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Enterohemorrhagic Escherichia coli (EHEC) O157:H7/NM strains are significant foodborne pathogens intensively
studied, while other sero- and pathotypes of the O157 serogroup only began to receive more attention. Here we
report the first genome sequence of a cytolethal distending toxin (CDT-V) producing E. coli O157:H43 strain
(T22) isolated from cattle. The genome consists of a 4.9 Mb chromosome assembled into three contigs and one
plasmid of 82.4 kb. Comparative genomic investigations conducted with the core genomes of representative E.
coli strains in GenBank (n = 62) confirmed the separation of T22 from the EHEC and enteropathogenic (EPEC)
O157 lineages. Gene content based pangenome analysis revealed as many as 261 T22-specific coding sequences
without orthologs in EDL933 EHEC O157 prototypic and two phylogenetically related commensal E. coli strains.
The genome sequence revealed 10 prophage-like regions which harbor several virulence-associated genes in-
cluding cdt and heat-labile enterotoxin (LT-II) encoding operons. Our results indicate that the evolutionary
path of T22 is largely independent from that of EHEC and EPEC O157:H7/NM strains. Thus, the CDT-producing
T22 E. coli O157:H43 strain represents a unique lineage of E. coli O157.
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1. Introduction

Enterohemorrhagic Escherichia coli (EHEC) O157:H7/NM strains are
significant food-borne zoonotic pathogens causing hemorrhagic colitis
(HC) and haemolytic uraemic syndrome (HUS) in human (reviewed
by Kaper et al., 2004). Typical EHEC strains produce a set of key viru-
lence factors: one or more types of Shiga toxin (Stx) encoded by
lambdoid prophages and intimin adhesin encoded by eae gene that is
part of LEE pathogenicity island (reviewed by Caprioli et al., 2005). Be-
sides the O157:H7/NM serotypes, EHEC strains have been reported
fromvarious other serotypes, aswell asmembers of the O157 serogroup
which also represent other pathotypes besides EHEC. E. coliO157 strains
harboring eae gene but no stx were categorized as enteropathogenic E.
coli (EPEC), such strains were isolated from human and animal sources
(Stephan et al., 2004; Tóth et al., 2009). Additionally, atypical O157
strains, which carry none of the key virulence genes were reported
(Sváb et al., 2013b; Tóth et al., 2009).
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Because of the significance of EHEC and EPEC E. coli O157:H7/NM
strains as pathogens, several strains had their whole genome sequences
published (Eppinger et al., 2013;Wyrsch et al., 2015). However, less at-
tention has been devoted to atypical O157 strains as well as strainswith
further serotypes exhibiting different H antigens (Hazen et al., 2013).

Cattle has been considered as a reservoir of Shiga toxin-producing E.
coli (STEC) strains for a long time (Gyles, 2007). Earlier we reported
atypical non-sorbitol fermenting E. coliO157 strainswithH antigens dif-
ferent from H7 isolated from the milk of healthy cattle, several of these
strains produced cytolethal distending toxin (CDT-V; Tóth et al., 2009;
Taieb et al., 2015). These findings indicated that similar O157 strains
could be persistent in the animal host, and the constant exchange of
mobile genetic elements harboring virulence genes may give rise to
new combinations of virulence traits. The emergence of novel
pathotypes is a permanent potential epidemiological risk, as it was ex-
perienced recently in Germany where the largest outbreak of STEC
was caused by recombinant enteroaggregative-heamorrhagic E. coli
O104:H4 (EAHEC) strains (Ahmed et al., 2012).

Earlier, we reported the draft genome of a CDT-V producing atypical
E. coliO157:H43 strain (T22, Sváb et al., 2013b). In the current study, our
goals were to determine the complete genome of T22 and to investigate
its phylogenetic relation to publicly available E. coli genomes. Compara-
tive genomics revealed the unique genotype and phylogenetic position
of T22 among E. coli strains.
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Table 1
Summary of main genomic features of E. coli T22.

Chromosome Plasmid

Size (bp) 4,875,355 82,444
Predicted coding CDSs 4687 79
GC % 51 49
Coding regions % 88.5 70
Average CDS length (bp) 905 730
tRNA 75 0
rRNA 24 0
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2. Materials and methods

2.1. Bacterial strain

E. coli strainO157:H43 T22was isolated from themilk of healthy cat-
tle on a Hungarian dairy farm. See Tóth et al. (2009) for further proce-
dure information.

2.2. Whole genome sequencing

Genomic DNA of E. coli T22 was isolatedwith GenElute Bacterial Ge-
nomic DNA Kit (Sigma-Aldrich) according to the manufacturer's in-
structions. Clone library was generated using Illumina Nextera Mate
Pair Kit (Cat.Num.: FC-132-1001) per the manufacturer's instructions.
Re-sequencing was performed on an Illumina MiSeq machine using
V2 sequencing chemistry. Mate-paired reads were pre-processed fol-
lowing the manufacturer's recommendations (Data Processing of
Nextera® Mate Pair Reads on Illumina Sequencing Platforms).

2.3. Assembly, annotation and sequence homology search

De novo assembly was performed with CLC Genomic Workbench
8.5.1 (CLC Bio) with contigs being subsequently arranged into scaffolds
using SSPACE 3.0 (Boetzer et al., 2011). Gaps in scaffolds were closed
with Spades v 3.1.1 (Bankevich et al., 2012) together with an in-house
R script (unpublished results).

Annotation was performed with NCBI PGAAP.
Prophage regions in the genomewere identified using PHAge Search

Tool (PHAST, Zhou et al., 2011), and their automated annotation was
manually curated. Sequence similarity searches were carried out using
the publicly available tools of NCBI. Codon usage proportions were de-
terminedwith the Cusp algorithm from the EuropeanMolecular Biology
Open Software Suit (EMBOSS) package (Rice et al., 2000). The presence
of virulence and antimicrobial resistance genes were also checked with
Virulence Finder and ResFinder (Kleinheinz et al., 2014). Genes
encoding secretion systems and associated effectors were investigated
with the Effective database (Jehl et al., 2011).

2.4. Pangenome analysis

Complete genomes (n = 62) together with any associated plasmid
sequences for representative E. coli and Shigella strains were
downloaded from NCBI to assess the phylogenetic position of T22.
Downloaded genomes as well as the T22 contigs were annotated
using Prokka 1.10 (Seemann, 2014) to ensure identical gene prediction
settings. Get homologues (Contreras-Monera and Vinuesa, 2013) was
then applied on the annoted genbank files to identify clusters of
orthologous sequences using the COGS clustering algorithm. The ob-
tained pangenome matrix allowed gene content comparison between
T22, two closely related commensal strains (IAI1, SE11) as well as the
prototypic EHEC O157:H7 EDL933 strain (GenBank no. CU928160.2,
AP009240.1and AE005174.2, respectively).

2.5. Phylogenetic analysis of the core genes

Get homologues (Contreras-Monera and Vinuesa, 2013)was used to
compute the list of protein coding genes present in all strains (i.e. core
genes). Clusters with inparalogues were excluded. Core gene DNA se-
quences were concatenated in the exact same order for each analyzed
genome. Concatenated DNA sequences were then aligned using
MAFFT (Tabei et al., 2008) with 100 bootstrapped alignment versions
concomitantly generated with the “fseqboot” program from the EM-
BOSS package (Rice et al., 2000). Maximum likelihood phylogenetic
treeswere calculated from the original aswell as from the bootstrapped
alignment files using FastTree (Price et al., 2010). Support values based
on 100 bootstrap replicates were added with “CompareToBootstrap.pl”
script from the FastTree software package.

3. Results and discussion

3.1. Basic features of the E. coli T22 genome

The genome of E. coliO157:H43 strain T22 consists of a 4.9Mb chro-
mosome, and one circular plasmid (pT22) of 82.4 kb (GenBank acces-
sion number: LYNF00000000). The general features of the T22
genome are presented in Table 1. The chromosomal architecture of
T22 is very similar to a number of other E. coli strains including patho-
genic, commensals and K-12 laboratory strains. Another important fea-
ture of the chromosome is the high proportion (almost 7%) of prophage
sequences. The genome of T22 is assembled into three contigs contain-
ing 4687 coding sequences (CDS), 75 tRNA and 24 rRNA genes. In addi-
tion, the plasmid contains 79 protein coding genes. The present
resequencing helped to finalize the previously published draft genome
data (Sváb et al., 2013b) regarding the sizes of the chromosome and
the plasmid of T22 (Table 1).

The plasmid termed pT22 belongs to the F replicon type, it harbors
two genes of a multi-gene iron-di-citrate transport protein system,
and carries a vapB-vapC toxin-antitoxin system.

3.2. Prophage regions and associated virulence genes

Because of the significant role of prophages as vectors of virulence
genes and their dissemination among EHEC O157 strains, we have
paid special attention to the prophages harbored by E. coli T22. PHAST
search and the annotation of the genome revealed that the chromosome
of E. coli T22 contains 10 prophage regions (Table 2). Similarly to the
prototypic EHEC O157:H7 strains (Hayashi et al., 2001; Perna et al.,
2001), a great number of prophages are identified and some of them
also carry genes with virulence potential. The manual curation of the
PHAST results revealed that prophages account for 339 kb in the ge-
nome, corresponding to almost 7% of the total chromosome length. Re-
garding the two EHEC O157:H7 prototypic strains their genomes
contain higher number of prophages: Sakai carries 12.2% (Hayashi et
al., 2001) and EDL933 11% (Perna et al., 2002) prophage sequences.
The size of these individual prophages varies between 13 and 52 kb
and they are dispersed in the genome. The GC content of the prophages
is between 45.5% and 52.6% and no codon usage bias can be detected
when compared to the whole genome. This indicates adaptation of
these prophage elements to the T22 host. The main characteristics of
the identified prophages are summarized in Table 2, and Fig. 1 shows
their schematic representations. We termed the prophages from
T22 pp1 to T22 pp10. The architectures of the T22 prophages are differ-
ent, three of themare lambdoid, three prophages are P2-like, and the re-
maining four are classified according to the closest homologue
sequences (Table 2).

Homologies and their overall structure classify prophages T22pp4,
T22pp6 and T22pp7 as P2-like prophages. T22pp6 harbors the operon
encoding cytolethal distending toxin V, and has been characterized ear-
lier (Sváb et al., 2013a).



Table 2
Main characteristics of predicted prophage regions of E. coli T22.

Designation Contig Start End Length
(nt)

GC
%

Assigned
type

Upstream
flanking gene

Downstream
flanking gene

Virulence and fitness related
genes

Integrase Repressor

T22pp1 1 1 32,065 32,065 49.4 PhiP27-like Unknown tRNA 5′
methoxy-uridine
synthase

None identifed Present

T22pp2 1 385,293 398,890 13,598 48.8 none Proline-tRNA type I secretion
system

None identifed Present

T22pp3 1 1,480,783 1,531,940 51,158 49.3 Shigella
serotype
converting

Met-tRNA tmRNA binding
protein SmpB

None identifed Present cI and cro

T22pp4 1 1,543,880 1,574,799 30,920 52 P2-like Ribosomal DNA Yfi operon None identifed Present putative
cI

T22pp5 1 1,703,290 1,717,745 14,456 49 P4-like Sugar efflux
transporter B

Ser-tRNA none identifed Unidentified

T22pp6 1 2,288,961 2,320,124 31,164 52.6 P2-like fieF cpxP CDT-V Present c and cox
T22pp7 1 3,712,670 3,744,641 31,972 52.2 P2-like TetR

transcriptional
regulator

Trk
potassium-channel

None identifed Putative
int-like
protein

cI and cII
regulator

T22pp8 1 3,888,837 3,928,433 39,597 49.9 Lambdoid Putative TEGT
family transport
protein

Ser-tRNA Lipoprotein Bor Unidentified

T22pp9 2 350,924 396,041 45,118 45.5 Lambdoid Cytosine
tRNA-synthetase

Unknown Lom-like protein, heat-labile
enterotoxin IIc1, E. coli
artAB-like AB toxin

Present

T22pp10 3 212,066 258,765 46,700 50.4 Lambdoid Putative
transport
protein

Starvation sensing
protein rspB

Lom-like protein Unidentified

112 D. Sváb et al. / Infection, Genetics and Evolution 46 (2016) 110–117
An important difference between these P2-likeprophages is that
while T22pp6 has a P2-type regulatory switch consisting of c and cox
genes, prophages T22pp4 and T22pp7 contain the 186-type switch
consisting of cI and cII regulatory genes indicating that they appear to
be more closely related to P2-like prophages of Salmonella origin, al-
though P2-like phages are generally hypothesized to be host-specific
(Nilsson et al., 2011).

Prophages T22pp8, T22pp9 and T22 pp10 show partial homologies
to lambdoid prophages, particularly to Sp8 of the EHEC O157:H7 Sakai
strain (Hayashi et al., 2001), in the case of prophage T22pp8. T22pp9
contains a relatively conserved region, which also occurs in Sp3 and
Sp10 of the Sakai strain.

T22pp9 also carries the gene cluster with genes encoding heat-labile
enterotoxin type IIc1 (LT-IIc1). The region containing the toxin genes is
situated downstreamof theQ antiterminator gene and also contains the
artAB operon encoding the ADP-ribosyltransferase toxin homologue or
pertussis-like toxin, first identified in Salmonella typhimurium (Saitoh
et al., 2005), and later in E. coli strains, where it was termed ealAB, for
E. coli artAB-like AB toxin (Jobling, 2016). These two toxin-encoding op-
erons are separated by three phage genes, encoding a putative mem-
brane protein, a holin, and a hypothetical protein, respectively. It has
already been proposed that LT-II is carried by prophages (Jobling and
Holmes, 2012) and in the case of LT-IIa, a whole prophage genome
was determined, and the carriage of a pertussis-like toxin gene cluster
was also reported as prophage Rac-SA53 (Jobling, 2016). In T22pp9
the region carrying the LT-II toxin genes are very similar to that found
in prophage Rac-SA53, however, most of the remaining structural re-
gions of T22pp9 are significantly different. The lt-IIc1 and ealAB clusters
harbored by T22 are 100% identical to those carried by E. coli strain
NADC1036 (GenBank KU052040; Jobling, 2016).

Besides the above toxin genes, T22pp9 and alsoT22 pp10 carry an at-
tachment invasion protein precursor gene, encoding the lom-like pro-
tein, which is thought to have a role in adhesion (Vica Pacheco et al.,
1997), however, no recent studies have explored this function in details.

Serum resistance associated lipoprotein Bor (Barondess and
Beckwith, 1995) encoding gene is present inT22pp8. This putative viru-
lence factor is encoded bymultiple lambdoid prophages found in sever-
al pathogenic E. coli strains, most notably in Stx-converting phages of
EHEC strains (Asadulghani et al., 2009), T22pp1 is integrated into the
yecE-yecD site, which in some STEC strains contains prophage PhiP27,
harboring the stx2e operon (Muniesa et al., 2000; Recktenwald and
Schmidt, 2002). Within T22pp1 there are genetic stretches showing
strong homology to parts encoding replication and packaging functions
of PhiP27, suggesting evolutionary relationship between these
prophages.

T22pp2, being only 11 kb in size, shows remarkable mosaic struc-
ture, but only low level homologies to known prophages. T22pp2 is in-
tegrated between a prolin tRNA gene and the operon encoding a type I
secretion system. There are no reported examples of this insertion up to
date, but the undisrupted region (prolin tRNA and type I secretion sys-
tem in tandem) can be observed in the genome of several commensal
strains.

The T22 prophages are integrated at different sites scattered across
the genome, half of them are associated with tRNA genes (Table 2),
which is in harmony with the findings of Bobay et al. (2013), who re-
ported that prophages are frequently integrated next to tRNA genes.

The typical integration sites of Stx phages (wrbA, yehV, sbcB, argW)
are intact in T22, with the exception of yecN-yecD containing T22pp1
noted above, providing potential integration sites for Stx phages.

3.3. Additional virulence related genes

Although the prophage pool carried by T22 differs greatly from the
prophages carried by typical EHEC O157:H7 strains, these regions also
harbor several different (cdt, lt-II, lpf) and identical (bor, lom) virulence
genes (see Section 3.2). Additional virulence genes are also present in
the chromosome, representing fimbriae and secretion systems (see
below Sections 3.3.1–3.3.2).

3.3.1. Fimbriae
The initial PCR investigation of E. coli T22 showed that the strain har-

bors long polar fimbria (Lpf) genes (Tóth et al., 2009), this surface struc-
ture described by Torres et al. (Torres et al., 2002) was found to be
harbored by a wide variety of pathogenic E. coli in the past decade,
and proved to have adhesive functions in EHEC (Lloyd et al., 2012).
Subtyping showed that the lpf operon harbored by T22 is of allelic
type 2-1 (Sváb and Tóth, 2012), which is a widespread variant, but



T22pp1

T22pp2
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T22pp4

T22pp5
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EalAB
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Fig. 1. Schematic representation of prophage regions found in the genome of T22. Arrows filledwith the same pattern represent genes of related functions. Note that the size scale of each
prophage is in nucleotides and was created individually. The identified toxin-encoding gene clusters are highlighted by brackets. lt-II: heat-labile enterotoxin type II, cdt-V: cytolethal
distending toxin type V, ealAB: Escherichia coli ArtAB-like toxin.

113D. Sváb et al. / Infection, Genetics and Evolution 46 (2016) 110–117
not characteristic for typical EHEC or EPEC O157 strains (Torres et al.,
2009).

E. coli T22 also carries the full operon of type 1 fimbriae encoded by
the fim gene cluster, which is also awidespread virulence factor of path-
ogenic E. coli, especially uropathogenic E. coli (UPEC), where it plays a
role in adherence to the urogenital epithelium, and can also be found
in several commensal strains (Martinez et al., 2000).

Both fimbrial operons are integrated into their usual site, which is
between the glm and pst gene clusters for lpf2-1, and between the yhj
and gnt gene clusters for the fim operon, respectively.

3.3.2. Secretion systems
The T22 genome harbors a full type VI secretion system encoding

gene cluster. This structure is considered to be a remnant of a bacterio-
phage tail, utilized by E. coli in the transport of various effectors (Leiman
et al., 2009). This gene cluster carried by T22 is most similar to that of
ETEC E24377A of human origin and several other pathogenic E. coli
strains. This variant was reported and characterized earlier, termed as
subtype 2 (T6SS2) in APEC strains (Ma et al., 2013).

We also identified a truncated version of the type 2 of the type III se-
cretions system (ETT2; (Makino et al., 2003). The yqe, yge, epr and epa
gene clusters are present but thewhole eiv gene cluster is missing albeit
its flanking pseudogenes are present. (Fig. 2). The above gene clusters
are integrated between a gene encoding a serine transporter and a gly-
cine tRNA gene. This putative secretion system is widespread in patho-
genic E. coli, and is thought to have regulatory functions in virulence in
general (reviewed by Zhou et al., 2014).

T22 fulfils all the criteria of a CDT-producing E. coli (Tóth and Sváb,
2014) as demonstrated in our previous study (Taieb et al., 2015). CDT-
V from T22 caused characteristic morphological changes of HeLa cells



Fig. 2. Comparison of the type 2 type III secretions system (ETT2) gene cluster in T22 with that found in Escherichia coli O157:H7 Sakai. The figure is adapted from the work of Zhou et al.
(2014) reviewing the ETT2 secretion system, focusing on the gene cluster found in the E. coli O157:H7 Sakai genome. Arrows filled with the same pattern represent genes of the same
cluster.
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in tissue culture assays. Cell cycle arrest of eukaryotic cells at G2-M2
transition was demonstrated by flow cytometry. In addition, the CDT–
induced phosphorylation of histone protein H2AXwas observed by im-
munoblot analysis revealing double-stranded DNA damage in the cells
(Taieb et al., 2015). Recent studies suggest the distinction of cytolethal
distending toxin producing E. coli as a pathotype on its own right, abbre-
viated as ‘CTEC’ (Hinenoya et al., 2009, 2014). While not being isolated
fromhuman source, and thus not havingdirect evidence for its pathoge-
nicity, E. coli T22 can be categorized as CTEC, while also carrying the
gene cluster encoding LT-II and the pertussis-like toxin.

3.4. CRISPR regions

Clustered regularly interspaced palindromic repeats (CRISPR) and
the proteins encoded by the CRISPR-associated genes (Cas) are utilized
by various archaea and bacteria (including E. coli) as an adaptive im-
mune system against foreign genetic material reviewed in Bondy-
Denomy and Davidson (2014). All four CRISPR regions (CRISPR1–4)
identified up to date in E. coli are present. A summary of these regions
is shown in Table 3.Thus the T22 genome contains a presumably func-
tional CRISPR-Cas system. The CRISPR1 is coupled to the gene cluster
encoding the Cas genes,which ismost similar to the gene cluster carried
by ETEC strain E24377A (Díez-Villaseñor et al., 2010).

The spacers in the CRISPR1 array of T22 are identical to those carried
by strain hu24 and k8, isolated from human source (GenBank
KF707537.1 and KF707515.1; (Sheludchenko et al., 2015). However,
when compared to the repeat regions of typical O157 EHEC strains
(Delannoy et al., 2012), no common spacers can be observed.

The CRISPR2 region bears an overall similarity to that found in sever-
al K-12 and commensal strains. Comparison with the STEC CRISPR se-
quence collection deposited by Yin et al. (2013) revealed that the first
and fourth spacer of T22 CRISPR2 are sharedwith the corresponding re-
gion of strain 0-0846, but no other matching spacers can be found. On
the other hand all spacers of T22 CRISPR1 and CRISPR2 can be found
in the corresponding regions of Shiga toxin-producing (STEC)
O113:H21 strains determined by Feng et al. (2014), and in several E.
coli reference (ECOR) strains, albeit in different arrangements. Fig. 3
shows a schematic representation of CRISPR1 and CRISPR2.

It is interesting to note that according to Yin et al., a conservation of
CRISPR sequences could be observed between O157 strains carrying the
Table 3
Main characteristics of CRISPR regions in E. coli T22.

Region Integration site Number of spacers Length of spacers (nt)

CRISPR1 Cas2 and alkaline
phosphatase

12 32a

CRISPR2 ygcF, ygcE 26 32
CRISPR3 clpS, aat 0 N/A
CRISPR4 clpS, aat 0 N/A

a One spacer in CRISPR1 is 33 nt long.
same H antigen (Yin et al., 2013). Recently the draft genome sequence
of porcine ETEC O157:H43 strain DEC7A became available (GenBank
AIGA01000043.1, Hazen et al., 2012). However, when comparing the
CRISPR1 and CRISPR2 regions of T22 to those of DEC7A, no matching
spacers are found.

The CRISPR3 and CRISPR4 regions, in harmony with earlier findings
(Touchon and Rocha, 2010), forms a combined, short, and apparently
conserved array, which shows 100% identity to corresponding regions
carried by more than 40 E. coli strains according to GenBank, and with-
out containing any spacers (Toro et al., 2014).

3.5. Phylogenetic relations

To investigate the phylogenetic relationships of E. coli T22 to other
pathogenic and non-pathogenic E. coli strains, we selected 62 publicly
available whole genomes and compared them by core genome phylog-
eny. The selected strains represent all the main intestinal pathotypes as
well as extraintestinal (ExPEC), uropathogenic (UPEC) and commensal
strains. Representatives of the four species of Shigella were also includ-
ed. The accession numbers of the genomes are given in Table A1. All the
common conserved genes present in these E. coli and Shigella genomes
were collected. DNA sequence for as many as 1862 common genes
were identified and used in genome comparison analysis (Fig. 4).

The core genome phylogeny placed T22 closest to E24377A ETEC
strain of O139:H28 serotype, as well as the EHEC O26:H11 and
O111:NM strains. The EHEC O103:H2 strain was placed on a neighbor-
ing branch. These three EHEC strains (designations 11,368, 11,128 and
120,009, respectively) were isolated from sporadic cases of diarrhea
(Ogura et al., 2007), while ETEC E24377A was isolated from drinking
water (Tamhankar et al., 2015). The typical EHEC O157:H7 strains and
their ancestors, the O55:H7 strains (Feng et al., 2007) form a separate
group, as well as the recently emerged O104:H4 enteroaggregative-
hemorrhagic (EAHEC) strains. These results indicate that T22 belongs
to a separate lineage of intestinal pathogenic strains, divergent from
the typical O157 EHEC and also from the recently emerged O104:H4
EAHEC strains. Our phylogenetic analysis also showed that commensal
strains like IAI1, SE15 and SMS-3-5 are widely distributed all along the
tree. Extraintestinal strains are separate from all the above-mentioned
clusters, but they are insterspersed with EPEC and other intestinal and
commensal strains. The Shigella dysenteriae Sd197 strain was placed
close to the EHEC O157:H7 strains, but far from strains of other Shigella
species (Fig. 4).

Complementary to the phylogenetic relations a further, gene-con-
tent based pangenome analysis was performed with the genomes of E.
coli T22, the commensal E. coli strains IAI1, SE11 and the prototypic
EHEC O157:H7 EDL933 strain (GenBank no. CU928160.2, AP009240.1,
and AE005174.2, respectively). The former two were chosen because
on the whole-genome sequence level they are closest to T22 among
the commensal strains, and the EDL933strainwas included as prototyp-
ic EHEC O157 strain. These analyses revealed 3,599CDSs (82% of the T22



Fig. 3. Genetic structure of the CRISPR1 and CRISPR2 (clustered regularly interspaced repeat) regions of T22. Numbered boxes represent the individual spacers, black boxes represent the
repeat sequences, the textured bars represent the leader and closing sequences, respectively. Note that in CRISPR1, spacer 2 is present in two copies.
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CDSs) that are common to all four compared E. coli genomes, while 261
CDSs (6%) are T22-specific (Fig. 5. and Table A2). T22-specific genes in-
clude the gene cluster encoding CDT, LT-II and EalAB, as well as several
plasmid and prophage-related structural and regulatory genes in the
chromosome. One gene of the O-antigen biosynthesis cluster is also in-
cluded, which further supports the idea of T22 representing a distinct
lineage from other O157 strains, while this gene shows high identity
percentage to that carried by the strain E. coli PV00-24, and of the
O157:H43 serotype (GenBank AB602253.1). This finding also confirms
the notion that differences in the O157 biosynthesis genes indicate the
separation of lineages within the serogroup (Iguchi et al., 2011). 34 of
the 261 unique genes are found on the plasmid pT22. These include
the iron di-citrate transport system, the F-pilin as well as the tra and
Fig. 4. Core genome phylogeny of T22 and 58 E. coli as well as 4 Shigella strains with whole geno
of 1862 common genes.
trb gene cluster related to the conjugative transfer. The predicted func-
tions and closest homologues of the unique genes are summarized in
Table A2.

All these results indicate that E. coli T22 represents a distinct evolu-
tionary path from the typical STEC and EHEC members of the O157
serogroup, and being divergent from enterotoxigenic E. coli (ETEC)
strains of O157:H43 serotype, although there is considerably fewer se-
quence data available for ETEC O157 strains. In a recent study by
Sanjar et al. (2015) phylogenetic analysis placed the genomes of
O157:non-H7 strains, including T22, apart from typical EHEC and EPEC
strains of the serogroup, further suggesting its separate lineage. In har-
monywith our results Sanjar et al. reported that T22 clustered together
with ETEC strain E24377A, commensal E. coli strain IAI1, and also with
mes available in GenBank. Consensus neighbour-joining supertree based on the sequences



Fig. 5. Comparison of the genetic content of the sequenced E. coli O157:H43 strain T22
with the EHEC O157:H7 EDL933 strain and the commensal E. coli SE11 and IAI1 strains.
The 4 strains share 3599 common genes and 261 specific genes were identified in the
T22 genome. The T22 specific genes are listed in Table A2.
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EHEC strains 11128, 11368 and120,009. Togetherwith the results of the
pangenome analysis, these data strongly support the idea of T22
representing a unique and so far uncharacterized lineage of pathogenic
E. coli (Figs. 4 and 5).

Since T22 represents a novel patho- and genotype among E. coli
O157 strains it is necessary to summarize the relation of T22 to proto-
typic EHEC O157 strains regarding their phylogenetic markers. Earlier
a step-wise evolution model was devised for the emergence of
O157:H7/NM EHEC strains (Feng et al., 2007). In this model, the inabil-
ity to ferment sorbitol is considered a key marker of typical EHEC
O157:H7 strains. Interestingly, T22 also shows the non-sorbitol-
fermenting (NSF) phenotype (Tóth et al., 2009). In a more recent
study, conducted with 400 O157 strains including nine of the
O157:H43 strains, pulsed field gel electrophoresis (PFGE) patterns sug-
gested that the O157 serogroup became divergent according to the dif-
ferent H types (Rump et al., 2015). Out of the nine O157:H43 strains
investigated by Rump et al. (2015) only two were NSF, and one of
theme lacked all EHEC-specific marker genes. Similarly, none of the 13
EHEC-specific marker genes are present in the genome of T22. Because
the study was limited to these 13 genes, no further genetic comparison
is possible at present between T22 and the O157:H43 strains investigat-
ed by Rump et al. (2015).

3.6. Conclusions

EHEC O157:H7/NM strains are well characterized dangerous zoo-
notic pathogens, but less information is available on E. coli O157 strains
with different virulence genes and H antigen. Here we present the first
comprehensive genomic analysis of a CDT-producing, Stx- and intimin-
negative E. coliO157 strain, and thefirstwhole genomeof the O157:H43
serotype. Our results show that besides CDT, T22 carries an array of ad-
ditional virulence genes, including those encoding LT-II toxin as well as
the type1 fimbria and Lpf as potential adhesins. The genome contains
large amount of prophages, one of them carries the cdt and another
the LT-II encoding genes. To our knowledge, no E. coli O157 strain
with similar genotype and virulence array has been described up to
date in detail.

Regarding the phylogenetic relations of T22, our results indicate that
it has a unique position among pathogenic andwild-type commensal E.
coli strains, representing a separate lineage from the typical EHEC and
EPEC O157 strains. The lack of key EHEC virulence genes and the integ-
rity of their typical integration hot spots further support this notion. The
unique evolutionary background and genotype of T22 also calls the
attention to the continuing emergence of new virulence gene combina-
tions among E. coli of serogroup O157.
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