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Enterohemorrhagic Escherichia coli (EHEC) is an important cause of diarrhea and hemolytic-uremic syndrome (HUS) world-
wide. Australia’s worst outbreak of HUS occurred in Adelaide in 1995 and was one of the first major HUS outbreaks attributed to
a non-O157 Shiga-toxigenic E. coli (STEC) strain. Molecular analyses conducted at the time suggested that the outbreak was
caused by an O111:H� clone, with strains from later in the outbreak harboring an extra copy of the genes encoding the potent
Shiga toxin 2 (Stx2). Two decades later, we have used next-generation sequencing to compare two isolates from early and late in
this important outbreak. We analyzed genetic content, single-nucleotide polymorphisms (SNPs), and prophage insertion sites;
for the latter, we demonstrate how paired-end sequence data can be leveraged to identify such insertion sites. The two strains are
genetically identical except for six SNP differences and the presence of not one but two additional Stx2-converting prophages in
the later isolate. Isolates from later in the outbreak were associated with higher levels of morbidity, suggesting that the presence
of the additional Stx2-converting prophages is significant in terms of the virulence of this clone.

Enterohemorrhagic Escherichia coli (EHEC) is a subgroup of
Shiga-toxigenic E. coli (STEC) that causes diarrhea and hem-

orrhagic colitis in humans and can lead to life-threatening se-
quelae such as hemolytic-uremic syndrome (HUS) (1, 2). EHEC
typically possesses the genes encoding Shiga toxins (stx1 and/or
stx2) and enterohemolysin (hly) as well as a large pathogenicity
island named the locus of enterocyte effacement (LEE) (3). The
LEE harbors genes contributing to pathogenesis, including in-
timin (eae), which causes the formation of characteristic attaching
and effacing legions on the intestinal epithelium (4–6). Following
colonization of the gut, the bacteria release Stx into the gut lumen.
The toxin is absorbed systemically and targets cells expressing glo-
botriaosylceramide receptors, which are found at high levels on
renal tubular epithelial cells and at significant levels on microvas-
cular endothelial cells of the kidney, intestine, pancreas, and brain
(2, 7). Stx is directly responsible for the pathological features ob-
served in disease, with Stx2 in particular being highly potent (8, 9).
Stx is an AB5 toxin with the A and B subunit genes carried by
lambda-like phages and therefore easily disseminated (10, 11).
Lambda-like prophages are genetic mosaics and form an impor-
tant component of the EHEC genome, with the first EHEC strain
to be fully sequenced (O157:H7 isolate Sakai) being shown to
contain 13 lambda-like prophages (12, 13).

Numerous EHEC/STEC serotypes have been associated with
HUS. The prototypic EHEC serotype O157:H7 is undoubtedly the
most notorious cause of HUS outbreaks, but in the 1990s, O111
strains emerged as another important contributor (14, 15). The
worst outbreak of HUS in Australia occurred in Adelaide, South
Australia, from 4 January through 20 February 1995 and was at-
tributed to dry fermented sausage (mettwurst) contaminated with
EHEC O111:H� (15, 16). The isolates were highly virulent, with
the infectious dose being calculated to be as little as 1 organism per
10 g of sausage (15). Twenty-three children (age range, 4 months

to 12 years) developed HUS. One child died of multiple hemor-
rhagic cerebral infarcts; 18 children required renal dialysis (for a
median of 14 days), and 12 months after discharge, 5 still had
significant impairment of renal function. Other major complica-
tions included colonic necrosis in three patients, cerebral hemor-
rhage/infarction in three patients, convulsions in four patients,
and development of glucose intolerance in three patients (17).
Pulsed-field gel electrophoresis (PFGE) analysis of the outbreak
isolates suggested that they were all clones (15). These isolates
were also shown by PCR to carry eae and both stx1AB and stx2AB.
However, the isolates from later in the outbreak (post-25 January)
appeared to be more virulent, as the patients experienced a higher
proportion of complications (17), and Southern blot analysis sug-
gested that the strains harbored an additional copy of stx2AB (15).
In this paper, we further compared two representative early and
late isolates using next-generation sequencing and bioinformatics
tools not available at the time of this important outbreak.

Received 28 September 2015 Returned for modification 2 November 2015
Accepted 28 December 2015

Accepted manuscript posted online 4 January 2016

Citation McAllister LJ, Bent SJ, Petty NK, Skippington E, Beatson SA, Paton JC,
Paton AW. 2016. Genomic comparison of two O111:H� enterohemorrhagic
Escherichia coli isolates from a historic hemolytic-uremic syndrome outbreak in
Australia. Infect Immun 84:775–781. doi:10.1128/IAI.01229-15.

Editor: B. A. McCormick

Address correspondence to Adrienne W. Paton, adrienne.paton@adelaide.edu.au.

* Present address: Nicola K. Petty, The ithree Institute, University of Technology
Sydney, Sydney, NSW, Australia.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/IAI.01229-15.

Copyright © 2016, American Society for Microbiology. All Rights Reserved.

crossmark

March 2016 Volume 84 Number 3 iai.asm.org 775Infection and Immunity

 on January 18, 2017 by guest
http://iai.asm

.org/
D

ow
nloaded from

 

http://dx.doi.org/10.1128/IAI.01229-15
http://dx.doi.org/10.1128/IAI.01229-15
http://dx.doi.org/10.1128/IAI.01229-15
http://crossmark.crossref.org/dialog/?doi=10.1128/IAI.01229-15&domain=pdf&date_stamp=2016-1-4
http://iai.asm.org
http://iai.asm.org/


MATERIALS AND METHODS
Bacterial strains. E. coli O111:H� strains 95JB1 and 95NR1 were origi-
nally isolated from fecal samples from two patients of the South Austra-
lian outbreak, who presented with HUS on 19 and 31 January 1995, re-
spectively (15, 18).

DNA manipulation. Genomic DNA was extracted from cultures
grown overnight in Luria-Bertani medium by using a Qiagen (Hilden,
Germany) genomic DNA kit according to the manufacturer’s instruc-
tions. High-throughput sequencing was performed by the Australian
Genome Research Facility Ltd. (AGRF) (Brisbane, Australia), using an
Illumina GAII instrument, and generated 5,533,910 and 6,259,993 paired-
end 100-base reads for 95JB1 and 95NR1, respectively. Sanger sequencing
of PCR products to confirm six single-nucleotide polymorphisms (SNPs)
was also performed by the AGRF on the Applied Biosystems 3730xl plat-
form using the first 12 primers listed in Table S1 in the supplemental
material.

Bioinformatic analysis. Illumina adapter sequences were trimmed
from sequence reads by using Cutadapt (19). De novo contig assembly was
performed by using Ray (version 2.0.0-rc5) (20). Other tools used for
analysis and visualization included Artemis (version 14.0.0) (21), ACT
(Artemis Comparison Tool) (version 13.0) (22), BLAST (Basic Local
Alignment Search Tool) (version 2.2.24�) (23), Bowtie (24), Bowtie2
(2.0.0-beta6) (25), BWA (alignment via Burrows-Wheeler transforma-
tion) (version 0.5.9rc1) (26), Mauve (version 2.3.1) (27), RAST (Rapid
Annotation Using Subsystem Technology) (28), and SAMtools (version
0.1.18) (29), as appropriate. BRIG (BLAST Ring Image Generator) was
used to generate figures displaying read mapping coverage (30). To assess
copy number variation, normalized mapped read depth counts were cal-
culated for annotated features using RPKM (reads per kilobase of refer-
ence genome per million mapped reads) values in accordance with meth-
ods described previously by Mortazavi et al. (31). For end-sequence
profiling, a multisequence fasta reference file was constructed by excising
all of the prophage sequences from the genome of O111:H� EHEC isolate
11128 (3) and appending a set of representative phage sequences (see
Table S2 in the supplemental material) as separate entries. Read alignment
to the reference construct was performed by using BWA, and SAMtools
view was used with the command line option �F 14 to return read pairs
that were mapped but not as a proper pair. Artemis was used to search the
resulting BAM files for candidate phage insertion sites. To search for pro-
phages that were not included in the index, pairs with one mate mapped
and the other mate unmapped were also retrieved by using the �f 9 option
of SAMtools view.

MLST. Multilocus sequence typing (MLST) was performed in silico by
using 15 housekeeping genes described on the STEC Center website (http:
//www.shigatox.net/new) (ST[15]; arcA, aroE, aspC, clpX, cyaA, dnaG,
fadD, grpE, icdA, lysP, mdh, mtlD, mutS, rpoS, and uidA) (32).

Phylogenetic tree. Whole-genome alignment of the two EHEC ge-
nome assemblies and 51 additional complete E. coli reference genomes
was performed by using Mugsy version 1.2.2 (33) with default parameter
settings. Blocks of sequence that aligned across all 53 genomes and were
larger than 10,000 bp were concatenated by using a custom python script
to construct a core genome alignment. Ambiguously aligned regions of
the core genome alignment were identified and trimmed by using
GBLOCKS version 0.91b (34) with the following parameter settings,
where n is the total number of sequences in the alignment: minimum
number of sequences for a conserved position of (n/2) � 1, minimum
number of sequences for a flank position of n � 0.85, maximum number
of contiguous nonconserved positions of 8, minimum length of a block of
10, and no gap positions allowed.

A maximum likelihood phylogenetic tree was inferred from the
trimmed core genome by using RAxML version 7.2.8 (35), using the gen-
eralized time-reversible (GTR) model with gamma correction for among-
site rate variation. Support for nodes was assessed by using 1,000 boot-
strap replicates. The tree visualization was manually rooted in accordance
with methods described previously by Touchon et al. (36).

PCR. PCRs were performed by using a G-Storm thermal cycler
(Somerton, United Kingdom) and the Phusion Flash high-fidelity PCR
system (Thermo Scientific, Victoria, Australia) according to the manufac-
turer’s instructions. Primers were purchased through Sigma-Aldrich
(New South Wales, Australia) and are listed in Table S1 in the supplemen-
tal material.

Nucleotide sequence accession numbers. Assembled contigs for
95NR1 and 95JB1 have been deposited in the WGS division of GenBank
under accession numbers AVDU00000000 and AWFJ00000000, respec-
tively. The versions described in this paper can be found under accession
numbers AVDU01000000 and AWFJ01000000, respectively.

RESULTS
95NR1 and 95JB1 are nearly identical at the core genome level.
The complete genome of another O111:H� EHEC isolate (11128),
which was collected in Japan in 2001 (3), is publicly available
(GenBank accession number AP010960.1), including its 5 plas-
mids pO111_1 to pO111_5 (accession numbers AP010961.1,
AP010962.1, AP010963.1, AP010964.1, and AP010965.1, respec-
tively). In contrast to the South Australian outbreak isolates, this
strain was isolated from a sporadic case of bloody diarrhea (3, 37).
To investigate the relatedness of the isolates, in silico MLST was
performed. 11128 was found to belong to clonal group 14 and
sequence type (ST) [15]40. Analysis of the same sequences in
95NR1 and 95JB1 identified only one SNP difference overall in
comparison to 11128, which was shared by both outbreak strains
in the allele of mtlD. This placed 95NR1 and 95JB1 in clonal group
14 but in ST [15]39. In addition, while 11128 is reported to be H�,
it has an intact copy of fliCH8, but both outbreak strains have a
deletion of T within this allele (equivalent to nucleotide [nt]
2491268 in 11128), resulting in a reading frameshift and a prema-
ture stop codon.

Phylogenetic analysis of the core genome shared between draft
assemblies of 95NR1 and 95JB1 and 51 completely sequenced E.
coli genomes currently available in public databases (3,397,484 bp,
trimmed to 2,065,655 bp) showed that the two Australian out-
break strains are most closely related to each other but also group
closely together with O111 strain 11128 within phylogroup B1
(Fig. 1). Whole-genome comparison of 11128, 95NR1, and 95JB1
using reads mapped to 11128 identified �880 SNPs that discrim-
inate the Australian strains from 11128. Only six confirmed SNPs
discriminate the two Australian strains, consistent with a clonal
relationship (see Table S4 in the supplemental material).

95NR1 contains additional copies of the stx2AB genes. When
the reads were mapped to the 11128 genome and plasmids, it was
found that both 95NR1 and 95JB1 lack the large multidrug resis-
tance plasmid pO111_1. However, both strains have a P1 plasmid,
an EHEC plasmid, and two colicin plasmids, like 11128 (pO111_2
to pO111_5, respectively) (see Fig. S1 in the supplemental mate-
rial). Nevertheless, 95NR1 and 95JB1 share common differences
from the 11128 plasmids; in particular, �10 kb of pO111_2 as well
as the immunity proteins of pO111_4 are absent from the read
data for the two outbreak strains (see Fig. S1 in the supplemental
material). In regard to the chromosome, there were only four
regions outside prophages absent in both outbreak strains but
present in strain 11128. These regions include the ferric aerobactin
operon of 11128’s second integrative element (IE02), which en-
codes a potential iron-scavenging siderophore, and part of the
ydhYVWXUT oxidoreductase operon (Fig. 2; see also Table S5 in
the supplemental material) (38, 39). The majority of differences
were related to prophage genes, with some genes being without
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coverage (e.g., within P11 and P13) and other genes exhibiting
more than 1� coverage (e.g., within P02 and P05). However, the
modular nature of phage genomes, which can exhibit homology
between one another, limited the conclusions on prophage con-
tent that could be drawn from read mapping alone (Fig. 2). Nev-
ertheless, some prophage genes had higher read mapping coverage
for 95NR1 than for 95JB1. In particular, the coverage depth of
stx2AB was 3.7 times that of the stx1AB genes for 95NR1, while the
coverage ratio of stx2AB and stx1AB was 1:1 for 95JB1. These re-
sults are consistent with the presence of at least two additional
copies of stx2AB in 95NR1.

Genomic comparisons identify an additional prophage se-
quence in 95NR1 compared to 95JB1. To identify the unique re-
gions in 95NR1 and 95JB1, the draft genome assemblies of the two
outbreak strains were initially compared to 11128 by using BLAST
and ACT. The vast majority of sequences present in both 95NR1
and 95JB1 but absent in 11128 were found to be of prophage
origin. These included sequences with similarity to those of a Mu-
like prophage of O157:H7 Sakai, O103:H2 12009’s prophages
ECO103_P04 and ECO103_P14, O26:H11 11368’s prophage
ECO26_P14, as well as various lambda-like or Stx-converting pro-
phages.

The genomes of 95NR1 and 95JB1 were also directly compared
to one another. The 95NR1 draft assembly was �50 kb larger than
the draft genome of 95JB1, with the additional sequence being
found to have similarity to those of lambda-like prophages. Al-
though lambda-like prophages are heterogenous, they possess a
number of genes that are functionally conserved, such as repres-

FIG 1 Maximum likelihood E. coli phylogenetic tree reconstructed from a trimmed nucleotide core genome alignment (2,065,655 bp). Isolates from the Adelaide
HUS outbreak are indicated in red. The numbers at the nodes correspond to the bootstrap values (1,000 bootstraps). Details of the various genomes are provided
in Table S3 in the supplemental material. ETEC, enterotoxigenic E. coli; APEC, avian pathogenic E. coli.

FIG 2 Mapping of 95NR1 and 95JB1 reads to the 11128 genome. Reads of
95NR1 and 95JB1 were aligned to the complete 11128 genome by using Bow-
tie2. The inner ring represents 95NR1 coverage, and the outer ring represents
95JB1 coverage. The maximum coverage shown is 700 reads, with blue repre-
senting regions with higher coverage than this. Prophages, regions without
mapping (integrative element or genes), and the LEE are indicated.
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sors and replication initiators (40). By analyzing the contigs of
95NR1 containing at least some of the sequence absent in 95JB1, it
was evident that 95NR1 has two additional copies of several of
these genes, including cI, cII, cIII, cro (repressor), N (antitermina-
tor), O (replication initiation), and P (replication initiation). To-
gether with the increased depths of coverage of the stx2AB genes in
95NR1, these observations are consistent with the conclusion that
95NR1 harbored two additional Stx2-converting prophages com-
pared with 95JB1.

95NR1 has a single additional prophage insertion site rela-
tive to 95JB1. Prophage insertion sites were analyzed in the de
novo assemblies. Five of the 16 prophages in the 11128 genome,
ECO111_P04, ECO111_P07, ECO111_P11, ECO111_P13, and
ECO111_P14, had no prophages at the corresponding insertion
sites in either of the South Australian outbreak strain genomes.
Although parts of these prophages could be detected by read map-
ping, their absence or insertion elsewhere in the genomes of
95NR1 and 95JB1 could not be determined with certainty, due to
the modular nature of and high similarity between the different
prophages (Fig. 2). In particular, very high levels of coverage can
be seen for ECO111_P04 in 95NR1 due to sequence identity with
the extra prophage sequence (Fig. 2). ECO111_P11 is the Stx2-
converting prophage of 11128, and the absence of prophage se-
quences in the corresponding genomic location in the two HUS
outbreak strains indicated that their Stx2-converting prophages

were located elsewhere in the genome. Five additional prophage
regions relative to 11128, inserted within or adjacent to ycfD,
argW, yicC, lysC, and yebY, were identified in both of the draft
genomes. Moreover, a prophage insertion site unique to 95NR1
was distinguished within the gene of a 356-amino-acid hypothet-
ical protein (gene ECO111_5095 in 11128).

The sequencing data strongly suggested the presence of an ad-
ditional prophage sequence in 95NR1 compared to 95JB1, but its
insertion site could not be easily identified in the draft genome.
Since read mapping can be used to detect insertions as well as
deletions, we employed end-sequence profiling using a variant of
the 11128 genome with all prophage sequences excised and item-
ized along with a range of prophages detected through BLASTn
analysis of the de novo-assembled contigs (41, 42). As the sequenc-
ing data from this study were paired-end data, when sequences
matching a prophage of 95NR1 or 95JB1 were represented in the
index, one read of the pair would map to the end of the phage
genome and the other would map adjacent to the phage insertion
site, as illustrated in Fig. 3. We confirmed the above-mentioned
sites of prophage insertion and predicted the type of phage present
at each site using this method (summarized in Fig. 4; see also Table
S6 in the supplemental material). It is likely that 95NR1 and 95JB1
possess prophages similar to those inserted at common locations
in the 11128 genome, but there could be differences within the
prophage genomes, which would not be detectable by end-se-

FIG 3 End-sequence profiling for prophage insertion site detection. Paired-end reads are aligned to a multifasta reference containing a phage sequence-free
bacterial genome and multiple phage genomes. When the ends of an index phage have homology to one of the sequenced strain’s phages, one read of the pair will
map to the index phage and the other will map to the corresponding side of the phage insertion site in the bacterial genome. Opposite ends of the phage will have
mate reads mapped to different sides of the insertion site. Thus, the orientation of the phage can also be determined.

FIG 4 Summary of end-sequence profiling results. The phage insertion sites of 95NR1 and 95JB1 are shown in relation to the 11128 genome, with the phages
associated at each site being displayed (see Table S5 in the supplemental material). Phage insertion sites empty in 11128 are highlighted in red.
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quence profiling. No additional unique prophage insertion sites
were found, other than those already identified in the 95NR1 ge-
nome, even after filtering for phage insertion sites without a phage
in the index and comparing 95NR1 directly with 95JB1 for a char-
acteristic stack of reads present for 95NR1 but not 95JB1.

Two Stx prophages are arranged in tandem in 95NR1 but not
95JB1. Analysis of contigs in 95NR1 that had no equivalent in
95JB1 identified several that contained genes with sequence iden-
tity with known Stx prophage genomes, including a 22,295-bp
contig containing a �8-kb hypothetical gene also found within
phage VT2-phi272 at its 3= end. This contig also harbored five
downstream genes normally found near the 5= end of lambda-like
prophages, namely, N, cro, cI, cII, and cIII, suggesting that it en-
compassed the boundary of two tandemly arranged prophages. A
PCR product of the correct size was attainable for 95NR1 but not
95JB1 by using primers designed for the large hypothetical gene
and the unique cII gene on the same contig (95NR1 con-
tig213000000 F and 95NR1 contig213000000 R) (see Table S1 in
the supplemental material), suggesting that this was not simply an
assembly error (see Fig. S2 in the supplemental material). The 3=
end of the contig (harboring cII) could be linked downstream by
paired-end read mapping with a contig containing the stx2AB
genes. Furthermore, the 5= end of the contig (harboring the large
hypothetical gene) could similarly be linked upstream with a con-
tig containing tail fiber genes. As tail genes are located at the 3= end
of lambda-like prophages following the head and packaging genes,
this finding further supported the contention that 95NR1 con-
tained two tandemly arranged prophages. To confirm this contig
arrangement, PCR was carried out by using primers designed for a
phage gene near the hypothetical gene and the tail fiber gene
within the middle of the upstream contig (see Table S1 in the
supplemental material). A PCR product of the expected size was
attainable for 95NR1 but not 95JB1 (see Fig. S2 in the supplemen-
tal material). As a further precaution, the ends of the PCR product
were sequenced, indicating that mispriming did not occur (data
not shown).

There was no integrase gene identified within either of the con-
tigs described above, strongly suggesting that the “tail”-to-“head”
arrangement of the two putative prophage genomes was a feature
of the genome rather than an artifact of prophage induction. Read
mapping coverage suggested that there were two complete copies
of an identical integrase gene within prophages harbored at argW
and the unique insertion site within the 95NR1 genome, respec-
tively. Therefore, the gene order that we have confirmed by PCR
could not be explained by circular permutation of an excised pro-
phage genome but indicated that the two prophages had inserted
into the same insertion site, with the second phage subsequently
losing its integrase. As the contig containing the tail fiber genes
demonstrated little sequence identity with the 95JB1 genome, the
two prophages could be present only in the unique prophage site
of 95NR1.

The two tandemly arranged prophages were more similar to
each other than to the Stx2 prophage common to both 95NR1 and
95JB1. However, some genes common to lambda-like prophages
were heterogenous among all three prophages. Despite the simi-
larity between lambda-like prophages and the draft assemblies, we
were able to ascertain three unique genomic contexts for stx2AB by
designing PCR primers for three unique cI genes and the common
stx2A gene in order to confirm the presence of three Stx2-convert-
ing prophages in 95NR1 (see Table S1 in the supplemental mate-

rial). PCR products were attainable for all three sets of primers for
95NR1 but only for the first primer set for 95JB1, as expected (see
Fig. S2 in the supplemental material). Again, sequencing of the
ends of the PCR products proved that the primers annealed accu-
rately (data not shown). All copies of the stx2AB genes of 95NR1,
as well as those of 95JB1 and 11128, could be subtyped as Stx2a
according to the guidelines described previously by Persson et al.
(43). The stx2AB genes of 95NR1 were also analyzed to identify
SNP differences among the multiple copies. Only one SNP was
identified in one copy of the stx2AB genes, which resulted in a
conversion of thymine to cytosine in stx2A (position 2424591 in
the 11128 reference genome).

Stx2 titers. Since 95NR1 has two additional copies of stx2AB
relative to 95JB1, we tested the cytotoxicity of French pressure cell
lysates of cultures of the two strains grown overnight on Vero cells,
as previously described (44). To neutralize the effects of Stx1, ly-
sates were preincubated for 30 min at 37°C with polyclonal rabbit
Stx1 antiserum (diluted 1:40). The residual Stx2 titers were 80 and
320 50% cytotoxic doses (CD50) per ml for the 95JB1 and 95NR1
lysates, respectively, consistent with the higher toxin gene dose in
the latter strain.

DISCUSSION

In 2011, there was a major O104:H4 HUS outbreak in Germany,
from which isolates were quickly sequenced and analyzed by uti-
lizing high-throughput sequencing technologies (45–47). At the
time of the 1995 O111:H� Australia outbreak, such technology
was unavailable. The 1995 outbreak remains the largest in Austra-
lia to date; many victims continue to suffer chronic medical issues,
including diabetes, and several have undergone kidney transplan-
tation. PFGE analysis suggested that the strains were clonal, but
Southern blot hybridization suggested that isolates from later in
the outbreak carried an additional Stx2-converting phage (15).
Furthermore, the patients from whom these later isolates were
collected exhibited signs of more severe disease, including a fatal-
ity. Consequently, we have sequenced two isolates from different
times in this outbreak and compared them to the fully sequenced
and annotated O111:H� isolate 11128, which was isolated from a
sporadic case (3), in contrast to our isolates.

The most notable differences between 11128 and the Austra-
lian outbreak isolates were related to phage and plasmid se-
quences. In particular, the Australian isolates lack a multidrug
resistance plasmid and differ in their Stx2-converting prophages
in both sequence and location. From analyses of the draft ge-
nomes, both 95NR1 and 95JB1 appear to have a Stx2-converting
phage inserted into argW, which is a known Stx-converting phage
insertion site (48, 49).

Comparison of the two Australian outbreak genomes suggests
that the major difference between these two strains is the addi-
tional two Stx2-converting prophages of 95NR1. The original
Southern hybridization analysis of 95NR1 genomic DNA revealed
an additional stx2-reactive band, relative to 95JB1, suggestive of an
additional Stx2 prophage (15). However, close inspection reveals
that the hybridization signal intensity of the additional band was
consistently greater than that of the other stx2-containing restric-
tion fragment (15). This observation strongly suggests the pres-
ence of not one but two additional stx2 genes, in concordance with
data from the present study. Increased toxin production was pre-
viously demonstrated for double-Stx2 phage lysogens (50) and
was also demonstrated in the present study. Thus, it is likely that
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the additional Stx2 prophages contributed to the severity of dis-
ease seen later in the South Australian outbreak. Stx2 of all three
phages was subtyped as Stx2a, which has a high association with
HUS (43). Not only is the 95NR1 genome unusual in the presence
of three almost identical Stx2 alleles, but the two extra Stx2-con-
verting prophages are inserted at the same site. The second stx2

phage insertion site identified in 95NR1 was within a hypothetical
gene (ECO111_5095 in 11128). The hypothetical gene has been
identified in only a small number of E. coli strains to date and is not
a known Stx-converting phage insertion site. Lambda-like phage
integrases typically target conserved regions whose disruption will
not impact host fitness (50).

The genomes of both Australian outbreak strains differed from
11128 by several hundred SNPs, but 95JB1 contained five addi-
tional nucleotide substitutions relative to both 11128 and 95NR1.
Thus, the additional two tandemly arranged Stx2-converting pro-
phages in 95NR1 may not have been acquired during the course of
the outbreak but rather may have been lost from 95JB1 during the
divergence of these two strains from a common ancestor. This
implies that the primary outbreak source (perhaps a livestock
herd) may have contained a heterogeneous population of near-
identical clonal strains harboring between one and three Stx2-
converting prophages and that the identification of more virulent
triple-Stx2 isolates later in the outbreak was coincidental or re-
lated to epidemiological factors. A subsequent coronial inquest
found that there were major processing failures at the small goods
manufacturing facility responsible for the outbreak, such that
multiple batches of mettwurst were contaminated. Thus, earlier
batches released to the marketplace may have been produced from
a carcass contaminated with a 95JB1-like strain, while later
batches included meat from a carcass contaminated with a
95NR1-like strain. Further whole-genome sequencing of other
isolates will help to resolve the fine details of this historical out-
break. In conclusion, the 1995 South Australian outbreak was
caused by an O111:H� clone, but an isolate from later in the out-
break possessed two additional Stx2-converting prophages. This
study highlights that even when a pathogen clone causes an out-
break, there can be small but highly significant genomic differ-
ences between isolates within the clone, which can have a signifi-
cant impact on virulence.
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