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ABSTRACT Antimicrobial resistance is a critical issue that is no longer restricted to
hospital settings but also represents a growing problem involving intensive animal
production systems. In this study, we performed a microbiological and molecular
investigation of priority pathogens carrying transferable resistance genes to critical
antimicrobials in 1-day-old chickens imported from Brazil to Uruguay. Bacterial iden-
tification was performed by matrix-assisted laser desorption ionization-time of flight
(MALDI-TOF) mass spectrometry, and antibiotic susceptibility was determined by
Sensititre. Antimicrobial resistance genes were sought by PCR, and clonality was
assessed by pulsed-field gel electrophoresis (PFGE). Four multidrug-resistant (MDR)
representative strains were sequenced by an Illumina and/or Oxford Nanopore
Technologies device. Twenty-eight MDR isolates were identified as Escherichia coli
(n = 14), Enterobacter cloacae (n = 11), or Klebsiella pneumoniae (n = 3). While resistance
to oxyiminocephalosporins was due to blacym.o bldcryms blacrxmas blacrxm.ss, and
blacyy.,, plasmid-mediated quinolone resistance was associated with the qnrB19,
gnrEl, and gnrB2 genes. Finally, resistance to aminoglycosides and fosfomycin was
due to the presence of 16S rRNA methyltransferase rmtG and fosA-type genes,
respectively. Short- and long-read genome sequencing of E. cloacae strain
ODC_Eclo3 revealed the presence of IncQ/rmtG (pUR-EC3.1; 7,400 bp), IncHI2A/mcr-
9.1/bla x> (PUR-EC3.2, ST16 [pMLST; 408,436 bp), and IncN2/gnrB19/aacC3/aph(3")-
Ib (pUR-EC3.3) resistance plasmids. Strikingly, the blay.., gene was carried by a
novel Tn1696-like composite transposon designated Tn7337. In summary, we report
that imported 1-day-old chicks can act as Trojan horses for the hidden spread of
WHO critical-priority MDR pathogens harboring mcr-9, rmtG, and extended-spectrum
B-lactamase genes in poultry farms, which is a critical issue from a One Health
perspective.

IMPORTANCE Antimicrobial resistance is considered a significant problem for global
health, including within the concept of One Health; therefore, the food chain connects
human health and animal health directly. In this work, we searched for microorganisms
resistant to antibiotics considered critical for human health in intestinal microbiota of 1-
day-old baby chicks imported to Uruguay from Brazil. We describe genes for resistance
to antibiotics whose use the WHO has indicated to “watch” or “reserve” (AWaRe classifica-
tion), such as rmtG and mcr9.1, which confer resistance to all the aminoglycosides and
colistin, respectively, among other genes, and their presence in new mobile genetic
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elements that favor its dissemination. The sustained entry of these microorganisms
evades the sanitary measures implemented by the countries and production establish-
ments to reduce the selection of resistant microorganisms. These silently imported resist-
ant microorganisms could explain a considerable part of the antimicrobial resistance
problems found in the production stages of the system.

KEYWORDS extended-spectrum B-lactamase, multidrug-resistant pathogens, 1-day-
old chicks, mcr-9, rmtG

ntimicrobial resistance is considered one of the 10 threats to global health in the

WHO's 5-year strategic plan, within the 13th General Programme of Work (2019 to
2023) (https://www.who.int/news-room/spotlight/ten-threats-to-global-health-in-2019). In
that sense, the United Nations has stated that antimicrobial resistance (AMR) is one of the
biggest challenges we face as a global community (https://news.un.org/en/story/2018/11/
1025511).

In 2017, the WHO established a list of microorganisms to be prioritized in regard to
research and development of new antimicrobials, where third-generation cephalospo-
rin-resistant Enterobacterales (TGCR-E) were included within the microorganisms of
maximum interest (1); in addition, a list of important antimicrobials for human medi-
cine categorized oxyiminocephalosporins, fluoroquinolones, colistin, and aminoglyco-
sides as critically compromised drugs by the appearance and rapid spread of resistant
bacteria (2).

Worryingly, most antibiotic use has been for livestock, and it is growing with the
increase in global demand for animal protein, which is the main dietary trend in low- and
middle-income countries (3). While in intensive animal production systems antimicrobials
are used routinely to maintain health and productivity, a growing body of evidence has
linked this practice with the occurrence of antimicrobial-resistant bacteria in food-produc-
ing animals (3, 4). In Latin America, several studies have shown the occurrence and trans-
mission of critical-priority antibiotic-resistant Enterobacterales on poultry farms; however,
the sources and routes of the acquisition have not been investigated (5-7). Here, we report
the presence of transferable resistance genes for critically important antimicrobials in clini-
cally relevant Enterobacterales isolated from the fecal matter of 1-day-old chicks imported
from Brazil to Uruguay.

RESULTS

Identification of critical-priority MDR pathogens in the fecal matter of imported
1-day-old chicks. Seventy-two members of Enterobacterales were isolated and identi-
fied as Escherichia coli (n = 37), Enterobacter cloacae (n = 30), or Klebsiella pneumoniae
(n = 5). Antibiotic susceptibility profiling and detection of antibiotic resistance genes
were performed for the 72 isolates, and clonality was determined by pulsed-field gel
electrophoresis (PFGE). To avoid duplicate results, from each shipment, only those iso-
lates featuring phenotypic, and/or genotypic differences or different pulse types are
presented. Accordingly, 28 isolates were selected, including 14 E. coli, 11 E. cloacae,
and 3 K. pneumoniae isolates, which exhibited resistance to cefotaxime (100%), cefe-
pime (75%), ceftazidime (67%), amoxicillin-clavulanic acid (64%), gentamicin (46%),
and ciprofloxacin (39%). Lower resistance values (between 11% and 25%) were
observed for trimethoprim-sulfamethoxazole, fosfomycin, minocycline, amikacin, and
chloramphenicol. On the other hand, 7 isolates presented MIC values of >4 ng/ml for
colistin. Conversely, all isolates were susceptible to carbapenems (Fig. 1).

Antibiotic resistance genes. Resistance to beta-lactams was due to the presence
of blacry, (N = 12), blacryg (N = 7), blacry s (N = 4), blacyy., (n = 4), and blacryp.ss
(n = 2). Plasmid-mediated quinolone resistance genes were detected in eight isolates
(Fig. 1), of which five carried gnrB19, whereas gnrE1, gnrB2, and gnrE1 plus gnrB19 were
detected in one isolate each. Concerning aminoglycoside resistance, the 16S rRNA
methyltransferase (165-RMTase) rmtG was detected in 5 out of 6 amikacin- and genta-
micin-resistant isolates (Fig. 1). On the other hand, the aminoglycoside acetylase gene
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s MIC (mg/L)
2 88 ° Strain s Genotype PT AMC CAZ CTX FEP CIP AK CN C SXT MIN FOS COL
ODC_Eclo10 5  blacrya2/qniB19imiGImer9. 1ifosA2 | >16/8 <2 >32 8 05 >32 >8 <8 s2/38 >8 128 >4

- ODC_Eclot15  blacryars/qniB19/miGImer9. ifosA | <8/4 >32 >32 16 >2 >32 >8 16 <238 >8 128 >4
s 110DC Eclo? 3 blagryaa/merd. 1 I >16/8 8 >32 >16 1 <8 >8 16 <238 <4 05 <1
- ODC_Eclo9 3 blacryarz I >168 8 >32 >16 1 <8 >8 <8 <238 <4 <025 <1

ez ODC_Eclo2 1 Blagrya/rmtGImer9. 1 Il >16/8 8 >32 16 <0.06>32 >8 <8 <238 <4 16 <1
ODC_Eclod 2 blagryar2lqnrET vV >16/8 >32 >32 16 1 <8 >3 s8<238 <4 8 <1

- ODC_Eclot 1 blagryaralmiG V >168 8 >32 16 05 >32 >8 <8 <238 4 2 i
ODC_Eck8 3 Dlacryan2/qnrB19 V >16/8 16 >32 >16 05 <8 >8 <8 <238 8 8 <1

92 ODC_Eclo3 1 blagryadrmiGlgnB19imer9.1 V. >16/8 8 >32 16 05 >32 >8 <8 <38 <4 4 >4

944 ODC_Eclo6 3 Blacryan2/qnrB19/mer9. 1 V >16/8 8 >32 16 1 <8 >8 <8 <238 <4 8 >4
ODC_Eclo5 3 blagrxasz v >16/8 4 >32 16 05 <8 >8 <8 <238 <4 4 <1

s Genotype PT AMC CAZ CTX FEP CIP AK CN C SXT MIN FOS COL

5 blacyxan1s/qnB2GnrET | s8/4 32 >32 16 >2 >32 >8>16>2/38 >8 16 >4

3 blagrxarz I >16/8 16 >32 >16 <006 <8 <4 16>238 <4 4 <

7 blacyxalaac(6’)lb I 1658 16 >32 >16 <0.06 <8 <4 <8<238 <4 <025 >4

s Genotype PT AMC CAZ CTX FEP CIP AK CN C SXT MIN FOS COL

1 blacyry.2 | >16/8 16 8 <2 <006 <8 <4s8s238 <4 05 <1

7 blayry.2 Il >16/8 8 4 <2 <006 <8 <4 <8 <238 <4 <025 s1

3 blagrxars W <84 2 4 <2 <0068 <4<8<23B <4 <025 <1

5 Dlacryans IV <84 2 8 8 012 =8 s4<8 <238 =4 <025 <1

6 blagrxars V <84 <2 8 4 012 <8 <4<8 <238 <4 05 <1

2 Blocrcas VI <84 8 >32 16 <006 <8 <4 <8 <238 <4 <025 <1

2 blacrxans VI >16/8 2 4 4 <006 <8 <4<8 <238 <4 <025 >4

2 blagyey.2 VI >16/8 16 8 <2 <006 <8 <4<8 <238 <4 <025 <1

5 Blacrxass VIl <84 2 4 8 012 <8 <416 <238 <4 <025 <t

8 Dlacryanss/foSA3 X <84 8 32 4 <0068 <416 <238 <4 128 i

8 blagysy.2 X >16)8 16 8 <2 <006 <8 <4<8 <238 <4 05 <1

2 blacyyas/qnrB19 X <84 <2 4 <2 012 <8 8 <8 <238 >8 <025 <1

4 Dlacrxases/foSA3 XI <84 4 32 4 >2 <8 <4>16>238 8 256 <1

ODC_Ecit 7 blagrxars NT <8/4 <2 4 s2 025 <8 <4s8 <238 <4 <025 i

FIG 1 Pulsed-field gel electrophoresis (PFGE) profile of 28 1-day-old chicks (ODC). “Genotype” refers to resistance genes detected by PCR. Eclo, E. cloacae;
Kpn, K. pneumoniae; Ec, E. coli; S, shipment; PT, pulsotype; AMC, amoxicillin-clavulanic acid; CAZ, ceftazidime; CTX, cefotaxime; FEP, cefepime; CIP,
ciprofloxacin; AK, amikacin; CN, gentamicin; C, chloramphenicol; SXT, trimethoprim-sulfamethoxazole; MIN, minocycline; FOS, fosfomycin; COL, colistin.

aac(6')lb was detected in one additional isolate (Fig. 1). Two E. coli isolates harbored
blacry.m.ss plus fosA3, one E. cloacae isolate carried blacry s plus fosA, and bldcry .,
and fosA2 were identified in one E. cloacae strain (Fig. 1).

It is noteworthy that the colistin-resistance gene mcr-9.1 was identified in four of
the seven colistin-resistant isolates (MIC > 4 ng/mL) and in two isolates displaying coli-
stin MICs of =1 ug/mL (Fig. 1).

PFGE results. PFGE analysis of 11 E. cloacae isolates revealed 5 different pulsotypes
(PTs). Two of the five pulsotypes (PT-I and PT-V) presented resistance genes to the
three high-priority critical antibiotics studied. Interestingly, PT-V was detected in iso-
lates recovered from two different shipments and had a wide variety of resistance
genes, including the mcr-9.7 and rmtG genes.

Of the 14 E. coli isolates, 13 were typed by PFGE and one was nontypeable. Twelve
pulsotypes were identified; two isolates belonged to PT-VI, and although both were
recovered from the same shipment, they carried different extended-spectrum B-lacta-
mase (ESBL) genes (blacry..s Versus blacyw.) (Fig. 1). On the other hand, two E. coli
isolates carrying blacry.m.ss and fosA3 belonged to different pulsotypes (i.e., PT-IX and
PT-XII) (Fig. 1).

Regarding the three K. pneumoniae isolates, 2 pulsotypes were detected. Pulse type
Il comprised two strains, recovered from different shipments (3 and 7), which carried
blacry.m.» ESBL genes (Fig. 1).

Whole-genome sequencing (WGS) analysis. E. cloacae isolates ODC_Eclo3 and
ODC_Eclo10, showing resistance to colistin, oxyiminocephalosporins, and aminoglyco-
sides, K. pneumoniae isolate ODC_Kpn3, showing resistance to colistin and oxyiminocepha-
losporins, and E. coli isolate ODC_Ec7, displaying resistance to oxyiminocephalosporins
and fosfomycin, were sequenced. Isolates ODC_Eclo3 and ODC_Eclo10 belonged to
sequence type 145 (ST145) and ST32, respectively, and shared the occurrence of four
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Strains ODC_Eclo3 ODC_Ec7 ODC_Eclo10 ODC_Kpn3

Identification  E. cloacae E. coli E. cloacae K. pneumoniae

ST 145 224 32 37
ColE1 like
IncHI2/HI2A
IncN2
IncQ1
IncFIB
IncFll
IncN
IncX1
aac(6')lb
aadA1
aadA2
aac(3)-lla
aph(3")Ib
aac(3)-Via
aph(6)ld
mc

bla gy-11

bla rew1, I

bla OXA-2
biarcreo [
bla pct.s2
bla crx.m2
bla crxmss
fosA2
fosA3
mcr-9
sult
Sul3
dfrA12
qnrB19
tetA
cmlA1

FIG 2 Distribution of plasmid replicons and resistance genes among the four sequenced strains.
Black cells indicate presence and white cells indicate absence.

plasmids of incompatibility groups IncQ1, IncHI2/2A, IncN2, and ColE1-like (Fig. 2). These
isolates harbored 12 antibiotic resistance genes conferring resistance to beta-lactams, fluo-
roquinolones, colistin, aminoglycosides, fosfomycin, and folate pathway inhibitors (Fig. 2).
Among such genes, mcr-9.1, rmtG, and blacry.., Stand out on account of their relevance.
Additionally, both isolates carried fosA2 and bla,.o, and bla,.s,-type AmpC genes.

On the other hand, K. pneumoniae ODC_Kpn3 belonged to ST37 and carried three
plasmids of incompatibility groups IncFIB, IncN, and ColE1-like. This isolate harbored
genes conferring resistance to four different antibiotic families: aminoglycosides [aac(6')
1b, aph(3")Ib, and aph(6)Id], beta-lactams (bldcrymor bldoxao and blagy,.,;), sulfonamides
(sulT), and fosfomycin (fosA2) (Fig. 2). ODC_Kpn3 showed a MIC for colistin of greater
than 4 ng/mL. Although we did not find resistance genes transferable to colistin, ODC-
Kpn3 had three mutations in regulatory genes: two in pmrB (R256G and T246A) and one
in ccrB (C68S). No mutations were observed in pmrA, mgrB, phoP, or phoQ.

Regarding the E. coli ODC_Ec7 strain, multilocus sequence typing (MLST) analysis
showed that it belonged to the international ST224. Its resistance profile (beta-lactams,
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including oxyiminocephalosporins, fosfomycin, trimethoprim-sulfamethoxazole, chlor-
amphenicol, and ciprofloxacin) was associated with the presence of bldcry.m.ss
blagy. 1, fosA3, the tandem dfr12/sul3, cmlIA1, and mutations in gyrA (D87N and S83L),
parC (S801), and parE (S458A). Additionally, strain ODC_Ec7 carried the tetA and aadA1/
aadA2 genes, responsible for resistance to tetracycline and streptomycin, respectively
(Fig. 2). Furthermore, this strain belonged to serotype O114:H23, and based on its
virulence profile, it corresponded to the extraintestinal pathogenic E. coli pathotype. In
silico analysis indicated the presence of the following virulence genes: papC, afaD, hra,
iha, and IpfA (coding for adhesins); iucC, iutA, and sitA (coding for siderophores and
iron transporters); iss and traT (related to the survival to the bactericidal power of se-
rum); the gene coding for EAST-1 toxin; and the genes celB, cia, cma, and cvaC (coding
for colicins and microcins).

Taking into account the peculiar coexistence of resistance genes present in some
isolates (i.e, rmtG, mcr-9 and blacy..), We selected isolate ODC_Eclo3 for hybrid
sequencing and analysis. In this regard, hybrid sequencing yielded the complete nucle-
otide sequences of the chromosome and the plasmids present in the aforementioned
isolate.

Overall, the genome of isolate ODC_Eclo3 consisted of an ~4.8-Mb chromosome
(GC content, 54.9%) and four plasmids, namely, pIincHI2/2A (408.4 kb; GC content,
50.28%), pIncN2 (59.3 kb; GC content, 52.82%), pIncQ (7.4 kb; GC content, 63.82%), and
pColE1-like (11.5 kb; GC content, 63.82%).

Ten of the 12 resistance genes present in ODC_Eclo3 were distributed among three
plasmids belonging to incompatibility groups IncQ, IncHI2/2A, and IncN2.

IncQ plasmid. The plasmid belonging to incompatibility group Q (pUR-EC3.1) fea-
tured a region spanning 6,137 bp with 99% identity to plasmid pRSF1010 (GenBank
accession no. HE654726); this region was composed of 7 open reading frames (ORFs)
coding for replication-related proteins RepA and RepC, the mobility proteins MobABC,
two hypothetical proteins, and 394 bp belonging to the gene sulll (Fig. 3). Furthermore,
genes repC, mobA, and mobC feature three chi sequences (5'-GCTGGTGG-3’) which act
as targets for the recBCD products that mediate single-strand recombination events (8).

The sulll gene was interrupted by a 1,283-bp region comprising the genes rmtG and
rsmi-like (Fig. 3). Both genes code for S-adenosylmethionine-dependent methyltrans-
ferases (S-AdoMet MTases); however, the former stands out on account of conferring
resistance to a wide range of aminoglycosides. Interestingly, this 1,283-bp region was
identical to that found in plasmid pEc13 (GenBank accession no. MH325469), detected
in a Brazilian Enterobacter hormaechei isolate obtained from a urinary tract infection
(Ut (9).

IncHI2/2A plasmid. As previously mentioned, the plasmid belonging to incompati-
bility group IncHI2/2A, designated pUR-EC3.2, had a size of 408,436 bp, and the GC con-
tent was 50.28%. BLASTn analysis of pUR-EC3.2 showed that the closest matches corre-
sponded to a series of “superplasmids” conferring carbapenem resistance, recently
reported in Australia (10) (Fig. 4); interestingly, while the former were all typed as ST1,
plasmid pUR-EC3.2 was assigned to the newly designated ST16 (11).

In order to characterize this new plasmid, we followed the scheme proposed by
Garcia-Fernandez and Carattoli, based on the detection of 11 backbone amplicons and
on the nucleotide sequence of repA (58). In this regard, pUR-EC3.2 replicon was 100%
identical to HIA-R478 (its counterpart in plasmid pR478), consisting of the two iteron-
based replication determinants RepHIA and RepHI2; however, when applying the
aforementioned in silico scheme, we detected several interesting differences. While we
found the five amplicons common to IncHI2 plasmids, pR478-related amplicons tnsD
and smrD were missing; conversely, O1R_160, related to HI2-APEC-O1-R-type plasmids,
was present in pUR-EC3.2. Based on these findings, we hypothesize that pUR-EC3.2
ST16 could be a new subtype of the IncHI2/2A plasmid pR478. In this context, blacry..»
would constitute part of such a “hybrid” structure, since this ESBL gene is mainly asso-
ciated with HI2-APEC-O1-R-type plasmids (10, 12, 13). So, to the best of our knowledge,
this is the first description of a CTX-M-2-R478-derived plasmid.
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A tgt rmtG rsml-like |SVsa3
Partial sequence pEC13 / //
MH325469 \
IRR ISVsa3

/ obC mobA mobB
PUR-EC3.1 repA repC Asulll mtG rs
7400 bp -
MZ382870

A 1S91 like

IRR Tn5393A IS91 like

repA repC sulll strA
pSRC15
8688 bp

GQ379901
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urfE urfF

)
‘ fbc mobA mobB

urfE urfF

T

B
Tgt/rmtG pEC13 GCGATTGGCGACGGCGCACAACCTGCGCTTCTACGGGCGGC TGATGGAGTA TCTGCGCGATG

I 11 LU b LEEEge et e b ettt
Sulll/rmtGpUR-EC3.1  GCCAAACTCGTCGTT ATGCATTCGGTGC-ACGGCGGGCGECTGATGGAGT A TCTGCGCGATG

LUCEEELERE DR LEge ettt |

I | |
Sulll pSCR15 GCCAAACTCGTCGTT AT TTCGGTGC -AAGACGGGCAG[ CAGAT CGGC GCGAGGCACCCG

C
ISVsa3 pEC13 ACAGACCCAGGAGCAGCTC -AGCCGGTGGCGCCCGECTTTCGGGTAACGCCCTG

LEPTTIEEECETTReee e Feeeererer |

IRRISVsa3 pUR-EC3.1 ACAGACCC/I\Cli?AGC CTC -AGCCGGTGGCTCTGGTAACGACCAGTA TCCCGAT

LEEE L DT e e e r
IRRTNS393/AIS91 pSCR1S  GATAGAGAAGGGT T]GCTCGGGTCGGTGGCTCTGGTAACGACCAGTA TCCCGAT

FIG 3 Schematic map of pUR-EC3.1 and comparison with pSRC15 and the rmtG-bearing region present in plasmid pEC13 (partial sequence). (A) Regions of
nucleotide identity between pUR-EC3.1 and pSRC15 are shown in gray, whereas regions of nucleotide identity between pUR-EC3.1 and pEC13 are depicted
in crimson. In blue are the genes putatively lost during recombination events. Black arrows indicate the location of Chi sequences, located in repC, mobA,
and mobC genes and oriented in their respective direction of transcription. (B) Alignment of the 5’ terminus of the rmtG-coding region present in pUR-
EC3.1 (Asulll-rmtG) with the corresponding sulll region in pSRC15 and the tgt-rmtG region present in pEC13. (C) Alignment of the 3’ terminus of the rmtG-
coding region found in pUR-EC3.1 (IRR ISVsa3::AIS97) with the region corresponding to IRR Tn5393::A1S97-sulll present in pSRC15 and with ISVsa3 in pEC13.

The boxed sequences correspond to zones of high nucleotide identity between the three analyzed plasmids.

Regarding resistance genes, pUR-EC3.2 harbored several operons conferring resist-
ance to heavy metals (mercury) and metalloids (arsenic and tellurium), as well as genes
conferring resistance to oxyiminocephalosporins, aminoglycosides, sulfonamides, and
polymyxins. In this context, resistance genes to the first 3 antibiotic families were
encoded in a complex class 1 integron carrying aadA1, aac(3')-Via, as part of its vari-
able region gacEAT, sull as part of 3'CR, blacry.m., linked to an ISCRT, and a second
copy of the 3'CR formed by a orf3/qacEA1 fusion and sull. This integron has already
been described fir plasmid pESBL3227-Incl (13), flanked by TnAs3 and IS97; neverthe-
less, in pUR-EC3.2 it was embedded in a novel Tn1696-like composite transposon des-
ignated Tn7337 (Fig. 5).

Tn7337 maintains the genes tnpA, tnpR, the IRR (inverted repeat right) and IRL
(inverted repeat left) inverted repeats (the former interrupted by 1S4321R), the first 30
nucleotides of 1S6700 IRL, and a truncated copy of the mercury resistance operon
merRTPCADE (Tn7337 is missing the 3’ region of merE). Unlike Tn1696, reported by
Partridge et al. (14), Tn7337 features a copy of 1S26 instead of the 1,733-bp region
including 1S6700, urf2, and 101 bp corresponding to the 3’ region of merE (Fig. 5).

Furthermore, the insertion of 1S26 resulted in the deletion of the 3" terminus of the
merE gene; further studies would be required in order to determine whether the inser-
tion of 1S26 has hampered the function of the mer operon.

On the other hand, putative plasmid resistance to polymyxins was accounted for by
the occurrence of phosphoethanolamine transferase gene mcr-9.1. This gene was
flanked upstream by an 1S903-like transposase and downstream by the cupin fold metal-
loprotease gene, wbuC, followed by 1S26; a similar context has been described for various
IncHI2/2 plasmids in E. cloacae (GenBank accession no. CP020529.1), E. hormaechei
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FIG 4 Linear alignment of plasmid pUR-EC3.2 with a group of recently described mcr-9.1-bearing plasmids (accession numbers are in
parentheses). Regions of maximum nucleotide identity are indicated in deep blue, and regions of minimum identity are depicted in
red. Inverted regions between different plasmids are shown in gray. Genes conferring resistance to critically important antibiotics
in pUR-EC3.2, blac;y ., and mcr-9.1, are shown in cyan and red, respectively; likewise, mcr-9 alleles in the other plasmids are depicted
in the same color. Carbapenem resistance gene bla,._, is shown in bright green.

(GenBank accession no. CP031575.1), and Cronobacter sakazakii (GenBank accession no.
CP028975.1), among others (10, 15). Nevertheless, compared to such plasmids, the orien-
tation of 1S26 in pUR-EC3.2 was reversed (i.e., located in the same strand as wbuC, mcr-
9.1, and 1S903-like). Although the genetic context of mcr-9.7 in pUR-EC3.2 also included
an ~30-kb conserved upstream region (containing the rcnR/rcnS nickel-cobalt efflux
transporters, sensory proteins, and the arsenic resistance operon), the gseB/gseC two-
component system that takes part in the expression of mcr-9.1 was missing. In silico
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promoter prediction analyses indicated the occurrence of putative promoter regions
close to a gene; further studies are required in order to assess the expression of mcr-9.1.
In this regard, plasmid transfer assays have proven unsuccessful so far. The occurrence of
blacry, and mcr-9.1 has already been documented, albeit separately, in IncHI2/2A plas-
mids; to the best of our knowledge, this constitutes the first report of cocarriage of these
two resistance genes in such a plasmid.

IncN2 plasmid. The third resistance plasmid was pUR-EC3.3, a plasmid belonging
to the IncN2 incompatibility group; this plasmid spanned 59.3 kb and had a GC content
of 52.82%. IncN plasmids are genetic platforms which play an important part in dissem-
inating resistance genes among Enterobacterales; these plasmids can be subdivided
into three groups (i.e., IncN1, IncN2, and IncN3), and although they share similar back-
bones, the nucleotide sequence homology is limited (16). Only a few IncN2 plasmid
sequences are available in the GenBank database; alignment of pUR-EC3.3 with such
plasmids shows several conserved regions corresponding to backbone genes, inter-
spersed by the different insertion sequences and resistance genes (Fig. 6). In this
regard, pUR-EC3.3 featured two antibiotic resistance “blocks,” conferring resistance to
quinolones, aminoglycosides, sulfonamides, and quaternary ammonium compounds.
The first block spans approximately 10 kb and consists of ISEcT1, gnrB19, aacC3, a tuni-
camycin resistance protein, two uncharacterized ORFs, ISKpn12, an IS7133-like transpo-
sase, aph(3”")-Ib, and aph(6)-Id truncated by the insertion of an incomplete ISKox11.
Nucleotide similarity searches yielded only partial matches, one consisting of the
region comprehended between aacC3 and AISKo11, another corresponding only to
gnrB19, and a third region consisting of ISEc771. This suggests at least two insertion
events, the first consisting of the recruitment of the aacC3-AlSKo11 segment from ei-
ther Salmonella enterica strain AR_0127 plasmid unnamed1 (GenBank accession no.
CP021952.1) or the chromosome of E. coli (the closest BLASTn matches). The other
insertion event would correspond to the recruitment of gnrB19 by ISEc11. The frequent
occurrence of gnrB19 in ColE-like plasmids makes them a likely source for this event.
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On the other hand, the second resistance block consisted of a class 1 integron carrying
the following gene cassettes: aacA4, an uncharacterized orf, an aac(6')-30/aac(6’)-Ib
fusion, gacEAT1, and sull.

The available IncN2 plasmids in GenBank are mostly associated with carbapene-
mase genes, mainly bla,,, variants, blayyy and blay,,; other beta-lactamases detected
in these plasmids include blagy, and blas,,, derivatives. The presence of gnrB19 genes
has been mostly associated with small ColE-like plasmids; so far, only two IncN2 plas-
mids have been reported carrying this gene, namely, pBD-50-Eh_VIM-1 (GenBank
accession no. CP063227) and pUR-EC3.3, detected in our study. Although both plas-
mids were detected in E. cloacae isolates, pBD-50-Eh_VIM-1 was recovered from a clini-
cal isolate in Germany (16), whereas pUR-EC3.3 was recovered from 1-day-chicken
feces in Uruguay.

DISCUSSION

In the year 2010, approximately 63,200 tons of antibiotics was consumed by live-
stock industry animals globally (3). Predictions indicate that by 2030, antibiotic con-
sumption will reach 105,600 tons, due to the increase in animal production needed to
meet the demands of population growth (17). China, the United States, and Brazil are
currently the largest consumers of antibiotics in livestock (https://cddep.org/tool/
country-level-trends-in-antibiotic-use-2000-2015/).

In Uruguay, several measures have been implemented to reduce the use of antibi-
otics in animal production. In this regard, in 2011, presidential decree 98/011 (https://
www.impo.com.uy/bases/decretos/98-2011) banned the employment of antibiotics as
a growth factor for cattle and sheep. Later in 2019, decree 141/019 (https://www.impo
.com.uy/bases/decretos/141-2019) prohibited the import, export, manufacture, sale,
use, possession, and marketing of veterinary products containing colistin in its formula.
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However, countries that import live production animals risk the entry of multidrug-
resistant (MDR) microorganisms included in their microbiota, thus circumventing
health policies aimed at reducing the selection of such MDR microorganisms (18).

In this setting, Brazil is one of the main producers and exporters of chicken meat world-
wide (https://www.wattagnet.com/articles/38644-brazilian-breeders-brand-launched-during
-siavs-2019), and the occurrence of resistant microorganisms has been reported for retail
chicken meat on several occasions (17-19). In parallel, on account of being considered free
from avian influenza and Newcastle disease, Brazil is also one of the main suppliers of 1-day-
old chicks worldwide and Uruguay’s main supplier (https://www.wattagnet.com/articles/
38644-brazilian-breeders-brand-launched-during-siavs-2019).

Among the main transferable mechanisms of resistance to critically important anti-
microbials are extended-spectrum B-lactamases (ESBLs) and plasmid-mediated class C
B-lactamases (pAmpC) for oxyiminocephalosporins (20), Qnr variants not capable of
acetylating fluoroquinolones (i.e, A, B, C, D, E, S, and VC) and AAC(6')-lb-cr capable of
acetylating ciprofloxacin and norfloxacin among fluoroquinolones (21), and MCR var-
iants (1 to 10) for colistin resistance and 16S rRNA methylases for aminoglycoside re-
sistance (21, 22).

The occurrence of enterobacteria carrying blacry ., Or blacryms and blacyy., has
been previously described for the United Kingdom and Denmark, for chicken meat
imported from Brazil (23). Likewise, the presence of blacry.., Or blacyy., has been docu-
mented for nontyphoidal Salmonella serovars isolated from poultry, whereas blacry -,
blacyy.», and blacry .15 have been detected in E. coli isolates recovered from chicken
carcasses produced by four Brazilian poultry producers (24, 25). However, this is the
first report in Uruguay of antibiotic resistance genes present in 1-day-old chickens
imported from Brazil.

Recently, we reported in our country the presence of antibiotic-resistant E. coli iso-
lates obtained from livestock, including broiler and layer flocks. Our results showed
that 90% of the E. coli isolates obtained from poultry displayed resistance to fluoroqui-
nolones, whereas 15% of such isolates displayed resistance to oxyiminocephalosporins
(5). The resistance mechanisms detected in those isolates were gnrB19 and gnrE1 for
fluoroquinolones and blacry w2 blacrymss 01Acwy.2r BlActyp.ss, and bldgyy, », for oxyimino-
cephalosporins. Interestingly, the same resistance genes (except blag,,.,,) were also
detected in this study. Considering that 1-day-old chickens are transported to broiler
farms and subsequently to production flocks housing thousands of birds, the hypothe-
sis that the resistant microorganisms detected in adult birds were introduced as part of
the microbiota of 1-day-old chickens is perfectly plausible. However, new prospective
studies capable of demonstrating this are needed.

Additionally, these resistance genes were among the most frequently detected in
our country in Salmonella isolates of human origin (26). Bearing in mind that
Salmonella is considered a primary pathogen to humans (albeit with a life cycle mainly
associated with birds), and the amount of resistance genes detected in the microor-
ganisms reported in this study, the findings of Cordeiro et al. could be regarded as the
tip of the iceberg in terms of transfer of resistant microorganisms from poultry to
humans.

On the other hand, we recently described the genetic platforms associated with
blacry.m.» in microorganisms of human origin (27). This ESBL is mainly encoded in IncC
plasmids, associated with a complex class 1 integron (In35) featuring in its variable
region the genes aac(6’)Ib-blayy,-orfD (28). These integrons are inserted in Tn1696-
derived complex transposons and form hybrid transposons (Tn7057 and Tn7058) fea-
turing three Tn3 family transposases (27).

Nevertheless, in this work we describe a different platform (i.e., Tn7337) encoded in
a R478-related IncHI2/2A plasmid belonging to ST16, which, to the best of our knowl-
edge, has never been reported before. Although Tn7337 derives from Tn1696, the asso-
ciated class 1 integron and the occurrence of 1S26 between the mercury resistance op-
eron and such integron constitute a new genetic arrangement.
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The concept of One Health regards human and animal health and the environment
as a whole. The occurrence of known resistance genes in novel genetic platforms high-
lights the importance of keeping in mind not only the presence of antibiotic resistance
genes but also the entire genetic platform mobilizing such genes, in order to establish
possible links between resistance genes present in humans, in animals, and in the envi-
ronment. In view of these findings, more effort should be dedicated to studying plas-
mids and genetic platforms associated with blacy..., especially in those cases where
this ESBL gene is not present in IncC plasmids (29-31).

On the other hand, we also detected the occurrence of resistance genes so far
unknown in our country, such as the 16S rRNA methylase gene rmtG (which confers
high resistance to almost all aminoglycosides) and the phosphoethanolamine transfer-
ase gene mcr-9.1 (responsible for polymyxin resistance).

The various features of pUR-EC3.2, which harbored blacry. ., and mcr-9.1, have been
presented in previous sections within this report. So far, the occurrence of mcr-9 alleles
had been reported in our neighboring countries, Argentina (in human isolates) (32)
and Brazil (isolates of human and animal origin) (33). In relation with polymyxin resist-
ance, only mcr-1 had been reported so far in Uruguay, in isolates of human and animal
origin (swine and poultry) (5, 34); nevertheless, the arrival of other plasmid-mediated
genes conferring resistance to these antibiotics should raise the alarm in both human
and veterinary medicine.

Among the different and alarming findings, we should also point out the presence
of rmtG, carried on a small IncQ1 plasmid. So far, in Uruguay only rmtC had been
reported in Acinetobacter baumannii (35); nevertheless, rmtG had already been
reported in Brazil and Chile (36). Although this IncQ1 plasmid lacks the necessary
genes for self-transfer, their coexistence (in a bacterial cell) with conjugative plasmids,
such as IncHI2A and/or IncN2, may facilitate the horizontal transfer of resistance genes
in the former. Considering that this plasmid presented chi sequences, and according to
what was previously reported by Zaman and Boles, this homologous recombination
event might have been mediated by RecBCD enzymes and oriented by the Chi sequen-
ces present either in repC or mobC following a model similar to the one proposed by
Yau et al. (Fig. 3) (37, 38).

Finally, we would also like to highlight the detection of E. coli ST224 in one of the
studied 1-day-old chicken shipments. According to the virulence genes present in this
isolate, E. coli ODC_Ec7 should be considered extraintestinal pathogenic Escherichia
coli (ExPEC) and highly capable of zoonotic expansion, keeping in mind the definition
proposed by Johnson et al. (39).

Oxyiminocephalosporin-resistant E. coli ST224 has already been detected in birds
and pets and even in up to 10% of the ESBL-producing E. coli isolates obtained from
community-acquired urinary tract infections (CA-UTIs) (40-42).

On the one hand, strain ODC_Ec7 harbors virulence genes that can promote the coloni-
zation of the human urinary tract and genes conferring resistance to first-line antibiotics
such as beta-lactams (bladymss), fosfomycin (fosA3), trimethoprim-sulfamethoxazole
(dfr12/sul3), and quinolones (gyrA [D87N and S83L], parC [S80I], and parE [S458A]). On the
other hand, strain ODC_Ec7 also carries several genes coding for colicins and microcins,
thus allowing this strain to compete against gut-colonizing intestinal microorganisms.

Additionally, as an animal pathogen, strain ODC_Ec7 carries genes conferring resist-
ance to antibiotics common in veterinary medicine, namely, tetracycline (tetA) and
streptomycin (aadA1/aadA2).

With such an impressive array of genes, there is a high probability of E. coli ST224
becoming an important pathogen in the context of One Health.

Summing up, out of a small sample obtained from a shipment of 1-day-old chick-
ens, we detected the arrival in our country of microorganisms carrying multiple mecha-
nisms of resistance to critically important antibiotics in human medicine. Some of these
resistance genes were encoded in relatively uncommon plasmids and/or carried by pri-
mary human and animal pathogens. The surveillance of MDR microorganisms in
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animals destined for human consumption should be implemented at the beginning of
the food production chain and in later steps, in order to assess the penetration of such
microorganisms in the production chain.

A permanent and sustained entry of MDR microorganisms into our country could
counteract the measures implemented by our government and producers, aimed at
reducing the amount of antibiotic consumption and, in turn, lowering the incidence of
antimicrobial resistance; in this setting, imported animals carrying such microorgan-
isms in their digestive tracts act as modern equivalents of the Trojan horse.

MATERIALS AND METHODS

Sampling, identification, and antibiotic susceptibility testing. From January 2018 and May 2019,
eight shipments containing 1-day-old chicks imported to Uruguay from Brazil were randomly sampled
by swabbing fecal matter from the bottoms of packing boxes.

Samples were cultured in Luria-Bertani broth (Oxoid Ltd., Basingstoke, UK) for 24 h at 37°C. Next,
10 uL of broth was subcultured on MacConkey agar plates (Oxoid Ltd.) supplemented with 3 ug/mL col-
istin (Sigma-Aldrich, St. Louis, MO), 1 ug/mL ceftriaxone (Libra, Montevideo, Uruguay), or 0.125 pg/mL
ciprofloxacin (ION, Montevideo, Uruguay). Up to 5 colonies of different morphologies were studied from
each plate.

Bacterial identification was performed by matrix-assisted laser desorption ionization-time of flight
(MALDI-TOF) mass spectrometry (Bruker, MA). Antibiotic susceptibility was determined by the Sensititre
system using ARGNF plates (Thermo Fisher Scientific, MA) as per the manufacturer’s recommendations.
Susceptibility to fosfomycin and colistin was determined by agar dilution methods and colistin agar test,
respectively. The colistin agar test was performed according to the Clinical and Laboratory Standards
Institute (CLSI). A 0.5 McFarland suspension of the strain to be studied was prepared. Subsequently,
10 uL of a 1/10 dilution of this suspension was plated in Mueller-Hinton agar (MHA) medium supple-
mented with colistin (0, 1, 2, and 4 ug/mL) and incubated for 20 h at 35°C (43).

All results were interpreted according to the CLSI (43), except for susceptibility to fosfomycin, which
was interpreted according to the European Committee on Antimicrobial Susceptibility Testing (EUCAST)
(http://www.eucast.org). Results of intermediate susceptibility were considered resistant.

ARG detection. Antimicrobial resistance genes (ARG) were screened by PCR using primers to amplify
ESBL (blacry y blarey, blag,,,, and blayg, ,-type), pAmpC B-lactamase (blacyy, blap,s blayey blascc, blagg,
and bla,,), and aminoglycoside [aac(6)Ib, armA, rmtA-H, and npmA], quinolone [aac(67)Ib-cr, gnrA, -B, -C,
-D, -E, -S, and -VC, and gepA], and fosfomycin (fosA, fosA3) resistance genes (5, 34). Plasmid-mediated col-
istin resistance genes (mcr-1, mcr-2, mcr-3, mcr-4, and mcr-5) were detected by real-time PCR or conven-
tional PCR (44-46).

PFGE. Clonality was assessed by pulsed-field gel electrophoresis (PFGE) following digestion with the
restriction enzyme Xbal (Thermo Scientific, Waltham, MA). Band patterns were analyzed with
BioNumerics v6.6 (Applied Maths, Sint-Martens-Latem, Belgium) with 2% tolerance and 0% optimization.
Strains were considered related with 85% similarity (29).

Short- and long-read genome sequencing. Genomic DNA was obtained with the NZY microbial
genomic DNA (gDNA) isolation kit, following the manufacturer’s instructions (NZYTech Genes &
Enzymes, Lisbon, Portugal). DNA quality and quantity were assessed with a NanoDrop 1000 spectropho-
tometer (Thermo Fisher Scientific, Wilmington, DE). Four isolates were selected for WGS based on their
resistance profiles and their pulsed-field gel electrophoresis profiles. Next-generation sequencing was
performed by using lllumina MiSeq-l with Nextera XT libraries. Reads were assembled with SPADES
v.3.11 using k-mers 21, 33, 55, 77, 99, and 127 with the “careful” option turned on and the following cut-
offs for final assemblies: minimum contig/scaffold size = 500 bp and minimum contig/scaffold average
nucleotide coverage = 10-fold. In parallel, selected isolates were also sequenced using an Oxford
Nanopore Technologies device. In brief, DNA libraries were prepared with a rapid sequencing kit (SQK-
RADO004) following the manufacturer’s instructions. Libraries were loaded onto R9.4.1 flow cells (FLO-
MIN106) and sequenced for 8 h on a MinlON device (Oxford Nanopore Technologies, Oxford, UK). Base-
calling was performed using Guppy with a high-accuracy model, integrated into the MinKNOW software
v4.1.22. The quality of generated data was assessed with NanoPlot v1.33.1 (47), and Filtlong v0.2.0
(https://github.com/rrwick/Filtlong) was applied to remove reads shorter than 2,000 bp and reads with a
mean quality score of <93. De novo genome assembly was achieved using Flye assembler v2.8.2 (48)
with four polishing iterations and using the plasmid option to recover any short unassembled plasmid.
On the other hand, genomic sequences of isolates harboring both rmtG and mcr-9 genes were
assembled de novo, using a hybrid approach, with Unicycler v0.4.8 (49).

In this regard, since mcr-9 has been previously described for colistin-susceptible isolates (32), we spe-
cifically designed primers aimed at detecting this gene in all the studied isolates (mcr9-FW, 5'-TTTGAT
TGCAGGTGTTGCCG-3’, and mcr9-RV, 5'-AGATATAGCCCGCTTTCGCC-3).

In silico analysis. Prediction of antibiotic resistance genes was performed using both the
Comprehensive Antibiotic Resistance Database (select criteria, perfect and strict; sequence quality, high
quality/coverage) (https://card.mcmaster.ca/) and the ResFinder 4.1 suite (50). Detection of plasmid
incompatibility groups was achieved using the PlasmidFinder 2.1 suite (threshold for minimum identity,
95%; minimum coverage, 60%) (51), whereas sequence types were predicted by MLST 2.0 (52). Plasmids
were annotated using the RAST 2.0 suite (Rapid Annotation using Subsystem Technology) (53) and
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manually curated with Artemis software (54). Plasmid comparison was performed using the Python
application Easyfig 2.2.2; in this regard, BLASTn files were generated with a maximum E value of 10—3
(55). Prediction of promoter regions was carried out using the online analysis tool BacPP (56).

Data availability. The nucleotide sequences of plasmids pUR-EC3.1, pUR-EC3.2 and pUR-EC3.3, and
their corresponding annotations, were deposited in GenBank under accession numbers MZ382870,
MZ382871, and MZ382872, respectively. The composite transposon present in pUR-EC3.2 was desig-
nated Tn7337 by The Transposon Registry (https://transposon.Istmed.ac.uk/) (GenBank accession num-
ber MZ396394) (57).
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