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Abstract 29 

Background: Shiga toxin-producing E. coli (STEC) can give rise to a range of clinical outcomes 30 

from diarrhea to the life-threatening systemic condition, hemolytic uremic syndrome (HUS). A 31 

major outbreak of HUS occurred in 2011, and was caused by a rare serotype, STEC O104:H4. 32 

Prior to 2011 and since the outbreak, STEC O104:H4 were rarely associated with human 33 

infections.  34 

Methods: From 2012 to 2020 intensified STEC surveillance was performed in Germany where 35 

subtyping of ~8,000 clinical isolates by molecular methods including whole genome 36 

sequencing was carried out. Virulence traits and phylogenetic context were investigated for a 37 

subset of strains.  38 

Results: A rare STEC serotype O181:H4 associated with HUS was identified, belonging to 39 

sequence type (ST) 678, like the STEC O104:H4 outbreak strain. Virulence and genomic 40 

comparisons revealed that the two strains are phylogenetically related and differ principally in 41 

the gene cluster encoding their respective lipopolysaccharide O-antigens. In addition, five 42 

other serotypes belonging to ST678 from human clinical infection were identified from diverse 43 

locations worldwide.  44 

Conclusion: Our data suggest the high virulence ensemble of STEC O104:H4 remains a global 45 

threat, but that horizontal exchange of O-antigen gene clusters has cloaked the pathogen with 46 

new O-antigens, confounding interpretation of their potential risk. 47 

 48 
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STEC are food-borne pathogens responsible for a range of clinical syndromes from diarrhea 54 

to the life-threatening systemic condition, HUS, a triad of thrombotic microangiopathy, 55 

thrombocytopenia, and acute renal injury [1]. Historically, the classification of STEC strains 56 

into different serotypes has proven invaluable for epidemiology and risk profiling [2]. In E. coli 57 

the serotype is determined by a combination of O- and H-antigen types (see below) whereas 58 

the O group solely denotes the O-antigen. Globally, strains of STEC serotype O157:H7 are 59 

most frequently associated with HUS, but STEC belonging to O groups O26, O103, O111, and 60 

O145, have also been regularly linked to HUS development [2, 3]. In addition, a very rare 61 

serotype gave rise to a major HUS outbreak in early summer 2011, when an O104:H4 strain 62 

caused more than 3,000 cases of diarrhea and 800 cases of HUS including 54 fatalities, 63 

predominantly in Germany [4-6].  64 

 65 

The O104:H4 outbreak strain encodes an exceptional set of virulence features [5-9]. Like other 66 

HUS-associated strains, the outbreak strain produces Shiga toxin (Stx), specifically the Stx2a 67 

variant. But unlike most E. coli strains causing HUS, this strain is an enteroaggregative E. coli 68 

(EAEC) and lacks a prime virulence factor, the type III secretion system encoded on a 69 

pathogenicity island designated as the locus of enterocyte effacement (LEE). The O104:H4 70 

outbreak strain along with other O104:H4 strains, all belonging to multi-locus sequence type 71 

(MLST) ST678 and some possessing stx, formed a distinct clade among EAEC [5, 7, 10]. The 72 

outbreak strain harbors a plasmid (pAA) characteristic for EAEC encoding aggregative 73 

adhesion fimbriae of type I (AAF/I) [5, 7]. Furthermore, the outbreak strain encodes the 74 

virulence-linked serine-protease autotransporters (SPATE), SepA, SigA, and Pic [5, 10, 11]. 75 

Despite the extensive outbreak in May/June of 2011 and associated wide distribution of the 76 

strain in affected regions, intense molecular surveillance only uncovered relatively few 77 

O104:H4 cases in Germany after the outbreak dissipated by July 2011 [12].  78 

 79 

In E. coli, serotypes are determined by the composition of the lipopolysaccharide (LPS) O-80 

antigen and the flagellar H-antigen, both important surface features of microorganisms that 81 
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shape pathogen host interactions [13, 14]. LPS forms a major structural component of the 82 

Gram-negative cell’s outer membrane and its most distal part is the O-antigen. The O-antigen 83 

is subject to strong selection pressure and is one of the most variable components of the 84 

bacterial cell [13]. Typically, in E. coli the O-antigen consists of chains of repeating 85 

oligosaccharide subunits, usually composed of two to seven sugars often with additional 86 

chemical modifications [15]; currently, 182 O groups and 53 flagellar antigen types have been 87 

described by phenotypic identification [14, 16]. The genes encoding O-antigen biosynthesis 88 

are organized in clusters that are flanked by colanic acid (wca) and histidine (his) biosynthesis 89 

genes [15]. O-antigen biosynthesis gene clusters typically have a lower GC content (often 90 

<40%) than that of the backbone of the E. coli chromosome, which is ~50% GC content [13, 91 

17, 18]. These differences suggest that O-antigen biosynthesis gene clusters are exchanged 92 

by lateral gene transfer and are under diversifying selection, and therefore a hot spot of 93 

recombination [15, 19].  94 

 95 

Although its wide distribution in the affected areas, the near disappearance of E. coli O104:H4 96 

in Germany after the large outbreak in 2011 was unanticipated. Here, we show that the high 97 

virulence ensemble of the O104:H4 outbreak strain remains a threat, but that O-antigen gene 98 

exchange has cloaked the pathogen with several new O-antigens.  99 

 100 

Methods  101 

 102 

Ethical statement 103 

Rabbit studies conducted according to protocols reviewed and approved by Brigham and 104 

Women’s Hospital Committee on Animals (IACUC protocol 2016N000334) and Animal Welfare 105 

Assurance of Compliance (number A4752-01) in accordance with recommendations in the 106 

Guide for the Care and Use of Laboratory Animals of the National Institutes of Health and the 107 

Animal Welfare Act of the U.S. Department of Agriculture. 108 

 109 
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Study strains  110 

In the context of intensified STEC surveillance in Germany, clinical isolates were collected at 111 

the National Reference Center for Salmonella and other Bacterial Enteric Pathogens and 112 

analyzed for serotype, stx and subtypes, eaeA, hlyA and aatA as described [20]. Genome 113 

sequencing was carried out on a subset of strains listed together with open source and study 114 

strain data in Table S1 and S2. Strains were grown on nutrient agar (Oxoid GmbH, Germany), 115 

Luria Bertani (LB) broth, or enterohemolysin agar (Sifin GmbH, Germany). 116 

 117 

Whole genome sequencing (WGS) 118 

Long read whole genome sequencing of O181:H4 strain 17-07187 was performed by GATC 119 

Biotech (Konstanz, Germany) using a PacBio RS II sequencer (Pacific Biosciences, USA) and 120 

short read genome sequencing of strains 12-04810, 14-03615, 14-01288, 16-00596, 16-121 

01499, 16-05332, 17-01774, 17-00416, 17-07187 and 19-02696 (Table S1) on an Illumina 122 

MiSeq and HiSeq 1500 benchtop sequencer. Polishing of the assembled genome and 123 

plasmids was performed with Illumina short reads by Pilon (version 1.22) [21]. The sequences 124 

were uploaded to NCBI project: PRJNA833419. 125 

 126 

Bioinformatics analyses 127 

De novo assembly of the PacBio sequence data (103-fold average coverage) was performed 128 

by GATC utilizing HGAP3 (Pacific Biosciences, USA). Quality control and trimming of MiSeq 129 

raw reads with subsequent detection of serotype and virulence genes was performed as 130 

described [16]. Genomic comparisons were carried out using MAUVE (version: 1.1.1) and 131 

MAFFT (version 1.3.7) as plugin in Geneious (version: 11.1.5; Biomatters Ltd) [22, 23]. Ridom 132 

SeqSphere+ (version:7.2.0, Ridom GmbH, Germany) was used to determine MLST Warwick 133 

sequence types and to create minimal spanning trees based on 2513 allele targets from the 134 

E. coli cgMLST Enterobase with pairwise ignoring missing values from genome assemblies 135 

[24]. Phage prediction was carried out by analysing the genome sequences with PHASTER 136 

[25]. RAST was used for CDS annotation [26]. 137 
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 138 

SNP-based alignment and maximum likelihood based phylogenetic tree 139 

Mapping of sequencing reads, generation of consensus sequences, and alignment calculation 140 

was performed using the BatchMap pipeline [27]. The genome sequence of FWSEC0009 was 141 

used as reference and SNPs were filtered using Gubbins (version: 3.2.1) [28]. Alignment of 142 

filtered SNPs by Gubbins was used to generate a maximum likelihood based phylogenetic tree 143 

by PHYML 3.3.20180214 (Geneious plugin, substitution model: HKY85, 100 bootstraps)[29].  144 

 145 

Temporal signal and 'clocklikeness' of molecular phylogenies 146 

TempEst was used to analyze the RAxML tree generated by Gubbins in conjunction with 147 

collection year data to validate the molecular-clock assumption [30]. Best-fitting root was 148 

chosen for linear regression analyses. 149 

 150 

Cytotoxicity, adherence, and infection assays  151 

Viability of Vero cells after inoculation with diluted bacterial culture supernatants (1:200) was 152 

examined using 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide [5]. Bacteria 153 

and Vero cells were prepared as described [20]. Adherence to HEp-2 cells was performed as 154 

described [27]. For infant rabbit infection assays, litters of mixed gender 2-day-old New 155 

Zealand White infant rabbits with the lactating doe were acquired from Charles River (Canada, 156 

strain code 052). Infant rabbits were orogastrically inoculated on the day of arrival with 109 157 

CFU of Streptomycin-resistant strains O104:H4 C227-11 and O181:H4 17-07187 suspended 158 

in 500µl 2.5% sodium bicarbonate (pH9) using a size 4 French catheter as described 159 

previously, except that no ranitidine was administered [11]. Infant rabbits were monitored for 160 

signs of illness and euthanized three days post infection. Tissue samples taken from the 161 

stomach, small intestine, cecum, and colon were homogenized and CFU determined by serial 162 

dilution, and plating on LB media containing 200 µg/ml streptomycin [11]. 163 

 164 

 165 
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Results  166 

The HUS-associated STEC O181:H4 strain 17-07187 shares a close phylogenetic 167 

relationship and similar virulence traits with the O104:H4 outbreak strain 168 

After the large STEC O104:H4 outbreak in 2011, the German National Reference Centre for 169 

Salmonella and other Bacterial Enteric Pathogens intensified STEC surveillance and analyzed 170 

~ 8,000 clinical isolates primarily from diarrhea and HUS patients from 2012 to 2020. This 171 

strain collection included a stool sample isolate (17-07187) from a 6-year-old girl who had 172 

bloody diarrhea and HUS in December 2017. She had not travelled outside her home in 173 

Northwest Germany before becoming ill. Serotyping and whole genome sequencing revealed 174 

that the strain belonged to an unusual serotype, O181:H4, that had not been previously 175 

associated with HUS. The strain had stx2a but lacked the type III secretion system encoded 176 

on the LEE pathogenicity island (marker gene eae) found in STEC. Furthermore, the strain 177 

encoded characteristic EAEC markers including aatA, aggR, AAF/I genes and autotransporter 178 

protease genes pic, sigA, and sepA (Fig.1A).  179 

 180 

MLST demonstrated that the 17-07187 isolate belonged to the same sequence type (ST678) 181 

as the O104:H4 outbreak strain (Table S2) [5, 7, 9]. Core genome MLST (cgMLST) [24] 182 

confirmed the close phylogenetic relationship of this isolate with a panel of O104:H4 strains 183 

(Fig.1B). There were only 30-34 allelic differences between this O181:H4 isolate and the 184 

O104:H4 outbreak strain from 2011 (e.g. strains FWSEC0009, C227-11, or 11-02027), and 185 

O104:H4 clinical isolates from the Republic of Georgia in 2009 (2009EL-2071) and France in 186 

2012 (Ec12-0465). In contrast, there was considerable phylogenetic distance to STEC 187 

serotypes O181:H16 (ST6274), O181:H49 (ST173), O104:H21 (ST672), and O104:H7 188 

(ST10075) isolated between 2012 and 2019 (allelic distance >1500) (Fig.1B). Comparison of 189 

the virulence gene repertoire of the O181:H4 and the O104:H4 outbreak strain also strongly 190 

suggested that they rely on very similar virulence mechanisms (Fig.1A). Indeed, both strains 191 

had comparable Stx-related cytotoxicity (Fig.1C), exhibited a characteristic enteroaggregative 192 

adherence pattern (Fig.1D), and colonized intestinal tissues, particularly the cecum and colon, 193 
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similarly during in vivo infant rabbit infections (Fig.1E). Thus, STEC O181:H4 and O104:H4 194 

isolates share marked genomic similarity and virulence-associated genomic and phenotypic 195 

traits.  196 

 197 

The genomes of the STEC O181:H4 strain 17-07187 and the O104:H4 outbreak strain 198 

mainly differ in their O-antigen gene clusters and mobile genetic elements 199 

The chromosomes (without plasmids) of the O181:H4 strain 17-07187 and the O104:H4 200 

outbreak strain FWSEC0009 were nearly identical (~94.5% nucleotide identity). The most 201 

striking difference between them were their respective O-antigen gene clusters (OAGC) 202 

(Fig.2A, 2B). Although these two clusters were both situated in the same location in the 203 

chromosome, between galF and hisI (Fig.2B), their gene contents and organization were very 204 

different. Furthermore, their respective GC contents, 36.8% for O181 and 37% for O104, 205 

differed from the chromosome GC content (~50.7%), highlighting the likely role of lateral gene 206 

transfer in driving OAGC exchange.  207 

14 potential prophage regions are present in the O181:H4 strain and 16 in the O104:H4 208 

outbreak strain (Fig.2A, Table S3). 11 of the 14 prophages exhibited substantial sequence 209 

identity (83-99.9%) with their O104:H4 counterparts and importantly, the stx2-encoding 210 

prophages were nearly identical (~99% identity) (Fig.2C, Table S4, Fig.2C). Both stx phages 211 

are inserted into the tryptophan repressor binding protein gene wrbA.  212 

 213 

The genome of the O181:H4 strain included three plasmids of ~81kb, ~76kb, and ~63kb (Table 214 

S2). The largest O181:H4 plasmid (plasmid 1) was an incompatibility group I1 (IncI1) plasmid 215 

that showed only partial homology to the ESBL resistance plasmid of the O104:H4 outbreak 216 

strain (~57% nucleotide identity) but was very similar (> 90% nucleotide identity) to 217 

pHUSEC41-1 of STEC O104:H4 HUSEC41 from 2001 (92kb) (Fig.S1A) [3, 31]. Both of these 218 

plasmids encode the pilI-V genes for thin pili. Unlike pHUSEC041-1, the O181:H4 plasmid 1 219 

did not contain antibiotic resistance genes (Fig.S1A, Tab.S5). O181:H4 plasmid 2 (76 kb) was 220 

nearly identical (95% identity, 100% coverage) to the O104:H4 outbreak strain pAA (pAA-221 
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EA11) and harbored virulence associated loci including aggA/B/C/D, which encode the AAF/I 222 

fimbriae that promote bacterial adherence to host cells (Fig.1A, Fig.S1B, Tab.S6) [7, 10, 32]. 223 

O181:H4 plasmid 3 (63 kb) was not found in the O104:H4 outbreak strain; instead, it showed 224 

similarity to DHA plasmids of several enterobacteria coding for AmpC β-lactamase [33]. 225 

However, unlike the DHA plasmids, resistance determinants were not present in the O181:H4 226 

strain (Fig.S1C, Tab.S7). Together these observations reveal the striking similarity of the 227 

chromosomes of the O181:H4 strain and the O104:H4 outbreak strain and that their chief 228 

differences are confined to hot spots of recombination, i.e. their O-antigen gene clusters, and 229 

to mobile genetic elements, particularly their plasmids. 230 

 231 

Additional recent global isolates of serotype O181:H4 and five other O groups belong 232 

to ST678  233 

Next, we identified 158 genomes belonging to ST678 in Enterobase [24], which contains 234 

~202,200 E. coli genomes (as of April 11th, 2022). For a subset, serotype identification was 235 

not available, and for these cases, serotype was predicted based on the available genomic 236 

information[16]. 123 of the ST678 strains were O104:H4, however, 18 additional O181:H4 237 

strains of ST678 were found. Furthermore, seven O127:H4, three O131:H4, and one each of 238 

O69:H4 and OX13:H4 were identified (Fig.3A, Tab.S1). We categorized these as non-O104:H4 239 

ST678 strains. Additionally, based on a close phylogenetic relationship and single difference 240 

in MLST alleles, we added three non-ST678 strains to the non-O104:H4 ST678 category: two 241 

O181:H4 strains (1472912 and 1472968) and one strain of the new and provisionally assigned 242 

genoserotype OgN-RKI9:H4 (strain 608450) (Fig.3A, Tab.S1).  243 

cgMLST confirmed the close phylogenetic relationship (allelic distance ~50) between AAF/I 244 

gene positive O104:H4 strains including the outbreak strain (FWSEC0009), and the 21 245 

O181:H4 strains, the OX13:H4 strain, and three of the seven O127:H4 strains (Fig.3A, 3B). All 246 

of these strains showed AAF/I which were also found in the 2011 outbreak strain [5, 7]. Nine 247 

strains (four O127:H4, three O131:H4, one each of O69:H4 and OgN-RKI9:H4) had higher 248 

allelic distances up to 189. In contrast, these nine strains encoded AAF/III genes (Fig.3A, 3B). 249 
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The 25 AAF/I positive non-O104:H4 ST678 strains were all isolated in or after 2011 and were 250 

associated with diarrheal disease and a subset of six O181:H4 strains harbored stx2a (Fig.3A, 251 

3B, Fig.S2A, and Tab.S1). Interestingly, four of these six strains shared a very similar stx 252 

phage with the O104:H4 outbreak strain (including strain 17-07187 from Germany), but two of 253 

the six prophages were more distinct (Fig.3A). AAF/I-positive strains shared regions with a 254 

higher relatedness than those positive for AAF/III with the pAA plasmid of the 2011 outbreak 255 

strain. 256 

The virulence gene profiles of the 34 non-O104 ST678 strains were generally similar to the 257 

O104:H4 outbreak strain; however, there were a few differences. Specifically, sepA was 258 

exclusively found in AAF/I-positive strains and EAST1 was present in all AAF/III-positive 259 

strains and in only three of the AAF/I-positive isolates (Tab.S8).  260 

The 34 non-O104:H4 ST678 strains were isolated in countries of Europe, Africa, and North 261 

and South America. In addition, several were from individuals with a travel history that might 262 

link these to East Asia (Fig.3A, S2B and C). Together, these observations show that ST678 E. 263 

coli strains are found among seven different E. coli serotypes that have been linked to diarrheal 264 

disease on several continents primarily during the past decade. 265 

 266 

Phylogenomic analyses of ST678 E. coli suggest recency of O-antigen gene exchange 267 

The O-antigen gene clusters encoding the six O groups in the 34 non-O104:H4 ST678 strains 268 

are found in the same chromosomal location as the 2011 O104:H4 outbreak strain but are 269 

composed of largely disparate genes (Fig.4A). These clusters also have a distinct GC content 270 

(36.8-42.1%) from the backbone genome (50.5-50.7%) (Tab.S9), suggesting that they were 271 

acquired by horizontal gene exchange. To explore the phylogenetic relationships among the 272 

34 non-O104:H4 ST678 strains and a set of O104:H4 strains, their shared single nucleotide 273 

polymorphisms (SNPs) were analyzed using the O104:H4 outbreak strain FWSEC0009 as a 274 

reference. A positive correlation (R=0.81; R2=0,66) was found between isolation time and 275 

genetic divergence (Fig.S3) which supports that mutations have accumulated in a clock-like 276 

fashion without notable outliers. Fig.4B shows that the AAF/III-positive strains (upper part), 277 
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which include nine non-O104:H4 strains of four different serotypes, are clearly separated from 278 

the AAF/I positive strains (lower part, referred to as clade I). Clade I is comprised of O104:H4 279 

strains, such as from the 2011 outbreak, 21 O181:H4 strains, three O127:H4 strains, and an 280 

OX13:H4 strain (Fig.4B). Strains of clade I are much more closely related to one another than 281 

to the AAF/III positive strains. The structure of the phylogeny suggests that clade I strains are 282 

derived from an AAF/III-positive precursor. Within clade I, two subclades, Ia and Ib, contain 283 

non-O104:H4 strains. Clade Ia is composed of O104:H4 non-outbreak strains isolated from 284 

2015-2021 in the United Kingdom and in Kenya and the 2018 OX13:H4 strain that was 285 

associated with travel to Ethiopia. Clade Ib contains the 21 O181:H4 strains and three O127:H4 286 

strains isolated from 2011 to 2021 from diverse continents, but in contrast to the other branches 287 

in clade I, no O104:H4 strains belong to this subclade. In the phylogeny, the branch containing 288 

clade Ib arises from an older AAF/I positive O104:H4 dominated branch, suggesting these 289 

serotypes are derived from an O104:H4 precursor (Fig.4B). Similarly, the phylogeny suggests 290 

that the AAF/I positive O127:H4 strains of clade Ib arose from an O181:H4 precursor. Together 291 

these observations suggest that O-antigen gene cluster exchange has occurred repeatedly 292 

within ST678 strains. This is illustrated by the appearance of O127:H4 strains at multiple 293 

locations in the tree and suggests that O127 O-antigen gene donor strains share a niche with 294 

ST678 recipient strains. 295 

 296 

Discussion  297 

The E. coli O104:H4 outbreak in Germany in the early summer of 2011 was a public health 298 

emergency; however, this serotype was rarely isolated as a cause of HUS after the epidemic 299 

subsided. Nevertheless, our findings suggest that the unusual set of virulence factors that 300 

characterized this Shiga toxin 2-producing EAEC strain remains a threat to human health. 301 

Serotype conversion has cloaked this highly virulent genotype with several O-antigens, 302 

including O181, O127, and OX13, which are present both in stx positive and stx negative 303 

disease-linked isolates closely related to the O104:H4 outbreak strain. We found non-O104:H4 304 

ST678 strains from a variety of countries in Europe, Africa, and the Americas and several of 305 
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the cases were associated with travel to Africa and Asia, suggesting these virulence-306 

associated strains are globally distributed. Like the O104:H4 outbreak strain, the AAF/I positive 307 

ST678 strains had similar chromosomes, similar pAA-linked virulence genes, as well as 308 

virulence factors including the SPATEs, SigA, and Pic [5, 7, 8, 11]. The most salient difference 309 

of the chromosomes of these strains with that of the outbreak strain were their respective O-310 

antigen gene clusters. Thus, horizontal exchange of these clusters appears to have been a 311 

critical step in the evolution of these new pathogenic serotypes, some of which were linked to 312 

HUS or bloody diarrhea.  313 

 314 

The prime example uncovered here is the derivation of O181:H4 pathogens from an O104:H4 315 

precursor via O-antigen gene exchange. Among the 21 O181:H4 strains, six harbored a stx2a-316 

encoding prophage, including HUS-linked strain 17-07187. In four of these strains, the stx2a 317 

prophage was very similar to the stx2a prophage of the 2011 outbreak strain, suggesting that 318 

the O-antigen exchange was a more recent event in their evolution compared to the acquisition 319 

of the Shiga toxin-encoding prophage (Fig 3A). The absence of stx prophages in 15 of the 320 

O181:H4 isolates may be due to a lack of stx prophage acquisition or have resulted from loss 321 

of their stx prophages, which is well documented in STEC in other serotypes [34]. Thus, in 322 

addition to O-antigen exchange, on-going horizontal transmission of mobile genetic elements, 323 

such as stx phages, has contributed to diversification of diarrheagenic ST678. 324 

 325 

O-antigen gene clusters of Gram-negative bacteria are hot spots for diversifying selection and 326 

recombination events [15, 19]. Serotype conversion by lateral exchange of OAGCs has played 327 

an important role in the evolution of enteric pathogens. For example, Vibrio cholerae serogroup 328 

O139, which arose by exchange of O1 and O139 OAGCs, transiently replaced the dominant 329 

O1 group as the cause of cholera in 1992-93 [13, 35]. Also, an interspecies exchange was 330 

described for O8 and O9 O-antigens of E. coli, which are identical to O5 and O3 of Klebsiella 331 

pneumoniae, respectively [36]. Our discovery of seven distinct O-groups that share the 332 

flagellar H4 antigen and a highly similar virulence-linked genetic makeup provides a compelling 333 
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example of the role of O-antigen exchange in the diversification of diarrheagenic E. coli. In 334 

addition, STEC O157:H7 is thought to have arisen from an enteropathogenic E. coli (EPEC)-335 

like O55:H7 strain which initially acquired stx via phage transduction and subsequently 336 

acquired the O157 O group by exchange of the O55 with the O157 OAGC [37]. Also, an O182-337 

O156 switch is thought to have occurred in STEC strains persistently infecting cattle [18]. 338 

Consequently, different OAGs may be found in highly related genotypes [38, 39]. 339 

 340 

We can only speculate about the conditions driving OAGC exchange among ST678 strains. 341 

Shiga toxin producing O104:H4 EAEC strains, such as the 2011 outbreak strain, are 342 

considered human-restricted pathogens and have not been isolated from animals, such as 343 

cattle [40]. It is possible that the OAGC exchange occurred in a human host, where the human 344 

intestinal microbiome may contain E. coli strains of O groups, such as O181 and O127, that 345 

could have donated their OAGC to an O104:H4 recipient by some means of horizontal 346 

exchange. Also, epidemiological investigations suggest that fenugreek sprouts were the food 347 

source that initiated the STEC O104:H4 epidemic; therefore plants colonized by microbiota 348 

may be another possible site for OAGC exchange [4].  349 

 350 

In conclusion, our study highlights how lateral exchange of O-antigen gene clusters can lead 351 

to the rapid diversification of a globally important pathogen. Surveillance to uncover how highly 352 

virulent strains may reemerge and spread in new O-antigen outfits is warranted. Further, an 353 

important clinical implication of these findings is that serotype identification cannot be used as 354 

a simple proxy for strain virulence and needs to be complemented by comprehensive virulence 355 

gene analysis. 356 

  357 
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Figures 491 

 492 

Figure 1: STEC O181:H4/17-07187 shares close phylogenetic relationship and similar 493 

virulence traits with O104:H4 outbreak strain. (A) Overlapping virulence gene profiles of 494 

the O104:H4 outbreak strain (FWSEC0009) and the O181:H4 strain 17-07187. (B) Minimal 495 

spanning tree of O181:H4 17-07187 and selected O104:H4 strains (representing phylogenetic 496 

diversity of O104:H4 strains with respect to isolation time from 1998 to 2022 and location) 497 

based on cgMLST involving 2513 alleles confirms their close phylogenetic relationship. 498 

O181:H4 17-07187 and O104:H4 strains 2009EL-2071, Ec12-0465, and outbreak strains from 499 

2011 (including strains FWSEC0009, C227-11, and 11-02027) differ by only 30-34 alleles. 500 

Serotypes and AAF type are indicated in the key. (C) Cytotoxicity of O181:H4 17-07187 501 
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towards Vero cells and (D) adherence pattern to HEp-2 cells are comparable to the O104:H4 502 

outbreak strain 11-02027. Results are representative of at least two additional experiments. 503 

EHEC O157:H7 EDL933 producing Stx1 and Stx2 served as reference in the cytotoxicity assay 504 

and was set to 100%. The cytotoxicity results represent the means and standard deviations of 505 

triplicate samples (n=3) and are representative of at least two additional experiments. E) 506 

Intestinal colonization in infant rabbits inoculated with O104:H4 outbreak strain C227-11 (n=6) 507 

or O181:H4 strain 17-07187 (n=5). CFU/g (colony forming units per gram of tissue) denotes 508 

concentration of bacteria recovered three days post inoculation from homogenated intestinal 509 

tissues. Data points represent individual rabbits from two independent litters split between the 510 

two strains. Bars show the geometric mean, SI is small intestine, ND is not detected. 511 

 512 
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 513 

Figure 2: O181:H4 17-07187 and O104:H4 outbreak strain genomes mainly differ in 514 

OAGCs and mobile genetic elements. (A) Whole chromosome MAUVE alignment of 515 

O181:H4 17-07187 and the O104:H4 outbreak strain FWSEC0009 highlighting mobile genetic 516 

elements and differences in phage regions, IS-/ transposon elements, and OAGC regions. (B) 517 

OAGCs of O181:H4 17-07187 and the O104:H4 FWSEC0009 outbreak strain are flanked by 518 

homologous upstream (galF) and downstream (gnd to hisI) regions. MAFFT alignment shows 519 

that the regions in between galF and gnd are very different. (C) MAFFT alignment of the stx2a-520 

encoding phages in O181:H4 17-07187 and the outbreak strain O104:H4 outbreak strain 521 

FWSEC0009 shows that they are very similar (99% nucleotide identity). 522 
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Figure 3: Recent global isolates of serotype O181:H4 and five other O groups belong to 524 

ST678. (A) Summary of serotypes, isolation dates, along with relatedness of genomes 525 

(cgMLST-based allelic distances) and mobile genetic elements (plasmids and stx phage) of 526 

the 34 non-O104:H4 ST678 (ST12598, ST12610) clinical strains (found on Enterobase) 527 

compared to the O104:H4 outbreak strain FSWEC0009. (B) Serotypes of the non-O104:H4 528 

ST678 strains and the O104:H4 strains 2009EL-207 and the outbreak strain FSWEC0009 in a 529 

minimal spanning tree based on cgMLST. Although, phylogenetically very close to ST678 530 

strains, O181:H4 strains 1472912 and 1472968 in fact belong to ST12610 due to a point 531 

mutation in icd and OgN-RKI9:H4 strain 608450 to ST12598 due to a point mutation in recA. 532 

 533 
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 534 

Figure 4: O-antigen gene clusters and phylogeny within E. coli ST678. (A) O-antigen gene 535 

clusters in ST678 strains differ in their gene contents and organization, yet they are flanked by 536 

homologous regions starting upstream by galF and downstream by gnd to hisI, respectively. 537 

(B) Maximum-likelihood phylogenetic tree based on a recombination-corrected alignment of 538 

genome-wide polymorphic sites. Strains selected for representation in Fig.1B and Fig.3 were 539 

combined and O104:H4 2011 outbreak strain FWSEC0009 served as reference. The tree was 540 
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rooted with an outgroup consisting of E. coli strains K12 c600, EcO42, EDL933, O157:H7 strain 541 

Sakai, O26:H11 strain 11368, and O103:H2 strain 12009. Bootstrap values >90% are 542 

indicated. Serotypes are as indicated in the key and presence of stx is indicated by a red star. 543 

Scale bar refers to a phylogenetic distance of 0.0002 nucleotide substitutions per site. 544 

545 
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Supplementary Data: 546 

Figure S1: The O181:H4 STEC strain 17-07187 and the O104:H4 outbreak strain harbor a 547 

partially distinct set of plasmids with overlapping pAA. MAUVE alignments highlight that (A) 548 

STEC O181:H4 17-07187 plasmid 1 is most similar to pHUSEC41-1 of STEC O104:H4 549 

HUSEC41 from 2001 but lacks antibiotic resistance genes, (B) O181:H4 17-07187 plasmid 2 550 

is very similar to pAA of the O104:H4 outbreak strain and (C) O181:H4 17-07187 plasmid 3 is 551 

similar to DHA-1 plasmids of enterobacteria but lacks antibiotic resistance genes. 552 

 553 

Figure S2: Minimal spanning tree based on cgMLST of the 34 non-O104:H4 ST678 strains 554 

and the O104:H4 strains 2009EL-2071 and FWSEC0009 colored by year of isolation (A), 555 

country of isolation (B), and travel association (C).  556 

 557 

Figure S3: TempEst revealed a positive correlation (R=0.81; R2=0,66) between isolation time 558 

and genetic divergence represented by the root to tip regression analysis using RAxML tree 559 

generated by Gubbins based on a recombination-corrected alignment of genome wide 560 

polymorphic sites with O104:H4 2011 outbreak strain FWSEC0009 as reference.  561 

 562 

Table S1: Overview of all strains used in the study and information on their serotypes, 563 

virulence genes, country of isolation, travel association, clinical data, and genome 564 

accessions. (provided as excel file)  565 

 566 

Table S2: Genome characteristics of O181:H4 17-07187 and the 2011 O104:H4 outbreak 567 

strain FWSEC0009. (provided as word file) 568 

 569 

Table S3: Comparison of phage-regions detected in STEC O181:H4 17-07187 and in STEC 570 

O104:H4 strains FWSEC00009 from the outbreak 2011 and 2009EL-2071 from 2009. 571 

(provided as excel file) 572 

 573 
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Table S4: Comparison of the stx2a phages detected in STEC O181:H4 17-07187 and in the 574 

O104:H4 outbreak strain FWSEC00009. (provided as excel file)  575 

 576 

Table S5: Comparison of O181:H4 17-07187 plasmid 1 to pHUSEC41-1 of STEC O104:H4 577 

HUSEC41 from 2001. (provided as excel file)  578 

 579 

Table S6: Comparison of O181:H4 17-07187 plasmid 2 to pAA of the O104:H4 outbreak 580 

strain. (provided as excel file)  581 

 582 

Table S7: Comparison of O181:H4 17-07187 plasmid 3 to pDHA1 of enterobacteria. 583 

(provided as excel file)  584 

Table S8: Overview of the virulence gene profiles of the 34 non-O104:H4 ST678 strains and 585 

the 2011 O104:H4 outbreak strain FWSEC0009. (provided as excel file) 586 

 587 

Table S9: GC contents of E. coli chromosomes and their respective O-antigen gene clusters. 588 

(provided as excel file) 589 
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