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ABSTRACT Fluoroquinolones and cephalosporins are critically important antimicro-
bial classes for both human and veterinary medicine. We previously found a drastic
increase in enrofloxacin resistance in clinical Escherichia coli isolates collected from
diseased pigs from the United States over 10 years (2006 to 2016). However, the ge-
netic determinants responsible for this increase have yet to be determined. The aim
of the present study was to identify and characterize the genetic basis of resistance
against fluoroquinolones (enrofloxacin) and extended-spectrum cephalosporins (ceft-
iofur) in swine E. coli isolates using whole-genome sequencing (WGS). blacy,y., (car-
ried by IncA/C2, Incl1, and Incl2 plasmids), blacry.\ (carried by IncF, IncHI2, and IncN
plasmids), and blag,, ., (carried by IncHI2 plasmids) genes were present in 87
(82.1%), 19 (17.9%), and 3 (2.83%) of the 106 ceftiofur-resistant isolates, respectively.
Of the 110 enrofloxacin-resistant isolates, 90 (81.8%) had chromosomal mutations in
gyrA, gyrB, parA, and parC genes. Plasmid-mediated quinolone resistance genes
[gnrB77, qnrB2, qnrS1, qnrS2, and aac-(6)-1b'-cr] borne on ColE, IncQ2, IncN, IncF, and
IncHI2 plasmids were present in 24 (21.8%) of the enrofloxacin-resistant isolates. Vir-
ulent IncF plasmids present in swine E. coli isolates were highly similar to epidemic
plasmids identified globally. High-risk E. coli clones, such as ST744, ST457, ST131,
ST69, ST10, ST73, ST410, ST12, ST127, ST167, ST58, ST88, ST617, ST23, etc., were also
found in the U.S. swine population. Additionally, the colistin resistance gene (mcr-9)
was present in several isolates. This study adds valuable information regarding resis-
tance to critical antimicrobials with implications for both animal and human health.

IMPORTANCE Understanding the genetic mechanisms conferring resistance is criti-
cal to design informed control and preventive measures, particularly when involving
critically important antimicrobial classes such as extended-spectrum cephalosporins
and fluoroquinolones. The genetic determinants of extended-spectrum cephalospo-
rin and fluoroquinolone resistance were highly diverse, with multiple plasmids, inser-
tion sequences, and genes playing key roles in mediating resistance in swine Esche-
richia coli. Plasmids assembled in this study are known to be disseminated globally
in both human and animal populations and environmental samples, and E. coli in
pigs might be part of a global reservoir of key antimicrobial resistance (AMR) ele-
ments. Virulent plasmids found in this study have been shown to confer fitness ad-
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vantages to pathogenic E. coli strains. The presence of international, high-risk zoo-
notic clones provides worrisome evidence that resistance in swine isolates may have
indirect public health implications, and the swine population as a reservoir for these
high-risk clones should be continuously monitored.

KEYWORDS plasmids, ESBLs, swine, USA, PMQR, WGS, cephalosporin,
fluoroquinolone, antimicrobial resistance, PacBio, long-read sequencing, high-risk
clones, epidemic plasmids

ntimicrobial resistance has emerged as an issue of grave concern in both human

and veterinary medicine. Food animals are considered potential reservoirs of
antimicrobial-resistant and zoonotic pathogens such as Escherichia coli, although the
extent of spread of resistant bacteria via the food chain is still under debate (1).
Critically important antimicrobials for human medicine such as cephalosporins and
fluoroquinolones are still used in many parts of the world to treat diseased food
animals, including swine in the United States (2-4). Furthermore, certain genetic
determinants responsible for resistance to antimicrobials approved for use in animals
(such as ceftiofur and enrofloxacin) and those used in human medicine (such as
cefoxitin and ciprofloxacin) are the same (5, 6). It is therefore important to monitor the
circulation of genes responsible for resistance to such critically important antimicrobials
in bacteria present in humans and animals to develop better source attribution models
and targeted interventions in both human and veterinary medicine (7). A recent ban on
colistin use in animal agriculture in China is an example of surveillance of antimicrobial
resistance genes leading to actual policy changes (8) and a decrease in colistin
resistance (9).

Resistance to extended-spectrum cephalosporins is complex and mediated by
extended-spectrum beta-lactamases (ESBLs) (commonly encoded by the bla gy, blag,
and blacry.v genes), carbapenemases (encoded by blacec, blaypm blaoya-as €tc.),
plasmidic AmpC (pAmpC; commonly encoded by the blac,,, genes), and mutations in
AmpC promoter regions in the chromosome (10, 11). These bla genes may be inserted
on bacterial chromosomes but are usually present on plasmids with the potential to
disseminate horizontally to other bacterial strains (12). blacry., genes are reported as
the most prevalent ESBL genes worldwide in humans and animals (13). However,
blacyy-> genes were primarily responsible for extended-spectrum cephalosporin resis-
tance in bacteria of food animal origin in North America, while other ESBL-encoding
genes were not reported until the late 2000s (14). Nevertheless, recent reports have also
suggested the emergence of ESBL genes in bacteria of food animal origin in teh United
States over the last decade (15). So far, blacyy., genes have been found to be present
on IncA/C2 and Incl1 plasmids in farm animals both globally (16-19) and in the United
States (20, 21). On the other hand, blacry., genes have been found to be present on
IncF, Incl1, and IncN in farm animals in the United States (15, 22, 23).

Resistance to fluoroquinolones is mainly mediated by multiple chromosomal mu-
tations in certain genes (gyrA, gyrB, parE, and parC). Additionally, plasmid-mediated
quinolone resistance genes (such as gnr) and upregulation of efflux pumps confer
variable levels of resistance to this antimicrobial family (24). gnr genes encoded in
plasmids were also found in Salmonella isolates collected from retail pork, cecal
samples from healthy pigs, and clinical samples from diseased pigs in the same period,
suggesting a likely role in the increase in phenotypic resistance (25-27). An increase in
fluoroquinolone resistance was recently reported in Salmonella enterica isolates from
diseased pigs in Minnesota between 2006 and 2015 (2). A similar increase in phenotypic
resistance to a fluoroquinolone (enrofloxacin) was also reported for the same time
frame in swine E. coli clinical isolates (28), though the genetic determinants mediating
this increase have not been determined yet.

Selective pressure due to exposure to antimicrobials or other chemicals can lead to
a quick emergence of resistant bacterial strains (29). Clones of these resistant strains can
quickly disseminate through the populations if they have key fitness advantages over
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nonresistant strains (29). In some instances, the presence of additional virulence factors
can also confer additional fitness advantage on these bacterial clones. A hallmark
example of clonal dissemination of a dominant E. coli clone is the global emergence of
the highly pathogenic E. coli ST131 lineage that has been associated with the acqui-
sition of mutations in quinolone resistance-determining genes or virulent IncF epi-
demic plasmids carrying blacry.m genes (30).

Although increasing information on the prevalence of phenotypic resistance in
bacteria (including E. coli) of animal origin is generated by national antimicrobial
resistance (AMR) monitoring programs such as NARMS (31), there is limited information
on the genetic backbone mediating these resistance phenotypes. This may be of
particular importance in the case of critically important antimicrobials such as fluoro-
quinolones, cephalosporins, or carbapenems. The objective of this study was to char-
acterize the genetic basis of fluoroquinolone and extended-spectrum cephalosporin
resistance in phenotypically resistant E. coli isolates collected from diseased pigs in the
United States between 2014 and 2015 using both short-read (lllumina) and long-read
(PacBio) whole-genome sequencing (WGS).

RESULTS

Genetic determinants conferring extended-spectrum cephalosporin and fluo-
roquinolone resistance. Of 106 ceftiofur-resistant isolates, 87 (82.1%) carried blacyy.»
genes (Fig. 1). These genes were not present in the remaining 105 ceftiofur-susceptible
isolates. Isolates carrying this gene belonged to 24 different sequence types (STs), with
ST12 (n = 21) and ST101 (n = 10) being the dominant STs (Fig. 1). Nineteen isolates of
11 different STs carried blacry.y genes (Fig. 1). All of the 19 blacry.-carrying isolates
were ceftiofur resistant. Five isolates of 3 different STs carried the blag,,,.,» gene, and
2 of these five isolates were ceftiofur susceptible. Twenty-two of the 106 ceftiofur-
resistant isolates carried blacry. Or blag,..» genes, whereas only 2 of the 105
ceftiofur-susceptible isolates carried blag,,._,, genes. Four isolates carried combinations
of blacpy-2-blacrya OF blacyy>-blas,y.> genes.

Multiple fluoroquinolone resistance-associated genes and mutations were detected
in 106 of the 110 enrofloxacin-resistant E. coli isolates (Table 1; see also Table S1 in the
supplemental material), while only four of the 101 susceptible isolates presented any of
them (specifically, single mutations in the gyrA gene [S83L or D87Y]). Isolates resistant
to enrofloxacin belonged to 30 different STs.

Six different types of plasmid-mediated quinolone resistance (PMQR) genes were
identified in a total of 25 isolates spread across 7 states (Fig. 1; Table S1). These 25
isolates belonged to 16 different STs (Table 1, Fig. 1, and Table S1). Enrofloxacin MIC
values for isolates with a single PMQR gene, two PMQR genes, and one PMQR gene plus
a chromosomal mutation (gyrA-S83L, D87G, or parE-D476A) ranged between 0.5 and
1.0 ng/ml, with the exception of two isolates that carried only gnrB19 but had an
enrofloxacin MIC value of 2 ug/ml.

Description of assembled plasmids carrying PMQR and ESBL genes. We assem-
bled complete E. coli chromosome and plasmid sequences using both long and short
reads from 10 isolates (six isolates carrying only blacry_ genes, two carrying blag,._,»
genes, one carrying blacry_, and gnrB77 genes, and one carrying blacry.m and blacyy.»
genes) (Table 2). In seven of the isolates, blacry. genes were present on IncFll
(b/amm,u, s 27) and IncHI2 (blacry_wm.ss) plasmids, with sizes ranging between 69 and 240
kbp. blacry.m genes were present in regions flanked by 1526, ISEcp1, 1S5, 1S6, and Tn3
family transposases, which were often truncated (Table 2; Fig. 2, 3, and 4). In one isolate,
blacry.m15 Was present on the E. coli chromosome, flanked by transposases similar to
those surrounding blacry.m.1s in the IncFll plasmids. Plasmids with blacry.p.14 OF
blacry-pm-2- carried only blacry . or one other AMR gene [erm(B), a macrolide resistance
gene], whereas the plasmids carrying bldcry.m.1s and blacrym.ss also bore genes which
can confer resistance to aminoglycosides, penicillins, macrolides, or trimethoprim
(Table 2; Fig. 2 to 4). Additionally, some of these blacry.m.15 and blacrym.ss plasmids
also carried genes that can cause resistance to sulfonamides, phenicols, or tetracyclines
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FIG 1 Maximum likelihood tree constructed using the core gene alignment of Escherichia coli isolates collected from
diseased pigs at UMN-VDL between 2014 and 2015. This unrooted tree was created by mapping raw reads on E. coli
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TABLE 1 Pattern of genetic determinants of enrofloxacin resistance in E. coli clinical isolates of swine origin

MIC (mg/ml) Pattern of genetic determinants (no. of isolates) ST type(s) (no. of isolates)
>2 gyrA(S83L) + gyrA(D87Y or D87N or D87G) + parC(S80I 744 (11), 100 (10), 224 (4), 410 (3), 10 (2), 457 (2), 617 (2), 4981 (2),
or S80R) * other genetic determinants? (49) 88 (1), 93 (1), 167 (1), 977 (1), 1585 (1), 2161 (1), 3901 (1)
2 gyrA(S83L) + parC(S80I or S80R) (23) 100 (21), 58 (1), 90 (1)
qnrB19 (2) 361 (1), 2496 (1)
No genetic determinants (1) 5926 (1)
1 gyrA(S83L) + parC(S80I or S80R) (7) 100 (6), 69 (1)
gyrA(S83L) only (1) 6234 (1)
gyrA(D87G) + gnrB2 (1) 10 (1)
aac(6')-Ib-cr + qnrB2 (1) 540 (1)
Single PMQR (gnrB19, gnrS1, gnrS2, gnrB2, or qnrB77) (8) 10 (4), 101 (1), 641 (1), 847 (1), 5759 (1)
0.25-0.5 gyrA(S83L) = aac(6')-1b-cr (6) 6234 (2), 10 (1), 58 (1), 101 (1), 410 (1)
Single PMQR (gnrB19, gnrS1, qnrS2, gnrB2) (5) 10 (3),93 (1), 1112 (1)
gyrA (D87G or D87Y) (3) 10 (1), 88 (1), 641 (1)
aac(6')-Ib-cr + qnrB2 (1) 641 (1)
No genetic determinants (2) 641 (1), 3057 (1)
=0.125 gyrA(S83L) (3) 10 (1), 847 (1), unknown (1)
gyrA(D87Y) (1) 90 (1)

aThis genetic determinant might or might not be present in isolates with that particular MIC value. Other determinants were parC(A56T or E84G), parE(S458A or
L416F), and single PMQR [aac(6')-Ib-cr, qnrB77, or qnrB19].

(Table 2; Fig. 2 and 4). Two of the blacry_m.q15-carrying IncFll plasmids also harbored the
aac(6')-1b-cr gene which can confer resistance to both aminoglycosides and fluoro-
quinolones (Table 2; Fig. 4).

The two plasmids carrying blag,,.,» genes assembled were of large IncHI2-type
plasmids (approximately 287 to 300 kbp) and carried genes for resistance to amino-
glycosides, sulfonamides, trimethoprim, tetracyclines, penicillins, phenicols (only p39),
and macrolides (Table 2; Fig. 5). blag,,.,, genes were present in a region flanked by
intact 1S6 family transposases. One of these plasmids also carried genes for resistance
to fluoroquinolones [gnrB2, aac(6')-Ib-cr] and both of these plasmids also carried a
colistin resistance gene (mcr-9) (Table 2; Fig. 5).

The plasmid carrying blacyy., (PCMY) assembled here was present alongside a
blacrx_am-»7-carrying plasmid IncF (F2:A-:B-) in an E. coli ST10 isolate. This plasmid was of
IncA/C2-ST3 type, 168 kbp in size, and carried resistance genes to aminoglycosides,
sulfonamides, phenicols, and tetracyclines (Table 2; Fig. 6). The blac,y., gene was
flanked by 1S7380 transposase on one side and blc-sugE on the other, and this genetic
environment is commonly associated with the presence and dissemination of blacyy.»
genes universally. This plasmid (pCMY) had 92% coverage and 100% nucleotide identity
with a blacyy.,-carrying plasmid assembled recently from Salmonella enterica isolates
from diseased pigs in the United States (accession number MK191845.1). Similarly,
PCMY had 93% coverage and 99.97% nucleotide identity with respect to pUMNK88
(accession number HQ023862.1), which was among the first blacy,y.,-carrying plasmids
to be isolated and assembled from E. coli isolates collected from diseased pigs in the
United States in 2008. This plasmid was highly similar (97% coverage, 99% nucleotide

FIG 1 Legend (Continued)

K-12 substrain MG1655 (accession NZ_AJGD00000000.1), followed by extraction of SNPs and phylogenetic tree
construction (GTR plus gamma substitution model, 1,000 bootstrap replicates) using RAXML version 8.0. Raw reads
mapped onto 84.1% to 94.9% of the reference sequence E. coli K-12 substrain MG1655. Phylogenetic tree was
constructed using 100,569 recombinant-free sites. Ceftiofur and enrofloxacin MIC values (in ug/ml) are labeled in red
and blue to denote resistant and susceptible isolates, respectively. Heat map shows presence of chromosomal
mutations in quinolone resistance-determining regions (QRDRs) (green squares), plasmid-mediated quinolone resis-
tance (PMQR) genes (blue stars), ESBL/pAmpC genes (red circles), and virulotypes (APEC, ExPEC, UPEC, ETEC, and STEC)
(purple triangles). Median pairwise SNP distances (MPDs) were estimated using ST-specific references. Colored clusters
represent groups of isolates with an SNP distance to the next closest isolate of less than 100. Unknown, plasmids/
chromosomes carrying these genes were not identified for these isolates.
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Legend key for p77:
I pAC2901, South Korea, Human (KU987452.1)

| pEC13, Finland, Human (KU932024.1)
PEG356, Vietnam, Human, 2007 (FN594520.1)
pHKO1, Hong Kong, Human, 2004 (HM355591.2)
B pS)_82, China, Pheasant, 2011 (CP011065.1)
M p77 (This study, MT077889.1)

IS90O3B
bIaCTX—M 1<
~ / SERE

P77 (IMTO77889.1)

traT n i :
75665 bp / -

Legend key for p65:
B pAMSH1, China, Giant Panda (CP030941.1)

| pCTXM199_025970, China, Human, 2017 (CP036178.1)
pFS11Y5CT, China, Duck, 2012 (MG014721.1)
pMS8345A, Qatar, Human, 2016 (CP025402.1)

B pSEN112499, South Korea (KM396299.1)

[l 065 (This study, MT077888.1)

P65 (MTO77888.1)
240784 bp

terC

aph)O—Ia
aph(6)—1dAIS26

%\ —— i = aph(3'")—Ib
j 'VI///' o mphcA)
AISKo>x2 ol L “‘“‘N / Isz6
aac(3) /l / / 2{ H ATnNn3
TnAs1
AR 2T
Ve | /
ISEcp 1.8 H°C>

blaTEM—1B
blaCcCTX—-M-55

FIG 2 Circular maps representing comparisons of blacry .14 (P77)- and blay .55 (P65)-carrying plasmids available at GenBank and
plasmids assembled in this study. The innermost rings (not colored black) represent the top plasmids with high nucleotide identity
and coverage with respect to reference plasmids (p77 and p65). The legends at the top left present plasmid name, country, animal
species/human, and year of isolation, where available. Areas of the plasmids carrying AMR genes are presented in the outermost rings.
AMR genes, genes associated with mobile elements, and virulence genes are colored and labeled in red, blue, and green, respectively.
Truncated genes are presented with A as a prefix.

identity) to another plasmid isolated from cow in the United States in 2002 (accession
number FJ621588.1), suggesting that blac,y.,-carrying IncA/C2 plasmids isolated from
farm animals in the United States have remained relatively conserved over a long
duration with the exception of a gain or loss of some AMR genes.
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Legend key for p37:
B Unnamed, Italy, Human, 2013 (CP033629.1)

p183660, UK, Human (KX008967.1)
pESBL931, USA, Human, 2013 (CP016389.1)
pFAM22321, Switzerland, Dairy Cow (KU288634.1)
I pYHCC, USA, Human (KR0O78259.1)
Il 62 (This study, MT077887.1)
I p37 (This study, MT077885.1)

traT

p37 (MTO77885.1)
74966 bp

FIG 3 Circular map representing comparison of blacy_\.,, (P37 and p62)-carrying plasmids available at GenBank and plasmids assembled
in this study. The innermost rings (not colored black) represent the top plasmids with high nucleotide identity and coverage with respect
to reference plasmid (p37). The legend at the top left presents plasmid name, country, animal species/human, and year of isolation, where
available. Area of the plasmid carrying AMR genes is presented in the outermost ring. AMR genes, genes associated with mobile elements,

and virulence genes are colored and labeled in red, blue, and green, respectively.

In addition to these ESBL-encoding plasmids, we also assembled a 59-kbp IncN
plasmid carrying a gnrB77 gene (Table 2; Fig. 6). This plasmid was present in a ST4981
isolate which also carried an ESBL-encoding gene (bldcry.m.15) chromosomally. This
plasmid also carried resistance genes to trimethoprim and aminoglycosides. The gnrB77
gene was flanked by a complete and a truncated transposase of the I1S97 family of
transposases (Table 2; Fig. 6).

Some of these plasmids (p1, p23, p33, and p65) also carried genes (qacAE) that
determine resistance to quaternary ammonium compounds. pCMY also carried the
sugE gene that modulates resistance to quaternary ammonium compounds. Genes
related to heavy metal resistance such as mercury (merCDEPTR), arsenic (arsHB), copper
(pcoES), and tellurium (terABCDWX) resistance were also present on plasmids carrying
blag,y.,> and pCMY (merCDEPTR operon only). Plasmids carrying blacry.u.ss genes also
carried tellurium resistance genes (terABCDWX). Additionally, all the plasmids assem-
bled in this study carried mobility genes (tra set of genes) and genes that can aid in
plasmid maintenance and stability. All of the IncFll and IncHI2 plasmids carried genes
coding for at least one toxin-antitoxin system, e.g., the IncFll plasmids carried pem/-
pemK genes, and all the IncHI2 and IncA/C2 plasmids carried higA-higB genes. Similarly,
the gnrB77-carrying IncN plasmid also carried mobility genes (tra) and genes encoding
proteins that aid in plasmid stability (stbB-stbC genes), antirestriction systems (ardA-
ardB genes), and mutagenesis (mucA-mucB genes).

The comparison of these assembled plasmids with the PLSDB database resulted in
the identification of several previously described plasmids with a high similarity (>80%
coverage, and >98% nucleotide identity). To summarize, most of the plasmids carrying
ESBL-encoding genes assembled in this study were similar to plasmids harbored on
various Enterobacteriaceae and collected from various sources (animals, humans, and
the environment) across different continents and shared the same molecular context
around the genes of interest (gnr and bla genes) (Fig. 2 and 6). In contrast, we were not
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Legend key for p1:
B p4_2_1.1, Sweden, Human, 2009 (CP023835.1)

| pCA28, USA, Human, 2009 (CP009232.1)
pCTXM15, China, Human, 2012 (KP7890202.1)
pl1-34TF, UK, Cattle (LN850163.1)
B RCS105_pl, France (LO017737.1)
B o2 (This study, MT077881.1)
B p1 (This study, MT077880.1)

iucC \
iutA_ Ne o o
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171422 bp

,/
traT”

Legend key for p4:
B p4 (This study, MT077882.1)

IS26aac(3)—11at"m"B
L /lSKpn11

-blaCTX-M-15

ISEcp 1
=2e - blaTEM-1B
int . —~AISEc12

dfrAlz /4 ‘\ IS100Kkyp
mph(A) " /
IS26 — =

p4 (MTO77882.1)
115678 bp

W=\ /SI00kyp
. ISEc23
- - ISEc23

ISEc12

traT

FIG 4 Circular maps representing comparisons of blacry .15 (P1, p2, and p4)-carrying plasmids available at GenBank and
plasmids assembled in this study. The innermost rings (not colored black) represent the top plasmids with high nucleotide
identity and coverage with respect to reference plasmids (p1). There were no plasmids similar to p4. The legends at the
top left present plasmid name, country, animal species/human, and year of isolation, where available. Areas of the plasmids
carrying AMR genes are presented in outermost rings. AMR genes, genes associated with mobile elements, and virulence
genes are colored and labeled in red, blue, and green, respectively. Truncated genes are presented with A as a prefix.

able to identify similar plasmids to the blacry_y.;s-carrying IncFll (plasmid multilocus
sequence type [pMLST], F48:A1:B49) and the gnrB77-carrying IncN plasmids found in
this study.

We were also able to assemble 61 putative plasmids using these assembled plas-
mids as references (Table 3). Additionally, 1 blacry_m.15 Was identified to be present on
the chromosome of a ST4981 isolate. We also identified reference plasmids by con-
ducting nucleotide BLAST searches in the GenBank database using contigs on which
resistance genes were present. By mapping short reads onto these reference plasmids,
we further identified that blac,y., genes were present on a variety of Incl1-ST65,
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Legend key for p33:
I CNR48, France, Human (LT994835.1)

[ p505108-MDR, China, Human, 2016 (KY978628.1)
pEC-IMPQ, Taiwan, Human (EU855788.1)
pOXA436, Denmark, Human, 2009 (KY863418.1)
B pSPRC-Echol, Australia, Human, 2007 (CP032842.1)
B 033 (This study, MT077884.1)
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Legend key for p39:
B pIMPIncH12_334kb, UK, Human, 2019 (CP044215.1)

[ p505108-MDR, China, Human, 2016 (KY978628.1)
pEC-IMPQ, Taiwan, Human (EU855788.1)
pOXA436, Denmark, Human, 2009 (KY863418.1)
B pSPRC-Echol, Australia, Human, 2007 (CP032842.1)
W p39 (This study, MT077886.1)

I1IS26
catAZ2
blasHv—12 |
IS26
aac(6')—llc\ \\ >
I1IS1247
ere(A)
emrE
sull /!
ISPa38
IS5075 P39 (MTO77886.1)
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7/ IS4321R
f tnpR -
< ST"523 blaTEM—-1B
ISEc
ISBcen27 = =
ISKpn21 -y — ,ISZI.GSEC63
s St LN
7 ’ v\ \tetD)
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FIG 5 Circular maps representing comparisons of blag,,.,, (p33 and p39)-carrying plasmids available at GenBank and plasmids
assembled in this study. The innermost rings (not colored black) represent the top plasmids with high nucleotide identity and
coverage with respect to reference plasmids (p33 and p39). The legends at the top left present plasmid name, country, animal
species/human, and year of isolation, where available. Areas of the plasmids carrying AMR genes are presented in the outermost
rings. AMR genes, genes associated with mobile elements, and virulence genes are colored and labeled in red, blue, and green,
respectively.

-12, -2, -20, -23, and -266 and Incl2 plasmids (Table 3). We also identified putative
blacrypmar-INCF- (F24:A-B1), blacrymoss-IncF- (F18:A-B1), and blacry pm.s5-Incl1-ST16
plasmids in our study (Table 3). Finally, we identified 6 gnrB19-ColE plasmids (sizes
ranging between 2.8 and 3.2 kbp) and 2 gnr$2-IncQ2 plasmids (approximately 7.7 kbp
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Legend key for p23:
B p23 (This study, MT077883.1)
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Legend key for pCMY:
B pCFSAN007427, USA, Ground Turkey, 2009 (CP009413.2)

PUMNK88, USA, Pig, 2007 (HQ023862.1)
PAR06032, USA, Cow, 2002 (FI621588.1)
p23C50-1, Japan, Poultry, 2011 (LC501563.1)
B unnamed, USA, Pig, 2014 (MK191845.1)
B pCMY (This study, MT816498.1)

IS1326
/ sull
emrE
—ISEc58
aac(3)-Via
IS‘??SR?\ aadA24
-
2 __TnAs2
AN pPCMY (MT816498.1) Tnase
aph(6)-id—_ B 168245 bp
aph(3")-1b~,
sul2/

ISEcp1— \\
blaCMY-2

FIG 6 Circular maps representing comparisons of qnrB77 (p23)- and blacyy., (PCMY)-carrying plasmids available at GenBank and
plasmids assembled in this study. The innermost rings (not colored black) represent the top plasmids with high nucleotide identity
and coverage with respect to reference plasmids (pCMY). There were no plasmids similar to p23. The legends at the top left present
plasmid name, country, animal species/human, and year of isolation, where available. Areas of the plasmids carrying AMR genes are
presented in the outermost rings. AMR genes and genes associated with mobile elements are colored and labeled in red and blue,
respectively. Truncated genes are presented with A as a prefix.

in size) present as contigs in the draft E. coli isolates assembled (Table 3). Overall, by
combining these different strategies, we were able to identify the AMR genes-plasmid/
chromosome combinations for 85.1%, 91.7%, and 81.5% of the blacpy-» blacrxam/siiv-12s
and PMQR genes, respectively.

Clonal and horizontal transmission of AMR. The spread of ceftiofur and enro-
floxacin resistance was bimodal. Both widespread dissemination of clones with specific
E. coli-plasmid combinations as well as horizontal transmission of plasmids between
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genetically unrelated E. coli STs contributed to successful spread of AMR in the United
States.

Fifty-four E. coli isolates belonging to 16 different STs harbored blacy,,-IncA/C3-ST3
plasmids (Table 3), which is an indicator of successful horizontal dissemination of these
plasmids across multiple E. coli strains. Similarly, 6 E. coli-blacy,y.>-Incl1-ST65 isolates
were of 3 different STs (ST10, ST23, and ST100) and 5 E. coli-blacy,y.>-Incl1-ST12 isolates
were also of 3 different STs (ST58, ST75, and ST744) (Table 3). Similar to that for blac,y.»
genes, blacy. genes were also present on a wide variety of plasmids and E. coli STs.
For example, blacry_m.ss genes were present on 3 different plasmid types and present
in 5 E. coli isolates of 4 different STs (ST165, ST457, ST744, and ST101) (Tables 3). gnrB19
was the most prevalent PMQR gene and was located on ColE plasmids in 6 E. coli
isolates, all of which were of different STs (Table 3). The details of the prevalence of
blacry p, blas,y,.15 and PMQR genes and their association with E. coli STs and plasmids
are presented in Table 3.

There were also some clusters of genetically similar isolates having same ST-AMR
genetic mechanism-plasmid type combinations, indicating clonal transmission of cer-
tain resistant bacterial clones throughout swine populations in the United States.
Clusters of isolates with genetic distance between the next closest isolate being <100
single nucleotide polymorphisms (SNPs) and carrying genetic mechanisms of resistance
relevant to this study are indicated in Fig. 1. The biggest examples of clonal transmis-
sion in our data set are ST100 E. coli isolates, 36 of which had chromosomal mutations
in gyrA83 and parC80 and had a means median pairwise SNP distance (MPD) of 36 SNPs
(range, 4 to 63 SNPs) (Fig. 1). Seventeen ST744 isolates had chromosomal mutations in
gyrA83, gyrA87, parC56, and parC80, with an MPD of 115 SNPs (range, 10 to 203 SNPs)
(Fig. 1). Twenty-two of the 23 ST12 and 6 of the 12 ST101 E. coli isolates carried
blacpy-»-IncA/C2-ST3 (MPD between these 22 ST12 isolates, 66 SNPs [range, 32 to 164
SNPs]; MPD between the 6 ST101 isolates, 70 SNPs [range, 31 to 87 SNPs]) (Fig. 1). It
should be noted that some very close isolates harbored different AMR genes and
plasmids. For example, in related ST10 isolates (MPD, 101 SNPs [range, 20 to 121 SNPs]),
blacyy., genes were present on IncA/C2-ST3, Incl1-ST23, and Incl1-ST65 plasmids
(Fig. 1).

Comparison with other isolates available on Enterobase. Some of the isolates of
ST1581, -58, -457, -4981, and -744 in our study were found to be within 20 allelic
differences of isolates collected from humans globally based on core genome multi-
locus sequence type (cgMLST) (Fig. 7). ST744 E. coli similar to those in this study were
isolated from humans, pet animals, wild animals, farm animals, and environmental
samples globally (Fig. 7). Specifically, these ST744 isolates were genetically similar
(within 20 allelic differences) to those isolated from diseased and nondiseased humans
in the Philippines, the Netherlands, the United States, Russia, Germany, the United
Kingdom, Colombia, Denmark, and Switzerland. ST744 isolates from our study and the
Enterobase collection consistently had mutations in quinolone resistance-determining
regions (QRDRs) of gyrA and parC genes. Moreover, 2 ST744 isolates from our study
were similar to isolates collected from diseased humans in the United States and the
Netherlands (39 to 83 SNP differences) and also harbored blacry p.15-carrying IncF
(F48:A1:B49) plasmids, which have been described to be novel in this study (Fig. 7).
Some of these ST744 isolates (including one from this study) were classified as avian
pathogenic E. coli (APEC).

ST1581, ST457, and ST4981 isolates from our study also carried the same AMR genes,
mutations, and plasmids as present in similar human isolates (Fig. 7). The ST457 isolate
from this study was not classified into a virulotype, but other ST457 isolates in the
Enterobase were classified as extraintestinal pathogenic E. coli (EXxPEC). One of the APEC
ST58 isolates was genetically similar to another isolate collected from a diseased human
in the United Kingdom (SNP difference, 60).

Several other E. coli isolates were found to be genetically similar to those isolated
from animals only. These consisted of ST10, ST23, ST224, ST847, and ST12. ST10, ST12,
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88336 This study USA Diseased 2014 Y e veYe Ve fr vy Inol-ST23 - - »
10 88336 This study USA Diseased 2014 Ve ey e vr s Unknown - - >
56 SNPs 10 88336 This study USA Diseased 2015 Crirvriririr{r Unknown - - »
(13-103SNPs) 10 88336 Pig UsA Diseased 2014 YrirvrYe Ve fr vy Inc-ST12 - - >
10 88336 - - - - Y 5o ve Ve V7 fe v Incll-ST12 - - »
10 88336 This study USA Diseased 2015 7o & V777 Ve {7 77 IncAIC2-ST3 - Unknown <
10 88336 O141:H4 Pig USsA - 2013 P g A RARAS A - - >
10 88336 4 Pig USA - 2013 Ffr ey - - - »
23 86801 Pig UsA Diseased 2014 P Yrvrvr Ve v vy - - - >
23 86801 Pig UsA Diseased 2014 AURRAAT - - - <
23 86801 Pig USA - 2003 Hh R R AT - - - »
50 SNPs 23 86801 Pig USA Diseased 2014 B R R R N - - >
23 86801 Pig UsA - 003 AARRADT - - - <
(5104 SNPs) 23 86801 Pig USA Diseased 2014 I Y T Ty - - - <
23 86801 Pig USA Diseased 2014 Yre e Te e vr e - - - »
23 86801 Pig USA Diseased 2014 NARRADT - - - <
23 86801 Pig USA - 000 AUR RN AT - - - >
23 86801 i ISA - 2001 WRRRRD R - - - >
23 86801 This study USA Diseased 2015 VW ey Incl2 - - -
23 86801 OB:H4  This study USA Diseased 2015 Yr f ¥rYr Vr fr ¥y IncAIC2-ST3 - - >
54 SNPs 224 30704 3 Cow USA - 2015 WY WW W WYy Incl1-ST20  IncF-F2:A-B- - -
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(6-55 SNPs) 224 30704 Cow USA - 2016 WY W Wy Incl1-ST20  IncF-F2:A-B- -
58 91718 u USA Healthy 2016 Sl etk - i -
20 SNPs 58 91718 This study USA Diseased 2015 ARk - I - |
60 SNPs 58 26882 UK Diseased - DYy - - - >
58 26882 O9H25 This study USA Diseased 2015 Yrfrvr Ve vy fr vy Inci2 - - [ S
847 71471 2 Pig USA Diseased 2014 R g 2 SR RAR AN - - »
847 71471 Pig USA Diseased 2018 W WY - - - <
847 71471 This study USA Diseased 2015 AURRAAT - - - <
847 71471 This study USA Diseased 2014 NIRRT - - - »
43 SNPs 847 71471 This study USA Diseased 2015 PREgagrgrgag g I - - »
(2399 SNPs) 847 71471 Pig UsA Diseased 2017 AARRAAT - - - <
847 71471 This study USA Diseased 2015 i vk - - Unknown SO
847 71471 Pig USA Diseased 2017 YreveTevetr e - - - SO
457 81108 Human ~ USA - 2016 Tttt vty - IncF-F18A-B1 - =S
457 70496 Human USA Diseased 2013 WWWWWWW - IncF-F18:A-B1 - i<ad
457 70496 This study USA Diseased 2015 Yrvrvevetriryr - IncF-FIBA-BT - >
457 70496 Pig USA Healthy 2018 R RT TR - IncF-F18A-B1 - >
457 81106 This study USA Diseased 2015 AURRAAT - IncF-F18A-B1 -
58 SNPs 457 81106 5 Dog USA Diseased 2019 frfr v v Yr vy 77 Incl1-ST20  IncF-F18:A-B1 - >
(10-93 SNPs) 457 70496 Human  Netherlands - - Yrdrve vttty - IncF-FIBA-BT - >
457 7049 Human ~ Russia  Diseased 2016 TARRRRDT - IncF-F18A-B1 - <
457 70496 Human Russia Diseased 2016 I WW W WY - IncF-F18:A-B1 - B
12 86862 Pig USA Healthy 2014 Y7 e ¥e ve ¥ fr 7 IncAIC2-ST3 - - >
12 86862 Pig USA Healthy 2014 SIT I - - - <<
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12 86862 This study USA Diseased 2015 %7797 {777 77 7 IncAIC2-ST3 - - ss
12 86862 This study USA Diseased 2015 90 9 Y777 fr {7 77 IncAIC2-ST3 - - D
12 86862 This study USA Diseased 2015 Yr fr ¥rYr Yy fr ¥ IncAIC2-ST3 - - 33
12 868 This study USA Diseased 2014 Qirdrie vty - - - D
12 86862 This study USA Diseased 2015 P 5o ¥r ve 77 Y7 7 IncAIC2-ST3 - - 'S
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66 SNPs 12 86862 This study USA Diseased 2015 Y77 ¥r ¥7 7e 77 77 IncAIC2-ST3 - - <Y
(32-100 SNPs) 12 86862 Pig USA Diseased 2014 P 9 Y7 ¥r Ve {7 ¥ IncAIC2-ST3 - - SS
12 8686 This study USA Diseased 2015 ) ¥r Ve Yo Y7 ¥r Ve 7y IncAIC2-ST3 - - b
12 86862 This study USA Diseased 2014 %7997 {777 77 7 IncAIC2-ST3 - - ss
12 86862 This study USA Diseased 2015 90 9 Y777 fr {7 77 IncAIC2-ST3 - - D
12 86862 This study USA Diseased 2015 Yr f ¥rYr Yy fr ¥y IncAIC2-ST3 - - 33
12 86862 This study USA Diseased 2015 Y o ve Ye V7 fr 7y IncAIC2-ST3 - - D
12 86862 This study USA Diseased 2015 )7 Ve Y2 v Ve 17 77 IncA/C2-ST3 - - P
12 86862 This study USA Diseased 2015 Y 9 Y7 ¥r Yy fr ¥ IncAIC2-ST3 - - »>p
12 8686 This study USA Diseased 2015 Yo e ¥e Ye Vr fr ¥ IncAIC2-ST3 - - 33
12 86862 This study USA Diseased 2015 Y7 e ¥e ve 77 Y7 7 IncAIC2-ST3 - - 33
12 86862 This study USA Diseased 2015 P 9 Y7 ¥r ¥ {7 7 IncAIC2-ST3 - - SS
12 86862 This study USA Diseased 2014 Y Y ¥e Yr Yy fr ¥y IncAIC2-ST3 - - b
12 86862 This study USA Diseased 2015 Y7 Y7 Y2 Y7 Y7 Y7 7 IncA/C2-ST3 - - >
12 86862 Pig USA Healthy 2014 )Y Y7 Y7 Y7 Y7 ¥7 ¥ INcA/C2-ST3 - - P
12 86862 This study USA Diseased 2015 Yr f ¥rYr Yy fr ¥y IncAIC2-ST3 - - »>p
12 86862 This study USA Diseased 2015 e drdevr fovedr Unknown - - 33
12 86862 This study USA Diseased 2015 P e ¥¢ ¥e V7 Y7 7 IncAIC2-ST3 - - >p
44 SNPs 4981 42369 Human ~ USA Diseased 2014 WUAWWRWw - Chromosome -
4981 42369 Human USA Diseased 2014 I WWWWW W - Chromosome -
(37-46 SNPs) 4981 42369 This study USA Diseased 2015 WY YIYI YT - Chromosome -
4981 42369 This study USA Diseased 2015 Yol v ke te vy - Chromosome IneN-Unknown
ERR1946903. 744 25693 Human Philippines - WRWWWWWW - - -
ERR1618816. 744 25693 Human Netherlands Diseased - W W W W W W -
ERR118070 60 SNPs 744 25693 Human  Netherlands Diseased - TRy ;-
SRR3057120 744 25693 Human USA Diseased 2015 WRWW W ) -
srrinorates  (39-90 SNPs) 744 25693 This study USA Diseased 2015 O v v v ve fr 1y i -
SRR11048584 744 25693 This study USA Diseased 2015 WYV W -
744 22250 This study USA Diseased 2015 [Ag g gugagagis -
744 22250 Pig USA Healthy 2018 Y7 Y7 Y2 Yy V2 TY VY -
744 22250 This study USA Diseased 2015 FrieveTe e trvr - - -
744 22250 Pig USA Healthy 2014 Tttty - IncF-F2:A-B- B
744 22250 Pig USA Healthy 2014 YTy e ety vy - IncF-F2:A~B- -
744 22250 Pig USA Healthy 2014 WWWWWwww - IncF-F2:A-B- -
744 22250 Pig SA Healthy 2014 Yrtrveve vty ey - IncF-F2:A-B- -
744 22250 This study USA Diseased 2015 WU WY - IncF-F2:A~B- -
744 22250 Pig USA Healthy 2014 R g SA AR Unknown -
744 22250 Pig USA Healthy 2014 - Yoo ve Ve te e - IncF-F2:A-B- -
744 22250 Pig UsA Healthy 2014 o} AARRADT - Unknown -
744 22250 Pig USA Healthy 2014 Q WYYy - IncF-F2:A-B- -
38 SNPs 744 22250 Pig USA Healthy 2014 o Qirsrdrdedritr - IncF-F2:A-B- -
173 SNPs) 744 22250 Pig UsA Healthy 2014 o Tttty - IncF-F2A-B- B
srrioteoze ) 744 22250 Pig USA Healthy 2019 C Yrtrvrvr vy vty - - - >
744 22250 Pork USA - 2018 WWWWWww - - -
744 22250 Dog USA Diseased 2018 I WY - - -
744 22250 Pig USsA - 2018 AURRAAT - Unknown -
744 22250 Pig USA Healthy 2019 Yo v defr fefr Unknown - -
744 22250 Cow USA - 2015 )] Yrdrveve vty - Unknown -
744 22250 Cow UsA - 2015 o} AOARRAAT - Unknown -
744 22250 Cow USA - 2015 lo)e SR Yy - Unknown -
744 22250 Cow USA - 2015 Q WWWWWWW - Unknown -
744 22250 Cow USA - 2015 Q WRWW WY - Unknown -
744 22250 Cow USA - 2015 (o] WWWW WY - Unknown -
744 22250 Cow USA - 2015 WWWWwww - Unknown -
744 1241 Turkey  USA Healthy 2017 WY - - - >
744 1241 This study USA Diseased 2015 AUNRAAT - - - >
744 1241 Pig UsA Diseased 2014 N R Y - - - :
744 1241 Human  Colombia - 2012 Yrdrde ki ok - - IncN-ST5 »
744 1241 Human Netherlands Diseased - TTevr Vi ok - IncF-F31:A4:81 -
744 1241 Pig France - 2015 AU RRN AT - Unknown -
744 1241 This study USA Diseased 2015 FrieveTe e vr e - - -
744 1241 Water - - - WRWWWWW - - -
744 1241 Human Netherlands Diseased - JW DWW WY - Unknown -
744 1241 Human Germany  Diseased 2015 WWWWWwww - - -
744 1241 08 Human UK Healthy 2015 WRWW W - - -
744 22250 This study USA Diseased 2015 AURRAAT - - -
744 1241 This study USA Diseased 2015 R g SA AR - -
744 1241 Human ~ Netherlands Diseased - 3 Yrdrve vttty - IncF- B1 -
744 1241 Human  Netherlands Diseased - o} TR Ry - IncF-F31.36:A4:B1 -
744 1241 Human Netherlands Diseased - o] WY ir Yy - B1 -
744 1241 Human  Netherlands Diseased - o] WHRRRRT - R
68 SNPs 744 1241 Human Netherlands Diseased - Q WRWW WY - -
(3-120 SNPs) 744 1241 Human  Netherlands - - Q WWRWWHW - -
g 744 1241 Silver Gull  Australia - 2019 WWWWWwww - - -
744 1241 Bird Kenya - 2015 IR - - -
744 1241 Human USA Diseased 2015 KV VY - A Unknown
744 1241 Human - - - WYY YTy - Unknown - >
744 1241 Pig UsA Healthy 2019 P e Ve Ve V7 fr v Inclt-STes - - !
744 1241 Animal  Norway - 2016 AOARRAAT - - - >
744 1241 Sewage  Gemmany - 2017 Ha R RN AT - - - .
744 1241 Sewage  Germany - 2017 Yrie e Tevetr e - - -
744 1241 Sewage  Germany - 2017 AARRRNT - - -
744 1241 Wastewater Taiwan - 2015 YR WIr Yy - Unknown Hybrid IncFIB/HI1Bp»
744 1241 Wastewater Taiwan - 2015 pagul Sagugtx g Unknown Hybrid IncFIB/HI1Bp>
744 1241 0 Pig Healthy 2014 Dtrvrvrvr ke Ty vy Incl1-ST2 - IncN-Unknown =~
744 1241 Pig UsA Healthy 2014 Yrirvr iy ke fr vy Incli-ST2 - IncN-Unknown ~ p»
744 1241 Pig USA Healthy 2014 R g SR BARAN - - >
744 1241 Pig UsA Healthy 2014 YT T e e ety - - - »
744 1241 Human Russia Diseased 2016 WRWWWWW - - -
744 1241 Silver Gull  Australia - 017 WY ir Yy - - - >
744 1241 Siver Guil Australia - 2017 Yrie e Tevevr e - - - >
744 1241 OBYH10 Silver Gull Australia - 2017 WWWWWWW - - - >
744 1241 0B9:H10 Water - - - JW DWW WY - Unknown - |
744 1241 O89:H10 Human Denmark  Diseased 2015 WWWWWwww - Unknown -
744 1241 O89:H10 Human Switzerland Diseased 2014 IRigagugtaagigi Unknown -

FIG 7 Maximum likelihood tree constructed using the core gene alignment of selected Escherichia coli isolates collected in this study and isolates available
at Enterobase. E. coli isolates from Enterobase were selected by identifying those that were within 20 allelic differences (same HC20) of the isolates assembled

(Continued on next page)
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and ST847 were similar to those isolated from pork or healthy pigs in the United States,
and ST10 and ST12 isolates from this study and the Enterobase collection had same
genetic determinants of ceftiofur and enrofloxacin resistance. In this comparative
analysis, 26 of 28 ST12 isolates were classified as ExPEC and uropathogenic E. coli
(UPEQ).

Resistance determinants to other critical antimicrobials. No carbapenem resis-
tance genes were identified in our collection, but the mcr-9 gene was present in 7
isolates belonging to 6 different STs. These isolates carried both the mcr-9 gene and
either a pAmpC, an ESBL, or a PMQR gene (Table 4). Descriptions of these isolates are
presented briefly in Table 4. mcr-9 was also present in two of the ESBL plasmids
assembled in this study (Table 2).

DISCUSSION

Whole-genome sequencing (WGS) of enrofloxacin- and ceftiofur-resistant E. coli
revealed multiple determinants conferring resistance to these critical antimicrobials,
which were present on a wide spectrum of STs recovered from the major swine-
producing states in the United States. The use of both long- and short-read WGS
technologies identified the genetic context of these resistance determinants for several
isolates, suggesting determinants by which resistance may be spreading, such as
plasmids carrying blacyy.., Which previously established in Salmonella and E. coli
populations circulating in food animals in the United States (14). We also assembled
plasmids not previously described in isolates from swine or other food animals or retail
meat in the United States.

Nearly 82% of the ceftiofur-resistant E. coli isolates carried a blac,,y., gene, which is
consistent with findings in ceftiofur-resistant Salmonella isolates from diseased pigs
collected during the same study period (26). However, 24 E. coli isolates in this study
(including 2 isolates nonresistant to ceftiofur) carried blacry. Or bldg,..» genes,
indicating a much higher prevalence (18%) of blacry_y, in our isolates compared to that
in ceftiofur-resistant Salmonella of swine origin (26). Still, our data suggest a more
limited distribution of blacy.,, genes compared with reports in extended-spectrum
cephalosporin-resistant E. coli isolates retrieved from swine in other upper-income
countries in Europe and Asia such as Belgium (97.5%) and Hong Kong (87.5%) (32, 33).
ESBL genes are responsible for extended-spectrum cephalosporin resistance globally in
food animals (13). However, until the late 2000s, these genes were not found in food
animal isolates collected in North America (34). In a study on E. coli isolates collected
from diseased pigs at the University of Minnesota Veterinary Diagnostic Laboratory
(UMN-VDL) in 2008, all ceftiofur-resistant isolates carried blacy,y,., genes (35), whereas
blacry.m-carrying E. coli in finishing pigs in the United States were first identified in 2011
(36). Since then, more recent studies have also reported the sporadic occurrence of
blacrxy genes in Enterobacteriaceae isolates of swine origin (including pork) in the
United States (37, 38). Our study reinforces the results that ESBL genes might have been
introduced in E. coli collected from pigs during the late 2000s and early 2010s (34).

Similar to that for ESBLs, the presence of PMQR genes [gnr, aac(6’)-Ib-cr] in food
animal isolates in the United States had not been reported until recently (25, 26, 39, 40).
There has also been an increase in PMQR genes in clinical Salmonella isolates from
humans in the United States, and animal sources have been postulated to contribute
to this surge (40). In this study, the presence of PMQR genes without additional QRDR
mutations was sufficient to yield MIC values to the intermediate susceptibility levels

FIG 7 Legend (Continued)

mSphere’

in our study. This unrooted tree was created by mapping raw reads on E. coli K-12 substrain MG1655 (accession NZ_AJGD00000000.1), followed by extraction
of SNPs and phylogenetic tree construction (GTR plus gamma substitution model, 1,000 bootstrap replicates) using RAXML version 8.0. Raw reads mapped onto
84.2% to 94.2% of the reference sequence E. coli K-12 substrain MG1655. Phylogenetic tree was constructed using 43,503 recombinant-free sites. Heat map
shows presence of chromosomal mutations in quinolone resistance-determining regions (QRDRs) (green squares), plasmid-mediated quinolone resistance
(PMQR) genes (blue stars), ESBL/pAmpC genes (red circles), and virulotypes (APEC, EXPEC, UPEC, and ETEC) (purple triangles). Median pairwise SNP distances
(MPDs) were estimated using ST-specific references. Colored clusters represent groups of isolates with an SNP distance to the next closest isolate of less than

100. Unknown, plasmids/chromosomes carrying these genes were not identified for these isolates.
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(0.25 to 1 ug/ml) but not above (with the exception of 2 gnrB19-carrying isolates). This
is consistent with previous reports suggesting PMQR genes such as gnrB and gnrS
confer only lower level resistance to quinolones by inhibiting the binding of quinolones
to DNA gyrase (41). However, these PMQR genes are known to supplement resistance
caused by other determinants such as altered target enzymes (DNA gyrase), efflux
pump activities, and deficiencies in outer membrane porin channels (42). The presence
of PMQR genes in zoonotic bacteria and their clinical impact on both human and
animal health should therefore be continuously monitored.

To the best of our knowledge, this is the first study to describe completely
assembled plasmids carrying blacry.m-1ar .15 -27» @Nd _ss, blagyyy_15, and gnrB77 in E. coli
isolates of swine origin in the United States. However, the close identities between
some plasmids in this study and those already described in humans and animals
globally indicate that the presence of ESBL genes in this isolate collection could be part
of the pandemic expansion of ESBLs (13). blacry_m.15 and blacry .14 are considered the
predominant ESBL genes in humans globally (13) and have also been identified in food
animals, including pigs, worldwide (43-46). The plasmids carrying blacry.u.15 identified
in our study were highly similar (98% coverage, >99% nucleotide identity) to other
plasmids found in human E. coli isolates collected in the United States between 2009
and 2010 (47) (GenBank accession number CP009232), which were also described to
have the same plasmid backbone as other ESBL gene-carrying plasmids reported
worldwide (47). blacryam-14-Carrying plasmids identical to those found here were pre-
viously reported in human isolates in Hong Kong and characterized as an epidemic
plasmid type (pHKO01) (48) which has spread globally to other Asian (China, Vietnam,
and South Korea) and European (Finland) countries (unpublished; GenBank accession
numbers NC_013727.1, KU932024.1, KU987452.1, NC_013542.1, and NZ_CP018973.1).
Families of insertion sequences (IS26, ISEcp9, and 1S6) that were part of the above-
mentioned genetic contexts have also been demonstrated to be involved in transpos-
ing ESBL-encoding genes across plasmids and bacterial chromosomes (49).

IncA/C2 and Incl1 plasmids were the carriers of blac,,y., genes, which is consistent
with previous studies conducted on Salmonella enterica and Escherichia coli from both
farm animals and humans in the United States (20, 21, 26, 50, 51). The blacyy.,-carrying
Incl1-ST12, Incl1-ST65, and IncA/C2-ST3 plasmids assembled here were highly similar
(>99% nucleotide identity) to those isolated from broiler E. coli in Japan (which, in turn,
were highly similar to plasmids from European poultry) (52). This suggests that closely
related blacyy.,-carrying plasmids are disseminated globally in livestock.

In contrast to ESBL and pAmpC genes, gnr genes were also present on short (~3
kbp) ColE and medium-sized (~7 kbp) IncQ2 plasmids. ColE plasmids harboring gnrB19
genes are among the most commonly isolated PMQR-plasmid combinations globally,
and these have been isolated from bacteria of family Enterobacteriaceae from several
animals, meat, and humans globally (25, 53-57). gnrS2-harboring IncQ2 plasmids have
largely been found from aquatic sources such as a wastewater treatment plant in Israel
(58) and rivers and aquaculture facilities in China (59), indicative of potential exchange
of resistant bacteria between environmental sources and swine herds (21, 60).

It has been widely believed that the presence of plasmids in the absence of selective
pressure imposes a metabolic fitness cost to the bacterial host (61). However, the fitness
cost imposed due to plasmid carriage depends on the plasmid-bacterial host combi-
nation (62-64). There are several plasmid characteristics that facilitate plasmid stability
in bacterial hosts: for example, IncF and Incl1-pMLST12 plasmids similar to those
assembled here have a narrow host range and carry factors such as toxin-antitoxin
systems which help maintain their stability in bacterial hosts in the absence of antimi-
crobial pressure (52, 65, 66). Similarly, IncHI2 plasmids similar to those assembled here
carry genes which confer resistance to heavy metals, mutagenesis induction systems,
etc., which can also contribute to their stability (67). IncA/C2, IncHI2, IncN, and IncQ2
plasmids have a broad host range and can survive in multiple bacterial species,
including bacteria present in the environment, which can aid in their persistence and
dissemination outside animal hosts (68, 69). In a study using blacyy.,-carrying E. coli
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isolated from pigs in the United States, larger plasmids (Incl1 and IncA/C2 plasmids
similar to the one assembled in this study) were shown to coexist without imposing
metabolic costs to the bacterial host (62). Epidemic plasmids identical to those found
in our study such as pHKO1-like plasmids have been demonstrated to be conjugative in
vitro (70). Hence, it can be postulated that these plasmids might aid in the successful
establishment of ESBL and PMQR genes and persistence of AmpC beta-lactamases as
mechanisms of cephalosporin and quinolone resistance in swine E. coli in the United
States.

In addition to the above-mentioned properties, IncF plasmids also possessed viru-
lence genes which can contribute to the fitness of bacterial clones inside mammalian
hosts. For example, the traT gene related to serum resistance was found on every
blacry.m-harboring IncF plasmid, except for IncF (F24:A-:B1), and this gene has been
consistently associated with urinary tract infections and sepsis in humans (71-74).
Similarly, hlyF (hemolysin), iutA (iron uptake), and ompT (outer membrane protease)
genes present on some of the blacry_-IncF plasmids are very commonly found in avian
pathogenic E. coli (75). iucC (aerobactin synthesis), iutA, and ompT genes also play key
roles in the pathogenesis of severe extraintestinal infections in humans (76-78). The
presence of virulence factors and antimicrobial resistance genes on epidemic IncF
plasmids have previously contributed to global domination of E. coli ST131 clones (30)
and can potentially aid in the successful dissemination of emerging E. coli lineages
identified in this study.

The main enrofloxacin-resistant swine-specific ST identified in this study was ST100,
which is associated with porcine enterotoxigenic infections and has spread clonally
throughout the U.S. swine population (79). Enrofloxacin was approved to treat swine
enteric infections in the United States in 2012 (2), and the association of enterotoxi-
genic ST100 E. coli with enrofloxacin resistance might be of concern for swine health
because of the potential decrease in clinical efficacy of enrofloxacin in treating scours
due to bacterial resistance.

Many of the isolates in this study can be considered to be “high-risk” clones. These
clones are characterized by global dissemination, ease of transmission from host to
host, disease-causing abilities, and acquisition of genetic characteristics that provide a
competitive advantage over other bacterial clones, such as virulence factors, epidemic
plasmids, and antimicrobial resistance genes (30). One outstanding example of a
high-risk clone in our database is the fluoroquinolone-resistant ST744 isolates which
were also closely related to isolates collected globally from multiple host species and
the environment as well as from diseased humans. ST744 isolates belonged to phylo-
group A and E. coli in this phylogroup are not as virulent as those belonging to
phylogroups B2 and D2 (80). Nonetheless, ST744 has been sporadically associated as a
disease-causing agent carrying resistance to critical antimicrobials such as colistin and
carbapenem from human patients worldwide (81-83). The global distribution of
fluoroquinolone-resistant ST744 clones should be worrisome, as fluoroquinolones are
critical antimicrobials for treating systemic infections in humans (84). Fluoroquinolone-
resistant ST410 was also present in our data set. Recently, Roer et al. described the
emergence of ST410 (phylogroup A) high-risk clones globally, indicating that the clones
of lowly virulent E. coli are also capable of widespread dissemination and carriage of
antimicrobial resistance genes (85). More experiments and clinical studies are needed
to determine the true pathogenicity and fitness of ST410 and ST744 high-risk clones.

ESBLs have been associated with pandemic ST131 E. coli in humans (86). However,
in this study, only one ST131 isolate was identified, and it was susceptible to both
antimicrobial classes under study but was classified as EXPEC and APEC. Manges et al.
(87) recently published a review of the most prevalent global EXPEC lineages, and 12 of
the top 20 ExPEC E. coli STs listed in this review were present in the U.S. swine E. coli
isolates (ST131, ST69, ST10, ST73, ST410, ST12, ST127, ST167, ST58, ST88, ST617, and
ST23) (87). In a study conducted on clinical E. coli isolates from a north California
community, 47% of ExPEC strains consisted of ST127, -73, -69, -10, -12, and -88, which
were all present in our study (88). Isolates of several STs in this study carried blacry -
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epidemic plasmids similar to IncF (F31:F36:A4:B1) and IncF (F2:A-:B-), had mutations in
QRDRs conferring fluoroquinolone resistance, and were classified into several virulo-
types of public health concern (Shiga toxin-producing E. coli [STEC], ExPEC, APEC, and
UPEC), presenting further evidence of the presence of potentially high-risk zoonotic
clones in the swine population in the United States.

The colistin resistance gene (mcr-9) was recently described for the first time in an S.
enterica serovar Typhimurium isolate collected from a human patient in Washington
state and was able to confer colistin resistance to E. coli isolates cloned with this gene
(89). Tyson et al. further evaluated the presence of this gene in Salmonella and E. coli
collected from animal meat in the United States and found that this gene was present
on large IncHI2 plasmids similar to those found here or integrated into bacterial
chromosomes (90). Tyson et al. also found that mcr-9-carrying bacterial isolates were all
susceptible to colistin (90); hence, the clinical relevance of this gene on human health
is still debatable. Regardless of clinical impact, colistin has never been used in swine in
the United States; therefore, the presence of the mcr-9 gene in swine could be an
indicator of the complex transmission dynamics of resistant determinants across dif-
ferent ecosystems and/or a coselection of resistant determinants due to the use of
other unrelated antimicrobials.

Several considerations must be accounted for when interpreting these results. An
association between antimicrobial use and presence of these resistance genes cannot
be established due to the lack of information on the use of antimicrobials. Also, the
public health implications of our findings could be limited by the removal of diseased
pigs, such as the ones from which these resistant and potentially zoonotic STs were
retrieved, from the food chain.

Conclusions. We have identified and characterized a wide range of genetic deter-
minants of resistance to some critically important antimicrobial classes in swine clinical
E. coli isolates, some of which had never been described in isolates of animal origin in
the United States. We also highlighted the presence of high-risk clones and epidemic
plasmids in swine E. coli with a potential to negatively impact human and animal
health.

MATERIALS AND METHODS

Description of isolates. A total of 211 E. coli isolates recovered from diseased pigs at the University
of Minnesota Veterinary Diagnostic Laboratory (UMN-VDL) between 2014 and 2015 were included in this
study. E. coli isolates available at the UMN-VDL infectious agent repository were classified as ceftiofur
non-wild type (MICs =2 pg/ml) and enrofloxacin non-wild type (MIC = 0.25 ug/ml) (91). These MIC
values were routinely estimated during the processing of diagnostic submissions and were based on the
results of broth microdilution tests performed using Clinical and Laboratory Standards Institute guide-
lines (92). For ease of interpretation, “non-wild-type” and “wild-type” isolates are referred to as “resistant”
and “susceptible,” respectively. All the ceftiofur- and/or enrofloxacin-resistant isolates available at the
UMN-VDL infectious disease repository collected between 2014 and 2015 were selected for this study,
and a random selection of susceptible isolates from the same period was used for comparative purposes.
Of these 211 isolates, 110 were enrofloxacin resistant and 106 were ceftiofur resistant, with 41 isolates
being resistant to both ceftiofur and enrofloxacin. Forty-six isolates susceptible to both antimicrobials
were added to assess the presence of resistance genes and chromosomal mutations in susceptible
isolates. Only one isolate per farm was selected in order to avoid duplicity of potentially identical clones
circulating in the same farm.

Short-read sequencing and in silico typing of E. coli isolates. Isolates were first subjected to
short-read sequencing using lllumina HiSeq 2500 (2 X 125 bp). The mean phred scores of raw reads was
greater than 30 for all isolates. Raw reads were then trimmed using Trimmomatic version 0.39 (settings:
sliding window mode; number of bases to average across, 4; average quality required, 20) (93). The raw
reads were uploaded to and assembled using the QAssembly version 3.61 pipeline provided by the
Enterobase webserver (94). This pipeline assembles draft genomes using Spades version 3.9.0 (95). The
assemblies were further polished using BWA version 0.7.12 (96) to align reads back onto the assemblies,
and these assemblies were polished using consensus bases or indels using bcftools version 1.2 (97). The
assemblies were then passed for downstream analyses only if they meet the following criteria: number
of bases, 3.7 to 6.4 Mbp; Ngo,, >20 kb; number of contigs, <800; proportion of N's, <3%; species
assignment using Kraken, >70% contigs. The assembly statistics are as follows: average coverage,
107.3X (range, 52 to 405X); average Ny, 135,520.4 bp (range, 40,154 to 340,030 bp); average size, 5.26
Mbp (range, 4.62 to 5.94 Mbp); and average number of contigs (>200 bp size), 209.4 (range, 71 to 392).

Draft genomes, assembly statistics, serotyping, phylotyping, and cgMLST results for these E. coli
isolates were downloaded from the Enterobase webserver. Draft genomes were uploaded to the Center
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for Genomic Epidemiology (CGE) webserver to identify multilocus sequence type (MLST version 2.0.4)
(98), acquired resistance genes and chromosomal mutations in quinolone resistance-determining regions
(QRDRs) of gyrA, gyrB, parC, and parE genes (ResFinder version 3.2) (99), plasmid multilocus sequence
type (pMLST version 0.1.0) (100), plasmid replicon type (Plasmid Finder version 2.0.1) (100), and virulence
factors (virulence finder version 2.0) (101). A minimum nucleotide identity of 90% and minimum length
of 60% compared to reference sequences were used as thresholds for classifying virulence and resistance
genes. Draft genomes were annotated using PROKKA (version 1.13) (102).

Isolates were classified into virulotypes based on the virulence genes present as follows: (a)
enterotoxigenic E. coli (ETEC) if any of the heat stable toxin genes (sta, stb, or astA) or heat-labile toxin
gene (ltcA) were present, (b) Shiga toxin-producing E. coli if Shiga toxin genes (stx) were present, (c)
extraintestinal pathogenic E. coli (EXxPEC) if two or more of the genes papA-papC, sfa-focDE, afa/draBC,
kpsMIl, or iutA were present (103), (d) avian pathogenic E. coli (APEC) if all of the following genes, iutA,
hlyF, iss, iroN, and ompT, were present (75), and (e) uropathogenic E. coli if three or more of the genes
chuA, fyuA, vat, and yfcV were present (104).

Phylogenetic analysis. For the phylogenetic analysis, raw reads were first mapped to a reference
genome (E. coli strain K-12 substrain MG1655; accession NZ_AJGD00000000.1), and full gene alignments
were assembled using snippy (default values: minimum mapping quality, 60; minimum coverage, 10;
version 4.4.5) (105). ClonalframeML (default values, version 1.12) was used to detect recombinant regions
from these full gene alignments (106), which were subsequently masked by using maskrc-svg (version
0.5) (107). Single nucleotide polymorphisms (SNPs) were extracted from these recombination-masked
alignments using snp-sites (version 2.5.1) (108), and pairwise SNP distances were estimated using
snp-dists (version 0.7.0) (108). Maximum likelihood trees were then built using a general time-reversible
(GTR) with gamma substitution model through RAXML (version 8.0) (109). Support for nodes on trees was
assessed using 1,000 bootstrap replicates, and the phylogenetic tree was made and genomic features
were annotated using iTOL (version 4.0) (110). Based on this analysis, we identified STs with SNP
distances of less than 100 between at least 2 isolates and ran an ST-specific phylogenetic analysis for
these STs using the following reference sequences: ST10 (NZ_AJGD00000000.1), ST12 (CP010151.1), ST23
(CP007491.1), ST58 (CP043744.1), ST88 (CP031546.1), ST90 (CP020520.1), ST100 (CP002729.1), ST101
(CP024821.1), ST224 (CP035339.1), ST410 (CP031231.1), ST457 (CP024826.1), ST641 (CP046000.1), ST744
(GCF_001682305), ST847 (CP010344.1), and ST4981 (CP017980.1). For each ST-specific analysis, the
chromosomal sequence with maximum genome coverage available at the RefSeq database was selected
as a reference. The steps for SNP estimation and measurement of SNP distances were repeated for each
ST-specific analysis as mentioned above for E. coli strain K-12 substrain MG1655 as the reference. In the
text and figures, median pairwise SNP distances (MPDs) and the ranges of SNPs mentioned are based on
these ST-specific analyses.

We downloaded raw reads of all isolates available at Enterobase which belonged to the same cgMLST
clusters (defined by a maximum difference of 20 alleles ["HC20"]) as the ceftiofur- or enrofloxacin-
resistant isolates in our study. Phylogenetic analyses using E. coli K-12 substrain MG1655 and ST-specific
references and typing (virulence genes, AMR genes, phylotyping, pMLST, plasmid analysis, and serotyp-
ing) were repeated using the same steps as mentioned above for comparing our isolates with similar
isolates (same HC20) available at Enterobase.

Detailed results of serotyping, phylotyping, MLST, cgMLST, virulence factors, antimicrobial resistance
genes, plasmid replicon typing, and associated metadata are available in Tables S1 and S2 in the
supplemental material.

Assembly of plasmids using long-and short-read sequencing. Additionally, long-read sequencing
was performed on a subset of isolates carrying blag,y. 1> blacrya blacyy.», and gnrB77 genes in the
analysis described above using Pacific Biosciences (PacBio) RS technology (SMRT Cell 1M v3). This subset
was selected on the basis of presence of ESBL genes to represent all genomic contexts around these
genes (available from contigs assembled on short reads). Long reads were first corrected for errors using
LoRDEC (version 0.9) (111). Unicycler (version 0.4.7) (112) was used to obtain de novo hybrid assemblies
of these isolates using both long and short reads, and assemblies were visualized using Bandage (version
0.8.1) (113). Complete plasmid genomes (here referred to as “assembled plasmids”) were uploaded to the
ISsaga webserver (114) for identification of insertion sequences and to the CGE webserver to perform
analyses as mentioned above. The assembled plasmids were also analyzed against a blast database of
reference plasmids available at the PLSDB webserver (115) to identify closely related plasmids also
carrying antimicrobial resistance genes of interest (ESBL and PMQR). Plasmid sequences with a query
coverage of >80% and nucleotide identity >90% were downloaded, and the top five closely related
plasmids and genomes to each of the ones found here were visually compared using BRIG (version 0.95)
(116).

Assembly of putative plasmids. “Putative plasmids” were also assembled using these assembled
plasmids. This was performed by mapping short reads of isolates carrying the same ESBL, PMQR, or
pPAmMpC gene as the assembled plasmids carrying the corresponding genes. The mapping was conducted
using snippy (version 4.4.5) with the values mentioned above. Pileups were generated after mapping
short reads using SAMtools (version 1.10) with mapping quality capped at 60 (97). Pileups were then
converted to fasta format using Galaxy tools 1.0.2 (117).

In the cases where raw reads did not sufficiently map to the assembled plasmids (query coverage of
putative plasmid <70% compared to assembled plasmids), we identified the closest “reference plasmids”
by doing a BLASTN search of the contigs carrying AMR genes on the NCBI server and assembled putative
plasmids by mapping short reads onto these reference plasmids. Contigs from our study had >90%
query coverage compared to these reference plasmids, with a nucleotide identity of >99%. We also
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confirmed that plasmids in our study were indeed similar to these reference plasmids by comparing the
PMLST results for these reference plasmid sequences, putative plasmids assembled, draft E. coli genomes,
and the contigs carrying these AMR gene in draft genomes. Analysis of pMLSTs for reference plasmids,
putative plasmids, and draft E. coli sequences provided complete information on the sequence type of
the plasmids. The pMLST results for just the contigs carrying AMR genes provided only partial matches,
with the exception of short plasmids. These assembled and putative plasmids were then annotated, and
genomic features such as virulence factors and insertion sequences were identified as mentioned above.
Putative plasmids were also assembled for the isolates downloaded from Enterobase using same
methods as described above.

Data availability. Short reads generated during this project have been submitted at NCBI GenBank

under BioProject accessions PRINA605257, PRINA605064, and PRINA604903. Complete plasmid se-
quences have been submitted at GenBank under accession numbers MT077880, MT077881, MT077882,
MTO077883, MT077884, MT077885, MT077886, MT077887, MT077888, MT077889, and MT816498.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
TABLE S1, XLSX file, 0.2 MB.
TABLE S2, XLSX file, 0.1 MB.
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