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2	  
	  

Abstract 21	  

Shiga toxigenic Escherichia coli (STEC) are important food-borne pathogens and a major 22	  

cause of haemorrhagic colitis and haemolytic-uremic syndrome (HUS) worldwide. In 1995 a 23	  

severe HUS outbreak in Adelaide occurred. A recent genomic analysis of STEC O111:H- 24	  

strains 95JB1 and 95NR1 from this outbreak found that the more virulent isolate, 95NR1, 25	  

harboured two additional copies of the Shiga toxin 2 (Stx2) genes although the structure of 26	  

the Stx2-converting prophages could not be fully resolved due to the fragmented assembly. In 27	  

this study we have used Pacific Biosciences (PacBio) single molecule real-time (SMRT) long 28	  

read sequencing to characterise the complete epigenome (genome and methylome) of 95JB1 29	  

and 95NR1. Using long reads we completely resolved the structure of two, tandemly inserted, 30	  

stx2-converting phage in 95NR1. Our analysis of the methylome of 95NR1 and 95JB1 31	  

identified hemi-methylation of a novel motif (5’-CTGCm6AG-3’) in more than 4000 sites in 32	  

the 95NR1 genome. These sites were entirely unmethalyted in the 95JB1, including at least 33	  

180 potential promoter regions that could explain regulatory differences between the strains. 34	  

We identified a Type IIG methyltransferase encoded in both genomes in association with 35	  

three additional genes in an operon-like arrangement. IS1203 mediated disruption of this 36	  

operon in 95JB1 is the likely cause of the observed differential patterns of methylation 37	  

between 95NR1 and 95JB1. This study demonstrates the enormous potential of PacBio 38	  

SMRT sequencing to resolve complex prophage regions and reveal the genetic and epigenetic 39	  

heterogeneity within a clonal population of bacteria.  40	  

 41	  
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Introduction 42	  

In 1995 a large outbreak of hemolytic uremic syndrome (HUS) occurred in Adelaide, South 43	  

Australia. This outbreak was attributed to uncooked, fermented, dry sausage contaminated 44	  

with Shiga toxigenic Escherichia coli (STEC) O111:H- (Paton et al. 1996). A total of 23 45	  

cases were confirmed, all in children aged 6 months - 14 years. As a result of infection 46	  

sixteen of the 23 children required dialysis and one 4 year old child died. STEC isolates from 47	  

the outbreak were found to be highly virulent with an infectious dose requiring as little as 1 48	  

organism per 10g of sausage. Interestingly, strains isolated after January 25th 1995 appeared 49	  

more virulent and, based on Southern blot analysis, were predicted to encode a second copy 50	  

of stx2AB (Centers for Disease and Prevention 1995; Paton et al. 1996). 51	  

Recently, the 1995 Adelaide outbreak was re-examined using genome sequencing 52	  

(McAllister et al. 2016). Two strains, 95JB1 and 95NR1 isolated pre and post January 25th 53	  

1995, respectively, were sequenced on the Illumina GAII platform and assembled de novo. 54	  

Comparison of the draft genomes of 95JB1 and 95NR1 identified a Stx1-converting prophage 55	  

and Stx2-converting phage shared by both strains as well as ~50 kb of phage-associated 56	  

sequence that was present in 95NR1 but absent in 95JB1. Based on read coverage and long-57	  

range PCR it was inferred that there were two additional Stx2 prophage in 95NR1 when 58	  

compared to 95JB1 (McAllister et al. 2016). All single nucleotide polymorphisms (SNPs) 59	  

differentiating 95JB1 from 95NR1 had occurred in 95JB1 after divergence suggesting that the 60	  

two additional Stx2 prophages were likely deleted from 95JB1 rather than acquired by 61	  

95NR1 (McAllister et al. 2016). However, due to the inability of short read sequencing 62	  

technologies to accurately resolve repetitive loci, the structure and genomic context of these 63	  

prophages could not be unambiguously resolved. 64	  
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Due to the complexity of repeat sequences such as insertion sequences (IS), bacterial genome 65	  

assemblies generated from short sequencing reads are usually highly fragmented (Koren et al. 66	  

2013). Resolving these fragmented assemblies requires time consuming and costly finishing 67	  

procedures which are beyond the scope of most research projects (MacLean et al. 2009; 68	  

Nagarajan et al. 2010). Consequently, these genomes are often submitted as unfinished drafts 69	  

with many containing misassemblies and platform-specific sequencing errors (Phillippy et al. 70	  

2008; Chain et al. 2009). Fragmented assemblies are unsuitable for studying structural 71	  

variation and important information relating to the copy number and context of IS elements 72	  

and phage can be difficult to discern. The Pacific Biosciences (PacBio) Single Molecule Real 73	  

Time (SMRT) sequencing platform is able to completely resolve most bacterial genomes by 74	  

producing reads of sufficient length to span complex repeat loci and generate complete 75	  

assemblies without the need for costly manual finishing (Eid et al. 2009) (Chin et al. 2013; 76	  

Koren et al. 2013; Brown et al. 2014; Forde et al. 2014). 77	  

A remarkable feature of SMRT sequencing is the capacity to determine the methylation status 78	  

of every sequenced nucleotide (Clark et al. 2012). DNA methylation is the most common 79	  

post replicative modification in bacteria (Roberts et al. 2003) and is known to influence a 80	  

wide variety of host processes, including DNA replication, repair and transcriptional 81	  

regulation (Blow et al. 2016). Until recently the lack of a simple, efficient method to 82	  

determine the methylation status of DNA has resulted in these modifications being largely 83	  

ignored in the bacteria. However, by monitoring the actions of single DNA polymerase 84	  

enzymes in real-time SMRT sequencing can simultaneously determine nucleotide sequence 85	  

and the methylations status of each nucleotide.  86	  

Methylation is mediated in bacteria by methyltransferase (MTase) enzymes. MTase are found 87	  

as components of restriction-modifications (RM) systems, which in their simplest form are 88	  

generally composed of a MTase and a restriction enzyme (REase), although some classes of 89	  
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MTase are able to catalyse both restriction and methylation (Roberts et al. 2003). RM 90	  

systems are ubiquitous in bacteria and highly diverse, but until recently a small number have 91	  

been characterised. The primary role of RM systems is to protect the host genome from 92	  

invasion by foreign DNA, such as transposons, phage and plasmids (Takahashi et al. 2002). 93	  

MTase-genes can also occur independently of RM systems. These ‘orphan’ MTase are 94	  

common in bacterial genomes and can be involved in genome regulation (Blow et al. 2016). 95	  

The most well characterised orphan MTase is Dam (Casadesus and Low 2006).  Dam is an 96	  

established regulator of gene expression in E. coli and also has a role in pathogenicity (Boye 97	  

and Lobner-Olesen 1990; Low et al. 2001; Casadesus and Low 2006). Less well studied 98	  

MTases that are components of RM systems may also have roles beyond genome defence. 99	  

For example, Type III (Res, Mod) RM systems are known to be involved in phase variation 100	  

in a number of bacterial species (de Vries et al. 2002; Fox et al. 2007; Seib et al. 2015) and 101	  

phase variation of Type IIG RM systems has been shown to alter gene expression in 102	  

Campylobacter jejuni (Anjum et al. 2016). 103	  

To investigate the differences between two STEC O111:H- outbreak strains 95JB1 and 104	  

95NR1 we determined their complete genome assemblies and methylomes using PacBio 105	  

SMRT sequencing. We completely resolve the genetic structure of all prophage-encoding 106	  

regions, including two distinct, but closely related, Stx2-converting prophage in 95NR1 that 107	  

are tandemly inserted in the same genomic location and appear to have been deleted from 108	  

95JB1. We identify all putative MTases in both strains, define their target sequences and 109	  

show the activity of a previously uncharacterised methyltransferase in 95NR1 that is not 110	  

active in 95JB1. Furthermore, we unambiguously determine the copy number and context of 111	  

all IS elements in the genomes of 95NR1 and 95JB1 and reveal that a single difference in the 112	  

IS complement could be directly responsible for differences in their methylome profiles. 113	  

  114	  
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Results 115	  

Complete genome assembly reveals full sequence of tandemly arrayed Stx2 116	  

prophages in 95NR1. 117	  

De novo assembly of E. coli O111:H- strains 95JB1 and 95NR1 generated single circular 118	  

chromosomal contigs of 5,347,879 bp and 5,467,946 bp, respectively. Previously reported 119	  

short read assemblies of 95NR1 (accession:	   AVDU00000000.1) and 95JB1 (accession: 120	  

AWFJ00000000.1) contained 182 and 179 contigs, respectively, with contig N50 sizes of less 121	  

than 100 kb (McAllister et al. 2016) (Table 1). A SNP comparison of the complete genomes 122	  

of 95JB1 and 95NR1 is in agreement with previous observations using Illumina data 123	  

(McAllister et al. 2016). Using E. coli O111:H- strain 11128 as a reference, McAllister et al 124	  

identified six SNPs, 5 on the chromosome and one plasmid encoded SNP, which discriminate 125	  

95JB1 from 95NR1 (McAllister et al. 2016). Our SNP comparison of the complete PacBio 126	  

assemblies of 95JB1 and 95NR1 identified four of the five chromosomally located 95JB1 127	  

SNPs and the single plasmid encoded SNP (Table 2). The remaining chromosomal SNP was 128	  

located in a phage tail protein and due to the repetitiveness of these proteins it was not 129	  

considered reliable for strain discrimination. 130	  

The ~120 kb difference in chromosome size between 95JB1 and 95NR1 was largely 131	  

attributed to two tandemly inserted Stx2-converting prophages in 95NR1 (Phi14 and Phi15) 132	  

that are absent from 95JB1 (Figure 1a). Phi14 and Phi15 from 95NR1 are highly conserved 133	  

and share 99% nucleotide sequence identity across 79% of their genomic sequence with 134	  

regions of difference largely confined to the 5’ end of the prophage sequences (Figure 1b). 135	  

This pattern of sequence identity explains why assembly of this region was not possible using 136	  

short read data alone. Indeed, the structure and context of all phage-encoding regions, 137	  
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including the Stx2 and Stx1 converting prophage (Phi10 and Phi11, respectively) carried by 138	  

both outbreak strains, (Table S1) were readily resolved in the complete PacBio assemblies. 139	  

Two plasmids, similar to the P1 and EHEC plasmids from E. coli 11128 (Ogura et al. 2009), 140	  

were completely assembled in the PacBio assemblies of 95JB1 and 95NR1 141	  

(p95NR1A/p95JB1A and p95NR1B/p95JB1B, respectively).  In contrast to the draft Illumina 142	  

assemblies of 95JB1 and 95NR1 (McAllister et al. 2016), the small pO111_4 and pO111_5 143	  

colicin plasmids were not detected in the PacBio assemblies or in the raw PacBio read data 144	  

consistent with their exclusion during the library preparation process.  145	  

 146	  

Insertion Sequence profiles differ between outbreak strains. 147	  

To explore if there were any additional mobile genetic element differences between the 148	  

outbreak strains we first compared the complete plasmids of each strain. Whereas the P1 149	  

plasmids were identical in both strains, the EHEC plasmid, p95JB1B, contained an additional 150	  

IS3 ssgr IS51-family insertion sequence (99% nucleotide sequence identity to IS1203 from E. 151	  

coli O111:H- PH) that was not present in p95NR1B (data not shown). This IS1203-like 152	  

element has inserted into the 3’ end of the transposase EC95JB1_B00047 within an IS91-like 153	  

insertion element. 154	  

We next surveyed the chromosomal Insertion Sequence (IS) profiles of each outbreak strain 155	  

(Figure 2). Both 95JB1 and 95NR1 contain 17 different families of IS elements with two or 156	  

more copies on their respective chromosomes (Table S2). Notably, 95JB1 encodes an 157	  

additional chromosomal copy of an IS3 ssgr IS51-family element (100% identical to the 158	  

additional IS1203-like element on p95JB1B) inserted at the 3’ end of EC95JB1_03899 (Table 159	  

S3). EC95JB1_03899 is predicted to encode an ATPase. However, the IS has inserted ~150 160	  

bp upstream of the translational start site of a putative methyltransferase (MTase) gene 161	  
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(EC95JB1_03895), suggesting a possible functional role due to a polar effect on 162	  

transcription.  163	  

 164	  

Three additional MTases are encoded on the additional 95NR1 Stx2 prophages. 165	  

Bioinformatic characterisation of 95JB1 revealed that the strain encodes seven putative 166	  

MTases in addition to Dam (target site: 5’-Gm6ATC-3’) and Dcm (target site: 5’-Cm5CWGG-167	  

3’). Five of these six putative MTases correspond to enzymes with known specificity that 168	  

have been previously characterised in the O104:H4 serotype E. coli outbreak strain C227-ll 169	  

(Fang et al. 2012). These include homologs of the C227-11 orphan MTases M.EcoGI, 170	  

M.EcoGII, M.EcoGVI and M.EcoGIX (M.Eco95JB1I, M.Eco95JB1II, M.Eco95JB1V and 171	  

M.Eco95JB1VII, respectively), the Stx phage-borne M.EcoGIII (M.Eco95JB1III), and the 172	  

Dam paralog M.EcoGV (M.Eco95JB1IV); the remaining MTase, M.Eco95JB1VI, is 173	  

homologous to Type IIG RM system SenTFIV from Salmonella enterica subsp. enterica 174	  

serovar Typhimurium (76% amino acid similarity)(Table 3). 175	  

 176	  

In addition to encoding all MTase-encoding genes identified in 95JB1, 95NR1 also encodes 177	  

three additional Dam homologs encoded on its additional Stx-converting prophages (Table 178	  

3).  These comprise: (i) an additional copy of the Dam homolog M.EcoGV located on Stx2-179	  

converting prophage Phi14 (M.Eco95NR1VI), (ii) an identical copy of the orphan MTase 180	  

M.EcoVT2Dam of E. coli prophage VT2-Sa on Stx2 prophage Phi14 (M.Eco95NR1VII) and 181	  

(iii) a second identical copy of M.EcoVT2Dam on Stx2 prophage Phi15 (M.Eco95NR1VIII). 182	  

 183	  

The methylome of 95JB1 and 95NR1 show remarkably different methylation 184	  

patterns 185	  
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Using the in-built capacity of PacBio to detect methylated nucleotides we detected two 186	  

distinct recognition motifs (5’-Gm6ATC-3’ and 5’-CTGCm6AG-3’) in 95JB1 and 95NR1, that 187	  

match MTases with known specificities. 5’-GATC-3’ is a well characterised methylation 188	  

motif, routinely identified in E. coli methylome analyses (Fang et al. 2012; Powers et al. 189	  

2013; Cooper et al. 2014; Forde et al. 2015) and known to be targeted by Dam (Geier and 190	  

Modrich 1979). We predict that the 5’-CTGCAG-3’ motif is targeted by 191	  

EC95JB1_EC95NR1_MTases in 95JB1 and 95NR1 (M.Eco95JB1III/M.Eco95NR1III) that 192	  

share 99% amino acid identity with M.EcoGIII, a previously characterised PstI homolog 193	  

shown to methylate 5’-CTGCAG-3’ (Fang et al. 2012). No additional methylated motifs in 194	  

95JB1 were detected suggesting that the remaining putative MTases are inactive under the 195	  

tested conditions (Table 4). Dcm-mediated methylation of cytosine (5’-Cm5CWGG-3’) could 196	  

not be detected using the method used in this study.  197	  

 198	  

Remarkably, 95NR1 also contained more than 4000 methylated bases corresponding to a 199	  

third motif, 5’-CRARCm6AG-3’ (Table 4). As no methylation was detected at the 200	  

corresponding motifs in 95JB1 we considered that this new activity must relate to an MTase 201	  

that is not present or non-functional in 95JB1. Screening the 5’-CRARCAG-3’ motif against 202	  

REBASE (Roberts et al. 2010) confirmed that a cognate MTase enzyme has not been 203	  

previously characterised and to the best of our knowledge it represents a novel MTase target 204	  

recognition site (Table 4). 205	  

  206	  

A novel MTase responsible for methylation of the CRARCAG motif 207	  

In order to identify the MTase responsible for methylation of the 5’-CRARCAG-3’ motif in 208	  

95NR1 (but not 95JB1) we first examined the specificities of the experimentally determined 209	  

E. coli C227-11 MTases for which there are five close homologs in 95NR1/95JB1 (>92% 210	  
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amino acid sequence identity; Table 3)  (Fang et al. 2012).  Based on the high amino acid 211	  

identity between these homologs it is highly unlikely that any C227-11 MTase homologs 212	  

could be responsible for methylation of the 5’-CRARCAG-3’ motif. Similarly, 213	  

M.EcoVT2Dam is known to target 5’-GATC-3’; thus both homologs of M.EcoVT2Dam in 214	  

95NR1 (99% amino acid identity) would also be expected to target 5’-GATC-3’ (Radlinska 215	  

and Bujnicki 2001). The remaining candidate MTase encoded by M.Eco95NR1IX shares 216	  

76% amino acid identity to SenTFIV, a Type IIG R-M system which targets the GATCAG 217	  

recognition site. Minor difference in the target recognition domain (TRD) of homologous 218	  

MTase enzymes can result in major differences in target specificity as exemplified in E. coli 219	  

EC958 where the Type IIG R-M system M.EcoMVII and SenTFIV share 68% amino acid 220	  

identity, but their target sites are very different (5’-CANCATC-3’ and 5’-GATCAG-3’, 221	  

respectively). Furthermore, 100% hemi-methylation of the 5’-CRARCAG-3’ motif as 222	  

observed in 95NR1 is characteristic of the Type IIG family of MTases. Based on these 223	  

observations, we propose that the MTase M.EcoEC95NR1_IX catalyses CRARCAG 224	  

modification in 95NR1 and that the lack of corresponding methylation in 95JB1 is due to IS-225	  

mediated transcriptional inactivation of the orthologous M.Eco95JB1VI gene.  226	  

 227	  

IS insertion results in inactivation of M.Eco95JB1IX  228	  

BLAST comparison (blastp, E-value cutoff=1e-3) of M.Eco95NR1IX against a database of 229	  

complete E. coli genomes identified homologs of this MTase in four additional E. coli strains: 230	  

E. coli str. HS (EcHS_A0339; 76% amino acid sequence identity), E. coli O111:H- str. 11128 231	  

(ECO111_5156; 100% amino acid sequence identity),  E. coli  str. ‘clone i2’ (i02_4877; 76% 232	  

amino acid sequence identity) and E. coli str. ‘clone i14’ (i14_4877; 76% amino acid 233	  

sequence identity). With the exception of ECO111_5156, homologs of M.Eco95NR1IX 234	  

exhibited extensive variation in their TRDs and are likely to have different target specificities 235	  
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(Figure S1a). Interestingly genes upstream of M.Eco95NR1IX are highly conserved in all 236	  

strains (Figure S1b) and suggest that M.Eco95NR1IX could be transcribed as part of a large 237	  

8.5 kb operon encoding a Type IIG MTase (M.Eco95NR1IX), a putative ATPase 238	  

(EC95NR1_04072) and two hypothetical proteins whose function is currently unknown 239	  

(EC95NR1_04073 and EC95NR1_04074) (Figure S2; Table S4). A putative promoter region 240	  

(5’-TGGCAT-14 bp-CATTACAAT-3’) was identified 50 bp upstream of EC95NR1_04074 241	  

and could indicate the primary transcriptional start site for this operon. Predicted promoter 242	  

regions were also identified 68 bp upstream of EC95NR1_04072 and overlapping the 243	  

predicted start codon of M.Eco95NR1IX. An additional predicted promoter region was 244	  

observed in 95JB1 which was located on the boundary of the IS insertion into 245	  

EC95JB1_03895 (Figure S2). Based on these observations we propose that the IS insertion 246	  

into EC95JB1_03899 results in premature transcriptional termination of the operon leaving 247	  

M.Eco95JB1IX untranscribed. 248	  

 249	  

The functional characterisation of CRARCAG methylation 250	  

To determine if methylation of 5’-CRARCAG-3’ motifs could have a functional role in the 251	  

genome of 95NR1 we analysed the distribution of sites located within 300 bp upstream of an 252	  

annotated start codon. We identified 871 candidate genes where 5’-CRARCAG-3’ 253	  

methylation might have a regulatory role (Table S5). These include the flagellar genes 254	  

fliCDSHIJKQPR, flgCJG and the flagellar regulator flk; Type II secretion associated genes 255	  

epsMLJHGE; the pilus associated genes papD and pilN, Shiga toxin gene stx1B (Phi11); the 256	  

two component regulatory system BaeSR, and EutR, a transcriptional regulator associated 257	  

with EHEC pathogenesis (Luzader et al. 2013). Upstream sequences were further analysed 258	  

for the presence of putative promoter regions using Neural Network Promoter Prediction. A 259	  

total of 601 of the 871 candidate genes were found to contain putative promoter regions 260	  
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within 300 bp of their start codon, 177 of which contained a methylated 5’-CRARCAG-3’ 261	  

motif (Table S5). Clustering of these genes based on their functional class revealed no 262	  

significant enrichment in any functional category when compared to the functional clustering 263	  

of all genes (Figure S3). 264	  

 265	  

Distribution of Methylated motifs reveals difference in methylation patterns 266	  

within prophage sequences 267	  

There was an observed difference in the distribution of the 5’-GATC-3’ motif between the 268	  

core genome and the prophages in both 95NR1 and 95JB1 (Figure 3). This difference is 269	  

attributable to the presence of GATC-free regions within the prophages and is suggestive of 270	  

selection against Dam methylation in certain phage genes.  Differences in the distribution of 271	  

GATC sites between the core and accessory genome have previously be described in E. coli 272	  

K12 (Henaut et al. 1996) and more recently in E. coli EC958 (Forde et al. 2015). 273	  

Interestingly, these prophage-associated GATC-free regions are enriched for the 5’-274	  

CTGCAG-3’ motif in most prophages in 95JB1 and 95NR1 with the exception of Phi9 275	  

(unclassified Myoviridae) and Phi12 (Mu-like Myoviridae) where the 5’-CTGCAG-3’ motif 276	  

is significantly under-represented compared to the core genome (P <= 0.0001). In 95NR1 the 277	  

5’-CRARCAG-3’ motif appears to be randomly distributed throughout the genome and 278	  

exhibited no significant enrichment bias to either the core or accessory genome.  279	  

 280	  

 281	  

Discussion 282	  

 283	  
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E. coli 95JB1 and 95NR1 are two isolates from a historical HUS outbreak in Adelaide, 284	  

Australia in 1995 (Centers for Disease and Prevention 1995; Paton et al. 1996). 95NR1, the 285	  

more virulent of the two strains, is characterised by the presence of two additional Stx2 286	  

prophages and two additional copies of stx2AB when compared to 95JB1 (McAllister et al. 287	  

2016). Previous analysis of the Illumina draft genomes of these outbreak strains showed that, 288	  

relative to 95NR1, 95JB1 had acquired a handful of SNPs and had lost two Stx2 prophages. 289	  

Despite these findings it was not possible to resolve the sequences of most mobile genetic 290	  

elements (including prophages) due to the fragmented nature of the draft assembly. In this 291	  

study we hypothesised that there were other genetic differences between the strains that may 292	  

account for the different virulence profiles. Using SMRT sequencing to produce complete 293	  

genomes of these important historical isolates enabled the complete definition of the structure 294	  

and context of all prophages (including the tandemly arranged Stx prophages in 95NR1). By 295	  

analysing the kinetic variation data produced during sequencing on the SMRT platform we 296	  

found a difference between the methylomes of 95JB1 and 95NR1. By identifying the position 297	  

and context of all IS elements in both genomes we identified an additional chromosomal copy 298	  

of an IS1203-like element in 95JB1 that likely prevents transcription of a Type IIG MTase 299	  

encoded nearby. As we are able to exclude all other MTases encoded by 95NR1 we conclude 300	  

that this IS difference accounts for the methylation patterns between the strains. It has been 301	  

well established that DNA methylation can play an active role in virulence and gene 302	  

regulation (Heithoff et al. 1999; Low et al. 2001; Wallecha et al. 2002; Casadesus and Low 303	  

2006). By examining methylated bases that may affect promoter regions in 95NR1, but not 304	  

95JB1, we have identified a number of potential promoters that could contribute, directly or 305	  

indirectly, to the increased virulence observed in 95NR1. 306	  

 307	  
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Previously, a detailed analysis of the Illumina draft genome assemblies of 95JB1 and 95NR1 308	  

enabled accurate determination of prophage insertion sites, plasmid content and the 309	  

multiplicity of stx genes (McAllister et al. 2016). As expected, repeat elements were the 310	  

major cause of fragmentation in the draft genomes of 95JB1 and 95NR1, with the majority of 311	  

contigs terminating at IS elements or within prophage regions. Long SMRT sequencing reads 312	  

easily bridge these repeat regions generating complete, high quality assemblies with little or 313	  

no manual intervention. Complete genomes are a vital resource when characterising the 314	  

genetic variation which exists between strains, as the positions of IS and other mobile 315	  

elements can influence host biological processes, including pathogenicity and antibiotic 316	  

resistance (Conlan et al. 2014; Cameron et al. 2015; He et al. 2015; Yan et al. 2015; Zowawi 317	  

et al. 2015).  318	  

 319	  

Determining the context of all IS in 95JB1 and 95NR1 was crucial for characterising 320	  

methylome differences between both strains. Surprisingly, we found that the most likely 321	  

explanation for the observed differences in methylation between the outbreak strains was the 322	  

insertion of an additional IS1203-like element upstream of the gene encoding 323	  

M.Eco95JB1IXin 95JB1. This particular IS element was first identified in E. coli O111:H- 324	  

strain PH (Paton and Paton 1994) and has previously been associated with insertional 325	  

inactivation of genes in STEC (Kusumoto et al. 1999; Okitsu et al. 2001; Suzuki et al. 2004). 326	  

Several lines of evidence support our contention that M.Eco95NR1IX/M.Eco95JB1IX 327	  

catalyses the methylation of the 5’-CRARCm6AG-3’ motif. Other than M.Eco95NR1IX there 328	  

were no candidate MTases in the 95NR1 or 95JB1 genomes that could account for the 329	  

methylation of the 5’-CRARCAG-3’ motif in 95NR1 alone. M.Eco95NR1IX and SenTFIV 330	  

share 76% amino acid identity consistent with a different recognition site. Furthermore, the 331	  

distinctive pattern of hemi-methylation of the 5’-CRARCAG-3’ motif as observed in 95NR1 332	  
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is characteristic of the Type IIG family of MTases. Formal demonstration that the 5’-333	  

CRARCAG-3’ recognition motif is methylated by M.Eco95NR1IX would require methylome 334	  

profiling of a 95NR1 M.Eco95NR1IX deletion mutant.	  335	  

 336	  

In this study we identified two active MTases common to both 95JB1 and 95NR1: Dam and 337	  

the recently characterised Stx phage-encoded RM system methyltransferase M.EcoGIII, 338	  

which recognises the CTGCAG motif. M.EcoGIII is known to affect the expression of 1,951 339	  

genes in E.coli C227-ll, provide resistance to infection by other lambda-like phage and 340	  

influence growth. It is likely that M.EcoGIII occupies a similar regulatory role in 95JB1 and 341	  

95NR1 as it does in C227-11. However, determining the functional consequences of 342	  

CTGCAG methylation in 95JB1 and 95NR1 requires further analysis.  Interestingly, three 343	  

prophage loci in C227-11 were found to be enriched for the CTGCAG motif (Fang et al. 344	  

2012) and a similar enrichment of the CTGCAG motif was also observed in most prophages 345	  

of 95JB1 and 95NR1. In contrast, two prophage regions in 95JB1 and 95NR1 (Phi12 and 346	  

Phi16) contained no CTGCAG motifs, suggesting selection against the presence of these 347	  

sites. In C227-11 the M.EcoGIII RM system was shown to protect against infection by other 348	  

lambda-like phages, but T4 phages were resistant to restriction, which could be attributed to 349	  

heavy modification of their genomes (Fang et al. 2012). 95NR1 and 95JB1 do not contain 350	  

any T4 phage, although Phi12 and Phi16 are members of the Myoviridae, the class of virus to 351	  

which the T4 phage belong. The lack of any CTGCAG motifs in these Phi12 and Phi16 352	  

(CTGCAG motif is expected to occur by chance every 4064 bp) suggests active selection 353	  

against this motif in the Myoviridae, which would presumably render them immune to 354	  

digestion by M.EcoGIII. 355	  

 356	  
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Bacterial MTases are known to have diverse roles which include regulation of gene 357	  

expression. For example, the orphan MTase Dam has been established as regulator of gene 358	  

expression in other E. coli species and recently the Type II RM system EcoGIII was shown to 359	  

directly or indirectly affect the expression of ~1900 E. coli genes (Low et al. 2001; Casadesus 360	  

and Low 2006). Similarly, it has been suggested that Type IIG RM systems might have a role 361	  

in bacterial genomes other than protection (Loenen et al. 2014). The proximity of methylated 362	  

5’-CRARCAG-3’ sites to the predicted promotor regions of 180 genes in 95NR1 suggests 363	  

that methylation of this motif could directly cause differential gene expression between 364	  

95NR1 and 95JB1. We have identified several operons and regulators that may be likely 365	  

candidates for differential expression, although it should be noted that putative promoter sites 366	  

were predicted in silico and may not reflect true promotor regions. It is also worth noting that 367	  

95NR1 and 95JB1 have been classifed as non-motile (H-) according to their original 368	  

serotyping results suggesting that differential expression of flagellar loci is unlikely to result 369	  

in phenotypic difference (Centers for Disease and Prevention 1995). Analysis of the 370	  

transcriptome using RNA-Seq will be necessary to fully define the influence of methylation 371	  

on differential regulation between these otherwise very similar strains. 372	  

 373	  

DNA modifications are an established cause of phenotypic heterogeneity in both isogenic and 374	  

clonal populations (Casadesus and Low 2013). Phase variation or ON/OFF switching of the 375	  

pyelonephritis-associated pili (Pap) operon and antigen 43 (Ag43) are two of the most well 376	  

characterised examples of methylation-mediated intercellular heterogeneity in E. coli (van 377	  

der Woude et al. 1992; van der Woude and Henderson 2008). In these examples, differences 378	  

in the methylation status of GATC motifs (mediated by Dam) in the promoter regions of pap 379	  

and ag43 control ON/OFF expression of these loci and intercellular heterogeneity within the 380	  

clonal population. Differences in the expression of the same MTase in 95NR1 and 95JB1 381	  
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(M.Eco95NR1IX and M.Eco95JB1VI, respectively) is a clear example of epigenetic 382	  

heterogeneity which has arisen within this clonal population. Whether this observed 383	  

epigenetic heterogeneity is driving phenotypic difference within the population is currently 384	  

unknown and represents an interesting avenue for further research. 385	  

  386	  

During our characterisation of the 95NR1 and 95JB1 methylomes we made the surprising 387	  

discovery that a Type IIG MTase carried by 95NR1 and 95JB1 is likely encoded as part of an 388	  

operon. To the best of our knowledge a Type IIG MTase has not previously been reported as 389	  

a component of a multi-gene system. The function of the other proteins in this putative 390	  

operon and whether they are linked to the activity of the MTase is currently not known and 391	  

requires further research which is beyond the scope of this study. Despite identifying a 392	  

putative primary promoter at the 5’ operon boundary, the presence of several additional 393	  

promoters distributed through the operon raises the possibility that some genes are 394	  

transcribed separately. Future analysis of the transcriptome of 95NR1 or other E. coli that 395	  

carry homologs of M.Eco95NR1IX will be necessary to correctly determine transcriptional 396	  

start-sites. Notably, SMRT sequencing also offers the potential for characterising complete 397	  

polycistronic mRNAs using the Iso-Seq protocol (Sharon et al. 2013; Tilgner et al. 2014). 398	  

 399	  

Characterising the genetic differences between strains is highly important for determining the 400	  

evolutionary history of bacterial populations, tracking clinical outbreaks and identifying 401	  

functional mutations which contribute to virulence and antibiotic resistance (Holt et al. 2008; 402	  

Loman and Pallen 2008; Petty et al. 2014; Bartley et al. 2016). Currently, Illumina is the 403	  

platform of choice for studying single nucleotide variation, due to its capacity for accurate 404	  

high throughput sequencing of hundreds or thousands of strains.  In this study the SNP profile 405	  

between 95JB1 and 95NR1 was identical using PacBio or Illumina data, whereas only PacBio 406	  
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could accurately resolve the mobile genetic element content of both strains. Of particular 407	  

importance to our understanding of STEC biology was the complete resolution of two 408	  

tandemly arrayed Stx2 prophages encoded by 95NR1 and not 95JB1. The complete sequence 409	  

of three full-length Stx2 prophages was determined in 95NR1 highlighting the difficulty of 410	  

resolving multiple similar prophage genomes within a draft assembly. Although a highly 411	  

accurate WGS method for subtyping stx genes has been developed (Ashton et al. 2015), the 412	  

reliance of this method on short read sequencing data means it lacks the discriminatory power 413	  

to determine whether multiple copies of the same subtype are due to multiple insertions by 414	  

different Stx-converting phage or as a result of gene duplication. Our study highlights how 415	  

population genomic studies of STEC outbreaks or global collections could benefit from 416	  

SMRT sequencing and/or bioinformatics approaches that take into account mobile genetic 417	  

element heterogeneity. 418	  

   419	  

Although the ability of SMRT sequencing to resolve large mobile genetic elements is 420	  

currently unparalleled, it is important to recognise that small plasmids are easily lost during 421	  

the library preparation for PacBio. On the PacBio instruments the size distribution of the 422	  

SMRTBell sequencing libraries influences read length performance. For example, short DNA 423	  

library fragments preferentially load into the sequencing wells (Zero-mode wave guides) on 424	  

the SMRT Cell limiting the long read potential of the sequencing library. In order to 425	  

maximise the lengths of reads prior to sequencing it is necessary to filter small fragments 426	  

from the library and narrow its size distribution. In this study targeted DNA size selection 427	  

was achieved using the BluePippin instrument (http://www.sagescience.com). Using 428	  

BluePippin small DNA fragments are separated from larger fragments enabling the collection 429	  

of sequencing libraries with narrower size distributions. Both 95NR1 and 95JB1 were 430	  

sequenced using BluePippin size-selected 20 kb SMRTBell libraries. As small plasmid DNA 431	  
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was visible in the original DNA extraction (data not shown) it appears that DNA fragments 432	  

representing the missing colicin plasmids of 95NR1 and 95JB1 were filtered from the 433	  

sequencing library during targeted size selection.  434	  

  435	  

Here we have analysed the complete genome sequences of two clonal STEC O111:H- strains 436	  

from a historical outbreak using PacBio sequencing. In addition to resolving complex 437	  

prophage regions to highlight the precise genetic differences between these strains, we also 438	  

identified more than 4000 differentially methylated chromosomal sites implicating a MTase 439	  

that was active in 95NR1 but not 95JB1. We linked the differences in methylome to the 440	  

mobilization of an IS1203-like insertion sequence in 95JB1, highlighting the importance of 441	  

characterising IS differences when comparing two closely related bacterial strains. These 442	  

results reveal that in addition to acquiring a small number of SNPs and losing two tandemly 443	  

arranged Stx2 prophages, 95JB1 has also lost the activity of a novel MTase that may 444	  

influence the transcription of several hundred genes. PacBio SMRT sequencing has enormous 445	  

potential to reveal the genetic and epigenetic heterogeneity within a clonal population. 446	  

Further genomic analysis of IS and prophages within closely related STEC strains will further 447	  

build our understanding of short-term evolution within the context of an outbreak.    448	  

 449	  

 Methods	  450	  

	  451	  

Genome	  Sequencing	  and	  assembly.	  452	  

Genomic DNA (gDNA) from the Escherichia coli strains 95NR1 and 95JB1 was sequenced 453	  

on a PacBio RSII instrument (University of Queensland Centre for Clinical Genomics; 454	  

UQCCG) using two SMRT cells, a 20 kb insert library and the P6 polymerase and C4 455	  

sequencing chemistry. De novo assembly of the raw PacBio sequencing data was done using 456	  
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the hierarchical genome assembly process (HGAP version 2) and Quiver (Chin et al. 2013) 457	  

from the SMRT Analysis software suite (version 2.3.0 – http://www.pacb.com/devnet/) with 458	  

default parameters. Following de novo assembly all contigs were visually screened for 459	  

overlapping sequences on their 5' and 3' ends using contiguity 460	  

(https://github.com/mjsull/Contiguity)(Sullivan et al. 2015). Overlapping ends, a 461	  

characteristic feature of the HGAP assembly process, were manually trimmed based on 462	  

sequence similarity and the contigs were circularised. Circularised contigs (Chromosome and 463	  

plasmids) were then subjected to a polishing phase, were the raw PacBio sequencing reads 464	  

were mapped back onto the assembled circular contigs (BLASR (Chaisson and Tesler 2012) 465	  

and quiver) to validate the assembly and resolve any remaining errors. Following multiple 466	  

rounds of polishing an additional improvement step was required to resolve single nucleotide 467	  

insertion and deletions errors associated homopolyer tracts. Reads from the publically 468	  

available Illumina sequence data for 95NR1 (SRA accession:	  SRR953500) and 95JB1 (SRA 469	  

accession:	  SRR954273) were aligned to their respective genomes using bwa version: 0.7.12-470	  

r1039(Li and Durbin 2009) and a corrected consensus was called using Pilon version 1.18 471	  

(Walker et al. 2014). A total of 42 indels were corrected in 95NR1 and 30 indels in 95JB1. 472	  

95NR1 was further processed as the incorrect distribution of reads between two tandemly, 473	  

integrated Stx prophages initially resulted in a misassembly characterised by a contig break. 474	  

This misassembly was manually corrected, and verified by re-aligning the raw reads to the 475	  

complete chromosome. 476	  

 477	  

Methylome analysis 478	  

The detection of methylated bases and clustering of modified sites to identify methylation-479	  

associated motifs was performed using the RS_Modification_and_Motif_analysis.1 tool from 480	  
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the SMRT analysis package version 2.3.0. Raw reads were aligned to the complete genomes 481	  

of 95JB1 and 95NR1 and interpulse duration (IPD) ratios were calculated using PacBio’s in 482	  

silico kinetic reference computational model (http://www.pacb.com/wp-483	  

content/uploads/2015/09/WP_Detecting_DNA_Base_Modifications_Using_SMRT_Sequenci484	  

ng.pdf). 485	  

 486	  

To compare the CTGCAG motif distribution of Phi9 and Phi12 with the rest of the 487	  

chromosome, the sequence for each strand was split into 1000 bp segments with a 250 bp 488	  

overlap using Bedtools v2.17.0 (Quinlan and Hall 2010). Analysis of the mean distribution of 489	  

CTGCAG motifs per segment within these genomic regions was performed as previously 490	  

described using a custom analysis of variance (ANOVA) R script, which adjusts for 491	  

heteroscedasticity (Forde et al. 2015). 492	  

 493	  

SNP analysis of 95NR1 and 95JB1	  494	  

To determine the number and position of unique SNPs that differentiate 95JB1 and 95NR1, 495	  

Illumina reads were simulated from the complete genomes of 95NR1 and 95JB1 and aligned 496	  

to the genome of E. coli O111:H- strain 11128. SNP calling and Indel prediction was 497	  

performed using Nesoni and the Nesoni n-way pairwise comparison method was used to 498	  

identify SNPs conserved in all three strains 499	  

(http://www.vicbioinformatics.com/software.nesoni.shtml). Additionally, a reference free 500	  

SNP analysis was performed by direct comparison of the complete genome of 95JB1 and 501	  

95NR1 using MUMmer version 3.2.3 (Kurtz et al. 2004). 502	  

 503	  

Genome annotation and comparative genomics  504	  
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Initial gene calling and automated functional annotation of 95NR1 and 95JB1 were 505	  

performed using Prokka (Prokka: Prokaryotic Genome Annotation System – 506	  

http://vicbioinformatics.com/) using a custom Escherichia genus database consisting of 507	  

protein sequences from the EcoCyc website (http://ecocyc.org/). Putative phage encoding loci 508	  

and IS elements were identified using PHAST (Zhou et al. 2011) and ISfinder (Siguier et al. 509	  

2006) respectively. Artemis Comparison Tool (ACT) (Carver et al. 2005), EasyFig (Sullivan 510	  

et al. 2011) and Circos (Krzywinski et al. 2009) were used to visually compare the genomes 511	  

and methylomes of 95NR1 and 95JB1 and identify regions of similarity and difference. 512	  

Methytransferase genes and restriction modification systems were identified and annotated by 513	  

comparison of all coding sequences from 95JB1 and 95NR1 against the REBASE database 514	  

(Roberts et al. 2010). Promoter sequences were predicted using BPROM(Li 2011). 515	  

 516	  

The functional characterisation of CRARCAG methylation 517	  

In silico prediction of promoter sequences was done using Neural Network Promoter 518	  

Prediction version 2.2(Reese 2001) and KEGG gene ontologies (KOs) were assigned using 519	  

BlastKOALA (Kanehisa et al. 2016). The proximity of the CRARCAG motifs to all protein 520	  

coding regions was determined using custom python scripts. Protein coding regions that did 521	  

not contain a methylated CRARCAG motif within 300 bp of its start codon were excluded 522	  

from the analysis.  For the remaining protein coding regions, 300 bp of sequence upstream of 523	  

their respective start codons was screened for putative promoter regions. CRARCAG motifs 524	  

located within predicated promotor regions where identified, and KOs were assigned using 525	  

BlastKOALA. 526	  

  527	  

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

The copyright holder for this preprint (which wasthis version posted August 11, 2017. ; https://doi.org/10.1101/173336doi: bioRxiv preprint 

https://doi.org/10.1101/173336
http://creativecommons.org/licenses/by/4.0/


23	  
	  

References 528	  

Neural Network Promoter Prediction http://www.fruitfly.org/seq_tools/promoter.html. Vol 529	  
2015. 530	  

Anjum A, Brathwaite KJ, Aidley J, Connerton PL, Cummings NJ, Parkhill J, Connerton I, 531	  
Bayliss CD. 2016. Phase variation of a Type IIG restriction-modification enzyme 532	  
alters site-specific methylation patterns and gene expression in Campylobacter jejuni 533	  
strain NCTC11168. Nucleic acids research doi:10.1093/nar/gkw019. 534	  

Ashton PM, Perry N, Ellis R, Petrovska L, Wain J, Grant KA, Jenkins C, Dallman TJ. 2015. 535	  
Insight into Shiga toxin genes encoded by Escherichia coli O157 from whole genome 536	  
sequencing. PeerJ 3: e739. 537	  

Bartley PB, Ben Zakour NL, Stanton-Cook M, Muguli R, Prado L, Garnys V, Taylor K, 538	  
Barnett TC, Pinna G, Robson J et al. 2016. Hospital-wide Eradication of a 539	  
Nosocomial Legionella pneumophila Serogroup 1 Outbreak. Clinical infectious 540	  
diseases : an official publication of the Infectious Diseases Society of America 62: 541	  
273-279. 542	  

Blow MJ, Clark TA, Daum CG, Deutschbauer AM, Fomenkov A, Fries R, Froula J, Kang 543	  
DD, Malmstrom RR, Morgan RD et al. 2016. The Epigenomic Landscape of 544	  
Prokaryotes. PLoS genetics 12: e1005854. 545	  

Boye E, Lobner-Olesen A. 1990. The role of dam methyltransferase in the control of DNA 546	  
replication in E. coli. Cell 62: 981-989. 547	  

Braaten BA, Nou X, Kaltenbach LS, Low DA. 1994. Methylation patterns in pap regulatory 548	  
DNA control pyelonephritis-associated pili phase variation in E. coli. Cell 76: 577-549	  
588. 550	  

Brown SD, Nagaraju S, Utturkar S, De Tissera S, Segovia S, Mitchell W, Land ML, 551	  
Dassanayake A, Kopke M. 2014. Comparison of single-molecule sequencing and 552	  
hybrid approaches for finishing the genome of Clostridium autoethanogenum and 553	  
analysis of CRISPR systems in industrial relevant Clostridia. Biotechnology for 554	  
biofuels 7: 40. 555	  

Burrus V, Bontemps C, Decaris B, Guedon G. 2001. Characterization of a novel type II 556	  
restriction-modification system, Sth368I, encoded by the integrative element ICESt1 557	  
of Streptococcus thermophilus CNRZ368. Applied and environmental microbiology 558	  
67: 1522-1528. 559	  

Cameron DR, Jiang JH, Hassan KA, Elbourne LD, Tuck KL, Paulsen IT, Peleg AY. 2015. 560	  
Insights on virulence from the complete genome of Staphylococcus capitis. Frontiers 561	  
in microbiology 6: 980. 562	  

Carver TJ, Rutherford KM, Berriman M, Rajandream MA, Barrell BG, Parkhill J. 2005. 563	  
ACT: the Artemis Comparison Tool. Bioinformatics 21: 3422-3423. 564	  

Casadesus J, Low D. 2006. Epigenetic gene regulation in the bacterial world. Microbiology 565	  
and molecular biology reviews : MMBR 70: 830-856. 566	  

Casadesus J, Low DA. 2013. Programmed heterogeneity: epigenetic mechanisms in bacteria. 567	  
The Journal of biological chemistry 288: 13929-13935. 568	  

Centers for Disease C, Prevention. 1995. Community outbreak of hemolytic uremic 569	  
syndrome attributable to Escherichia coli O111:NM--South Australia 1995. MMWR 570	  
Morbidity and mortality weekly report 44: 550-551, 557-558. 571	  

Chain PS, Grafham DV, Fulton RS, Fitzgerald MG, Hostetler J, Muzny D, Ali J, Birren B, 572	  
Bruce DC, Buhay C et al. 2009. Genomics. Genome project standards in a new era of 573	  
sequencing. Science 326: 236-237. 574	  

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

The copyright holder for this preprint (which wasthis version posted August 11, 2017. ; https://doi.org/10.1101/173336doi: bioRxiv preprint 

https://doi.org/10.1101/173336
http://creativecommons.org/licenses/by/4.0/


24	  
	  

Chaisson MJ, Tesler G. 2012. Mapping single molecule sequencing reads using basic local 575	  
alignment with successive refinement (BLASR): application and theory. BMC 576	  
bioinformatics 13: 238. 577	  

Chin CS, Alexander DH, Marks P, Klammer AA, Drake J, Heiner C, Clum A, Copeland A, 578	  
Huddleston J, Eichler EE et al. 2013. Nonhybrid, finished microbial genome 579	  
assemblies from long-read SMRT sequencing data. Nature methods 10: 563-569. 580	  

Clark TA, Murray IA, Morgan RD, Kislyuk AO, Spittle KE, Boitano M, Fomenkov A, 581	  
Roberts RJ, Korlach J. 2012. Characterization of DNA methyltransferase specificities 582	  
using single-molecule, real-time DNA sequencing. Nucleic acids research 40: e29. 583	  

Conlan S, Thomas PJ, Deming C, Park M, Lau AF, Dekker JP, Snitkin ES, Clark TA, Luong 584	  
K, Song Y et al. 2014. Single-molecule sequencing to track plasmid diversity of 585	  
hospital-associated carbapenemase-producing Enterobacteriaceae. Science 586	  
translational medicine 6: 254ra126. 587	  

Cooper KK, Mandrell RE, Louie JW, Korlach J, Clark TA, Parker CT, Huynh S, Chain PS, 588	  
Ahmed S, Carter MQ. 2014. Comparative genomics of enterohemorrhagic 589	  
Escherichia coli O145:H28 demonstrates a common evolutionary lineage with 590	  
Escherichia coli O157:H7. BMC genomics 15: 17. 591	  

Correnti J, Munster V, Chan T, Woude M. 2002. Dam-dependent phase variation of Ag43 in 592	  
Escherichia coli is altered in a seqA mutant. Molecular microbiology 44: 521-532. 593	  

de Vries N, Duinsbergen D, Kuipers EJ, Pot RG, Wiesenekker P, Penn CW, van Vliet AH, 594	  
Vandenbroucke-Grauls CM, Kusters JG. 2002. Transcriptional phase variation of a 595	  
type III restriction-modification system in Helicobacter pylori. Journal of 596	  
bacteriology 184: 6615-6623. 597	  

Eid J, Fehr A, Gray J, Luong K, Lyle J, Otto G, Peluso P, Rank D, Baybayan P, Bettman B et 598	  
al. 2009. Real-time DNA sequencing from single polymerase molecules. Science 323: 599	  
133-138. 600	  

Fang G, Munera D, Friedman DI, Mandlik A, Chao MC, Banerjee O, Feng Z, Losic B, 601	  
Mahajan MC, Jabado OJ et al. 2012. Genome-wide mapping of methylated adenine 602	  
residues in pathogenic Escherichia coli using single-molecule real-time sequencing. 603	  
Nature biotechnology 30: 1232-1239. 604	  

Flusberg BA, Webster DR, Lee JH, Travers KJ, Olivares EC, Clark TA, Korlach J, Turner 605	  
SW. 2010. Direct detection of DNA methylation during single-molecule, real-time 606	  
sequencing. Nature methods 7: 461-465. 607	  

Forde BM, Ben Zakour NL, Stanton-Cook M, Phan MD, Totsika M, Peters KM, Chan KG, 608	  
Schembri MA, Upton M, Beatson SA. 2014. The complete genome sequence of 609	  
Escherichia coli EC958: a high quality reference sequence for the globally 610	  
disseminated multidrug resistant E. coli O25b:H4-ST131 clone. PloS one 9: e104400. 611	  

Forde BM, Phan MD, Gawthorne JA, Ashcroft MM, Stanton-Cook M, Sarkar S, Peters KM, 612	  
Chan KG, Chong TM, Yin WF et al. 2015. Lineage-Specific Methyltransferases 613	  
Define the Methylome of the Globally Disseminated Escherichia coli ST131 Clone. 614	  
mBio 6. 615	  

Fox KL, Srikhanta YN, Jennings MP. 2007. Phase variable type III restriction-modification 616	  
systems of host-adapted bacterial pathogens. Molecular microbiology 65: 1375-1379. 617	  

Geier GE, Modrich P. 1979. Recognition sequence of the dam methylase of Escherichia coli 618	  
K12 and mode of cleavage of Dpn I endonuclease. The Journal of biological 619	  
chemistry 254: 1408-1413. 620	  

He S, Hickman AB, Varani AM, Siguier P, Chandler M, Dekker JP, Dyda F. 2015. Insertion 621	  
Sequence IS26 Reorganizes Plasmids in Clinically Isolated Multidrug-Resistant 622	  
Bacteria by Replicative Transposition. mBio 6: e00762. 623	  

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

The copyright holder for this preprint (which wasthis version posted August 11, 2017. ; https://doi.org/10.1101/173336doi: bioRxiv preprint 

https://doi.org/10.1101/173336
http://creativecommons.org/licenses/by/4.0/


25	  
	  

Heithoff DM, Sinsheimer RL, Low DA, Mahan MJ. 1999. An essential role for DNA adenine 624	  
methylation in bacterial virulence. Science 284: 967-970. 625	  

Henaut A, Rouxel T, Gleizes A, Moszer I, Danchin A. 1996. Uneven distribution of GATC 626	  
motifs in the Escherichia coli chromosome, its plasmids and its phages. Journal of 627	  
molecular biology 257: 574-585. 628	  

Holt KE, Parkhill J, Mazzoni CJ, Roumagnac P, Weill FX, Goodhead I, Rance R, Baker S, 629	  
Maskell DJ, Wain J et al. 2008. High-throughput sequencing provides insights into 630	  
genome variation and evolution in Salmonella Typhi. Nature genetics 40: 987-993. 631	  

Kanehisa M, Sato Y, Morishima K. 2016. BlastKOALA and GhostKOALA: KEGG Tools for 632	  
Functional Characterization of Genome and Metagenome Sequences. Journal of 633	  
molecular biology 428: 726-731. 634	  

Kita K, Kawakami H, Tanaka H. 2003. Evidence for horizontal transfer of the EcoT38I 635	  
restriction-modification gene to chromosomal DNA by the P2 phage and diversity of 636	  
defective P2 prophages in Escherichia coli TH38 strains. Journal of bacteriology 185: 637	  
2296-2305. 638	  

Kobayashi I, Nobusato A, Kobayashi-Takahashi N, Uchiyama I. 1999. Shaping the genome--639	  
restriction-modification systems as mobile genetic elements. Current opinion in 640	  
genetics & development 9: 649-656. 641	  

Koren S, Harhay GP, Smith TP, Bono JL, Harhay DM, McVey SD, Radune D, Bergman NH, 642	  
Phillippy AM. 2013. Reducing assembly complexity of microbial genomes with 643	  
single-molecule sequencing. Genome biology 14: R101. 644	  

Krzywinski M, Schein J, Birol I, Connors J, Gascoyne R, Horsman D, Jones SJ, Marra MA. 645	  
2009. Circos: an information aesthetic for comparative genomics. Genome research 646	  
19: 1639-1645. 647	  

Kulakauskas S, Lubys A, Ehrlich SD. 1995. DNA restriction-modification systems mediate 648	  
plasmid maintenance. Journal of bacteriology 177: 3451-3454. 649	  

Kurtz S, Phillippy A, Delcher AL, Smoot M, Shumway M, Antonescu C, Salzberg SL. 2004. 650	  
Versatile and open software for comparing large genomes. Genome biology 5: R12. 651	  

Kusumoto M, Nishiya Y, Kawamura Y, Shinagawa K. 1999. Identification of an insertion 652	  
sequence, IS1203 variant, in a Shiga toxin 2 gene of Escherichia coli O157:H7. 653	  
Journal of bioscience and bioengineering 87: 93-96. 654	  

Li H, Durbin R. 2009. Fast and accurate short read alignment with Burrows-Wheeler 655	  
transform. Bioinformatics 25: 1754-1760. 656	  

Li RW. 2011. Metagenomics and its applications in agriculture, biomedicine, and 657	  
environmental studies. Nova Science Publisher's, Hauppauge, N.Y. 658	  

Loenen WA, Dryden DT, Raleigh EA, Wilson GG. 2014. Type I restriction enzymes and 659	  
their relatives. Nucleic acids research 42: 20-44. 660	  

Loman NJ, Pallen MJ. 2008. XDR-TB genome sequencing: a glimpse of the microbiology of 661	  
the future. Future microbiology 3: 111-113. 662	  

Low DA, Weyand NJ, Mahan MJ. 2001. Roles of DNA adenine methylation in regulating 663	  
bacterial gene expression and virulence. Infection and immunity 69: 7197-7204. 664	  

Luzader DH, Clark DE, Gonyar LA, Kendall MM. 2013. EutR is a direct regulator of genes 665	  
that contribute to metabolism and virulence in enterohemorrhagic Escherichia coli 666	  
O157:H7. Journal of bacteriology 195: 4947-4953. 667	  

MacLean D, Jones JD, Studholme DJ. 2009. Application of 'next-generation' sequencing 668	  
technologies to microbial genetics. Nature reviews Microbiology 7: 287-296. 669	  

McAllister LJ, Bent SJ, Petty NK, Skippington E, Beatson SA, Paton JC, Paton AW. 2016. 670	  
Genomic Comparison of two O111:H- Enterohemorrhagic Escherichia coli Isolates 671	  
from a Historic Hemolytic Uremic Syndrome Outbreak in Australia. Infection and 672	  
immunity doi:10.1128/IAI.01229-15. 673	  

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

The copyright holder for this preprint (which wasthis version posted August 11, 2017. ; https://doi.org/10.1101/173336doi: bioRxiv preprint 

https://doi.org/10.1101/173336
http://creativecommons.org/licenses/by/4.0/


26	  
	  

Nagarajan N, Cook C, Di Bonaventura M, Ge H, Richards A, Bishop-Lilly KA, DeSalle R, 674	  
Read TD, Pop M. 2010. Finishing genomes with limited resources: lessons from an 675	  
ensemble of microbial genomes. BMC genomics 11: 242. 676	  

Ogura Y, Ooka T, Iguchi A, Toh H, Asadulghani M, Oshima K, Kodama T, Abe H, 677	  
Nakayama K, Kurokawa K et al. 2009. Comparative genomics reveal the mechanism 678	  
of the parallel evolution of O157 and non-O157 enterohemorrhagic Escherichia coli. 679	  
Proceedings of the National Academy of Sciences of the United States of America 680	  
106: 17939-17944. 681	  

Okitsu T, Kusumoto M, Suzuki R, Sata S, Nishiya Y, Kawamura Y, Yamai S. 2001. 682	  
Identification of shiga toxin-producing Escherichia coli possessing insertionally 683	  
inactivated Shiga toxin gene. Microbiology and immunology 45: 319-322. 684	  

Oliveira PH, Touchon M, Rocha EP. 2014. The interplay of restriction-modification systems 685	  
with mobile genetic elements and their prokaryotic hosts. Nucleic acids research 42: 686	  
10618-10631. 687	  

Paton AW, Paton JC. 1994. Characterization of IS1203, an insertion sequence in Escherichia 688	  
coli O111:H. Gene 150: 67-70. 689	  

Paton AW, Ratcliff RM, Doyle RM, Seymour-Murray J, Davos D, Lanser JA, Paton JC. 690	  
1996. Molecular microbiological investigation of an outbreak of hemolytic-uremic 691	  
syndrome caused by dry fermented sausage contaminated with Shiga-like toxin-692	  
producing Escherichia coli. Journal of clinical microbiology 34: 1622-1627. 693	  

Petty NK, Ben Zakour NL, Stanton-Cook M, Skippington E, Totsika M, Forde BM, Phan 694	  
MD, Gomes Moriel D, Peters KM, Davies M et al. 2014. Global dissemination of a 695	  
multidrug resistant Escherichia coli clone. Proceedings of the National Academy of 696	  
Sciences of the United States of America 111: 5694-5699. 697	  

Phillippy AM, Schatz MC, Pop M. 2008. Genome assembly forensics: finding the elusive 698	  
mis-assembly. Genome biology 9: R55. 699	  

Powers JG, Weigman VJ, Shu J, Pufky JM, Cox D, Hurban P. 2013. Efficient and accurate 700	  
whole genome assembly and methylome profiling of E. coli. BMC genomics 14: 675. 701	  

Quinlan AR, Hall IM. 2010. BEDTools: a flexible suite of utilities for comparing genomic 702	  
features. Bioinformatics 26: 841-842. 703	  

Radlinska M, Bujnicki JM. 2001. Cloning of enterohemorrhagic Escherichia coli phage VT-2 704	  
dam methyltransferase. Acta microbiologica Polonica 50: 161-167. 705	  

Reese MG. 2001. Application of a time-delay neural network to promoter annotation in the 706	  
Drosophila melanogaster genome. Comput Chem 26: 51-56. 707	  

Roberts RJ, Vincze T, Posfai J, Macelis D. 2003. REBASE: restriction enzymes and 708	  
methyltransferases. Nucleic acids research 31: 418-420. 709	  

Roberts RJ, Vincze T, Posfai J, Macelis D. 2010. REBASE--a database for DNA restriction 710	  
and modification: enzymes, genes and genomes. Nucleic acids research 38: D234-711	  
236. 712	  

Seib KL, Jen FE, Tan A, Scott AL, Kumar R, Power PM, Chen LT, Wu HJ, Wang AH, Hill 713	  
DM et al. 2015. Specificity of the ModA11, ModA12 and ModD1 epigenetic 714	  
regulator N(6)-adenine DNA methyltransferases of Neisseria meningitidis. Nucleic 715	  
acids research 43: 4150-4162. 716	  

Sharon D, Tilgner H, Grubert F, Snyder M. 2013. A single-molecule long-read survey of the 717	  
human transcriptome. Nature biotechnology 31: 1009-1014. 718	  

Siguier P, Perochon J, Lestrade L, Mahillon J, Chandler M. 2006. ISfinder: the reference 719	  
centre for bacterial insertion sequences. Nucleic acids research 34: D32-36. 720	  

Sullivan MJ, Ben Zakour NL, Forde BM, Stanton-Cook M, Beatson SA. 2015. Contiguity: 721	  
Contig adjacency graph construction and visualisation. PeerJ 722	  
doi:10.7287/peerj.preprints.1037v1. 723	  

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

The copyright holder for this preprint (which wasthis version posted August 11, 2017. ; https://doi.org/10.1101/173336doi: bioRxiv preprint 

https://doi.org/10.1101/173336
http://creativecommons.org/licenses/by/4.0/


27	  
	  

Sullivan MJ, Petty NK, Beatson SA. 2011. Easyfig: a genome comparison visualizer. 724	  
Bioinformatics 27: 1009-1010. 725	  

Suzuki M, Kondo F, Ito Y, Matsumoto M, Hata M, Oka H, Takahashi M, Sakae K. 2004. 726	  
Identification of a Shiga-toxin type I variant containing an IS1203-like element, from 727	  
Shiga-toxin producing Escherichia coli O157:H7. FEMS microbiology letters 234: 63-728	  
67. 729	  

Takahashi N, Naito Y, Handa N, Kobayashi I. 2002. A DNA methyltransferase can protect 730	  
the genome from postdisturbance attack by a restriction-modification gene complex. 731	  
Journal of bacteriology 184: 6100-6108. 732	  

Tilgner H, Grubert F, Sharon D, Snyder MP. 2014. Defining a personal, allele-specific, and 733	  
single-molecule long-read transcriptome. Proceedings of the National Academy of 734	  
Sciences of the United States of America 111: 9869-9874. 735	  

van der Woude MW, Braaten BA, Low DA. 1992. Evidence for global regulatory control of 736	  
pilus expression in Escherichia coli by Lrp and DNA methylation: model building 737	  
based on analysis of pap. Molecular microbiology 6: 2429-2435. 738	  

van der Woude MW, Henderson IR. 2008. Regulation and function of Ag43 (flu). Annual 739	  
review of microbiology 62: 153-169. 740	  

Walker BJ, Abeel T, Shea T, Priest M, Abouelliel A, Sakthikumar S, Cuomo CA, Zeng Q, 741	  
Wortman J, Young SK et al. 2014. Pilon: an integrated tool for comprehensive 742	  
microbial variant detection and genome assembly improvement. PloS one 9: e112963. 743	  

Wallecha A, Munster V, Correnti J, Chan T, van der Woude M. 2002. Dam- and OxyR-744	  
dependent phase variation of agn43: essential elements and evidence for a new role of 745	  
DNA methylation. Journal of bacteriology 184: 3338-3347. 746	  

Yan X, Fratamico PM, Bono JL, Baranzoni GM, Chen CY. 2015. Genome sequencing and 747	  
comparative genomics provides insights on the evolutionary dynamics and pathogenic 748	  
potential of different H-serotypes of Shiga toxin-producing Escherichia coli O104. 749	  
BMC microbiology 15: 83. 750	  

Zhou Y, Liang Y, Lynch KH, Dennis JJ, Wishart DS. 2011. PHAST: a fast phage search tool. 751	  
Nucleic acids research 39: W347-352. 752	  

Zowawi HM, Forde BM, Alfaresi M, Alzarouni A, Farahat Y, Chong TM, Yin WF, Chan 753	  
KG, Li J, Schembri MA et al. 2015. Stepwise evolution of pandrug-resistance in 754	  
Klebsiella pneumoniae. Scientific reports 5: 15082. 755	  

 756	  

757	  

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

The copyright holder for this preprint (which wasthis version posted August 11, 2017. ; https://doi.org/10.1101/173336doi: bioRxiv preprint 

https://doi.org/10.1101/173336
http://creativecommons.org/licenses/by/4.0/


28	  
	  

Acknowledgements: 758	  

This work was supported by Discovery Grant DP170103962 from the Australian Research 759	  

Council. J.C.P. is a National Health and Medical Research (NHMRC) Senior Principal 760	  

Research Fellow; S.A.B. is a NHMRC Career Development Fellow. 761	  

 762	  

Figure legends: 763	  

Figure 1: Comparison of E. coli 95JB1 and 95NR1 highlighting the position and context 764	  

of Stx-carrying prophage. (a) Pairwise nucleotide comparison of 95NR1 (top) and 95JB1 765	  

(bottom) chromosomes. The chromosomes of 95NR1 and 95JB1 are represented to scale by 766	  

the black bar with the Stx-carrying prophage insertion points indicated with red rectangles. 767	  

Popouts display schematic representations of the four Stx-carrying phage carried on one or 768	  

both strains.  769	  

(b) Pairwise nucleotide comparison of three Stx2-converting phage from 95NR1. Phi10 , 770	  

Phi14 and Phi15 are represented to scale. Prophage encoded proteins are represented by 771	  

arrows coloured as per the legend. Yellow and grey shading between phage represent regions 772	  

of homology from 71% (yellow) to 100% (grey) nucleotide sequence identity. Prophage 773	  

genes are coloured as per the legend. 774	  

 775	  

Figure 2: Comparison of 95JB1 and 95NR1 genome assemblies. 776	  

 Circos plot comparing prophage and IS content of 95JB1 (left) and 95NR1 (right). Putative 777	  

prophage regions are highlighted on the outer most track by coloured rectangles: Stx-778	  

converting (Red), myoviriadae (yellow), other (orange). Small, degenerate phage–associated 779	  

regions are highlighted on the outer most track in grey. The position and context of all IS 780	  

elements are represented by red bars on the middle track.  Draft Illumina assemblies of 95JB1 781	  
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and 95NR1, mapped to their complete genomes, are represented in black on the inner most 782	  

ring where assembly gaps are shown as white space. Green ribbons connect prophage 783	  

sequences common to both strains. Red lines connect IS that are common to both strains.  784	  

 785	  

Figure 3: Comparison of methylated DNA on the chromosomes of 95JB1 and 95NR1. 786	  

Circos plot displaying the distribution of methylated nucleotides on the chromosomes of E. 787	  

coli 95JB1 (left) and 95NR1 (right). Prophage insertion points are highlighted on the outer- 788	  

most track in orange with Stx-carrying prophage in red and myoviriadae in yellow. The 789	  

remaining coloured tracks highlight the chromosomal positions of all methylated sites for 790	  

each motif. Tracks are coloured as per the legend; GATC, red; CTGCAG, green; 791	  

CRARCAG, red.  792	  

  793	  
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Table 1: Assembly Statistics 794	  

Strain Number of  
SMRTCells 

Number of  
PacBio 
contigs 

PacBio 
contig N50 

(bp) 

Number of 
Illumina Contigs 

Illumina  
contig N50 

(bp) 
95JB1 2 4 5373164 179 91606 
95NR1 2 3 5462770 182 94405 

 795	  

Table 2. SNPs differentiating 95NR1 and 95JB1 796	  

Strain Base  
Change 

95JB1  
site 

95NR1 
 site 

Amino 
Acid  

Change 

Illumina* PacBio Annotation 

95JB1 C-T 587038 587038 P-L + + glxK (Glycerate 
kinase II 

95JB1 G-T 3227026 3227373 V-F + + End of Stx1 
prophage 

95JB1 G-A 3602596 3602945 E-K + + 
metK (Methionine  

adenosyltransferase 
1) 

95JB1 G-C 3813994 3814343 Stop 
codon-Y + + fadH (2,4-dienoyl- 

CoA reductase) 

p95JB1B G-C 20482 20477 P-A + +  

* SNPs identified by McAllister et al (McAllister et al. 2016) 797	  

 798	  

 799	  
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Table 3. Summary of Methyltransferase genes from the chromosomes of 95JB1 and 95NR1 801	  

MTase# Typea 95JB1 
Locus_tag 

95NR1 
Locus_tag 

Predicted 
Specificityb 

Homologa  
(% aa similarity) 

I IIb M.Eco95JB1I M.Eco95NR1I nonspecific M.EcoGI/GII(92.8/92.4) 
II IIb M.Eco95JB1II M.Eco95NR1II nonspecific M.EcoGI/GII(93.6/93.1) 
Dcm II M.Eco95JB1Dcm M.Eco95NR1Dcm CCWGG M.EcoGDcm (98.5) 
III IIP M.Eco95JB1III M.Eco95NR1III CTGCAG M.EcoGIII (99.7) 
IV IIP M.Eco95JB1IV M.Eco95NR1IV GATC M.EcoGV (99.6) 
V IIb M.Eco95JB1V M.Eco95NR1V ATGCAT M.EcoGVI (98.6) 

Dam IIa M.Eco95JB1Dam M.Eco95NR1Dam GATC M.EcoGDam (99.7 
) 

VI II - M.Eco95NR1VI GATC M.EcoGV (99.4) 

VII II - M.Eco95NR1VII GATC M.EcoVT2 (99.2) 

VIII II - M.Eco95NR1VIII GATC M.EcoVT2 (99.2) 

IX IIG M.Eco95JB1IX M.Eco95NR1IX CRARCAG* SenTFIV (76) 
X IIb M.Eco95JB1X M.Eco95NR1X SAY M.EcoGIX (96) 
a Methyltransferases were classified based on similarity searches with the Rebase database 802	  

bSpecificities only included if determined by PacBio 803	  

*Predicted recognition motif based on the in silico bioinformatic characterisation of all MTase in 95JB1 and 95NR1 804	  

 805	  
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Table 4. MTase recognition motifs identified in 95JB1 and 95NR1 

Motif Modification 
Type 

Number  
Detected 

Number  
in Chromosome 

Methylated  
(%) 

Mean 
IPD 
Ratio 

95JB1 
     

CTGCAG m6A 2390 2390 100.0 6.9934
053 

GATC m6A 41658 41686 99.9 5.6757
846 

      
95NR1 

     
CTGCAG m6A 2434 2434 100.0 7.1674

423 

CRARCAG m6A 4074 4074 100.0 7.1986
117 

GATC m6A 42242 42270 99.9 5.7941
27 
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