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The rapid disseminarion of colistin resistance mcr-type genes and extended-spectrum j-lacramase-encoding genes
at the human-animal-environment interface has raised concerns worldwide, In this study, we performed a
genomiic investigation of a multidrug (MDR}- and colistin-resistant Escherichia coli strain recovered from an urban
stream strongly affected by pollution and used for recreational purposes in Brazil. E. coli strain EW827 was
tesistant to clinically significant antimicrobials, including polymyxins, extended-spectium cephalosporins, and
fluoroquinolones. Whole-genome sequencing analysis revealed that EW827 strain belonged to ST1775 and
eartied the fimH137 allele, clinically relevant antimicrobial resistance genes (e.g., mor-1.1, blacx a2, and blacyy.
2), tolerance genes to merals, and biocide resistance genes. Moreover, IncX4 and IncI1-ST12 replicon types were
identified canying mer-1.1 and blagyyy o, respectively. A novel genetic environment of the mer-1.1 gene, in which
a 258-bp AIS5-like was inserted in the opposite orientation upstream of the mer-1.I-pap2 element, was also
detected. Additionally, the blacrgaz gene was harbored by a Tn2l-like element on the chromosome. The
occurrence of MDR E. coli co-harboring mer-1.1, blacrs a2, and blacyy.z in urban water represents a potential risk
to humans, aninals, and environmental safety. Therefore, epidemiological studies are required to monitoring
multidrug-resistant bacteria and their antimicrobial resistance genes in aquatic ecosystems to determine possible
routes and fates of these genes.

1. Introduction 2020). IncX4, Incl2, and IncHI2 replicon types have accounted the
majority of reported nicr-1-bearing plasmids (Nang et al., 2019).

The occurrence of multidrug-resistant (MDR) E. coli in the environ- Extended-spectrum f-lactamase (ESBL)- and plasmid-mediated

ment, including in aquatic ecosystems, has been increasingly reported,
which is closely linked ro the One Health approach for genomic sur-
veillance studies on antimicrobial resistance at the human-animal-
environment interface (McEwen and Collignon, 2018). In addition, the
rapid dissemination of colistin resistance mcr-type genes has raised
concerns worldwide since colistin is used to treat infections caused by
MDR bacteria, mainly carbapenem-resistant Enterobacterales (Liu er al.,
2016; Poirel eral., 2017). In this regard, E. coli strains are considered the
main hosts of the mcr-1 gene at the human-animal-environment inter-
face. The mer-1 gene is commonly carried by plasmids, whereas its
presence on the chromosome has been occasionally reported (Ling et al.,

AmpC {-lactamase (pAmpC)-encoding genes have been mainly idenri-
fied in bacterial strains isolared from poultry and their derivarives
causing resistance to extended-spectrum cephalosporins (ESCs) (Cas-
tellanos et al., 2019). Among these genes, blacryyr.o and blagyy s have
been proposed to be originated from Kluyvera sp. and Citrobacter freundii,
respectively, and disseminated throughout the Enterobacterales
(Humeniuk er al., 2002; Jacoby, 2009). The blacrxar2 gene has been
highlighted mainly in South America, while the blacyy, has been
described worldwide (Bevan et al., 2017; Roer et al., 2019).

In this context, the increasing dissemination of clinically relevant
antimicrobial resistance genes to the environment is a worrying public
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and environmental health problem. Therefore, we performed a genomic
investigation of a mcr-1-positive E. coli strain exhibiting an MDR profile
to clinically significant antimicrobials and co-harboring blacryas and
blacyry.o genes isolated from an urban stream in Brazil, highlighting a
real risk of human and animal exposure to antimicrobial-resistant bac-
teria and their resistance genes.

2. Material and methods
2.1. Water samples and bacterial isolation

During a surveillance study conducted in February and March 2020
to monitor the presence of colistin-resistant Gram-negative bacteria in
rivers and streams located in the stare of Sao Paulo, Brazil, warer sam-
ples (1 L) were collected by the Environmental Company of Sao Paulo
State. All samples were transported at 4 °C to the Laboratory of Envi-
ronniental Microbiology, where this study was carried out. The water
samples were filtered using sterile membrane filters with a pore size of
0.45 pm. Subsequently, the membrane filters were placed on MacCon-
key agar (Oxoid Ltd., United Kingdom) supplemented with colistin (2
mg/L) (Sigma-Aldrich, USA) and incubated for 24 h at 37 “C. Lactose-
positive colonies were selected and stocked at —80 “C using Brain
Heart Infusion broth (Oxoid Lid., United Kingdom) supplemented with
glycerol (15%). The strains were identified by sequencing of the 168
rRNA gene (Weishurg er al., 1991).

2.2, Antimicrobial susceptibility testing

Antimierobial susceptibility testing was performed by disk diffusion,
broth microdilurion, and/or Erest methods following the CLSI (CLSI;
M100, 30th, 2020) and BrCast (BrCast; v.10.0, 2020) guidelines. The
antimicrobials tested were colistin, ampicillin, ampicillin/sulbactam,
ceftriaxone, ceftazidime, cefepime, imipenem, meropeneni, azireonani,
ciprofloxacin, gentamicin, sulfamethoxazole/trimethoprim, tetracy-
cline, and chloramphenicol. Additionally, ESBL production was detected
by the double-disk synergy test (Jarlier er al., 1988). The MDR profile
was defined as resistant to at least one antimicrobial of three or more
different categories (Magiorakos et al., 2012).

2.3. Detection of antimicrobial resistance genes

Antimicrobial resistance genes were screened by conventional PCR
for mer-type (mer-1 to mcr-9) and blacry .y groups [Group 1 (e.g., blacrx
wm-1, blacryans, and blagrxais); Group 2 (e.g., blacryae); Group 8/25
(e.g., blacyyars and blacryaos): Group 9 (e.g., blacrxv.g and blacry.
14)] (Dallenne et al., 2010; Liu et al., 2016; Lescat et al., 2018; Borowiak
et al., 2020).

2.4. Whole-genome sequencing (WGS), assembly, and annotation

Total DNA was extracted using the PureLink™ Genomic DNA Mini
Kit (Thermo Fisher Scientific, USA) according to the manufacturer’s
instructions. Whole-genome sequencing was carried out using the THu-
mina HiSeq 4000 (2 x 150 bp) platform (Illumina, USA). Reads with a
Phred quality score < 20 were removed and adapters were trimmed
using BBDuk, a tool of the BBMap package (https://github.com/BioInfo
Tools/BBMap). De novo genome assembly was performed by SPAdes
v.3.9 (hups://cge.chs.diun.dk/services/SPAdes/) and the annotation was
carried out using Prokka v.1.14.5 (hreps://github.com/tseema
nn/prokka).

2.5. Genome analysis and phylogeny
The sequence type (ST), fimH-type, clonotype, and serotype were

detrermined using MLST v.2.0, FimTyper v.1.0, CHTyper v.1.0, and
SerotypeFinder v.2.0, respectively. Resistome and virulome were
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analyzed using ResFinder v.4.1 and VirulenceFinder v.2.0, respectively.
Mobile genetic elements and their relation to resistome and virulome
were identified by MobileElementFinder v.1.0.3. These tools are avail-
able at Center for Genomic Epidemiology (CGE) (http://www.genom
icepidemiology.org/).

Phylogenetic group was determined using ClermonTyping (htip://c
lermontyping.iame-research.center/). In addition, a minimum span-
ning tree based on cgMLST scheme was constructed using the MSTree
v.2 algorithm in Enterobase (https://enterobase. warwick.ac.uk/
species/index/ecoli) and visualized with iTOL v.5.7 (https://itol.embl.
d&‘:"].

2.6. Plasmid assembly and analysis

Plasmid contigs were assembled by plasmidSPAdes v.3.15.0 (it
ps://github.comy/ablab/spades). BLASTn analysis was carried out and
the gaps were closed according to Cerdeira eral. (2011). Annotarion was
performed by Rapid Annotarions using Subsystems Technology server
(https://rast.nmpdr.org/rast.cgi) and was manually curated using the
Geneious v.2021.0.3 program (Biomatters Ltd., New Zealand). Analysis
of transposable elements was performed by ISfinder (littps://isfinder.bi
otoul.fr/). Mulriple plasmid alignment was performed using the Easyfig
program (hrrps://mjsull.github.io/Easyfig/files.html). Plasmid replicon
types and multilocus sequence typing were determined using Plasmid-
Finder v.2.1 and pMLST v.2.0, respectively, available at CGE.

2.7. Conjugation assays

Conjugarion assays were carried our using azide-resistant E. coli
C600 as recipient strain (Furlan et al., 2020). Transconjugants were
selected using MacConkey agar (Oxoid Ltd., United Kingdom) supple-
mented with sodium azide (200 mg/L) and colistin (2 mg/L), or sodium
azide (200 mg/L) and ceftriaxone (2 mg/L), and confirmed by conven-
tional PCR for detecrion of mcr-type and [}-lactamase-encoding genes,
with further MIC evaluartion.

3. Results
3.1. Mcr-1- and ESBL-producing E. coli

In this study, 45 strains were recovered from rivers and streams in
Brazil. Among the isolates, 40 were classified as MDR, of which one
E. coli strain, named EW827, showed resistance to colistin and ESCs and
was selected for genomic investigation. The EW827 strain was recovered
from Tanquinho Stream (21°08'34.47S 47°48'09.5"W) in the city of
Ribeirao Preto. The EW827 strain exhibited a MDR profile, including
resistance to ampicillin (MIC > 256 mg/L), ampicillin/sulbactam (> 32/
16 mg/L), cefrazidime (16 mg/L), ceftriaxone (64 mg/L), cefepime (32
mg/L), aztreonam (32 mg/L), gentamicin (> 16 mg/L), ciprofloxacin
(16 mg/L), tetracycline (> 64 mg/L), trimethoprim/sulfamethoxazole
(> 4/76 mg/L), chloramphenicol (32 mg/L), and colistin (4 mg/L), but
it was susceptible to imipenem (1 mg/L) and meropenem (1 mg/L). In
addirion, the EW827 strain was positive for the double-disk synergy rest,
suggesting production of ESBL. Subsequently, blagry.y.2 and mer-1 genes
were detected by conventional PCR.

3.2. Molecular typing and phylogenetic analysis

WGS revealed that E. coli strain EW827 (GenBank accession no.
JAGIYMO00000000) belonged to ST1775/CC350, phylogroup E, and
serotype ONT:H4. This strain carried the fimH137 allele and was
assigned to the clonotype CH31-137. Genomic relatedness analysis
based on cgMLST revealed thar EW827 was closely related to four other
publicly available assembled genomes of E. coli E-ST1775-H137 isolated
from humans and animals. Furthermore, E. coli E-ST1775-H137 from
Kenya, Brazil and the United States differed from SCP19-26 from
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Netherlands by 141 to 201-loci variant (Fig. 1).
3.3. Resistome

Resistome analysis detected resistance genes to colistin (mer-1.1),
p-lactams (blactyara. blacwy.z), tetracyclines (tetd), aminoglycosides
(aadA1), folate pathway antagonist (sull), phenicols (catA1), and mac-
rolides [mdf(A)], as well as mutation in the quinolone resistance-
determining region of GyrA (Ser83Leu). Comparative analysis showed
that mdf(A), sull, sul2, aph(6)-Id, aph(3")-Ih, and tetA were the most
prevalent among E. coli E-ST1775-H137 (Fig. 1). Tolerance genes to
metals, including mercury (merRTPCADE), copper (cueOR, copCD,
cutACEF), tellurium (tehAB, terC), nickel (nikABCDE), zinc (zraP), cop-
per/silver (cusSRCFBA), nickel/cobalt/iron (renABR), cobalt/magne-
sium/manganese (corA), and tellurium/selenium/chromium (ruvB)
were also identified. In addition, biocide resistance genes to hydrogen
peroxide (sitABCD, cpxA, fetAB), formaldehyde (formA), quaternary
ammonium compounds (sugk, mdtABCEFGHKNOP, emrABEKRY), and
organic solvents (marRAB) were also detecred in the EW827 srrain.

3.4. Virulence determinants

Virulome analysis showed several virulence determinants, including
iutA (ferric aerobactin receptor), iucC (aerobactin synthetase), iroN
(enterobactin siderophore receptor protein), hlyF (hemolysin F), hra
(heat-resistant agglutinin), cvaC (microcin C), estC (putative type 1
secretion ourer membrane protein), mchF (ABC transporter protein
MechF), gad (glutamate decarboxylase), iss (increased serum survival),
ompT [outer membrane protease (protein protease 7)1, traT (outer
membrane protein complement resistance), chuAd (outer membrane
hemin receptor), sitA (iron transport protein), and tsh (temperature-
sensitive hemagglutinin). The gad, iss, and chuA genes were shared
among all strains used in the phylogenertic analysis, whereas hlyF, ompT,
and traT were found in three strains and cvaC, mchF, and tsh only in the
EW827 strain (Fig. 1).

3.5. Plasmidome, genetic environments of mer-1.1, blacyyy-z and blacry.
-2 genes, and horizontal transfer

Inex4, Incl1-ST12, IncF [F18:A1:B1], ColRNAI, and Col(MG8&28)
replicon types were idenrified in the EW827 strain. The IncX4 plasmid,
named pEW827-MCR-1 (GenBank accession no. MW836072), and the
Inel1-ST12 plasmid, named pEWS827-CMY-2 (GenBank accession no.
MW836073), carried mcr-1.1 and blagyyy.o, respectively.

The pEW827-MCR-1 plasmid was 33,613 bp in length, containing
41.9% GC and 44 coding regions (CDSs). Curiously, this plasmid
harbored a novel genetic environment of the nmicr-1.1 gene, in which an
AlS5-like (258 bp) was inserted in the opposite orientation upstream of
the mer-1.1-pap2 element. Moreover, pEW827-MCR-1 showed a high
nucleoride identiry with other IncX4 plasmids of E. coli strains obtained
from humans, animals (penguin and pork), and the environment
(seawater and wastewater) in Brazil, Switzerland, Japan, China, and
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Taiwan (Fig. 2). On the other hand, a partial sequence of the pEW827-
CMY-2 plasmid was obtained from assembly and was 66,883 bp in
length, containing 48.4% GC and 71 CDSs. Analysis of the genetic
environment of the blacyy.o gene revelated the presence of the most
prevalent context of this gene in Incl1-ST12 plasmids (ISEcp1-blacyy.o-
blc-sugkE) (Fig. 3A).

In addition, the pEW827-MCR-1 and pEWS827-CMY-2 plasmids
harbored genes related to conjugative transfer, replication, mainte-
nance, antimicrobial resistance, and insertion elements. Conjugation
assays confirmed the rransfer of both plasmids to azide-resistant E. coli
C600, as confirmed by the mer-1- or blacyy -positive transconjugants
exhibiting resistance to colistin and cephalosporins, respecrively.

In conrtrast, genome analysis revealed that the blacry 2 gene was
harbored by a Tn21-like element (GenBank accession no. MW836074)
on the chromosome (Fig. 3B). The Tn2i-like element was 29,179 bp in
length and carried, in addition to blactyae. genes related to trans-
position, eamA (EamA transporter), tetd, tetR, aadAl, sull, insertion
sequences, EAL domain-containing protein (Urf2), and merRTPCADE,
Addirionally, the catA1 gene was associated with an insertion sequence
1S1-like upstream of the Tn21-like element. Insertion sequences I1S1-like
were located upstream and downstream of the Tn271-like element and
may be responsible for its acquisition on the chromosome. Comparative
analysis showed that the Tn21-like element in EW827 strain was most
related to the Tn21-like element associated with In117 (59% query
coverage and 99.98% nucleoride identity) and to the Tn21-like element
on the plasmid RCS58 p (62% query coverage and 99.98% nucleotide
identity) of E. coli strains isolated from humans in Spain and France,
respectively (Fiz. 3B).

4. Discussion

In this study, we report the presence of a colistin-resistant mcr-1-
positive E. coli co-harboring blagry.y-2 and blagyy-» in a Brazilian urban
stream. The Tanquinho Stream is strongly affected by pollution from
industrial and commercial zones and is also used for recreational pur-
poses, which is worrying (Grieco er al., 2017). In fact, in aquaric envi-
ronments, domestic, industrial, and hospital effluent disposal contribute
to the presence and spread of antimicrobial-resistant and metal-tolerant
bacteria and their genes. In this regard, the acquisition and transmission
of antimicrobial resistance genes can frequently occur in these envi-
ronments (Marti et al., 2014). Additionally, international high-risk
clones harboring nier-1 and ESBL-encoding genes have disseminated in
aquatic environments (Femmandes er al., 2017; Zhu et al., 2020). The
presence of bacteria resistant to colistin harboring the mer-1 gene in the
environment is a risk to humans and animals, posing a threat to public
health (Ovejero et al., 2017).

E. coli ST1775 strains have been reported in humans, animals and
foods. However, there are no reports of their occurrence in the envi-
ronment so far. Colistin-resistant mcr-1-positive E. coli ST1775 strains
from a human and rerail chicken mear were reported in Germany and
Switzerland, respectively (Dona et al., 2017; Wise et al., 2018). More-
over, ESCs-resistant CMY-2-producing E. coli ST1775 strains were
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Fig. 1. Minimum spanning tree based on cgMLST of E. coli E-ST1775-H137 strains showing the source of isolarion, county, collection year, antimicrobial resistance
genes, vitulence determinants, and replicon types. Red squares, blue cireles, and mustard yellow tiangles indicate antimicrobial resistance genes, virulence de-
terminants, and replicon types, respectively. Assemibled genomes of E. coli strains SCP19-26 (BioSample accession no. SAMEA4420509), EW827 (this study; Bio-
Sample accession no. SAMN18543060), 20694RN1T250 (Barcode no. ESC_RA0902AA), INTO10120 (BioSample accession no. SAMEAS611283), and INTO099582
(BioSample accession no. SAMEAS611263) are available at EnteroBase (hitp://enterobase.warwick.ac.uk/species/index/ecoli). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Full-length alignment of IncX4 plasmids carrying the mer-1.1 gene in E. coli isolates from urban water (pEWS27-MCR-1, GenBank accession no. MW836072),
humans (pICEBC72Hmcr, GenBank aceession no. CP015977; pN17-0346, GenBank accession no. CP031291; pRYU3223C-1, GenBank accession no. AP018411;
pNG14043, GenBank accession no, KY120364), penguin (pICBEC7Pmicr, GenBank accession no. CP017246), pork (pCSZ4, GenBank accession no. KX711706),
seawater (pICBEC13AM, GenBank accession no. KY770025; pICBEC3AM, GenBank accession no. KY770024; pICBEC2AM, GenBank accession no. KY770023), and
wastewatel (pB2, GenBank accession no. LC479085). Red, green, and black atrows indicate the mer-1.1 gene, insertion elements, and other genes, respectively. The
gray shading represents shared regions of homology. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

described in a poultry chain in Colombia and broiler flock in Denmark
(Agersg et al., 2014; Castellanos et al., 2017), whereas the blacrx.a2
gene was reported in ST1775 strains obtained from chicken cloacal
swabs and chicken meats in Brazil (Casella et al., 2018). Curiously, none
of the E. coli ST1775 strains were previously reported carrying mer-1 and
blarTyxara, as was observed in the EW827 strain.

Regarding resistance plasmids, IncX4 plasmids have a conserved
—30 kb genetic backbone and it is one of the main plasmids involved in
the global dissemination of the mer-1 gene, which is commonly bordered
by pap2 encoding transmembrane protein (Sun et al., 2017). In South

America, poultry meat is considered an emerging reservoir of mcr-1/
IncX4 in colistin-resistant E. coli (Monte et al., 2017). Besides, in Brazil,
mer-1/IneX4 have been identified at the human-animal-environment
interface, highlighting its presence in seawater of public beaches (Fer-
nandes et al., 2016; Sellera et al., 2017); however, in the macroregion of
Ribeirdo Preto, where this study was carried out, there are no reports of
the mer-1 gene in aquatic ecosystems. The presence of mer-1/IncX4 in a
colisrin-resistant E. coli strain isolared from an urban stream reinforces
the important role of IncX4 plasmids in the dissemination of the mer-1
gene.
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(A)
E. coli str. EW827

Urban water: Brazil

S. Kentucky str. CVM29188
Human: EUA

(B)

E. coli str. V857
Human: SrminI 3

E. coli str. EW827
Urban water: Brazil

E. coli str. 699
Human: France

Infection, Genetics and Evolution 96 (2021} 105156

Py — e N Y W g P — = —
| N . y .

Fryy v U N

Fig. 3. Genetic environments of blaayy » and blacrya o genes. (A) Comparison berween genetic environments of blagyy  in Inel1-5T12 plasmids. Plasmids pEW827-
CMY-2 (GenBank accession no. MW836073) and pCVM29188 101 (GenBank accession no. NC_011077) of E. coli and Salmonella Kentucky, respectively. (B) Com-
parison between genetic environments of blacrg pgz. The Macry ., gene associated with Tn21-like elements in E. coli strains isolated fron wban water (this study;
GenBank accession no. MW836074) and humans in Spain (GenBank accession no. DQ125241) and France (GenBank accession no. LT985268). Vertical bars represent
inverted repeats (IRs); IRy, and IR,,,, delimit the Tn21-like element. Red, green, blue, and black arrows indicate antimicrobial resistance genes, insertion elements,
mereury tolerance genes, and other genes, respectively. The gray shading represents shared regions of homology. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

The blacyy.s gene is the most described pAmpC, which has been
associated with Incll/ST12 (~ 100 kb) found in E. coli straius from
humans and poultry (Castellanos er al., 2019; Roer et al., 2019). The
blacyy o gene has been mobilized onto plasmids of different replicon
types, highlighting IneC and IncIl (Bortolaia et al., 2014; Chen et al.,
2019). In general, ISEcp] element has been identified upstream of the
blacyy-s gene and also composes the most prevalent genetic environ-
ment (ISEcp1-blacyry.o-ble-sugE-encR) in plasmids (Pietsch et al., 2018),
In Brazil, a MDR E. coli strain co-harboring blacrs a.o and blacyry 2/Inel1-
ST12 was reported from poultry (Cunha et al., 2017).

In contrast, the co-occurrence of mer-1 and blacTxanike genes in
E. coli strains have been reported worldwide, including in South America
(Zhang et al., 2016; Fernandes et al., 2017). In this regard, mecr-1 and
blacTyaike genes can also be co-located on the same plasmid, such as
IncHI2 plasmid, which can accelerate their dissemination (Graimi et al.,
2016; Zhang et al., 2019). The blacrx 1.2 gene has usually been harbored
in plasmids, whereas chromosomal integration of this gene has been less
frequently reported (Minarini er al., 2009; Ferreira er al., 2014). In
addition, ISCR1 elements (also called Orf513) have been described in
complex class 1 integrons and transposons and are involved in the
mobilization of the blacrx.a.z gene (Arduino et al., 2003; Gillings et al.,
2009).

5. Conclusion

The occurrence of MDR- and colistin-resistant E. coli co-harboring
mer-1.1, ESBL- and pAmpC-encoding genes in urban water represents
a potential risk to humans, animals and environmental safery and calls
for atrention to the dissemination of antimicrobial-resistant pathogens
and their antimicrobial resistance genes in the environment. In fact,
urban residents and animals could be exposed to contaminated water
and, consequently, to infections and/or bacterial colonization. To the
best of our knowledge, this is the first report of an E. coli ST1775 strain

recovered from an environmental source and co-harboring mer-1.1,
blactxa.o and blacyyy.o. Therefore, epidemiological studies are required
to monitoring mulridrug-resistant bacteria in aquatic ecosysrems,
focusing on clinically relevant antimicrobial resistance genes, in order to
determine possible routes for these genes.
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