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Background:  Shiga-toxin  producing  Escherichia  coli (STEC)  O26:H11  is the  second  most  common  cause
of severe  diarrhea  and  hemolytic  uremic  syndrome  worldwide.  The implementation  of  whole  genome
sequencing  (WGS)  enhances  the  detection  and  in-depth  characterization  of  these  non-O157  STEC  strains.
The  aim  of this  study  was  to compare  WGS  to phenotypic  serotyping  and  pulse  field  gel  electrophoresis
(PFGE) for  characterization  of  STECO26  strains  following  a zoonotic  outbreak  from  cattle  to  humans.
Methods  and results:  This  study  evaluated  seven  E. coli strains;  two  strains  isolated  from  two  children
with  gastrointestinal  symptoms  and five  strains  from  five  calves  suspected  as  the  source  of infection.
Six  of  these  isolates  were serotyped  phenotypically  and  by  WGS  as  E. coli  O26:H11  while  one  bovine
isolate  could  be  serotyped  only  by  WGS  as  E. coli O182:H25.  Stx1 was  detected  in  two  human-  and  two
bovine-isolates  using  PCR  and  WGS.  Using  WGS,  all  four  STECO26  isolates  belong  to  sequence  type (ST)
21  while  the  two  stx1  negative  E. coli O26 were  ST29.  All  four STECO26  isolates  were  indistinguishable  by
PFGE.  However,  the  data  generated  by WGS  linked  the  two human  STECO26  isolates  to  only  one  bovine
STECO26  strain  by having  identical  high-quality  single  nucleotide  polymorphisms  (hqSNPs)  and  identical
virulence  factor  profiles  while  the remaining  bovine  STECO26  isolate  differed  by  7  hqSNPs  and  lacked

virulence  factor  toxB.
Conclusions:  These  data  demonstrated  that  WGS  provided  significant  information  beyond  traditional
epidemiological  tools  allowing  for comprehensive  characterization  of  the  STEC.  Using  this  approach,
WGS  was  able  to identify  the  specific  source  of  infection  in this  study.
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Shiga toxin-producing Escherichia coli (STEC) causes a vari-
ty of gastrointestinal symptoms ranging from mild to severe
iarrhea with or without blood [1,2]. STEC is one of seven food-
orne pathogens evaluated by members of PulseNet, a national

aboratory network that connects foodborne illnesses to detect out-
reaks [3–6]. STEC, both those identified as serotype O157 and the
on-O157 serotypes, is the 3rd or 4th most common foodborne

athogen detected [4–7]. According to the Centers for Diseases Con-
rol and Prevention (CDC), 6 non-O157 O groups, O26, O45, O103,
111, O121, and O145, are associated with ≥70% of non-O157 STEC

∗ Corresponding author at: DRC II 7035, Department of Pathology and Micro-
iology, University of Nebraska Medical Center, 985900 Nebraska Medical Center,
maha, NE 68198-5900, United States.

E-mail address: babdalhamid@unmc.edu (B. Abdalhamid).

ttps://doi.org/10.1016/j.jiph.2019.06.008
876-0341/© 2019 Published by Elsevier Limited on behalf of King Saud Bin Abdulaziz Un

icense  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
sevier  Limited  on  behalf  of King  Saud  Bin  Abdulaziz  University  for  Health
cess  article  under  the  CC  BY-NC-ND  license  (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

diseases [6,8,9]. All STEC encode either one or both of the stx1 and
stx2 genes leading to the production of the Stx1 or Stx2 shigatoxins
that may  cause in severe cases of disease, hemorrhagic colitis (HC)
and/or hemolytic uremic syndrome (HUS) [1,10,11].

Although E. coli O157:H7 is the most common serotype caus-
ing HC and HUS, E. coli O26:H11 (STEC O26) is recognized as the
most common non-O157 STEC serotype causing these disease syn-
dromes [9,12,13]. Even though the production of Stx1 and/or Stx2
is a major virulence factor for STEC, other virulence factors are
also known to be responsible for disease symptoms [11,14,15]. For
instance, STEC O26 can encode for virulence factors that are signif-
icant causes of diseases such as the eae gene, ehxA gene, and espP
gene which are responsible for attaching and effacing, hemolysin,
and protease activity, respectively [12,14,15]. Based on these vir-

ulence factors, STEC O26 has been divided into two  main groups,
the Enteropathogenic E. coli (EPEC) which encodes the eae gene
and the STEC which encodes stx1and/or stx2 genes in addition to
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he eae gene [10,12,16]. Moreover, STEC O26 can be separated into
equencing types (ST) using multilocus sequence typing (MLST),
ith ST21 and ST29 being the most common sequencing types

ssociated with human diseases [10,12,17].
More recently, the CDC in consultation with federal, local, and

tate public health laboratories has been undergoing a shift in labo-
atory technology for outbreak investigating of foodborne diseases.
ince 1998, pulse field gel electrophoresis (PFGE) has been the gold
tandard method used to evaluate isolates for strain relatedness.
lthough technically demanding, this method has been shown

o be a reliable method [6,15,18]. Serotyping has also undergone
hanges from the standards slide agglutination test to utilization
f Luminex-based technology [19]. Both methods require extensive
raining and expensive reagents, with PFGE recognized as having

 limited ability to discriminate among outbreaks in some cases
15,18–20]. Most recently, whole genome sequencing (WGS) is
ecoming the gold standard for outbreak investigation with the
bility not only to serotype STEC strains but to discern relatedness
mong isolates [12,15,20,21]. With the reduced cost and time to
omplete high throughput sequencing, WGS  is rapidly becoming a
tandard use in epidemiological diagnostics for outbreak investi-
ation and surveillance studies [15,18,20,21].

The aim of this study was to evaluate WGS  technology as a
outine public health laboratory method for the epidemiological
nvestigation of an unusual outbreak of diarrhea caused by STEC
26. To achieve this aim, a comparative analysis among WGS, phe-
otypic serotyping, PCR, and PFGE was done.

aterials and methods

utbreak investigation

The Nebraska State Department of Health and Human Services
DHHS) investigated two cases of STEC in 11-year-old female and 8-
ear-old male siblings. Both developed abdominal pain lasting for 5
ays while the male also experienced bloody diarrhea. A multiplex
CR panel (FilmArray Gastrointestinal [GI] panel, Biofire Diagnos-
ics, UT, USA) performed on stool specimens from each patient,
etected a shiga-like toxin-producing E. coli (STEC) (non O157:H7)
hich subsequently resulted in the stool being forwarded to the
ebraska Public Health Laboratory (NPHL) for culture and further
nalysis. Local health officials interviewed the patients to obtain
emographic, clinical, and exposure information and the results
howed that each patient had contact with 4H calves which were
lso symptomatic with diarrhea. Five stool specimens from the
ssociated 4H calves were subsequently requested by DHHS for
esting. These specimens were cultured at the State Nebraska Vet-
rinary Diagnostics Laboratory, Lincoln, NE with the isolated bovine
. coli strains of clinical significance sent to NPHL for epidemiolog-
cal testing.

acterial strains

Seven E. coli isolates were collected overall, which included two
uman isolates, (one from each patient, coded # SRR6293238 and
SRR6293256) and five cattle isolates (coded # SRR58776420, #
RR6057057, # SRR6057923, # SRR5876423, and # SRR6057924).
hese isolates were submitted to the NPHL for additional testing,
ncluding serotyping using the slide agglutination test, PFGE, and

GS.

lide agglutination test
The bovine- and human-associated E. coli strains were serotyped
y means of a slide agglutination test utilizing antiserum specific
or the following E. coli serotypes: O26, O45, O103, O111, O121,
nd Public Health 12 (2019) 884–889 885

and O145 (Statens Serum Institut, Copenhagen, Denmark) as rec-
ommended by the manufacturer.

DNA extraction

Bacterial genomic DNA from all seven isolates was extracted
from overnight cultures using the MagNA Pure Compact Nucleic
Acid Isolation Kit I using the MagnaPure Compact Instrument
(Roche Diagnostics, IN, USA). Qualitative and quantitative DNA
measures were determined via the NanoDrop 2000 UV–vis spec-
trophotometer (Fisher, MA,  USA) and Qubit

®
3.0 Fluorometer

(Invitrogen, CA, USA), respectively.

Pulse field gel electrophoresis

To determine E. coli strain relatedness, pulse field gel elec-
trophoresis (PFGE) was performed based upon the Centers
for Disease Control and Prevention PulseNet protocols. Briefly,
extracted DNA was  embedded in 1% agarose, lysed, and subjected
to digestion with XbaI restriction enzyme [22]. The digested prod-
uct was then separated on a 1% pulse field certified agarose gel
using a CHEF Electrophoresis Cell (BioRad, CA, USA). The resulting
pattern, or fingerprint, was  analyzed with BioNumerics software v
6.6 (Applied Maths, Sint-Martens-Laten, Belgium) and compared to
local and national databases of known E. coli PFGE fingerprints.

Whole genome sequencing

Whole genome sequencing (WGS) using a 250-bp paired end
chemistry was  performed on the bacterial genomic DNA on an
Illumina MiSeq (Illumina, CA, USA) according to the manufac-
turer’s instructions. Libraries were constructed using the Nextera
XT Library Prep Kit (Illumina). Quality assessment of the run was
determined using the following parameters: Phred quality score
(QS30 > 75%), cluster density (600–1300), and clusters passing fil-
ters (>80%) [15]. After subsequent quality trimming, the contigs
of genomic sequences were de novo assembled with a minimum
contig size threshold of 200 bps using CLC Genomics Workbench
v11.0.1 (Qiagen, CA, USA). The draft genome of each strain was
annotated using Prokka Web-based tool v1.12 (https://github.com/
tseemann/prokka).

Bioinformatics following whole genome sequencing

The serotype of each strain was determined using serotyp-
ing genes to include O-type (wzx and wzy) and H-type (fliC)
deposited in the Center for Genomic Epidemiology (CGE) (http://
www.genomicepidemiology.org). Serotype Finder 2.0 Web-based
tool (https://cge.cbs.dtu.dk/services/SerotypeFinder/) identified
the serotypes for the E. coli strains in FASTA format using the follow-
ing parameters: 85% threshold for %ID and 60% minimum length
(the number of nucleotides in a sequence of interest that must
overlap a serotype gene to count as a hit for that gene) [20].

Virulence Finder 2.0 Web-based tool (https://cge.cbs.dtu.dk/
services/VirulenceFinder/) was used to identify virulence genes in
strains analyzed in this study with the following parameters: 90%
threshold for %ID and 60% minimum length. Virulence genes for
E. coli that had been deposited in CGE were used for this process
[15].

MLST 2.0 Web-based tool (https://cge.cbs.dtu.dk/services/
MLST/) was  utilized for MLST analysis using 7 housekeeping E. coli
genes (adk, fumC, gyrB, icd, mdh, purA, and recA) as previously

described [17].

Mapping and high quality single nucleotide polymorphisms
(hqSNPs) analysis were done using the lyve-SET (v.2.0.1) pipeline
(https://github.com/lskatz/lyve-SET) [23]. Briefly, reads were

https://github.com/tseemann/prokka
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leaned with the CGP read cleaner and sequences aligned to
he E. coli O26:H11 strain 11368 genome (AP010953) with BWA
v0.7.17). Variants were called with Varscan (v2.3.7) and the Lyve-
ET E. coli settings and mask-cliffs options were used. The resulting
qSNPs were then used for creating a SNP matrix. The UPGMA
Unweighted Pair Group Method with Arithmetic Mean) method
as used to construct a phylogenetic tree and the output dendro-

ram was presented in Newick format. The Manhattan coefficient
ethod was used to compare between sets of variables.

etection of stx1/2 genes by PCR

To confirm WGS  and multiplex PCR results, both stx genes were
mplified by a traditional PCR method. Previously described stx
ene primers specific for the amplification of both the stx1 and
tx2 gene sequences were used [24].

ucleotide sequence accession numbers

The genome sequences of all seven E. coli strains analyzed in this
tudy were deposited in the GeneBank with the following accession
umbers: SRR6057923, SRR5876423, SRR6293238, SRR6293256,
RR6057924, SRR5876420, and SRR6057057.

esults

lide agglutination test

Six E. coli strains agglutinated with the antiserum specific for
. coli O26. One bovine strain (SRR6057957) did not agglutinate
ith any of the available antiserum: O26, O45, O103, O111, O121,

nd O145.

FGE comparison and strain phylogenetic relatedness

Using BioNumerics software v 6.6, local and national known
ngerprint comparisons indicated that six strains were E. coli
erotype O26. The seventh strain, SRR6057057, did not match
ny known fingerprint locally or nationally by ≥90%. Comparison
ithin the strains showed that the human strains (SRR6293238

nd SRR6293256) as well as bovine strains (SRR6057923 and
RR5876423) had indistinguishable PFGE fingerprints. Bovine

trains SRR6057924 and SRR5876420 were also indistinguishable
rom each other, but only matched at 82.9% to the four identi-
al human and bovine strains. The fingerprint of bovine strain
RR6057957 had only a 74.4% match overall (Fig. 1).

ig. 1. PFGE fingerprint analysis for the seven isolates represented in this study.
he results showed that isolates represented in the first 4 lanes were indistinguishable 

ther  but different from those in the first four lanes. The isolate in lane 7 was  distinct from
rofiling. Calculated strain relatedness, presented as percentage of similarity, was used to
nd Public Health 12 (2019) 884–889

In silico serotyping, virulence genes, and MLST profiles

The in silico serotyping of E. coli strains revealed that six of the
isolates encoded the wzxO26 and fliCH11 genes. Bovine E. coli strain
SRR6057957, which was not serotyped by slide agglutination test,
encoded wzxO182 and fliCH25 genes (E. coli O182:H25).

As detected by PCR and WGS, both human associated E. coli
strains, SRR6293238 and SRR6293256, and two of the bovine
strains SRR6057923 and SRR5876423, encoded the stx1 gene but
not the stx2 gene.

All strains analyzed in this study encoded the following viru-
lence factors: eae, ehxA, espA, espP, gad, iss, lpfA, nleA, nleB, nleC,
and tir (Table 1). In comparison to other isolates, the four STEC
strains have also encoded additional virulence factors to include
celB, efa1, katP, and tccP. Interestingly, toxB was encoded by all the
STEC strains except bovine STEC strain SRR5876423 (Table 1).

For in silico MLST typing, all four stx1 positive E. coli O26:H11
(2 from human and 2 from cattle) were ST21 while two  of the stx1
negative E. coli O26:H11 bovine strains were ST29 and the bovine
E. coli O182:H25 belonged to ST300.

Strain phylogenetic relatedness

The pairwise SNP matrix table using high-quality SNP analy-
sis (Table 2) revealed that both human strains, SRR6293238 and
SRR6293256, as well as bovine strain SRR6057923 were identical.
Bovine strain SRR5876423 differed from these identical strains by
7 hq-SNP. Bovine strains SRR6057924 and SRR5876420 differed by
only 1 hq-SNP from each other but by ≥2000 hq-SNP from the
four STEC O26 strains. Bovine E. coli strain SRR6057057 differed
by ≥30,000 hq-SNP from the other E. coli strains (Table 2).

Based on the pairwise SNP matrix data, a distance matrix was
calculated using Manhattan coefficient method. An output dendro-
gram in Newick format was  generated with a correlation coefficient
of 0.99 (Fig. 2). All four ST 21 STEC O26 strains clustered into one
group, while both E. coli ST29 strains clustered into a different
group, and the E. coli O182:H25 was distant from both of these
clustered groups (Fig. 2).

Discussion

Previous studies have shown that WGS  holds great poten-
tial for in-depth characterization of non-O157 STEC strains
[12,15,18,20,21]. This potential includes not only serotype iden-
tification, but also the detection of virulence factor genes and the
ability to distinguish strain relatedness. In this study, we applied

WGS to characterize a zoonotic transmission of STEC O26 from
cattle to humans.

Of the seven E. coli strains analyzed in this study from cattle and
humans with diarrhea, bovine E. coli strain SRR6057957 could not

from each other while isolates in lanes 5 and 6 were indistinguishable from each
 all of the other 6 isolates. BioNumerics 6.6 was used to analyze and interpret band

 construct the phylogentic tree.



B. Abdalhamid et al. / Journal of Infection and Public Health 12 (2019) 884–889 887

Table  1
Sequence types and virulence genes detected by WGS  in E. coli strains used in this study. +: detected, −: not detected.

SRR6293238
human

SRR6293256
human

SRR6057923
cow

SRR5876423
cow

SRR6057924
cow

SRR5876420
cow

SRR6057957
cow

MLST sequence type ST21 ST21 ST21 ST21 ST29 ST29 ST300
astA  + + + + + + −
cba  + + + + + + −
cdtB  − − − − − − +
celB  + + + + − − −
cif  + + + + + + −
eae  + + + + + + +
efa1  + + + + − − −
ehxA  + + + + + + +
espA  + + + + + + +
espB  + + + + + + −
espF  + + + + + + +
espJ  + + + + + + −
espP  + + + + + + +
gad  + + + + + + +
iha  + + + + + + −
iss  + + + + + + +
katP  + + + + − − −
lpfA  + + + + + + +
nleA  + + + + + + +
nleB  + + + + + + +
nleC  + + + + + + +
stx1  + + + + − − −
tccP  + + + + − − −
tir  + + + + + + +
toxB  + + + − + + −

Table 2
Pairwise SNP matrix table showing hqSNPs difference between E. coli strains used in this study. Data was generated by lyve-SET (v.2.0.1).

Strain Source SRR5876420 SRR5876423 SRR6057923 SRR6057924 SRR6057957 SRR6293238 SRR6293256

SRR5876420 Cow 0 2203 2228 1 30791 2228 2224
SRR5876423 Cow 2203 0 7 2343 32566 7 7
SRR6057923 Cow 2228 7 0 2384 33152 0 0
SRR6057924 Cow 1 2343 2384 0 31487 2378 2380
SRR6057957 Cow 30791 32566 33152 

SRR6293238 Human 2228 7 0 

SRR6293256 Human 2224 7 0 

Fig. 2. Phylogenetic analysis of E. coli strains analyzed in this study by hq-SNP anal-
ysis using Lyve-SET pipeline. The Manhattan coefficient and UPGMA methods were
u
d

b
i

MLST performed on the whole genome sequence also showed
sed to compare sets of variables and create phylogenetic tree, respectively. Output
endrogram is presented in Newick format.
e serotyped by the latex agglutination method due to unavailabil-
ty of serotype O182 antibodies. WGS  however was  able to provide
31487 0 33199 33192
2378 33199 0 0
2380 33192 0 0

the serotype. Most public health laboratories serotype E. coli strains
using the common O groups. However, novel serotypes, cross
reactivity, or the unavailability of serotype antibodies require addi-
tional testing [14,18,20]. Although previously shown by other
reports, this study confirmed that phenotypically untypable iso-
lates could be serotyped using genomic data provided by WGS
[12,14,18,20].

PFGE data showed that human STEC O26 strains SRR6293238
and SRR6293256 and STEC bovine strains SRR6057923 and
SRR5876423 were indistinguishable from each other (Fig. 1). PFGE
did not have the ability to discriminate between the two  possi-
ble bovine sources of STEC O26. WGS  revealed that bovine strain
SRR6057923 had an identical SNP matrix to the human strains and
differed by only 7 hqSNP from the other bovine strain SRR5876423
suggesting that SRR6057923 strain may  have been the origin of
human infection. To further support this conclusion, the virulence
factor profiles of the human strains SRR6293238 and SRR6293256
were characterized and shown to be identical to that of bovine STEC
strain SRR6057923. WGS  also indicated that STEC bovine strain
SRR5876423 differed by only one virulence factor (toxB) from the
human STEC strains (Table 1). Not only was PFGE not able to dis-
criminate STEC O26 strains on a 7 hqSNP level, but it was also not
capable of providing any virulence factor profile information, both
of which were possible with WGS.
that the two  human and two bovine STEC O26  strains were charac-
terized as ST21. MLST sequence types for both stx1 negative E. coli
O26:H11 strains were identified as ST29 and the O182:H25 strain
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s ST300. As with PFGE, MLST would have linked the two bovine
TEC O26 strains to the human cases, one which was subsequently
hown by WGS  to not be related. Therefore, WGS  has superior dis-
riminatory power compared to MLST.

Several studies support our study finding that WGS  has better
esolution and more discriminatory power than serotyping, PFGE,
nd MLST [6,12,15,18,21,25–27]. A 2011 STEC outbreak in Germany
epresenting more than 4000 cases of bloody diarrhea (with 850
ases of HUS) resulting in 50 cases of death were evaluated using
erotyping, PFGE, MLST, and other epidemiological tools [25,26].
sing WGS, the E. coli O104:H4 isolate responsible for the out-
reak was determined to belong to an enteroaggregative E. coli
train which had acquired the shigatoxin gene and other antimicro-
ial resistance determinant genes [25]. This finding was surprising
ince EHEC O104:H4 is not generally known to be associated with
uch high morbidity and mortality [26,27]. Other reports utilizing

GS  have shown that this technology was able to discriminate
rganisms causing outbreaks that appeared indistinguishable by
outine genotyping assays such as STEC O157, methicillin-resistant
taphylococcus aureus, cholera, and tuberculosis [28–31].

In this study, WGS  also provided a comprehensive profile of
irulence factors for each strain which helped to obtain a better
nderstanding of the human disease pathogenicity. All four STEC
26 strains in the present study encoded stx1 but not stx2. Stud-

es have shown that strains encoding stx2 are found to be highly
irulent and commonly associated with more severe diseases to
nclude HUS than those encoding stx1 [1,2,6,7]. The virulence pro-
les of the human E. coli O26:H11 strains in this study correlated
ith the clinical picture as neither of the children developed severe

nfection or HUS.
Based on WGS  data, the E. coli O26 strains analyzed in this study

ould be categorized into two groups. The first group, EPEC group,
ontained the SRR6057924 and SRR5876420 strains which were stx
egative and eae positive. The second group, referred to as the EHEC
roup, was composed of both human strains, SRR6293238 and
RR6293256, and the bovine strains SRR6057923 and SRR5876423.
his group of strains encoded both the stx1 and eae genes. This char-
cterization by WGS  allowed for a better classification of organisms
uring an outbreak.

Epidemiological studies using serological or other molecular
ethods such as PFGE and/or MLST limit the ability of epidemi-

logists and microbiologists to compare data between different
utbreaks due to the varied discriminatory power of each method
12,15,18,20]. These traditional methods may  even misclassify out-
reak related organisms, which can hinder further epidemiological

nvestigations [31]. WGS  has an advantage over these techniques in
hat it provides information on the whole genome of the organism
sing a single technology. This information can be then analyzed
ased on requested serotyping, sequencing types, antimicrobial
esistance determinants, plasmid profiles, and/or virulence fac-
or profiling. Although WGS  requires an expensive instrument,
ioinformatics knowledge, large computational servers, data stan-
ardization, and global guidelines, several studies showed that
GS  is favored over serological and other molecular epidemiolog-

cal methods when compared based upon cost, hands-on time, and
echnique optimization [15,18,20,21,31,32].

The application of WGS  has enhanced laboratory testing by
educing costs and lowering the turn-around-times while increas-
ng the amount of information generated following the availability
f complete genome sequencing. WGS  was able to provide char-
cterization of the STEC O26 strains in a one-step method
ithin about 4 days while growth-based traditional methods
equired several weeks. These tests included species identification,
gglutination assays for serotyping, and assays for antimicrobial
usceptibility testing. In addition, several PCR assays for virulence
actors and for MLST determination as well as PFGE fingerprinting
nd Public Health 12 (2019) 884–889

and Sanger sequencing assays were also needed for strain charac-
terization. All of these methods require comprehensive workflows,
expertise, expensive reagents, and daily quality control measures.
As a means to better expand on the capabilities of the PulseNet pro-
gram, the Centers for Disease Control and Prevention has replaced
PFGE and other traditional methods with WGS  [33,34].

In conclusion, this study showed that WGS  is a robust, reliable,
one-step process with high discriminatory power in the analysis
of a zoonotic transmission of STEC O26 from cattle to humans.
This method was  shown to have the capability to provide rapid
data for identification, serotyping, sequence typing, and virulence
profiling of a non-O157 pathogen. The results of this study also con-
firmed that WGS  is superior to traditional epidemiological methods
in outbreak investigations of STEC non-O157. Characterization of
virulence factors and other genetic features using WGS  is expected
to provide a better understanding of bacterial pathogenicity in the
future.
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