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24 Abstract

25 Shiga toxin (Stx)-producing Escherichia coli (STEC) causes serious gastrointestinal illness, 

26 including hemorrhagic colitis and hemolytic uremic syndrome. Although all known Stxs 

27 (Stx1 and Stx2) are encoded by bacteriophages (Stx phages), the production of Stx2 is known 

28 to be a major risk factor for severe STEC infections. The production of Stx2, but not Stx1, is 

29 tightly coupled with the induction of Stx phages, and Stx2 production levels vary between 

30 STEC strains, even within the same serotype. Here, we analyzed the genomic diversity of all 

31 Stx phages in 71 strains representing the entire O145:H28 lineage, one of the major STECs. 

32 Our analysis revealed the highly dynamic nature of the Stx phages in O145:H28, including 

33 the independent acquisition of similar Stx phages by different sublineages and the frequent 

34 changes in Stx phages in the same sublineages due to the gain and loss of Stx phages. 

35 Analyses of Stx2 production levels in O145:H28 strains and K-12 lysogens of Stx2 phages of 

36 specific groups and types, which were defined by their early region sequences and CI 

37 repressors, respectively, revealed that short-tailed Stx2a phages (S-Stx2a phages) confer 

38 significantly greater Stx2 production to host strains than long-tailed Stx2a phages (L-Stx2a 

39 phages). However, L-Stx2a phages that encode a specific type of CI repressor promoted Stx2 

40 production, comparable to the level of production among S-Stx2a phages, as well as 

41 promoted virulence to host strains, exceeding the level among other L-Stx2a phages. We also 

42 showed a clear link between the phage induction efficiency, which was primarily determined 

43 by the early region of each phage, and the level of Stx2 production by host strains. These 

44 results provide important insights into the diversification and dynamism of Stx phages and 

45 the relationship between the variations in Stx2 phages and the amount of Stx2 production by 

46 their host strains.

47
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48 Author summary

49 Shiga toxin (Stx)-producing Escherichia coli (STEC) is an important human intestinal 

50 pathogen that causes severe illnesses. These bacteria produce Stx1, Stx2 or both toxins, but 

51 the production of Stx2 is an important measure of the virulence of STEC strains. While both 

52 types of Stx are encoded by bacteriophages (Stx phages), Stx2 production is tightly coupled 

53 with phage induction, and variations in Stx2 phages have been associated with variations in 

54 Stx2 production levels by their host O157:H7 STEC strains. However, in non-O157 STEC 

55 strains, the variation in Stx phages and its association with host strain production of Stx2 

56 have not yet been fully analyzed. This systematic study of Stx phages in O145:H28 STEC 

57 reveals not only the marked genomic diversity and dynamism of Stx phages in this STEC 

58 lineage but also that short-tailed Stx2 phages and a specific group of long-tailed Stx2 phages 

59 induce high levels of Stx2 production by host strains, and this increased production is linked 

60 to the efficient induction of phages.

61

62 Short title

63 Phage variation associated with the Stx2 production level in E. coli

64
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69 Introduction

70 Shiga toxins (Stxs) are the key virulence factors of Stx-producing Escherichia coli 

71 (STEC), which causes diarrhea and hemorrhagic colitis with life-threatening complications, 

72 such as hemolytic uremic syndrome. Stxs are classified as Stx1 or Stx2, each of which 

73 include several subtypes (Stx1a, Stx1c-Stx1e; Stx2a-Stx2l) [1,2]. While STEC strains 

74 produce one or more Stx subtypes [3,4], epidemiological studies suggest that Stx2-producing 

75 strains cause more severe STEC infections than strains producing only Stx1 [5,6].

76 The stx genes are encoded by bacteriophages (Stx phages), and STEC strains acquire 

77 these genes via the lysogenization of Stx phages. Although the integration sites and genome 

78 sequences of Stx phages are highly variable even within the same serotype [7,8], Stx phages 

79 are morphologically divided into two types based on their tail structures, which are defined 

80 by late genes: lambda-like long-tailed phages (L-phages) and short-tailed phages (S-phages), 

81 similar to the Stx2a phages of O157:H7, such as Sp5 and 933W [9–15]. A total of 99% of 

82 279 publicly available Stx phages can be classified into either type based on genetic content 

83 [16]. Both types of Stx phages encode several lambda-like regulator genes that modulate 

84 early and late gene expression, such as the cI and q genes [9,17–19]. While cI genes exhibit 

85 notable sequence diversity between Stx phages [20], how the variation in cI genes is 

86 associated with tail type is not known.

87 The stx genes are located downstream of the late gene promoter [9,19,21,22]. The 

88 expression of stx1 is primarily under the control of the iron-regulated authentic promoter 

89 [23], although prophage induction-dependent production of Stx1 has been described in some 

90 O26:H11 strains [24,25]. In contrast, the expression of stx2 depends on the late promoter 

91 [26,27], and Stx2 production is tightly coupled with phage induction; thus, variations in Stx2 

92 phage genomes can affect the amount of Stx2 production by each strain, as has been shown in 

93 several STEC lineages [28–31]. For example, the variation in Stx2 production levels in 
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94 O157:H7 STEC strains was associated with the subtypes of Stx2a phages (all are S-phages), 

95 as defined by their early regions [28]. In particular, in O157:H7 clade 8, a highly pathogenic 

96 lineage of O157:H7 STEC, the γ subtype of the Stx2a phage confers increased Stx2 

97 production and pathogenicity to host strains than do the other clade 8 strains that carry the δ 

98 subtype of the Stx2a phage [30].

99 O145:H28 is one of the major non-O157 STEC serotypes [32]. We previously 

100 analyzed the whole-genome sequences (WGSs) of 239 O145:H28 strains, including a 

101 systematic analysis of the prophages in seven finished genomes, and revealed notable 

102 variations in the sequences and integration sites of Stx phages among O145:H28 strains [33]. 

103 In that study, we found that although the distribution of stx1a genes was biased toward 

104 specific clades, the stx2a genes were widely but variably distributed throughout the entire 

105 O145:H28 lineage. However, the precise variation in Stx phages and its impact on Stx 

106 production by host strains of this lineage have not been elucidated. In the present study, to 

107 address these clinically important issues, we performed a systematic analysis of Stx phages of 

108 STEC O145:H28 and analyzed the diversity and dynamism of Stx phages in O145:H28 and 

109 the association of Stx2 phage types with Stx2 production by host strains. Furthermore, using 

110 two strains, one carrying duplicated Stx2a phages and the other carrying two different types 

111 of Stx2a phages and their mutants lacking either of the two Stx2a phages, we analyzed the 

112 effect of the Stx2a phage copy number and the difference in phage type on Stx2 production 

113 and the virulence of host strains in isogenic backgrounds.

114
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115 Results

116 Strain set and Stx phages

117 For detailed analyses of Stx phages in O145:H28 strains, we selected 64 strains from 

118 the 239 strains analyzed in our previous study [33], 59 of which were sequenced in our 

119 laboratory. This set included eight finished and 56 draft genomes and covered seven of the 

120 eight clades in ST32 (clades A-H) and the ST137/ST6130 lineage in O145:H28 (ST32 clade 

121 D strains were not available in our laboratory). Among the 56 strains for which only draft 

122 genomes were available, two were subjected to Nanopore long-read sequencing to obtain 

123 finished sequences by hybrid assembly. Seven genome-finished strains recently deposited in 

124 the NCBI database [34,35] were also included in the dataset (Table S1). Thus, the final set 

125 included 71 strains (Fig. 1 and Table 1), of which 48 were isolated in Japan and the 

126 remainder were isolated in the USA, Belgium, or Canada. Most strains were human isolates, 

127 but five bovine and four environmental/food isolates were included. There were five stx 

128 genotypes, and four strains carried two copies of the stx2a gene (Table 1).

129 As the genome sequences of the Stx phages of 27 strains were already known 

130 (n=38), we determined those of the Stx phages in the remaining 43 strains (n=45). The Stx1a 

131 phage in an stx1a/stx2d-positive strain (strain 112808, whose Stx2d phage was previously 

132 sequenced but Stx1a phage was not) was also sequenced to obtain the full set of genome 

133 sequences of Stx phages (n=84) and determine their integration sites (Fig. 1, Table S1).

134 Of the 84 phages, 33 were S-Stx2a phages, and 21 were L-Stx2a phages. The 

135 remaining 30 phages encoded other types of Stxs, and all were L-phages (27 Stx1a, two 

136 Stx2c, and one Stx2d). For the integration sites, five loci (argW, wrbA, attB in the ompW 

137 prophage, yecE, and sbcB) were identified. The L-Stx2a phage was duplicated in strain 

138 112648 and integrated into attB in the ompW prophage (referred to as attB_in_PPompW) and 

139 the yecE loci [36]; thus, these phages were considered one L-Stx2a phage. Although three 
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140 strains (12E129, RM12367-C1, and H27V05) contained two Stx2a phages, they were 

141 included as different phages because they showed considerable sequence variation (Fig. S1); 

142 thus, a total of 83 Stx phages were analyzed in subsequent analyses.

143

Table 1 The stx genotypes of the O145:H28 strain analyzed in this study.

Country stx1a
stx1a 

stx2a

stx1a

stx2a 

(x2)*

stx1a 

stx2d
stx2a

stx2a 

(x2)a
stx2c Total

Japan 11 6 1 1 26 2 1 48

United States 3 1 0 0 5 1 0 10

Belgium 3 0 0 0 8 0 1 12

Canada 1 0 0 0 0 0 0 1

Total 18 7 1 1 39 3 2 71

a 2 copies of stx2a genes

144

145 Dynamics of Stx phages in O145:H28 isolates

146 To analyze the sequence similarities of the 83 Stx phages, we performed all-to-all 

147 sequence comparisons using the Mash program [37] and constructed a dendrogram using the 

148 complete linkage method based on pairwise Mash distances. The 83 phages were clearly 

149 divided into L-phages and S-phages (Fig. 2), but multiple phage clusters were detected with a 

150 threshold of 0.05 in both types of phages (PC1-PC5 in L-phages and PC6 and PC7 in S-

151 phages).

152 In five phage clusters (PC1, 3, 4, 6, and 7), the encoded Stx was the same subtype. 

153 However, variations in Stx subtype were found in PC2 and PC5 (12 Stx2a and one Stx2d in 

154 PC2 and one Stx1a and two Stx2c in PC5), suggesting the replacement of stx in these two 
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155 phage clusters. While the Stx1a phages at yecE and wrbA, and the Stx1a and Stx2c phages at 

156 sbcB formed distinct clusters (PC1, PC3, and PC5, respectively), the L-Stx2a and S-Stx2a 

157 phages were separated into two clusters (Fig. 2). Interestingly, although the L-Stx2a phages 

158 were separated into PC2 and PC4, both included phages at attB_in_PPompW and yecE. 

159 Similarly, S-Stx2a phages were separated into PC6 and PC7, but both included phages at 

160 argW and wrbA. Variations in PC2 and PC4 can be easily generated because the attB 

161 sequences in attB_in_PPompW and yecE are essentially the same [36]. In contrast, the 

162 variation in PC2 and PC4 was based on replacement of the integrase gene.

163 The within-cluster heterogeneity of Stx phages was more evident when the 

164 phylogeny of their host strains was considered (Fig. 2). While two clusters (PC3 and PC7) 

165 included phages found in the same host clade, the remaining five clusters included Stx phages 

166 found in multiple host clades. For example, PC1 phages were found in strains belonging to 

167 clades A, B, C, F, and H, and PC2 phages were found in clades A, B, C, F, G, and H. This 

168 finding indicates dynamic changes in Stx phages in each clade. The most striking case was 

169 the S-Stx2a phage of strain Ech14022 of clade H (indicated by an asterisk in Fig. 2), which 

170 had a nearly identical sequence to the S-Stx2a phages of clade E strains, suggesting recent 

171 interclade transfer of this phage.

172

173 Stx2 production was greater in the strains carrying S-Stx2 phages than in the strains 

174 carrying L-Stx2 phages

175 To examine the variation in the level of mitomycin C (MMC)-induced Stx2 

176 production across O145:H28 strains, we measured the Stx2 concentrations in the cell lysates 

177 of 45 stx2-positive strains available in our laboratory (29, 13, 2, and 1 strains carried S-Stx2a, 

178 L-Stx2a, L-Stx2c, and L-Stx2d phages, respectively), which covered seven of the eight clades 

179 in ST32. As shown in Fig. 1 and Table S1, the Stx2 production levels were highly variable 
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180 between the strains (0.06-28.6 µg/ml). Moreover, the comparison of strains carrying S-Stx2a 

181 phages and those carrying L-Stx2 phages (including Stx2a, Stx2c, and Stx2d phages) 

182 revealed that the former strains produced significantly more Stx2 than the latter strains (19.8 

183 vs. 4.1 µg/ml on average; P < 0.0001) (Fig. 3A). The Stx2 production level of strain H27V05, 

184 which carried two S-Stx2a phages, was average (19.5 µg/ml) among the S-Stx2a phage-

185 carrying strains. However, the two strains (112648 and 12E129) that carried two L-Stx2a 

186 phages produced greater amounts of Stx2 (12.6 µg/ml and 15.0 µg/ml, respectively) than the 

187 other strains carrying L-Stx2 phages.

188

189 Variations in the early genes of S- and L-Stx2 phages

190 Stx2 production levels were clearly different between the strains harboring S- and L-

191 phages. However, as mentioned before, Stx2 production is tightly coupled with phage 

192 induction, which is achieved by the expression of early genes and the activation of late gene 

193 promoters [26,27]. Therefore, to examine the relationship between the variation in Stx2 

194 phages and the Stx2 production levels in host strains in more detail, we performed an 

195 additional clustering analysis of the Stx2 phages (n=56; the Stx2 production levels of their 

196 host strains were determined) based on the pairwise Mash distances of their early regions 

197 (Fig. 3B). These phages were classified into four groups (referred to as G-I, G-II, G-III, and 

198 G-IV) with a threshold of 0.05, the same threshold that is used for the analysis of full-length 

199 phage genomes. This grouping correlated well with that based on full-length phage genomes; 

200 G-I contained all S-Stx2a phages in PC6, G-II contained all S-Stx2a phages in PC7, and G-III 

201 contained both L-Stx2c phages in PC5. However, all L-Stx2a phages and one L-Stx2d phage 

202 in PC2 and PC4 were grouped together into G-IV, indicating that they contained similar early 

203 regions, which were distinct from those in the S-Stx2a and L-Stx2c phages.
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204 We further analyzed the sequence variation in CI repressors and Q anti-terminators, 

205 which are key regulators of phage induction [38], among the 56 Stx2 phages. In this analysis, 

206 we included the CI and Q proteins of the lambda, Sp5, and 933W phages. Sp5 and 933W, 

207 which were found in the O157:H7 strains Sakai and 933W, respectively [13,27], were 

208 representative S-Stx2a phages. Note that while the Q proteins of Sp5 and 933W were 

209 identical, their CI proteins were very different (19.1% identity).

210 The Q proteins of the S-Stx2a, L-Stx2c, and L-Stx2a phages were conserved 

211 (identical in sequence) in each type of Stx phage, except for a unique L-Stx2a phage of strain 

212 EH1910, but the Q proteins differed from each other type of Stx phage (Fig. S2). The Q 

213 protein of the L-Stx2d phage was also identical to the Q proteins of L-Stx2a phages. Among 

214 the four types of Q proteins, those of the S-Stx2a phages were most similar to those of Sp5 

215 and 933W (91% identity).

216 The CI proteins of the Stx2 phages of O145:H28 strains were divided into several 

217 types with distinct sequences (referred to as CI-1, CI-2, CI-3, CI-4, and CI-5) (Figs. 3B and 

218 S3). The CI-1 type was further divided into two subtypes (CI-1a and CI-1b; 68.6% identity 

219 between the two subtypes). Among the six types of CI proteins, CI-2 was identical to the CI 

220 of 933W. Although the CI types correlated well with the phage groups defined by the 

221 sequence similarities of the early regions (Fig. 3B), S-Stx2a phages belonging to G-I were 

222 divided into to the CI-1a and CI-1b subtypes. G-IV phages (including all L-Stx2a phages and 

223 one L-Stx2d phage) were also divided into two types: CI-4 (comprising two L-Stx2a phages) 

224 and CI-5 (comprising the other G-IV phage). Notably, the CI proteins of the two L-Stx2a 

225 phages in strain 12E129 (both in G-IV) were CI-4 and CI-5.

226 These results indicated that although the Stx2 phages of O145:H28 strains were 

227 classified into S- and L-phages, both were further divided into several groups/types based on 

228 the sequences of the early genes and the Q and CI proteins, which may have some impact on 
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229 phage induction. Notably, all S-Stx2a phages belonging to group G-II shared identical CI-2 

230 and Q proteins with 933W, suggesting that the induction process of this group of S-Stx2a 

231 phages may be similar to that of 933W.

232

233 Variation in phage induction patterns between different types of Stx2a phages under 

234 the K-12 background

235 To understand how the variation in the early regions of Stx2a phages affects their 

236 phage induction and associated Stx2 production, we generated K-12 lysogens of Stx2a 

237 phages belonging to the G-I, G-II or G-IV groups with various CI types (Table S2) and 

238 obtained lysogens from 12 phages (Fig. 4A and Table S2). Focusing on the Stx2a phage, we 

239 did not generate lysogens of the Stx2c and Stx2d phages. Analyses of these lysogens revealed 

240 notable variations in MMC-induced phage induction and Stx2 production, which were 

241 associated with phage type. Hereafter, Stx2a phages are referred to as Stx2a_xxx (where xxx 

242 denotes the O145:H28 host strain; i.e., Stx2a_112648).

243 Lysis pattern: We observed rapid and complete lysis in all lysogens of G-I S-Stx2a phages, 

244 independent of their CI-1 subtypes (1a or 1b), although those of G-II S-Stx2a phages (CI-2) 

245 showed delayed lysis (Fig. 4A). The lysogens of G-IV L-Stx2a phages (CI-4 or CI-5) showed 

246 variable lysis patterns. While the Stx2a_112648 (CI-4) lysogen showed rapid and complete 

247 lysis, the Stx2a_12E129-2 (CI-4, the second L-Stx2a phage of strain 12E129) lysogen 

248 showed delayed lysis similar to but more prominent than G-II phage lysogens. Moreover, no 

249 detectable lysis was detected for the lysogens of CI-5-type phages, including Stx2a_12E129-

250 1 (one of the two L-Stx2a phages of this strain).

251 Stx2 production level: Stx2 concentrations in the cell lysates of all G-I S-Stx2a phage 

252 lysogens were greater than 20 µg/ml (Fig. 4A). Compared with these lysogens, the G-II S-

253 Stx2a phage lysogens produced lower amounts of Stx2, particularly the Stx2a_EH2086 
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254 lysogen. Among the lysogens of the five G-IV L-Stx2a phages, while the lysogens of CI-5 

255 phages exhibited remarkably low Stx2 production, those of CI-4 phages produced large 

256 amounts of Stx2 comparable to or even greater than those of G-I S-Stx2a phages.

257 Phage induction as measured by the stx2a gene copy number: To examine the induction 

258 efficiency of the G-IV L-Stx2a phages that showed variable lysis patterns and Stx2 

259 production, we determined the copy numbers of stx2 in the cellular DNA of four G-IV L-

260 Stx2a lysogens (two CI-4 and two CI-5 phages). Lysogens of two S-Stx2a phages (G-I and 

261 G-II) were also analyzed for comparison (Fig. 4B). At 90 min after the start of MMC 

262 treatment, the copy number of stx2 relative to that of a housekeeping gene (rluF) increased in 

263 all phages (see Table S2 for more details), but there were notable variations; the copy 

264 numbers of the two G-IV/CI-5 phages were lower than those of the other phages. At 150 min, 

265 the copy numbers increased in all three G-IV phages examined (the other three were not 

266 examined because lysis started at this time point), but the copy numbers of both CI-5 phages 

267 were significantly lower than that of the CI-4 phage. These results indicated that G-IV/CI-5 

268 phages had lower phage induction efficiency, which explains the lower Stx2 production by 

269 their K-12 lysogens.

270 Taken together, these analyses revealed that, of the two types of G-IV L-Stx2a 

271 phages, lysogens of the CI-5 type, which represent the major CI type in the L-Stx2a phages 

272 of O145:H28, produced lower amounts of Stx2 due to their lower phage induction efficiency. 

273 In contrast, the CI-4 type is efficiently induced and confers much greater Stx2 production by 

274 host strains, which is comparable to that of G-I S-Stx2a phages.

275

276 Comparison of the early regions between different types of Stx2a phages

277 To examine the relationship between variations in the Stx2a phage genomes and the 

278 observed phenotypes of their lysogens, we compared the genetic structures of the early 
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279 regions between the 12 Stx2a phages whose K-12 lysogens were analyzed (Fig. 5). 

280 Consistent with the data shown in Fig. 3B, the early regions exhibited overall sequence 

281 similarities within each group/CI type. However, in addition to the cI genes in G-I (CI-1a or 

282 CI-1b) and G-IV (CI-4 or CI-5), several genes exhibited notable within-group variations, 

283 which may also be linked to the observed within-group/CI-type differences in phage 

284 induction and Stx2 production by lysogens (Fig. 4). For example, replacement of a 2.9-kb 

285 segment encoding cI and three additional genes occurred between the CI-4 and CI-5 types of 

286 G-IV/L-Stx2a phages, which showed different phage induction patterns.

287

288 Effects of lysogenization by two L-Stx2a phages on the Stx2 production level.

289 From the three strains that carried two Stx2a phages, we selected strains 112648 and 

290 12E129 and generated mutants lacking each of the two L-Stx2a phages (Fig. 6A). Using 

291 these mutants and wild-type (WT) strains, we analyzed the effects of lysogenization of the 

292 two L-Stx2a phages on Stx2 production upon MMC-induced phage induction (Fig. 6B).

293 Lysogenization of two duplicated copies of the L-Stx2a phage: Strain 112648 carried two 

294 duplicated copies of G-IV/CI-4 phages (Fig. 6A). Mutants lacking either copy (SD1 or SD2) 

295 produced similar amounts of Stx2, which was significantly lower than that of the WT. This 

296 result suggested that the effect of duplication of this L-Stx2a phage on Stx2 production was 

297 additive.

298 Lysogenization of two L-Stx2a phages of different CI types: Strain 12E129 carried two 

299 types of G-IV L-Stx2a phages (CI-5 and CI-4 types named Stx2a_12E129-1 and 

300 Stx2a_12E129-2, respectively). Mutants carrying only one of the two phages (CI-4(-)/CI-5(+) 

301 and CI-4(+)/CI-5(-) in Fig. 6) produced significantly less Stx2 than the WT. In particular, 

302 deletion of the CI-4 phage drastically reduced Stx2 production. Thus, the impact of CI-4 

303 phage lysogenization on Stx2 production was much greater than that of CI-5 phage 
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304 lysogenization. This result is consistent with the abovementioned difference between the two 

305 types of L-Stx2a phages (Fig. 4).

306

307 Differences in virulence of the lysogens of the two types of L-Stx2a phages

308 Generation of the mutants of strain 12E129, which carried either the CI-4 or CI-5 L-

309 Stx2a phage, allowed us to evaluate the contribution of the two types of L-Stx2a phages to 

310 the virulence of this strain. Before performing in vivo experiments, we confirmed that the 

311 difference in Stx2 production between the WT strain and mutants observed upon MMC 

312 treatment was reproducible upon treatment with hydrogen peroxide (H2O2), a molecule that 

313 can be produced by neutrophils in the intestine during STEC infection [39] (Fig. 6B; note that 

314 this was also the case for the 112648 strain and its mutants). Then, using germ-free mice 

315 treated with dextran sulfate sodium (DSS), which induces colitis [40], we evaluated the 

316 virulence of the WT 12E129 strain and its mutants carrying either CI-4 or CI-5 L-Stx2a 

317 phage. A 12E129 mutant lacking both phages was also generated and used as a negative 

318 control after confirming that it produced no Stx2 (dKO in Figs. 6 and 7). Inoculated bacteria 

319 were stably colonized on day 5, as was determined by counting the WT and mutant cells in 

320 mouse feces (over 109 CFUs/g feces; Fig. S4). Although some differences in CFU count were 

321 observed among the strains/mutants on day 5, no significant differences were detected on day 

322 8.

323 Mice inoculated with the WT strain began to die on day 9, and all the mice died on 

324 day 13; however, no mice inoculated with the dKO mutants died within 14 days (Fig. 7A). 

325 Importantly, mice inoculated with the mutant carrying the CI-4 phage alone showed a 

326 survival pattern similar to that of WT-inoculated mice, and all the mice died by day 13. In 

327 contrast, more than half of the mice inoculated with the mutant carrying the CI-5 phage alone 

328 survived at the end of the experiment, and this survival rate significantly differed from that of 
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329 WT-inoculated mice (and differed from that of mice inoculated with the mutant carrying the 

330 CI-4 phage). Consistent with these results, marked villus destruction and inflammatory cell 

331 infiltration were observed in the ileum of mice inoculated with the WT strain and the mutant 

332 strain harboring the CI-4 phage (Fig. 7B). In contrast, in the ileum of mice inoculated with 

333 the mutant strain carrying the CI-5 phage, the morphology of the villi was maintained, 

334 although mild inflammatory responses were observed. These results suggested that the CI-4 

335 L-Stx2a phage confers increased virulence to host strains when compared to the CI-5 L-Stx2a 

336 phage.

337

338 Distribution of L-Stx2 phages encoding CI-4 and CI-5 types of CI repressors in E. coli

339 A search in the NCBI database for Stx phages encoding CI repressors highly similar 

340 to the CI-4 or CI-5 type (>98% sequence identity) was used to identify four Stx phages (one 

341 L-Stx2a and three L-Stx1a phages) encoding a CI-4 type repressor in E. coli strains outside of 

342 the O145:H28 lineage (Table S3). Among these phages, the L-Stx2a phage of the O121:H19 

343 strain exhibited high sequence similarity to the CI-4 L-Stx2a phage of O145:H28, but the 

344 three L-Stx1a phages shared only limited genes with the O145:H28 phage (Fig. S5). In 

345 contrast, Stx2 phages encoding CI-5-type CI repressors were identified in 30 strains 

346 belonging to 15 serotypes, including major STEC serotypes such as O157:H7, O26:H11, and 

347 O111:H8, and all were L-phages (25 Stx2a, one Stx2c, and seven Stx2d phages). These 

348 results suggest the rare distribution of CI-4-type L-Stx phages and the wide distribution of 

349 CI-5-type L-Stx phages in STEC strains.

350
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351 Discussion

352 Our systematic analysis of the full set of Stx phages in STEC strains covering the 

353 entire O145:H28 lineage revealed marked genomic diversity of Stx phages. Although the Stx 

354 phages were divided into long- and short-tailed phages (referred to as S- and L-phages, 

355 respectively, in this article) based on the types of late genes, their sequence similarity, as 

356 defined by pairwise Mash distance analysis, was used to classify them into seven phage 

357 clusters (PC1~PC7; Fig. 2). While all Stx1 phages were L-Stx1a phages and belonged to PC1 

358 or PC3, Stx2 phages included both L- and S-phages and were further classified into four 

359 groups (G-I~G-IV; Fig. 3) based on the sequence similarity of their early regions and six CI 

360 types based on the sequences of CI repressors (Fig. 3).

361 An important finding obtained by analysis of the intra-serotype diversity of Stx 

362 phages was that Stx phages belonging to the same cluster were distributed in multiple clades 

363 of O145:H28 (Fig. 2). Although a possible case of direct interclade transmission of Stx2a 

364 phage was found in PC6, the variations observed for the entire lineage of O145:H28 strains 

365 suggest that Stx phages belonging to each cluster are widely circulating with continuous 

366 diversification in sequence. Sequence diversification within each cluster included the 

367 replacement of genomic segments, leading to within-cluster variations in integration sites 

368 (argW or wrbA for the S-Stx2 phages in PC6 and PC7), Stx types (the emergence of an Stx2d 

369 phage from the L-Stx2a phages in PC2 and the presence of Stx2c and Stx1a phages in PC5), 

370 and CI types (CI-4 or CI-5 type of L-Stx2a phages in PC2). Wide circulation of each phage 

371 cluster likely allowed for the acquisition of similar phages by host strains with various 

372 phylogenetic backgrounds. Repeated acquisition of Stx phages may induce the loss of 

373 resident Stx phages, leading to within-host clade variation in Stx phages. Similar 

374 changes/variations were observed for Stx1a phages in the ST21 lineage of STEC O26:H11 

375 [25] and Stx2a phages in clade 8 of STEC O157:H7 [30]. However, notably, different 
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376 distribution patterns of Stx phages were also observed in STEC O121:H19 and the STEC 

377 belonging to clonal complex 119 (CC119). In these STECs, systematic analyses of Stx 

378 phages have been conducted and revealed the stable maintenance of an S-Stx2a phage and an 

379 L-Stx2a phage in the major lineage of each STEC, respectively [29,31].

380 From a medical point of view, the more important findings of this study were the 

381 variations in Stx2 production levels by host strains, which were linked to the variations in 

382 Stx2 phages, because Stx2 is associated with the severity of STEC infection [6,41,42]. We 

383 first observed a striking difference in Stx2 production between the strains carrying S-Stx2a 

384 phages (G-I and G-II) and those carrying L-Stx2 phages (L-Stx2c phages in G-III and L-

385 Stx2a phages in G-IV): the former strains produced more Stx2 than the latter strains, with 

386 only a few exceptions (Fig. 3A). Analysis of K-12 lysogens of 12 Stx2 phages belonging to 

387 different groups/CI types (Fig. 4A) confirmed that S-Stx2 phages confer greater Stx2 

388 production by host strains. This analysis further revealed that L-Stx2a phages encoding the 

389 CI-4 type CI repressor confer increased Stx2 production, comparable to that of S-Stx2a 

390 phages, to host strains (Figs. 4 and 5). Moreover, we confirmed that the CI-4 type L-Stx2a 

391 phage is responsible for the increased virulence of the host strain in the O145:H28 

392 background (Fig. 6). Similar findings related to the association of increased Stx2 production 

393 in host strains with Stx2a phages with specific types of early regions have been reported for 

394 the S-Stx2 phages of O157:H7 STEC [28,30]. Thus, the present study further highlighted the 

395 importance of analyzing the variation in Stx2 phage genomes in the surveillance of STEC. In 

396 this regard, although distinguishing S-Stx2a and L-Stx2a phages is important, we should also 

397 consider the presence of CI-4-type L-Stx2a phages, which are associated with increased Stx2 

398 production and increased virulence, although this type of Stx2 phage appears to be rarely 

399 distributed in STEC.
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400 Regarding the mechanism underlying the variation in the Stx2 production by STEC 

401 strains conferred by different types of Stx2 phages, our analysis of K-12 lysogens revealed 

402 that the increased induction efficiency of S-Stx2a phages and CI-4-type L-Stx2a phages 

403 contributed to increased Stx2 production by the host strains (Fig. 4). The observed 

404 differences in the induction efficiency of Stx2 phages are linked to differences in the early 

405 region of the phages, including differences in CI repressors (Fig. 5). However, further 

406 analyses are required to understand at the molecular level how differences in the early region 

407 are involved in determining the efficiency of phage induction and the levels of Stx2 

408 production by host strains.

409
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410 Materials and Methods

411 Bacterial strains

412 The initial O145:H28 strain set included 59 strains that were available in our 

413 laboratory and sequenced in our previous study [33] and 18 strains with complete genome 

414 sequences (the plasmid genome was not available for strain 2015C-3125). The genome 

415 sequences of the 18 previously reported strains [34,35,43,44] were downloaded from NCBI. 

416 Six of the 18 strains were excluded from the strain set because their recombination-free core 

417 sequences were identical to those of other strains (see Table S1 for the strains included in the 

418 final set). Therefore, in this study, 71 strains were analyzed.

419

420 Determination of complete genome sequences

421 The genomic DNA of strains 16003 and 12E115 was purified using Genomic-tip 

422 100/G (Qiagen). Libraries for Illumina sequencing (average insert size: 700 bp) were 

423 prepared using the NEBNext Ultra II FS DNA Library Prep Kit (New England Biolabs) and 

424 sequenced using Illumina MiSeq to generate 300 bp paired-end reads. These genomes were 

425 additionally sequenced using MinION with R9.4.1 flow cells (Nanopore) for 68 (16003) or 

426 96 h (12E115). Nanopore reads were trimmed and filtered as described previously [29] and 

427 assembled along with the Illumina reads of each strain using Unicycler v0.4.8 [45] to obtain 

428 the finished genome sequences. The sequences of the Illumina and Nanopore reads and the 

429 complete genome sequences of these strains were deposited in DDBJ/EMBL/GenBank under 

430 the BioProject accession numbers starting from PRJDB8147 (see Table S1 for each accession 

431 number).

432

433 Phylogenetic analysis
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434 Phylogenetic analysis of the initial strain set (n=77) was performed based on the 

435 SNPs identified on the prophage/integrative element/IS-free and recombination-free 

436 chromosome backbone that was conserved across all genomes by Gubbins [46] and 

437 MUMmer [47] using the genome of strain 10942 as a reference. A maximum likelihood (ML) 

438 tree was constructed with RAxML [48] as previously described [36] and displayed using 

439 FigTree v1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/).

440

441 Analyses of integration sites and the sequencing of Stx phages

442 Stx phages integrated into the attB_in_PPompW and yecE loci in 54 O145:H28 draft 

443 genomes were previously described [36]. Stx phages integrated into argW, wrbA, and sbcB in 

444 these 54 genomes were identified by the same strategy as that we previously employed 

445 (schematically shown in Fig. S6; see Table S4 for the primers used). The entire genome 

446 sequence of each phage was determined by sequencing long PCR products as previously 

447 described [36]. DFAST [49] and GenomeMatcher (v3.0.2) [50] were used for annotating 

448 phage genomes and comparing Stx phage genomes, respectively.

449

450 Clustering analyses of Stx phage genomes and typing of CI and Q proteins

451 All-to-all phage genome comparison was performed for the three sets of genomes 

452 (the entire genomes of 83 Stx phages, the entire genomes of 54 Stx2 phages, and the early 

453 regions of 54 Stx2 phages) using Mash v2.0 [37] with default parameters to generate pairwise 

454 Mash distance matrices. Based on each matrix, Stx phages and the early regions of Stx 

455 phages were clustered with a cutoff of 0.05 as previously described [51]. The amino acid 

456 sequences of CI and Q encoded by each Stx2 phage were aligned with the proteins from 

457 phages lambda, Sp5, and 933W by MUSCLE in MEGA v10.1.8 [52], and dendrograms were 

458 generated based on these alignments using the UPGMA algorithm in MEGA v10.1.8.
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459

460 Search for Stx phages encoding CI-4- or CI-5-type CI repressors in a public database

461 CI-4- or CI-5-type CI repressors were identified in the nucleotide collection (nr/nt) 

462 in the NCBI database (last access: January 29, 2024) by TBLASTN using the amino acid 

463 sequences of the CI-4-type repressor in phage Stx2a_12E129-2 and the CI-5-type repressor in 

464 phage Stx2a_12E129-1 as queries with a threshold of >98% identity and 100% coverage. 

465 After excluding the sequences in E. coli O145:H28 strains, those on apparently full-length 

466 prophage genomes were selected. The stx subtypes of these prophages were determined by 

467 BLASTN as previously described [33].

468

469 Lysogenization of Stx2a phages into E. coli K-12

470 Prophages were induced with MMC as described previously [36]. At 6 h after the 

471 start of MMC treatment, each culture was treated with 1/500 volume of chloroform and 

472 centrifuged at 12,000 ×g for 20 min at 4 °C. The supernatant was filtered through 0.22-µm 

473 pore size filters (Millipore). Phage particles in the supernatant were collected by polyethylene 

474 glycol/NaCl precipitation as described previously [53] when necessary. Serially diluted phage 

475 lysates (100 µl) were prepared with SM buffer [53], mixed with K-12 MG1655 cells 

476 suspended in 1 ml of lysogeny broth (LB) containing 10 mM CaCl2 (2.5-4.0 OD600), and 

477 incubated for 20 min at 37 °C. Then, the phage/bacterial cell mixture was mixed with 5 ml of 

478 top agar (0.75% w/v LB agar) containing 10 mM CaCl2 and 1.0 µg/ml MMC and spread onto 

479 bottom LB agar (1.5% w/v). After overnight incubation at 37 °C, the plaques were picked, 

480 cultured in LB overnight at 37 °C, and spread onto LB agar. Several colonies were randomly 

481 selected and analyzed by colony PCR using the stx2-specific primers stx2-F and stx2-R [54] 

482 to confirm Stx2a phage lysogeny. We tried to generate lysogens for the 17 Stx2a phages 

483 listed in Table S2 and succeeded in obtaining the lysogens of 12 phages. We purified 
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484 genomic DNA from the 12 lysogens using the DNeasy Blood and Tissue Kit (Qiagen) and 

485 determined the genome sequences of Stx2a phages lysogenized in each lysogen by the long 

486 PCR-based strategy, as shown in Fig. S6.

487

488 Deletion of Stx2 phage genomes

489 To delete the Stx2 phage genomes integrated into attB_in_PPompW or yecE in 

490 strains 112648 and 12E129, we introduced the Red recombinase encoding plasmid, pKD46 

491 [55], into these strains. A DNA fragment containing the chloramphenicol resistance (CmR) 

492 cassette and terminal 55-nt extensions homologous to the attL and attR flanking regions of 

493 each locus was generated by the 2-step tailed PCR method using two sets of primers and 

494 pKD3 as a template. The 1.1-kbp PCR product was purified, treated with DpnI, and 

495 introduced into 112648 and 12E129 cells harboring pKD46, in which arabinose-inducible 

496 Red recombinase was expressed. The deletion of each Stx2a phage in the CmR transformants 

497 was confirmed by colony PCR using EmeraldAmp MAX PCR Master Mix (TaKaRa) and 

498 specific primers. To generate a mutant lacking both Stx2a phages from strain 12E129, we 

499 first deleted the Stx2a phage at attB_in_PPompW and then deleted it at yecE by repeating the 

500 same procedure, except the DNA fragment containing the kanamycin resistance (KmR) 

501 cassette was generated using pKD4 as a template. The sequences of primers used for these 

502 experiments are listed in Table S5. We attempted to delete the Stx2 phage genomes 

503 integrated into argW or wrbA in strain H27V05 by the same strategy but were unable to 

504 obtain these mutants.

505

506 Determination of Stx2 production levels

507 Cell lysates of all tested strains, mutants, and K-12 lysogens were prepared as 

508 described previously [29], except for the final concentration of MMC (Wako; 1.0 µg/ml). The 
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509 MMC concentration and sampling time were optimized based on the results of exploratory 

510 analyses using seven O145:H28 strains (see Fig. S7 for details). The Stx2 concentration in 

511 the lysate of each O145:H28 strain was determined by sandwich ELISA as previously 

512 described [29]. As the ELISA kit (RIDASCREEN Verotoxin; R-Biopharm AG) became 

513 unavailable in Japan during this study, the Stx2 concentrations of the lysates of strains 

514 112648 and 12E129, their Stx2a phage-deletion mutants, and the K-12 lysogens were 

515 determined by the homogeneous time-resolved fluorescence energy transfer (HTRF) assay 

516 that was recently developed for Stx2 quantification [56]. H2O2-induced Stx2 production was 

517 quantified by determining the Stx2 concentration in the cell lysates, which were prepared as 

518 described above except for treatment with H2O2 (Wako; 3 mM at the final concentration), via 

519 the HTRF assay.

520

521 Determination of the copy number of stx2

522 Overnight cultures of K-12 lysogens were inoculated in 3 mL of LB at 0.1 OD600 

523 and grown to mid-log phase at 37 °C with shaking. Then, MMC was added to the cultures at 

524 a final concentration of 1.0 μg/ml. After 90 min or 150 min of incubation, the bacterial cells 

525 were collected, and the total cellular DNA was purified using a DNeasy Blood and Tissue 

526 Kit. The copy number of stx2 in each cellular DNA sample was determined by droplet digital 

527 PCR using the EvaGreen assay (Bio-Rad) with the stx2-specific primers described above. 

528 The copy number relative to that of the rluF gene was determined by dividing the copy 

529 number of stx2 by that of rluF. The rluF gene was amplified with the primers rluF-S (5’- 

530 GCACGCGCATCATGAACGTTAG-3’) and rluF-R (5’- 

531 CGTCGGTTAAATCGCGCCATTC-3’).

532

533 Virulence assay
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534 From the point of view of animal welfare, we selected a minimum strain set for a 

535 mouse virulence assay based on data obtained in in vitro experiments to reduce the number of 

536 mice used in the virulence assay. The O145:H28 strain 12E129 and its Stx2a phage-deletion 

537 mutants were cultured overnight in Tryptic Soybean Broth at 37 °C with shaking. The 

538 cultures were diluted with distilled water (DW) to 1.0 OD600. One milliliter of each OD-

539 adjusted culture was added to 100 ml of DW to prepare contaminated drinking water 

540 containing STEC at approximately 107 CFU/ml. Male germ-free C57BL/6N mice (5 weeks 

541 old; Clea Japan, Inc.) were divided into four groups and kept separately in sterilized vinyl 

542 isolators with an irradiated chow diet, autoclaved cages, bedding, and DW. The mice were 

543 given contaminated water ad libitum for one day (day 0). On day 3, the contaminated water 

544 was replaced with 2.0% dextran sulfate sodium (DSS) to induce gut inflammation. The 

545 conditions of the mice were checked twice a day until day 14, and the survival rate was 

546 compared between the groups. Stool culture was performed on days 1, 2, 5 and 8 to monitor 

547 the colonization of bacteria. For this monitoring, fresh feces were suspended in saline to 0.1 

548 mg/ml, and a 10-fold serial dilution was made. Then, 0.1 ml of appropriately diluted sample 

549 was spread onto MacConkey agar plates. After incubating at 37 °C for 48 h, colonies were 

550 counted to determine the number of bacteria in the feces. Autopsy was performed on the mice 

551 that died during the observation period, and the mice survived until day 14. The terminal 

552 ileum was collected, fixed in 10% neutralized formalin, and embedded in paraffin, and 3-µm 

553 tissue sections were prepared for hematoxylin-eosin staining and immunohistochemistry 

554 targeting CD45 to evaluate destruction of the ileal mucosa and leukocyte infiltration. CD45 

555 was detected by using an IHCeasy CD45 Ready-To-Use Kit according to the manufacturer’s 

556 instructions (Cosmo Bio Co., Ltd., Tokyo, Japan).

557

558 Statistical analyses
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559 An unpaired t test was performed to compare Stx2 production levels between the 

560 O145:H28 strains carrying S-Stx2a phages and those carrying L-Stx2 phages using Prism 9 

561 software (GraphPad Software). One-way analysis of variance (ANOVA) followed by the 

562 Tukey–Kramer multiple comparison test was performed using R v4.1.0 [57] to compare Stx2 

563 production levels between K-12 lysogens and between strain 12E129 and its Stx2a phage-

564 deletion mutants and the stx2 copy numbers between K-12 lysogens. For the comparison of 

565 the survival rates between mice given strain 12E129 and those given mutant strains, a log-

566 rank test was performed using StatFlex v6.0 (Artec Co., Ltd., Osaka, Japan). P < 0.05 was 

567 considered to indicate statistical significance.

568
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771 Figure legends

772 Fig. 1 Variation in the integration site of Stx phages and the Stx2 production level in 

773 STEC O145:H28 strains.

774 The phylogenetic tree of 71 O145:H28 strains is shown in the left panel. The tree was 

775 constructed based on the recombination-free SNPs (3,347 sites) that were identified on the 

776 conserved chromosome backbone (3,851,013 bp) by RAxML using the GTR gamma 

777 substitution model. The reliabilities of the tree’s internal branches were assessed by 

778 bootstrapping with 1,000 pseudoreplicates. The bar in the upper-left corner indicates the 

779 mean number of nucleotide substitutions per site. Genome-finished strains are indicated by 

780 filled circles. Along with the tree, the geographic and ST/clade information of strains, the 

781 presence or absence of prophages at five loci, and the features of prophages are shown. In the 

782 right panel, the levels of MMC-induced Stx2 production by each strain are shown as the 

783 mean values with standard errors of biological triplicates. Note that the Stx2 production 

784 levels of eight stx2-positive strains whose genome sequences were obtained from NCBI were 

785 not determined.

786 Fig. 2 Sequence similarities among Stx phages found in the 71 O145:H28 strains.

787 A dendrogram based on the Mash distance matrix of 83 Stx phage genomes is shown in the 

788 left panel, along with their stx genotypes, integration sites, and phage clusters, which were 

789 defined based on the pairwise Mash distance with a cutoff distance of 0.05. The phage 

790 indicated by attB_in_PPompW/yecE was the duplicated L-Stx2a phages that were integrated 

791 into the attB_in_PPompW and yecE loci in strain 112648. These duplicated phages were 

792 treated as one phage. The tree in the right panel is the same ML tree of O145:H28 strains 

793 shown in Fig. 1. Stx phages were connected to their host strains by lines colored according to 

794 the phage clusters. Strain Ech14022 and its S-Stx2a phage are indicated by asterisks.
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795 Fig. 3 Stx2 production levels of O145:H28 strains harboring S-Stx2a phages and those 

796 harboring L-phages encoding Stx2a, Stx2c, or Stx2d and comparisons of early regions 

797 between Stx2 phage genomes.

798 (A) Comparison of the Stx2 production levels between strains carrying S-Stx2a phages and 

799 those carrying L-Stx2 phages. Most L-phages encoded Stx2a, but two encoded Stx2c and one 

800 encoded Stx2d. The Stx2 production level of each strain is presented as the mean value of 

801 biological triplicates. Each strain is colored according to the groups defined based on the 

802 sequence similarity of the early region of their Stx2 phages in Fig. 3B. Strains carrying two 

803 Stx2a phages are indicated by the center lines in circles. The Stx2d phage-carrying strain is 

804 indicated by “d”. (B) Sequence similarities of the early regions of Stx2 phages. A 

805 dendrogram was constructed based on pairwise Mash distances. Stx2 phages were divided 

806 into four groups (threshold: 0.05). Phage clusters, which were defined based on the sequence 

807 similarity of full-length genomes (shown in Fig. 2), and the types of CI repressors are also 

808 indicated. Two L-Stx2a phages in strain 12E129 are indicated by filled circles. Stx2a phages 

809 lysogenized into K-12 (see Fig. 4) are indicated by open circles.

810 Fig. 4 Analysis of 12 E. coli K-12 lysogens carrying different types of Stx2a phages.

811 (A) Lysis curves (left panel) and Stx2 production levels (right panel) of MMC-treated 

812 lysogens. Stx2 production levels are presented as the Stx2 concentrations in the cell lysates 

813 obtained after 6 h of MMC treatment (mean values with standard errors of biological 

814 triplicates are shown). The samples indicated by open circles were significantly different (P 

815 < 0.05) from the samples marked by bars. (B) Relative copy numbers of stx2a in the cellular 

816 DNA samples of each lysogen at 90 min or 150 min after the start of MMC treatment. 

817 Relative copy numbers were determined by calculating the ratio of the copy number of stx2a 

818 relative to that of the rluF gene. The mean values with standard errors of biological triplicates 
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819 are shown. Statistically significant differences between samples are also shown in the same 

820 way as those in panel A.

821 Fig. 5 Comparison of the early regions of 12 Stx2a phages lysogenized into K-12.

822 The genetic structures of the early regions of seven S-Stx2a phages (two G-I/CI-1a, three G-

823 I/CI-1b, and two G-II/CI-2 phages) and five L-Stx2a phages (two G-IV/CI-4 and three G-

824 IV/CI-5 phages) are drawn to scale. Amino acid sequence homologies are shown by shading 

825 with a heatmap.

826 Fig. 6 Stx2 production by O145:H28 strains harboring two L-Stx2a phages and their L-

827 Stx2a phage-deletion mutants.

828 (A) Schematic representation of the genomic locations of L-Stx2a phages in the wild-type 

829 (WT) strains and their Stx2a phage deletion mutants. Strain 112648 carried two identical CI-

830 4-type L-Stx2a phages at the attB_in_PPompW and yecE loci, and strain 12E129 carried a CI-

831 5-type phage and a CI-4-type phage at these loci. Stx2a phage-deletion mutants were 

832 generated by replacing either one or both Stx2a phages with antimicrobial resistance gene 

833 cassettes as indicated. (B) Stx2 production by the WT strains and their Stx2a phage deletion 

834 mutants upon MMC or H2O2 treatment is shown. The Stx2 production levels are presented as 

835 the Stx2 concentrations in the cell lysates obtained after 6 h of treatment with MMC or H2O2 

836 (the mean values with standard errors of biological triplicates are shown). Statistically 

837 significant differences are marked by asterisks (*, P < 0.05; **, P < 0.01; ***, P < 0.001). ND, 

838 not detected.

839 Fig. 7 Evaluation of the virulence of strain 12E129 with two different types of L-Stx2a 

840 phages and Stx2a phage deletion mutants.

841 The virulence of strain 12E129 and its Stx2a phage-deletion mutants in germ-free mice was 

842 evaluated using a DSS-induced colitis model. Strain 12E129 carried one CI-4 type phage and 

843 one CI-5 type phage. Each mutant carried either one or neither of the two L-Stx2a phages, as 
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844 shown in Fig. 6. (A) Kaplan-Meier survival curves of mice inoculated with strain 12E129 and 

845 its Stx2a phage deletion mutants are shown in the left panel. Beginning on day 3, 2% DSS-

846 containing water was given to the mice until the end of the experimental period. In the right 

847 panel, the significance of the differences between mouse groups calculated by the log-rank 

848 test and the number of mice tested are shown. (B) Ileal tissue sections of mice inoculated 

849 with strain 12E129 and its Stx2a phage-deletion mutants are shown. The sections were 

850 analyzed by hematoxylin-eosin (HE) staining and immunohistochemistry (IHC) staining of 

851 CD45.

852 Fig. S1 Sequence similarities of the two Stx2a phage genomes found in each of the four 

853 O145:H28 strains.

854 Dot plot presentation showing sequence similarity (window size of 2 kb; >99% sequence 

855 identity) between two Stx2a phages in strains 112648, 12E129, RM12367-C1, and H27V05. 

856 The integration site and genome size of each phage are indicated on the X- and Y-axes. Note 

857 that the two Stx2a phages in strain 112648 are completely identical.

858 Fig. S2 Variation in the sequences of Q antiterminator proteins encoded by the Stx2 

859 phages of the O145:H28 strains.

860 (A) The Q types of each Stx2 phage, defined based on the sequence similarity of Q proteins, 

861 are shown under the dendrogram constructed based on the pairwise Mash distances of early 

862 regions (the same dendrogram in Fig. 3). The Q protein of the L-Stx2a phage that contained a 

863 frameshift mutation is indicated by an asterisk. (B) Amino acid sequence comparison of four 

864 types of Q proteins found in the Stx2 phages of O145:H28 strains. A UPGMA tree was 

865 generated based on the alignment of Q sequences. The Q proteins of the lambda phage (No. 

866 NP_040642.1), Sp5 (No. BAA94139.1), and 933W (No. NP_049499.1) were included as 

867 references.
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868 Fig. S3 A UPGMA tree generated based on the sequence alignment of CI repressor 

869 proteins. 

870 Although there were four variants in the CI-5 type of CI repressors (>97.8% identity), they 

871 are depicted together in this figure. The CI proteins of the lambda phage (No. NP_040628.1), 

872 Sp5 (No. BAA94122.1), and 933W (No. NP_049485.1) were included as references.

873 Fig. S4 Colonization of strain 12E129 and its Stx2a phage-deletion mutants in the 

874 intestines of germ-free mice.

875 The mean CFUs per gram of feces are shown with standard errors. One mouse inoculated 

876 with the mutant carrying the CI-5 L-Stx2a phage alone (indicated by “-/+”) accidentally died 

877 on day 5, and this mouse was excluded from the analysis. Two fecal samples could not be 

878 obtained (the day 5 sample of a mouse infected with the wild-type (WT) 12E129 strain and 

879 the day 8 sample of a mouse infected with the WT strain); these samples were also not 

880 included in this analysis. The levels of significance are indicated by asterisks (*, P < 0.05; **, 

881 P < 0.01).

882 Fig. S5 Comparison of the Stx genomes encoding CI-4-type CI repressors.

883 The genomic organization of three L-Stx2a and three L-Stx1a phages is drawn to scale. The 

884 serotypes of the host strains are indicated in parentheses. Amino acid sequence homologies 

885 are shown by shading with a heatmap.

886 Fig. S6 Procedures to determine the integration sites and genome sequences of Stx 

887 phages in O145:H28 strains with only draft genomes available.

888 (A) Determination of integration sites by BLASTN search. The draft genomes of the 

889 O145:H28 strains (n=54) were searched by BLASTN using six query sequences: the attL-

890 flanking and attR-flanking sequences from each of the prophage-integrated wrbA loci in 

891 strain 95-3192 (wrbA_L/R), the prophage-integrated argW locus in strain 122715 

892 (argW_L/R), and the prophage-integrated sbcB locus in strain RM13514 (sbcB_L/R). Each 
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893 query sequence was composed of the att sequence (7 bp for the prophage at wrbA, 24 bp for 

894 the prophage at argW and 12 bp for the prophage at sbcB) and the host chromosome and 

895 prophage sequences (60 bp each) that flanked the att sequence. Phage integration at each 

896 locus was considered positive when both attL- and attR-flanking sequences were detected 

897 (identity threshold: >95%). The integration sites of Stx phages in all but one genome were 

898 determined by this procedure. In strain IB14005, we detected the argW_L sequence but not 

899 the argW_R sequence. Therefore, the argW locus of this strain was defined as ‘Others’ and 

900 subjected to long PCR analysis. (B) Strategies for long PCR and the sequence determination 

901 of Stx phage genomes are shown. Stx prophage regions in each strain were divided into two 

902 or three segments and amplified by long PCR as indicated, and PCR products obtained from 

903 each strain were subjected to Illumina sequencing to determine the sequence of the entire 

904 prophage region. The complete sequences of two non-Stx phages integrated into wrbA, the 

905 sequences of the early regions of five non-Stx phages integrated into sbcB, and the full-length 

906 sequences of six degraded non-Stx phages integrated into sbcB were also determined by Type 

907 III, Type VIIa, and Type VIIb strategies, respectively.

908 Fig. S7 Optimization of the Stx2 production assay.

909 (A) Lysis curves and Stx2 concentrations of seven O145:H28 strains (three strains carrying 

910 S-Stx2a phages and four strains carrying L-Stx2 phages). For each strain, the MMC-induced 

911 lysis curve (left) and the Stx2 concentrations in cell lysates obtained at each time point (right) 

912 are shown. Bacterial cells were inoculated into 40 ml of LB at an OD600 of 0.1 and grown to 

913 mid-log phage at 37 °C with shaking. MMC was added to the culture at final concentrations 

914 of 0.5, 1.0, 2.0, or 4.0 µg/ml. After the addition of MMC, the OD600 of each culture was 

915 measured every hour for 8 h, and 100 µl of the culture was collected at each time point to 

916 prepare cell lysates. The Stx2 concentration in each lysate was determined by sandwich 

917 ELISAs (n=1). In most cases, the maximum cell lysis and the highest Stx2 concentration 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 6, 2024. ; https://doi.org/10.1101/2024.03.06.583675doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.06.583675
http://creativecommons.org/licenses/by/4.0/


918 were observed at 6 h. (B) Minimum inhibitory concentrations (MICs) of various E. coli 

919 strains against MMC were determined. The MMC susceptibilities of seven O145:H28 strains, 

920 five STEC strains belonging to other major STEC serotypes, and strains K-12 and 

921 ATCC25922 were determined according to the standard protocol outlined in Clinical and 

922 Laboratory Standards Institute (CLSI) guidelines (M100 Performance Standards for 

923 Antimicrobial Susceptibility Testing, 28th Edition, CLSI 2018). The MICs of all the tested 

924 strains were 2.0 µg/ml or 4.0 µg/ml.

925

926 Table S1 O145:H28 strains analyzed in this study.

927 Table S2 K-12 lysogens carrying Stx2a phages of O145:H28 strains.

928 Table S3 STEC strains carrying Stx phages that encode CI-4- or CI-5-type CI 

929 repressors.

930 Table S4 Primers used for long PCR amplification of prophage regions.

931 Table S5 Primers used to generate Stx phage deletion mutants.
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