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ABSTRACT. Eighty strains of enterohemorrhagic Escherichia coli O157:H7/H- were analyzed by 
three single-nucleotide polymorphism (SNP) panels using whole-genome sequencing data. The 
partial concordance of SNP types among the different SNP panels was observed on minimum 
spanning trees reconstructed with SNP data. As for lineage I/II strains, some of the clade 7 strains 
belonged to one unique SNP type as determined by three panels, suggesting that clade 7 should 
be divided into at least two genotypes, namely, the unique type and the rest. In addition, clade 8 
contained two unique genotypes, which was consistent with the previous prediction. Similarly, for 
lineage II, clade 12 should be divided into three genotype strains. In contrast, many strains of several 
clades belonging to lineage I were clustered into the same node on each minimum spanning tree 
upon testing with the three SNP panels. Previous studies reported that lineage I diverged more 
recently than lineages I/II and II. Such low diversity in lineage I in this study may have arisen because 
this lineage has not accumulated SNPs because of its relatively recent divergence. Based on the 
concordance observed in this study, some of the previously published O157 genotype distribution 
data were successfully interpreted to clarify the clade distribution, which was well supported by 
previous literature.
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Shiga toxin-producing Escherichia coli O157:H7/H- (O157) is a significant foodborne pathogen in the public health field. O157 
causes a wide variety of symptoms, from asymptomatic carriers to severe symptoms such as hemolytic uremic syndrome (HUS) and 
encephalopathy. It has been reported that the severity of the illness caused by O157 depends on the ability of the organism to produce 
Shiga toxin (Stx) 2 [2, 12].

Manning et al. [10] proposed a system for grouping O157 strains based on a panel of single-nucleotide polymorphisms (SNPs) that 
classified the organism into nine SNP genotypes, designated as clades. Among these O157 clades, clade 8 strains were thought to have 
strong pathogenicity because the incidence of HUS caused by them was significantly higher than that by strains in other clades. In 
addition, stronger pathogenicity of clade 6 strains was reported on the same basis [6]. In contrast, Etoh et al. [2] demonstrated weaker 
pathogenicity of clade 7 strains when the pathogenicity was compared based on the incidence of hemorrhagic colitis.

These findings suggest the possibility that O157 differently impacts public health in different areas if the dominant clade of the 
organism differs geographically. This hypothesis has been supported by the high incidence of HUS in Argentina, where clade 8 strains 
are prevalent, compared with the situation in Australia where other clade strains dominate [11]. Therefore, the investigation of O157 
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clades should provide important information for public health. However, the SNP panel defined by Manning et al. [10] has been in 
need of revision. Our previous study indicated that clade 7 includes two lineages, which are phylogenetic groups, and those lineages 
were redefined as separate clades, namely, clades 7 and 12 (Supplementary Table 1) [3, 15]. However, our subsequent studies [4, 5] 
showed that clade 7 could be further divided into several clades. Clade 8 has also been reported to be divided into two groups [4, 5, 12].

The discriminatory power of molecular epidemiological methods can be used to further revise Manning’s revised panel [3, 10]. 
Our previous studies [4, 5] showed that, using data from molecular epidemiological analysis, the classification of clades could be 
revised or clades could be subdivided. Some SNP panels other than Manning’s revised panel [3, 10], which consist of a small number 
of SNPs detected in the whole genomes of O157, have been reported to be sufficient to differentiate the organism into separate 
genotypes [1, 8, 13]. Therefore, Manning’s revised panel [3, 10] could be further revised by comparison with these SNP panels. 
Moreover, in recent years, O157 strain differentiation using whole-genome sequencing (WGS) data has been increasingly reported 
to be useful for molecular epidemiology [16]. However, even if O157 strains are differentiated by three SNP panels [1, 8, 13] using 
WGS data, the pathogenicity of these SNP types cannot be evaluated. When the relationship between the three SNP panels [1, 8, 13] 
and clades, whose pathogenicity has been evaluated, can be revealed, these panels should be able to provide data on the SNP types 
that are valuable for public health.

The purpose of this study is to reveal the relationship between SNP genotypes determined by three different SNP panels [1, 8, 13] 
and Manning’s revised panel [3, 10]. SNP genotypes defined by these four SNP panels [1, 3, 8, 13] were compared using WGS data of 
80 O157 genomes. Based on the results of comparison, we discussed the possibility of further revising the clade classification. Using 
previous reports, we also attempted to interpret the geographical distribution of SNP genotypes as determined by the SNP panels other 
than Manning’s revised panel [3, 10].

MATERIALS AND METHODS

Selection of O157 strains
The strains tested in this study were selected as follows. A total of 1069 strains of O157 isolated in 1998–2013 in Chiba Prefecture, 

Japan, were investigated by SNP analysis as previously reported [4], and classified into lineages by lineage-specific polymorphism 
assay-6 [14], as also previously reported [15]. These strains were classified into clades based on data of SNP analysis and lineage-
specific polymorphism assay-6, as described previously [3, 10]. The insertion sequence (IS) 629 distribution in these strains was 
investigated using IS-printing (Toyobo, Osaka, Japan), and the IS629 distribution data were used to reconstruct a minimum spanning 
tree (MST) of the strains in each clade. A total of 78 non-sorbitol-fermenting strains that had no epidemiological links were selected 
without any intention for further analysis (Supplementary Figs. 1–8). Of these 78 strains, one clade 2 strain (CEC04072), one clade 6 
strain (CEC09072), and one clade 12 strain (CEC04150) were isolated from cattle, while the other strains were isolated from humans. 
In addition, two strains (US2 and 86-24) isolated in the U.S. were added to the 78 strains, for a total of 80 O157 strains in this study 
(Table 1).

WGS analysis
WGS analysis of the selected O157 strains was performed using a next-generation sequencer as in our previous study [16]. The 

DNA of each strain was extracted using a NucleoBond Buffer Set III (TaKaRa, Kyoto, Japan) and NucleoBond AXG20 column 
(TaKaRa). Sequence libraries were prepared with a Nextera XT DNA Sample Prep Kit (Illumina, San Diego, CA, USA), and 100 
cycles of dual index paired-end sequencing were carried out using the Illumina HiSeq2500 system (Illumina). The Illumina analysis 
pipeline (CASAVA 1.6.0) was used for image analysis, base calling, and quality score calibration. Reads were sorted by barcode and 
exported in FASTQ files.

Raw read data were deposited in the Sequence Read Archive (SRA) in the DNA Data Bank of Japan (DDBJ, Accession No. 
PRJDB4016). The FASTQ files were analyzed using CLC Genomics Workbench software, version 20 (CLC Bio, Aarhus, Denmark). 
Read data were mapped to a reference genome (E. coli O157:H7 strain Sakai, GenBank Accession No. NC_002695) with the “Non-
specific match was ignored” option. SNPs were detected with a fixed ploidy variant detection method with the “Coverage and count 
filter with minimum coverage of 1” option to exclude ambiguous SNPs due to sequence reading errors.

Comparison of SNP panels
The SNP panels reported by Jung et al. (the Jung panel) [8], Strachan et al. (the Strachan panel) [13], and Clawson et al. (the 

Clawson panel) [1] were analyzed in this study (Supplementary Tables 2–4). Each SNP site in the three SNP panels was collected from 
the WGS data of this study using in-house Ruby scripts (ISO/IEC 30170). The collected SNPs were analyzed by MST using PopArt 
version 1.7 [9]. If a tested strain was clustered into the same node of a certain genotype strain by an SNP panel, the genotype of the 
tested strain was determined as the certain genotype. When a tested strain was clustered into a node that was separate from a node of 
a certain genotype by one SNP, the tested strain was designated as a single-locus variant (SLV) of the certain genotype.

RESULTS

Among the tested strains, lineage I strains tended to cluster into one large node on MSTs reconstructed by all of the tested SNP 
panels, although lineage I strains contained 4 different clades, namely, clades 1, 2, 3, and descendant 4/5 (Figs. 1–3). By the Strachan 
panel, 7 out of 8 clade descendant 4/5 strains were separately clustered into a different node from the large node where clade 1, 2, 
and 3 strains were clustered (Fig. 2). As for clade 2 strains, 9 of 11 strains showed the {Ib:Group Gvi:gen28} genotype [meaning {the 
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Table 1. Eighty strains of enterohemorrhagic Escherichia coli O157:H7/H- tested in this study

Lineage a) LSPA-6 
code Strain No. Year of 

isolation
Genotypes determined by the following single-nucleotide polymorphism panel:

(Consensus) Manning’s panel b) Jung’s panel c) Strachan’s panel d) Clawson’s panel e)

I 111111 CEC03058 2003 Clade 1 Ib Group Gvi gen31
(1N111N) 111111 CEC03063 2003 Clade 1 Ib Group Gvi gen31

111111 CEC05072 2005 Clade 1 Ib Group Gvi gen28
111111 CEC04009 2004 Clade 2 Ib Group Gvi gen28
111111 CEC04072 2004 Clade 2 Ib Group Gvi gen28
111111 CEC04177 2004 Clade 2 Ib Group Gvi gen28
111111 CEC04184 2004 Clade 2 Ib Group Gvi gen28
111111 CEC06064 2006 Clade 2 Ib Group Gvi gen28
111111 CEC11100 2011 Clade 2 Ib Group Gvi gen28
111111 CEC11143 2011 Clade 2 Ib Group Gvi gen31
111111 CEC12014 2012 Clade 2 Ib Group Gvi gen28
111111 CEC12025 2012 Clade 2 Ib Group Gvi gen28
111111 CEC13068 2013 Clade 2 Ib Group Gvi gen28 or 32 SLV f)

111111 US2 1982 Clade 2 Ib Group Gvi gen28
111111 CEC01398 2001 Clade 3 Ib Group Gvi gen29
111111 CEC03095 2003 Clade 3 Ib Group Gvi gen28
111111 CEC07016 2007 Clade 3 Ib Group Gvi gen29
111111 CEC08110 2008 Clade 3 Ib Group Gvi gen28
111111 CEC08112 2008 Clade 3 Ib Group Gvi gen28
111111 CEC10001 2010 Clade 3 Ib Group Gvi gen28
111111 CEC10007 2010 Clade 3 Ib Group Gvi gen28
111111 CEC11077 2011 Clade 3 Ib Group Gvi gen29
111111 CEC11153 2011 Clade 3 Ib Group Gvi gen29
111111 CEC98075 1998 Clade 3 Ib Group Gvi gen28
111111 86-24 1986 Clade descendant 4/5 Ib Group Gv gen28
111111 CEC02107 2002 Clade descendant 4/5 Ib Group Gv gen28
111111 CEC03106 2003 Clade descendant 4/5 Ib Group Gv gen28
111111 CEC05085 2005 Clade descendant 4/5 Ib Group Gv gen28
111111 CEC06041 2006 Clade descendant 4/5 Ib Group Gvi gen28
111111 CEC07021 2007 Clade descendant 4/5 Ib Group Gv gen28
111111 CEC08010 2008 Clade descendant 4/5 Ib Group Gv gen28
111111 CEC08124 2008 Clade descendant 4/5 Ib Group Gv gen28

I/II 211111 CEC03027 2003 Clade ancestral 4/5 Ia Group Gi or Giv g) gen15
(2N111N) 211111 CEC06082 2006 Clade ancestral 4/5 Ia Group Giii gen14

211111 CEC11104 2011 Clade ancestral 4/5 IIb Group Gi or Giv gen19
211111 CEC99085 1999 Clade ancestral 4/5 Ia Group Gi or Giv gen24
211111 CEC09072 2009 Clade 6 Ia Group Gi or Giv gen24
211111 CEC10106 2010 Clade 6 Ia Group Gi or Giv gen23
211111 CEC99038 1999 Clade 6 Ia Group Gi or Giv gen24
211111 CEC06016 2006 Clade 7 Ia Group Gi or Giv gen12, 22, 26 or 33 SLV
211111 CEC06089 2006 Clade 7 Ia Group Gi or Giv gen14
211111 CEC12094 2012 Clade 7 IVa Group C gen1 SLV
211111 CEC13043 2013 Clade 7 Ia Group Gi or Giv gen12, 22, 26 or 33 SLV
211111 CEC13046 2013 Clade 7 Ia Group Gi or Giv gen12, 22, 26 or 33 SLV
211111 CEC13053 2013 Clade 7 Ia Group Gi or Giv gen12, 22, 26 or 33 SLV
211111 CEC13069 2013 Clade 7 Ia Group Gi or Giv gen12, 22, 26 or 33 SLV
221111 CEC01441 2001 Clade 7 IVb Group D gen33
221111 CEC04007 2004 Clade 7 Ia Group D gen33
221111 CEC04146 2004 Clade 7 Unable to type Unable to type gen14
221111 CEC05092 2005 Clade 7 IVc Group D gen33
221111 CEC99094 1999 Clade 7 Ia Group Gi or Giv gen12, 22, 26 or 33 SLV
211111 CEC08139 2008 Clade 8 IIa Group Fii gen21
231111 CEC08068 2008 Clade 8 IIb Group Fi gen19
231111 CEC08090 2008 Clade 8 IIa Group Fii gen21
231111 CEC08097 2008 Clade 8 IIb Group Fi gen19
231111 CEC08114 2008 Clade 8 IIb Group Fi gen19
231111 CEC08141 2008 Clade 8 IIb Group Fi gen19
231111 CEC08142 2008 Clade 8 IIb Group Fi gen19
231111 CEC08152 2008 Clade 8 IIa Group Fii gen21
241111 CEC09077 2009 Clade 9 VII Group A SLV gen35
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Fig. 1. A minimum spanning tree reconstructed using single-nucleotide polymorphisms (SNPs) following the work of Jung et al. [8]. A hatched 
bar on a line connecting two nodes indicates one SNP. A name in blue denotes a genotype determined by the SNPs. A strain in red denotes a strain 
that was not clustered with any genotype strains. The green arrow indicates a node where many strains of several clades belonging to lineage I 
were clustered.

Lineage a) LSPA-6 
code Strain No. Year of 

isolation
Genotypes determined by the following single-nucleotide polymorphism panel:

(Consensus) Manning’s panel b) Jung’s panel c) Strachan’s panel d) Clawson’s panel e)

II 222113 CEC00062 2000 Clade 12 Vb SLV Group Ei gen1
(Others) 212122 CEC03077 2003 Clade 12 Vb SLV Group Ei gen38

242123 CEC03109 2003 Clade 12 Va Group Eii gen1
222123 CEC04039 2004 Clade 12 Vb Group Ei gen9
242222 CEC04150 2004 Clade 12 Vb Group Ei gen9
222122 CEC04155 2004 Clade 12 VB Group Ei gen38
211123 CEC04169 2004 Clade 12 Vb SLV Group Ei gen41
222112 CEC05051 2005 Clade 12 Va Group Eii gen1
222224 CEC05146 2005 Clade 12 Vb Group Ei gen8
212114 CEC07107 2007 Clade 12 VI Group B gen36
221223 CEC07142 2007 Clade 12 Vb Group Ei gen9
252123 CEC08031 2008 Clade 12 Va Group Eii gen1
221123 CEC08129 2008 Clade 12 Vb SLV Group Ei or Eii SLV gen1
222222 CEC08162 2008 Clade 12 Vb Group Ei gen6
22?222 CEC09011 2009 Clade 12 Vb Group Ei gen7
212111 CEC09017 2009 Clade 12 VI Group B gen36
221123 CEC09080 2009 Clade 12 Va Group Eii gen1
221222 CEC98057 1998 Clade 12 Vb Group Ei gen7
222123 CEC99030 1999 Clade 12 Vb Group Ei gen6
242222 CEC99053 1999 Clade 12 Vb Group Ei gen6

a) Lineages were defined by the description of Yokoyama et al. (2012) [15]. b) Genotyping was carried out as described by Manning et al. (2008) [10] and 
by Hirai et al. (2013) [3]. c) Genotyping was carried out as described by Jung et al. (2013) [8]. d) Genotyping was carried out as described by Strachan et al. 
(2015) [13]. e) Genotyping was carried out as described by Clawson et al. (2008) [1]. f) "SLV" denotes single-locus variant. g) Strachan’s single-nucleotide 
polymorphism panel cannot differentiate Group Gi from Group Giv.

Table 1. Continued
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Fig. 2. A minimum spanning tree reconstructed using single-nucleotide polymorphisms (SNPs) following the work of Strachan et al. [13]. A 
hatched bar on a line connecting two nodes indicates one SNP. A name in blue denotes a genotype determined by the SNPs. A strain in red denotes 
a strain that was not clustered with any genotype strains. The green arrow indicates a node where many strains of several clades belonging to 
lineage I were clustered.

Fig. 3. A minimum spanning tree reconstructed using single-nucleotide polymorphisms (SNPs) following the work of Clawson et al. [1]. A 
hatched bar on a line connecting two nodes indicates one SNP. A name in blue denotes a genotype determined by the SNPs. A strain in red denotes 
a strain that was not clustered with any genotype strains. The green arrow indicates a node where many strains of several clades belonging to 
lineage I were clustered.
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genotype by the Jung panel:that by the Strachan panel:that by the Clawson panel}]. However, 6 out of 10 strains of clade 3 were also 
divided into the same genotype (Table 1).

Among lineage I/II strains, clade 8 strains were separately clustered into two nodes on all MSTs (Figs. 1–3). In addition, the 
separation of clade 8 strains was exactly the same, and they had {IIa:Group Fii:gen21} and {IIb:Group Fi:gen19} genotypes (Table 
1). As for clade 7 strains, three strains that were clustered into the group D node by the Strachan panel were clustered into the gen33 
node by the Clawson panel, and no other strains were clustered into the gen33 node, although their genotypes by the Jung panel were 
different (Table 1). The remaining 6 out of 9 strains of clade 7 showed the same genotype, {Ia:Group Gi or Giv:gen12, 22, 26, or 33 
SLV}, and this pattern was not shown in any other tested strains (Table 1).

Among lineage II strains, two strains of clade 12 had the {VI:Group B:gen36} genotype and no other tested strains showed this 
pattern. Among the remaining clade 12 strains, four had the {Va:Group Eii:gen1} genotype, while this pattern was not shown in any 
other tested strains.

DISCUSSION

The main purpose of this study was to reveal the relationship between SNP genotypes determined by three different SNP panels 
[1, 8, 13] and Manning’s revised panel [3, 10]. We used three SNP panels that include a total of 140 SNPs. Among them, only one 
position (822,741) was shared, namely, between Jung’s and Strachan’s panels, which means that we actually used SNP panels with 
139 SNP sites that were evaluated as effective for differentiating O157 strains [1, 8, 13]. Analysis of WGS data of the O157 genome 
using the large-scale SNP panels indicated the partial concordance of SNP types among the different SNP panels. Furthermore, in some 
clades, some of the O157 strains in the same clade have unique genotypes. These findings suggested that the 139 SNPs are sufficient 
to identify strains with a unique genotype in a clade.

Strains of clade 7, which was considered as the most dominant clade in Japan [15], should be divided into at least two genotype 
strains: {Ia:Group Gi or Giv:gen12, 22, 26, or 33 SLV} and others. This is consistent with our previous description [3] of there being 
some groups of clade 7 on an MST reconstructed using the IS629 distribution. We also predicted the divergence of clade 7 because of 
the variety of stx genes possessed by strains of this clade [3]. Information on the dominant clade is important for local public health 
because of the relationship between the dominant clade of O157 and the severity of O157 infection in an area [11]. Therefore, further 
studies are necessary to demonstrate the division of clade 7 strains.

Similarly, clade 12 strains should be divided into at least three genotype strains: {VI:Group B:gen36}, {Va:Group Eii:gen1}, and 
others. This is consistent with our previous description [4], which showed some groups of clade 12 on an MST based on the IS629 
distribution. Previously, clade 12 was included in clade 7; however, clade 12 was newly differentiated from clade 7 based on the 
difference of lineage types [15]. Clade 12 was reported to be less pathogenic because of the possession of stx2c [2], leading to little 
public health interest and investigation. The fact that there are several populations in clade 12, as demonstrated by this study, may be 
due to the fact that adequate research on this clade has not been conducted to date.

Our results also corroborated the previous finding that clade 8 should be divided into two groups [4, 5, 12]. Clade 8 has been 
thought to have an important genotype because of its high likelihood of causing HUS [5–7, 12]. However, because it is known that 
the clade is composed of two different subgroups in terms of pathogenicity [5], the pathogenicity should be evaluated again after 
dividing clade 8 into two groups.

In contrast, differentiation of lineage I strains was obscure in this study. The three SNP panels investigated in this study did not 
show sufficient ability to differentiate clades of lineage I, such as clades 1, 2, 3, and descendant 4/5, and most of those strains were 
clustered into a large node on an MST reconstructed by the SNP panels. Lineage I is thought to be most recently diverged from lineage 
I/II strains [2, 3, 15], which may result in fewer SNPs that are effective for differentiating lineage I strains.

Interestingly, the results of our study indicate the possibility of interpreting the results of pathogenicity and the distribution of O157 
in previous reports. Jung et al. [8] suggested that the Ia genotype was prevalent in Australia in their previous study, and this study 
showed that the Ia genotype contained lineage I/II clades, which is in agreement with the report by Mellor et al. [11]. Jung et al. [8] 
also reported that the Ib genotype was prevalent in Canada, suggesting that lineage I was prevalent there. In New Zealand, IIb and 
IVb genotypes were reported to be prevalent [8], and this study showed that the IIb genotype contained clade 8 strains and lineage 
IVb genotype contained clade 7 strains, suggesting that clades 8 and 7 were prevalent in New Zealand. This suggestion is concordant 
with other reports [7] showing that lineage I/II strains are dominant in New Zealand and that clades 7 and 8 are in lineage I/II.

Conversely, there was a discrepancy in the determination of the geographic distribution of O157 clades as follows. Jung et al. [8] 
reported that the Vb strains were prevalent in Japan, and found that the Vb genotype contained clade 12 strains. However, the report 
that clade 12 strains were most prevalent in Japan is contradicted by previous reports that lineage I strains were most prevalent in 
Japan [2, 15]. This difference may be due to sampling bias, as discussed by Jung et al. [8].

One limitation of this study may be derived from the use of short-read WGS analysis. In general, short-read WGS analysis cannot 
detect SNPs in paralogous genes because short-read WGS data cannot be precisely mapped. In this study, we did not use a read that 
can be mapped to multiple sites in a genome. If an SNP exists at such a site, it would be detected as a gap in the site. However, no 
gaps were observed in the results of this study (data not shown); therefore, the limitation mentioned above would not have had any 
impact on this study. Another limitation is the occurrence of ambiguous SNPs caused by incorrect polymerization. In this study, we 
used SNPs with low coverage because read data may not be sufficiently mapped for unknown reasons. If an ambiguous SNP occurs, 
it may cause an SLV of a certain genotype. The occurrence of an SLV may markedly affect the results obtained by the Clawson 
panel because many genotypes of the panel have only one specific SNP to differentiate from other genotypes. In contrast, the results 
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obtained by the Jung and Strachan panels may not be affected at all because these panels had no such genotype, with the exception 
of Groups Gv and Gvi.

In conclusion, this study revealed the relationship between SNP genotypes determined by three different SNP panels and Manning’s 
revised panel. Partial concordance of several genotypes among these SNP panels was observed, suggesting that some clades can be 
further divided into subgroups. Clarification of the relationship made it possible to evaluate the pathogenicity of O157 strains via the 
SNP genotype determined by panels other than Manning’s revised panel. It also enables interpretation of the clade distribution of 
O157 strains using data on the distribution of SNP genotypes determined using these panels in each region of the world.
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