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ABSTRACT (1000 characters, including spaces):

Oxazolidinones, linezolid and tedizolid, are last-resort antibiotics used to treat severe human infections due
to MDR Gram-positive bacteria including vancomycin-resistant enterococci. These antimicrobials inhibit the
protein synthesis by binding to the peptidyl transferase centre of the 50S ribosomal subunit. Oxazolidinone
resistance can arise through the acquisition of several transferable resistance genes conferring decreased
susceptibility to linezolid and phenicols. Florfenicol, approved only for veterinary use and routinely
administered to livestock, could promote the spread of linezolid resistance in animal setting as a result of co-
selection mechanisms. Due to their ubiquity in animal faeces and persistence in the environment, enterococci
spread in many habitats and can be isolated from the soil, water, food of animal origin with serious
consequences for human health. The purpose of this study was to investigate the occurrence of linezolid
resistance genes in enterococci of animal origin.



Part 1. Scientific case of the PhD Research (2 to 3 pages, including figures)

BACKGROUND

Enterococci are commonly found in the gastrointestinal tract of healthy humans and animals, but they also are among
the most frequent causes of hospital-acquired infections, particularly Enterococcus faecalis and Enterococcus faecium.
Enterococcal infections include those of the urinary tract, bloodstream, endocardium, and wounds. Antibiotic resistance
among enterococci is increasing and considerably limiting the available therapeutic options: oxazolidinones represent
one of the few remaining treatment options for infections caused by VRE and MDR enterococci [1]. Besides the
occurrence of linezolid-resistant enterococci in hospitals, their detection in other reservoirs is of special concern since
the potential transfer of oxazolidinone resistance genes from enteric bacteria in animals to humans via the food chain
could represent a serious public health problem. Furthermore, manure-associated enterococci can be disseminated into
water resources, representing an important source of contamination.

SCIENTIFIC AIMS

The occurrence of animal reservoirs of oxazolidinone resistance genes, potentially transmissible to human pathogens via
food chain, is cause for concern. The aim of the project was to investigate the presence of oxazolidinones resistance genes
and their genetic contexts in enterococci of bovine and swine origin in order to gain insight into their dissemination
dynamics. This research also contributed to clarifying the role of animal enterococci as a source of linezolid resistance
genes to major human pathogens via mobile genetic elements [1].

WORKPLAN AND RESEARCH ACTIVITIES

WP 1. Objective.
To investigate the occurrence of oxazolidinone resistance genes in enterococci of bovine origin, to describe their genetic
environments and to analyse their transferability.

Methods.

Sampling procedures and strains isolation. During surveillance 66 pooled faecal samples were collected from cattle
farms where florfenicol (FFC) was previously used. Each pooled faecal sample was inoculated in 5 mL of buffered
peptone water supplemented with FFC (10 mg/L) and incubated at 44°C for 48 h. Then, 100 puL were inoculated on
Slanetz-Bartley agar plates supplemented with FFC (10 mg/L) for the selection of resistant enterococci.

Genotypic and phenotypic characterization. FFC-resistant enterococci were screened by PCR for the presence of cfr
and its variants, optrA and poxtA genes [2]. Isolates were tested for their susceptibility to FFC, chloramphenicol, linezolid,
tedizolid, tetracycline, erythromycin, and vancomycin by standard broth microdilution assay. Identification of enterococci
was carried out by Matrix-Assisted Laser Desorption/lonization (MALDI-TOF).

Detection of circular forms. To investigate the excision of the linezolid resistance genes contexts, PCR mapping assays
were performed using outward-directed primer pairs targeting the optrA (5’- TTTTTCCACATCCATTTCTACC-3” and
5’ - GAAAAATAACACAGTAAAAGGC - 3’) and poxtA (5’- GACGAGCCGACCAACCACCT-3’ and 5’-
TTGGATTTTTGTCCGCCTGAA - 3°) genes.

Mating experiments. Conjugal transfer was performed on a membrane filter as described previously [2].

WGS analysis. The genomic DNA was extracted by the QlAcube automated extractor (Qiagen). Extracted DNA was
subjected to WGS.

Expected/Obtained Results.

Linezolid resistance determinants and antibiotic susceptibility. Overall, 18 FFC-resistant enterococci were isolated
from 66 faecal samples. PCR screening showed that only E. faecium 249031-C was positive for the presence of the poxtA
and optrA genes. The isolate exhibited resistance to FFC (MIC, 128 mg/L), chloramphenicol (MIC, 32 mg/L), tedizolid
(MIC, 2 mg/L), erythromycin (MIC, >128 mg/L), and tetracycline (MIC, 128 mg/L) . However, it was intermediate to
linezolid (MIC, 4 mg/L) and susceptible to vancomycin (MIC, 1 mg/L).

Transferability of the poxtA and optrA genes. The strain was able to co-transfer the optrA and poxtA genes to E. faecium
64-3 recipient with high frequency (2.9 x 10 per recipient). Two transconjugants randomly selected were characterized
for the presence of optrA and poxtA by PCR. They exhibited resistance to FFC, chloramphenicol, erythromycin and
tetracycline, and susceptibility or reduced susceptibility to linezolid, and tedizolid.

Genome bioinformatic analysis. E. faecium 249031-C (ST22) harboured two plasmids: the optrA-carrying p249031-S
(179,049 bp) and the poxtA-carrying p1818-c (23,864 bp). p249031-S showed a high degree of identity (98%) and
coverage (100%) to the plasmid pF88_1 of E. faecium F88 isolated from river water in Switzerland [3]. Unlike the



pF88_1, p249031-S was characterized by the lack of a 67-kb resistance region containing erm(B), ant(6)-1a, ant(9),
aac(6')-aph(2"’) and aph(3'), 1sa(E), Inu(B) and sat4 genes. In p249031-S, the optrA gene was in a 11,319-bp region,
flanking by 151216 and 1S256 with the same polarity, that displayed 100% DNA identity (coverage, 55%) to the
corresponding one of the optrA-carrying Tn6674 transposon first described in the chromosome of the porcine E. faecalis
E1731 [4]. In E. faecium 249031-C, the Tn6674-like transposon consisted of a truncated tnpB, optrA, erm(A) and met
genes; fexA, spc and tpnC were missing (Figure 1).
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Inverse PCR experiments, using outward-directed primer pairs targeting the optrA gene, showed that a circular form of
this region was detectable. Two amino acid changes (Y176D and G393D) were identified in the OptrA protein compared
to the WT sequence OptrAgas; this variant, called DD, was previously described [5]. The plasmid, belonging to the repl
and repUS15 replicon types, showed a complete conjugation region. p1818-c was previously detected in E. faecium 1818
from a healthy human in Switzerland [6]. The poxtA and fexB genes are co-located on the Tn6657 transposon, bounded
by two copies of 1S1216 in the same orientation, in turn inserted in the Tn6349 first described in the human S. aureus
AOUC-0915 [7].Inverse PCR experiments showed that a circular form was detectable. Since a complete conjugation
region was detected in p249031-S, but not in p1818-c, it could possibly mobilize the second non-conjugative plasmid.

WP 2. Objective.

To characterize two plasmids co-carrying cfr(D)/optrA and cfr(D2)/poxtA linezolid resistance genes from two
Enterococcus avium strains isolated from swine brain.

Methods.

Bacterial strains. Two E. avium isolates from two cases of sudden death in piglets (38157 and 44917). The piglets
belonged to two unrelated farms in Umbria and were sent to 1ZSUM for diagnostic purposes. The samples were plated
on blood agar plates and incubated at 37 C for 2 days. Colonies were identified by MALDI-TOF. Both strains were
isolated from swine brain.

Genotypic and phenotypic characterization. The strains were screened by PCR for the presence of known transferable
oxazolidinone resistance genes [2]. Susceptibility tests were performed for tedizolid, FFC, chloramphenicol, linezolid,
tetracycline, erythromycin and vancomycin by standard broth microdilution.

Detection of circular forms. To investigate the excision of the linezolid resistance genes contexts,

PCR mapping assays were performed using outward-directed primer pairs targeting the linezolid resistance genes: cfr(D)
(5’-TTCCTAAAATAAAACGACTA- 3’and 5>-TACAAAAAGATTCCCAGCCA-3), optrA (5°-
GAAAAATAACACAGTAAAAGGC-3’and 5’-TTTTTCCACATCCATTTCTACC-3), and poxtA  (5’-
GACGAGCCGACCAACCACCT -3’ and 5°- TTCAGGCGGACAAAAATCCAA-3’).

WGS analysis. The genomic DNA was extracted by the QlAcube automated extractor (Qiagen). Extracted DNA was
subjected to WGS.

Mating experiments. Conjugal transfer was performed on a membrane filter as described previously [2].

Expected/Obtained Results.

Detection of oxazolidinone resistance genes and antimicrobial susceptibility testing. E. avium 38157 was found
positive for the presence of cfr(D) and optrA genes. The isolate was resistant to erythromycin (MIC, >128 mg/L) and
tetracycline (MIC, >128 mg/L), had reduced susceptibility to linezolid (MIC, 4 mg/L) and was susceptible to tedizolid
(MIC, 0.5 mg/L), FFC (MIC, 8 mg/L), chloramphenicol (MIC, 16 mg/L), and vancomycin (MIC, 2 mg/L). PCR screening
showed that E. avium 44917 was cfr(D) and poxtA positive. The isolate was resistant to FFC (MIC, 64



mg/L), chloramphenicol (MIC, 64 mg/L), tetracycline (MIC, 64 mg/L) and erythromycin (MIC, >128 mg/L) and
susceptible to linezolid (MIC, 2 mg/L), tedizolid (MIC, 0.25 mg/L) and vancomycin (MIC, 0.5 mg/L).

WGS and bioinformatic analysis. In E. avium 38157 WGS analysis indicated that the cfr(D) and optrA genes were
collocated on a 36,573-bp plasmid (34% GC content) designated pEa_cfr(D)-optrA. This plasmid, belonging to the Repl
replicon type, showed high nucleotide identity with the 33.2-kb pAT02-c plasmid (accession no. CP097064) of E. faecium
ATO2 isolate from pet food. Since the pAT02-c plasmid only carries the cfr(D) gene, it can be assumed that the optrA
genetic context integration, resulting in the pEa_cfr(D)-optrA plasmid, occurred later on. Nevertheless, inverse PCR
experiments, using outward-directed primer pairs targeting the optrA gene, showed that its genetic context was unable to
excise in circular form suggesting a stable acquisition. E. avium 38157 exhibited an optrA variant previously described
in enterococci from human and pig origin in Italy [8]. The cfr(D) genetic context was flanking by two 151216 elements
with opposite orientation (Figure 2). No circular intermediate was detected.
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The E. avium 44917 harboured a cfr(D)- and poxtA-carrying plasmid (42,657 bp) designated pEa_cfr(D2)-poxtA. This
plasmid was 97% identical (coverage 85%) to the MDR composite transposon Tn6349 (48 kb) also including the poxtA-
and fexB-carrying Tn6657, first described in the human MRSA AOQOUC-0915 [7]. However, in pEa_cfr(D2)-poxtA, the
Tn6657 was 2.7 kb shorter and the poxtA and fexB genes, showing opposite orientation (Figure 2). The poxtA genetic
context, flanked by 1S1216 with the same polarity, was highly conserved; inverse PCR experiments and sequencing
showed that a circular form was detectable. Interestingly, bioinformatic analysis revealed the presence of a cfr(D)-like
gene, named cfr(D2), which was shorter than cfr(D) wildtype due to the loss of 21 bp to the 3°- end. Therefore, Cfr(D2)
(352 amino acids) differed from wildtype (357 amino acids) by the presence of a histidine (H) that replaced the last six
amino acids (TIQVND). No circular intermediate was detected. Moreover, the cfr(D2) context, inserted upstream of the
Tn6657-like transposon, fully replaced the Tn6644 transposon that in S. aureus AOUC-0915 harbor the cfr gene flanking
by two ISEnfa5 transposases [7]. The pEa_cfr(D2)-poxtA plasmid, belonging to the Rep1l replicon type, had a complete
transfer machinery responsible of the conjugation process.

Transfer experiments. Despite several attempts, E. avium 38157 was unable to transfer then pEa_cfr(D)-optrA plasmid
to E. faecalis JH2-2 and E. faecium 64/3 recipients. Conversely, E. avium 44917 was able to move the pEa_cfr(D2)-poxtA
plasmid to both E. faecalis JH2-2 and E. faecium 64/3 recipients at frequencies of 8.2 x 10 and 4.5 x 10°5, respectively.
For each mating experiment, two randomly selected transconjugants were analysed for their genotype, phenotype and
genetic background. Transconjugants exhibited resistance to FFC, chloramphenicol and tedizolid and susceptibility to
linezolid, erythromycin and tetracycline. PCR and Sanger sequencing indicated that all transconjugants acquired both
cfr(D2) and poxtA genes.
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