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Abstract

Escherichia coli O145 serogroup is one of the big six non-O157 Shiga toxin producing E.

coli (STEC) that causes foodborne illnesses in the United States and other countries. Cattle

are a major reservoir of STEC, which harbor them in their hindgut and shed in the feces. Cat-

tle feces is the main source of hide and subsequent carcass contaminations during harvest

leading to foodborne illnesses in humans. The objective of our study was to determine the

virulence potential of STEC O145 strains isolated from cattle feces and hide samples. A

total of 71 STEC O145 strains isolated from cattle feces (n = 16), hide (n = 53), and human

clinical samples (n = 2) were used in the study. The strains were subjected to whole genome

sequencing using Illumina MiSeq platform. The average draft genome size of the fecal,

hide, and human clinical strains were 5.41, 5.28, and 5.29 Mb, respectively. The average

number of genes associated with mobile genetic elements was 260, 238, and 259, in cattle

fecal, hide, and human clinical strains, respectively. All strains belonged to O145:H28

serotype and carried eae subtype γ. Shiga toxin 1a was the most common Shiga toxin gene

subtype among the strains, followed by stx2a and stx2c. The strains also carried genes

encoding type III secretory system proteins, nle, and plasmid-encoded virulence genes.

Phylogenetic analysis revealed clustering of cattle fecal strains separately from hide strains,

and the human clinical strains were more closely related to the hide strains. All the strains

belonged to sequence type (ST)-32. The virulence gene profile of STEC O145 strains iso-

lated from cattle sources was similar to that of human clinical strains and were phylogeneti-

cally closely related to human clinical strains. The genetic analysis suggests the potential of

cattle STEC O145 strains to cause human illnesses. Inclusion of more strains from cattle

and their environment in the analysis will help in further elucidation of the genetic diversity

and virulence potential of cattle O145 strains.
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Introduction

In recent years, there is an increased incidence of non-O157 STEC-associated human illnesses.

Six STEC serogroups, O26, O45, O103, O111, O121, and O145, are responsible for more than

70% of non-O157 STEC-associated human illnesses in the United States [1, 2]. In 2011, the US

Department of Agriculture, Food Safety and Inspection Service declared these six non-O157

STEC as adulterants in ground beef and non-intact raw beef products [3]. The serogroup

O145 is responsible for several outbreaks in the US and other countries, including Germany

[4], Argentina [5] and Belgium [6]. In the US, two cases of E. coli O145 associated infection

were reported in a day care in Minnesota in 1999 [7]. The serogroup was also responsible for a

waterborne human illness in Oregon in 2005 [8], and in 2010, a multistate outbreak associated

with the consumption of romaine lettuce, leading to 45% hospitalization, with 10% of the

patients developing hemolytic uremic syndrome [9].

Cooper et al. (2014) analyzed the whole genome sequences (WGS) of two strains of E. coli
O145:H28 that were associated with the romaine lettuce outbreak in the US and ice cream out-

break in Belgium, and compared them to genome sequences of E. coli and Shigella. They

reported that O145 and O157 strains evolved from a common lineage, and the core genome

profile of E. coli O145 strains was more similar to that of E. coli O157 than to other E. coli
strains [10]. Carter et al (2016) studied the genetic diversity, population structure, virulence

potential, and antimicrobial resistance profiles of environmental E. coli O145 strains (cattle

feces, feral pigs, wild life, sediment, water and human clinical cases). They reported an exten-

sive genetic diversity among the strains, and antimicrobial resistance appeared to be wide-

spread in environmental strains with over half of the cattle strains resistant to at least one of

the 14 antibiotics tested [11].

Cattle are major reservoirs of STEC, which harbor them in the hindgut and shed in the

feces. Cattle feces are a main source of hide, and carcass contamination during harvest, poten-

tially leading to foodborne illnesses in humans. Several studies have shown the association

between prevalence of STEC in cattle feces and subsequent hide and carcass contaminations

[12, 13]. However, it is essential to determine the virulence potential of the strains in order to

estimate the risk associated with each source of contamination, and to design the intervention

strategies to prevent foodborne illness in humans. The objective of our study was to assess the

virulence potential of STEC O145 strains isolated from cattle feces and hide samples using

WGS-based analysis. We have demonstrated the pathogenic potential of cattle O145 strains

and their close similarity to human clinical O145 strains based on genetic characterization,

suggesting the potential of cattle O145 strains to cause foodborne illness in humans.

Materials and methods

The protocol was approved by the Institutional Animal Care and Use Committee (IACUC) for

Kansas State University (IACUC # 3764).

Escherichia coli O145 strains

A total of 69 STEC O145 strains isolated from cattle feces and hide samples, and two human

clinical strains were used for whole genome sequencing. The strains isolated from cattle feces

(n = 16) and hide swab samples (n = 53) were collected at feedlots and in abattoirs, respec-

tively. The fecal strains were from two studies conducted in the summer months of 2013 [14]

and 2014 [15]. The hide strains were from a study conducted in the summer months of 2015

and 2016 [16]. The details about sample collection, isolation and identification have been

described previously [14–16]. Two human clinical strains obtained from Kansas Department

of Health and Environment were included in the study. The strains were positive for stx1
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(n = 62) only, stx2 only (n = 8), both stx1 and stx2 (n = 1), and eae (n = 71) by PCR [17]. The

strains were cultured onto Tryptone Soy agar (TSA; BD Difco, Sparks, MD) slants and shipped

overnight on ice to the University of Maryland for whole genome sequencing.

DNA extraction and whole genome sequencing

Escherichia coli O145 strains on the TSA slants were restreaked onto blood agar and then sub-

cultured in TSB. The genomic DNA was extracted from the broth culture using DNeasy Blood

and Tissue Kit with the QIAcube robotic workstation (Qiagen, Germantown, MD). The geno-

mic libraries were constructed using Nextera XT DNA Library Preparation Kit and MiSeq

Reagent Kits v2 (500 Cycles) (Illumina, Inc.). Whole genome sequencing was performed using

an Illumina MiSeq platform (Illumina, San Diego, CA). De novo genome assembly was per-

formed using SPAdes 3.6.0 [18].

Sequence analysis

The initial annotation of draft genomes of STEC O145 strains was performed using RAST

(Rapid Annotation using Subsystem Technology; [19]). The O and H-types were identified

using SerotypeFinder 1.1 (http://www.genomicepidemiology.org) and BLAST tools (https://

blast.ncbi.nlm.nih.gov/Blast.cgi), respectively. The number of genes categorized as associated

with virulence, disease and defense, mobile elements (phages, prophages, transposable ele-

ments, and plasmids), membrane transport, iron acquisition and metabolism, and stress

response in each strain was determined using RAST. A analysis of variance test was performed

to determine whether genome size, and number of genes associated with different functional

categories were significantly different between O145 strains isolated from different sources.

Tukey adjustment for multiple comparisons was performed, using SAS 9.4 with Proc Glimmix,

to test each pairwise comparison for significant differences (P< 0.01), if the means were sig-

nificantly different (P< 0.01). The virulence gene profile and antimicrobial resistance genes

were determined using VirulenceFinder 1.4 [20] and ResFinder 2.1 [21], web-based tools

developed by the Center for Genomic Epidemiology (CGE) at the Danish Technical University

(DTU), Lyngby, Denmark (http://www.genomicepidemiology.org/). Plasmid and phage

sequences were identified using PlasmidFinder v1.3 (https://cge.cbs.dtu.dk/services/

PlasmidFinder/) and Phage Search Tool Enhanced Release (PHASTER; http://phaster.ca/),

respectively. Clusters of regularly interspaced short palindromic repeats (CRISPR)-Cas system

of E. coli O145 strains were characterized based on annotation by CRISPRone, a web-based

tool (http://omics.informatics.indiana.edu/CRISPRone). The tool provides class, type, and

subtype of CRISPR-Cas system and number, length and nucleotide sequences of repeats and

spacers [22]. The sequence types (ST) of each strain were determined using in silico MLST

tool, MLST v1.8 [23, 24], a web-based tool developed by CGE. The phylogenetic relationship

among the STEC O145 strains of cattle and human origin was determined using Parsnp v1.2

(http://harvest.readthedocs.io/en/latest/content/parsnp.html) [25], which performs core

genome alignment followed by construction of maximum likelihood tree. The tree was visual-

ized using FigTree 1.4 software (http://tree.bio.ed.ac.uk/software/figtree/). Escherichia coli
O145:H28 strain RM12581 (GenBank accession no. CP007136), isolated from romaine lettuce

associated with multistate outbreak of STEC O145 infections in the United States (Cooper

et al., 2014), were used as control for comparison.

Nucleotide sequence accession numbers

Draft genome sequences of the 71 E. coli O145 strains are available in GenBank under biopro-

ject accession no. PRJNA525675.
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Results

All the strains (n = 71) were confirmed to be of O145 serogroup by SerotypeFinder 1.1 using

default parameters (select threshold for % ID = 85%, and select minimum length = 60%). All

the STEC O145 strains carried fliCH28. The flagellar genes of the strains showed� 99% identity

to the fliCH28 reference sequence (GenBank accession no.LN555740, LN555741, LN649615).

RAST subsystem summary

Based on the RAST subsystem annotation, the average draft genome size of STEC O145 strains

isolated from cattle feces and hide were 5.41 (5.25–5.63) Mb and 5.28 (5.21–5.46) Mb, respec-

tively. The average draft genome size of fecal strains was significantly larger (P< 0.01) than

the hide strains. The average number of genes associated with mobile genetic elements

(phages, prophages, transposable elements and plasmids) was significantly higher (P< 0.01)

in strains isolated from cattle feces [260 (224–291)] compared to hide strains [238 (203–268)].

There was no significant difference in the average number of genes associated with membrane

tranport, iron acquistion and metabolism, and stress response categories between O145 strains

isolated from different sources. The average number of genes associated with the major subsys-

tem categories in all the strains is provided in Table 1.

Virulence genes

Of the 71 strains, 62 strains were positive for stx1 only (10 fecal, 51 hide and one human

strains), seven strains for stx2 only (6 fecal and one hide strains) and one human strain was

positive for both stx1 and stx2. Shiga toxin gene sequence was not identified in the genome of

one of the STEC strain which was positive for stx2 by end-point PCR. Shiga toxin 1a was the

most common subtype in bovine fecal (10/16; 62.5%), hide (51/53; 96.2%) and human clinical

strains (2/2; 100%). Shiga toxin 2a was present only in bovine fecal (5/16; 31.3%) and human

clinical strains (1/2; 50%), but absent in cattle hide strains. Similarly, stx2c was present only in

bovine fecal (1/16; 6.3%) and hide strains (1/53; 1.9%), but absent in human clinical strains.

All the STEC O145 strains of bovine fecal, hide, and human origin carried intimin (eae) sub-

type γ. They also carried LEE-encoded type III secretory system proteins such as tir, espA,

espB, and espF. All the strains carried tir, espA, and espB, whereas espF was present at a fre-

quency of 93.8%, 92.5%, and 100% in cattle fecal, hide and human clinical strains, respectively.

Apart from intimin, they also carried other adhesins such as iha (IrgA homologue adhesin).

The non-LEE encoded effector protein encoding genes such as nleA, nleB, and nleC were pres-

ent in all the strains. Additionally, they also carried phage-encoded type III secretory system

protein encoding genes such as espI, espJ, cif, and tccP. All the strains carried espJ (except one

human strain) and cif (except one human strain), espI was present only in five strains isolated

Table 1. Average draft genome size and average number of different categories of genes in STEC O145 strains (n = 71) isolated from human and cattle sources

based on RAST subsystem annotation.

Source Draft genome

size (Mb)

Functional categories of genes, Mean (Range)

Virulence, disease, and

defense

Phages, prophages, transposable

elements and plasmids

Membrane

transport

Iron acquisition and

metabolism

Stress

response

Cattle feces

(n = 16)

5.41 (5.25–5.63) 112 (110–118) 260 (224–291) 174 (154–199) 75 (74–75) 189 (185–

191)

Cattle hide

(n = 53)

5.28 (5.21–5.46) 111 (110–115) 238 (203–268) 179 (154–188) 75 (74–75) 190 (183–

192)

Human clinical

(n = 2)

5.29 (5.24–5.33) 111 (110–111) 259 (252–266) 170 (160–179) 75 190 (187–

192)

https://doi.org/10.1371/journal.pone.0225057.t001
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from cattle feces, tccP was present at a frequency of 93.8%, 83%, and 100% in cattle fecal, hide

and human clinical strains. Plasmid-encoded virulence genes such as ehxA (87.5% of cattle

fecal, 71.7% of cattle hide, and 50% of human clinical strains), katP (62.5% of cattle fecal,

75.5% of cattle hide, and 50% of human clinical strains), and espP (100% of cattle fecal, 88.7%

of cattle hide, and 50% of human clinical strains) were also present in STEC O145 strains. The

gene encoding EAST-1 heat-stable toxin (astA) was present in all the strains. The virulence

gene content of cattle fecal, hide and human strains is provided in Table 2. Escherichia coli
O145:H28 strain RM12581 carried virulence genes such as stx2a, astA, LEE-encoded type III

Table 2. Distribution of virulence genes in STEC O145 strains from cattle and human sources (n = 71).

Virulence genes Product Source of E. coli O145 strains

Cattle feces (n = 16) Cattle hide (n = 53) Human (n = 2)

Shiga toxins No. of strains positive

stx1a Shiga toxin 1 subtype a 10 51 2

stx2a Shiga toxin 2 subtype a 5 0 1

stx2c Shiga toxin 2 subtype c 1 1 0

Adhesins

eae Intimin 16 53 2

iha IrgA homologue adhesin 16 52 2

LEE encoded Type III secretory system proteins

tir Translocated intimin receptor 16 53 2

espA EPEC secreted protein A 16 53 2

espB EPEC secreted protein B 16 53 2

espF EPEC secreted protein F 15 49 2

Non-LEE encoded effector proteins

nleA Non-LEE encoded effector protein A 16 53 2

nleB Non-LEE encoded effector protein B 16 53 2

nleC Non-LEE encoded effector protein C 16 53 2

Phage encoded type III secretory system proteins

espI E. coli-secreted protein I 5 0 0

espJ E. coli-secreted protein J 16 53 1

cif Cell-cycle inhibiting factor 16 53 1

tccP Tir-cytoskeleton coupling protein 15 44 2

Plasmid encoded virulence factors

ehxA Enterohemolysin 14 38 1

katP Catalase peroxidase 10 40 1

espP Extracellular serine protease 16 47 1

Antimicrobial resistance genes

tetA Tetracycline resistance 1 1 0

tetB Tetracycline resistance 1 0 0

strA Aminoglycoside resistance 1 1 0

strB Aminoglycoside resistance 1 1 0

sul2 Sulphonamide resistance 2 1 0

floR Phenicol resistance 1 1 0

blaCMY2 Beta-lactam resistance 1 1 0

Other

iss Increased serum survival 16 53 2

cba Colicin B 0 1 0

astA EAST-1 heat-stable toxin 16 53 2

https://doi.org/10.1371/journal.pone.0225057.t002
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secretory system protein genes (eae, tir, espA, espB), non-LEE encoded genes (nleA, nleB,

nleC), and phage-encoded type III secretory system protein encoding genes (espI, espJ, cif, and

tccP).

Antimicrobial resistance genes

Only a few strains exhibited antimicrobial resistance genes. Two fecal and one hide strains car-

ried antimicrobial resistance genes to aminoglycosides, tetracyclines, sulfonamides, phenicols,

and β-lactams. Aminoglycoside resistance genes (strA and strB) were found in one fecal and

one hide strains. Tetracyclin resistance genes, tetA, was carried by two strains (one fecal and

one hide strain), and tetB was carried by one fecal strain. Sulfonamide resistance gene (sul2)

was present in two fecal and one hide strain. Phenicol resistance gene (floR) was carried by one

fecal and one hide strain. Beta-lactamase resistance gene (blaCMY-2) was carried by one fecal

and one hide strains (Table 2).

Plasmid and prophage sequences

The most common plasmid sequences found in STEC O145 strains were IncFIB (16 cattle

fecal, 48 cattle hide, and one human strains) and IncB/O/K/Z (16 cattle fecal, 51 cattle hide,

and one human strains). Other plasmid sequences found were IncI2 (one cattle fecal), IncA/

C2 (one cattle fecal and one cattle hide), pO111 (one cattle fecal), IncH12 (one cattle fecal) and

IncH12A (one cattle fecal) (Table 3). Escherichia coli O145:H28 strain RM12581 carried

IncFIB, IncB/O/K/Z and IncA/C2.

Average number of phage sequences were 16.7 (11–22) and 14.9 (9–20) in cattle fecal and

hide strains, respectively. Average number of intact, incomplete and questionable phage

sequences based on PHASTER scores in cattle and human strains is provided in Table 4. Most

common phage sequences found among cattle and human sources were E. coli bacteriophage

WPhi (100% of cattle fecal and human clinical strains, 96.2% of cattle hide strains), Enterobac-
teria phage BP-4795 (100% of cattle fecal and human clinical strains, and 98.1% of cattle hide

strains), Enterobacteria phage mEP460 (100% of cattle hide and human clinical strains, and

87.5% of cattle fecal strains), Enterobacteria phage P88 (100% of human clinical strains, and

87.5% of cattle fecal, and 96.2% of cattle hide strains), Enterobacteria phage BP-4795 (100% of

cattle fecal and human clinical strains, and 98.1% of cattle hide strains), and Enterobacteria
phage lambda (100% of human clinical strains, 81.3% of cattle fecal, and 69.8% cattle hide

strains) (Table 5). Escherichia coli O145:H28 strain RM12581 carried Enterobacteria phages

such as lambda, BP_4795, YYZ-2008, cdtI, P88, P4, VT2 phi_272, E. coli phage WPhi, Salmo-
nella phage SEN34, stx2 converting phage 1717.

CRISPR-Cas system

The subtype of CRISPR-Cas system present in all the bovine and human strains were I-A and

I-E. All the strains carried Cas proteins such as Cas3, Csa3, Cas8e, DEDDH, Cse2gr11, Cas5,

Cas6e, Cas7, Cas1, Cas2, except two hide strains (2015-10-213G1 and 2015-10-218E) which

Table 3. Plasmid sequences in STEC O145 strains (n = 71) isolated from human and cattle sources identified by PlasmidFinder 1.3.

Source IncFIB IncB/O/K/Z IncI2 IncA/C2 pO111 IncH12 IncH12A

Cattle feces (n = 16) 16 16 1 1 1 1 1

Cattle hide (n = 53) 48 51 0 1 0 0 0

Human clinical (n = 2) 1 1 0 0 0 0 0

https://doi.org/10.1371/journal.pone.0225057.t003
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lacked Cse2gr11, Cas7, and Cas5. One fecal strain (2013-3-109C) lacked Cas7 and Cse2gr11.

Characteristic features of CRISPR-cas system of all the strains are provided in Table 6.

Phylogenetic relationship and sequence types

Phylogenetic analysis of the strains revealed that all the strains carrying the same Shiga toxin

subtype clustered together irrespective of the source of isolation. Escherichia coli O145:H28 ref-

erence sequence (GenBank accession no. CP007136), a strain isolated from romaine lettuce

from a multistate outbreak of E. coli O145 infections in the United States (carrying stx2a) [10],

clustered with the cattle fecal strains carrying stx2a (Fig 1). However, few cattle fecal strains

carrying stx1a clustered separately from the hide strains carrying stx1a. Two human clinical

Table 4. Total number of phage sequences in STEC O145 strains (n = 71) isolated from human and cattle sources based on PHASTER.

Source Type of phage sequences, Mean (Range)a

Total Intact Incomplete Questionable

Cattle feces (n = 16) 16.7 (11–22) 8.2 (6–11) 6.2 (0–14) 2.3 (1–4)

Cattle hide (n = 53) 14.9 (9–20) 7.6 (4–10) 6.1 (3–9) 1.2 (0–4)

Human clinical (n = 2) 15.5 (15–16) 7 (6–8) 7 (6–8) 1.5 (1–2)

aPhage sequences were classified as intact, questionable and incomplete based on the PHASTER scores >90, 70–90, <70, respectively

https://doi.org/10.1371/journal.pone.0225057.t004

Table 5. Intact prophage sequences present in E. coli O145 strains of cattle and human origin (n = 71).

Prophage Cattle feces (n = 16) Cattle hide (n = 53) Human clinical (n = 2)

Escherichia coli bacteriophage WPhi 16 51 2

Escherichia phage pro147 0 2 0

Escherichia phage pro483 0 2 0

Enterobacteria phage mEp460 14 53 2

Enterobacteria phage P88 14 51 2

Enterobacteria phage cdtI 2 0 0

Enterobacteria phage Lambda 13 37 2

Enterobacteria phage BP-4795 16 52 2

Enterobacteria phage P4 5 9 0

Enterobacteria phage 933W 5 0 0

Enterobacteria phage HK630 4 18 0

Enterobacteria phage phi27 1 0 0

Enterobacteria phage YYZ-2008 1 2 0

Enterobacteria phage mEP043 C-1 2 0 0

Enterobacteria phage Min27 1 0 0

Enterobacteria phage P1 1 1 0

Enterobacteria phage UAB_Phi20 0 1 0

Enterobacteria phage Sf6 0 1 0

Enterobacteria phage Mu 0 2 0

Shigella phage SfII 1 2 0

stx2 converting phage 1717 3 4 0

stx2 converting phage 86 1 0 0

Phage Gifsy-1 1 0 0

Flavobacterium phage 1H 0 1 0

Erwinia phage vB_EamM_Caitlin 0 2 0

https://doi.org/10.1371/journal.pone.0225057.t005
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strains (one carrying stx1a, one carrying both stx1a and stx2a) also clustered with hide strains

carrying stx1a. All E. coli O145 strains of cattle and human origin belonged to ST-32.

Discussion

Understanding the virulence potential of STEC O145 strains isolated from cattle feces and

hide samples is useful in estimating the risk associated with different sources of human ill-

nesses. The whole genome sequences of STEC O145 strains isolated from cattle feces, hide and

human clinical strains were analyzed to determine their virulence potential. All strains carried

flagellar type H28, which is the most common flagellar type carried by human outbreak and

environmental O145 strains [10, 11]. The average draft genome size of cattle fecal strains was

larger than cattle hide and human clinical strains, which appears to be because of the higher

average number of genes associated with mobile genetic elements in cattle fecal strains than

cattle hide and human clinical strains. This suggests that the size of the genomes were propor-

tional to the mobile genetic elements. Similar results have been reported in previous studies

[26].

The virulence gene profile of STEC O145 strains isolated from cattle feces, hide, and

human clinical strains were similar. They carried Shiga toxins, LEE-encoded type III secre-

tory system proteins, and plasmid-encoded virulence genes. The environmental and out-

break E. coli O145 strains were also found to carry core EHEC virulence determinants [11]. A

majority of cattle strains, both fecal and hide (61/69), carried stx1 gene and Shiga toxin 1a

was the only subtype present in all strains. Shiga toxin 1a is the most common subtype of stx1

found in non-O157 STEC serogroups of cattle [27, 28]. Shiga toxin 2a (stx2a) and stx2c were

the subtypes of stx2 found in E. coli O145 strains of cattle and human origin. Similar findings

were also reported in environmental E. coli O145 strains by Carter et al. [11]. Shiga toxin 2a

(stx2a) and stx2c carrying STEC strains have been previously reported to be frequently asso-

ciated with HUS in humans [29–31]. Shiga toxin 2a was also carried by E. coli O145 strains

isolated from ice-cream associated outbreak in Belgium and lettuce associated outbreak in

the United States [10]. In our study, a majority of the fecal strains positive for stx2 belonged

to subtype 2a (31.3%), and surprizingly, none of the hide strains contained subtype 2a. Shiga

toxin 2a (stx2a) and stx2c were the most prevalent subtypes of stx2 in non-O157 STEC ser-

ogroups isolated from cattle [27, 28]. However, none of our strains carried stx2d, which is

another most prevalent stx2 subtype reported in non-O157 STEC serogroups [27, 28]. One

strain isolated from cattle hide was negative for stx, although, it tested positive for stx2 by

end-point PCR, which may likely be due to the loss of stx-encoding phage. Escherichia coli

Table 6. Characteristic features of CRISPR-cas system in E. coli O145 strains isolated from cattle and human strains based on annotation by CRISPRone tool.

Source Subtype Cas proteins Average no. of

repeats (Range)

Average length of

repeats (Range)

Average no. of

spacers (Range)

Average length of

spacers (Range)

No. of strains carrying

questionable CRISPR�

Cattle feces

(n = 16)

I-E, I-A Cas1, Cas2, Cas3, Csa3, Cas5,

Cas 6e, Cas7, Cas8e, Cse2gr11,

DEDDH

8 (3–12) 29 (28–30) 6 (2–10) 32 (31–33) 11

Cattle hide

(n = 53)

I-E, I-A Cas1, Cas2, Cas3, Csa3, Cas5,

Cas 6e, Cas7, Cas8e, Cse2gr11,

DEDDH

5 (3–11) 29 (28–30) 4 (2–9) 32 (32–33) 21

Human

clinical

(n = 2)

I-E, I-A Cas1, Cas2, Cas3, Csa3, Cas5,

Cas 6e, Cas7, Cas8e, Cse2gr11,

DEDDH

3 2 29 32 2

� A sequence is considered to contain a questionable CRISPR–Cas system if CRISPR array(s) are predicted, but no cas genes are found in the sequence

https://doi.org/10.1371/journal.pone.0225057.t006
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Fig 1. Phylogenetic tree of E. coli O145 strains isolated from cattle feces, hide and human clinical cases using

Parsnp v1.2 and visualized using FigTree 1.4.3. Parsnp uses compressed suffix graph (CSG) to identify maximal

unique matches (MUM). A divide and conquer algorithm further refined the MUMs, and locally collinear blocks

(LCB) of MUMs were identified which formed the basis of core genome alignment [25].

https://doi.org/10.1371/journal.pone.0225057.g001
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O145 strains from all three sources carried genes associated with LEE and phage-encoded

type III secretory system and nle genes. Locus of enterocyte effacement-encoded type III

secretory system proteins are involved in the formation of attachment and effacement lesions

in host epithelial cells [32, 33]. Genes encoding non-LEE encoded effectors have been

reported to be associated with complications of STEC infections such as HUS [34, 35]. Inti-

min subtype γ was the only subtype of intimin found among all the strains. Intimin gamma

subtype was found to be frequently associated with E. coli O145, O55, and O157 strains iso-

lated from cattle and human sources [36]. Strains from all three sources were also positive for

plasmid-encoded (pO157) virulence genes such as katP, ehxA, and espP. Whole genome

sequence-based analysis of E. coli O145 outbreak strains revealed that the virulence genes car-

ried by pO145 were similar to that carried by pO157, although they lacked katP [10]. Plas-

mid-encoded virulence genes have been reported to be involved in the pathogenesis of STEC

[37–39]. In our study, pO157 plasmid sequence was not found in O145 strains, although

they carried virulence genes encoded by pO157. Escherichia coli heat-stable enterotoxin 1

(EAST1), encoded by astA was present in E. coli O145 strains isolated from all three sources.

This gene was reported to be frequently associated with diarrhea caused by typical and atypi-

cal enteropathogenic E. coli [40].

Mobile genetic elements have been shown to play a major role in genomic diversity and

evolution of pathogenic E. coli [41]. A total of seven types of plasmid sequences were found in

E. coli O145 strains of cattle and human origin. IncFIB was the most frequently found plasmid

sequence in cattle fecal, hide and human strains. IncF plasmid has been most frequently found

in E. coli strains carrying antibiotic resistance genes such as tet(A), blaTEM-1, and blaCTX-M-15

[42, 43]. A majority of the virulence associated plasmids in E. coli belong to IncF incompatibil-

ity family [44]. Another most commonly identified plasmid sequence among STEC O145

strains was IncB/O/K/Z. IncB/O/K/Z carrying genes encoding penicillin resistance (blaTEM)

was found in Shigella strains associated with outbreaks [45]. IncA/C2 plasmid sequence was

present in one each of cattle fecal and hide strains. IncA/C2 plasmid carrying antibiotic resis-

tance genes were found in E. coli O145 strains associated with multistate outbreak in the US in

2010 [46]. Escherichia coli O145:H28 human outbreak strain RM12581 used as control in our

study also carried IncFIB, IncB/O/K/Z and IncA/C2 plasmid sequences. However, only few

strains carried antimicrobial resistance genes (3/71; two cattle fecal and one hide strains). They

carried genes encoding resistance for tetracycline (tetA and tetB), aminoglycoside (strA and

strB), sulphonamide (sul2), phenicol (floR) and beta-lactam (blaCMY-2). Antimicrobial resis-

tance genes, such as floR, strA, strB, sul2, and tetA, were found in E. coli O145 strains associated

with multistate outbreak in the US in 2010 [46].

Bacteriophages also encode important virulence factors such as Shiga toxins. In our study,

we identified a total of 25 types of prophages, of which seven of them were lambdoid phages.

Lambdoid phages have been shown to be predominant in the genomes of enterohemorrhagic

E. coli, and are shown to carry type III secretory system effector protein encoding genes [41,

47]. Lamdoid prophages (Enterobacteria phage BP-4795, Enterobacteria phage mEP460,

Enterobacteria phage lambda, Enterobacteria phage phi27, Enterobacteria phage HK630,

Stx2-converting phage 1717, Enterobacteria phage cdtI, Enterobacteria phage mEP043 C-1)

found in E. coli O145 strains in our study were also previously reported in E. coli O145 human

outbreak strains [10, 26]

Phylogenetic analysis of core genomes indicated that the bovine STEC O145 strains carry-

ing the same Shiga toxin subtype clustered together, suggesting that the acquisition of specific

subtype of Shiga toxin might be influenced by the genetic background of the STEC strain.

However, many of the cattle fecal strains clustered separately from the hide strains, although
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a few (4 strains) clustered with the hide strains. Because the fecal isolates and hide isolates

were from different cattle and from different feedlots, a direct comparison between the two

groups cannot be made. A great deal of genetic diversity in the clonal population of environ-

mental STEC O145 strains (cattle, feral pig, sediment, water, wildlifw, and human) have been

reported [11]. Further studies on the in-depth analyses of the core genomes are required to

determine the reasons for genetic diversity of these strains. A limitation of our study was that

it included only a few fecal isolates (n = 16) collected from multiple feedlots, and more

importantly, the fecal and hide strains were not from the same cattle. Obviously, including

more O145 strains from different sources, particularly strains that are matched by source,

may provide a more comprehensive analysis of genetic diversity of the cattle O145 strains. All

O145 strains of cattle and human origin belonged to ST-32. Escherichia coli O145 human out-

break strain RM12581 used as control also belonged to ST-32. Escherichia coli O145 strains

isolated from wildlife and human outbreak strain (RM13514) belonging to ST-32 has been

previously reported [11, 26].

In conclusion, STEC O145 strains isolated from cattle feces and hide samples carried the

same flagellar type (H28) and their virulence gene profile was similar. All the strains belonged

to the same sequence type (ST-32). Additionally, human clinical strains clustered closely with

cattle hide strains. Our study demonstrated the presence of potentially pathogenic STEC O145

strains in cattle feces and hide, which could cause foodborne illness in humans.

Acknowledgments

This is contribution no. 19-134-J from the Kansas Agricultural Experiment Station,

Manhattan.

Author Contributions

Conceptualization: Jianfa Bai, Jianghong Meng, T. G. Nagaraja.

Formal analysis: Jay N. Worley, Xin Gao.

Investigation: Pragathi B. Shridhar, Xun Yang, Lance W. Noll, Xiaorong Shi.

Writing – original draft: Pragathi B. Shridhar.

Writing – review & editing: Jianfa Bai, Jianghong Meng, T. G. Nagaraja.

References
1. Brooks JT, Sowers EG, Wells JG, Greene KD, Griffin PM, Hoekstra RM, et al. Non-O157 Shiga toxin-

producing Escherichia coli infections in the United States, 1983–2002. The Journal of infectious dis-

eases. 2005; 192(8):1422–9. https://doi.org/10.1086/466536 PMID: 16170761.

2. Scallan E, Hoekstra RM, Angulo FJ, Tauxe RV, Widdowson M-A, Roy SL, et al. Foodborne illness

acquired in the United States—major pathogens. Emerging infectious diseases. 2011; 17(1):7–15.

https://doi.org/10.3201/eid1701.P11101 PMID: 21192848.

3. USDA-FSIS. Shiga toxin producing E. coli in certain raw beef products, 75 (2011).

4. Beutin L, Zimmermann S, Gleier K. Human infections with Shiga toxin-producing Escherichia coli other

than serogroup O157 in Germany. Emerging Infectious Diseases. 1998; 4(4):635–9. PMID: 9866741

5. Rivero MA, Passucci JA, Rodriguez EM, Parma AE. Role and clinical course of verotoxigenic Escheri-

chia coli infections in childhood acute diarrhoea in Argentina. J Med Microbiol. 2010; 59(Pt 3):345–52.

Epub 2009/10/24. https://doi.org/10.1099/jmm.0.015560-0 PMID: 19850706.

6. De Schrijver K, Buvens G, Posse B, Van den Branden D, Oosterlynck O, De Zutter L, et al. Outbreak of

verocytotoxin-producing E. coli O145 and O26 infections associated with the consumption of ice cream

produced at a farm, Belgium, 2007. Euro Surveill. 2008; 13.

Shiga toxin-producing E. coli O145 of cattle feces and hides

PLOS ONE | https://doi.org/10.1371/journal.pone.0225057 November 27, 2019 11 / 14

https://doi.org/10.1086/466536
http://www.ncbi.nlm.nih.gov/pubmed/16170761
https://doi.org/10.3201/eid1701.P11101
http://www.ncbi.nlm.nih.gov/pubmed/21192848
http://www.ncbi.nlm.nih.gov/pubmed/9866741
https://doi.org/10.1099/jmm.0.015560-0
http://www.ncbi.nlm.nih.gov/pubmed/19850706
https://doi.org/10.1371/journal.pone.0225057


7. Luna RE, Mody R. Non-O157 Shiga toxin-producing E. coli (STEC) outbreaks, United States. In:

Department of Health and human services CfDCaPC, editor. Centers for Disease Control and Preven-

tion, Atlanta.2010.

8. Yoder J, Roberts V, Craun GF, Hill V, Hicks L, Alexander NT, et al. Surveillance for waterborne disease

and outbreaks associated with drinking water and water not intended for drinking—United States,

2005–2006. Morb.Mortal. Wkly. Rep; 2008. p. 39–69.

9. Taylor EV, Nguyen TA, Machesky KD, Koch E, Sotir MJ, Bohm SR, et al. Multistate outbreak of Escher-

ichia coli O145 infections associated with romaine lettuce consumption, 2010. J Food Prot. 2013; 76.

https://doi.org/10.4315/0362-028x.jfp-12-503 PMID: 23726187

10. Cooper KK, Mandrell RE, Louie JW, Korlach J, Clark TA, Parker CT, et al. Comparative genomics of

enterohemorrhagic Escherichia coli O145:H28 demonstrates a common evolutionary lineage with

Escherichia coli O157:H7. BMC Genomics. 2014; 15(1):17. https://doi.org/10.1186/1471-2164-15-17

PMID: 24410921

11. Carter MQ, Quinones B, He X, Zhong W, Louie JW, Lee BG, et al. An Environmental Shiga Toxin-Pro-

ducing Escherichia coli O145 Clonal Population Exhibits High-Level Phenotypic Variation That Includes

Virulence Traits. Applied and Environmental Microbiology. 2016; 82(4):1090–101. https://doi.org/10.

1128/AEM.03172-15 PMID: 26637597

12. Elder RO, Keen JE, Siragusa GR, Barkocy-Gallagher GA, Koohmaraie M, Laegreid WW. Correlation of

enterohemorrhagic Escherichia coli O157 prevalence in feces, hides, and carcasses of beef cattle dur-

ing processing. Proceedings of the National Academy of Sciences. 2000; 97(7):2999–3003. https://doi.

org/10.1073/pnas.97.7.2999

13. Jacob ME, Renter DG, Nagaraja TG. Animal- and truckload-level associations between Escheri-

chia coli O157:H7 in feces and on hides at harvest and contamination of preevisceration beef car-

casses. J Food Prot. 2010; 73(6):1030–7. https://doi.org/10.4315/0362-028x-73.6.1030 PMID:

20537257.

14. Noll LW, Shridhar PB, Dewsbury DM, Shi X, Cernicchiaro N, Renter DG, et al. A comparison of culture-

and PCR-based methods to detect six major non-O157 serogroups of Shiga toxin-producing Escheri-

chia coli in cattle feces. PLoS One. 2015; 10(8):e0135446. https://doi.org/10.1371/journal.pone.

0135446 PMID: 26270482.

15. Cull CA, Renter DG, Dewsbury DM, Noll LW, Shridhar PB, Ives SE, et al. Feedlot- and pen-level preva-

lence of enterohemorrhagic Escherichia coli in feces of commercial feedlot cattle in two major U.S. cat-

tle feeding areas. Foodborne Pathog Dis. 2017; 14(6):309–17. Epub 2017/03/11. https://doi.org/10.

1089/fpd.2016.2227 PMID: 28281781.

16. Noll LW, Shridhar PB, Ives SE, Cha E, Nagaraja TG, Renter DG. Detection and Quantification of seven

major serogroups of Shiga toxin–producing Escherichia coli on hides of cull dairy, cull beef, and fed

beef cattle at slaughter. Journal of Food Protection. 2018; 81(8):1236–44. https://doi.org/10.4315/0362-

028X.JFP-17-497 PMID: 29969294.

17. Bai J, Paddock ZD, Shi X, Li S, An B, Nagaraja TG. Applicability of a multiplex PCR to detect the seven

major Shiga toxin-producing Escherichia coli based on genes that code for serogroup-specific O-anti-

gens and major virulence factors in cattle feces. Foodborne Pathog Dis. 2012; 9(6):541–8. https://doi.

org/10.1089/fpd.2011.1082 PMID: 22568751.

18. Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS. SPAdes: a new genome assem-

bly algorithm and its applications to single-cell sequencing. JComputBiol. 2012; 19.

19. Aziz RK, Bartels D, Best AA, DeJongh M, Disz T, Edwards RA, et al. The RAST server: rapid annota-

tions using subsystems technology. BMC Genomics. 2008; 9. https://doi.org/10.1186/1471-2164-9-75

PMID: 18261238

20. Joensen KG, Scheutz F, Lund O, Hasman H, Kaas RS, Nielsen EM, et al. Real-Time Whole-Genome

Sequencing for Routine Typing, Surveillance, and Outbreak Detection of Verotoxigenic Escherichia

coli. Journal of clinical microbiology. 2014; 52(5):1501–10. https://doi.org/10.1128/JCM.03617-13

PMID: 24574290

21. Zankari E, Hasman H, Cosentino S, Vestergaard M, Rasmussen S, Lund O, et al. Identification of

acquired antimicrobial resistance genes. J Antimicrob Chemother. 2012; 67(11):2640–4. Epub 2012/

07/12. https://doi.org/10.1093/jac/dks261 PMID: 22782487.

22. Zhang Q, Ye Y. Not all predicted CRISPR–Cas systems are equal: isolated cas genes and classes of

CRISPR like elements. BMC Bioinformatics. 2017; 18:92. https://doi.org/10.1186/s12859-017-1512-4

PMID: 28166719

23. Wirth T, Falush D, Lan R, Colles F, Mensa P, Wieler LH, et al. Sex and virulence in Escherichia coli: an

evolutionary perspective. Mol Microbiol. 2006; 60. https://doi.org/10.1111/j.1365-2958.2006.05172.x

PMID: 16689791

Shiga toxin-producing E. coli O145 of cattle feces and hides

PLOS ONE | https://doi.org/10.1371/journal.pone.0225057 November 27, 2019 12 / 14

https://doi.org/10.4315/0362-028x.jfp-12-503
http://www.ncbi.nlm.nih.gov/pubmed/23726187
https://doi.org/10.1186/1471-2164-15-17
http://www.ncbi.nlm.nih.gov/pubmed/24410921
https://doi.org/10.1128/AEM.03172-15
https://doi.org/10.1128/AEM.03172-15
http://www.ncbi.nlm.nih.gov/pubmed/26637597
https://doi.org/10.1073/pnas.97.7.2999
https://doi.org/10.1073/pnas.97.7.2999
https://doi.org/10.4315/0362-028x-73.6.1030
http://www.ncbi.nlm.nih.gov/pubmed/20537257
https://doi.org/10.1371/journal.pone.0135446
https://doi.org/10.1371/journal.pone.0135446
http://www.ncbi.nlm.nih.gov/pubmed/26270482
https://doi.org/10.1089/fpd.2016.2227
https://doi.org/10.1089/fpd.2016.2227
http://www.ncbi.nlm.nih.gov/pubmed/28281781
https://doi.org/10.4315/0362-028X.JFP-17-497
https://doi.org/10.4315/0362-028X.JFP-17-497
http://www.ncbi.nlm.nih.gov/pubmed/29969294
https://doi.org/10.1089/fpd.2011.1082
https://doi.org/10.1089/fpd.2011.1082
http://www.ncbi.nlm.nih.gov/pubmed/22568751
https://doi.org/10.1186/1471-2164-9-75
http://www.ncbi.nlm.nih.gov/pubmed/18261238
https://doi.org/10.1128/JCM.03617-13
http://www.ncbi.nlm.nih.gov/pubmed/24574290
https://doi.org/10.1093/jac/dks261
http://www.ncbi.nlm.nih.gov/pubmed/22782487
https://doi.org/10.1186/s12859-017-1512-4
http://www.ncbi.nlm.nih.gov/pubmed/28166719
https://doi.org/10.1111/j.1365-2958.2006.05172.x
http://www.ncbi.nlm.nih.gov/pubmed/16689791
https://doi.org/10.1371/journal.pone.0225057


24. Jaureguy F, Landraud L, Passet V, Diancourt L, Frapy E, Guigon G, et al. Phylogenetic and genomic

diversity of human bacteremic Escherichia coli strains. BMC Genomics. 2008; 9(1):560. https://doi.org/

10.1186/1471-2164-9-560 PMID: 19036134

25. Treangen TJ, Ondov BD, Koren S, Phillippy AM. The Harvest suite for rapid core-genome alignment

and visualization of thousands of intraspecific microbial genomes. Genome Biol. 2014; 15(11):524.

Epub 2014/11/21. https://doi.org/10.1186/s13059-014-0524-x PMID: 25410596.

26. Lorenz SC, Gonzalez-Escalona N, Kotewicz ML, Fischer M, Kase JA. Genome sequencing and com-

parative genomics of enterohemorrhagic Escherichia coli O145:H25 and O145:H28 reveal distinct evo-

lutionary paths and marked variations in traits associated with virulence & colonization. BMC

Microbiology. 2017; 17:183. https://doi.org/10.1186/s12866-017-1094-3 PMID: 28830351

27. Fan R, Shao K, Yang X, Bai X, Fu S, Sun H, et al. High prevalence of non-O157 Shiga toxin-producing

Escherichia coli in beef cattle detected by combining four selective agars. BMC Microbiology. 2019;

19(1):213. https://doi.org/10.1186/s12866-019-1582-8 PMID: 31488047

28. Jajarmi M, Imani Fooladi AA, Badouei MA, Ahmadi A. Virulence genes, Shiga toxin subtypes, major O-

serogroups, and phylogenetic background of Shiga toxin-producing Escherichia coli strains isolated

from cattle in Iran. Microb Pathog. 2017; 109:274–9. Epub 2017/06/05. https://doi.org/10.1016/j.

micpath.2017.05.041 PMID: 28578089.

29. Friedrich AW, Bielaszewska M, Zhang W-L, Pulz M, Kuczius T, Ammon A, et al. Escherichia coli harbor-

ing Shiga toxin 2 gene variants: frequency and association with clinical symptoms. J Infect Dis. 2002;

185(1):74–84. https://doi.org/10.1086/338115 PMID: 11756984.

30. Persson S, Olsen KEP, Ethelberg S, Scheutz F. Subtyping Method for Escherichia coli Shiga Toxin

(Verocytotoxin) 2 Variants and Correlations to Clinical Manifestations. Journal of Clinical Microbiology.

2007; 45(6):2020–4. https://doi.org/10.1128/JCM.02591-06 PMID: 17446326

31. Iyoda S, Manning SD, Seto K, Kimata K, Isobe J, Etoh Y, et al. Phylogenetic Clades 6 and 8 of Entero-

hemorrhagic Escherichia coli O157:H7 With Particular stx Subtypes are More Frequently Found in Iso-

lates From Hemolytic Uremic Syndrome Patients Than From Asymptomatic Carriers. Open Forum

Infect Dis. 2014; 1(2):ofu061. https://doi.org/10.1093/ofid/ofu061 PMID: 25734131.

32. McDaniel TK, Jarvis KG, Donnenberg MS, Kaper JB. A genetic locus of enterocyte effacement con-

served among diverse enterobacterial pathogens. Proc Natl Acad Sci U S A. 1995; 92(5):1664–8. Epub

1995/02/28. https://doi.org/10.1073/pnas.92.5.1664 PMID: 7878036.

33. McDaniel TK, Kaper JB. A cloned pathogenicity island from enteropathogenic Escherichia coli confers

the attaching and effacing phenotype on E. coli K-12. Molecular microbiology. 1997; 23(2):399–407.

Epub 1997/01/01. https://doi.org/10.1046/j.1365-2958.1997.2311591.x PMID: 9044273.

34. Bugarel M, Beutin L, Fach P. Low-density macroarray targeting non-locus of enterocyte effacement

effectors (nle genes) and major virulence factors of Shiga toxin-producing Escherichia coli (STEC): a

new approach for molecular risk assessment of STEC isolates. Appl Environ Microbiol. 2010; 76

(1):203–11. Epub 2009/11/03. https://doi.org/10.1128/AEM.01921-09 PMID: 19880649.

35. Karmali MA, Mascarenhas M, Shen S, Ziebell K, Johnson S, Reid-Smith R, et al. Association of geno-

mic O island 122 of Escherichia coli EDL 933 with verocytotoxin-producing Escherichia coli seropatho-

types that are linked to epidemic and/or serious disease. J Clin Microbiol. 2003; 41(11):4930–40. Epub

2003/11/08. https://doi.org/10.1128/JCM.41.11.4930-4940.2003 PMID: 14605120.

36. Oswald E, Schmidt H, Morabito S, Karch H, Marches O, Caprioli A. Typing of intimin genes in human

and animal enterohemorrhagic and enteropathogenic Escherichia coli: characterization of a new intimin

variant. Infection and immunity. 2000; 68. https://doi.org/10.1128/iai.68.1.64-71.2000

37. Zhang X, Cheng Y, Xiong Y, Ye C, Zheng H, Sun H, et al. Enterohemorrhagic Escherichia coli Specific

Enterohemolysin Induced IL-1β in Human Macrophages and EHEC-Induced IL-1βRequired Activation

of NLRP3 Inflammasome. PLOS ONE. 2012; 7(11):e50288. https://doi.org/10.1371/journal.pone.

0050288 PMID: 23209696

38. Schmidt H, Karch H. Enterohemolytic phenotypes and genotypes of Shiga toxin-producing Escherichia

coli O111 strains from patients with diarrhea and hemolytic-uremic syndrome. Journal of clinical micro-

biology. 1996; 34(10):2364–7. PMID: 8880480.

39. Brunder W, Schmidt H, Karch H. EspP, a novel extracellular serine protease of enterohaemorrhagic

Escherichia coli O157: H7 cleaves human coagulation factor V. Mol Microbiol. 1997; 24. https://doi.org/

10.1046/j.1365-2958.1997.3871751.x PMID: 9194704

40. Silva LE, Souza TB, Silva NP, Scaletsky IC. Detection and genetic analysis of the enteroaggregative

Escherichia coli heat-stable enterotoxin (EAST1) gene in clinical isolates of enteropathogenic Escheri-

chia coli (EPEC) strains. BMC Microbiology. 2014; 14(1):135. https://doi.org/10.1186/1471-2180-14-

135 PMID: 24884767

41. Ogura Y, Ooka T, Iguchi A, Toh H, Asadulghani M, Oshima K, et al. Comparative genomics reveal the

mechanism of the parallel evolution of O157 and non-O157 enterohemorrhagic Escherichia coli.

Shiga toxin-producing E. coli O145 of cattle feces and hides

PLOS ONE | https://doi.org/10.1371/journal.pone.0225057 November 27, 2019 13 / 14

https://doi.org/10.1186/1471-2164-9-560
https://doi.org/10.1186/1471-2164-9-560
http://www.ncbi.nlm.nih.gov/pubmed/19036134
https://doi.org/10.1186/s13059-014-0524-x
http://www.ncbi.nlm.nih.gov/pubmed/25410596
https://doi.org/10.1186/s12866-017-1094-3
http://www.ncbi.nlm.nih.gov/pubmed/28830351
https://doi.org/10.1186/s12866-019-1582-8
http://www.ncbi.nlm.nih.gov/pubmed/31488047
https://doi.org/10.1016/j.micpath.2017.05.041
https://doi.org/10.1016/j.micpath.2017.05.041
http://www.ncbi.nlm.nih.gov/pubmed/28578089
https://doi.org/10.1086/338115
http://www.ncbi.nlm.nih.gov/pubmed/11756984
https://doi.org/10.1128/JCM.02591-06
http://www.ncbi.nlm.nih.gov/pubmed/17446326
https://doi.org/10.1093/ofid/ofu061
http://www.ncbi.nlm.nih.gov/pubmed/25734131
https://doi.org/10.1073/pnas.92.5.1664
http://www.ncbi.nlm.nih.gov/pubmed/7878036
https://doi.org/10.1046/j.1365-2958.1997.2311591.x
http://www.ncbi.nlm.nih.gov/pubmed/9044273
https://doi.org/10.1128/AEM.01921-09
http://www.ncbi.nlm.nih.gov/pubmed/19880649
https://doi.org/10.1128/JCM.41.11.4930-4940.2003
http://www.ncbi.nlm.nih.gov/pubmed/14605120
https://doi.org/10.1128/iai.68.1.64-71.2000
https://doi.org/10.1371/journal.pone.0050288
https://doi.org/10.1371/journal.pone.0050288
http://www.ncbi.nlm.nih.gov/pubmed/23209696
http://www.ncbi.nlm.nih.gov/pubmed/8880480
https://doi.org/10.1046/j.1365-2958.1997.3871751.x
https://doi.org/10.1046/j.1365-2958.1997.3871751.x
http://www.ncbi.nlm.nih.gov/pubmed/9194704
https://doi.org/10.1186/1471-2180-14-135
https://doi.org/10.1186/1471-2180-14-135
http://www.ncbi.nlm.nih.gov/pubmed/24884767
https://doi.org/10.1371/journal.pone.0225057


Proceedings of the National Academy of Sciences. 2009; 106(42):17939–44. https://doi.org/10.1073/

pnas.0903585106 PMID: 19815525

42. Mshana SE, Imirzalioglu C, Hossain H, Hain T, Domann E, Chakraborty T. Conjugative IncFI plasmids

carrying CTX-M-15 among Escherichia coli ESBL producing isolates at a University hospital in Ger-

many. BMC Infectious Diseases. 2009; 9(1):97. https://doi.org/10.1186/1471-2334-9-97 PMID:

19534775

43. Lyimo B, Buza J, Subbiah M, Temba S, Kipasika H, Smith W, et al. IncF Plasmids Are Commonly Car-

ried by Antibiotic Resistant Escherichia coli Isolated from Drinking Water Sources in Northern Tanzania.

International Journal of Microbiology. 2016; 2016:7. https://doi.org/10.1155/2016/3103672 PMID:

27110245

44. Johnson TJ, Nolan LK. Pathogenomics of the virulence plasmids of Escherichia coli. Microbiol Mol Biol

Rev. 2009; 73. https://doi.org/10.1128/mmbr.00015-09 PMID: 19946140

45. Kozyreva VK, Jospin G, Greninger AL, Watt JP, Eisen JA, Chaturvedi V. Recent Outbreaks of Shigello-

sis in California Caused by Two Distinct Populations of Shigella sonnei with either Increased Virulence

or Fluoroquinolone Resistance. mSphere. 2016; 1(6). https://doi.org/10.1128/mSphere.00344-16

PMID: 28028547

46. Folster JP, Pecic G, Taylor E, Whichard J. Characterization of isolates from an outbreak of multidrug-

resistant, Shiga toxin-producing Escherichia coli O145 in the United States. Antimicrob Agents Che-

mother. 2011; 55. https://doi.org/10.1128/aac.05545-11 PMID: 21930875

47. Tobe T, Beatson SA, Taniguchi H, Abe H, Bailey CM, Fivian A, et al. An extensive repertoire of type III

secretion effectors in Escherichia coli O157 and the role of lambdoid phages in their dissemination. Pro-

ceedings of the National Academy of Sciences of the United States of America. 2006; 103(40):14941–

6. https://doi.org/10.1073/pnas.0604891103 PMID: 16990433

Shiga toxin-producing E. coli O145 of cattle feces and hides

PLOS ONE | https://doi.org/10.1371/journal.pone.0225057 November 27, 2019 14 / 14

https://doi.org/10.1073/pnas.0903585106
https://doi.org/10.1073/pnas.0903585106
http://www.ncbi.nlm.nih.gov/pubmed/19815525
https://doi.org/10.1186/1471-2334-9-97
http://www.ncbi.nlm.nih.gov/pubmed/19534775
https://doi.org/10.1155/2016/3103672
http://www.ncbi.nlm.nih.gov/pubmed/27110245
https://doi.org/10.1128/mmbr.00015-09
http://www.ncbi.nlm.nih.gov/pubmed/19946140
https://doi.org/10.1128/mSphere.00344-16
http://www.ncbi.nlm.nih.gov/pubmed/28028547
https://doi.org/10.1128/aac.05545-11
http://www.ncbi.nlm.nih.gov/pubmed/21930875
https://doi.org/10.1073/pnas.0604891103
http://www.ncbi.nlm.nih.gov/pubmed/16990433
https://doi.org/10.1371/journal.pone.0225057

