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1. INTRODUCTION

The species Escherichia coli includes both non-pathogenic and pathogenic strains found
in the intestinal tract of mammals and birds. While E. coli is the most thoroughly studied
bacterial species in the microbial world, much remains to be discovered about the genetic
potential of pathogenic and non-pathogenic strains of this organism. Over the past several
decades, E. coli has served as a model organism for the study of many of the fundamental
processes of prokaryotic molecular biology, biochemistry, and evolution. A number of genome
sequences of E. coli were published and have been deposited in the public databases over the
past decade, and reveal the incredible diversity of this species. The typical E. coli genome is
between 4.5 and 5.5 million base pairs (Mbp) in length (Blattner et al. 1997; Perna et al. 2001;
Welch et al. 2002; Rasko et al. 2008, Touchon et al. 2009), encoding approximately 4500 to
5500 genes. By extrapolating current data, it is predicted that only about 2200 genes are
conserved in all members of the species (the core genome) (Rasko et al. 2008, Touchon et al.
2009). The pan genome, or the total number of unique genes found in a species, is currently
estimated to be over 20,000. E. coli is also thought to have an “open genome”, as approximately
300 new genes (ie. about 6% of the total genes in any given strain) are annotated with every
subsequent genome sequenced. In comparison, it is suggested that the pan genomes of
Streptococcus pyogenes and Streptococcus agalactiae only grow by 1.5% (about 30 genes) with
each new genome sequence reported, and the pan genome of Bacillus anthracis is completely
known after sequencing only four strains (Tettelin et al. 2005). Therefore, while the sequences
of many E. coli genomes have been characterized thus far, there is still much to be learned about
the genetic potential of this organism.

Strains of E. coli commonly associated with food poisoning and other serious human
illnesses often produce shiga toxins (Stx), a family of related protein toxins encoded by lambdoid
prophages with two major types of Stx1 and Stx2. Shiga toxin was originally described from
Shigella dysenteriae by Japanese bacteriologist Kiyoshi Shiga. Further studies showed that
Shiga-like toxins were also expressed in other bacterial species such as enterohemorrhagic E.
coli strains. Over 100 serotypes of Shiga toxin-producing E. coli (STEC) have been associated
with human infections, including the most common serotype E. coli O157:H7, a major food-
borne pathogen that has been implicated in many food-poisoning outbreaks worldwide. It is
estimated that E. coli O157:H7 causes greater than 73,000 cases of illness and 61 deaths in
humans due to hemolytic uremic syndrome (HUS) and hemorrhagic colitis (HC) each year in the
United States. A

total of 70 Table 1. Complete genome sequences of non-0157 STEC
serogroups of Gene Bank Acc. No. E. coli serotype Strain # Genome size Publication
Eon'?)157 STEC AP010960 0111:H- 11128 5371077bp  Ogura et al. 2009

ave . een, AP010958 0103:H2 12009 5449314 bp Hattori et al. 2009
described in the

. AP010953 026:H11 11368 5097240 bp Ogura et al. 2009
literature, and

FM180568 0127:H6 E2348/69 4965553 bp Iguchi et al. 2009

non-O157 strains
belonging to
serogroups 026, 045, 091, 0103, O111, O121, and O145 and others have become important
public health problems in the United States, and cause an estimated 37,000 cases of illness and
30 deaths each year (Mead et al. 1999, Tozzi et al. 2003, Sonntag et al. 2004). Since 2000, non-
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0157 STEC infections became notifiable to the National Notifiable Disease Surveillance System
in the Unites States. Increases in the incidence of disease caused by non-O157 STEC may be due
to a change in the pathogen and/or an increased awareness of their role in human illness. The
importance of STEC strains to E. coli community is also evidenced by the large number of
publications in the last 10 years (ca. 4500) as well as the holding of numerous international
conferences on Shiga-toxin producing E. coli strains. Finally, although several strains of E. coli
O157:H7 have been sequenced, the genomes of only 4 of the 70 non-O157 STEC strains
(serogroups 026, O111, 0103 and O127) have been characterized thus far (Iguchi et al. 2009,
Ogura et al. 2009; Table 1). It is widely recognized that this lack of genome scale information
considerably limits our understanding of the genetics, pathogenic potential, and

evolutionary history of this important group of organisms.

The proposed project seeks to help fill this knowledge gap through obtaining complete
genome sequence information of five major human and animal pathogenic groups of E. coli. For
two of these groups, the non-O157 STEC (n = 23 isolates) and non-STEC O157 (n = 4 isolates)
groups, we propose sequencing of the genomes to completion to enable a rigorous comparative
genomics analysis of this important group of human pathogens. For the other three groups,
diarrheagenic E. coli (n = 21 isolates), Extraintestinal pathogenic E. coli (n = 8 isolates), and the
reference isolates from international E. coli serotype collection (n = 112 isolates), we propose
only draft sequencing so as to determine the genetic potential and mechanisms of pathogenesis of
this important group of human and animal pathogens.

We note that the isolates were carefully selected by the community on the basis of their
frequent isolation as human and animal pathogens, and the fact that they are well characterized in
terms of virulence gene content and pathogenicity. We believe that the availability of the whole
genome sequences of multiple O groups of STEC will enable researchers to: (a) Identify and
determine the role and relevance of genes encoding virulence factors such as extracellular toxins,
cell-surface antigens, and other molecules implicated as determinants of pathogenicity and
disease specificity. (b) Study the molecular mechanisms involved in generating host specificity
of clones recovered from human and animal infections. (c) Elucidate the molecular basis for the
nonrandom association of certain bacterial clones with specific disease conditions in humans and
other mammalian hosts. (d) Examine molecular mechanisms involved in the rise of new and
unusually virulent bacterial clones and, (e) Identify specific genes and proteins suitable for use in
the development of the next generation of diagnostic, therapeutic and immunoprophylactic
agents.
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2. BACKGROUND AND RATIONALE

Strains of E. coli are classified on the basis of somatic “O” antigens that are present on
the surface of the bacteria. The O antigen is the polysaccharide unit of the gram-negative
lipopolysaccharide (LPS), which is exposed on the surface of the bacteria. O-antigens are
important virulence factors that are targets of both the immune system and bacteriophages. O-
antigen specificity is very important for adaptation (Reeves, 1992), and its variation plays an
important role in evasion of the host defenses (Reeves, 1995). The E. coli serotypes, therefore,
are of great importance in epidemiological studies, in tracing the source of the outbreaks of
gastrointestinal or other illness, or for linking the source to the infection. The O antigen gene
cluster is responsible for O antigen production. Fig 1 shows the composition of O antigen gene
clusters for the biosynthesis of O antigens of O118 and O151 strains that only differ by two
nucleotides out of 13283 (Liu et al. 2008), suggesting that these two O groups are likely clonal
and identifying a genetic basis for the differences in antigenic structure and immunological

Fig. 1. Comparison of genes in the O-antigen clusters of different O serogroups (the aa changes are
absent for O151)

o151 whhU | wax whhV whhW | wbhX | wbhY | wbuZ | fid fmiB fmiC | wbuB | wbhuC
whhl | wax whh v whhW | wbhX | wbh¥ | wbuZ | fld JhiB mlc | wbuB | whuC

1

whgA | whgB | rmiB | rmi4 vioA whgC | wbgD wax wbgG ) wbgH | wqul

0103

1N
:

o121 rmlA whid | whbiB | whiC wax whtD | whtE galE
O43 rmiB wbhP | wbhC | wbhR whhs milC whhT wex whh W rmlA |
| dehydratase ‘ epimerase ‘ transferase ‘ isomerase ! polymerase ‘ flippase

reactivity of the O antigens between these two serotypes. Thus, a better understanding of the
DNA sequences within the O-antigen gene cluster as well as a comparative genome scale
analysis of variation in content and sequence of other genes in the genome among STEC
will shed new light on the genetic basis of the evolution and mechanisms of virulence of this
important group of organisms.

Recent studies from the DebRoy laboratory show that while most of the O antigen gene
clusters are unique in terms of gene content, some clusters only differed by a few nucleotides
(Liu et al. 2008, Wang et al. 2007), suggesting that O-serotyping of E. coli may lead to false
conclusions about their genetic background. Hence, the availability of complete genome
sequences of the isolates of E. coli as proposed herein will enable the development of the
next generation of molecular diagnostic tools for superior genetic and virulence typing of
isolates of this major human and animal pathogen.

It has been observed that the virulence genes that confer pathogenicity of E. coli strains
are specific not only for the serotypes but also for the host species from which they are derived
from. For example E. coli O2 and O78 carrying the virulence genes such as iss or tsh are
commonly found in avian spp. whereas strains belonging to serogroup O147 carrying virulence
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genes fedA are only recovered from pigs. While E. coli O157:H7 are highly pathogenic to
humans and cause HUS, they are not pathogenic to cows, goats, giraffes and other animals and
are abundant in these host species (DebRoy and

Roberts, 2006). However, the molecular basis of Table 2. Frequency and serogroup of

virulence and host association for certain O commonly recovered STEC isolates at the
serogroups of E. coli is not understood, and it is ECRC.
anticipated that the availability of genome % of
sequences of these isolates may help elucidate 0 type Tt s epath
the molecular mechanisms involved in the rise of 5 2120 57 %2
new and unusually virulent bacterial clones and 5 588 158 36 -
their host association. 8 3044 8.2 15
11 451 1.2 8.4

Strain Selection of isolates for complete genome 2 544 e -
sequencing. Three criteria were used in the 32 ii: 076 ig
selection of the isolates proposed for sequencing: a8 <02 135 %6
(1) a high frequency of isolation of strains from 91 596 161 14.6
diseased humans and animals; (2) common STEC 103 350 0.94 40
recovered from major domestic animal species 111 413 11 436
(e.g., cows, pigs, and birds) with major contribution = 220 059 30

. . . . 121 124 0.32 37.5
to the infectious disease burden from STEC in 128 208 08 232
humans; and (3) well-characterized and described 145 178 0.48 65
strains used for the investigation of the evolution 147 157 0.42 70.6
and pathogenicity of E. coli by a large community 153 318 0.85 267
of scientists. In addition, contemporary non-O157 szlzher 7 EOC:“O — cai?ed - St)‘(‘i-?solates
STEC strains isolated from food (USDA strain and were not inclu%ied ‘;Or sequencing
from ground beef), water and fresh produces are *Path yellow to red depicts moderately
also proposed to be included. pathogenic — highly-pathogenic.

It is important to note that the selected
strains were identified to represent the extent of genetic diversity amongst STEC strains of E.
coli, based on data from over 37,000 E. coli clinical isolates serotyped at Penn State’s E. coli
Reference Center over the past 50 years. This represents the most comprehensive surveys of its
type. The Center collects data frequency with which each serotype is observed, the host species,
and the presence of known and putative virulence genes (Table 2).

As noted above, much of the focus from an epidemiologic, microbiologic, genomic, and
diagnostic standpoint has been on E. coli O157:H7 that are STEC. However, it is increasingly
recognized that in addition to non-O157 STEC isolates being a major cause of disease, several
studies show that strains of E. coli that carry the O157 antigen but that do not contain the shiga-
toxin genes may be as frequently isolated from fecal specimens and or contaminated food and
water as are shiga-toxin producting isolates of O157. This remarkable observation provides an
excellent opportunity for a thorough comparative genomic analysis that will enable a better
understanding of the genetic basis of evolution of virulence in this major group of pathogens.

Hence, we propose to carry out the complete genome sequencing of both non-O157
STEC (n =23) and non-STEC O157 (n = 4) isolates that have been carefully selected based on
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the criteria defined above and after soliciting broad community input. Table 3 below details the
characteristics of the proposed isolates for sequencing.

From a fundamental standpoint, the large dataset generated by this research will serve as
an initial starting point for studies directed at understanding the ecology of E. coli. For example,
it is well appreciated now that human pathogenic strains such as E. coli O157:H7 are not simply

benign strains that have acquired a

Table 3. List of major serogroups of non-0157 STEC isolates and few toxin genes, but often are strains
non-STEC 0157 isolates proposed for complete genome sequencing. that share fewer than 70% of their
Strain No. Otype Htype stxl stx2 Host Species

genes with other well-characterized
1.2741 2 4 - + cow E. coli (Welch et al. 2002) The

1
) 97,0246 s . . cow genome sequc?n}(;‘es‘can l;le used fi)r
3 5 0588 g . . cow providing insights into the complex
phenomena such as host specificity
4 97.0259 11 - + cow . . .
and evolution of virulent strains. The
5  96.1528 26 11 - + human . . .
! rapid progression of E. coli O157:H7
6 H30 26 1 * ) human from an unknown strain in 1982 to a
7 95041 45 2 o human widespread cause of foodborne illness
8 1.2264 76 4 goat worldwide a few years later
9 97.0264 88 25 + + cow highlights the critical need to
10  96.0497 91 21 + human understand the potential of this
11 99.0741 91 + + food species to acquire and lose genes, and
3.2608 103 2 N } horse also to alter the regulation of existing
12 genes. The data will also serve as the
13 930624 103 6 o human basis for correlation of genome
14 4.0522 111 * * cow sequence with pathogenicity. In
15 JB1-95 111 + + human addition, Shelton et al. of USDA have
16 96.154 113 12 - + human isolated and identified a number of E.
17 5.0959 121 19 - + ? coli O157 non-H7 serotype strains
18 0.2732 121 . . pig from environmental samples (Shelton
19 90111 128 ) P human et al., 200‘3; 2004, 2096).. Serological
20 4.0967 145 5 ) . rabbit aﬁld genetic fcllllaracterlgatl(zln showed
”n 53916 147 i . oig that some o t‘ ese strains do not. '
possess any virulence factors, raising
22 3.3884 153 + + cow . . .
a question about selection and genetic
23 97.0263 174 T cow .
transfer and exchange of virulence
24 USDA-28 157 12 : ; water genes between E. coli serotypes.
25 USA-3.2303 157 16 - - water Feng et al. of FDA have further
26 USDA.3003 157 45 - - water investigated 19 strains of O157 non-
27 ARG-HC7793 157 39 - - water H7 serotype and revealed that these

strains were belong to a new clonal
group with genetic distant to the known O157 STEC strains (unpublished data, 2009). In this
project, we will select representative strain of E. coli O157 non-H7 serotype from USDA
bacterial collections for whole genome sequencing to better understand the spread and evolution
of the virulence genes in STEC.
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Strain Selection and draft genome sequencing of major pathogenic E. coli groups. As noted
above, non-STEC E. coli are responsible for many different disease manifestations in humans.
For instance, the diarrheagenic E. coli (DEC) strains are divided into different categories,
enterohemorrhagic (EHEC), Enteropathogenic (EPEC), enteroaggregative (EAEC) and
enterotoxigenic (ETEC). Some of these strains are very well characterized as such as the
diarrheagenic E. coli (DEC) collection belonging to EHEC and EPEC categories (Read et al.
1999). EAEC strains are more common in infantile diarrhea in developing countries, other
pathogenic E. coli that cause UTI in humans and necrotizing pneumonia in animals called
Extraintestinal pathogenic E. coli (EXPEC), and ExPEC strains belong to 3 different groups, two
of each representative groups have been included. Representative and well characterized isolates
from each of these subgroups are proposed for draft genome sequencing as shown in Tables 4
and 5 (Appendix).

Finally, we propose draft sequence analysis of a total of 112 strains selected for
sequencing represented in Table 6 (Appendix) are the O groups of which the O antigen
biosynthetic genes are not currently sequenced. We chose the strains currently in the ECRC
collection that were obtained from the Staten Institut (World Health Organization) and have been
used as standard reference strains for O typing. By using these strains, we avoid the possibility
of sequencing an E. coli strain that may be misclassified due to previously discussed issued with
traditional antibody-based serotyping.

The sequence information generated here would also assist those who are developing
rapid methods of detecting and tracking the spread of E. coli. Better and effective schemes for
epidemiological studies can be developed to trace the source of the outbreaks of gastrointestinal
or other illness, or for linking the source to the infection. This would help the community at
large who work on pathogenic E. coli strains and those who are developing vaccines for certain
O groups responsible for causing diseases in humans and animals.
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APPENDICES
Table 4. Diarrheagenic E.coli strains proposed for sequencing (n=21)
Strain Ori_ginal Serotype Date Type Country Host Reference
No. strain no.
1 C54-58 (1b) O55:H6 1958 EPEC Suriname Human Read et al. 1999
2 5513-56 (2b) 055:H2 1956 EPEC USA Human Read et al. 1999
3 493/89 (3f) 0157:H2 1989 EHEC Germany Human Read et al. 1999
4 5338-66 (6a) 0111:H21 1966 NK* USA Human Read et al. 1999
5 C142-54 (6b) 0O111:H12 1954 NK Germany Human Read et al. 1999
6 750001 (7a) 0157:H43 1975 NK USA Pig Read et al. 1999
7 902034 (7b) 0149:H2 1990 NK USA Pig Read et al. 1999
8 C240-52 (9c) 026:H2 1952 EHEC Switzerland Human Read et al. 1999
9 900105 (10e) 026:H11 1990 EHEC USA Calf Read et al. 1999
10 RDEC-1 (10f) 015:H2 1970s EHEC USA Rabbit Read et al. 1999
11 C309-64 (109) 0128:H8 1964 EHEC ND Human Read et al. 1999
12 C186-61 (10h) 0119:H11 1961 EHEC ND Human Read et al. 1999
13 87-1713 (10i) 0145:H6 1987 EHEC Canada Human Read et al. 1999
14 88817 (10j) 0O70:H11 1988 EHEC Canada Human Read et al. 1999
15 2254-75 (11a) 0128:H2 1975 EPEC USA Human Read et al. 1999
16 A9619-c2 (11c) 045:H2 1983 EPEC USA Human Read et al. 1999
17 3350-73 (13a) 0128:H7 1973 NK USA Human Read et al. 1999
18 C691-71 (14b) 0128:H21 1971 NK India Human Read et al. 1999
19 FO3 O4:H7 1994 EAEC India Human DebRoy et al 1995
20 H16 078:H- 1994 EAEC India Human DebRoy et al 1995
21 B41 O101:HNM 1980 ETEC USA Pig DebRoy Maddox, 2001

*NK: Not Known

Table 5: Extraintestinal pathogenic strains proposed for sequencing (n=8)

Strain Original Serotype Date Type Country Host Reference
Strain No
1 88.0368 017:H18 1988 ExXPEC USA Cow Ramchandani et al. 2004
2 SEQ895 017 NK EXPEC USA Human Ramchandani et al. 2004
3 Outbreak strain 015:K52:H NK ExXPEC UK Human Ramchandani et al. 2004
4 5.3169 OZE:)L:H4 2005 EXPEC USA Human Johnson et al. (in preparation)
5 8.2256 025:H4 2008 ExXPEC USA Dog Johnson et al. 2009
6 85.1284 06:H31 1985 ExXPEC USA Human Johnson et al. 2008
7 85.0143 06:H31 1985 ExXPEC USA Dog Johnson et al. 2008
8 6.1680 O4:H5 2006 EXPEC USA Cat Sura et al. 2007
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Table 6. Reference strains belonging to 112 different O groups proposed for shot-gun sequencing

Sr # O type Strain Serotype
1 0O-2 U9-41 02:K1:H4
2 O-5 Ul-41 O5:K4:H4
3 0-6 Bi7458-41 06:H2a:H1
4 0-8 G3404-41 08:K8:H4
5 0-9 Bi316-42 09:K9:H12
6 0O-10 Bi8337-41 010:K5:H4
7 0O-11 Bi623-42 011:K10:H10
8 0-12 Bi626-42 012:K5:H-
9 0O-16 F11119-41 016:K1:H-
10 O-17 K1l2a 017:K16:H18
11 0-18 F10018-41 018ab;K-:H14
12 0-19 F8188-41 0O19ab:K-:H7
13 0-20 P7a 020:K17:H-
14 0-23 E39a 023:K18ab:H15
15 0-25 E47a 025:K19:H12
16 0-27 F9884-41 027:K-:H-
17 0-29 Su4338-41 029:K-:H10
18 0-30 P2a 030:H-
19 0-33 E40 033:K-:H-
20 0-34 H304 034:K-:H10
21 0-35 E77a 035:K-:H10
22 0-36 H502a 036:K-:H9
23 0-37 H510c 037:K-:H10
24 0-38 F11621-41 038:K-:H26
25 0-39 H7 039:K-:H-
26 0-41 H710c 041:K-:H40
27 0-42 Plla 042:K-:H37
28 0-43 Bi7455-41 043:K-:H2
29 0O-44 H702c 044:H18
30 0-46 Plc 046:K-:H16
31 0-48 U8-41 048:K-:H-
32 0-49 ul2-41 049:K+:H12
33 0O-50 u18-41 050:K-:H4
34 0O-51 U19-41 O51:K-:H24
35 0-53 Bi7327-41 053:K-:H3
36 0O-54 Su3972-41 0O54:K-:H2
37 O-57 F8198-41 O57:K-:H-
38 0-60 F10167a-41 060:K-:H33
39 0-61 F10167b-41 061:K-:H19
40 0-62 F10524-41 062:K-:H30
41 0-63 F10598-41 063:K-:H-
42 0-64 K6b 064:K-:H-
43 0-65 Klla 065:K-:H-
44 0-66 Pla 066:K-:H25
45 0-68 P7d 068:K-:H4
46 0-69 P9b 069:K-:H38
47 O-70 P9c O70:K-:H42
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48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97

0-71
0-74
O-75
O-76
O-78
O-79
0-80
0-81
0-82
0-83
0-84
0-85
0-87
0-88
0-89
0-90
0-91
0-92
0-95
0-96
0-97
0-99

0O-100
0-101
0-102
0-105
0-108
0-109
0O-110
0-115
0-116
0-119
0-120
0-124
0O-125ab
0-125ac
0-131
0-132
0-133
0-134
0-136
0-137
0-140
0-142
0-144
0-153
0-154
0-156
0-158
0O-160

P10a
E3a
E3b
E5d
E38
E49
E71
H5
H14
H17a
H19
H23
H40
H53
H68
H77
H307b
H308a
H31lla
H319
H320a
H504c
H509a
H510a
H511
H520b
H708b
H709¢c
H711c
27w
28w
34w
35w
227
2745-53
2129-54
S239 (=H27w)
N87 (=H30w)
N282 (=H31w)
4370-53
1111-55
RVC1787
149-51
C771
1624-56
14097
E1020-72
E1585-68
E1020-72
E110-69

0O71:K-:H12
074:K-:39
075:K95:H5
076:K-:H8
O78:H-
079:K-:H40
080:K-:H26
081:K97:H-
082:K-:H-
083:K-:H31
084:K-:H21
085:K-:H1
087:K-:H12
088:K-:H25
089:K-:H16
090:K-:H-
091:K-:H-
092:K-:H33
095:K+:H33
096:K-:H19
097:K-:H-
099:K-:H33
0100:K-:H2
0101:K-:H33
0102:K-:H40
0105:K-:H8
0108:K-:H10
0109:K-:H19
0110:K-:H39
0115:K-:H18
0116:K+:H10
0119:H27
0120:K18a:H6
0124:H30
0125ab:H19
0O125ac:H6
0131:K-:H26
0132:K+:H28
0133:K-:H29
0134:K-:H35
0136:H-
0137:H41
0140:K-:H43
0142:H6
0144:K-:H-
0153:K-:H7
0154:K94:H4
0156:K-:H47
0158:K-:H23
0160:K-:H34
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98 0O-161 E223-69 0161:K-:H54
99 0-162 10B1-1 0162:K-:H10
100 0-163 SN3B-1 0163:K-:H19
101 0O-165 E78634 0165:K-:H-
102 0-166 3866-54 0166:K-:H4
103 0-169 1792-54 0169:K-:H8
104 0-170 745-54 0170:K-:H1
105 0O-171 198 0171:K-:H2
106 0-173 L119B-10 0173:K-:H-
107 0O-175 2533-54 0175:K-:H28
108 0-176 E29518-83 OX176:H-
109 O-177 E40874-85 OX177:H25
110 0-178 E54071-88 OX178:H7
111 0O-180 86-381 0OX180:H-
112 0-181 92-1250 0X181:H49
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