, a fragment of 18,482 bp
comprising the cfr gene was assembled from three contigs (2,945,
2,062, and 11,492 bp) with a �500-fold coverage and subsequent
gap closure (see Fig. S2 in the supplemental material). The primers
used for confirmation of the fragment order are listed in Table S2.
Similarly to the situation in pFSEC-01, the cfr gene in the chro-
mosomal DNA of FSEC-02 was bracketed by two IS26 elements in
the same orientation. However, the IS26 elements in isolate
FCEC-02 were in the orientation opposite to that of the cfr gene
(Fig. 2). A 2,130-bp amplicon containing the cfr gene and one
intact IS26 was obtained from FSEC-02 by inverse PCR, suggest-
ing that this cfr-carrying segment might be looped out via IS26-
mediated recombination. To date, 18 cfr-carrying Gram-negative
bacterial isolates, including the two E. coli isolates from this study,
have been reported, and in 17 of them, the cfr gene was bracketed
by two copies of IS26 (5, 6, 8–10). This is further evidence that IS26
plays a role in the dissemination of the cfr gene in Gram-negative
bacteria, not only for insertion into different types of plasmids but
also for integration into the chromosomal DNA.

Nucleotide sequence accession numbers. The cfr-carrying re-
gion in FSEC-02 and the complete sequence of plasmid pFSEC-01
have been deposited in GenBank under accession numbers
KR779900 and KR779901, respectively.
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