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Abstract

Enterohemorrhagic Escherichia coli O157 (O157) strains can be classified into clades (one

of several phylogenetic groups) by single nucleotide polymorphisms (SNPs): these are

clade 1, clade 2, clade 3, descendant and ancestral clades 4/5, clade 6, clade 7, clade 8,

clade 9, and clade 12. Some recent studies showed that some O157 strains in clade 8 pro-

duced a larger amount of Shiga toxin (Stx) 2 than other strains. In this study, 1121 epidemio-

logically unlinked strains of O157 isolated in Chiba Prefecture, Japan were classified into

clades during 1996–2014. Clade 8 strains were further classified into subclade 8a (67

strains) and subclade 8b (48 strains) using SNP analysis. In the absence of mitomycin C

(MMC), subclade 8a strains in this study produced significantly greater amounts of Stx2

than subclade 8b strains. However, in the presence of MMC, the levels of Stx2 production in

subclade 8b strains were significantly greater than subclade 8a strains. On the other hand, a

recent study reported that the Stx2 production level in O157 strains was determined mainly

by the subtypes of Stx2a phage (ϕStx2_α, β, γ, δ, ε, and ζ). Using O157 strains in this study,

the Stx2a phages were classified into these subtypes. In this study, all strains of subclades

8a and 8b carried ϕStx2a_γ and ϕStx2a_δ, respectively. Some strains in clade 6 also carried

ϕStx2a_δ. In the presence of MMC, subclade 8b strains produced significantly greater

amounts of Stx2 than clade 6 strains carrying ϕStx2_δ. In this study, we propose that Stx2

production in subclade 8b strains in the presence of MMC might be enhanced due to genetic

factors other than ϕStx2_δ.

Introduction

Phylogenetic groups are groups of bacterial strains originating from a common ancestral clone

[1, 2]. Since bacteria reproduce asexually, the strains in the same phylogenetic group possess

similar or common genetic features e.g., biochemical properties [3], polymorphisms in the
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genome [4], and possession of pathogenic factors [5]. Recent studies have shown that entero-

hemorrhagic Escherichia coli O157 (O157) strains can be divided into several phylogenetic

groups i.e., lineages [6], subgroups and clusters [7], and clades [8]. Yokoyama et al. [9] showed

that the hierarchical relationship of the O157 phylogenetic groups was, in descending order,

lineage, subgroup, cluster, and clade. In addition, Yokoyama et al. [9] suggested a paraphyletic

model for O157 evolution based on these hierarchical relationships. This model has been fur-

ther modified with new clade designations based on lineage analysis data (S1 Table) [10].

It has been reported that the pathogenicity of O157 strains varied between different clades.

A higher percentage of clade 8 strains caused hemolytic uremic syndrome (HUS) than strains

in other clades, suggesting strong pathogenicity of clade 8 strains [8, 11]. The strong pathoge-

nicity of those O157 strains was due to Shiga toxin (Stx) 2 subtypes and the level of Stx2 pro-

duction [12]. Stx2 were classified into several subtypes (i.e., Stx2a, Stx2b, Stx2c, Stx2d, Stx2e,

Stx2f and Stx2g) [13]. Enterohemorrhagic Escherichia coli strains with Stx2a were more fre-

quently isolated from HUS patients than the strains with the other Stx2 subtypes [14, 15].

Most clade 8 strains carry a stx2a gene and produce more Stx2 than strains in other clades [9,

16]. However, some O157 clade 8 strains produce less Stx2 than other clade 8 strains [17], indi-

cating that clade 8 strains might be classified into two groups based on the difference in their

Stx2 production level.

We have reported that clade 8 strains could be putatively classified into two groups based

on the distribution of insertion sequence (IS) 629 in the O157 genome [18] i.e. the distribu-

tions of IS629 in clade 8 strains were roughly divided into two different patterns. O157 strains

in a phylogenetic group originated from a common ancestral clone. Therefore, the IS629 dis-

tribution in O157 strains was similar in the same phylogenetic group. In contrast, the IS629
distribution in the strains was markedly different between different phylogenetic groups. How-

ever, groups putatively classified by our study [18] could not be defined as phylogenetic

groups. Since both IS629 insertions and deletions occur in particular genome regions, the

molecular trace of IS629 insertions and deletions is not always left in the genome [19]. There-

fore, the distribution of IS629 is not useful as a marker for the definition of phylogenetic

groups. A recent study showed that clade 8 could be classified into two phylogenetic groups

(i.e., subclades 8a and 8b) based on single nucleotide polymorphisms (SNPs) [20].

That study also reported that O157 subclade 8a strains produced more Stx2 than strains in

subclade 8b and other clades, since all subclade 8a strains carried a specific Stx2a phage sub-

type (i.e., ϕStx2a_γ). In a recent study [20], Stx2a phages are classified into six subtypes (α, β,

γ, δ, ε, and z), and Stx2 production levels in O157 strains were mainly determined by the Stx2a

phage subtypes. In particular, the levels of Stx2 production in O157 strains carrying ϕStx2a_γ
were higher than those in strains carrying the other Stx2a subtypes [20]. Furthermore, the

recent study showed that O157 strains in each clade and subclade carried particular subtypes

of Stx2a phage (S2 Table) [20]. Although all subclade 8a strains and some clade 3 and clade 4/5

strains carried ϕStx2a_γ, the other strains with a stx2a gene had ϕStx2a_α, β, δ, ε, or z [20].

However, the level of Stx2 production was not the same among O157 strains carrying the same

Stx2a phage subtype [20]. Therefore, although a small number of O157 strains were analyzed

in a recent study [20], the difference in Stx2 production level in O157 strains needs to be evalu-

ated using a large number of strains carrying different Stx2a phage subtypes.

In addition, O157 strains isolated over a long period of time should be analyzed to evaluate

the difference in Stx2 production among strains in subclade 8a, subclade 8b, and other clades.

However, in a recent study [20], strains in subclades 8a and 8b isolated in various areas of

Japan in the 1990s were analyzed, although that study did not specify the detailed areas or

years in which the strains were isolated. Strains of an O157 clone can often emerge and be dis-

seminated in a particular area during a specific time period [21]. Most strains derived from an
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O157 clone have very similar genetic features [21, 22] e.g., Stx2 production, IS629 distribution,

and possession of pathogenic factors. For example, strains of a subclade 8a clone produced

larger amounts of Stx2 than strains in all other subclade 8a clones, and strains derived from

the subclade 8a clone emerged in other areas of Japan in the 1990s. Therefore, if O157 strains

isolated in these areas in the 1990s were analyzed to evaluate Stx2 production levels in O157

clades, the levels in subclade 8a strains may have been biased.

Analysis of both Stx2 production in O157 strains and clinical symptoms in O157 patients is

necessary to determine the pathogenicity of O157 phylogenetic groups. Several studies investi-

gated the prevalence of the clades of O157 strains in patients with HUS and hemorrhagic coli-

tis [8, 23], and suggested that clade 8 strains were the most pathogenic. However, in those

studies, strains in subclades 8a and 8b were considered one phylogenetic group. Therefore, dif-

ferences in the symptoms of O157 patients infected with strains in subclade 8a, subclade 8b

and other clades needs to be re-investigated.

In this study, a large number of O157 strains isolated in Chiba Prefecture, Japan, (S1 Fig)

during 1996–2014 were analyzed. These strains were classified into subclade 8a, subclade 8b,

and other clades. Stx2a phages in these strains were classified into six subtypes. The level of

Stx2 production was compared among strains in subclade 8a, subclade 8b and other clades. In

addition, the prevalence of O157 strains in subclade 8a, subclade 8b and other clades in

patients with bloody diarrhea were analyzed to determine the phylogenetic group with the

strongest pathogenicity.

Materials and methods

O157 strains used in this study

In this study, epidemiologically linked O157 strains were multiple O157 strains isolated in an

outbreak or from an intra-family infection. O157 infections in Japan are reported to local pub-

lic health institutes according to the Act on Prevention of Infectious Diseases and Medical

Care for Patients Suffering Infectious Diseases (Act No. 114 of 1998). Standard epidemiologi-

cal studies are then conducted by these institutes. O157 infections are classified into sporadic

cases, outbreak, or intra-family cases by standard epidemiological studies.

Epidemiologically unlinked O157 strains were selected as follows. When certain O157

strains are isolated from a patient, these strains can often be detected as one strain. We

included all O157 strains isolated from sporadic cases. An O157 strain that was isolated first

was selected from multiple O157 strains isolated in an outbreak or an intra-family scenario. A

total of 1121 epidemiologically unlinked O157 strains were chosen from a collection of O157

strains isolated in 1996–2014 in Chiba Prefecture, Japan (S1 Fig).

These epidemiologically unlinked O157 strains were classified into clades defined by Man-

ning et al. [8] using SNP analysis as previously described [24]. They were then classified into

lineages by LSPA-6 [25] as previously reported [9]. Then, these epidemiologically unlinked

strains were classified into clades revised by Hirai et al. [10] using data of both clades by Man-

ning et al. [8] and lineages as previously reported [10] (S1 Table).

The distribution of IS629 in the epidemiologically unlinked strains in each clade was inves-

tigated using IS-printing (Toyobo Co., Ltd., Osaka, Japan) [26]. The distribution of IS629
among the strains in a clade was similar but the distribution was not the same. When the IS629
distribution between two strains in a clade exhibited greater differences, the genetic features

between these strains also displayed greater differences. In contrast, when the IS629 distribu-

tion between two strains in a clade was more similar, genetic features between these strains

were also correspondingly similar.
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Analyses of stx2 gene subtypes and Stx2 phages

Subtypes of the stx2 gene were investigated as described by Wang et al. [27]. Stx2a phages were

classified into six subtypes and the integration sites of the Stx2 phages were determined as

described by Ogura et al. [20].

Classification of clade 8 strains into subclades 8a and 8b

Since a SNP set for classifying clade 8 strains into subclades 8a and 8b was not available [20], a

SNP set for this study was constructed as follows. Griffing et al. [28] developed a SNP set for

epidemiological molecular subtyping of O157 strains using SNPs at 32 loci. This typing divided

clade 8 strains into two subgroups. Several SNPs were selected from 32 SNPs used by Griffing

et al. [28] to construct the SNP set for this study. To select these several SNPs, the SNPs at 32

loci used by Griffing et al. [28] were investigated using clade 8 strains with various genetic fea-

tures (i.e., the various distribution of IS629). In this study, a minimum spanning tree (MST)

was reconstructed from the distribution of IS629 in the epidemiologically unlinked clade 8

strains (S2 Fig). A strain was selected from each of six widely-separated nodes in the MST as

clade 8 strains with various genetic features.

Whole-genome sequence (WGS) analyses were conducted on these six strains, and the

SNPs at the 32 loci used by Griffing et al. [28] were determined as previously described [29,

30]. Briefly, sequence libraries were prepared with Nextera XT DNA Sample Prep Kits (Illu-

mina, Inc., San Diego, CA, USA), and 100 cycles of dual-index paired-end sequencing were

carried out using the Illumina HiSeq2500 System (Illumina, Inc.). The Illumina analysis pipe-

line (CASAVA 1.6.0) was used for image analysis, base calling, and quality score calibration.

Reads were sorted by barcode and exported to FASTQ files. Raw read data were deposited

in the Sequence Read Archive in the DNA Data Bank of Japan (DDBJ, Bio Project No.

PRJDB4016) (S3 Table). The FASTQ files were analyzed using CLC Genomics Workbench

software, version 7.5 (CLC bio, Inc., Aarhus, Denmark). Read data were mapped to a reference

genome (E. coli O157:H7 Sakai strain, GenBank Accession Number 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 filters with Minimum coverage was 30”

option for exclusion of ambiguous SNPs due to sequence reading errors. From the WGS analy-

ses, 25 of the 32 SNPs were common to these six strains and 7 SNPs were uncommon: these 7

SNPs were ECs5052, 2440, 2538, 0418, 3540, 0580 and 2006 (S3 Table). In this study, clade 8

strains were divided into two subgroups using these 7 SNPs.

Six of the 7 SNPs that were not common in the six O157 clade 8 strains (i.e., ECs5052, 2440,

2538, 3540, 0580 and 2006) were analyzed by amplification refractory mutation system PCR

(ARMS-PCR) [31]. In ARMS-PCR, two primer sets (i.e., one primer set consists of a forward

and a reverse primer) are used to determine a SNP at a locus in the genome. A PCR is carried

out twice using each of two primer sets. Since one of two alleles at a SNP locus is amplified by

a PCR using either of two primer sets, the SNP at the locus is determined. The primers used

for ARMS-PCR in this study are listed in S4 Table. Amplification for ARMS-PCR was done by

touchdown PCR using FastStart Taq DNA Polymerase (Roche Co., Ltd., Basel, Switzerland).

Briefly, the first cycle was at 95˚C for 5 min; followed by 5 cycles at 95˚C for 30 s, annealing at

Tm+5˚C for 30 s (with the annealing temperature decreasing by 1˚C for each cycle). After the

5 cycles, 33 or 35 cycles were performed with 95˚C for 30 s, annealing at Tm for 30 s, and 72˚C

for 30 s; then 1 cycle at 72˚C for 7 min was performed. After PCR amplification, the SNP in

each locus was determined by agarose gel electrophoresis.

The 7th SNP (i.e., ECs0418) in the SNP set in this study could not be determined using

ARMS-PCR. PCR amplicons for ECs0418 were observed by ARMS-PCRs using both of two
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primer sets, or they were not observed. Although ARMS-PCR primers for ECs0418 were

improved, the 7th SNP could not be determined. Therefore, the 7th SNP was analyzed by

Sanger DNA sequencing. Sanger DNA sequencing consisted of five steps i.e., PCR, purification

of PCR amplicons, sequencing reactions, removal of excess dyes, and DNA sequence analysis.

Amplification for PCR was done using TaKaRa Taq Hot Start Version (Takara Bio, Inc., Shiga,

Japan). The primers used for this PCR are listed in S5 Table. The first PCR cycle was at 95˚C

for 5 min; followed by 30 cycles at 95˚C for 30 s, annealing at 60˚C for 30 s, and 72˚C for 1

min, and then 1 cycle at 72˚C for 7 min. After PCR amplification, the amplicons were purified

using a QIAamp DNA Micro Kit (Qiagen Co., Ltd., Venlo, Netherlands). The sequencing reac-

tions for the purified amplicons were carried out using a BigDye Terminator v3.1 Cycle

Sequencing Kit (Thermo Fisher Scientific, Inc., Waltham, MA, USA) and the primers listed in

S5 Table. The first sequencing reaction cycle was at 95˚C for 5 min; followed by 25 cycles at

96˚C for 10 s, annealing at 50˚C for 5 s, and 60˚C for 4 min. After each sequencing reaction,

excess terminators were removed using a BigDye XTerminator Purification Kit (Thermo

Fisher Scientific, Inc.). Finally, the sequencing reaction products were analyzed using a Genetic

Analyzer 310 capillary gel electrophoresis sequencer (Applied Biosystems, CA, USA).

The epidemiologically unlinked O157 clade 8 strains were classified into subclades 8a and

8b as follows. Maximum likelihood phylogenetic tree (MLPT) analysis was carried out using

Molecular Evolutionary Genetics Analysis (MEGA) software, version 6.0. [32]. ARMS-PCR

and Sanger DNA sequencing data for the 7 SNPs was imported into the software and an

MLPT was reconstructed using the nearest-neighbor interchange method and the Tamura-

Nei model. The result was the separation of the clade 8 strains into two subgroups in the

MLPT. The MLPT subgroups were determined to be subclade 8a and subclade 8b by analyses

of the stx2 gene subtypes [27], Stx2a phage subtypes [20] and Stx2 phage integration sites [20].

Population genetics analyses of subclade 8a and 8b strains

The difference in genetic diversity between O157 strains in subclades 8a and 8b was evaluated

using FPT, which is an analogue of Fst [33], from IS629 distribution data. The Genetic Analysis

in Excel (GenAlEx), version 6.5 software, an add-in package of Microsoft Excel, was used to

calculate the FPT value with 999 permutations. FPT was calculated as the proportion of the var-

iance among populations from:

�PT ¼
VAP

VAP þ VWP

where VAP was the variance among populations and VWP was the variance within a population.

A FPT value significantly different from zero indicated a genetic difference between subclade

8a and 8b strains. Therefore, a FPT value significantly different from zero for the subclades 8a

and 8b strains in this study would mean that their classification into these two groups using

the data for 7 SNPs (S3 Table) was accurate. However, if clade 8 strains were not accurately

classified into subclades 8a and 8b, the difference in diversity of the strains in these two popu-

lations would be small and a significant FPT value would be not generated.

The genetic diversity of O157 strains in subclade 8a and subclade 8b was evaluated by the

Hunter Gaston discriminatory index (HGDI), determined from multilocus variable-number

tandem repeat analysis (MLVA) [34, 35]. HGDI indicates the discriminatory power of the typ-

ing method used for the bacterial strains. HGDI was calculated from the number and frequen-

cies of these types. An HDGI of 1.0 indicates that a typing method was able to distinguish each

strain in a population from all other strains in that population. In other words, when a typing

method is used to type the strains in a population, an HGDI of 1.0 indicates that the diversity
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of the population is infinite. In this study, subclade 8a and subclade 8b strains were analyzed

by MLVA as described by Izumiya et al. [35], and these strains were classified into MLVA

types. The HGDI for the O157 strains in each subclade was calculated from:

D ¼ 1 �
1

NðN � 1Þ

XS

j¼1

njðnj � 1Þ

where D is the HGDI, N is the total number of strains in each subclade, S is the total number of

MLVA types, and nj is the number of strains belonging to the jth MLVA type.

Comparison of Stx2 production among strains in subclade 8a, subclade 8b

and other clades

Stx2 production was measured using all of the epidemiologically unlinked strains in subclades

8a and 8b in this study. In addition, Stx2 production was measured for several epidemiologi-

cally unlinked strains selected from clades other than subclades 8a and 8b. To select these

strains, the IS629 insertion distribution data for strains in each clade was imported into BioNu-

merics, version 5.0 software (Applied Maths, Sint-Martenes-Latem, Belgium). These IS629
insertion distribution data was used to reconstruct a MST for strains in each clade by calcula-

tion of a simple matching coefficient and a binary coefficient (S3 Fig). Several strains in each

clade were selected from widely-separated nodes in the MST for Stx2 production assays. Since

these strains in each clade can have different genetic features, the mean level of Stx2 produc-

tion in these strains should approximate the mean level for all strains in that clade.

The Stx2 production levels of O157 strains were measured as follows. Each strain was inoc-

ulated into 3 ml CAYE medium (Denka Seiken Co. Ltd., Niigata, Japan) at 37˚C with shaking

and grown to mid-log phase. Mitomycin C (MMC) (Sigma-Aldrich Co., Ltd., USA) then was

added to each culture to a final concentration of 0.5 μg/ml. After an additional 3 h incubation,

each culture was then centrifuged (7,700 ×g for 10 min) and its supernatant was assayed for

Stx2. MMC-untreated O157 strains were prepared similarly but without the addition of MMC.

The supernatants were serially diluted 2-fold using the dilution buffer in the VTEC-Reversed

Passive Latex Agglutination (VTEC-RPLA) assay kit (Denka Seiken Co. Ltd., Niigata, Japan).

The Stx2 titer of each O157 strain was determined using the VTEC-RPLA assay kit following

the manufacturer’s instructions. The Stx2 titers were assayed for strains in subclade 8a, sub-

clade 8b and other clades.

Analysis of the prevalence of strains in subclade 8a, subclade 8b and other

clades in patients with bloody diarrhea

Epidemiologically unlinked O157 strains were linked to clinical information of patients

infected with these strains as follows. In 2006, the National Epidemiological Surveillance of

Infectious Diseases (NESID) database was constructed by the Japanese Government to survey

infectious diseases in Japan. O157 infections in Japan are reported to local public health insti-

tutes according to Act No. 114 of 1998. These institutes compile the personal and clinical

information of O157 patients and input this information into a database. In addition, O157

strains isolated from patients in Chiba Prefecture are sent to the Chiba Prefectural Institute of

Public Health with documentation including patient names (S1 Fig). In this study, epidemio-

logically unlinked O157 strains isolated in 2006–2014 in Chiba Prefecture were linked to per-

sonal and clinical information of patients using NESID and other documentation. Since

NESID was not constructed until 2005, symptom information for O157 patients in 1996–2005
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was unavailable. After the patient and O157 strain data were linked, all personal information

from the linked data was deleted to anonymize the linked data in this study.

The prevalence of O157 strains in subclade 8a, subclade 8b and other clades in patients with

various clinical symptoms was determined in this study using the anonymized information

(S6 Table). Patients with bloody diarrhea were selected from patients with various symptoms

to determine the phylogenetic group with the strongest pathogenicity. The prevalence of

strains in subclade 8a, subclade 8b and other clades in patients with bloody diarrhea was ana-

lyzed. The diagnostic criterion for bloody diarrhea was as follows. A doctor visually observed a

stool of an O157 patient. When the stool included fresh blood and was watery, the patient was

diagnosed as having bloody diarrhea.

Statistical analysis

Statistical analyses were done using the Statcel3 software (OMS Inc. Saitama, Japan) add-on

package for Microsoft Excel. P< 0.05 was considered to be significant for all analyses. The

Stx2 production levels were compared from O157 strains in subclade 8a, subclade 8b and

other clades using the Kruskal-Wallis test. If a significant difference was observed, a pairwise

comparison of the strains in two of the subclades and/or clades was carried out using the

Mann-Whitney U test. The prevalence of O157 patients with bloody diarrhea was compared

for strains in subclade 8a, subclade 8b and other clades using the Chi-square test. If a signifi-

cant difference was observed, a pairwise comparison of strains in the two subclades and/or

clades was carried out using Fisher0s exact test.

Ethics statement

This study did not involve human participants, human tissue, vertebrate animals, or vertebrate

animal embryos and tissues. Therefore, this study was not conducted on either humans or

animals.

Analysis of O157 patient clinical data in this study was approved by the Committee on the

Ethics of Chiba Prefectural Institute of Public Health (Permit Number: 45). In this study, per-

sonal information from O157 patients was collected and anonymized using the methods

approved by the Ethics Committee. Then, clinical data from the patients was analyzed using

the anonymized information. Therefore, the analysis of clinical data in this study was con-

ducted without breaching patient confidentiality.

Results

Classification of clade 8 strains into subclades 8a and 8b

SNP and LSPA-6 analyses classified 121 of the epidemiologically unlinked O157 strains in this

study as clade 8 (S7 Table). Two of the clade 8 strains did not carry a stx2a or stx2c gene. This

result contradicted the O157 evolutionary model of Yokoyama et al. [9] and, therefore, these

two strains were excluded from this study.

An MLPT reconstructed using data for 7 SNPs showed that clade 8 strains were divided

into two subgroups (Fig 1 and S3 Table). All of the clade 8 strains in the first subgroup carried

a stx2a gene or both stx2a and stx2c genes (S8 Table). The Stx2a and Stx2c phages in these

strains were integrated into the argW and sbcB loci in the O157 genome, respectively.

Although one clade 8 strain in this subgroup carried a Stx2a phage that could not be typed, the

other strains carried ϕStx2a_γ. Ogura et al [20] showed that subclade 8a strains carried an

stx2a gene or both stx2a and stx2c genes, and that Stx2a and Stx2c phages in these strains were

integrated in the argW and sbcB loci in the O157 genome, respectively (S2 Table). In their
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report [20], the Stx2a phages in subclade 8a strains were classified as ϕStx2a_γ. Based on the

properties of O157 subclades 8a as defined by the recent study of Ogura et al. [20], the clade 8

strains in the first subgroup were designated subclade 8a strains. The strain with a Stx2a phage

that could not be typed was excluded from this study: this strain is indicated by a green arrow

in Fig 1. Therefore, 67 of the 121 clade 8 strains in this study were classified as subclade 8a

strains.

Most of the clade 8 strains in the second subgroup in the MLPT carried an stx2a gene (Fig 1

and S8 Table). The Stx2a phages in these strains were integrated into the argW locus in the

O157 genome. These phages were classified as ϕStx2a_δ. Ogura et al [20] reported that sub-

clade 8b strains carried a stx2a gene, and that the Stx2a phages in subclade 8b strains were inte-

grated in the argW locus (S2 Table). In their report [20], the Stx2a phages in these strains were

Fig 1. MLPT reconstructed from SNP data of clade 8 strains analyzed using the SNP set in this study. The dashed

line marks branches with Stx2a phage subtypes. Red bars (A, C, E and G) indicate branches with multiple strains with

both stx2a and stx2c genes. Red arrows indicate strains with both stx2a and stx2c genes. Black bars (B, D, F, H and I)

indicate branches with multiple strains with only stx2a. Black arrows indicate strains with stx2a. The green arrow

indicates a strain with a Stx2a phage that could not be typed.

https://doi.org/10.1371/journal.pone.0191834.g001
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classified as ϕStx2a_δ. Based on the properties of O157 subclades 8b as defined by a recent

study [20], most of the clade 8 strains in the second subgroup were designated subclade 8b

strains.

However, three strains in the second subgroup carried both stx2a and stx2c genes: these are

the G strains in Fig 1. The Stx2a and Stx2c phages in the G strains were integrated into the

argW and sbcB loci in the O157 genome, respectively (S8 Table). The Stx2a phages in the G

strains were classified as ϕStx2a_γ. Although G strains had the property of subclade 8a strains

as defined by the aforementioned study of Ogura et al [20] (S2 Table), these strains clustered

with subclade 8b strains using the SNP set for this study. Since it could not be determined that

G strains were ether subclade 8a or 8b strains, G strains were excluded from this study. There-

fore, 48 of the 121 clade 8 strains in this study were classified as subclade 8b strains.

Population genetics analyses of strains in subclades 8a and 8b

Population genetics analyses were carried out to evaluate the genetic diversity of the strains in

subclades 8a and 8b that were isolated in Chiba Prefecture in 1996–2014 (S1 Fig). The FPT

value between the strains in subclades 8a and 8b calculated from the IS629 distribution data

was 0.508 (p< 0.001), indicating a significant genetic difference between subclade 8a and 8b

strains. The HGDIs calculated from the MLVA data for strains in subclades 8a and 8b were

0.9891 and 0.9699, respectively, indicating that the genetic diversity of these subclade 8a and

8b strains was high.

Stx2 production levels among strains in subclade 8a, subclade 8b and other

clades

The level of Stx2 production in the presence and absence of MMC was compared between sub-

clade 8a and 8b strains (Fig 2, S4 Fig and S8 Table). In the absence of MMC, Stx2 production

was significantly higher in subclade 8a strains than in subclade 8b strains (P < 0.01); the

median Stx2 titers in subclade 8a and 8b strains were 64 and 32, respectively. In the presence

of MMC, Stx2 production was significantly lower in subclade 8a strains than subclade 8b

strains (P < 0.01); the median Stx2 titers in subclade 8a and 8b strains were 1024 and 11585,

respectively.

Stx2 production of O157 strains carrying ϕStx2a_γ in the presence of MCC was compared

between strains in subclade 8a, clade 3 and descendant clade 4/5 (Fig 3A and S8 and S9

Tables). Eight of 21 clade 3 strains and 7 of 10 descendant clade 4/5 strains carried ϕStx2a_γ
(S9 Table). In the presence of MMC, Stx2 production of strains carrying ϕStx2a_γ was not sig-

nificantly different among subclade 8a, clade 3 and descendant clade 4/5 strains (P� 0.05). In

addition, in the presence of MMC, Stx2 production of strains carrying ϕStx2a_δ was compared

between strains in subclade 8b and clade 6 (Fig 3B and S8 and S9 Tables). Ten of 13 strains in

clade 6 carried ϕStx2a_δ (S9 Table). In the presence of MMC, Stx2 production in subclade 8b

strains was significantly higher than in clade 6 strains with ϕStx2a_δ (P< 0.01).

Prevalence of O157 patients with bloody diarrhea that are infected with

strains in subclade 8a, subclade 8b and other clades

O157 patients infected with strains in clade 1, descendant and ancestral clade 4/5, clade 6 and

clade 9 were excluded from this analysis because of the small number of patients with bloody

diarrhea infected with the strains in these clades: 0 strains in clade 1, 8 strains in descendant

clade 4/5, 0 strains in ancestral clade 4/5, 9 strains in clade 6 and 0 strains in clade 9. The preva-

lence of O157 patients with bloody diarrhea infected with subclade 8a strains was significantly
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higher than for clade 2, clade 7 and clade 12 strains (P< 0.05), although the prevalence was

not significantly higher than for subclade 8b and clade 3 strains (Table 1). The prevalence of

O157 patients with bloody diarrhea infected with a clade 7 or clade 12 strain was significantly

lower than for strains in clades other than clades 7 and 12 (P < 0.05). On the other hand, anal-

ysis of the prevalence of strains in clades and subclades in patients with HUS is useful to deter-

mine the phylogenetic group with the strongest pathogenicity [8]. However, the analysis could

not be conducted due to the small number of patients with HUS in this study (S6 Table).

Discussion

A recent study by Ogura et al. [20] reported that O157 clade 8 strains were classified into sub-

clades 8a and 8b, and that subclade 8a strains produced larger amounts of Stx2 than strains in

subclade 8b and other clades. However, the results of our study reported here were not in

agreement with that of a recent study [20]. In our study, subclade 8b strains produced signifi-

cantly more Stx2 in the presence of MMC than subclade 8a strains (Fig 2, S4 Fig and S8 Table).

This difference may be due to the difference in the number of strains analyzed in the two stud-

ies. In this study, we compared Stx2 production between subclade 8a and 8b strains using a

large number of O157 strains isolated in Chiba Prefecture during 1996–2014 (S1 Fig). In con-

trast, a few subclade 8a and 8b strains that had been isolated in various areas of Japan in the

1990s were analyzed by Ogura et al [20].

Fig 2. The levels of Stx2 production in subclade 8a and 8b strains. The Stx2 titers of the subclade 8a and 8b strains in

this study in the presence and absence of MCC are shown using the box-and-whisker plot. The bottoms of the lower

bars show the minimum of Stx2 titers. The blue boxes show the Stx2 titers from the 25th percentile to the median. The

orange boxes show the Stx2 titers from the median to the 75th percentile. The tops of the upper bars show the maximum

of Stx2 titers. MMC + and MMC—indicate O157 strains that were treated and non-treated with MMC, respectively.

https://doi.org/10.1371/journal.pone.0191834.g002
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In this study, clade 8 strains were correctly classified into subclade 8a and 8b using a defined

set of 7 SNPs (S3 Table). The SNP set in our study was different from a SNP set used by Ogura

et al. [20]. If clade 8 strains in this study were incorrectly classified into subclade 8a and 8b, the

results of this study would be different from that of the aforementioned study [20]. The FPT

value calculated from the IS629 distribution data of the subclade 8a and 8b strains was signifi-

cantly different than zero, indicating that strains in these two subgroups were correctly divided

into phylogenetically different groups. Furthermore, analysis of the stx2 genes and Stx2a

phages in the strains in the two subgroups in our study confirmed that they were subclade 8a

and 8b strains, respectively (S8 Table). The recent study by Ogura et al. [20] reported that sub-

clade 8a strains carried a stx2a gene or both stx2a and stx2c genes, and that the Stx2a and Stx2c

phages were integrated into the argW and sbcB loci, respectively (S2 Table). The Stx2a phages

in subclade 8a strains were classified as ϕStx2a_γ in the study by Ogura et al. [20]. In their

Fig 3. The levels of Stx2 production in O157 strains carrying ϕStx2a_γ or ϕStx2a_δwith MMC treatment. The Stx2 titers in O157 strains

carrying (A) ϕStx2a_γ or (B) ϕStx2a_δ in the presence of MCC are shown using the box-and-whisker plot. The bottoms of the lower bars show

the minimum of Stx2 titers. The blue boxes show the Stx2 titers from the 25th percentile to the median. The orange boxes show the Stx2 titers

from the median to the 75th percentile. The tops of the upper bars show the maximum of Stx2 titers.

https://doi.org/10.1371/journal.pone.0191834.g003

Table 1. Pairwise comparison of the number of strains from patients with and without bloody diarrhea between two clades a.

Clade 2 3 7 Sub 8a b Sub 8b c 12 Number of strains

2 ns 1.62 0.52 ns 2.67 137

3 0.2973 1.89 ns ns 3.11 158

7 0.0393 0.0075 0.32 0.38 ns 111

Sub 8a b 0.0387 0.0918 0.0009 ns 5.11 53

Sub 8b c 0.2016 0.3100 0.0283 0.4618 4.29 25

12 0.0022 0.0003 0.1014 0.0000 0.0034 59

a Values above the diagonal line are odds ratio values. ns, not significant. Values under the diagonal line are P values calculated by Fisher’s exact test (P < 0.05).
b Subclade 8a.
c Subclade 8b.

https://doi.org/10.1371/journal.pone.0191834.t001
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report [20], subclade 8b strains carried a stx2a gene, and the Stx2a phages in subclade 8b

strains were integrated in the argW locus and were classified as ϕStx2a_δ.

Although G strains clustered with subclade 8b strains using the SNP set for this study (Fig

1), these strains had the property of subclade 8a strains as defined by a recent study [20] (S2

and S8 Tables). Therefore, G strains were excluded from this study. However, the Stx2a phages

in subclades 8a and 8b strains were not investigated by researchers other than Ogura et al.

[20], and thus, further research is needed. It is possible that G strains might be classified into

subclade 8b. However, the ratio of three G strains for all subclade 8b strains used in this study

was low. Even if three G strains were not excluded from this study, the level of Stx2 production

in subclade 8a strains was significantly smaller than the levels produced by subclade 8b strains

in the presence of MMC.

The levels of Stx2 production in O157 strains by the assays used in this study were corre-

lated with those by the assays used in the recent study of Ogura et al. [20] (S5 Fig). In that

recent study [20], after O157 strains were cultured in CAYE medium, the cells were lysed

using polymyxin B to release intracellular Stx2. Then, to measure total Stx2 production, Stx2

in both the cell lysates and medium supernatants was measured. In our study, Stx2 was mea-

sured only in the medium supernatants, without polymixin B treatment. Stx2 is produced in

lysogenized O157 cells after Stx2a phage transcription begins in the O157 genome [36]. Subse-

quent prophage induction and lytic growth leads to release of the intracellular Stx2. If the cells

are not lysed, Stx2 remains in the cells after it is produced. For O157 cells in CAYE medium, if

the majority of cells retain intracellular Stx2, there may be a significant difference between the

Stx2 measured in this study and that measured by Ogura et al. [20]. Pearson’s correlation coef-

ficient was calculated for the level of Stx2 production measured by the method used for the

subclade 8a and 8b strains in this study (S5 Fig) and that used for the strains in the study of

Ogura et al. [20]. Pearson’s correlation coefficient was r = 0.946, indicating that these methods

had strong positive correlation.

Epidemiologically unlinked O157 strains were selected for this study so we could analyze

genetically diverse strains in subclades 8a and 8b. The genetic diversity of strains derived

from a clone is very low [21], and such strains show very similar levels of Stx2 production. If

strains derived from a clone were included in the analysis of subclade 8a and 8b strains, the

Stx2 production levels obtained for subclade 8a and 8b strains would be biased. The HGDIs

of the subclade 8a and 8b strains in our study were 0.9891 and 0.9699, respectively, indicating

that the genetic diversity of these subclade 8a and 8b strains was high. This high genetic

diversity indicated that either strains derived from a clone were not included in the analysis

of subclade 8a and 8b strains in this study or that only a few strains derived from a clone were

included in this study. We also investigated whether subclade 8a or 8b strains emerged from

clones during 1996–2014 in Chiba Prefecture (S1 Fig). When the strains in subclades 8a and

8b, that were isolated in 1996–2014, were divided into 4 time periods and analyzed (i.e.,

1996–2000, 2001–2005, 2006–2010 and 2011–2014), there was no significant difference in the

FPT values for the strains in these periods. If subclade 8a or 8b strains had emerged from a

clone during one of these time periods, the genetic diversity of the strains in that subclade

would have decreased during that period, leading to a significant difference in the calculated

FPT value [24].

Although two strains of all strains in subclade 8a analyzed for this study did not produce

significant levels of Stx2 (Fig 2, S4 Fig and S8 Table), the difference in the results of this study

and the study by Ogura et al. [20] could not be attributed to these two strains. For example,

when the Stx2 phage in the O157 genome was mutated, the O157 strain could not produce

Stx2 or did not produce significant levels of Stx2. The mutated strain was atypical, and should
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be excluded from comparisons of the levels of Stx2 production in strains among phylogenetic

groups. Therefore, two subclade 8a strains with< 1 of Stx2 titers in the absence and presence

of MMC might be atypical in this study (Fig 2, S4 Fig and S8 Table). However, the ratio of two

strains for all strains in subclade 8a was low in this study. Even if these two strains were

excluded from subclade 8a strains analyzed by this study, the levels of Stx2 production in sub-

clade 8a strains were significantly smaller than the levels in subclade 8b strains in the presence

of MMC.

This study suggested that genetic factors in addition to the Stx2a phage subtype could

enhance Stx2 production in subclade 8b strains in Chiba Prefecture. A recent study reported

that the Stx2 production level in O157 strains was mainly determined by the Stx2a phage sub-

type [20]. In addition, that study showed that the Stx2 level in strains carrying ϕStx2a_γ was

higher than in strains carrying other phage subtypes [20]. In both our study and the recent

study [20], strains in subclades 8a and 8b carried ϕStx2a_γ and ϕStx2a_δ (Fig 1 and S8 Table),

respectively. In our study, the level of Stx2 production in subclade 8a strains was significantly

higher than in subclade 8b strains in the absence of MMC (Fig 2, S4 Fig and S8 Table), in

agreement with the recent study [20]. However, our study showed that the level of Stx2 pro-

duction in subclade 8b strains was significantly higher in the presence of MMC than in sub-

clade 8a strains (Fig 2, S4 Fig and S8 Table) and in clade 6 strains carrying ϕStx2a_δ (P < 0.01)

(Fig 3B and S9 Table).

Recent studies reported that some genetic factors, other than the Stx2a phage subtype,

enhanced the level of Stx2 production in O157 strains. Stx2 production in O157 strains was

reported to be enhanced by deletion of anaerobic nitric oxide reductase genes (norV) [37, 38].

A recent study suggested that the level of Stx2 production in O157 strains was affected by

insertion of IS629 into the Stx2a phage genome and by the presence of SNPs in the phage

genome [39]. Some studies showed that O157 strains carrying two Stx2 phages in the genome

produced a smaller amount of Stx2 than those carrying only one Stx2 phage [40, 41]. These

studies suggested that lower Stx2 production in the strains with two Stx2 phages might be due

to regulation by CI repressors of both phages operating in trans [40, 41]. In the presence of

MMC, the subclade 8b strains isolated in Chiba Prefecture may increase Stx2 production by

any of these genetic factors e.g., deletion of norV, insertion of IS629, presence of SNPs and pos-

session of more than one Stx2 phage.

As described above, the genetic factors for enhancement of Stx2 production also may be

involved in the different levels of Stx2 production in subclade 8b strains in this study and in a

recent study [20]. The study of Ogura et al. [20] evaluated Stx2 production in subclade 8b

strains isolated in various areas of Japan in the 1990s. In our study, Stx2 production was ana-

lyzed in subclade 8b strains isolated in Chiba Prefecture in 1996–2014 (S1 Fig). However, the

subclade 8b strains in Japan in the 1990s might not yet have acquired the genetic factors for

enhancement of Stx2 production. In general, the O157 strains in the same phylogenetic group

possess similar or common genetic features [2, 3, 5]. However, the genetic factors would be

hindered by classification of O157 strains into clades and subclades. To identify such genetic

factors, a WGS analysis should be carried out using the subclade 8b strains in this study and in

the recent study [20].

Although subclade 8b strains produced significantly more Stx2 in the presence of MMC

than subclade 8a strains (Fig 2, S4 Fig and S8 Table), the prevalence of O157 patients with

bloody diarrhea was not significantly different between patients with subclade 8a and 8b

strains (Table 1). The O157 strains analyzed in this study were isolated from symptomatic

patients and asymptomatic carriers. The asymptomatic carriers were identified by fecal

examinations of a food supply worker and of a person who had contact with O157 patients.

However, other asymptomatic carriers in Chiba Prefecture were not identified by these
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investigations (S1 Fig). The asymptomatic carriers identified in this study were only a few of

the possible asymptomatic carriers in Chiba Prefecture. Therefore, the strong pathogenicity of

subclade 8b strains identified in this study may not be correct due to the unknown number of

unidentified asymptomatic carriers. However, recent studies have suggested that overexpres-

sion of proteins other than Stx2 may be involved in the strong pathogenicity of some O157

strains [42, 43] e.g. the curli production protein CsgC, a transcriptional activator PchE, and a

serine protease autotransporter enterotoxin EspP. It is not known whether the expression lev-

els of such proteins in subclade 8b strains may or may not be higher than in strains in subclade

8a or other clades.

In conclusion, subclade 8b strains isolated in Chiba Prefecture produced more Stx2 than

strains in subclade 8a and other clades in the presence of MMC. Although these subclade 8b

strains were isolated in Chiba Prefecture during 1996–2014, they may not have been prevalent

in other areas of Japan in the 1990s. The level of Stx2 production in subclade 8b strains isolated

in Chiba Prefecture in the presence of MMC may be enhanced by genetic factors other than

ϕStx2_δ. To identify these genetic factors, a WGS analysis should be carried out using the sub-

clade 8b strains isolated in Chiba Prefecture during 1996–2014 and the strains isolated in other

areas of Japan in the 1990s.
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