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FIG 5 Time-scaled phylogeny of 089b-containing E. coli strains. Molecular phylogeny based on the HKY85 model was calculated using a BEAST2 MultiTypeTree
module of 6,890 core SNVs from 39 Sanji-related complete genomes plus 19 ST167 assemblies isolated between 1999 and 2010, as well as MG1655. The tree
shown was generated by using R package ggtree, with associated 7-gene MLST, isolation region, source, and in silico O-antigen and H-antigen serotypes

indicated.

plasmids (Table 1). Interestingly, all of the strains carried distinct sets of plasmids with
different backbones and sizes (Table 2). The IncHI2 plasmid, pSJ_255, is unique to Sanji
among ST167 strains and carries 27 of the 32 distinct antibiotic resistance genes found
in Sanji (Fig. 2C). This plasmid belongs to a family of plasmids whose prototypical
member is Serratia marcescens plasmid R478 (34) (Fig. 6). This family of plasmids
contains the ter gene cluster, which has been shown to confer resistance to tellurite,
some bacteriophages, and pore-forming colicins (35, 36). MDR plasmids in this family
differ in the number of antibiotic resistance genes (Table S3). For example, R478 and a
few others carry 4 to 8 antibiotic resistance genes, while others, including pSJ_255,
carry 23 to 30. Additionally, each of these plasmids carries a different but overlapping
set of antibiotic resistance genes.

One explanation for this high variability in the number and types of antibiotic
resistance genes in SJ_255 is the presence of several 1S26 elements (Fig. 2C). 1S26
elements are known to facilitate the horizontal movement and accumulation of anti-
biotic resistance genes at a relatively high frequency (37, 38). Although pSJ_255 does
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FIG 6 Comparisons of plasmids related to pSJ_255. Shown is a BRIG circular plot for BLASTN comparisons of pSJ_255 and related plasmids. The reference
sequence is a composite generated by inserting sequences into the pSJ_255 sequence that were absent from pSJ_255. Each ring corresponds to a different
plasmid, as follows from inner to outer ring: pSJ_255 represents plasmid pSJ_255 from E. coli Sanji; pHS13-1 represents plasmid pHS13-1 from E. coli HS13-1;
WCHEC025943 represents plasmid pMCR1_025943 from E. coli WCHEC025943; pXGETmcr represents plasmid pXGETmcr from E. coli XG-E1; pHNSHP45-2
represents plasmid pHNSHP45-2 from E. coli SHP45; pHXY0908 represents plasmid pHXY0908 from Salmonella enterica serovar Typhimurium strain GDS147;
PEC5207 represents plasmid pEC5207 from E. coli EC5207; pAPEC-O1-R represents plasmid pAPEC-O1-R from E. coli APEC O1; pSH111_227 represents plasmid
pSH111_227 from Salmonella Heidelberg; R478 represents plasmid R478 from Serratia marcescens; and WCHEC050613 represents plasmid pMCR_WCHEC050613

from E. coli WCHEC050613. All identifiable antibiotic resistance genes are labeled in red on the outer ring.

not carry genes with resistance to the current “antibiotics of last resort” (e.g., blaNDM
or blakPC, conferring resistance to carbapenems, or mcr-1, conferring hyperresistance
to colistin), several plasmids in the IncHI2 family have acquired the mcr-1 gene (Fig. 6;
see also Table S3). Moreover, a recent report identified an IncHI2 plasmid that carries
both blaNDM-4 and mcr-1 (39).

Sanji plasmid pSJ_82 belongs to the IncFll family of plasmids, which includes
prototypical member pHKO1 (40). Members of this family carry the ESBL-encoding
blaCTX-M-14 gene (41). Sanji, ECONIH6, and AR_0162 all have a plasmid with an FII_2
backbone (SJ_82, tig00008015, and pNDM-d2e9, respectively), carrying 0, 12, and 5
distinct antibiotic resistance genes, respectively (Fig. S4). Sanji plasmid pSJ_94 carries
both IncFIA and IncFll replicons but no identifiable antibiotic resistance genes (Fig. S5).
However, it does contain an 1S26 element. In fact, close relatives of both pSJ_94 and
pSJ_82 carry 1S26 elements and a large number of associated antibiotic resistance
genes (see Fig. S4 and S5).

Among the ST167 strains analyzed, the majority of their antibiotic resistance genes
are associated with 1S26 elements (see Table 1). Sanji pSJ_255 carries 24 1S26-associated
antibiotic resistance genes. ST167 strain FDAARGOS_434 carries a plasmid related to
pSJ_94 with 24 1S26-associated resistance genes, and strain ECONIH6 carries a plasmid
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related to pSJ_82 that has 12 IS26-associated resistance genes. In Sanji, the ESBL
encoded by blaCTX-M-14 appears to be mobilized by ISEcp1 and is not associated with
IS26 elements. However, there has been a report of a blaCTX-M-14_ISEcp1 gene cluster
that inserted into an 1S26 element in a strain of Proteus (42), while there have been
multiple reports of the blaCTX-M-15 gene being associated with 1S26 elements in E. coli
(43, 44). Several of the ST167 strain plasmids also contained Tn3-mediated insertions of
the blaCTX-M-15 gene into 1S26 elements (Fig. S5). The existence of these related
plasmids containing 1S26 elements suggests that pSJ_94 and pSJ_82 in Sanji have the
potential to also accumulate multiple antibiotic resistance genes in a manner similar to
that observed for pSJ_255.

Sanji plasmid pSJ_98 appears to be a P1-like enterobacteriophage. Closely related
plasmids can be found in many bacteria, including some ST167 strains, CRE1493,
CREC-532, and CREC-629 (Fig. S7). In rare cases, these plasmids can carry an antibiotic
resistance gene, but there is no evidence for accumulation of multiple resistance gene
clusters such as was observed with the other large Sanji plasmids.

Multiple paths to achieve XDR. ESBL-producing MDR and XDR E. coli isolates with
sequence types ST167 and ST617 and others in the ST10 clonal complex have emerged
over the past 5 years as common isolates from nosocomial sources as well as wild
animal and domestic animal sources, including dairy and livestock sources, in Germany
(45-47), Taiwan (48, 49), Tunisia (50, 51), and the Americas (52). Indeed, ST167 strains
carrying carbapenemase activity have become the second most prevalent sequence
type, behind only EXPEC ST131, among human clinical ESBL-producing E. coli isolates
reported in China (27, 53-62), Spain (63, 64), France (65), India (66), Italy (67), Iran (68),
Romania (69), and Tunisia (50).

Because 1S26 elements can be readily exchanged between different DNA molecules
(transposons, phages, conjugated plasmids, transformed DNA chromosomes, etc.),
bacteria that can acquire multiple IS26-containing plasmids can facilitate the genera-
tion of expanded gene clusters with multiple antibiotic resistance genes. This process
is accelerated under conditions conducive to the coalescence of diverse bacterial
strains that are also amenable to horizontal gene transfer. The animal gut has been
shown to be particularly conducive to high rates of conjugal transfer between bacteria
under conditions of inflammation or disease (70-72). These disease conditions fre-
quently coincide with administration of antibiotics, creating a strong selective pressure
for accumulation of genes that confer antibiotic resistance.

The observed diversity in the number and type of antibiotic resistance genes and
the diverse mechanisms for their spreading among Sanji and related 089b-containing
E. coli strains indicate that acquisition of XDR properties can occur through multiple
evolutionary paths. One implication of this observation is that targeted elimination of
any existing XDR strain is unlikely to prevent the emergence of new strains with similar
XDR properties. A second implication is that even the best antibiotic stewardship is
unlikely to be sufficient to prevent or mitigate the development of XDR pathogens.
These potential consequences underscore the urgency of the quest for better under-
standing the shared physiology and virulence mechanisms of pathogenic bacteria, such
as the group identified here with 089b-antigens.

MATERIALS AND METHODS

Isolation and serotyping of E. coli strain Sanji. E. coli strain Sanji was isolated from the duodenum
of a pheasant during a 2011 outbreak of fowl colibacillosis on a farm in Fujian province, China, that had
about 400 pheasants. Symptoms included drooping, anorexia, diarrhea, soft feet, and inability to flutter
or fly. The disease was refractory to common veterinary antibiotics, including amikacin, which was
administered after drug sensitivity testing during the second week of the outbreak. Within 1 month, all
of the pheasants became severely ill and died or had to be culled. Serotyping of E. coli Sanji, which
formed mucoid colonies on LB agar plates, was performed by the Tianjin Biochip Corporation.

Antibiotic susceptibility profiling of E. coli strain Sanji. Antibiotic susceptibility testing was
performed using the Kirby-Bauer disk diffusion method with test discs (6.5-mm to 7.0-mm diameter),
according to Clinical & Laboratory Standards Institute (CLSI) M100 guidelines (https://clsi.org). Antibiotic
susceptibility to colistin (Arcos) and polymyxin B (Sigma) was assayed using the broth microdilution
method, according to EUCAST guidelines (www.eucast.org). Reference E. coli strain ATCC 25922 and
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Kirby-Bauer test discs were obtained from Hangzhou Tianhe Microorganism Reagent Co., and reference
E. coli strain MG1655 was obtained from Miao Ling Bio (Wuhan, China).

Genome sequencing, assembly, and annotation of the E. coli Sanji genome. Total genomic DNA
was prepared using a Qiagen Genomic-tip kit, according to the manufacturer’s protocol. lllumina
sequencing was performed at the Beijing Genomics Institute (BGI; Shenzhen, People’s Republic of China)
using a HiSeq 2000 platform with insertions of 484 bp and 6,354 bp. Assembly of the 815 Mb of 90-bp
read-length paired-end sequencing data generated from the Illumina platform was unable to close the
genome, so we applied a PacBio SMRT sequencing and de novo assembly platform. For PacBio
sequencing, library construction, sequencing, assembly, and annotation were performed by Pacific
Biosciences (Menlo Park, CA), using a PacBio RS Il system. Totals of 518,559,882 and 306,969,330 postfilter
bases from the size-selected and non-size-selected libraries were obtained with mean subread lengths
of 6,292 and 1,590, respectively. The size-selected library assay was performed using a BluePippin system
(SageScience) to remove shorter DNA insertions with a size cutoff of =15 kb. The non-size-selected
library was also included to capture and sequence the smaller 3.4-kb and 2.6-kb plasmids. A total of
839,222,725 bases were assembled using the HGAP (v. 2.3) long-read assembler (73) into 15 polished
contigs (maximum contig length of 4,926,777) with mean coverage of 135X. The resulting genomes of
the single circular chromosome (4,891,769 bp) and six circular plasmids (255,368 bp, 98,436 bp,
94,712 bp, 82,288 bp, 3,373 bp, and 2,640 bp) were annotated using the best-placed reference protein set
(GeneMarkS+) in the NCBI Prokaryotic Genome Annotation Pipeline (ver. 3.3).

In silico serotyping, antibiotic resistance gene profiling, and IS element analysis of E. coli strain
Sanji. Sequence-based bacterial serotyping was performed using SerotypeFinder (ver. 1.1) at https://
cge.cbs.dtu.dk/services/SerotypeFinder/ (74). Antibiotic resistance genes were identified using blastn
against a database generated from the Resfams database at www.dantaslab.org/resfams (75), the
ResFinder database at www.genomicepidemiology.org (76), and information obtained from the review
published previously by Roberts et al. (77). A shell script was used to extract the list of antibiotic
resistance gene clusters from the blastn output. Insertion sequence (IS) elements were identified using
ISfinder at http://www-is.biotoul fr (78).

Comparative genome sequence analysis. Genome sequences of E. coli ST167 strains (ECONIH6
[GenBank accession no. CP026199.1], AR_0150 [GenBank accession no. CP021736.1], AR_0151 [GenBank
accession no. CP021691.1], AR_0149 [GenBank accession no. CP021532.1], WCHEC005237 [GenBank
accession no. CP026580.2], FDAARGOS_434 [GenBank accession no. CP023870.1], CRE1493 [GenBank
accession no. CP019071.1], AR_0014 [GenBank accession no. CP024859.1], AR_0011 [GenBank accession
no. CP024855.1], AR_0162 [GenBank accession no. CP021683.1], CREC-532 [GenBank accession no.
CP024830.1], CREC-629 [GenBank accession no. CP024815.1], Y5 [GenBank accession no. CP013483.1],
SCEC020007 [GenBank accession no. CP025627.1], 51008369SK1 [GenBank accession no. CP029973.1],
AR435 [GenBank accession no. CP029115.1], M217 [GenBank accession no. AP019189.1), ST617 strains
(AR_0114 [GenBank accession no. CP021732.1], MRSN346355 [GenBank accession no. CP018121.1],
MRSN346638 [GenBank accession no. CP018115.1], MRSN346595 [GenBank accession no. CP018109.1],
MRSN352231 [GenBank accession no. CP018103.1], 5CRE51 [GenBank accession no. CP021175.1],
SCEC020023 [GenBank accession no. CP025950.3], H8 [GenBank accession no. CP010172.1],
WCHEC005784 [GenBank accession no. CP028578.2], 6755K2 [GenBank accession no. CP027701.1), ST10
strains (1283 [GenBank accession no. CP023371.1], Ecol_422 [GenBank accession no. CP018962.1], 6409
[GenBank accession no. CP010371.1], DA33133 [GenBank accession no. CP029574.1], 26561 [GenBank
accession no. CP027118.1), ST744 strains (1223 [GenBank accession no. CP023383.1], EC590 [GenBank
accession no. CP016182.2], W5-6 [GenBank accession no. CP032992.1), and other strains (Ecol_AZ155
[GenBank accession no. CP019005.1], CH611_eco [GenBank accession no. CP017980.1], AR_0137 [Gen-
Bank accession no. CP021879.1], MG1655 [GenBank accession no. U00096.3), including their plasmids,
were used for comparative genome sequence analysis. Multilocus sequence typing (MLST) of the Sanji
strain and comparison with sequences of other related E. coli strains were based on the use of Achtman’s
seven housekeeping genes for E. coli (purA, adk, icd, fumC, recA, mdh, and gyrB) (28) and performed using
a shell script based on the Enterobase database at https://enterobase.warwick.ac.uk/species/ecoli/
download_7_gene. Molecular phylogenetic analysis was performed by the maximum likelihood method
based on the Tamura-Nei model (79) using MEGA7 (80) with 1,000 bootstrap iterations. Synteny plots
were generated using Artemis Comparison Tool (ACT) software (81) and blastn results based on genome
alignments. Circular plots for genome comparison were produced using BLAST Ring Image Generator
(BRIG) (82). Plasmids were analyzed and typed by plasmid multilocus sequence typing (pMLST) using the
PubMLST database (http://pubmlst.org/plasmid) (83). 1S26-associated antibiotic resistance genes were
defined as resistance genes located within 10 kb of an 1S26-like element. Gene graphics were generated
with the aid of SnapGene Viewer software (GSL Biotech).

The 39 Sanji-related genomes plus 19 ST167 assemblies, from isolates obtained between 1999 and
2010, and MG1655 were used to generate core single nucleotide variants (SNVs). The sequences of the
19 ST167 assemblies were downloaded from the Enterobase database at https://enterobase.warwick.ac
.uk and concatenated as a continuous fasta file. The recurring regions and unique regions of the 40
complete genome sequences were removed using a shell script. This method is based on genome-to-
genome blastn at 99% coverage and 99% identity and subsequent removal of recurring and unique
regions. The Sanji genome reference template was used as a query for blastn analysis against another
genome. The resulting common regions shared by the two genomes were then joined (as a “stitched”
sequence) and used for blastn analysis of another new genome sequence to generate a new stitched
sequence until all 40 of the genomes, including Sanji, were compared. This entire process was then
repeated 10 times. After 6 iterations, a convergent, consensus stitched sequence of 2,493,769 bp was
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obtained. This consensus stitched sequence was then subjected to blast analysis against each individual
genome, followed by the use of a shell script to remove all sites with gapped or identical sequences to
generate a string of ungapped 6,890 core SNVs. The consensus core stitched sequence was used similarly
to generate a string of 6,890 core SNVs for each of the 19 assemblies. This alignment of SNVs was used
for modeling mutation rate estimates and time-scaled phylogeny using MEGA7 and BEAST2.5.1 pack-
ages.

The MultiTypeTree module of BEAST2 was used with the following parameters: (i) tip dates were set
as the sample isolation dates (or as the database submission date for cases where no isolation date was
provided); (i) tip locations were set as three geographic regions (Americas, Asia, and Europe); (iii) the
gamma site model was selected with the HKY85 nucleotide substitution model (84); and (iv) a strict clock
model was used with an initial mutation rate set at 10~° mutations per site per year. For the priors, a
uniform distribution was selected for clockRate.c with an initial value of 10~'° and an upper limit of 10-7;
exponential distribution was selected for gammaShape.s with an initial value of 1; log normal was
selected for kappa.s with an initial value of 2; 1/X distribution was selected for popSizes.t; exponential
distribution was selected for rate Matrix.t; and equal population sizes and a symmetric migration rate
matrix were assumed for the migration model. In trial runs sampling 106 Markov chain Monte Carlo
(MCMQ) steps, we explored HKY85, TN93, and generalized time-reversible (GTR) nucleotide substitution
models with various parameters. The TN93 and GTR models could not accommodate mutation rates
lower than 0.001, and even with the clock rate accepted by the module, runs were often terminated
prematurely. For those runs that were completed, the models gave results comparable to those obtained
with the HKY85 model. Using the HKY85 model, five runs with 108 MCMC steps were performed, with
10% discounted as representing burn-in and a tree logging frequency of 10°. Tree files were combined
using LogCombiner in the BEAST2 package, followed by the use of TreeAnnotator to annotate the
combined trees. The annotated output trees file was used to generate the phylogenetic tree with
associated metadata, including 7-gene MLST, isolation region (United States, Latin America, Europe, Asia),
source (human, animal, environmental), and in silico O-antigen and H-antigen serotypes, using the R
package ggtree.

Data availability. The complete genome and plasmid sequences of E. coli strain Sanji have been
deposited in the NCBI under accession numbers CP011061.1 (circular chromosome; 4,891,769 bp),
CP011062.1 (pSJ_255; 255,368 bp), CP011063.1 (pSJ_98; 98,436 bp), CP011064.1 (pSJ_94; 94,712 bp),
CP011065.1 (pSJ_82; 82,288 bp), CP011066.1 (pSJ_3; 3,373 bp), and CPO11067.1 (pSJ_2; 2,640 bp).
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