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The objective of this study was to investigate the distribution and persistence of
antimicrobial resistance genotypes of enterococci from broilers fed bambermycin
(BAM), penicillin (PEN), salinomycin (SAL), bacitracin (BAC), or a salinomycin/bacitracin
combination (SALBAC) for 35 days. A total of 95 enterococci from cloacal (n = 40), cecal
(n = 38), and litter samples collected on day 36 (n = 17) were isolated weekly from day 7
to 36. All isolates were identified by API-20 Strep and their antimicrobial susceptibilities
were evaluated using the Sensititre system with the plates for Gram positive bacteria.
Whole genome sequencing (WGS) was used to assess their intra- and inter-genetic
variability, with a focus on virulence and antibiotic resistance characteristics. All isolates
were further characterized for hemolysin production (HEM), bile salt hydrolysis (BSH),
and gelatinase (GEL) activities. Of the 95 isolates, Enterococcus faecium (n = 58) and
Enterococcus faecalis (n = 24) were the most common Enterococcus species identified.
Significant differences in the level of resistance for the E. faecium isolates to ciprofloxacin,
macrolide, penicillin and tetracycline were observed among treatments. The berR, mefA,
and aac(6) genes were higher in BAM treatment than the other groups whereas bcrR,
ermA, ermB, aphA(3), and tetl. were more prevalent in PEN and BAC treatments. Overall,
E. faecium isolates showed a higher prevalence of antimicrobial resistance, but E. faecalis
from litter also exhibited a significant level of resistance. A range of 4—15 different virulence
genes was detected in E. faecalis. All isolates from litter but one (94.1%) showed BSH
activities while 52.9% of them produced GEL. HEM activity was observed only in isolates
collected on Day 7 (n = 9) and Day 14 (n = 1). This study confirmed that genetically
diverse AMR enterococci harboring virulence factors can be promoted by the use of
certain antimicrobials in feed. Such enterococci could persist in broiler chickens and
their litter, which can potentially contaminate the soil upon land application.

Keywords: enterococci, broiler chickens, antimicrobial resistance (AMR), whole genome sequencing (WGS), AMR
genotypes, AMR phenotypes
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INTRODUCTION

Enterococci are Gram-positive facultative anaerobic bacteria that
are part of the normal intestinal microbiota, with densities
ranging from 10° to 103 CFU/g of intestinal content (Yost
et al,, 2011; Dubin and Pamer, 2017). Members of the genus
Enterococcus, which includes presently about 40 recognized
species, were initially classified as group D streptococci sharing
several phenotypic and biochemical similarities, making their
identification difficult (Yost et al., 2011). Enterococci have been
proposed as fecal indicator bacteria for microbial source tracking
(Byappanahalli et al., 2012; Boehm and Sassoubre, 2014) and are
often used in tracking trends in resistance to antimicrobials for
various resistance surveillance systems (Tyson et al., 2018a).

Enterococcus species have emerged as the cause of ~12%
of nosocomial infections, with only two species, Enterococcus
faecalis and Enterococcus faecium, causing about 90% of clinical
infections (Billington et al., 2014; Torres et al., 2018). Moreover,
these two species are considered the third and fourth most
prevalent human pathogens worldwide (ECDC, 2011) and
ranked third in causing bacteremia in Europe and North
America, responsible for ~11-13% of all bacteremia cases
(Ammerlaan et al., 2013; De Kraker et al., 2013). Hospital
associated outbreaks linked to vancomycin-positive E. faecium,
which belongs to MLST clonal complex 17 (CC17), have been
reported in several countries (Werner et al., 2008; Pinholt et al.,
2015). Genetic relatedness was found between E. faecalis isolates
from urinary tract infection cases and those from poultry,
reinforcing the zoonotic potential of this species and suggesting
a possible role of poultry in its spread to humans (Poulsen et al.,
2012; Bortolaia and Guardabassi, 2015; Abat et al., 2016).

In poultry, enterococci have been associated with septicemia,
endocarditis, and other diseases (Gilmore, 2002). The safety
issue regarding enterococci has not been recognized in poultry
meat, however concerns about transmission of antimicrobial
resistant enterococci to humans have been reported (Simonsen
et al., 1998; Marshall and Levy, 2011). Recently, the isolation
of AMR E. faecalis strains from broilers with vertebral
osteomyelitis disease has been reported (Braga et al., 2018).
Antibiotic resistant enterococci have been reported in poultry
retail meats (Aslam et al., 2012). The ability of enterococci
to acquire AMR through the transfer of plasmids and
transposons, chromosomal exchange, or mutation presents a
significant challenge to infection control (Hollenbeck and Rice,
2012). Mobile genetic elements, including transposons, play an
important role in the dissemination of AMR though horizontal
gene transfer in bacteria including enterococci. Transposons such
as Tn916/Tn1545, Tn917/Tn551, and Tn5397 have been reported
to disseminate resistant genes, including tetM, ermB, and aphA-
III, by enterococci (Hegstad et al., 2010). Furthermore, in the
absence of antimicrobials, pheromone production was reported
to induce a high-frequency plasmid transfer in E. faecalis (Hirt
etal., 2018).

Due to substantial scientific evidence on the selection,
distribution, and dissemination of AMR genes in broiler chicken
production systems, in relation to the use of specific therapeutic
agents or antimicrobial growth promoters (AGPs) (Aarestrup,

2000; Diarra et al., 2007; Nhung et al., 2016), and due to public
and possible food safety and environmental health concerns, the
monitoring of AMR in chicken production is imperative.

In our previous study, we described the effects of the
in-feed inclusion of bambermycin (BAM), penicillin (PEN),
salinomycin (SAL), bacitracin (BAC), or a salinomycin/bacitracin
combination (SALBAC) on bacterial population, including
enterococci, as well as the incidence and distribution of
antibiotic-resistant Escherichia coli in broiler chickens (Diarra
et al., 2007). The present study describes details of resistance
and virulence genotypes of enterococci isolates in relation to
their phenotypes using the whole genome sequencing (WGS)
approach. WGS is being rapidly adapted in many laboratories for
strain typing, outbreak investigations, and comparative genome
analysis (Salipante et al., 2015; Sekse et al., 2017; He et al., 2018;
Pightling et al., 2018). Several studies have highlighted the need
of WGS for antimicrobial resistance (AMR) characterization
(Pightling et al., 2018; Tyson et al, 2018b) and accurate
prediction of AMR phenotypes from the genotype data. This has
been realized to be a critical step in the event that WGS becomes
the benchmark to predict the MICs in order to guide clinical
decision making (Macesic et al., 2017). Currently, the majority
of WGS-based studies focused on Gram-negative bacteria to
study AMR phenotype-to-genotype correlations, for example
Salmonella, Campylobacter, E. coli, and Pseudomonas (Tyson
etal., 2015; Davis et al., 2016; McDermott et al., 2016; Zhao et al.,
2016; Jeukens et al., 2017; Macesic et al., 2017; Rehman et al.,
2017; Neuert et al,, 2018). In contrast, relatively limited data is
available on Gram-positive bacteria such as enterococci (Macesic
et al., 2017; Mason et al., 2018).

The objective of the present study was to examine the
complete genome sequences of enterococci isolated from broiler
chickens that were fed various antimicrobial agents in order to
provide a detailed genome content and to perform comparative
genomic analysis of major species (E. faecalis and E. faecium).
These genome sequences were used to determine phylogenetic
relationships among isolates, including contemporary human
isolates from various sources and days, as well as to show how
genomic variations between isolates may influence phenotypic
traits such as antibiotic resistance and virulence phenotypes. The
sequence data were further used to determine the link between
specific antimicrobials administered in the feed and the presence
of specific genotypes presenting health risks to both animals and
humans.

MATERIALS AND METHODS
Enterococcal Strain Selection

The bacterial isolates used in this study were from a previous
study conducted on broiler chicken fed with or without [per
kg of feed] the following: basal level (non-antimicrobial diet) as
control, 2 mg bambermycin, 2.2mg procaine penicillin, 60 mg
salinomycin, 55mg bacitracin, and a combination of 55mg
bacitracin plus 60 mg salinomycin with each treatment being
applied to three pens. Ceca, cloacae (day 7-35) and litter (day
36) samples were collected to isolate enterococci as described
previously (Diarra et al., 2007). Bacteriological analyses were
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performed with a total of 90 fecal, 90 cecal, and 48 litter samples.
Presumptive colonies were identified previously by API and a
DNA microarray carrying 70 taxonomic, 17 virulence, and 174
antibiotic resistance gene probes (Champagne et al,, 2011). A
total of 184 enterococci isolates were identified, however non-
redundant isolates were used in this study. All experimental
procedures performed in this study were approved by the Animal
Care Committee of the Agassiz Research and Development
Center and followed principles described by the Canadian
Council on Animal Care.

Antimicrobial Susceptibility Testing

The Sensititre automated system (Trek Diagnostic Systems,
Cleveland, OH, USA) using the Gram-positive antimicrobial
panel CMV3AGPF plates, was used to determine the minimal
inhibitory concentrations (MICs) of all isolates. The MIC
data was interpreted according to the Clinical and Laboratory
Standards Institutes (CLSI) breakpoints (CLSI, 2015) and the
Canadian Integrated Program for Antimicrobial Resistance
Surveillance guidelines (CIPARS, 2008). All enterococci isolates
were tested against four major categories of antimicrobials
based on their importance in human medicine (https://www.
canada.ca/en/health-canada/services/drugs-health-products/
veterinary-drugs/antimicrobial- resistance/categorization-
antimicrobial-drugs-based-importance-human-medicine.
html). The category I antimicrobials (representing very high
importance in human medicine) were ciprofloxacin, daptomycin,
linezolid, quinupristin/dalfopristin, and vancomycin; category
II antimicrobials (high importance) included erythromycin,
gentamicin, kanamycin, lincomycin, penicillin, streptomycin,
tylosin; category III (medium importance) included
chloramphenicol, nitrofurantoin, tetracycline, tigecycline,
and bacitracin; while category IV (low importance) included
flavomycin. Multidrug resistance was defined as resistance to at
least three different classes of antimicrobials. E. faecalis ATCC
51299 and E. faecalis ATCC 29212 were used as quality control
strains in this study.

Gelatinase (GEL), Hemolytic (HEM), and

Bile Salt Hydrolyze (BSH) Activities

All enterococcal isolates were screened for GEL, HEM, and BSH
activities in order to assess phenotype and genotype correlations
for these characters as well as their ability to survive in the gut
(BSH activity), as has previously been described (Diarra et al,
2010). Briefly, the production of gelatinase was determined using
Todd-Hewitt agar (Becton Dickinson) containing 30 g of gelatin
per liter and incubated overnight at 37°C. The HEM production
was performed by cultivating colonies onto layered fresh horse
blood agar plates for 1-2 days at 37°C. Clearing zones around
colonies indicated hemolysin production. The BSH activity was
determined using MRS agar plates supplemented with 0.5%
(wt/vol) sodium salt of taurodeoxycholic acid (Sigma-Aldrich,
Oakville, Ontario, Canada) and 0.37 g/liter CaCl,. Plates were
then incubated anaerobically (atmosphere of 80% N3, 10% COs,
and 10% H;) at 37°C for 48 h (Diarra et al., 2010).

Pulsed Field Gel Electrophoresis (PFGE)

Analysis

Selected enterococci isolates, based on resistance phenotype,
were typed using the PFGE technique according to the
Centers for Disease Control and Prevention (CDC) PulseNet
standardized protocol using Smal (Roche, Laval, QC, Canada).
The PFGE cluster analysis was performed in BioNumerics
software version 7.5 (Applied Maths, Austin, TX) using Dice’s
coefficient and the Unweighted Pair Group Method (UPGMA).
Isolates with similar banding patterns were considered as
closely related.

Genome Sequencing, Assembly, and

Comparative Genome Analysis

DNA Extraction

To perform whole genome sequencing (WGS), genomic DNA
was extracted from overnight cultures in 5mL of Brain Heart
Infusion (BHI) broth (BD, New Jersey, USA) using the DNeasy
Blood & Tissue Kits (QIAGEN) following the protocol as
described (Beukers et al., 2017). The extracted DNA was stored
in 10 mM Tris-HCI buffer (pH 8.0) and quantified by Invitrogen
Qubit® 2.0 Fluorometer (Life Technologies). The quality of DNA
was visualized by electrophoresis on a 1% agarose gel and stored
at —20°C until genomic library construction.

Sequencing and Assembly Statistics

Sequencing libraries were prepared from 1 ng of genomic
DNA with an Illumina Nextera XT DNA sample preparation
kit (Illumina, Inc., CA, USA), and paired-end sequencing was
performed on an Illumina MiSeq platform (Illumina Inc.)
using a 600 cycle MiSeq reagent kit (v3), generating 2 x 300
bps paired-end reads. Sequences were analyzed and quality
checked using FastQC (http://www.bioinformatics.babraham.ac.
uk/projects/fastqc/). The reads were combined using [FLASH]
Fast Length Adjustment of SHort reads v1.2.9 (Magoc and
Salzberg, 2011). High-quality reads were then assembled de
novo using SPAdes genome assembler version 3.9.0 software
(Bankevich et al,, 2012). On average the genome coverage,
genome size, number of contigs and G4-C contents were 88.6-
fold £ 32.3-fold, 22.95 £+ 0.089 Mbp, 70 £ 13 (N50 37.9
+ 5.3 kbp) and 37.0 + 1.5%, respectively. Additionally, two
representative isolates, one each of E. faecalis and E. faecium,
were selected for PacBio long read sequencing, and their genomes
were assembled in the Hierarchical Genome Assembly Process
(HGAP) (Chin et al,, 2013), producing an estimated depth of
coverage 317-fold, generating two contigs and a N50 of 31.9 kbp.
The assembly statistics of all sequenced genomes in this study
were comparable to those previously published using similar
sequencing technologies (Bertels et al., 2014; Beukers et al., 2017).
The assembled genomes were annotated using Prokka version
1.11 (Seemann, 2014), which on average identified a total of
~2,900 coding sequences, five to seven rRNA, 53-56 tRNA, and
67 miscellaneous RNA.

Genomes From Public Repositories
The genomes of 81 E. faecalis and 73 E. faecium isolates arising
from bloodstream and urinary infections, animals (chicken and
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cow), and environmental sources (aquatic, metal, wood, plastic)
collected from 1960 to 2015 were obtained from NCBI database
GenBank (Benson et al., 2013) (accessed on February 06, 2018)
and used as references in phylogenetic and comparison studies.
The list of selected reference genomes, with their accession
numbers, source and host of isolation and geographical location,
is presented in Tables S1, S2.

WGS-Based Species ldentification

An in silico ribosomal multi-locus sequence typing (rMLST)
approach that indexes the variation of the 53 genes that encode
the bacterial ribosome protein subunits (rps genes) was used
as a means of integrating microbial taxonomy and typing
of Enterococcus-assembled genomes using the Bacterial Isolate
Genome Sequence Database (BIGSdb) (Jolley et al., 2012). MLST
from the assembled genomes was determined based on in silico
analysis of seven housekeeping genes, including gdh, gyd, pstS,
gki, aroE, xpt, yqil for E. faecalis and adk, atpa, ddl, gdh, gyd, psts,
purk for E. faecium (Larsen et al., 2012).

Bioinformatics Analysis

The detection of a comprehensive set of full length ARGs in
the assembled genomes was performed using a combination of
ResFinder v3.0 (Zankari et al,, 2012) and the comprehensive
Antimicrobial Resistance Database (CARD), the Resistance
Gene Identifier (RGI) version 4.0.3 (McArthur et al,
2013). Additionally, two resistance genes (streptothricin N-
acetyltransferase (Sat4) and bacitracin (bcr) were manually
screened among all genomes using the National Center for
Biotechnology Information (NCBI), Basic Local Alignment
Search Tool (BLAST), BLASTn and BLASTp (http://blast.ncbi.
nlm.nih.gov/Blast.cgi). Virulence factors were identified using
the VirulenceFinder v1.5 (Joensen et al, 2014). The plasmids
were identified using PlasmidFinder version 1.5 (Carattoli et al.,
2014).

The sequenced genomes were investigated for the presence
of transposons or integrative conjugative elements (ICEs) by
homology search using BLAST against 460 ICEs in the ICEberg
database version 1.0 (Bi et al., 2012). In combination with
their respective reference genome sequences downloaded from
the NCBI, GenBank database (Benson et al., 2013), the whole
genomes of E. faecium and E. faecalis sequenced in this study
were comparatively analyzed with the CGView comparison tool
(CCT) (Grant et al, 2012). All phylogenetic analyses were
conducted using the single nucleotide variant phylogenomics
(SNVphyl) (Petkau et al,, 2017) and/or Reference sequence
Alignment-based Phylogeny builder (RealPhy) version 1.12
pipelines (Bertels et al., 2014) with default parameters. The
resulting tree was visualized in FigTree software version 1.4.3
(http://tree.bio.ed.ac.uk/software/figtree).

Statistical Analysis

Data were analyzed using a completely randomized design with
the GLM procedure of SAS (SAS Institute, 2016). This generated
the total number of antibiotics against which isolates were
resistant and the number of resistance genes found in isolates.
The association test of Cochran-Mantel-Haenszel and Fisher’s

exact test were used to determine the relationship between the
presence of resistance phenotypes and genotypes using the FREQ
procedure. Logistic analysis (proportional odds model) was used
to determine the relationship between resistance phenotypes and
genotypes (Diarra et al., 2007). The P-value of 0.05 was used to
declare significance.

Genome Sequence Accession Numbers

The draft whole genome sequences of the 95 enterococci have
been deposited in GenBank under Bio Project no. PRINA273513
with the submission ID SUB4666681.

RESULTS

Antimicrobial Susceptibility of

Enterococcus spp.

A total of 95 identified enterococci isolates were screened for
antimicrobial susceptibility testing (AST) and WGS (Table 1).
These isolates derived from diverse sources, including ceca,
cloaca and litter samples of broiler chickens fed with and without
antibiotics. The percentages of resistant isolates to each class of
antimicrobial, and their associated MIC values for each species,
are presented in Table 2a.

All E. faecium (n = 58) isolates were susceptible to
vancomycin, gentamicin, and tigecycline, while some isolates
showed intermediate resistance to chloramphenicol (5.1%) and
nitrofurantoin (96.5%). The majority of E. faecium showed a
high prevalence of resistance to lincomycin (96.5%), flavomycin
(89.7%), bacitracin (81%), tetracycline (68.9%), ciprofloxacin
(55.2%), erythromycin (51.7%), kanamycin (44.8%), penicillin
(37.9%), tylosin (34.5%), and streptomycin (27.5%). Intermediate
resistance to daptomycin (22.4%) as well as a low frequency
of resistance to linezolid and quinupristin/dalfopristin (10.3%)
were observed among the E. faecium isolates. The most
common resistance phenotypes in E. faecium were ciprofloxacin-
lincomycin-bacitracin-tetracycline-flavomycin in combination
with resistance to other antimicrobials at varying frequencies.
Significant effects of antimicrobial feeding were observed for
levels of resistance to ciprofloxacin, macrolide, penicillin, and
tetracycline. For example, the lowest resistance to ciprofloxacin
was observed in birds that received diets with SAL and BAC,
while the highest resistance to penicillin was observed in isolates
from birds fed diets containing BAC and SAL + BAC (P < 0.05)
(Table 2b).

The E. faecalis (n = 24) isolates were susceptible to
vancomycin, tigecycline and daptomycin, while some isolates
showed decreased susceptibility to chloramphenicol (12.5%)
and nitrofurantoin (25%). As expected, intrinsic resistance to
lincomycin (100%) and quinupristin/dalfopristin (83.3%) in
all E. faecalis isolates was observed. Of these isolates, a high
level of resistance to tetracycline (95.8%), bacitracin (87.5%),
erythromycin (83.3%), and tylosin (79.2%) was observed, while
resistance to other antimicrobials such as ciprofloxacin (8.3%),
linezolid (12.5%), gentamicin and penicillin (8.3%) was less
frequent. The most frequently observed profile among E. faecalis
was resistance to quinupristin/dalfopristin-erythromycin-
lincomycin-tylosin-bacitracin-tetracycline in combination with

Frontiers in Sustainable Food Systems | www.frontiersin.org

December 2018 | Volume 2 | Article 83


http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://tree.bio.ed.ac.uk/software/figtree
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles

Antimicrobial Resistant Enterococci From Broiler

Rehman et al.

(penupuoD)
0 1 ¢l 0 punoy suool|das piuseld oN /N 0030 NId vt wnJeujeb 3 7V OGd $£982
b 1 ck 0 c431d 7S vO10 N3d L sifeose; ‘g /¥ 10 6d 0182
0 T Lk 0 punoy suooldas pluseld oN V/N 0030 N3d L wnueuyeb -3 .V O6d 6082
0 N Pk 0  (egelad)sdel ‘(0L Lgnd)ded ‘gLsndel 961-1S 1 Ava  9¢ wnooey g LEV-8LLINT 000€
0 H 02 0  (egelgd)sdel ‘(0L Lgnd)dad ‘gLsndel 961-1S 1n AvE  9€ wnooey g 26v-81111 6662
b T bk 0 2431d 20eg-LS 1n Ave  9e sieooe; ‘g 2EV-G1I €62
0 N pL 0 kSndai ‘glgndas ‘| -g-Nvd ¥S1S 1n Ave  9e wnooey g L8V 11IN G962
0 N Pl 0 punoj suooljdal piuseld ON 1S umousun 0030 Ave  se wnooey g Gev O8id €962
0 Rt 0 punoj suooljdal piwseid oN 62e-LS VOO AvE  se wnooey g Ge V10 &d 8€6C
0 1 ¢l 0 glsndes ‘L-g-Nvd 62e-1S 0030 Nvg e wniose) g gevOcd /€62
0 H 22 0 Glsndei ‘gdel 9z-1S vO10 Ava 8¢ winjose) g 82v 10 8ld 8262
0 1 ck 0 grsnded ‘L-g-Nvd v5-1S 0030 Ava 8¢ wnjose) g 82v 08ld 1262
0 N Pk 0 Glsndes 1S umousun VYO0 Ava 82 wnjose) g 82 V 10 Gd €062
0 1 gk 0 punoy suooldai pluseld oN V/N 0030 Ava 82 eely '3 82V OSd 2062
0 12 0 Grsndal ‘L-g-Nvd 78-1S 0030 NvE [ wnooey g le vV OSd 8982
0 N L 0 gisndel 1S umousun VYO0 NSl 4 wnooey g eV 10 bd 1982
0 N vl 0 b-g-Wvd 1S umouxun VYO0 AvE L wnooey g V10 8kd Gese
0 12 b punoj suooljdal piwseid oN v/N 0030 NvE L wnire 3 /¥ 08ld 7282
0 Rt b punoj suooljdal piwseid oN 202g-1S VOO AvE L sijeose; g 2V 10 &d 7082
0 1 2k 0 gisndai ‘L-g-Nvd €r8-LS 1n JOYINOD  9g wnosey g 9ev L1 1662
L 1 ck 0 punoy suool|das piuiseld oN 6v2-LS 1 JOHINOD  9€ sifeoee; ‘g 9ev 0L €862
b T Lk 0 punoy suooldas piuiseld oN 28-S 1 JOHINOD  9€ sifeose; ‘g 98V 21N 8962
0 H €2 0  (egelad)sdel ‘(01 Lgnd)ded ‘grsndel 06%-1S 11 JOHINOD  9€ wnjose) g 9ev 21N 1962
0 1€l 0 L-g-IAvd 62e-LS vO10 JOHINOD  SE wnooey g gev 10 0kd 8v6e
0 12k 0 gdal /G11S 0030 JOYINOD  Gg wnooey g GeV O0kd 1¥62
0 1€l 0 GLsndel ‘gded 9e-1S VYO0 JOYINOD 82 wnooey g 82v 10 ¢d 1682
b 1€l 0 2431d 6r2-LS VOO JOYINOD |2 sijeooe; g bev 10 Lid €682
b 12 0 (g/e02d)vdei ‘g431d 9¢e-1S VOO JOYINOD |2 sljeooe; g eV 10 0kd 6.82
0 N 8L 0 gisndes 6-1S 0030 JOYINOD v wnooey g IV OLid 1982
0 N 8L 0 gdal ceLs vO10 JOYINOD v wnosey g vV 10 0kd vv8e
0 A 0 (cegd)vdes zels 0030 JOHINOD vl wniose) g 7V O0Ld £v8e
0 N 2L b Glsndel 962-1S VYO0 JOHINOD L wnjose) g v1v 10 ed 6282
0 T Lk 0 gdel ze-1S 0030 JOHINOD Pk wnjose) g vV O2d 8282
0 1€l 0 punoj suool|dai pluseld oN V/N 0030 TOHLNOD L wnueuyeb 3 IVOLid €282
0 12k b gdal /G1-1S VYO0 JOYLINOD L wnooey g V10 0kd ziee
ol®D psselosg oS qWeH-d
gdnoun
sadAjouayd asua|nip splwse|d 1SN 92.n0g uone|os| juawijeall Aeq (se1oads ‘snuay) wsiuebiQ #9|dweg Q] enbiun

“(SHM) Bupusnbas awouslb 8joyM J0} PB1OB[aSs 100000483UT GE S} JO SONSLISIOBIEYD _ I 319vL

December 2018 | Volume 2 | Article 83

Frontiers in Sustainable Food Systems | www.frontiersin.org


https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles

Antimicrobial Resistant Enterococci From Broiler

Rehman et al.

(penupuoD)
0 H 1594 b glsndel 1S umoumun vO10 Ovd A wnioee) 3 VY10 91d [4:14
0 1 cl b punoj suooldas piwiseid oN V/N 0030 Ovd A wnseuyeb 3 IV O9ld Lg8e
0 N 14" 0 1-d-Wvd‘vdey 6/£0.d ‘(zggd)vdai 62e1S vO10 ovd A wniose) 3 V10 LM 718¢
3 1 ch b lavd ‘e431d ‘g431d 9LL-1S 0030 ovd A Sijeose) 5 JAROYX] 208¢
0 N 9l 0 gLsnded ¢clS YOT10 S Sge wniose) 3 gev 10 vid 9962
b 1 al 0 punoy suooljdas piuseld oN [RAIRS vO10 S ge sijeose) g Gev 10 €d 766¢
0 N P 0 gisndas‘i-g-Avd LS umouxun 0030 s se wnjoee) '3 gev Oed €662
0 1 al 0 glsndes ‘L-g-Nvd Y3818 0030 s 8¢ wnjose} "5 8¢V O ¥d 006¢
b 1€k 0 (6/€0.d)vdal ‘g431d ‘2431d Sve-1S vO10 s 82 sireose) g 82v 10 ed 6682
0 N 8l 0 ¢del ce 1S 0030 s 8¢ wnjose} '3 8¢V O¢&d 868¢
0 Al 9l 0 gdel ‘(gggd)vydes cels 0030 s 44 wnjose} '3 beV Ovid 988¢
0 1 ch 0 gLsndes ‘| -g-Nvd ¥G-1S vO10 s Le wnioee) 4 LoV 110 vd /98¢
0 1 gl 0 punoj suooldas piwsejd oN V/N 0030 s Lc oelly 5 LoV O vd 998¢
0 H 6l 0 cdel 1S umouxun YOT10 S (¥4 wniose) 3 LoV 110 ed G98¢
0 H 6l 0 gLsnded 6-1S 0030 S 14" wniose) 3 VIV Ovid 1G8¢
0 1 ek 0 gdai ‘gLgndau cels vO10 s 14 wnjose} 5 71V 10 vd €8¢
0 N L 0 Zdau cels 0030 s 14 wnjose} "5 7V O vd e8¢
b 1 al 0 z431d 6v¢LS vO10 s 14 Sijeose) J 71V 10 €d 1€8¢
0 N 14 b punoy suool|das piuseld oN V/N vO10 s A eely g V0 vid 618¢
0 1 el 0 Glsndel Y11S 0030 s A wnjose} '3 ¥V O¢ed 66.¢
3 1 ch 0 2431d 6v¢-1S 1n N3d 9e Sieose) 5 OEV-GLLN 7662
3 1 el 0 2431d 6vc-1S 1n N3d 9€ Sieose) 5 9EVv-GL1N €662
3 1 gl 0 2431d 6vc-1S 11 N3d 9€ Sijeose) 5 9EV-6L1I1 186¢
0 N 8l 0 punoj suooldai piwsejd oN V/N YOT10 N3d Ge wnire '3 gev 10 Gid 7962
0 1 cl 0 punoy suooljdas piuseld oN ce LS YOT10 N3d Ge wniose) 3 Gev 10 6d 9v62
0 N 14" 0 gdeu cels 0030 N3d ge wnjose} 5 gev O6ed Sv6e
b 1 LE 0 z431d G.v-1S 0030 N3d Ge sijeose) J Gev 09d 666¢
0 1 al 0 punoy suool|das piuseld oN 1S umoumun vO10 N3d 8¢ wnjose} "5 8¢V 110 6d Li6c
0 H le 0  gisndal‘(egzlgd)sdal ‘(0 Lgnd)ded 06v-1S vO10 Nad 8¢ wnjoee) '3 82V 10 9d G062
3 1 L 0 2431d SG.¥-1S 0030 N3ad 8¢ Sieose) 5 8¢V 0 9d 7062
b 1 L 0 2431d ‘(v Lgyd)ades 1S umouxun vO10 N3d (¥4 Sijeose) g LoV 110 6d 118¢
0 1 ch 0 punoj suool|das piwisejd oN V/N 0030 N3d (¥4 SnAgjjjjesses 5 LoV O6d 9/8¢
0 H [ 0 Glsndel 6-1S vO10 N3d Le wniose) 3 LoV 110 9d 1282
oD pSselDSd oS8  qWoH-9
gdnoun
sadAjouayd asusnip splwse|d 1SN 92.n0g uone|os| juswijeasl Aeq (ssa10ads ‘snuayn) wsiuebiQ #9|dweg Q| enbiun

penujuoD | | 319VL

December 2018 | Volume 2 | Article 83

Frontiers in Sustainable Food Systems | www.frontiersin.org


https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles

Antimicrobial Resistant Enterococci From Broiler

Rehman et al.

‘9sBUNERD “TID5

YBIH ‘H ‘winpaw Wy ‘mo7 7 'S0 Sdp
*SeU0Z uope)dioa.d JO 8ZIS By} SMOYS Jequinu 8y} ‘SISAI0IPAY Jfes ojiq ‘S,

olfjowsH ‘Wat-¢ g
Jon 117 ‘eoesd

‘D0F0 BOBOJ ‘YOTO {UORBUIQUIOD UIDBIIOEG % UIDAWOUIES “DYg+TYS ‘UoBjIoRg “OYg uioAwoules “Tys ‘uloiuad ‘N34 unAuiequieq ‘Wyg :yum paiusweidadns jeip eseq ‘Jaip [eseq pajusuwisjddns [eiqosoiuue-uou “JOHLNOD s
“01goed Aq Ajreuonippe peousnbag ¢

b N Pl 0 punoj suooljdal piwseid oN ke-lS 1n ova+IvsS  9g sijeooe; g eV EHLN 0662
b 12 0 punoj suooljdal piwseid oN le-lS 1n ovg+IvsS  9¢ sijeooe; g 9ev ekl 686¢
0 12 0 gisndel ‘(01 kgnd)des 9e-1S 1n ovd+Ivs  9g wnosey g eV ZHLN 886C
0 12k 0 (Ladd)vdes 952-1S 1n ovag+Ivs  9¢ Sieose) '3 9ev gkl /862
L R 0 (Ladd)ydes 9G2-1S 1n ova+vs  9e sijeooe; ‘g 96V 810N 0862
0 N 8L 0 GlLsndel ‘gded 6-1S vO10 ova+wvs  ge wnooey g Gev 10 2kd 2562
0 N L 0 gisndel ‘gdel ‘L-g-Avd 1S umousun 0030 ova+vs  ge wnooey g gevocid 1562
0 H €2 0 ‘gdes‘grsnded ‘L-g-Nvd (01 Lgnd)des 6-1S YO0 ova+WwvsS 82 wnooey g 82v 10 €ld 6162
0 N 8L 0 GLsndal ‘gded 6-1S VYO0 ova+WvsS 8¢ wnooey g 82v 10 ¢hkd 1162
0 12k 0 gisndel ‘L-g-Wvd S umouxun 0030 ova+IvsS 82 wnooey g 82V Ochd 9162
0 N 8L 0 tdai ‘gLgndeu 6-1S VOO ova+WvsS ke wnooey g bev 10 ¢hd €882
0 Rt 0 gisndal ‘L -g-Nvd vS1S 0030 ova+vsS ke wnooey g lev Ocid 2882
0 H e 0 gdeu 6-1S 0030 ovag+vs ke wnosey g ey O8d v.82
0 1 el 0 punoy suool|das piuseld oN /N 0030 ovag+1Ivs vl wnJeujeb 3 71V O8d 6€82
0 H 2 L grsnded 6-1S 0030 ovd +vs l wnooey g VY O¢€ld 2182
L 12t L ¢431d 672-LS 0030 ovd +vs L sjeooe; ‘g /Y O2ld Gl18e
0 N L 0 gisnded ‘(01 kand)des 9z-1S 1n ova  9¢ wnooey g QEV 211N 8262
0 H 02 0 punoj suooljdal piwseid oN V/N YO0 ova 82 sueinp ‘3 82V 10 9d 7262
0 N L 0 gisnded ‘(01 kand)des 9e-1S VYO0 ovd 8¢ wnooey g 82v 10 /d 2062
0 12 0 punoj suooljdal piwseid oN V/N 0030 ovd 8¢ oeiy g 82V O.d 9062
0 H e 0 gisnder(origndides 1S umouxun VOO ovd ke sijeooe; g eV 10 9kd 1682
0 H 6L 0 gisnder (ot rgndjdes 9e-1S VOO ova ke wnooey g beV 10 bid 1882
0 N 8L 0 gisnder (ot rgndjdes 9e-1S VYO0 ova ke wnosey g eV 10 Ld €8¢
0 12k 0 gisnder(oLignd)des 1S umousun 0030 ovg k4 Sieose) g lev 02d 2.82
0 H 02 0 gder‘grsndes 1S umounun vO10 ova vl wnooey g 7V 10 9kd 9982
0 Tk 0 b-g-Wvd 1S umounun 0030 ova vl wnooey g 7V O9ld 46582
0 N Pl 0 grsnded 0SS 0030 ova vl wnooey g 7V O.d 1682
oD pSselDSd oS4  qWoH-9
gdnoun
sadAjouayd asuanip splwse|d 1SN 92.n0g uone|os| juswijeasl Aeq (ssa1o0ads ‘snuayn) wsiuebiQ #9|dweg Q] enbiun

panunuod | 1 31aVL

December 2018 | Volume 2 | Article 83

Frontiers in Sustainable Food Systems | www.frontiersin.org


https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles

Antimicrobial Resistant Enterococci From Broiler

Rehman et al.

(penuuoD)
ch 4 c 8 (09) 21t 720 < 720k < Si[eose) g
9¢ ¥ I cl 4 (8'v¥) 92 [43°kd 99¢ wnjose) 5 upAueuey|
¢ 0 8eh< 8gh< wnire '3
v 0 8ck< 8ck< eely g
g 0 8cL< 8C< wnJseuyeb g
4 44 €8c STARS STARS sypoor) 3
89 0 L=< 82CL< wniose] g UIOIWEIUSY)
- L (09) L 8 8 wnine ‘g3
4 (ool) ¥ g< 8< ovIy 'F
4 € (ov) e 8 S0 wneuyesb 3
0¢ 14 (e'e8) 02 8< g< syeose) '3
0e 8 8 / L ¥ (216) 08 8< 8< wnjose) '3 uAwoIyIAIg Il
4 0 G0 G0 wnie -3
¥ 0 b | oeely g
S (oo ¢ ze< ze< winseuyes 3
3 9 1 4 0 < I sieose) g
8 9 9e Sl 0 4 z wnioee) 3 UIDALIOOUBA
8 s 0 b L wnine '3
€ [ 0 4 4 ovly g
b 4 - : (09) & 8< 8< wn.seuyes 3
14 9k - 4 : (e'e8)02 8 < sieose) '3
z % 6  0¢ L 9 eon9 z z wroeey -3 unsudoyegunsudnuing
3 b 0 L L wnine ‘g
4 - b (09) 2 < 14 erIy F
S L L (09) & g< 8< winseuyes 3
€ z2: 9 o] € (cene 4 4 sijeosE) '3
9 P I T VR €019 < < wnjosey g piozaur
8 b 0 g'0< g0 wnire "5
14 4 0 4 4 oeely g
- 14 (02) + p< 2 wnueuyeb 3
S L 4 0 2< 2 S|eoer) '3
oA 9e e 4 L L (y'ze) etk 4 4 wnjose) '3 unAwoydeq
- b (09) c< L wnine 3
b € 0 g0 g0 eely g
b A b (02) + z 2z winseuyes 3
c gk i ok €9z L b syeose; '3
ze iz S (e'ss) ce 12 1< wniose; g uexopoldin
8v0‘c< 20°L< cls 992 s8¢l 9 (4 9l 8 14 4 3 60 G20
wxx(lW/B7) DI YUM SBYEIOSI JO "ON (%) ooueisisey  Ooy SN wSoloedg onoiquuy  ,Ssejo

"SUBMOIUO Jajiolq WOy patejos! “dds snoooooeiug Buolle eouelsisal pue SOJA Jo uonnauisid | ez 319vL

December 2018 | Volume 2 | Article 83

Frontiers in Sustainable Food Systems | www.frontiersin.org


https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles

Antimicrobial Resistant Enterococci From Broiler

Rehman et al.

(penunuoD)
c 3 3 3 0 gI< glL< wnueuleb 3
4 Sl 3 0 28< gL < sieose) g
9 i L 0 y9< y9< wnioee) '3 UIOURINOIIN
_ . 3 3 0 < 4 wnire 3
4 0 8 8 ovIly 'J
€ 4 0 8 ¥ winseuyeb g
€ 0¢ 8 0 g < 8 < sieosg) '3
€ LS € k 0 8< 8< wnioee) 3 |oolusyduresolyd
4 0oLz 8z1< 8zI< wnine 3
i4 ook ¥ 8zL< 8zL< ovuy F
4 € (ov) 2 $9< $9< winseuyes 3
k4 14 L (28) 12 gl < 821 < sieosr) '3
4 6 b b (18) 2t 8zI< 8zL< wnoog) 3 uioeOeg M
b L (09) + 9l L wnire '3
€ - G)e ze < 143 eely g
L L L 4 (02) 1 p< p< winueuyeb 3
6l z e @62 6L ze< ze< sireose) 3
0z 8i e ol 4 € (Gve) oz 9L< 8> wniosey 3 UISOIAL
4 0 zIs 2Is wnine 3
4 0 zIs zIs ovuy F
g 0 2is 2is wnseuyes 3
12 € A (¢62) £ 4] [4Le] sieose) 5
oL 9 oy I (G'22) 91 glg< 2Ls wniose) ‘g upAwoldeng
b b (09) + p< z wnine g
I L 14 (G2) 1 z< L ovIly 'J
b 14 14 L 02+ < < wnueueb 3
4 Lt S €9z z< 2< sieose) ‘g
cc 12 02 A 3 ! L (6°2€) 22 g< r< wnioee) 3
z : ©oh z g< 8< wnine 3
14 (0on) v 8< g< ory g
g (oon s 8< g< winseuyes 3
ve (0o ve g< g< sifeosE) ‘g
4 vS 4 ('96) 95 8< 8 wnjoer) 3 upAWooU
s H (09) + ggi< 8zh wnire 3
F € 0 8zl 8zl sely g
14 4 L (ov) e ¥20L< zlg< winreuyiesb 3
8v0'c< be0‘l< g 95 82+ 9 2E 9l 8 14 4 L S0 620
xex(l/B7) OIN Yum sajejosi jo "oN (%) @oueysisey 06y OSgN wSe1adg apoiqpuuy  ,SSeo

penuiuoD | eg 31avL

December 2018 | Volume 2 | Article 83

Frontiers in Sustainable Food Systems | www.frontiersin.org


https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles

Antimicrobial Resistant Enterococci From Broiler

Rehman et al.

"0J0IQIUE 8A)108dSa) By} 0] BoUB)SIS8. 818]AdLI0D PUE B)EIPaLLIBIUI 8y} SIU8SIdR. SJE] PIjOS PUE PBNOP 8y
'10000048}U8 10} PaPUBLULLIODSI (81N}}SU| SPIBpUBLS AiojeioqeT] pue [ealuld) ST70 wo.y paidope sjuiodyesld,.,
"UOJO8S S)NsSal 8y uj S|ie1ep ‘Papnjoul 10U SNABJYISSSED ' pue suBInp g Yyoes JO 83ejos! auQ /(g = u) wnine J iy = u) seay '3 (G = u) wnieuyeb 3 (yz = u) Syedse) '3 {(8G = u) wnioee; 3,

"S8ujojpaLL UBWINY O} 8OUBASIS. UO PSE] S| SSEJO OIOoIqiUR 8],

! L (9 + ce ce wnine g
v (00h) ¥ zZe< ze< ey g
¥ C (08) ¥ 2e< ze< winseuypes 3
ot e oz 9 ¢ 1) ot g< g< syeoos) g
25 bio2 z L (2'68) 28 ze< ze< wnjoeey ‘3 uoAwoneld N
. 4 0 G2 0> G2 0> wnire 3
4 0 Gec'0 Geo oeiy '3
S 0 520 S20 wneuyeb 3
vZ 0 620> 620> sieose) 3
4 99 0 G2'0> G2 0> wniose; g auljoAoabl |
z ! (oo g z8< z8< wnine 3
€ b Ge 2e< ze< eely 3
S (oon s ze< ze< wneuyed 3
€e L (8'96) €2 ze< ze< seoor) '3
oy : L At (6'89) o7 2e< 26< wniose) g3 aulokoens|
4 " 0 y9< y9< wnire 3
z Z 0 ze< ze eviy 3
8b0'2< be0‘k< 2gIS 95 82k 9 g€ 9L 8 v 4 L S0 6§20
wex(l/B7) OIN Yum sajejosi jo "oN (%) @oueysisey  O6gy  OSgN «Se1adg anoiqpuuy  ,SSeD

penuiuoD | eg 31avL

December 2018 | Volume 2 | Article 83

10

Frontiers in Sustainable Food Systems | www.frontiersin.org


https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles

Antimicrobial Resistant Enterococci From Broiler

Rehman et al.

(G0°0 > o) JueteyIp Ajfeolsiiels ee senfes

‘aulfoA08b1) pue ‘ujojuRINOU ‘JooIUBYAWRIOIYD ‘UIDALIOOURA O} 8|qIeosSNs alom Seje|os |y

MO | SSBIO [WnIpayy Il SSelo [YBIH ‘| SSe0 by Aien | sSeo ‘suioipaw uewiny ul eauepodw iy uo posedq

‘(Ovdg + TvS) uoeuIquIoD udRI0EG-UDAWOUIES B pU ‘(OYg) UoRNoe] ‘(TYS) uloAwoules (NId) ujoiued (Nge) uoAuuequed

(02) 2 (eeg) s (09) 1 (606) 0L (oob e (e26) ¢ (oon ez (con) ¢ (09 e (08) 8 (Ge) L (2's8)9 uioAwone|4
|
(06) 6 (299 ¥ (oo e (Lz)s8 (oon z (8€9) £ (oon z .8'18) 6 (o) ¥ 02 2 (oon) ¥ (r12g auIpAdBEL
(06) 6 (e'e9) s (con ez (L2 8 (09) 1 (ez6) 2t (09) 1 (228 (©on v (06) 6 (oob) v (riras upeljoeg
(08) 8 (0s) ¢ (09) 1 (Gv3) 9 (09) 1 (8°0¢) ¥ (09) 1 (r'oe) ¥ (©on v (02) 2 (oon) v L)L UISOIAL
(02) 2 (eee) e (09) 1 (1e) L (0o (rsh)e (09) 1 (Gv%) 9 (G2) 1 (0g) & (09) 2 (9'82) 2 upAwoidens
(00o (0s) ¢ (oo 0o (oo (rsh)e (ool 2 {97€9) 2 0o (09) 5 (0o (129 v

(oon) ok (oon 9 (oon ez B8'18)6 (ooh e (oon e (oon e (©on) 11 (con v (oo or (oon) v (0on) 2 uioAwoour
(0e) e (2°99) ¥ (0o0o (Gv3) 9 (ooh e (c'ge) g (oon e (roe) v (VAR (ov) ¥ (0s) 2 (62v) € uAweuey
©0o ©0o ©0o ©0o (09) + ©0o ©9) + ©0o ©o0o (0o ©0o ©0o UIoIWBIUSD
(08) 8 2'99) ¥ (oon ez J97€9) 2 (09) L {8°€9) £ (09) 1 W9€9) 2 (con v Jov) v (0on) v v upAwoIyAIg
L sy
(09) 8 (0o (oon ez (AN (oob z (VAVANN (oon e (1e) ©on v o1 1 (09) 2 (9'82) 2 unsudoyed/unsudnuind
(02) 2 (oo (oo (1'e) L (000 (rshe (oo (oo (0o (o1 + (G2) + (982) ¢ piozeur]
(0o (eee) e (oo (AN (0o (l'ez) e (0o (1e) ©0o (02) 2 (0o (B6'2r) e upAwoldeq
o1 1 (eee) e (09) 1 d222)8 (0o (g'8e) g (0o (5v%) 9 0o W{02) 2 (0o (1°29) ¥ uioexopoidin
sy

(or=u) (90 =u) (co=u) (tr=u) (co=u) €r=u) (co=u) (rr=u) (o =u) (oL=u) r=u (L=u

TJav4a Wav4'3 1av4a Wav4a Tava3 W3v4'3 7av4a Wav43 REVZE! W3v43 7av4a Wav4'3

(91 = u) ova + VS (€L =u) ova (SL=u)vs (€L =u)Nad (v = u) naga (L1 = u) joquod

juswjeal Jad palsa} AS $9]e|0SI JO "0OU |e}0] 3y} O] SAlje|aJ sSa)e|0s] 190000433ud jue)sisadl dljoiqiue jo Anxuv "ON nwwm_o anoiquuy

 £S[EICOIDILLIUE P8} SUSMOIYO W) PaYejos! [00000ejus Buowe sadAjousyd eouelsisas jo uonnquisid | ag 319v.L

December 2018 | Volume 2 | Article 83

1

Frontiers in Sustainable Food Systems | www.frontiersin.org


https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles

Rehman et al.

Antimicrobial Resistant Enterococci From Broiler

varying degrees of resistance to other antimicrobials. Among
E. faecalis, the highest resistance to macrolides (P < 0.05) was
observed in isolates from birds treated with BAM, BAC, and SAL
+ BAC, while levels of kanamycin and streptomycin resistance
were higher in isolates from birds receiving BAC than the control
or those receiving other treatments (Table 2b).

Other enterococci isolates, including E. gallinarum (n = 5),
E. hirae (n = 4), E. avium (n = 2), E. casseliflavus (n = 1),
and E. durans (n 1), were susceptible to gentamicin and
streptomycin (Table 2a). Among these isolates, a high frequency
of resistance to lincomycin (100%), tetracycline (92.3%),
flavomycin (84.6), bacitracin (76.9%), and erythromycin (53.8%)
was observed, while resistance to other antimicrobials such as
ciprofloxacin and daptomycin (15.4%), linezolid and tylosin
(38.5%), quinupristin/dalfopristin and kanamycin (30.8%), and
penicillin  (23.1%) was less frequent. Only E. gallinarum
and E. casseliflavus isolates were resistant to vancomycin.
Differences between antimicrobial feeding were observed in
the frequencies of resistance to erythromycin, kanamycin, and
quinupristin/dalfopristin. For example, the highest resistance
level to erythromycin was observed in isolates receiving BAC
and SAL, while levels of kanamycin and quinupristin/dalfopristin
resistance were higher in isolates from broilers receiving PEN as
compared to the control or other treatments.

Antimicrobial Resistance Genes (ARGS)

The PacBio sequencing data from two isolates in this study
provided high quality long reads, allowing accurate detection of
plasmids or transposons associated with specific ARGs. A total
of 40 ARGs were detected in the genome of all 95 sequenced
Enterococcus spp. (Table 3). Among these isolates, the most
frequently detected resistance genes included ermA/B (52.6%),
tetL (54.7%), msrC (60%), efmA (62.1%), ber (62.1%), IsaA/E
(66.3%), tetM (68.4%), and aac(6’)-Ii (69.5%).

E. faecium

Overall the number of resistance genes was higher in E. faecium
than in other Enterococcus species (P < 0.05). Among the 58
isolates, the number of detected genes in individual isolates
ranged from 1 to 23, with 63.7% of isolates carrying at least
10 resistant genes. Nine aminoglycoside resistant genes were
detected among E. faecium, with aac(6')-Ii (n = 58), ant(6)-
Ia (n = 19); aph(3)-III (n = 19), aadE (n = 18), and ant(9)-
Ia (n = 14) being the most common genes detected. The
aac(6’)-Ii gene was the most prevalent in isolates from BAC-
fed birds. Four macrolide resistance genes, IsaA/E (n = 35
isolates), ermA/B (n = 24 isolates), mefA (n = 5 isolates),
and mprF (n = 21 isolates) were detected, with ermA/B being
predominant in isolates from PEN-fed birds (P < 0.05). Thirty-
one and 37 isolates carried the tetracycline resistance genes tetL
and tetM, respectively, which were more prevalent in isolates
from birds treated with PEN, BAC and SAL + BAC. The
35 isolates carrying the bacitracin resistance gene bcrA were
prevalent in BAC and SAL + BAC treated birds compared
to the control birds (P < 0.05). The macrolide-lincosamide-
streptogramin B (MLSg) genes such as msrC and [nuB/, as
well as the gene cluster PBP5 (~36% amino acid similarity

to the mecA specific to staphylococci; alignment shown in
Figure S1), trimethoprim-sulfamethoxazole dfrE gene homolog
and fluoroquinolone mfd resistance genes, were detected in
48, 28, 24, 24, and 24 isolates, respectively. Additionally, a
multitude of antimicrobial efflux pump genes such as efinA
were found in 52 isolates, along with arIR, efrA/B, ImrB/C/D,
pmrA/E, and taeA in 24 additional isolates. In addition, the fabl
gene, encoding enoyl reductase, which prevents the inhibition
of fatty acid synthesis by triclosan, was found in 24 E. faecium
isolates. Several E. faecium isolates were found to carry multiple
resistance genes, with the most prevalent resistance combination
being bcrR-ermA/B-msrC-mefA-aac-aphA-tetL-tetM. Moreover,
24 E. faecium genomes contained several mutations in the
quinolone resistance-determining region (QRDR) of parC,
parE, and gyrA genes, and six carried nucleotide substitutions
(G2576T) in 23S rRNA (E. coli-K12 strain GenBank accession
#HG738867 was used as reference) (data not shown). However,
no vancomycin resistance gene was detected in any E. faecium
isolate.

E. faecalis

Among all 24 studied isolates, 0 to 23 different resistant genes
were detected from individual isolates, with 41.6% harboring
at least 10 resistance genes. Consistent with their resistant
phenotypes, eight aminoglycoside resistance genes, including
sat4 (9 isolates), aph(3')-1II (8 isolates), aad(6) (7 isolates),
ant(6)-Ia (7 isolates), aac(6')-Ii (2 isolates), aac(6')-aph(2”) (2
isolates), spc/str (2 isolate), and ant(9)-Ia (1 isolate), were found
among the 24 E. faecalis isolates. No significant effects of
antimicrobial feeding on the distribution of these genes were
observed. For macrolide resistance, all E. faecalis isolates (100%)
carried the IsaA/E gene, while the ermA/B and mprF genes were
detected in 20 and 7 of them, respectively. The trimethoprim-
sulfamethoxazole resistance dfrE gene homolog was detected in
22 isolates. The tetracycline resistance fetM and fetL genes and
the bacitracin resistance bcr gene were detected in 21, 19, and
17 bacitracin-resistant E. faecalis isolates across the birds with
antimicrobials in their diet. The efflux pump genes arlR, cdeA
efmA, efrA/B, emeA, ImrB/C/D, pmrA/E, and taeA, as well as
the triclosan resistance fabl gene were found in seven E. faecalis
isolates. Like E. faecium, multiple substitutions in the quinolone
resistance-determining region (QRDR) of parC, parE, and gyrA
were detected in two E. faecalis and three contained nucleotide
G2576T substitutions in 23S rRNA. No vancomycin-resistant
gene was detected in any of E. faecalis isolates.

The other Enterococcus species harbored a limited number
of resistance genes. Among those, aac(6’)-Ii, bcrA, ermA/B, tetL,
and tetM were identified in some of the Enterococcus species
included in this study. The vanC gene was exclusively detected
in E. gallinarum and E. casseliflavus genomes.

Correlation Between AMR Phenotype and
Genotype
For the majority of antimicrobials, there was a strong positive

correlation between resistance phenotypes and genotypes
(Table 4).
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TABLE 4 | Resistance phenotype and genotype correlations among 95 enterococci isolated from broiler chickens.

Antibiotic Antibiotics Phenotypes (no. Genotypes (no. of isolates) Correlation (%)b
tested of isolates)?
Tetracycline TET R, 75 tet(L) (n = 52), tet(M) (n = 65), tet(S) (n = 6), tet(O) (n = 03), tet(A/B) (n = 02) 100 (75/75)
S, 20 None 100 (20/20)
Macrolides ERY R, 57 erm(A/B) (n = 50), mefA (n = 05) 91.2 (52/57)°
S, 38 None 100 (38/38)
Lincosamide LIN, Q/P R, 93 msrC (n = 57), Inu(B/G) (n = 32) 95.7 (89/93)d
S, 02 None 100 (02/02)
Fluoroquinolones ClP R, 36 mfd (n = 34), QRDR (n = 10) 100 (36/36)
S, 59 None 100 (59/59)
Bacitracin BCR R, 78 ber (n = 59) 75.6 (59/78)°
S, 17 ber (n = 2) 88.2 (15/17)f
Aminoglycosides GEN, KAN, R, 57 aaC(6') (n = 66), aad(6) (h = 13), aadE (n = 18), ant(6)-la (n = 26), ant(9)-la 100 (36/36)
PEN, STR (n = 13), aph(3')-lll (n = 22), aac(6')-aph(2") (n = 02), spc/str (n = 02), sat4
(h=17)
S, 38 aaC(®') (n = 09) 76.3 (29/38)9
Linezolid LIN R, 14 23S rRNA G2576T (n = 14) 100 (14/14)
S, 81 None 100 (81/81)
Vancomycin VAN R, 5 vanC (n = 5) 100 (5/5)
S, 90 None 100 (90/90)
Chloramphenicol CHL S, 95 None 100 (95/95)
Tigecycline TGY S, 95 None 100 (95/95)
Nitrofurantoin NIT S, 95 None 100 (95/95)
Daptomycin DAP R, 14 liaS (n = 15) 93.3 (14/15)"
S, 81 None 100 (81/81)

4R, resistant; S, susceptible.

bThe values in parentheses represent the number of isolates with a resistance element(s)/number of isolates with the phenotype.
CFive isolates had an ERY™ phenotype, but did not contain the corresponding resistant gene.
9Four isolates had an LIN® phenotype, but did not contain the corresponding resistant gene.

€Nineteen isolates had a ber® phenotype, but no ber gene was detected.
"Two isolates had a bcrS phenotype, but berR gene was detected.

9INine isolates had a sensitive phenotypes, but aaC(6') gene was detected.
hOne isolate was DAPS, but had liaS gene.

Tetracycline

At least one tetracycline resistance gene was detected in all 75
isolates with phenotypic resistance to tetracycline. Of these, 65
contained the tetM gene while 52 carried both the tetM and
tetL genes. The tetS, tetO, and tetA/B genes were found in
six, three, and two tetracycline-resistant isolates, respectively.
No tetracycline resistance gene was detected in any of the 20
tetracycline susceptible isolates.

Macrolide, Lincosamide Streptogramin B, and
Quinupristin-Dalfopristin (MLSg)

Fifty of the 57 isolates resistant to erythromycin (macrolide)
harbored ermB or ermA alone, while three contained both genes.
Five isolates harbored the mefA gene, of which three contained
both ermB and mefA genes, while two had a combination of
ermA, ermB, and mefA. No corresponding macrolide resistance
genes were detected in five resistant isolates and none were
detected in the 38 macrolide-susceptible isolates. E. faecalis is
intrinsically resistant to lincomycin and streptogramin B and all
24 (100%) and 20 (83.3%) isolates of this species carried IsaA/E
and erm(A/B) gene, respectively. The msrC gene, which is known

to be intrinsic to E. faecium (Champagne et al., 2011) and confers
resistance to macrolides, was found in 48 (82.6%) and 6 (25%) of
the E. faecium and E. faecalis isolates, respectively.

Fluoroquinolone

Either the mfd gene or mutations in parC, parE, or gyrA were
detected in all 36 resistant isolates associated with ciprofloxacin
resistance. None of the susceptible isolates had the mfd gene or
parC, parE, or gyrA mutations detected in their genomes.

Bacitracin

Among 78 bacitracin resistant isolates, 59 (75.6%) harbored
the ber gene, while this gene containing no mutation was also
detected in 2 of the 17 phenotypically susceptible isolates.

Aminoglycoside

Various levels of resistance to aminoglycosides were observed,
and their corresponding genes aac(6')li, aac(6')li, and aac(6')lih
were detected within the genomes. The two E. faecalis
isolates with high levels of gentamicin resistance carried a
corresponding bifunctional aminoglycoside-modifying enzyme,
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TABLE 5 | Prevalence of virulence factors among poultry-associated
Enterococcus spp.

Enterococcus Virulence Function

spp- factor
E. faecium’ efaAfm E. faecium specific cell wall adhesins
(n =58)
acm Surface-exposed antigen, cell wall adhesion
E. faecalis™ ace Adhesion to collagen and other extracellular proteins
(n=24)
agg Aggregation substance
cad Sex pheromone-associated
camE Sex pheromone-associated
cCF10 Sex pheromone-associated
cOB1 Sex pheromone-associated
ebpA/B/C  Pilin subunit
efaAfs Adhesion protein, plays role in endocarditis
EIrA Enterococcal leucine-rich protein A
fsrB Biofilm formation
gelE Gelatinase
hylA/B Hyaluronidase
SrtA Anchor surface proteins to peptidoglycans
tpx Oxidative stress response

cylA/B/L/M Cytolysin, hemolysis

*efaAfm (57, 98.3%); acm (51, 87.9%).
**ace, cad, cCF10, cOB1, fsrB, gelE, hylA/B, SrtA, tpx (24, 100%); agg (4, 16.7%) came,
EIrA (22, 91.7%); ebpA/B/C, efaAfs (23, 95.8%); cylA/B/L/M (1, 4.2%).

aac(6')-aph(2”) [one isolate contained both aac(6')-Ie-aph(2”)-Ia
and aph(2”)-Ic], that conferred resistance to high concentrations
of gentamicin.

Linezolid
All 14 enterococci that showed resistance to linezolid carried
corresponding nucleotide substitutions in 23S rRNA.

Vancomycin

The resistance to vancomycin in E. gallinarum and E. casseliflavus
was associated with the presence of vanC operon, comprising up
to seven genes as detected in their respective genomes. Moreover,
all vancomycin susceptible isolates lacked the corresponding van
related genes in their genomes.

Chloramphenicol, Tigecycline, and Daptomycin

The isolates that were susceptible to chloramphenicol,
tigecycline, and daptomycin consistently had no corresponding
genetic determinant detected in their genomes.

Virulence Genes of Enterococcus spp.

Genes encoding virulence factors from the 95 assembled genomes
of the Enterococcus isolates were identified using VirulenceFinder
(Table 5). Overall, no significant differences in the distribution
of virulence factors or their associated virulence phenotypes
were observed among isolates of the same species collected from
different antimicrobial feeding groups, source, or day of isolation
(data not shown).

E. faecium

The majority of E. faecium genomes were positive for two
well conserved virulence genes: efaAfm (57/58, 98.3%) and acm
(51/58, 87.9%). Additionally, a putative virulence gene, bsh (978
bp), encoding a 326-amino acid bile hydrolysis enzyme (EC
3.5.1.24) was identified in the majority of E. faecium (54/58,
93.1%) genomes, and such isolates exhibited a positive bile salt
hydrolyze (BSH) phenotype. Among the BSH-positive isolates,
20 (34.5%) had low, 25 (43.1%) medium, and 13 (22.4%)
exhibited high BSH activity based on the size of precipitation
zones (Table 1). Moreover, a 663-bp gene coding for a putative
membrane protein hemolysin III homolog was detected in four
hemolysin-positive E. faecium (6.8%). Interestingly, in contrast
to human clinical cases, all E. faecium isolates of poultry origin
tested in this study lacked the virulence gene espfin, encoding
a putative surface protein precursor that plays a major role in
biofilm formation and is associated with urinary tract infections
(Semedo et al., 2003).

E. faecalis

A total of 15 well-defined virulence genes were detected among
E. faecalis genomes. Nine of the 15 genes were identified in
all isolates, while four E. faecalis genomes (IDs: 2807, 2810,
2891, and 2879) were positive for the agg gene, encoding an
aggregation protein involved in adherence to host cells. The genes
associated with activation, transportation and modifications of
the cytolysin (cylIA, cylB, cyIL, and cyIM) (Hallgren et al., 2009)
were identified in a single E. faecalis genome (day 36, litter
sample ID 2968) that clustered closely with E. faecalis of human
origin. All E. faecalis were positive for a chromosomal-mediated
gene gelE, encoding gelatinase, an extracellular zinc metallo-
endopeptidase secreted by E. faecalis species that hydrolyze
gelatin, collagen, hemoglobin and other bioactive peptides.
Furthermore, the gelE-bearing isolates were found positive for the
locus fsrB, encoding a processing enzyme that liberates gelatinase
biosynthesis activating pheromone (GBAP) peptide, indicating
the importance of fsr in virulence and disease (Hancock and
Perego, 2004). Consistent with their gelE and fsrB genotypes,
all E. faecalis isolates showed in vitro gelatinase phenotypes (a
turbid halo zone around the colonies) (Table 1). The bsh gene was
identified in all E. faecalis isolates, and these isolates also showed
BSH activity in vitro. Our study also highlighted that all E. faecalis
isolates carried a chromosomal hylA/B gene, which encodes the
hydrolytic enzyme hyaluronidases (Golinska et al., 2013), and
accordingly these isolates exhibited BSH phenotypes in vitro
(Table 1). The hemolysin III homolog was detected in three
E. faecalis (12.5%) which aligned with their hemolytic activity.
Other virulence factors identified in E. faecalis in this study
included sex pheromone-associated genes camkE, cad, c¢CF10,
and cOBI in 91.7-100% of isolates, respectively, and the cell
wall adhesion expressed in the serum gene efaAfs (95.8%).
Additionally, a novel enterococcal leucine-rich protein A gene,
elr (91.7%), which facilitates bacterial escape from host immune
defenses, and the thiol peroxidase gene tpx (100%), which
protects pathogenic bacteria against oxidative stress (Fisher and
Phillips, 2009), were detected. The endocarditis and biofilm-
associated pili gene locus ebpABC, an associated sortase gene
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srtA, and a cell wall-anchored adhesion gene ace were also
detected in all E. faecalis isolates. The espfs surface protein found
in human clinical isolates (Diarra et al., 2010) was not detected in
any of the E. faecalis isolates originating from poultry.

Among other enterococci, including E. gallinarum,
E. casseliflavus, E. avium, E. hirae, and E. durans, only three
isolates contained the hemolysin IIT homolog and exhibited their
corresponding hemolytic phenotypes while all carried the bsh
gene, which was consistent with their BSH phenotype (Table 1).
No other virulence genes were detected among these isolates.
Additionally, all enterococci isolates were negative for asal
(aggregation substance), a virulence gene commonly found in
human pathogenic isolates (Hallgren et al., 2009).

Mobile Genetic Elements

Plasmids

All three classes of plasmids, including the rolling circle
replication (RCR), Incl8 and the pheromone-responsive
plasmids, were detected among the sequenced genomes using the
plasmid finder database. There was at least a minimum of one to
several plasmids detected in a majority of the genomes sequenced
in this study. No significant effect of antimicrobial feeding on the
distribution of plasmids was observed. The plasmids identified
among the sequenced genomes are listed in Table 1.

The pAMB-1 family of non-conjugative broad host range
plasmids was common among E. faecium genomes (Grohmann
et al, 2003). Several ARGs, including ermB, aad6, Aph(3)-
Ila, tetM/L, Ant(9)-Ia/Ant(9)-1a, InuB, Sat4, were present on
the plasmid-bearing contigs in 6 of 58 (10.3%) E. faecium
genomes sequenced in this study (Table 6). Interestingly, an
aminoglycoside-streptothricin resistance gene cluster aadE-sat4-
aphA-3 of ~3-3.5 kb in size was identified on plasmid-associated
contigs in three E. faecium genomes (two from BAC treatment
cloacal samples collected on day 14 and one from a BAM
treatment litter sample collected on day 36). This gene cluster was
located on a DNA fragment containing a Tn5405-like (putative)
transposable element containing site-specific recombinase and
other phage-related regions. Furthermore, all genomes that were
positive for the aadE-sat4-aphA-3 gene cluster were also positive
for the ermB gene (Figure 1). No plasmid sequence was detected
in four (6.9%) E. faecium genomes. The isolates from BAC and
BAM treatment contained a relatively higher number of plasmids
carrying ARGs as compared to the control or other treatment
groups.

The pheromone-inducible plasmid pTEF2, structurally
similar to pCF10 and pPD1, was the most prevalent type of
plasmids detected in E. faecalis. Additionally, pTEF3, a non-
conjugative plasmid harboring a pTEF2-like prgZ pheromone
receptor adjacent to multiple insertion sequence (IS) elements
(IS1216 and 1S256), was also identified in two E. faecalis
genomes. Two other E. faecalis genomes contained a pUB110
plasmid. Several ARGs were detected on plasmid-containing
contigs in 16 of 24 (66.7%) E. faecalis genomes. Like E. faecium,
an aadE-sat4-aphA-3 cluster linked with the ermB gene was
detected on a plasmid-associated contig in one of E. faecalis
genomes (Table 6). No plasmid sequence was detected in five
(20.8%) E. faecalis genomes.

No plasmid was detected in the other sequenced Enterococcus
species, including E. gallinarum, E. casseliflavus, E. avium,
E. hirae, and E. durans (Table 1).

Transposons

The Tn3-like transposon Tn917 (~18-kb in size) was detected
in several of the sequenced genomes. The Tn917 transposon
contained five open reading frames (ORFs); all oriented in the
same direction on the transposon and were flanked by 38-bp
inverted repeats. The presence of intact transposons and IS
elements may lead to a variety of genetic rearrangements,
including deletions, inversions, and translocations. All
genomes that harbored the Tn917 also harbored the macrolide
erythromycin resistance gene erm (B) in close proximity. The
other four ORFs identified were rRNA methylase, resolvase,
transposase, and an ORF of unknown function. In 24 (41.3%)
E. faecium and 20 (83.3%) E. faecalis genomes, the Tn917
transposon was linked with the ermB gene. The Tn917
transposon was completely absent in other species except in one
E. avium.

Several Enterococcus genomes also contained a Tn9I6
family of integrative conjugative elements (ICEs). Most studied
enterococci also carried a tetracycline resistance gene, tetM,
~11.4 kb upstream of Tn916. The Tn916 elements were detected
in 29 (50%) E. faecium, 21 E. faecalis (87.5%), 3 E. gallinarum
(60%), and 2 E. hirae (50%). No sequence homology to Tn916
was detected in other species.

The Tn6000 (formerly EfcTnl), a novel Tn916-like
conjugative transposon linked with the tetracycline resistance
tetS gene, was detected in only one isolate of each E. faecium and
E. gallinarum.

Two to three copies of putative Tn552 transposons of
the Tn3 family were detected in 12 (20.7%) E. faecium.
The mobility module of Tn552 was comprised of genes
such as tnpA (transposase), tnpB (ATP-binding protein), bin3
(resolvase-integrase) as well as arsR, tetR, and phoB (family of
transcriptional regulators).

Like E. faecium, the genomes of E. hirae and E. durans also
harbored two to three copies of Tn5252 conjugative transposons.
No transposon was detected in the E. casseliflavus genomes.

Multi-Locus Sequence Typing (MLST) and

Phylogenetic Analysis
Only the 58 E. faecium and the 24 E. faecalis genomes were
included in MLST analysis due to the lack of an MLST scheme
for other Enterococcus spp. (Table 1). The E. faecium isolates
comprised 14 different MLST types, including 12 unknown
sequence types (STs), including ST9 (9 isolates), ST26 (7 isolates),
ST32 (9 isolates), ST-54 (5 isolates), and ST-329 (4 isolates). A
total of 14 sequence types were found among E. faecalis isolates,
with the most prevalent type being ST249 (7 isolates) and ST21
(3 isolates). No previously reported E. faecalis ST16 from poultry,
swine and human urinary tract and endocarditis infections were
detected among any of the studied isolates.

The initial phylogenetic tree was built using all 95 sequenced
enterococci genomes based on the core genome single nucleotide
polymorphism (SNPs). The E. faecalis V583 genome (GenBank
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TABLE 6 | Plasmid associated Antibiotic Resistance Genes (ARGs).

ID Species Contig Start Stop Orientation Gene
2807 E. faecalis 36 7331 8239 + aad(6)
36 11401 12138 + ermB
2810 E. faecalis 13 15678 16472 - Aph(3))-llla
13 18090 18998 - aad(6)
13 14191 14928 - ermB
2815 E. faecalis 8 32992 33729 + ermB
8 19796 21715 + tetM
2831 E. faecalis 9 32992 33729 + ermB
9 19796 21715 + tetM
2877 E. faecalis 10 477 1271 + Aph(3)-llla
10 2021 2758 + ermB
10 15343 16719 - tet(L)
10 16913 18832 - tetM
2879 E. faecalis 14 10235 10972 - ermB
14 11722 12516 - Aph(3)-llla
14 14134 15042 - aad(6)
2881 E. faecium 72 4627 6003 + tet(L)
72 2514 4433 + tetM
2893 E. faecalis 14 52900 54186 - tet(L)
14 42456 43193 - ermB
14 54470 56404 - tetM
2898 E. faecium 32 1759 2496 + ermB
32 215 1009 + Aph(3')-llla
2899 E. faecalis 37 477 1271 + Aph(3’)-llla
37 2021 2758 + ermB
2904 E. faecalis 21 12578 13954 + tet(L)
21 10465 12384 + tetM
2905 E. faecium 26 25651 26193 + Sat4
97 326 1702 + tet(L)
26 16021 16830 + Ant(9)-la
26 27830 28567 + ermB
26 24746 25654 + aad(6)
26 6952 8169 + mefA
26 14455 15318 + Ant(6)-la
26 26286 27080 + Aph(3)-llla
26 20435 21238 + InuB
2939 E. faecalis 11 10465 12384 + tetM
2973 E. faecalis 6 32831 33568 + ermB
6 801 2720 - tetM
2978 E. faecium 10 11465 13384 + tetM
2980 E. faecalis 10 5880 6422 - Sat4
10 6419 7327 - aad(6)
10 4993 5787 - Aph(3')-llla
10 3506 4243 - ermB
9 18006 19925 - tetM
2981 E. faecalis 9 32992 33729 + ermB
9 19796 21715 + tetM
2987 E. faecalis 8 18006 19925 - tetM
9 3506 4243 - ermB
2993 E. faecalis 10 19796 21715 + tetM
(Continued)
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TABLE 6 | Continued

ID Species Contig Start Stop Orientation Gene
10 32992 33729 + ermB
2994 E. faecalis 7 19796 21715 + tetM
32992 33729 + ermB
2999 E. faecium 28 16016 16825 + Ant(9)-la
28 14450 15313 + Ant(6)-la
28 20430 21233 + InuB
28 26281 27075 + Aph(3)-llla
28 25646 26188 + Sat4
28 24741 25649 + aad(6)
28 27825 28562 + ermB
3000 E. faecium 28 12261 13064 - InuB
28 7306 7848 - Sat4
28 4932 5669 - ermB
28 18181 19044 - Ant(6)-la
28 16669 17478 - Ant(9)-la
28 6419 72183 - Aph(3)-llla
28 7845 8753 - aad(6)

helix-turn-helix domain protein

1
2
3
4
5.
6.
7
8
9
1

0. Hypothetical protein
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=

Streptothricin acetyltransferase (sat-4)
Site-specific recombinase, DNA invertase Pin related protein
TransposonsTn5405 containing repeat elements

Ubiquinone/menaquinone biosynthesis methyltransferase UBIE
aminoglycoside 6-adenylyltansferase (aadE)

Mobile element protein (hypothetical phage protein)
Aminoglycoside phosphotransferase (aphA-3)

RRNA (Adenine-N(6)-) -methyltransferase

FIGURE 1 | Schematic of gene cluster (not scaled) containing aadE-sat4-aphA-3 on a Tn5405-like (putative) transposable element linked with ermB gene found in
three studied enterococci (not shown). The encoded proteins are labeled 1-10 on the gene cluster and their descriptions are provided at the bottom.

accession #NC_004668) was used as reference. Each genome was
placed into a correct species-specific cluster, further validating
the accurate identity of each species by WGS based on the rMLST
scheme used in this study (Figure S2). The overall topology of the
tree showed substantial inter-species similarities, although some
inter-species variations were also noticed with the PFGE profiles
(Figure 2) of selected isolates from the control group as well as
from BAM- and BAC-fed birds, which showed the overall highest
AMR prevalence.

Because of the limited numbers of E. hirae, E. gallinarum, and
E. casseliflavus isolates in this study, only genomes of E. faecalis
(n = 24), and E. faecium (n = 58) were comparatively analyzed,
with their respective human clinical reference genomes obtained
from the NCBI database.

E. faecium

The genetic relatedness between the 58 studied E. faecium
genome sequences and the 73 E. faecium reference strains
from human clinical cases was determined (Figure 3). Seven
distinct clades were identified, with most genomes of strains
from human clinical cases constituting a major (clade III, n =
48) and a minor clade (clade V, n = 23). All 58 E. faecium
clustered into five distinct clades, containing six isolates in
clade 1, five in clade II, 11 in clade IV, 28 in clade VI, and
eight in clade VIIL. Interestingly, eight isolates in clade VII
clustered together with the human clinical reference E. faecium
strain 1070_EFCM (tree id, JWEBOI1_1, GenBank accession
# JWEB01000000), obtained from a tertiary care hospital’s
intensive care unit (ICUs). This strain exhibited the highest

Frontiers in Sustainable Food Systems | www.frontiersin.org

18

December 2018 | Volume 2 | Article 83


https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles

Rehman et al. Antimicrobial Resistant Enterococci From Broiler
5
-9 = E _ E T =
Genetic similarity co-fficient (%) PFGE profiles = = g 35 Ea 2 24
& B % = § H B
R ® B 3 s é 2 28 © © 2
R 8 8 8 ¢ & = sE & =5 2 23
' te® WMy 2937 1 PSCA35 E fascium BAMBERMY 35 CECC
_| E I | ) 2938 1 PSCLA35 E fascium BAMBERMY 35 CLOA
Q0 wwmemeemer 2379 2 PIOCLA2] E fascalis = CONTROL 21 CLOA
N 2855 3 P16CAl4 E faeciwm  BACITRACIN 14 CECC
— 1@ ¢ s 1 2963 4 PISCA35 E fascium BAMBERMY 35 CECC
o8 BB "mw 2999 5 LITISA37 E faeciwum BAMBERMY 36 LIT
! 1) BEEEmmEmE 3000 6 LITI8-A37 E faeciwm  BAMBERMY 36 LIT
! 8 @omemms 2351 7 PICLA2] E faeciwm BAMBERMY 21 CLOA
% % s asmmms 2312 8 PIOCLA7 E faeciwm CONTROL 7  CLOA
' P RS Ay 2857 9 Pl7CAl4 E fascium CONTROL 14 CECC

oo EES

1B P
' [} Llaass.

Pee's *» » M

2873 10 P7/CLAZL E faccium  BACITRACIN 21 CLOA
2831 10 P11CLA21 E faecium  BACITRACIN 21 CLOA
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degree of genetic relatedness (>99%) with a minimum pairwise
SNP difference in the range of seven to 15, with isolate ID
2997 from the cloacal samples of the 36 days BAM-fed broiler
being the most closely related, with only seven SNP differences
(Figures 3, 4).

E. faecalis

Phylogenetic inferences of 24 genomes from this study and
82 references revealed that the poultry isolates interspersed
throughout the tree (Figure5). Genetic relationships were
found between several genomes of studied isolates and those
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FIGURE 3 | Phylogeny of E. faecium based on core genome (>99%) single-nucleotide polymorphisms (SNPs) analysis using SNVPhyl. E. faecium strain Aus0004
used as reference in this analysis. A maximum likelihood tree of 58 E. faecium multi-resistant isolates obtained from broiler chickens in the present study (labeled) and
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human clinical origin are presented in the red box. The enlarged view of closely related isolates from broiler chickens and an isolate associated with clinical infection in
humans. The number on the tree nodes represents SNP differences between the genomes.
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FIGURE 4 | CGView: comparison of a bacterial genome from isolates of broiler origin with isolate of human clinical origin (accession # NZ_CP018071) using blastn.
The contents of the feature rings (starting with the outermost ring) are as follows. Ring 1, 2: forward and reverse strand features read from the primary sequence
GenBank file. Rings 3, 4, 5: Genomes 2903, 2965, 2997 in fasta format. Rings 7, 8: GC content and GC skew. The gaps in the alignment represent the regions

missing in the query genomes in comparison to the reference genome.

from environmental sources (aquatic, isolated from agricultural
feeding sites). For example, four sets of isolates from broilers
administered different antimicrobials, and at different sampling
days, clustered with aquatic isolates. Furthermore, isolates from
six different treatment groups were evenly distributed across
the branches of the phylogenetic tree, except for a few isolates
from litter that clustered together, suggesting their clonal nature.
Overall, the genetic relatedness was higher among E. faecalis
isolates that originated from similar habitats. The litter isolate (ID
2968 of ST82) from control group that harbored cytolysin genes
showed some relationship with human isolates (Figure 6).

DISCUSSION

Enterococcal species are opportunistic pathogens in both
humans and animals (Jett et al., 1994) and their ability to acquire
antibiotic resistance presents a challenge for infection control.
The ecology of AMR in enterococci in relation with antimicrobial
usage in poultry is not well-characterized. In this study, the
effect of in-feed antimicrobials on the diversity and promotion of
AMR as well as relationship between resistance phenotypes and
genotypes among enterococci isolated from broiler chickens were
investigated.
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Of the 95 identified colonies E. faecium was the most
predominant species across different treatment groups, sources
(cloacae, ceca, or litter) and sampling days. These findings
were consistent with previous studies (Yoshimura et al., 2000;
Diarra et al., 2010). In contrast, other studies (Kaukas et al.,
1986; Aarestrup et al,, 2000a) have found that E. faecalis
was the most predominant species from poultry. Furthermore,
E. cecorum has been reported to be the most abundant
species in the intestines of 3-5 week old broilers (Devriese
et al, 1991; Gong et al, 2002), but this species was not
identified in our study. The difference in the occurrence of
species between studies may be due to differences in rearing
conditions, source of chicks, sampling strategies, isolation and
identification procedures, geographic disparities, or the use of
medicated diets (Hayes et al., 2004). Susceptibility data of the 95
enterococci in this study showed a high proportion of resistant
isolates from birds fed diets containing BAC. In agreement
with an earlier study (Diarra et al.,, 2010), multiresistance was
frequently detected among E. faecium and E. faecalis isolates

that accounted for 61 and 25.3% of total enterococci population,
respectively.

Bacitracin has been commonly used in poultry production
to control infections caused by Clostridium perfringens (Diarra
and Malouin, 2014). Our data showed that of the 59 isolates
carrying the bcr gene, 93.3 and 93.4% were from birds fed diets
containing BAC and SAL + BAC, confirming the relationship
between bacitracin usage and the selection of isolates harboring
the corresponding resistant determinant. The resistance to
flavomycin has been described as an intrinsic property of
enterococci (Aslam et al., 2012; Barros et al., 2012; Diarra and
Malouin, 2014). The comparative genomics analysis of resistance
and susceptible population in this study suggests the role of
cell surface proteins as a possible resistance mechanism to this
antimicrobial. Bambermycin (flavomycin) in feed was also found
to promote flavomycin resistance in enterococci.

In the present study, ~60% of total isolates were found
to be resistant to erythromycin; however, a significantly
higher frequency of resistance to erythromycin (83%) and
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tylosin (79%) were observed in E. faecalis. Studies have
reported resistance to MLSp in enterococci involving 23S
rRNA methylation as well as active efflux and inactivating
enzymes (Hollenbeck and Rice, 2012; Jaglic et al, 2012). In
our study, the co-resistance was also frequently observed in
broilers receiving BAC. Approximately 22% of enterococci
were simultaneously resistant to erythromycin, lincomycin, and
quinupristin-dalfopristin, suggesting an acquired MLSp related
co-resistance. The streptogramin A resistance genes vatD or
vatE were not detected in this study as in a previous study
(Weisblum, 1985). Interestingly, the macrolide resistance erm
gene was found to be associated with the tet gene, which was
located on a transposable element in the majority of E. faecalis
and E. faecium isolates. These transposable elements encode a full
complement of machinery for conjugation as well as regulatory
systems to control excision from the chromosome, suggesting
that conjugative transfer of ARGs to a new bacterial host happen
in the broiler gut (Roberts and Mullany, 2009; Wozniak and
Waldor, 2010).

Overall, only 28.4% of the 95 enterococci were resistant to
penicillin. However, a significant difference was found between
E. faecium (38%) and E. faecalis (8%) isolated from poultry in
the frequency of resistance to penicillin. It is well-known that
penicillin resistance in E. faecium can arise due to low affinity
or binding (due to point mutations in the C-terminal of pbp5
gene) to penicillin-binding protein 5 (PBP5), as well as expression
of B-lactamase (Hollenbeck and Rice, 2012). Other PBPs such
as PBP3*, which shares similarities with PBP2, which in turn
confers resistance to methicillin in staphylococci, have also been
reported to confer resistance to penicillin in other enterococci
species (Rice et al., 2001). In the present study, analysis of
pbp5 gene of the isolates resistant to penicillin, revealed various
point mutations in the C-terminal when compared to penicillin-
susceptible isolates, which is consistent with previous reports
(Ligozzi et al., 1996; Klibi et al., 2008). In spite of no B-lactamase
genes being detected, a gene cluster homolog to the adaptive
region of mecA, responsible for resistance to antibiotics such
as methicillin, penicillin and other penicillin-like antibiotics
(Stapleton and Taylor, 2002), was found in 24 (41.4%) and 6
(25%) of the E. faecium and E. faecalis isolates, respectively.
However, no association was found between this gene cluster
and resistance to PEN, as only 7 (25.9%) of the 35 isolates
resistant to penicillin were positive for this mecA-like cluster.
The characterization of this gene cluster may elucidate its role in
B-lactam resistance in enterococci.

Resistance to linezolid has been documented among
enterococci from poultry (Diarra and Malouin, 2014). Different
mechanisms for linezolid resistance have been described, with
the most common being mutations in genes encoding the 23S
rRNA (Eliopoulos et al., 2004; Miller et al., 2014). We observed
a G2576T mutation in 23S rRNA among the resistance isolates
(position 2576 refers to the nucleotide position relative to
23S rRNA in E. coli). This particular mutation impedes the
linezolid binding site and confers resistance. The importance of
mannose phosphotransferase (ManPTS) in linezolid resistance
in E. faecium has been recently reported (Geldart and Kaznessis,
2017), however no such observation was noted in this study.

Resistance to glycopeptide antibiotics like vancomycin has
generated considerable research interest during the last few
decades, as vancomycin is among the drugs of last resort to
treat infections in humans caused by enterococci. As expected,
all E. gallinarum and one E. casseliflavus isolated in this study
carried the vanC operon, which is an intrinsic property of
these enterococci species (Reid et al,, 2001). The absence of
vancomycin resistance and its associated genes in E. faecium and
E. faecalis in the present study was expected and in agreement
with an earlier study in the USA (Butaye et al., 2001). In contrast,
resistance to vancomycin in enterococci was linked to the use of
avoparcin in Europe (Aarestrup et al., 2000b).

Regardless of feed groups, 44 and 24% of the isolates
were resistant to kanamycin. The prevalence of resistance to
streptomycin (MIC > 2048) was relatively higher than resistance
to other aminoglycosides, as only 14 isolates (14.8%) showed
high level (HL) of resistance to this antibiotic, in agreement
with others studies (Aarestrup et al., 2000a; Hayes et al., 2004;
Tremblay et al., 2011). The aminoglycoside-modifying aac (6')-Ii
gene, encoding a 6'-N-aminoglycoside acetyltransferase found in
almost all (98.5%) our aminoglycoside resistant isolates, has been
reported to be chromosomally located in E. faecium and to confer
resistance to synergism between cell-wall acting antibiotics and
aminoglycosides (Eliopoulos et al., 2004). All 58 E. faecium and
all four E. gallinarum harbored the aac(6')-Ii gene. This gene was
predominantly detected in isolates from birds fed BAC (86.7%)
and those fed BAC and SAL (81.3%).

In the present study, the fetM gene was co-located with
ermB on a conjugative transposon related to the Tn916-
like family, thus the use of MLSp antimicrobials could co-
select for tetracycline resistance in broilers as concluded
in a previous study (Cauwerts et al., 2007). Moreover, the
Tn552 transposons were found to be associated with a
tellurite resistance gene, and the Czc efflux system which
mediates resistance to heavy metals such as cobalt, zinc,
and cadmium (Dressler et al, 1991). The genetic map of
Tn5252 was found to be somewhat similar to a streptococcal
conjugative transposon carrying the B-lactamase class C family
(100% sequence similarity to serine hydrolase). Several open
reading frames (ORFs) also showed sequence homologies
to DNA processing genes such as frsE-like transmembrane
ATPase, integrases, excisionases, and transcriptional regulators
responsible for conjugal transfer of these elements (Alarcon-
Chaidez et al., 1997). The detected transposons and plasmids
in the studied enterococci suggest their potential to disseminate
ARGs associated with them, which could contribute to the
mobilization of AMR.

A total of 17 virulence genes were examined in all 95
enterococcal genomes, including factors involved in bacterial
replication, host-colonization and tissue damage and modulation
of the host inflammatory system (Jett et al.,, 1994; Ike, 2017;
Pillay et al., 2018). E. faecalis harbored a greater number of
virulence genes (15 of 17 detected genes) than E. faecium,
in agreement with a previous study (Champagne et al,
2011). The two virulence genes, esp and asal, which are
generally associated with human infections (Hallgren et al,
2009), were detected in none of the enterococci studied.

Frontiers in Sustainable Food Systems | www.frontiersin.org

24

December 2018 | Volume 2 | Article 83


https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles

Rehman et al.

Antimicrobial Resistant Enterococci From Broiler

E. faecalis has been reported to be associated with pulmonary
hypertension syndrome and endocarditis in broilers of all
ages (Tankson et al., 2001, 2002). Except E. faecium and
a few E. faecalis, the studied isolates were phylogenetically
unrelated to human clinical isolates, suggesting that studies on
their virulence potential in humans and even in poultry are
warranted.

This longitudinal study provided useful information
on the distribution of antimicrobial-resistant and virulent
genotypes of enterococci from broiler chickens fed with different
antimicrobial agents compared to control birds. In-depth
generated genomic data could be used in AMR risk analysis
and modeling to further improve understanding of AMR
emergency and transmission, which could help to design
production practices to mitigate antimicrobial resistance
in broilers.

CONCLUSIONS

Multiple drug resistant enterococci continue to create issues for
human health, and their presence in animals raised for food may
threaten the sustainability and safety of food production. Data
from this study showed that the use of BAC and BAM in feed
significantly promoted the resistance phenotype and genotype of
enterococci that persisted in broilers. The persistence of AMR
enterococci specifically in litter could have an impact on the
environment and subsequently on food safety when resistance
genes are transferred to pathogenic bacteria. It is imperative to
understand the molecular ecology of AMR enterococci in order
to control their dissemination in poultry production. Despite
the limited number of studied isolates, a correlation was found
between WGS data and phenotype. Although a few discrepancies
were noted for drugs for which enterococci show intrinsic
resistance, our study is overall a critical step in advancing the
use of WGS in resistance phenotype prediction among Gram-
positive bacteria.
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