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ABSTRACT The objective of this study was to elucidate the genetic and evolution-
ary relatedness of blacyy.,- and blag,,.,,-carrying Incl1-ly plasmids. Phylogenomic
analysis based on core genome alignments and gene presence/absence was per-
formed for different Incl1-ly sequence types (STs). Most Incl1-1y/ST12 and Incl1-ly/
ST231 plasmids had near-identical core genomes. The data suggest that widely oc-
curring blacy,y.o-carrying Incl1-1y/ST12 plasmids originate from a common ancestor.
In contrast, blag,,.,» was inserted independently into different Incl1-ly/ST231-related
plasmids.
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lasmid-encoded extended-spectrum and AmpC B-lactamases (ESBL/pAmpC) are

the dominant causes of resistance to extended-spectrum cephalosporins in Enter-
obacteriaceae (1-3). Poultry and poultry products have been considered reservoirs of
ESBL/pAmpC-producing Salmonella enterica and Escherichia coli (2-9). ESBL/pAmpC-
carrying plasmids can be classified in different incompatibility groups, including Incl1-ly
(10, 11). Incl1-ly plasmids harboring ESBL/pAmpC are dominant in S. enterica and E. coli
originating from poultry in multiple countries (4, 12-17). Using plasmid multilocus
sequence typing (pMLST) (18, 19), specific ESBL/pAmpC variants were found to be
associated with particular Incl1-ly STs (12, 13, 16, 17). blacyy., carriage has been
associated with Incl1-1y/ST12 in isolates from poultry (12-14, 16, 17, 20). In contrast,
blag,,.,» has been described in multiple Incl1/STs in isolates originating from
humans, animals (mainly poultry), and the environment (20-23). However, a reso-
lution higher than the nucleotide sequences of the five housekeeping genes in the
PMLST scheme is required to identify the evolutionary relatedness of plasmids
belonging to the same ST (4, 17, 24). The objective of the present study was to
elucidate the genetic and evolutionary relatedness of blacyy..- and blag,y.5-
carrying Incl1-ly plasmids within the same pMLSTs using whole-genome sequence
(WGS)-based phylogenetic analysis.

Sequences of Incl1-ly plasmids originating from previous characterization of
ESBL/pAmpC-carrying strains from Colombian baseline studies in poultry were
selected. All sequences of blacyy.,-carrying (n = 20) and blag,,y.,,-carrying (n = 4)
Incl1-lIy plasmids from Salmonella (17) and all available blac,y.,-carrying (n = 15)
and blag,,.,,-carrying Incl1-ly plasmids (n = 4) from E. coli (16) were included.
Plasmid sequences from Salmonella were characterized using lllumina WGS and
electroporation of reference plasmids as previously described (17). For E. coli,
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TABLE 1 Inventory of sequenced Incl1-lIy plasmids from Colombian poultry and previous
reports used for detailed phylogenetic comparisons and analysis of the genetic
environment

n and pMLST of sequenced Incl1-ly plasmids from:

ESBL/pAmpC Colombian poultry GenBank or previously published
blacyy-» 32 ST12, 2 SLV ST12,< 1 ST231 29 ST12, 8 ST2,¢ 5 SLV ST12, 3 ST23,¢
1 ST20,2 1 ST265¢

blasyy 15 4 ST231,1 ST12, 1 ST26, 1 SLV 15795, 1 ST1789 1 ST231

ST26,¢ 1 ST230"
Other bla genes® 5ST12, 1 ST107,f1 ST131,/ 1 ST270f
No bla genes? 1 ST12, 1 SLV ST12,< 1 ST2301
Total 43 61

abla genes other than blacyy., and bldsyy.1 5.

bNo bla genes detected with ResFinder.

SLV due to incomplete match or missing 1 allele from the pMLST scheme.

dSequences of plasmids listed in this column were obtained based on the allele sequences of the highly
prevalent Incl1-1y/ST12 and ST231 from GenBank and publications from Europe.

eSelected for analysis of the genetic environment of blacyy._,/blasyy._15-

SLV of ST231.

9SLV of ST12.

previously transformed E. coli DH10B cells harboring blacyy., and blag,,.,> on
Incl1-ly plasmids were subjected to Illumina WGS for the present study (16).
Chromosomal contigs were detected and removed using BLAST as previously
described for Salmonella (17). In addition, the allele sequences of Incl1-ly STs
(https://pubmist.org/plasmid/) encountered more than once in the selection of
plasmids described above were concatenated as separate sequences for each allele
in a single FASTA file and used as a query for the nucleotide database using BLAST
(last accessed 29 May 2018). E. coli-derived plasmid sequences of two publications
were used to include additional Incl1-1y/ST12 plasmids (n = 12) from Europe (see
Table S1C in the supplemental material) (12, 13). Overall, ESBL/pAmpC gene
variants and plasmids were characterized in silico with ResFinder 2.1 (25), Plasmid-
Finder 1.3, and pMLST 1.4 (19). A summary of all included plasmids is given in Table
1. The plasmid STs that were found repeatedly in Salmonella and E. coli from
Colombian poultry were Incl1-1y/ST12 and ST231. From GenBank, 28 plasmids
belonged to Incl1-1y/ST12 or ST12 single-locus variants (SLVs), and 5 plasmids
belonged to Incl1-1y/ST231 or ST231 SLVs. Plasmids from GenBank originated from
different S. enterica serovars and E. coli. Information regarding the source, isolation
year, and in silico characterization of all plasmids (19, 25) and strains (26, 27) is
shown in Table S1. The genome sequences of transformed E. coli DH10B strains
harboring plasmids from Salmonella and E. coli from Colombia, which were used for
reference, were submitted to the European Nucleotide Archive (ENA) under project
numbers PRJEB23610 and PRJEB29690, respectively.

Phylogenomic reconstruction was based on core plasmid genome alignments
using Parsnp v1.2 (28). Phylogenetic maximum-likelihood (midpoint-rooted) trees
were constructed using FastTree2 v2.1.8 (29). Gene presence/absence maximum-
likelihood trees were built by annotating the plasmid genomes using Prokka v.1.13
(30) followed by orthology predictions using Roary (31). The resulting gene pres-
ence/absence data were encoded as binary values, and trees were constructed
using RAXML v.8.2.4 (32) with the BINCAT model. Genome annotations were used to
describe the genetic environment of bla genes. Visualization of the trees was made
with FigTree (http://tree.bio.ed.ac.uk/software/figtree/). The core genome of the
resulting tree based on Incl1-ly/ST12-related plasmids was 40,056 bp (~40% of the
plasmid genome) (see Fig. S1 in the supplemental material). The sublineage of Incl1-
Iy/ST12 and ST12 SLVs is shown in Fig. 1A. Most Incl1-1y/ST12 plasmids carried blacyy-»
and originated from samples from poultry (Fig. 1A). Although frequently reported
(12-14, 24, 33, 34), detailed genomic relatedness of blacyy.,-carrying Incl1-1y/ST12
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Incl1-ly Plasmids Harboring blacyy., and blag.. 15

Pattern
A. Plasmid */ GE* Country'  Source™  Year'™  Bacterial Host (MLST)®  Cluster”
CPO16865.1°* . USA Human 2006 S. enterica

PUGBOG3I4EC © Colombia  Broiler 2010 E. coli (43)
PFBOGS (:) Colombia  Broiler 2012 S Java (28)
PEANTS96 © Colombia  Broiler 2013 S Java (28)

© Colombia  Broiler 2011 E. coli (5416), 1
© Colombia  Broiler 2011 E. coli (533)
© Colombia  Broiler 2011 E. coli (162)
PEC4.S © Colombia  Broiler 2009 E. coli (101)
PpSSINLA.C2 (3] Colombia  Broiler 2008 S. Java (28)

f pSSIL4.C2-T¢ ©
B o ‘Colombia

Colombia E. coli (3107)

PECSIIL.18.C2¢

[
A CP027415.14 - UsA' Human 2012 S. Typhimurium

— LT985231.1 * * France' N/A NA E. coli
CPOISI10.1°¢ - USA Human 2016 E. coli (617)
CPOISII61 S - USA Human 2016 E. coli (617) I
CPROISI22.1 ¢ - USA Human 2016 E. coli (617)
MG692740.1* [ France Broler  2010-2011 E. coli
KR494248.1 L] Pig 2005 E. coli

MG692 Broiler E. coli

/i

er li
Colombia i S. Heidelberg (15)

PFCARS09 []
KX452392.1° * Brazil Turkey E. coli
Ir PUGBOG4 . Colombia  Broiler 2010 S. Java (28)
PUGBOGA-T® )
PUGPAS1097 e Colombia  Broiler 2011 S. Kentucky (152)
ERRIS117 >} Denmark  Broiler 2011 E. coli (745)
CPO12923.1 e Canada  Broiler 2010 S. Heidelberg (15)
PUGVIL369EC [} Colombia ~ Broiler 2010 E. coli (1049)
SXXLI.C: (2] Colombia  Broiler 2008 S. Java (28)
I PUGBAR394 L] Colombia  Broiler 2011 S, Heidelberg (15) v
CP022064.2 % - USA Turkey 2011 S. Typhimurium
PECSLIV.27.C2 ] Colombia  Broiler 2008 E. coli (10)
T CP027127.1 * usa' N/A N/A E. coli
ERR9IS119 e Denmark  Broiler 2010 E. coli (410)
PUGBAR1170 o Colombia  Broiler 2011 S. Java (28)
pUGBARI1170-T (4]

(CP01656! S. Heidelberg (15)
(CP016572.1 i 5. Heidelberg (15).

) Colombia S Java (28)
()
* Colombia  Broiler 2011 S. Heidelberg (15)
(2} Colombia  Broiler 2011 S. Enteritidis (1)
PUGPER97I (2} Colombia  Broiler 2011 S. Java 28)
PESUCAL4 u Colombia  Broiler 2013 S Heidelberg (15)
CPOOLI2I.1 (2] USA Broiler 2003 S. enterica
CPOI2936.1 e Canada Turkey. 2012 S, Heidelberg (15)
CPO16522.1° (2} Canada  Broiler 2009 S. Heidelberg (15)
ERR9IS11S () Denmark — Broiler 2010 E. coli (10)
ERR9IS116 o Denmark  Broiler 2010 E. coli 212)
ERROIS118 ) Denmark  Human 2011 E. coli (155)
ERR915120 o Denmark  Broiler. 2011 E. coli (350) IX
PESBL-318 () Netherlands  Broiler 2008 E. coli
PESBL-355 (2} Netherlands  Broiler 2007 E. coli
HG428759.1 (2] Uruguay NA NA S. enterica
PECSLILS.C3 (2} Colombia  Broiler 2008 E. coli (155)
PECSLIV.7.C1 e Colombia  Broiler 2008 E. coli (3910)
PECSVIL.11.C1 () Colombia  Broiler 2008 E. coli (359)
PECSVIL21.C3 (2} Colombia  Broiler 2008 E. coli (212)
pUGBOG204EC @ Colombia  Broiler 2010 E. coli (189)
(2) Denmark  Broiler 2011 E. coli (3272)
() Denmark  Broiler. 2011 E. coli (88)
(2] Denmark  Broiler 2011 E. coli (206)
ERRO15124 ) Denmark  Broiler. 2011 E. coli (1303)
0.005
B. Plasmid Pattern u = . ‘ .
jasmid Gk Comty  Source Year Bacterial Host (MLST)®  Cluster
PECOPP62328" * Colombia  Broiler 2009 E. coli (973)
PFSANI26" * Colombia  Broiler 2012 E. coli (1775)
CPO18774.2 % - USA Human NA E. coli
PUGIBA933 L] Colombia  Broiler 2011 S Java (28)
CP019905.1 *
P o ‘Colombia
0.02

FIG 1 Phylogenetic tree based on core genome of closely related blacyy.,-carrying Incl1-ly/ST12 plasmids
and its SLVs (A) and blagy,,.,,-carrying Incl1-1y/ST231 and its SLVs (B). aSLVs of Incl1-1y/ST12. bSLVs of
Incl1-1y/ST231. <Transformed plasmids from Colombian Salmonella included as reference. 9Carrying blag,, ;5.
eCarrying bl gy g ie- 'Carrying blacy,y., together with blac y ;. 9Carrying bldcpyy e "Carrying blacyy ..
iCarrying bl gy, A JCarrying no bla genes. XThe patterns of the genetic environment (GE) with their
designated numbers can be found in Fig. S3 in the supplemental material. 4, unique pattern; @, genetic
environment of CMY-2 was characterized by blac,,,.,-blc-sugE and for SHV-12 by blag,,,.,,-deoR (Fig. S3); -,
carrying no blag,,y., or blag,,. ., genes. 'Data from information accompanying the sequence submission in
GenBank but not specifically found in the metadata fields. ™Details of the source listed in this column are
available in Table S1 in the supplemental material. "N/A, data not available. °Strain MLST was added when
information or complete sequence of strains was available. PClusters | to X of plasmids referred to in the
manuscript are grouped in shaded boxes. Scale bars at the bottom of the phylogenetic trees represent
nucleotide substitutions per site.
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plasmids originating from multiple countries and sources has not been assessed. In this
study, several plasmids with an identical core genome were identified (clusters | to IX,
Fig. 1A). Cluster IX included plasmids from European and American countries, which
showed high similarity between Salmonella- and E. coli-derived plasmids. The gene
presence/absence phylogeny grouped most of the plasmids from ST12 and SLVs in a
sublineage within the tree (MG825376.1 to ERR915116) (see Fig. S2 in the supple-
mental material). blacyy.-carrying Incl1-1y/ST12 plasmids from nonpoultry sources,
such as other livestock species and humans, were also found (Fig. 1A). These
findings underscore the potential of Incl1-ly plasmids to be transferred in strains
from Salmonella and E. coli outside the poultry environment (13, 35-38). The
genetic environment of blacyy., in most Incl1-1y/ST12 plasmids and ST12 SLVs was
similar and characterized upstream by insertion sequence ISEcp7 and downstream
by blc and sugE (Fig. 1A and Fig. S3A in the supplemental material). IS7294 (39) and
IS26 were found upstream of blacyy., in Non-ST12 plasmids (see Fig. S4 in the
supplemental material).

The core genome of the tree based on Incl1-1y/ST231-related plasmids was
32,789 bp (~32% of the plasmid genome) (see Fig. S5 in the supplemental
material). The sublineage of Incl1-1y/ST231 and related ST231 SLVs is shown in Fig.
1B. The phylogeny based on gene presence/absence of ST231-related plasmids
confirmed phylogenetic distance between the plasmids from Colombian Salmonella
and E. coli. Thus, no evidence of the exchange of blag,,.,,-carrying plasmids
between these bacterial species was observed (see Fig. S6 in the supplemental
material). In contrast, the plasmids from Colombian Salmonella and one from E. coli
from a human in the United States were found to be closely related, at both the
core genome and gene content levels. In this case, these plasmids may be derived
from a common ancestor. Despite differences in core genome and gene presence/
absence, the genetic environment of blag,y.,5 in all Incl1-1y/ST231 and SLVs was
characterized upstream by 1S26 and downstream by deoR (see Fig. S7 in the
supplemental material). This pattern of genetic environment was found repeatedly
(Fig. 1B and Fig. S3B). However, the results of ST231-related plasmids have to be
interpreted with care, given the limited number of plasmids available for phyloge-
netic analysis.

In conclusion, WGS-based analysis supports the hypothesis that blacy,y_,-carrying
Incl1-1y/ST12 plasmids in Salmonella and E. coli likely originated from a common
ancestor. As previously suggested, the source of the contamination with these plasmids
may be related to similar practices in poultry trade and farming (40, 41). blag,,.,> in
association with 1526 was likely introduced independently in different lineages within
Incl1-1y/ST231. More observations are needed to better understand the transmission of
blag,.,5 in ST231 plasmids.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AAC
.02546-18.

SUPPLEMENTAL FILE 1, PDF file, 11.2 MB.
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