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ABSTRACT OptrA is an ATP-binding cassette (ABC)-F protein that confers resistance
to oxazolidinones and phenicols and can be either plasmid-encoded or chromo-
somally encoded. Here, we isolated 13 Enterococcus faecalis strains possessing a lin-
ezolid MIC of =4 mg/liter from nursery pigs in swine herds located across Brazil. Ge-
nome sequence comparison showed that these strains possess optrA in different
genetic contexts occurring in 5 different E. faecalis sequence type backgrounds. The
optrA gene invariably occurred in association with an araC regulator and a gene en-
coding a hypothetical protein. In some contexts, this genetic island was able to ex-
cise and form a covalently closed circle within the cell; this circle appeared to occur
in high abundance and to be transmissible by coresident plasmids.
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he oxazolidinone phenicol resistance gene optrA codes for an ATP-binding cassette

(ABQ)-F protein that acts through ribosomal protection (1). The gene optrA was first
described in Enterococcus faecalis and Enterococcus faecium from humans and agricul-
tural animals in China (2) and has since been found worldwide in Firmicutes isolates
from both settings (3-28). Prior to its discovery, oxazolidinone resistance was known to
be mediated by mutations in domain V of 23S rRNA (29-31), mutational changes in
ribosomal proteins L3 and L4 (32, 33), and/or by Cfr-type adenosine modification on
nucleotide A2503 in the peptidyl transferase center (PTC) of 23S rRNA (34-36). More
recently, another ATP-binding cassette (ABC)-F protein, PoxtA, has also been associated
with decreased susceptibility to oxazolidinones (28, 37).

OptrA elevates the MIC of oxazolidinones, including tedizolid, which is superior to
linezolid in treating infections caused by cfr-positive L3 or 23S rRNA mutant strains of
staphylococci and enterococci (38). E. faecalis is a widely found commensal of the
gastrointestinal (GI) tracts of humans and most animals, but also a leading cause of
hospital-acquired infections (39-41). Enterococci readily acquire and disseminate resis-
tance genes and appear to be the main source for horizontal optrA spread (2-9, 13-15,
17, 18, 20-28). Spread of optrA is of serious concern because oxazolidinones are
important last-line drugs for treating infections caused by vancomycin-resistant en-
terococci (VRE), methicillin-resistant Staphylococcus aureus (MRSA), and methicillin-
resistant coagulase-negative staphylococci (MRCoNS).

Here, we report the occurrence of optrA in distinct genetic lineages of linezolid-
resistant (LR) E. faecalis isolates from Brazilian swine herds, in genetic contexts that can
be mobilized and transferred to new strains. We quantified the evolutionary distances
between the Brazilian optrA variants and all other optrA gene sequences in the NCBI
database, and we examined the evolutionary trajectory of the gene in the sequence
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types (STs) of E. faecalis isolated from humans, animals, food products, and environ-
mental sources.

RESULTS

Genetic contexts of optrA in the Brazilian porcine LR E. faecalis isolates. The
optrA gene was found in 5 different contexts (patterns PO, P1, P2, P3, and P4) in porcine
E. faecalis strains (Table 1; Fig. 1). All carried a core segment of 3,453 bp, composed of
the genes encoding an AraC family transcriptional regulator and a small hypothetical
protein (hp1) upstream of optrA (core araC-hp1-optrA). In configuration PO (Fig. 1), a
204-bp fragment of the DNA repair gene radC occurs upstream of araC-hp1-optrA.
Downstream of optrA is a gene for a second hypothetical protein (hp2) that has
homologues in other E. faecalis and E. faecium strains, as well as in Streptococcus suis
isolated from Sus scrofa and in a human-derived Streptococcus pasteurianus strain
carrying optrA. Adjacent to hp2 are 72bp that appear to be derived from the
S-adenosylmethionine (SAM)-dependent methyltransferase gene, and, further, 136 bp
derived from an ISSep1-like transposase.

In the ST591 and ST711 LR E. faecalis porcine isolates, the basic PO configuration was
inserted downstream of a complete copy of the site-specific transposon, Tn554 (here
designated the P1 context), while in ST710 isolate L8, it was inserted inside the
transposase genes tnpB and tnpC of Tn554 (termed the P2 context). In the P1 context,
the core araC-hp1-optrA is inserted into the extreme 3’ end of Tn554 with an accom-
panying duplication of the flanking radC and ISSep-1 transposase gene segments from
P0. Comparison of the radC fragments flanking PO within the P1 context suggested it
had accumulated sequence from different sources. On the 5’ flank of PO, a 330-bp
fragment derived from a radC gene is identical to a homologue from Listeria monocy-
togenes, while a 227 bp-radC fragment on the 3’ side of PO is identical to a homologue
from Bacterioides and Peptoniphilus species.

The P2 context has the core araC-hp1-optrA inserted between tnpB and tnpC of
Tn554, truncating both coding sequences but does not have the duplication of radC
gene segments seen in P1. Here, the radC fragments at the 5’ and 3’ Tn554 are identical
to homologues in E. faecium, suggesting different origins and routes of transmission for
P1 and P2 mobile elements.

The P3 and P4 contexts differ from P1 and P2. Rather than being associated with a
Tn554 element, araC-hp1-optrA is inserted upstream of IS1216E, with variable gene
content flanking the core at either end. The P4 context had a duplication of optrA,
which was confirmed by PCR and Sanger sequencing.

Recombination and transposition events involved in the mobilization of optrA.
Recombination and transposition appear to be driving mobilization of P1 and P2.
Interestingly, sequencing read counts for the core araC-hp1-optrA occurred at from 1-
to 27-fold higher levels than for the host chromosome (see Fig. S1 in the supple-
mental material), suggesting some mechanism for amplification within the cell. To
test for the ability of the optrA element to excise and form a hypothetical circular
intermediate as implied, we constructed primers (see Table S1 in the supplemental
material) to read outward off the ends of the element. When using genomic DNA
from P1 and P2 containing E. faecalis isolates as the template, this primer set
(P1F1+P1R1) produced an amplicon proving the existence of the predicted covalently
closed circular intermediate (tnpA — SAM). P1 elements also contain a third radC
fragment that could enable formation of additional circular intermediates. Primers sets
P1F1+P1R2 and P1F2+P1R2 generated amplicons from P1-containing isolates (tnpA —
optrA and araC — optrA), confirming that recombination between homologous radC
segments can also lead to excision and mobilization of P1 and PO elements, respec-
tively. Neither P3- or P4-carrying isolates yielded detectable amplicons using any of the
above primer combinations, highlighting the importance of the radC segments, the
mechanism of Tn554 transposition, or both. The IS1276E transposase at the 3’ end of P3
and P4 elements suggests that their movement may be enabled through transposition
rather than recombination.
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FIG 1 Synteny of optrA loci identified in the Brazilian porcine LR E. faecalis strains. Five different patterns were found (PO, P1, P2, P3, and
P4). Areas for recombination identified in the P1 context are marked (red squares). Directions (5’ to 3') of the primers used to confirm the
occurrence of the P0/Tn554/P1-containing circular variants are indicated (red arrows). The primer sets P1F2/P1R2, P1F1/P1R1, and
P1F1/P1R2 yielded PCR products corresponding to hp2-1SSep1-like transposase-radC (4,439 bp-PO circle), SAM-tnpA (6,568 bp-Tn554 circle),
and optrA-tnpA (11,007 bp-P1 circle).

Mobilization of the optrA-hp1-araC gene cluster in the Brazilian porcine LR E.
faecalis strains. To determine whether optrA in the various contexts can be transmit-
ted to other strains, and, if so, the level of resistance conferred, filter matings were
performed using graded levels of chloramphenicol (10, 20, or 25 pug/ml) for selection.
Depending on the donor, E. faecalis OG1RF transconjugants were obtained at frequen-
cies from 1078 to 10° per donor cell (Table 2). Transconjugants were verified to
contain oxazolidinone and phenicol resistance genes by PCR using primers listed in
Table S1.

Transfer of P1 from L15 donor to transconjugant E. faecalis OG1RF-L15 was mediated
by an 82,898-bp plasmid, pL15 (GenBank accession number CP042214) (Fig. S2). An
intact P1 element was identified in the transconjugant on pL15 and included the
disrupted gene fragments of radC at its ends. pL15 carries a complete copy of a
Tn916-like transposon, Tn6248, harboring the chloramphenicol acetyltransferase gene,
cat, in addition to tetracycline resistance determinants tet(L) and tet(M), which encode
an efflux protein from the major facilitator superfamily, and a ribosome protective
protein, respectively. Tn6248 from pL15 exhibits 99% DNA identity to a Tn6248 de-
scribed in an E. faecium isolate from swine in China (GenBank accession number
KP834592). Plasmid pL15 also includes erm(A) and erm(B), which confer resistance to
macrolides, lincosamides, and streptogramin B, as well as the spectinomycin resistance
gene spc. The pL15 rep gene shares 97% DNA identity to repA (Rep9) encoded by the
E. faecalis pheromone-responsive plasmid pAD1 (42). pL15 was carried by all naturally
occurring ST591 and ST711 LR E. faecalis strains investigated in this study.
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Transfer of P2 from LR E. faecalis L8 into OG1RF-L8 was mediated by a 91,525-bp
plasmid, pL8 (GenBank accession number CP042217). pL8 possesses a rep9 gene that is
96% identical to that of E. faecalis pheromone-responsive plasmid pPD1 (43). Unlike all
other isolates, cat and fexA genes do not occur in the donor LR E. faecalis L8, leaving
optrA as the only known mechanism of chloramphenicol resistance in the donor and
transconjugant. P2-containing transconjugants could only be selected using 10 ug/ml
chloramphenicol, indicating that optrA alone provides lower-level resistance than the
combination of optrA and cat, which occur together in isolates carrying pL15.

Intact P3 (GenBank accession number CP043725) was not mobilized from L14, L17,
or L19 donors selected with 10, 20, or 25 ug/ml chloramphenicol. However, optrA was
confirmed in transconjugants by PCR and Sanger sequencing, indicating that optrA can
recombine and transfer independently of the P3 element. Lastly, P4 (GenBank accession
number CP041776) was transferred intact from LR E. faecalis L9 and appeared to be
inserted into a plasmid of >60 kb, which could not be closed by de novo assembly.

optrA from Brazilian porcine E. faecalis isolates shows signatures of both
horizontal and vertical inheritance. Globally, optrA occurs in multiple clonal clusters
(CQ) of E. faecalis that have been isolated from humans, animals, food products, and
environmental sources (Fig. 2). In swine herds at various locations in Brazil, optrA was
identified in genetically distant E. faecalis sequence types (ST29, ST330, ST591, ST710,
and ST711). ST591, most common in this study, occurs in a CC that includes ST16 as a
potential ancestral type (AT). Worldwide, ST16 accounts for the largest number of
optrA-carrying E. faecalis isolates, most of them of human origin in China. ST591, a
single-locus variant (SLV) of ST16, is the greatest source of optrA in animal hosts in this
CC. Of the 31 STs that currently constitute this group, optrA has been identified in ST179
and ST541, in addition to ST16 and ST591.

ST711, also a carrier of P1, is not closely related to ST591 and is a singleton by
eBURST analysis. ST710, which carries the P2 context, is also a singleton. Data for the CC
that includes ST330 is rarer in the MLST database, and, so far, optrA is restricted to
ST330 from animal hosts (swine and chicken), or to isolates of its double-locus variant
(DLV) ST474 from humans. Lastly, ST29 is within a CC that has ST403 as a potential AT.
ST403 was first identified in 2013 as a high-level gentamicin-resistant (HLGR) E. faecalis
isolate from chicken meat in South Korea, and it now joins 5 SLV (ST29, ST244, ST292,
ST416, and ST734), and 2 DLV (ST361 and ST400) identified in poultry, wild birds,
rodents, and nonhospitalized humans. ST403-associated lineages, including the ones
which carry optrA (ST29, ST403, and ST416), appear to be well adapted to animal hosts.

To determine the relatedness of the optrA genes studied here to homologous
sequences in GenBank, single-nucleotide polymorphisms (SNPs) were mapped, and a
SNP-based phylogeny (Fig. 3) was generated. This analysis shows that E. faecalis is the
main reservoir of optrA diversity; 39 of all 49 optrA variants occur in multiple STs of E.
faecalis. Seven optrA variants carried by E. faecalis also occur in strains of E. faecium,
Enterococcus avium, S. suis, and Staphylococcus sciuri isolated in 6 different countries.
Three OptrA protein variants encoded by four optrA variants were identified in the LR
E. faecalis isolates from Brazil studied here. While V12 OptrA was found in the ST591 and
ST711 E. faecalis isolates from various pig farms (P1 optrA context), V13 OptrA was
unique to the ST330 lineage (P3 optrA context) at Parana (PR) piggery A. V9 OptrA could
be identified in distantly related STs of E. faecalis (ST29 and ST710), which came from
different states of Brazil (P4 and P2 optrA contexts, respectively). The nature of these
variations is summarized in Table S2.

DISCUSSION

Brazil is the fourth largest pork producer in the world, and Brazilian swine produc-
tion currently represents 10% of global exports. Brazil imports breeding animals
exclusively from the United States or Europe. There are no import records of meat from
China, nor does Brazil have a history of exporting live pigs to any country. Although
neither Brazilian nor Chinese swine production is directly tied to the import or export
of animals, China is the largest importer of Brazilian meat. However, veterinary antimi-
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FIG 2 Multilocus sequence typing (MLST)-based phylogeny of optrA-carrying E. faecalis. The distribution of the optrA gene in the STs of E. faecalis isolated in
Brazil and in other countries is color coded as follows: human (clinical samples) in yellow, agricultural animals in red, pets in pink, food products in blue, and

environmental samples in green. STs identified in Brazil are highlighted in red.

crobial stewardship programs in Brazil and China have been similar over the last
20 years, mainly with respect to the phenicol, pleuromutilin, and macrolide classes,
which have been largely used to control diseases, as well as growth promoters in swine
production.

The pig farms selected for sample collection in this study utilize similar animal
husbandry practices, biosecurity, and antimicrobial use, despite their geographical
diversity. Even though chloramphenicol has been prohibited for veterinary use and
animal feeding since 2003 in Brazil, florfenicol has been widely used for the treatment
of gastrointestinal tract and respiratory infections in food-producing animals, for pre-
vention of respiratory disease in immature pigs, and also for treatment of genitourinary
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V4

VI8

FIG 3 optrA alleles SNP-based phylogeny. optrA DNA sequences from the porcine LR E. faecalis isolated in Brazil
were compared to all optrA variants available so far in the NCBI database. STs, sources, geographical locations, and
GenBank accession numbers are indicated if known (see Table S2 in the supplemental material). A total of 34 OptrA
variants are indicated by sequential numbering from top to bottom. The Brazilian OptrA variants (V9, V12, and V13)
are marked with asterisks. optrA variants in which SNPs did not yield variations in the 655-amino acid sequence are
highlighted by colors. Compared to the OptrA variant first described in China (ST116 E. faecalis E349) (2), variations
in the 655-amino acid sequence were detected in V12, V13, and V9 OptrA variants as follows: V12 (Tyr176Asp,
Ala350Val, and Gly393Asp), V13 (Tyr176Asp, and Gly393Asp), and V9 (Lys3Glu, Tyr176Asp, Gly393Asp, and
lle622Met).

tract infections in adult sows on pig farms throughout the country. The selective
pressure due to the use of florfenicol has likely selected for resistance carriage by some
ubiquitous constituent of the swine gut microbiota. E. faecalis so far is the main
bacterium found to carry transmissible optrA (2-9, 13-15, 17, 18, 20-28). ST591 E.
faecalis was identified here as being quite widespread in various swine herds located in
different Brazilian states and may play a major role in optrA transmission.

Tn554 appears to be central in acquiring and transferring the PO context in LR E.
faecalis lineages ST591 and ST711. Flanking radC segments have been used for Tn554
recombination, favoring the mobilization of PO and P1 circular intermediates. The
ability of the araC-hp1-optrA gene cluster to excise and form a covalently closed circle
appears to enhance its ability to integrate into the chromosome or other mobile
genetic elements, as has been characterized elsewhere (44-46). The high numbers of
read counts for the core araC-hp1-optrA, compared to sequences from the chromo-
some or other elements in the cell, suggest it is stable and possesses a mechanism for
amplification within the cell. It is currently unclear what role phenicol selection may
play in promoting excision, circularization, or potential amplification. In addition to
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Tn554, IS1216E appears to be involved in the mobilization of optrA-carrying segments
in the Brazilian porcine LR E. faecalis lineages. The host range of Tn554 or IS1216E is
unknown, making it difficult to estimate the risk for optrA spread beyond enterococci
to other genera.

MATERIALS AND METHODS

Sample collection and bacterial strains. From January 2012 to January 2013, rectal swabs were
collected from 10 randomly selected piglets (45 days old) in each of 31 swine herds in 7 Brazilian states.
Of those 310 swabs, 171 yielded colonies on bile esculin azide agar. Of 364 colonies screened by PCR
using species-specific primers, 245 colonies were confirmed as E. faecalis, including 13 with MICs for
linezolid of =4 mg/liter by broth microdilution. These 13 LR E. faecalis strains were isolated from healthy
pigs belonging to 8 of the 31 swine herds, located in 6 different states of Brazil, and were selected for
further study.

Genome sequencing and analysis. DNA of the 13 LR E. faecalis strains and E. faecalis OG1RF
transconjugants was extracted using the DNeasy blood and tissue kit (Qiagen, USA). Genome sequencing
was performed on an lllumina MiSeq instrument (OGI core, Massachusetts Eye and Ear Infirmary Ocular
Genomics Institute, Boston, MA, USA). Libraries were prepared using the lllumina Nextera XT kit, with
modifications for 2 X 250-bp paired-end reads (lllumina Inc., USA). CLC Genomics Workbench 8.0.3
was used to generate assemblies de novo. The Rapid Annotation using Subsystem Technology (RAST)
server and Prokaryotic Genome Annotation Pipeline (NCBI PGAP) were accessed for genome
annotation. BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and Center for Genomic Epidemiology
(http://www.genomicepidemiology.org) utilities were used for comparisons and data analysis.

Filter mating and susceptibility testing. Filter mating was performed using the LR E. faecalis strains
as donors and E. faecalis OG1RF as the recipient, essentially as described previously (47). The filters were
then washed in 5 ml of phosphate-buffered saline (PBS), and aliquots were spread on brain heart infusion
(BHI) agar containing 25 pg/ml fusidic acid and 25 ug/ml rifampin to select for the OG1RF background
and 10, 20 or 25 ug/ml of chloramphenicol to select for acquisition of the optrA gene. Donors and
transconjugants were quantified by track dilution (48), and conjugation efficiency (CFU transconjugants
per CFU donors) was calculated.

To confirm the presence in transconjugants of transferred genes inferred from the resistance
phenotypes, PCR assays for optrA, cfr, poxtA, fexA, and cat, in addition to MIC determinations of
chloramphenicol, florfenicol, linezolid, and tedizolid, were performed. Antimicrobial susceptibility of
donors and transconjugants was performed using broth microdilution according to Clinical and Labo-
ratory Standards Institute (CLSI) guidelines (49, 50).

Data availability. Complete genome sequences of E. faecalis strains L8, L9, L12, L14, and L15 have
been deposited in GenBank under the nucleotide sequence accession numbers CP042216, CP018004,
CP018102, CP043724, and CP042213, respectively. CP042217, CP041776, CP042214, and CP043725 have
been assigned to pL8, optrA-carrying partial sequence pL9, pL15, and optrA-carrying partial sequence
pL14, respectively.
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