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Abstract	
  

The	
  outbreak	
   strain	
  of	
  E.	
   coli	
  O104:H4	
  has	
  been	
   sequenced	
  by	
   several	
   groups	
  and	
  made	
  available	
  

publically	
  for	
  CrowdSourcing	
  purposes.	
  	
  Genome	
  comparisons	
  of	
  the	
  complete	
  finished	
  sequence	
  of	
  
TY2482	
   (BGI),	
   have	
   been	
   made	
   with	
   the	
   draft	
   assemblies	
   of	
   c22711	
   (PacBio)	
   and	
   an	
   historical	
  
outbreak	
   strain	
   from	
   2001	
   (U.	
   Münster	
   &	
   Life	
   Technologies).	
   	
   A	
   plasmid,	
   pTY2,	
   carrying	
   the	
   agg	
  

operon	
  specifying	
  the	
  genes	
  for	
  aggregative	
  adherence	
  fimbriae	
  reveals	
  a	
  frameshift	
  in	
  a	
  gene,	
  aggB,	
  
that	
   may	
   result	
   in	
   altered	
   binding	
   in	
   vivo	
   compared	
   to	
   the	
   unframeshifted	
   state.	
   	
   Comparisons	
  
additionally	
  reveal	
  the	
  presence	
  of	
  genomic	
  islands	
  specific	
  to	
  the	
  outbreak	
  strain	
  relative	
  to	
  other	
  

sequenced	
  E.	
  coli	
  strains.	
   	
  These	
  regions,	
  and	
  islands	
  shared	
  with	
  the	
  closest	
  previously	
  sequenced	
  
relative	
   E.	
   coli	
   55989	
   have	
   been	
   analysed	
   for	
   insertion	
   sequences	
   and	
   transposable	
   elements.	
  	
  	
  
Several	
  islands	
  found	
  in	
  the	
  above	
  strains	
  that	
  are	
  not	
  present	
  in	
  other	
  sequenced	
  E.	
  coli	
  are	
  found	
  

to	
   harbour	
   a	
   large-­‐scale	
   expansion	
   of	
   mobile	
   elements	
   that	
   are	
   by	
   and	
   large	
   confined	
   to	
   these	
  
hotspot	
   or	
   permissive	
   areas	
   of	
   the	
   chromosome.	
   	
   The	
   implication	
   is	
   that	
   these	
   regions	
   are	
   in	
  
genomic	
   flux	
   and	
   may	
   represent	
   specific	
   areas	
   of	
   future	
   concern	
   due	
   to	
   the	
   possibility	
   of	
  

mobilisation	
  of	
   the	
  associated	
  genomic	
   features	
   likely	
   responsible	
   for	
   the	
  pathogenic	
   features	
  and	
  
antibiotic	
  resistance	
  seen	
  in	
  these	
  strains.	
  

Introduction	
  

In	
  May	
  2011,	
  Germany	
  reported	
  an	
  outbreak	
  of	
  a	
  severe	
  food	
  poisoning	
  caused	
  by	
  an	
  E.	
  coli	
  strain1.	
  

Specific	
   features	
   of	
   this	
   strain	
   included	
   the	
   ability	
   to	
   cause	
   Haemolytic	
   ureamia	
   syndrome	
   (HUS)	
  

symptoms	
  with	
  bloody	
  diarrhoea.	
  The	
  strain	
  was	
  serotyped	
  as	
  the	
  O104:H4	
  type,	
  rarely	
  seen	
  in	
  food	
  

poisoning.	
   	
   Numbers	
   of	
   serious	
   food	
   poisoning	
   cases	
   quickly	
   reached	
   epidemic	
   proportions.	
  	
  

Those	
   affected	
  by	
   this	
   outbreak	
  were	
  mainly	
   adults,	
   approximately	
   60%	
  were	
   female,	
   rather	
   than	
  

the	
  more	
   common	
  population	
  demographic	
   of	
   infants,	
   elderly	
   and	
   the	
   immunocompromised.	
   The	
  

number	
   of	
   affected	
   people	
   presenting	
  with	
   HUS	
   in	
   a	
   short	
   time	
   scale	
  was	
   described	
   as	
   unusual1.	
  

Salad	
  vegetables	
  were	
  initially	
  identified	
  as	
  the	
  carrier	
  foodstuff,	
  although	
  the	
  exact	
  food	
  source	
  was	
  

later	
   pinpointed	
   as	
   beansprouts	
   produced	
   on	
   factory	
   scale.	
   	
   However,	
   it	
   proved	
   difficult	
   to	
   find	
  

traces	
  of	
   the	
  bacterium	
  at	
   the	
  source	
   farm.	
  The	
  strain	
  was	
   later	
  discovered	
  on	
  beansprouts	
   in	
   the	
  

refuse	
   of	
   a	
   family	
   that	
   had	
   become	
   ill.	
   	
   Previous	
   reports	
   have	
   implicated	
   raw	
   sprouts	
   in	
   food	
  

poisoning	
  epidemics2,3.	
  

BGI	
   China	
   initially	
   sequenced	
   the	
   outbreak	
   strain	
   E.	
   coli	
   TY2482,	
   by	
   the	
   Ion	
   Torrent	
   and	
   Illumina	
  

platforms4.	
  The	
  sequence	
  was	
  provided	
  in	
  draft	
  form	
  to	
  the	
  scientific	
  community	
  as	
  a	
  CrowdSourcing	
  

project5.	
  BGI	
  subsequently	
  finished	
  the	
  assembly	
  to	
  completion.	
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CrowdSourcing	
   researchers6,7	
   found	
   that	
   the	
   strain	
   is	
  most	
   closely	
   related	
   to	
   the	
   E.	
   coli	
   55989,	
   a	
  

strain	
  originally	
   isolated	
  in	
  Central	
  Africa	
  some	
  years	
  ago	
  and	
  implicated	
  in	
  severe	
  diarrhoea	
  there.	
  	
  	
  

However,	
  the	
  outbreak	
  E.	
  coli	
  has	
  gained	
  a	
  phage	
  conferring	
  the	
  ability	
  to	
  make	
  the	
  Shiga	
  toxin8,1.	
  	
  

The	
  outbreak	
  strains	
  have	
  been	
  designated	
  EAHEC,	
  with	
  the	
  suggestion	
  that	
  they	
  are	
  close	
  relatives	
  

of	
   or	
   derived	
   from	
   EAEC	
   that	
   have	
   gained	
   the	
   ability	
   to	
   cause	
   haemolytic	
   uraemia	
   by	
   means	
   of	
  

obtaining	
   the	
   Shiga-­‐toxin	
   producing	
   bacteriophage,	
   but	
   do	
   not	
   carry	
   an	
   EHEC	
   locus	
   of	
   enterocyte	
  

attachment	
  and	
  effacement	
  (LEE)9,10	
  

In	
   total,	
   11	
   sequences	
  of	
   outbreak	
   isolates	
  have	
  been	
  made	
  publically	
   available	
   as	
   shown	
  below6.	
  	
  
	
  
TY2482	
   (BGI	
   in	
   collaboration	
   with	
   University	
   Medical	
   Centre	
   Hamburg-­‐Eppendorf)4	
  	
  
LB226692	
   (Life	
   Tech	
   in-­‐house	
   in	
   collaboration	
   with	
   University	
   of	
   Münster)11	
  	
  
H112180280	
   (released	
   earlier	
   with	
   a	
   454	
   scaffold)	
   plus	
   4	
   additional	
   isolates	
   (Health	
   Protection	
  
Agency,	
  Colindale,	
  UK)	
  	
  
Two	
  isolates,	
  GOS1	
  and	
  GOS2	
  (Göttingen	
  Genomics	
  Lab,	
  Germany)10	
  
C22711	
   sequenced	
   by	
   Pacific	
   Biosciences	
   in	
   addition	
   to	
   several	
   related	
   strains11	
  	
  
Historical	
   HUSEC041	
   O104:H4	
   isolate	
   (MLST	
   type	
   ST678)	
   from	
   2001	
   has	
   also	
   been	
   sequenced	
   by	
  
Univ.	
  Hospital	
  Münster	
  and	
  Life	
  Tech11.	
  
	
  

An	
  outbreak	
  of	
  food	
  poisoning	
  associated	
  with	
  HUS	
  was	
  later	
  reported	
  from	
  France12.	
  	
  This	
  outbreak	
  

was	
   initially	
  attributed	
  to	
  sprouted	
  seeds	
  served	
  at	
  a	
  school	
  fete.	
   	
  The	
  source	
  of	
  both	
  German	
  and	
  

French	
  outbreaks	
  are	
  attributed	
  to	
  the	
  consumption	
  of	
  raw	
  sprouted	
  seed	
  products3.	
  The	
  seeds	
  have	
  

become	
  contaminated	
  by	
  causes	
  unknown.	
  	
  

In	
   this	
   investigation,	
   genome	
   comparisons	
   of	
   the	
   above	
   publically	
   available	
   sequences	
   TY2482,	
  

c22711	
  and	
  an	
  outbreak	
  strain	
  of	
  the	
  HUSEC041	
  clone	
  from	
  2001	
  have	
  been	
  carried	
  out	
  to	
  identify	
  

sequences	
   unique	
   to	
   these	
   strains	
   that	
   may	
   explain	
   the	
   unusual	
   pathogenic	
   features.	
   	
   Particular	
  

genomic	
   variable	
   islands	
   have	
   been	
   identified	
   which	
   carry	
   a	
   massive	
   expansion	
   of	
   IS	
   and	
  

transposable	
  elements	
  highly	
  confined	
  to	
  these	
  regions	
  in	
  the	
  sequences	
  of	
  the	
  outbreak	
  strain	
  and	
  

of	
  its	
  closest	
  sequenced	
  relative,	
  the	
  EAEC,	
  E.	
  coli	
  55989.	
  

 

Methods	
  and	
  Materials	
  

Annotation	
   was	
   examined	
   using	
   the	
   Artemis	
   software13.	
   	
   IS	
   and	
   transposases	
   were	
   characterised	
  
using	
   Fasta	
   and	
  BlastP	
   against	
   the	
   non-­‐redundant	
   sequence	
   databases.	
   	
   	
   Each	
   prospective	
  mobile	
  
element	
  sequence	
  was	
  also	
  examined	
  with	
  Blastn	
  against	
  the	
  IS	
  element	
  database,	
  ISFinder14.	
  

Results	
  	
  

1.1	
  Chromosome	
  comparisons	
  



E.	
   coli	
   strains	
   were	
   compared	
   using	
   reciprocal	
   best	
  match	
   analysis.	
   	
   The	
   predicted	
   proteins	
  were	
  
plotted	
  as	
  a	
  circular	
  diagram	
  against	
  orthologous	
  genes	
  from	
  related	
  strains	
  as	
  shown	
  in	
  Figure	
  1.	
  

	
  

Figure 1 

Circular figure comparing the E. coli TY2482 chromosome against related organisms.  Circles from outermost to 
innermost represent the following:  DNA coordinates from TY2482 chromosome, coding sequences (CDS) from 
TY2482.  The magenta circle shows orthologous genes from the historical 2001 isolate.  Red circles show the 
orthologous genes from the following E. coli strains: 55989, CFT073, O157:H7, 24377A, O83H1, K12DH10B, 
HS, respectively.  The green circle represents Salmonella Heidelberg whilst the blue circle represents Shigella 
flexneri.  Black CDS matches at the top and two o’clock of the figure are matches to STEC phage.  The 
innermost circle shows a GC content plot.  

	
  

The	
   plasmids	
   were	
   similarly	
   compared	
   using	
   reciprocal	
   best	
   match	
   analysis.	
   	
   The	
   two	
   major	
  
plasmids,	
   pTY1	
   and	
   pTY2	
   were	
   concatenated	
   (laid	
   end-­‐to-­‐end)	
   for	
   this	
   analysis	
   to	
   allow	
   for	
   the	
  



possibility	
  of	
  plasmid	
  rearrangements	
  that	
  would	
  create	
  matches	
  across	
  the	
  two	
  major	
  plasmids	
  to	
  
one	
  single	
  plasmid	
  from	
  another	
  organism.	
  

The	
  results	
  of	
  this	
  analysis	
  are	
  shown	
  in	
  Figure	
  2.	
  	
  

	
  

	
  

Figure 2 

The sequences of pTY1 and pTY2 were laid end-to-end and used as a reference against orthologous genes from 
other plasmid genomes in order to check for cross plasmid matches.  From outermost to innermost the circles 
are as follows:  1. DNA coordinates for the concatenated pseudomolecule.  2. Orange represents pTY1 and 
yellow represents pTY2.  3. Royal blue indicates the predicted coding sequences of pTY1 and pTY2.  4. Green 
circles represent matches with a Salmonella plasmid, red matches are with E. coli plasmids.  Orthologous genes 
are shown on a single strand for clarity.  Green circle 1 = Salmonella Heidelburg, 2= Salmonella Kentucky, 3 = 
pEC_Bactec, 4 = pEK204, 5 = pECOED, 6 = Salmonella R64, 7 = pCoo, 8 = p746, 9  = p55989, 10 = pO86A1, 
11 = pAA, 12 = p666, 13 = pEK499, 14 = pEK516, 15 = GC content (%). 



In	
  total,	
  15	
  major	
  variable	
  regions	
  (VRs)	
  were	
  identified	
  in	
  the	
  chromosomes	
  of	
  the	
  outbreak	
  strains	
  
TY2482,	
  c22711,	
  outbreak	
  2001	
  and	
  55989	
  relative	
  to	
  other	
  sequenced	
  E.	
  coli	
  strains	
  with	
  particular	
  

reference	
  to	
  the	
  E.	
  coli	
  commensal	
  strain	
  HS15,16.	
  	
  These	
  regions	
  have	
  been	
  systematically	
  numbered	
  
with	
  their	
  major	
  constituent	
  coding	
  sequences	
  shown	
  in	
  Table	
  1.	
  

Table	
  1.	
  	
  Summary	
  of	
  major	
  Variable	
  Regions	
  (VRs)	
  

Region	
   Approximate	
  
coordinates	
  
(TY2482	
  sequence)	
  

Summary	
  of	
  constituents	
   Possible	
  
derivation	
  

VR1	
   1-­‐65686	
   Phage	
   phage	
  
VR2	
   280616-­‐314076	
   Phage	
   phage	
  
VR3	
   620670-­‐681089	
   Phage	
   phage	
  
VR4	
   812447-­‐850662	
   Phage	
   phage	
  
VR5	
   1009409-­‐1057971	
   Phage	
   phage	
  
VR6	
   1152832-­‐unclear	
   Phage	
   phage	
  
VR7	
   1602015-­‐1630327	
   Phage	
   phage	
  
VR8	
   1902693-­‐1924756	
   Hypotheticals	
  and	
  GTP	
  binding	
  factor	
  from	
  phage	
   unclear	
  
VR9	
   2262828-­‐2351785	
   Type	
  VI	
  secretion	
  proteins	
   mobile	
  	
  
VR10	
   2868642-­‐2904821	
   Arsenic	
  resistance,	
  peptidases	
   mobile	
  	
  
VR11	
   3114201-­‐3162558	
   Mobile	
  elements	
  and	
  antibiotic	
  resistance	
   mobile	
  	
  
VR12	
   3698419-­‐3748155	
   Aerobactin	
  siderophore	
  	
   mobile	
  	
  
VR13	
   3883383-­‐3949691	
   Sugar	
  transporters	
  and	
  synthesis	
   mobile	
  	
  
VR14	
   4326836-­‐4355752	
   Region	
  with	
  strong	
  similarity	
  to	
  that	
  from	
  VR9	
   mobile	
  	
  
VR15	
   5167132-­‐5228810	
   Phage	
   phage	
  
Mobile	
  =	
  mobile	
  element	
  

Variable	
  region	
  (VR)	
  15	
  carries	
  the	
  phage	
  stx	
  genes,	
  to	
  which	
  are	
  attributed	
  the	
  production	
  of	
  Shiga	
  
toxin.	
   	
   This	
   toxin	
   is	
   of	
   known	
   pathogenicity	
   and	
   has	
   been	
   described	
   as	
   the	
   cause	
   of	
   haemolytic	
  
uraemia	
  (HUS),	
  which	
  can	
  lead	
  to	
  kidney	
  failure17.	
  

From	
  these	
  variable	
  regions,	
  on	
  examination	
  six	
  showed	
  a	
  large	
  expansion	
  of	
  mobile	
  elements	
  and	
  

partial	
  mobile	
  elements.	
  The	
  VRs	
  may	
  occur	
  at	
  hotspot	
  or	
  permissive	
  regions.	
   	
  Regions	
  which	
  have	
  
putative	
  defined	
   integration	
  sites	
   include	
  VR3,	
   integrated	
   into	
  anaerobic	
  DMSO	
  reductase	
  chain	
  B;	
  
VR8,	
  smpB;	
  VR9,	
  tRNA	
  Phe	
  ,VR11,	
  tRNA	
  Sel;	
  VR13,	
  tRNA	
  Leu;	
  VR14,	
  tRNA	
  Thr.	
  	
  

Mobile	
  element	
  distribution	
  was	
  examined	
  in	
  E.	
  coli	
  strains	
  TY2482,	
  55989	
  and	
  the	
  commensal	
  E.	
  coli	
  

strain	
  HS.	
   	
  Whilst	
   each	
   isolate	
  may	
   show	
   variability	
   in	
  mobile	
   elements	
   present,	
  mobile	
   elements	
  
were	
   found	
   strongly	
   clustered	
   to	
   specific	
   islands	
   in	
   TY2482	
   and	
   55989.	
   	
   In	
   the	
   commensal	
  E.	
   coli	
  
HS15,16,	
  87	
  IS	
  elements	
  were	
  identified	
  by	
  the	
  previously	
  described	
  methods,	
  and	
  these	
  were	
  far	
  less	
  

clustered	
  than	
  in	
  TY2482	
  and	
  55989.	
  	
  

VR11	
   is	
   truly	
   unique	
   to	
   the	
   2011	
   outbreak	
   strain.	
   	
   In	
   particular,	
   VR11	
   possesses	
   15	
   partial	
   or	
  
complete	
   insertion	
   sequence	
   (IS)	
   elements	
   as	
   compared	
   to	
   a	
   total	
   of	
   103	
   identified	
   from	
   the	
  
annotation,	
  BLAST	
  and	
  ISFinder	
  across	
  the	
  entire	
  chromosome.	
  	
  For	
  a	
  region	
  the	
  length	
  of	
  VR11	
  at	
  48	
  

358	
   bp,	
   the	
   expected	
   amount	
   of	
   insertion	
   sequences	
   should	
   the	
   number	
   103	
   be	
   randomly	
  
distributed	
  across	
  the	
  chromosome	
  is	
  0.92.	
  	
  Hence	
  it	
  is	
  clear	
  that	
  there	
  is	
  a	
  large	
  expansion	
  of	
  mobile	
  
elements	
   in	
   this	
   region.	
   	
   VR11	
   additionally	
   carries	
   a	
   large	
   number	
   of	
   antibiotic	
   resistance	
   gene	
  

determinants	
  that	
  are	
  separated	
  from	
  each	
  other	
  either	
  by	
  partial	
  or	
  complete	
  mobile	
  elements.	
  The	
  



region	
  may	
  have	
  originally	
  derived	
  from	
  an	
  extra	
  chromosomal	
  element	
  or	
  integrated	
  plasmid	
  since	
  
both	
  a	
   replication	
  protein	
  and	
  a	
  partial	
   repA	
   gene	
  are	
  present.	
   	
   The	
  GC	
  content	
  of	
  VR11	
   is	
   a	
  high	
  

55.8%	
  rather	
  than	
  the	
  overall	
  chromosomal	
  composition	
  of	
  50.8%.	
  	
  Supposing	
  the	
  GC	
  content	
  tends	
  
to	
   the	
   average	
   for	
   a	
   genome	
  over	
   time	
  according	
   to	
   stabilising	
   selection,	
   taken	
   together	
  with	
   the	
  
lack	
  of	
  this	
  region	
  found	
  in	
  other	
  related	
  strains,	
  this	
  is	
  highly	
  suggestive	
  of	
  a	
  recent	
  transfer	
  event.	
  	
  

VR11	
  has	
   interrupted	
  a	
   tRNA,	
  a	
  known	
   indicator	
  of	
  a	
  hotspot	
   region	
   for	
  DNA	
   integration18,19.	
   	
   The	
  
tRNA	
  shares	
  closest	
  matches	
  to	
  that	
  for	
  selC,	
  selenocysteine.	
  	
  Integrations	
  in	
  this	
  region	
  have	
  been	
  
previously	
  described	
  in	
  other	
  E.coli	
  strains19.	
  

VR11	
  partially	
  shares	
   features	
  as	
  a	
  chromosomal	
  element	
  with	
  Salmonella	
  enterica	
  subsp.	
  enterica	
  

serovar	
  Heidelberg.	
   	
   Figure	
   3	
   shows	
   the	
   BLASTn	
  matches	
   of	
   VR11	
   as	
   compared	
   to	
   the	
   equivalent	
  
region	
  from	
  Salmonella	
  Heidelberg.	
  	
  

Figure	
  3.	
  

	
  

	
  

Figure 3. 

Red bars indicate regions of forward matches of VR11 to the Salmonella Heidelberg sequence.  Blue bars 
indicate reverse matches.  The TY2482 sequence is shown at the top of the figure whilst the Salmonella 
Heidelberg sequence is shown at the base of the figure.  Annotated genes are shown as coloured boxes on the 
TY2482 sequence.  Pink boxes indicate mobile elements and royal blue boxes indicate antibiotic resistance 
genes. 

The	
  N	
  terminal	
  region	
  of	
  VR11	
  shares	
  the	
  closest	
  sequence	
  matches	
  with	
  Salmonella	
  sequences	
  and	
  

Salmonella	
  plasmids,	
  whereas	
  the	
  C-­‐terminal	
  region	
  shares	
  the	
  closest	
  sequence	
  identity	
  with	
  other	
  
E.	
  coli	
  sequences	
  and	
  Shigella	
  flexneri.	
  	
  



The	
   antibiotic	
   and	
   other	
   resistances	
   putatively	
   encoded	
   by	
   VR11	
   include	
   sulphonamide,	
   beta	
  
lactams,	
   two	
   streptomycin	
   or	
   other	
   aminoglycosides,	
  mercury,	
   tetracycline	
   and	
   a	
   drug	
   permease.	
  	
  

Also	
  present	
  is	
  an	
  autotransporter	
  and	
  a	
  haemolysin	
  expression	
  modulating	
  protein	
  as	
  well	
  as	
  YeeV-­‐
YeeU	
  toxin-­‐antitoxin	
  system	
  that	
  targets	
  other	
  bacterial	
  cells.	
  	
  	
  	
  

Further	
   resistances	
   in	
   the	
   genome	
   such	
   as	
   heavy	
   metal	
   and	
   third	
   generation	
   cephalosporins	
   are	
  
present	
  elsewhere.	
  

1.2	
  Plasmid	
  comparisons	
  

1.2.1	
  Plasmid	
  pTY1	
  	
  

The	
   plasmid	
   here	
   denoted	
   pTY1	
   (CTX-­‐bla-­‐TEM,	
   IncI1	
   type	
   plasmid),	
   88	
   695	
   bp,	
   is	
   conjugative	
   and	
  

additionally	
   possesses	
   a	
   shufflon	
   of	
   the	
   type	
   found	
   in	
   Salmonella	
   plasmid	
   R64	
   and	
   plasmid	
   p746	
  
from	
  E.	
  coli	
  strain	
  p139220,16.	
  	
  This	
  shufflon	
  acts	
  to	
  alter	
  the	
  tip	
  of	
  the	
  conjugative	
  pilus	
  protein,	
  pilV	
  
to	
  allow	
  attachment	
  and	
  the	
  passing	
  of	
  genetic	
  material	
  to	
  different	
  strains	
  of	
  E.	
  coli	
  and	
  relatives20.	
  	
  

This	
  plasmid	
  also	
  encodes	
  beta	
   lactamase	
   resistance.	
   	
  There	
  are	
  4	
  putative	
  mobile	
  element	
  genes	
  
present	
  on	
  this	
  plasmid.	
  

1.2.2	
  Plasmid	
  pTY2	
  

Plasmid	
  pTY2	
  (IncFIIA/FIIB	
  type),	
  75	
  330	
  bp,	
  carries	
  the	
  agg	
  operon	
  involved	
  in	
  the	
  production	
  of	
  the	
  
aggregative	
  adherence	
  fimbriae	
  and	
  also	
  carries	
  47	
  partial	
  or	
  complete	
  mobile	
  elements.	
  	
  

The	
  distribution	
  of	
  the	
  mobile	
  elements	
  on	
  this	
  plasmid	
  as	
  compared	
  to	
  those	
  on	
  the	
  chromosome	
  in	
  

terms	
  of	
  the	
  particular	
  IS	
  element	
  families	
  present	
  are	
  shown	
  in	
  Figure	
  4.	
  	
  The	
  distribution	
  of	
  families	
  
is	
   not	
   the	
   same	
   as	
   those	
   from	
   the	
   chromosome,	
   suggesting	
   a	
   horizontal	
   transfer	
   event	
   such	
   as	
  
conjugation	
  has	
  occurred	
  from	
  a	
  related	
  organism.	
  

Figure	
  4.	
  



	
  

Figure 4.  Families of IS elements located to the chromosome and the plasmid pTY2.  Green indicates IS 
element families located to pTY2, whilst blue indicates IS element families located to the chromosome. 
The profile of the IS element families differs except with respect to IS66 and IS3 families.  This is suggestive of a 
lateral gene transfer event for the pTY2 plasmid, which is in keeping with our knowledge of the history of this 
strain. 
	
  

Manual	
  annotation	
  of	
   the	
  agg	
  operon	
  of	
  pTY2	
   from	
  TY2482	
   indicates	
  a	
   frameshift	
   centrally	
   in	
   the	
  
aggB	
   gene	
   (Figure	
   5).	
   	
   The	
   gene	
   product	
   of	
   aggB	
  was	
   previously	
   described	
   as	
   non-­‐essential	
   for	
  
aggregation,	
  however,	
   it	
  may	
  alter	
   the	
  properties	
  of	
   aggregative	
  binding21.	
   	
   This	
   frameshift	
   is	
   also	
  

present	
  in	
  many	
  of	
  the	
  reads	
  of	
  the	
  c22711	
  sequence	
  from	
  PacBio,	
  which	
  may	
  be	
  indicative	
  of	
  its	
  in	
  
situ	
  presence	
  in	
  the	
  outbreak	
  E.	
  coli	
  strains.	
  

Figure	
  5A	
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Figure 5A 

An Artemis view of the annotation of the agg operon from pTY2.  The agg operon of pTY2 showing the aggB 
gene with a putative frameshift mutation. 

Figure 5B 

Reads from the c22711 PacBio seqence overlaid on pTY2 sequence.  The c22711 strain possesses a SNP G->T 
relative to the TY2482 pTY2 sequence.  A long homopolymeric run of guanines are situated adjacent to the 
potential frameshift in aggB.   Approximately half of the reads from c22711 have an extra G leading to a 
frameshift like the sequence of TY2482.  Examination of the reads in this region from two of the Illumina 
sequenced isolates from HPA, Colindale, UK shows that most although not all of the reads support a frameshift 
in aggB, with an additional synonymous SNP T->G located just downstream from the frameshift present in some 
of the reads.  It could be possible that both the frameshifted and non-frameshifted forms of this gene are present 
in subsets of cells of these outbreak strains along with the SNP. 

	
  

Also	
   carried	
   on	
   this	
   plasmid	
   are	
   the	
   error	
   repair	
   genes	
   impAB	
   and	
   both	
   a	
   complete	
   and	
   an	
  
interrupted	
   copy	
   of	
   the	
   IgA1	
   protease	
   gene.	
   	
   This	
   protease	
   has	
   previously	
   been	
   implicated	
   as	
   a	
  
virulence	
  determinant22.	
  

1.2.3	
  Plasmid	
  pTY3	
  

Plasmid	
   pTY3	
   appears	
   to	
   be	
   a	
   1	
   549	
   bp	
   entirely	
   selfish	
  DNA	
  plasmid6,23,	
   highly	
   related	
   to	
   plasmid	
  

pO26-­‐S1	
   previously	
   isolated	
   from	
   the	
   Shiga	
   toxin	
   producing	
  E.	
   coli	
   O26:H11	
   strain	
   H30.	
   	
   The	
   sole	
  
identifiable	
  gene	
  on	
  this	
  sequence	
  is	
  repA	
  and	
  no	
  mobile	
  elements	
  are	
  found	
  on	
  this	
  plasmid.	
  	
  Such	
  
short	
  selfish	
  DNA	
  plasmids	
  have	
  been	
  seen	
  previously	
  as	
  E.	
  coli	
  pKL124	
  and	
  the	
  Bacteriovorax	
  marinus	
  

plasmid	
  pBMS125.	
  

Discussion	
  

The	
  genome	
  sequence	
  of	
  the	
  outbreak	
  E.	
  coli	
  O104:H4	
  was	
  examined	
  very	
  rapidly	
  by	
  CrowdSourcing	
  
analyses.	
  	
  In	
  future	
  this	
  may	
  represent	
  a	
  method	
  to	
  look	
  at	
  genomes	
  of	
  medically	
  relevant	
  bacteria	
  in	
  
a	
  very	
  timely	
  fashion.	
  	
  The	
  main	
  features	
  of	
  a	
  genome	
  may	
  be	
  elucidated	
  rapidly	
  by	
  CrowdSourcing	
  



means,	
  however,	
  there	
  is	
  still	
  plenty	
  of	
  scope	
  for	
  more	
  in-­‐depth	
  analysis	
  that	
  could	
  reveal	
  substantial	
  
additional	
  clues	
  to	
  prevent	
  further	
  outbreaks.	
  

The	
  genome	
  sequence	
  of	
  the	
  outbreak	
  E.	
  coli	
  O104:H4	
  putatively	
  represents	
  a	
  means	
  to	
  look	
  at	
  an	
  

evolutionary	
   event	
   that	
   has	
   very	
   recently	
   occurred.	
   	
   From	
   the	
   severe	
   and	
   recent	
   symptoms	
   not	
  
previously	
  before	
  seen,	
  we	
  must	
  infer	
  that	
  the	
  genome	
  has	
  in	
  some	
  way	
  mutated	
  or	
  picked	
  up	
  DNA	
  
from	
  another	
  source	
  by	
   transfection,	
   transduction	
  or	
  conjugation.	
   	
  An	
  alternative	
  explanation	
  that	
  

clearly	
  does	
  not	
  appear	
  to	
  be	
  the	
  case	
  would	
  be	
  that	
  of	
  zoonosis.	
  	
  

Potentially	
  transferred	
  regions	
  containing	
  a	
  large	
  expansion	
  of	
  mobile	
  elements	
  may	
  have	
  previously	
  
resided	
   in	
   a	
   related	
   strain	
   that	
   was	
   subject	
   to	
   high	
   amounts	
   of	
   transposition	
   or	
   mobile	
   element	
  
activity,	
  possibly	
  as	
  a	
  result	
  of	
  exposure	
  to	
  environmental	
  stressors.	
  As	
  a	
  group	
  EHEC	
  are	
  known	
  to	
  

carry	
  large	
  amounts	
  of	
  mobile	
  elements	
  and	
  phage	
  DNA26.	
  	
  The	
  outbreak	
  strain	
  has	
  been	
  described	
  
as	
   EAHEC,	
  hence	
   the	
  mobile	
   element	
  distribution	
   is	
   called	
   into	
  question.	
   	
   From	
   the	
   results	
   of	
   this	
  
study,	
   the	
  number	
  of	
  mobile	
  elements	
   is	
  not	
  vast,	
  and	
   they	
  are	
  particularly	
   found	
  associated	
  with	
  

specific	
  integrated	
  regions	
  such	
  as	
  VR11.	
  

The	
   outbreak	
   strain	
   also	
   harbours	
   three	
   plasmids,	
   pTY3	
   is	
   'selfish'	
   containing	
   only	
   replication	
  
apparatus,	
  pTY1	
   is	
   an	
   IncI1	
   type	
  bla-­‐CTX-­‐M15	
   that	
  bears	
   strong	
   resemblance	
   to	
  other	
   IncI1	
  E.	
   coli	
  
plasmids	
  carrying	
  bla	
  genes for	
  beta-­‐lactam	
  antibiotic	
  resistance	
  and	
  a	
  conjugative	
  apparatus	
  with	
  a	
  

shufflon	
  system	
  similar	
  to	
  that	
  seen	
  in	
  Salmonella	
  and	
  enterotoxigenic	
  E.	
  coli	
  H10407.	
  	
  It	
  is	
  possible	
  
that	
   this	
   apparatus	
   can	
   also	
   enhance	
   the	
   ability	
   of	
   the	
   organism	
   to	
   attach	
   to	
   surfaces.	
  	
  
The	
   pTY2	
   plasmid	
   is	
   known	
   as	
   an	
   enteroaggregative	
   (Eagg)	
   plasmid,	
   however,	
   it	
   shows	
   significant	
  

differences	
  to	
  other	
  plasmids	
  of	
  this	
  type,	
  including	
  the	
  plasmid	
  from	
  E.	
  coli	
  55989.	
  	
  	
  
The	
  agg	
  operon	
  shows	
  a	
  frameshift	
  in	
  the	
  aggB	
  gene.	
  	
  Mutations	
  in	
  this	
  gene	
  have	
  previously	
  been	
  

suggested	
   to	
   result	
   in	
   altered	
   binding	
   to	
   targets.	
   	
   Sequencing	
   reads	
   from	
  different	
  NGS	
  platforms	
  
show	
   the	
   presence	
   of	
   both	
   frameshift	
   and	
   non-­‐frameshift	
   reads	
   in	
   addition	
   to	
   the	
   presence	
   or	
  
absence	
   of	
   a	
   nearby	
   synonymous	
   SNP	
   G-­‐>T.	
   	
   It	
   is	
   possible	
   that	
   both	
   types	
   could	
   co-­‐exist	
   in	
   cell	
  

populations.	
  

A	
  major	
  finding	
  from	
  this	
  study	
  is	
  that	
  the	
  distribution	
  of	
  families	
  of	
  IS	
  elements	
  found	
  on	
  pTY2	
  are	
  
not	
   the	
   same	
   as	
   the	
   families	
   of	
   IS	
   elements	
   on	
   the	
   chromosome,	
   which	
   points	
   to	
   pTY2	
   having	
  
previously	
  been	
  harboured	
  by	
  an	
  alternate	
  strain	
  and	
  gained	
  by	
  TY2482	
  by	
  a	
  horizontal	
  gene	
  transfer	
  

event	
  such	
  as	
  conjugation.	
  

A	
  timeline	
  for	
  genomic	
  events	
  is	
  suggested	
  in	
  Figure	
  6.	
  

	
  



Figure	
  6	
  

E. coli 55989 was isolated c. 1999.  A converting phage was gained in a relative of this EAEC, and a small phage 
region was lost to form the 2001 outbreak strain.  Post 2001, a p55989-like plasmid was lost and three other 
plasmids were gained in addition to antibiotic resistance gene cluster, VR11. 

Chromosomal	
   regions	
   that	
  are	
   truly	
  unique	
   to	
   this	
   strain	
   include	
  phage-­‐derived	
   regions	
  and	
   those	
  
associated	
  with	
  mobile	
  elements.	
  	
  In	
  addition,	
  the	
  vast	
  expansion	
  of	
  mobile	
  elements	
  on	
  the	
  plasmid	
  

pTY2	
  and	
  in	
  vital	
  specific	
  and	
  regions	
  unique	
  to	
  this	
  strain	
  may	
  indicate	
  an	
  evolutionary	
  strategy	
  for	
  
rapid	
  change	
   for	
   this	
  organism.	
  These	
   inserted	
   regions	
   likely	
   reside	
   in	
   specific	
  hotspots	
   for	
   foreign	
  
DNA	
  insertion.	
  

It	
   is	
   not	
   known	
   whether	
   the	
   expansion	
   of	
   mobile	
   elements	
   in	
   this	
   strain	
   could	
   explain	
   its	
   high	
  

virulence	
  or	
  what	
  allowed	
  it	
  to	
  cause	
  such	
  a	
  devastating	
  foodborne	
  outbreak,	
  however,	
  it	
  could	
  be	
  a	
  
factor	
   in	
   increased	
   virulence,	
   gaining	
   a	
   foothold	
   and	
   in	
   particular	
   in	
   gaining	
   antibiotic	
   resistance	
  

genes.	
   	
  Whilst	
   treatment	
  with	
   antibiotics	
  may	
   be	
   contraindicated	
   in	
   outbreak	
   cases	
   involving	
   the	
  
Shiga	
   toxin,	
   in	
  some	
  cases	
  antibiotic	
   treatment	
  has	
  been	
  used.	
   	
   In	
  addition,	
   recent	
   transfer	
  events	
  
involving	
  antibiotic	
  resistance	
  are	
  always	
  a	
  cause	
  for	
  concern.	
  

Prediction	
  of	
  future	
  food	
  poisoning	
  epidemics	
  are	
  not	
  currently	
  possible,	
  however,	
  a	
  strain	
  carrying	
  

many	
   virulence	
   determinants	
   such	
   as	
   the	
   genetic	
   backbone	
   of	
   the	
   current	
   outbreak	
   strain	
  would	
  
seem	
  to	
  be	
  at	
  a	
  high	
  risk	
  of	
  gaining	
  sequences	
  that	
  will	
  allow	
  it	
  to	
  cause	
  a	
  severe	
  outbreak.	
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