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ABSTRACT Here we present an extensive genomic and genetic analysis of Escherichia coli strains of serotype O78 that represent
the major cause of avian colisepticemia, an invasive infection caused by avian pathogenic Escherichia coli (APEC) strains. It is
associated with high mortality and morbidity, resulting in significant economic consequences for the poultry industry. To un-
derstand the genetic basis of the virulence of avian septicemic E. coli, we sequenced the entire genome of a clinical isolate of sero-
type 078 —078:H19 ST88 isolate 789 (078-9)—and compared it with three publicly available APEC O78 sequences and one
complete genome of APEC serotype O1 strain. Although there was a large variability in genome content between the APEC
strains, several genes were conserved, which are potentially critical for colisepticemia. Some of these genes are present in multi-
ple copies per genome or code for gene products with overlapping function, signifying their importance. A systematic deletion of
each of these virulence-related genes identified three systems that are conserved in all septicemic strains examined and are criti-
cal for serum survival, a prerequisite for septicemia. These are the plasmid-encoded protein, the defective ETT2 (E. coli type 3
secretion system 2) type 3 secretion system ETT2,,,;, and iron uptake systems. Strain O78-9 is the only APEC O78 strain that
also carried the regulon coding for yersiniabactin, the iron binding system of the Yersinia high-pathogenicity island. Interest-
ingly, this system is the only one that cannot be complemented by other iron uptake systems under iron limitation and in serum.

IMPORTANCE Avian colisepticemia is a severe systemic disease of birds causing high morbidity and mortality and resulting in
severe economic losses. The bacteria associated with avian colisepticemia are highly antibiotic resistant, making antibiotic treat-
ment ineffective, and there is no effective vaccine due to the multitude of serotypes involved. To understand the disease and
work out strategies to combat it, we performed an extensive genomic and genetic analysis of Escherichia coli strains of serotype
078, the major cause of the disease. We identified several potential virulence factors, conserved in all the colisepticemic strains
examined, and determined their contribution to growth in serum, an absolute requirement for septicemia. These findings raise
the possibility that specific vaccines or drugs can be developed against these critical virulence factors to help combat this eco-
nomically important disease.
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vian colisepticemia is a severe systemic disease of birds caused =~ making antibiotic treatment ineffective. In addition, so far there is

by septicemic Escherichia coli. These strains fall into the gen-
eral group of extraintestinal pathogenic E. coli (ExPEC) bacteria
that are involved in human septicemia as well. Many of the avian
pathogenic E. coli (APEC) isolates are very similar to human sep-
ticemia isolates, raising questions about the zoonotic nature of the
infective agent.

In birds, colisepticemia results in high morbidity and mortality
(1-3). The mortality is either direct or by association with various
disease conditions, such as various viral or mycoplasma diseases,
as a secondary pathogen. Around the world, the disease is com-
monly associated with O serotypes O1, O2, and O78, with the
latter two constituting about 80% of the cases. The bacteria asso-
ciated with avian colisepticemia are highly antibiotic resistant,
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no effective vaccine. Therefore, the disease, which frequently oc-
curs in chickens and turkeys, has a high economic toll to the poul-
try industry all over the world.

The bacteria involved in colisepticemia vary in their clonal or-
igin (4), and there is a high degree of diversity in the virulence
genes (5). Yet, there are several virulence factors that are con-
served in all APEC strains, such as a large ColV plasmid (6). This
plasmid carries many virulence-associated genes that together
with the virulence genes carried on the chromosome promote
pathogenesis. The virulence-related genes include the yersiniabac-
tin gene cluster coding for the iron uptake system from the Yer-
sinia high-pathogenicity island (HPI), genes involved in serum
resistance such as the iss (increased serum survival) operon (7-10)
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FIG 1 Phylogenetic tree of E. coli. The tree is based on 1,548 conserved core gene clusters of 47 E. coli genomes. For this analysis, only bacteria with
whole-genome sequences were used. The tree was rooted using Escherichia fergusonii. Scale units are in nucleotide replacements per site. The arrows mark strain

078:H19 ST88 isolate 789 (078-9) and strain O1 (22). substr, substrain.

and a degenerate type 3 secretion system (ETT2,;,) previously
shown to be important for virulence (11).

Here we performed genomic analyses of APEC strains isolated
from poultry with avian colisepticemia which represent the major
avian septicemic serotypes O78 and O2. The O78:H19 ST88 iso-
late 789 (O78-9) was fully sequenced. We then compared the ge-
nome sequence of APEC 078-9 with publicly available genomes:
APEC 01, the draft genome sequence of APEC 02, and other
APEC 078 strains. Comparative genome analysis demonstrated
that individual APEC O78 isolates differ (i) in their overall viru-
lence gene content and (ii) in the presence of mobile or mobiliz-
able genetic elements harboring these virulence determinants.
Nevertheless, we identified several genes or gene clusters that are
conserved in the APEC septicemic isolates. It is assumed that these
genes are critical for serum survival, which involves coping with
the serum nutritional immunity— caused by the fact that various
nutritional requirements are unavailable to pathogens—and the
innate immunity of the host. In a previous paper (12), we showed
that a major factor in the nutritional immunity is iron limitation.
Furthermore, we showed that the expression of more than 80% of
the serum-upregulated genes are controlled by the iron regulator
Fur (12). Indeed, the sequenced APEC strains carry genes encod-
ing several iron acquisition systems that appear to be overlapping.
In order to determine which of these systems are important for
septicemia, we constructed deletion mutants of isolate O78-9 and
determined their ability to survive in serum. Here we show that
there is a functional overlap of the iron acquisition systems, except
for the yersiniabactin whose absence cannot be fully comple-

sepsis
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mented by the other iron acquisition systems. Additional genes
essential for survival in serum are the plasmid iss gene and
ETT2,pq the degenerate type 3 secretion system ETT2 (E. coli
type 3 secretion system 2).

RESULTS

Positions of avian septicemic strains in the E. coli phylogenetic
tree. An E. coli phylogenetic tree was reconstructed using 1,548
conserved core gene clusters of 47 E. coli genomes. For this anal-
ysis, only bacteria with whole-genome sequences were used. As
can be seen in Fig. 1, the avian septicemic strains belong to differ-
ent clades. APEC O78:H19 ST88 isolate 789 (O78-9) clusters with
a heterogenous group of E. coli isolates, including strains of sero-
groups O111 and 0103, usually comprising many diarrheagenic
E. coli isolates. In contrast, APEC O1 strains reside with the uri-
nary tract infection (UTI) strains such as CFT073 (13) and strain
536 (14). These results clearly show that APEC constitute a group
of bacteria that are phylogenetically distant although they cause
the same disease and carry similar virulence factors.

Genome of APEC 078-9 compared with the other published
APEC genomes. The genome of E. coli APEC O78:H19 ST88 iso-
late 789 includes the 5,017,219-bp chromosome (4,766 open read-
ing frames [ORFs], 50.8% G+ C content, and 90 tRNA loci) as well
as the three plasmids p789-1 (144,859 bp), p789-2 (106,397 bp),
and p789-3 (4,456 bp) (Fig. 2 and Table 1). Although the chromo-
somal sizes of all the sequenced O78 strains are comparable,
078-9 has more plasmid-encoded ORFs. The O78-9 genome con-
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FIG 2 Genome comparison between E. coli O78-9, different APEC strains, and E. coli K-12 MG1655. The circles from outside to inside: 078-9; O78:H9-ST23
strains 7122, IMT 2125, and NC21063; and E. coli K-12 strain MG1655. Conserved and variable regions were detected in the genomes of the different APEC
strains. E. coli O78-9 was used as a reference. The chromosomal localization of regions specific for APEC O78-9 (islands and prophages) have been indicated. The

map was created using the BLAST Ring Image Generator (BRIG) (67).

tains 20 islands and seven bacteriophage-related genomic regions
(Table 2).

The ColV plasmids are characterized by an F-like transfer re-
gion similar to those of pAPEC-O1-ColBM, and pAPEC-O2-
ColV, the E. coli K-12 F plasmid, and several F-like E. coli plasmids
(Fig. 3). The ColV plasmid of strain O78-9 (p789-1) contains the
following: a 72-kb region that comprises characteristic APEC vir-
ulence determinants, including the cva operon coding for colicin
V production; the iss gene, involved in increased serum survival;
ompT, encoding an outer membrane protease; and hlyF, a putative
hemolysin previously identified on many other APEC virulence
plasmids (6, 15-19). Like many other colicin plasmid-type APEC
plasmids, p789-1 also contains the siderophore system determi-
nants coding for aerobactin (iuc and iut), salmochelin (iroNB-
CDE), and the Salmonella iron transport (sit) ABC transport sys-
tem. It also contains the etsAB genes (E. coli transport system), and
the shiF gene previously found on a pathogenicity island (PAI) of
Shigella flexneri. Furthermore, p789-1 carries a tetracycline resis-
tance (tet) operon.
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The second plasmid, p789-2, carries the ars operon that confers
resistance to heavy metals. It is similar to several other plasmids of
members of the family Enterobacteriaceae (pND12_96 of porcine
enterotoxigenic E. coli isolate ND12 [HQ114282] [GenBank ac-
cession numbers shown in brackets], pUMNKS88_91 of porcine
enterotoxigenic E. coli strain UMNK88 [CP002731], Shigella son-
nei plasmid p9 [AB021078], Salmonella enterica plasmids
pNF1358 [DQO017661], pR64 [AP005147], pCVM29188_101
[CP001121], and pSL476_91 [CP001118]). The function of the
third plasmid, p789-3, is so far unknown. This plasmid carries
only seven ORFs that are required for the maintenance and mo-
bilization or that have not yet been functionally characterized.
pO78-3 exhibits nucleotide sequence homology to plasmid
pSN11/00Kan of Salmonella enterica subsp. Enterica serovar New-
port strain SN11/00 (GQ470395) and plasmid pECO08-5 of
extended-spectrum [-lactamase (ESBL)-producing Escherichia
coli strain EC08 (JX238444) (GenBank accession numbers shown
in parentheses).

We compared the completely closed chromosomal sequence of
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TABLE 1 Genome characteristics of different APEC O78 isolates

Genome
characteristic Parameter value for the following APEC isolate:
078-9 (AC/1) NC20163 Xx7122 IMT2125
(O78:H19 ST88) (O78:H9 ST23) (O78:H9 ST23) (O78:H9 ST23)
Length (bp) 5,017,219 4,798,435 4,771,701 (4 contigs, 8 gaps) 4,754,148 (15 contigs, 32 gaps)
G+C content (%) 50.8 50.7 51.6 51.7
No. of genes 4,784 4,589 4,627 4,638
No. of tRNAs 90 88 86 78
No. of rRNAs 22 19 22 8
No. of plasmids 3 2 4 4
Plasmids PAPEC 789-1 (144,859 bp) pAPEC-078-1 (217,830 bp) px7122-1 (103,275 bp) pIMT2125-1 (118,067 bp; 2 gaps)

= ColV
PAPEC 789-2 (106,397 bp)

PAPEC-078-2 (113,260 bp)

px7122-2 (82,676 bp)

pIMT2125-2 (106,097 bp; 1 gap)

PAPEC 789-3 (4,500 bp)

px7122-3 (56,676 bp)
px7122-4 (4,300 bp)

pIMT2125-3 (4,107 bp)
pIMT2125-4 (1,616 bp)

strain O78-9 with that of APEC O78:H9_ST23 strain NC20163
(20) (Fig. 2). Strain O78-9 possesses 363 singletons absent from
the genome of APEC 078 NS20163, which has 219 genes which
are absent from the APEC O78-9 chromosome. These singletons
can often be allocated to prophage-like regions within the bacte-
rial chromosome.

Two additional nonclosed APEC O78:H9-ST23 genome se-
quences (isolates 7122 and IMT2125) were recently published
(21), and their sequences indicate that all APEC O78 strains be-
longing to the ST23 clonal complex are closely related. The ST23
strains and ST88 O78 isolate 789 differ mainly in the content of
islands and bacteriophage-related genomic regions (Fig. 2 and
Table 2). These genomic regions code for several virulence- or

TABLE 2 Genomic islands and bacteriophage-related genomic regions

fitness-associated functions such as a type 6 secretion system, a
type 3 secretion system (ETT2 [E. coli type 3 secretion system 2]),
parts of a type 2 secretion system, several fimbriae (Yad, Yde, Yeh,
and Fac), lipopolysaccharide (LPS) biosynthesis and the extracel-
lular matrix component poly-N-acetylglucosamine (PGA) (Fig. 2
and Table 2). Interestingly, strain O78-9 differed markedly in the
unique presence of chromosomal determinants coding for indi-
vidual iron uptake systems—the salmochelin and yersiniabactin
gene clusters (Tables 2 and 3). It should be noted that strain 78-9
carries two salmochelin gene clusters, one on the chromosome
(island 3) and one on the plasmid (p789-1) (Fig. 2 and Table 3).
Generally, multiple gene clusters coding for iron uptake sys-
tems can be found in APEC O78-9 and the O78:H9-ST23 isolates.

Position Size (bp) Designation Characteristic(s) or trait(s) encoded

Start End

150034 157248 7,215 Island 1 Yad fimbriae

236837 269652 32,815 Island 2 aspV-associated island, T6SS

290228 308559 18,331 Phage 1 thrW-associated phage

564684 615140 50,456 Phage 2 argU-associated island (bor-like)

1123437 1196175 72,738 Island 3 PGA, AC/1 fimbriae, salmochelin, antigen 43
1296591 1307180 10,589 Island 4

1491934 1545302 53,368 Phage 3

1635793 1643068 7,275 Island 5 T6SS

1689969 1725904 35,935 Island 6 Yde fimbriae, mercury resistance

1771175 1809758 38,583 Island 7

2009004 2018168 9,164 Island 8 Major facilitator superfamily sugar transport system
2148621 2174619 25,998 Island 9 leuZ-associated island

2220926 2263405 42,479 Phage 4 serU-associated phage

2264945 2295737 30,792 Island 10 asnT-associated HPI (yersiniabactin)
2312011 2342101 30,090 Phage 5 Phage

2364700 2372039 7,339 Island 11 078 O antigen

2432117 2464024 31,907 Phage 6

2480245 2487997 7,752 Island 12 Yeh fimbriae

2772835 2782381 9,546 Island 13 argW-associated island

3035749 3054798 19,049 Phage 7 ileY-associated phage

3258021 3279955 21,934 Island 14 glyU-associated island, ETT2

3404120 3413945 9,825 Island 15

3473251 3499527 26,276 Island 16

4102977 4109122 6,145 Island 17 waa

4805771 4809971 4,200 Island 18

4839584 4905463 65,879 Island 19 leuX-associated island (fec, glycine-betaine transport)
4932397 4953623 21,226 Island 20
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FIG 3 Map of the large virulence plasmids of APEC O78-9. The outer circle shows ORFs with functional classifications. The functional classifications are
indicated by colors as follows: red, plasmid replication, stabilization, and maintenance; olive, plasmid transfer; yellow, mobile genetic elements; gray, unknown
function. Virulence-associated operons cva (green), iro (blue), ets (dark blue), hlyF (brown), sit (orange), iuc or iut (pink) are indicated. The second and third
circles show ORFs in the forward and reverse orientations, respectively. The fourth circle shows the G+C content plot. The innermost circle shows the scale. The
map was created by using GenVision from DNASTAR.

All of these systems have been correlated with virulence. In strain  enterobactin and salmochelin, and it also contains the genes cod-
078-9, most of the siderophore systems are encoded by genes on  ing for yersiniabactin—the iron acquisition system of the Yersinia
the ColV plasmid. The chromosome contains the genes encoding  high-pathogenicity island (Tables 2 and 3).

TABLE 3 Iron uptake determinants present in the genomes of different APEC strain:

Iron uptake determinant(s)

(genes) Presence or absence of iron uptake determinant in the following APEC strain:
078-9 O78:H9 ST23 X7122 IMT2125 O1:K1:H7 ST95
(O78:H19 ST88) [NC020163] (O78:H9 ST23) (O78:H9 ST23) [NC008563] 021772

Hemin uptake - - - - + +
(chuAS)

Ferrous iron uptake + + + + + +
(feoAB)

Ferrichrome uptake + + + + + +
(fhuACDB)

Ferric citrate uptake + + + + — -
(fecEDCBARI)

Enterobactin + + + + + +
(ent-fes-fep)

Catecholate siderophore + + + + + +
receptor (fiu)

Salmochelin p789-1 and island 3 - px7122-1 - PAPEC-O1-ColBM +
(iroNEDCB)

Yersiniabactin + — - - + +
(ybtSXQPA-irp2-irp1-ybtUTE)

Aerobactin (iucABCD) p789-1 - px7122-1 - PAPEC-O1-ColBM +

ABC iron transport - - px7122-1 - PAPEC-O1-ColBM +
system (eitABCD)

ABC iron transport p789-1 px7122-1 +

system (sitABCD)
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A Amino acid alignment

CLUSTAL W (1.83) multiple sequence alignment

APECO78 NC20163 iss
APECO78 NC20163 bor-like
IMT2125

APECO78 789 bor-like chrom.
APECO78 789 iss aac0988w3
APECO2 bor-like

APECO2 iss

APECO78 Chi7122 iss
APECO78 Chi7122 bor-like
APECO78 pChi7122-1 iss

APECO78 NC20163 iss
APECO78 NC20163 bor-like
IMT2125

APECO78 789 bor-like chrom.
APECO78 789 iss aac0988w3
APECO2 bor-like

APECO2 iss

APECO78 Chi7122 iss
APECO78 Chi7122 bor-like
APECO78 pChi7122-1 iss

————— MKKMLFSAALAMLITGCAQQTFTVGNKPTAVIPKETITHHFFVSG
***** MKKMLLATALALLITGCAQQTFTVONKPAAVAPKETITHHFFVSG
~MKKMLLATALALLITGCAQQTFTVONKPAAVAPKETITHHFFVSG
~MKKMLFSAALAMLITGCAQQTFTVGNKPTAVTPKETITHHFFVSG
——--MLFSAALAMLITGCAQQTFTVGNKPTAVTPKETITHHFFVSG
77777 MKKMLFSAALAMLITGCAQQTFTVGNKPTAVTPKETITHHFFVSG
MQDNKMKKMLFSAALAMLITGCAQQTFTVGNKPTAVTPKETITHHFFVSG
MQDNKMKKMLFSAALAMLITGCAQQTFTVGNKPTAVTPKETITHHFFVSG
————— MKKMLLATALALLITGCAQQTFTVQONKPAAVAPKETITHHFFVSG
MQDNKMKKMLFSAALAMLITGCAQQTFTVGNKPTAVTPKETITHHFFVSG

Kok gy akRk kkkkkkkkkhkk kkokgkk kk kK kkk Kk hk Kk

IGQKKTVDAAKICGGAENVVKTETQQTFVNGLLGFITFGIYTPLEARVYC
IGQKKTVDAAKICGGAENVVKTETQQTFVNGLLGFITLGIYTPLEARVYC
IGQKKTVDAAKICGGAENVVKTETQQTFVNGLLGFITLGIYTPLEARVYC
IGQKKTVDAAKICGGAENVVKTETQQTFVNGLLGFITFGIYTPLEARVYC
IGQEKTVDAAKICGGAENVVKTETQQTFVNGLLGFITFGIYTPLEARVYC
IGQEKTVDAAKICGGAENVVKTETQQTFVNGFLGFITLGIYTPLEARVYC
IGQEKTVDAAKICGGAENVVKTETQQTFVNGLLGFITFGIYTPLEARVYC
IGQKKTVDAAKICGGAENVVKTETQQTFVNGLLGFITFGIYTPLEARVYC
IGQKKTVDAAKICGGAENVVKTETQQTFVNGLLGFITLGIYTPLEARVYC
IGQEKTVDAAKICGGAENVVKTETQQTFVNGLLGFITFGIYTPLEARVYC

Aligment of the iss upstream regions (200 bp upstream)

CLUSTAL W (1.83) multiple sequence alignment

APECO78 NC20163 iss
APECO78 NC20163 bor-like
APECO78 Chi7122 bor-like
IMT2125

APECO78 789 iss 3

TACGGCGACGATACAGCGCAG
~-TTATTCCC-GGA-CACTCCCGCAG-AGAAGTTCC

TTATTCCC-GGA-CACTCCCGCAG-AGAAGTTCC
~-TTATTCCC-GGA-CACTCCCGCAG-AGAAGTTCC

APECO2 bor-like
APECO2 iss
APECO78 Chi7122 iss

APECO78 789 bor-like chrom.

PChi711-1_MM1_0160_iss

APECO78 NC20163 iss
APECO78 NC20163 bor-like
APECO78 Chi7122 bor-like
MT2125

APECO78 789 iss aac0988w3
APECO2 bor-like

APECO2 iss

APECO78 Chi7122 iss

APECO78 789 bor-like chrom.

pChi711-1_MM1_0160_iss

APECO78 NC20163 iss
APECO78 NC20163 bor-like
APECO78 Chi7122 bor-like
MT2125

APECO78 789 iss aac0988w3
APECO2 bor-like

TATGGCGACAATACAACACAC
TACGGCGACGATACAGCGCAG
GGCTACTGTCATGGTTAATGCGGGGAATATGGCGACAATAC
T--------GGTTAATGCGG-GAATACGGCGACGATACAGCGCAG
TACGGCGACGATACAGCGCAG
CGGGCTACTGTCATGGTTAATGCGGGGAATATGGCGACAATACAACACA

CTAAAAGGGTAATGGACGGA-TAGACCGGTTTATTTCATTCTACAGGATT
CCGTCAGGGCTGTGGACATAGTTAATCCGGGAAT -ACAATG--~ACGATT
CCGTCAGGGCTGTGGACATAGTTAATCCGGGAAT -ACAATG-~-ACGATT
CCGTCAGGGCTGTGGACATAGTTAATCCGGGAAT ~ACAATG--~ACGATT
CTAAAAGAGTAATGGACAGA-TGAAGCGGTTTAT-TCATTTCCCATGATT
CTARAAGGGTAATGGACAGA-TAGAGCGGTTTATTTCATTCCACAGGATT
CTAAAAGAGTAATGGACAGA-TGAAGCGGTTTAT-TCATTTCCCATGATT
CTARAAGGGTAATGGACGGA-TAGACCGGTTTATTTCATTCTACAGGATT
CTARARGGGTAATGGACGGA-TAGACCGGTTTATTTCATTCTACAGGATT
CTARARGAGTAATGGACAGA-TGAAGCGGTTTAT-TCATTTCCCATGATT

CTGAGTGTCCCCAACTCCCTCCAATCGTCTGAGC-~TCACCTGTGTAGTT
CATCGCA-- ~-CCTGACAT--ACATTAATAA--ATATTAACAATA
CCTGACAT--ACATTAATAA--ATATTAACAATA
CCTGACAT--ACATTAATAR-~ATATTAACAATA
CCTACCAA--GTCTGAGTAACCACTTTTATACTT
'C-CTCCAATAGGCTGAGCATCCACCTATATAGTT

Kk Kz ko Kk ok ok ko Kk ok ok ok ok koK Kk ok ok Kk ok ok k3 Kok ok K 3k ok Rk Kk ko Kk kK

APECO78 NC20163 iss SK
APECO78 NC20163 bor-like SQ
IMT2125 SQ

APECO78 789 bor-like chrom. -S
APECO78 789 iss aac0988w3 SQ

APECO2 bor-like -s
APECO2 iss -5
APECO78 Chi7122 iss SK
APECO78 Chi7122 bor-like SQ

pChi7ll-1_MM1_0160_iss sQ

APECO2 iss CTGAGTA-— CCTACCAA--GTCTGAGTAACCACTTTTATACTT
APECO78 Chi7122 iss TGAGTGTCCCCAACTCCCTCCAATCGTCTGAGC-~TCACCTGTGTAGTT
APECO78 789 bor-like chrom. CTGAGTGICCCCAACTCCCTCCAATCGTCTGAGC--TCACCTGTGTAGTT
pChi711-1_MM1_0160_iss CTGAGTA---—-===—= CCTACCAA--GTCTGAGTAACCACTTTTATACTT

APECO78 NC20163 iss
APECO78 NC20163 bor-like
APECO78 Chi7122 bor-like
IMT2125

APECO78 789 iss aac0988w3
APECO2 bor-like

TTAATTTTCATCAATCCATTTAACTATCGTTTAATTGTTGTCACATAGGA
TGARATTTCAACTCATTGTTTAGGGTTTGTTTAATTTTCTACACATACGA
TGARATTTCAACTCATTGTTTAGGGTTTGTTTAATTTTCTACACATACGA
TGAAATTTCAACTCATTGTTTAGGGTTTGTTTAATTTTCTACACATACGA
TTAATTTTCGT--~--TCATTTAGCTATCGTTTAATTATTATCACATAGGA
TTAATTTTCATCAATCCATTTAACTATCGTTTAATTGTTGTCACATAGGA
APECO2 iss TTAATTTTCGT----TCATTTAGCTATCGTTTAATTATTATCACATAGGA
APECO78 Chi7122 iss TTAATTTTCATCAATCCATTTAACTATCGTTTAATTGTTGTCACATAGGA
APECO78 789 bor-like chrom. TTAATTTTCATCAATCCATTTAACTATCGTTTAATTGTTGTCACATAGGA
pChi711-1_MM1_0160_iss TTAATTTTCGT--~--TCATTTAGCTATCGTTTAATTATTATCACATAGGA

[P - KRk kA Rk A Akkkdk Rk

APECO78 NC20163 iss
APECO78 NC20163 bor-like
APECO78 Chi7122 bor-like
IMT2125

APECO78 789 iss aac0988w3
APECO2 bor-like

TTCTGCCGTTTTTAACAA---TGCAGGATAATAAGATG
TTCTGCGAACTTCAAAAAGCATCGGGAATAACACCATG
TTCTGCGAACTTCAARARGCATCGGGAATAACACCATG
TTCTGCGAACTTCAARARGCATCGGGAATAACACCATG
TTCTGCCGTTTTTAACAA---TGCAGGATAATARGATG
TTCTGCCGTTTTTAACAA---TGCAGGATAATARGATG
APECO2 iss TTCTGCCGTTTTTAACA- —---ATG
APECO78 Chi7122 iss TTCTGCCGTTTTTAACA-
APECO78 789 bor-like chrom. TTCTGCCGTTTTTAACAA---TGCAGGATAATAAGATG
pChi711-1_MM1_0160_iss TTCTGCCGTTTTTAACA==================, ATG

FIG 4 Comparison of Iss proteins and their upstream regions across different APEC strains. (A) Iss protein sequence. (B) iss regulatory sequence. Asterisks
indicate positions which have a fully conserved residue. Colons indicate conservation between groups of strongly similar properties. chrom., chromosome.

The APEC O78 strains also differ in their plasmid content (Ta-
ble 1). Whereas strain O78-9 carried three plasmids, two plasmids
were found in O78:H9-ST23 isolate NC20163, and four plasmids
were detected in each of the APEC O78:H9 isolates x7122 and
IMT2125 (Table 1). All APEC strains possess large virulence-
associated colicin plasmids (ColV) which were also found in other
APEC serotypes, e.g., APEC O1 (22) and O2 (U. Dobrindt and
E. Z. Ron, unpublished results).

These colicin plasmids of the APEC O78 strains harbor the
determinants coding for the Salmonella iron transport (sit), aero-
bactin (iuc), and salmochelin (iro) siderophore systems, which
can also be chromosomally encoded as parts of pathogenicity is-
lands, e.g., in other extraintestinal pathogenic E. coli and Shigella
strains.

iss genes. The ColV plasmid contains the iss (increased serum
survival) gene that has been identified to be required for serum
resistance (7, 23). This gene is homologous to the bor gene of
E. coli K-12 that codes for a small membrane-associated protein
(24). The sequenced individual APEC isolates possess different
numbers of iss alleles in their genomes. Whereas APEC O78-9 and
APEC O78:H9-ST23 IMT2125 possess one chromosomal iss vari-
ant, the APEC O78:H9-ST23 isolates NC20163 and x7122 carry
two chromosomal iss alleles. Two chromosomal iss alleles can also
be found in APEC O1:K1:H7 (9). Furthermore, iss gene variants
can be found on large APEC virulence plasmids, e.g., on p789-1,
px7122, pColBM, so that up to three iss copies can exist in an
APEC genome. Unlike the three APEC O78:H9-ST23 isolates
NC20163, x7122, and IMT2125 that harbor three iss alleles each,
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strain O78-9 has only two alleles. One is located on p789-1, and
one is on the chromosome (putative prophage 2). Whereas the
different Iss protein variants of the APEC O78 strains exhibit only
minor differences in their amino acid sequence (Fig. 4A), it is
interesting to note that they differ in their upstream regions, in-
cluding the putative promoters and transcription factor binding
sites (Fig. 4B).

In order to determine the role of the iss genes in serum survival
of APEC strain O78-9, the iss gene located on p789-1 (ColV) was
deleted. This deletion did not affect growth in minimal and rich
media. However, the deletion had a significant effect on the ability
of the bacteria to grow in serum as can be seen from the results
shown in Fig. 5. These result indicated that removal of the
plasmid-located iss gene rendered the strain sensitive to serum.
Moreover, the results also showed that the chromosomal iss allele
was not able to overcome the loss of the plasmid gene. Experi-
ments to quantify the transcript levels of both iss genes by quan-
titative real-time PCR (qRT-PCR) indicated that deletion of the iss
gene on p789-1 decreased the level of the iss transcript, but only by
about 50% (Fig. 6). Consequently, the remaining transcripts de-
tected in the p789-1Aiss mutant originate from the chromosomal
iss gene. This suggests that this gene, although it was expressed
under the conditions tested, could not compensate for the loss of
the p789-1-located iss gene regarding serum survival. Moreover,
the serum sensitivity remained even in bacteria overexpressing the
chromosomal iss gene or the bor gene. Thus, the plasmid-encoded
iss gene is essential for serum survival of O78-9. It is not yet un-
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FIG 5 Growth of E. coli O78-9 and its iss mutants in 50% serum. For this
experiment, we used E. coli strains O78-9, its mutant deleted for the iss gene
(Aiss), and its derivative cured of the ColV plasmid (ApColV). Cultures were
grown overnight in minimal MOPS medium and diluted into the same me-
dium with or without 50% serum. Growth was monitored at an optical density
or absorbance of 600 nm, and growth curves were generated on a Biotek Eon
platform.

derstood why deletion of this gene could not be complemented by
the chromosomal gene iss allele.

Degenerate TTSS of E. coli O78-9. The genome of strain
078-9 also codes for a degenerate form of the ETT2 system (E. coli
type 3 secretion system 2), which is also present in other septice-
mic E. coli strains and referred to as ETT2,,;; (11). This type 3
secretion system has a large internal deletion and premature stop
codons in several genes, which abolish the functions of the ETT2
needle complex, ATPase, and several other structural proteins.
These genetic changes are conserved in all the APEC O78 strains
(Fig. 7). It is therefore assumed that the biological role of
ETT2,,,; may not involve classic secretion of effectors. Neverthe-
less, it was previously shown that removal of the putative genes for
inner membrane ring formation results in reduced in vivo host
mortality, indicating that ETT2,,;, although degenerated, con-
tributes to pathogenicity (11).

1.2

Relative transcription of iss
[e)]

0.0

wild type O78 ApColV

FIG 6 Levels of iss transcript. Cultures were grown in minimal MOPS me-
dium. Transcript levels were determined by qQRT-PCR as described in Materi-
als and Methods.
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Here we show that ETT2,,,, is essential for serum survival, as
deletion mutants lacking the inner membrane ring of ETT2,,
(AeprHIJK) are completely serum sensitive (Fig. 8). Although the
precise role of ETT2,, in serum resistance is not fully eluci-
dated, we have evidence that it affects bacterial surface properties,
as deletion mutants differ from the wild type in outer surface
properties such as pellicle formation (11).

Iron binding systems. Iron is a required component in the
metabolism of bacteria, due to its roles in the catalytic centers of
enzymes and in the electron transport chain. Although it is one of
the most abundant chemical elements in nature, its biologically
active form is scarcely available under physiological conditions
(pH 7, aerobic environment) because of the rapid oxidation of
Fe?* to Fe** and the subsequent formation of insoluble hydrox-
ide (25). The solubility of Fe** under these conditions is 10~° M,
which is far below the concentration of 1077 M required for bac-
terial growth (26).

In eukaryotic cells, the iron ions are bound to special proteins
such as transferrin and ferritin that release it, when needed, and
thus maintain the free ferric ion (Fe**) concentration at 1024 M.
As a result, septicemic bacteria must compete against these pro-
teins, and they evolved a specific mechanism for the acquisition of
iron in their host (27, 28). In Gram-negative bacteria, all iron
sources are bound to highly specific proteins that serve as trans-
porters across the outer membrane. E. coli, as well as other enteric
bacteria, synthesizes the catecholic (dihydroxybenzoyl) serine tri-
lactone—enterobactin, which is in fact the strongest iron chelator
known, forming ferric enterobactin with an affinity of 1072 M
(29). However, under physiological conditions at pH 7.4, this
value (picomolar) is 10737+, higher than that of transferrin, and is
probably neutralized by albumin in serum (30) and by neutrophil
gelatinase-associated lipocalin (NGAL) in epithelial cells. Hence,
the enterobactin system is presumably insufficient for pathogenic-
ity. The results shown in Fig. 9A indicate that E. coli K-12, which
expresses only the enterobactin system, is inhibited by the pres-
ence of the iron chelator 2,2'-dipyridyl (Dipyridyl) (2,2'-
bipyridine), while strain O78-9 grows very well under these con-
ditions. This result could be explained by the fact that strain
078-9, as well as other avian septicemic strains, codes for other
types of siderophore systems (31, 32). These systems include aero-
bactin (31), yersiniabactin (32), and IroN (33).

Given the multiplicity of iron binding systems detected in
APEC strain O78-9, it is reasonable to assume that not a single
siderophore system is essential for iron acquisition under iron-
limiting conditions. To test this possibility, we deleted each of the
iron acquisition systems of strain O78-9 and determined their
ability to grow in LB medium in the absence (Fig. 9B) or presence
of the iron chelator 2,2'-dipyridyl (Fig. 9A, C, and D). The results
shown in Fig. 9B indicate that all the deletion mutants grew at the
same rate as the wild type in LB medium. Removal of each of the
plasmid-encoded iron binding systems had no effect on growth
even under iron limitation (Fig. 9C), suggesting the existence of a
complete function overlap of these genes. In contrast, deletion of
the chromosomal gene cluster coding for yersiniabactin consider-
ably reduced the ability of the bacteria to multiply under iron-
limiting conditions (Fig. 9C). In fact, under this condition, the
yersiniabactin deletion mutant of strain O78-9 behaved compara-
bly to E. coli K-12 (Fig. 9A). These results identified yersiniabactin
as the critical gene for iron acquisition in O78-9. This conclusion
was further supported by the finding that when yersiniabactin was
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FIG 7 The operon coding for ETT2 (E. coli type 3 secretion system 2) in several E. coli. The genetic structure of the ETT2 determinants of APEC O2 and O78-9
isolates are compared with that of E. coli O157:H7 strain Sakai. Structural differences and ORFs with sequence alterations of the different ETT2 variants relative
to the functional ETT2 gene cluster of E. coli O157:H7 strain Sakai have been highlighted. Different colors indicate ORFs affected by the genome plasticity. The
ETT2 determinants of APEC O2 strain 1772, O78-9, and O78-H9-ST23 strains IMT2125 and x7122 are compared.

present, even the deletion of the entire ColV plasmid does not
render the bacteria sensitive to 0.4 mM 2,2'-didyridyl (Fig. 9D).

Iron limitation is a critical factor for bacterial survival in se-
rum. The finding presented here, showing that yersiniabactin was
essential under low-iron conditions suggested that deletion mu-
tants of the yersiniabactin system will be inhibited in the presence
of serum. Indeed, the results presented in Fig. 10 indicated that
yersiniabactin is the only iron binding system whose deletion can-
not be compensated by the presence of all the other iron binding
systems during growth in serum.

DISCUSSION

Avian septicemic E. coli strains are highly virulent and cause con-
siderable losses in the poultry industry, as they lead to high mor-
bidity and mortality of chicken and turkeys. The common strains
worldwide are E. coli serotype O1, O2 and O78 strains. The latter
strains (of serotype O78) exhibit the highest level of virulence,
some of them with a 50% lethal dose (LDs,) of 102 (E. Z. Ron,
unpublished data). Septicemic E. coli bacteria of serotype O78 are
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not restricted to birds. High mortality sepsis in newborn lambs
and goats is caused by E. coli of serotype O78, which often also
carries a plasmid encoding K-99 fimbriae (34-36). In humans,
septicemic bacteria of serotype O78 were the cause of a newborn
meningitis epidemic, which also had a high mortality rate (37, 38).

It should be noted that bacteria of serotype O78 differ signifi-
cantly from those of serotypes O1 and O2 in their capsule. Sero-
type O1 and O2 strains carry genes encoding the K1 (sialic acid)
capsule that is also present in Neisseria meningitidis and is known
to be a strong virulence factor, as it protects the bacteria against
the immune system (39-43). In contrast, serotype O78 strains do
not have a polysaccharide capsule. Rather, they have a group 4
capsule (44), with a composition similar to that of the O antigen of
lipopolysaccharide. This capsule also appears to be essential for
pathogenicity, as shown by the fact that its absence— due to trans-
position (21, 45) or deletion (D. Biran, I. Rosenshine, and E. Z.
Ron, unpublished data)—results in loss of virulence.

Here we show that the genomes of E. coli O78 strains exhibit a
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FIG 8 Effectof the ETT2 system on growth of E. coli O78-9 in serum. The experiment was conducted as described in the legend to Fig. 5. Cultures of E. coli O78-9
and its mutant deleted for the eprHIJK gene cluster of the ETT2 system were grown in minimal MOPS medium alone (B) or supplemented with 50% serum (A).
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FIG 9 Growth of E. coli O78-9 and mutants in which genes coding for iron acquisition systems under iron limitation were deleted. Cultures were grown
exponentially in LB medium as described in Materials and Methods. Iron depletion was with 0.4 mM 2,2'-dipyridyl. The bacteria tested were E. coli K-12
MG1655,078-9 and its deletion mutants Aaerobactin, Aenterobactin, Afec, and Ayersiniabactin cured of the ColV plasmid. (A) Growth of E. coli O78-9 and K-12
in the presence of Dipyridyl; (B) growth of O78-9 and its mutants in LB medium; (C) growth of O78-9 and its deletion strains in the presence of Dipyridyl; (D)

growth of O78-9 and AColV in the presence of Dipyridyl.

marked level of genome plasticity. This plasticity is evident in the
presence and composition of plasmids, bacteriophages, and trans-
posable element (Fig. 2 and 3 and Tables 1, 2, and 3). An interest-
ing example is the iss gene. This gene is present in one or two
copies on the bacterial chromosome, and additional copies can
exist on colicin plasmids. Moreover, there are sequence differ-
ences in the ORFs coding for the proteins, and significant differ-
ences in the noncoding, upstream region (Fig. 4A and B). Yet, the
amino acid compositions of the Iss protein are quite similar in all
the copies of the gene in E. coli O78 as well as in E. coli O1 (9) and
E. coli O2 (U. Dobrindt and E. Z. Ron, unpublished data). Even
more surprising is the finding that removal of the plasmid-
encoded iss gene renders the bacteria serum sensitive (Fig. 5).
These results mean that the chromosomal copy of the gene does
not complement the loss of the plasmid allele, although it is ex-
pressed. Moreover, even overexpression of the chromosomal gene
does not complement the loss of the plasmid gene (data not
shown).

An interesting question is whether the chromosomal iss gene
has any activity. As of now we are not able to answer this question.
Removal of the plasmid gene renders the bacteria completely se-

January/February 2015 Volume 6 Issue 1 e01681-14

rum sensitive, so that an additional deletion of the chromosomal
iss gene has no phenotype. We tried to remove the chromosomal
iss gene in bacteria carrying the ColV plasmid iss gene, but we were
not able to obtain this deletion strain.

Another system present in avian strains of O78 serotype and
required for serum survival is the degenerate type 3 secretion sys-
tem—ETT2,,, (11). This system is probably not involved in se-
cretion. However, we could show that it is essential for serum
survival (Fig. 8). The most plausible explanation for this finding is
that the system is involved in the structure of the outer surface,
which is important for serum survival. The involvement of
ETT2,,,s; in determining the structure of the bacterial outer sur-
face is supported by experiments showing that ETT2 isimpor-
tant for pellicle formation (11).

One of the factors required for septicemia is the ability to ac-
quire iron, as the serum and tissues are poor in free iron, which is
bound by various host proteins. It is therefore expected that sep-
ticemic bacteria will have efficient iron binding proteins, and in-
deed, all the examined bacteria had a large number of systems for
iron acquisition. The gene coding for the iron binding proteins of
the Yersinia high-pathogenicity island (46) is present only in a few

sepsis
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FIG 10 Serum survival of E. coli O78-9 and mutants in which the genes coding for iron acquisition systems were deleted. The culture conditions and bacterial
strains and mutants were as described in the legend to Fig. 9. (A) Growth in LB medium alone; (B) growth of O78-9 in the presence of 50% serum.

avian septicemic strains (47, 48). Surprisingly, in strain APEC
078-9, this system is the most effective one for binding iron and is
the only one that cannot be complemented by other siderophore
systems (Fig. 9). Thus, the presence of this iron acquisition system
is expected to provide positive selection for the septicemic bacteria
expressing it. Although yersiniabactin appears to be the most im-
portantiron binding system, it should be noted that the additional
systems of iron acquisition are expressed, as detected by transcrip-
tomic and proteomic analysis, and are also upregulated in the
absence of iron (12).

The comparative genomic study of avian septicemic E. coli in-
dicates considerable genetic variability between these APEC iso-
lates belonging to the same serotype. Several virulence- and
fitness-associated traits have been attributed to the different viru-
lence plasmids of, e.g., APEC O78:H9-ST23 strain x7122.
px7122-1,px7122-2,and px7122-3 encode traits that are required
for host-pathogen interaction, including catabolism, systemic in-
fection, biofilm formation, and tolerance to bile salts and acidic
pH (49). Although the plasmids described for the APEC O78:H9-
ST23 and the O78:H19-ST88 strains were not identical, they share
the common feature of sequence similarity with plasmids of en-
terotoxigenic E. coli and other members of the Enterobacteriaceae
such as Shigella and Salmonella. Genome sequence analysis of

TABLE 4 Primers for deletion and qRT-PCR

APEC O78:H9-ST23 strains x7122 and IMT2125 revealed that
based on their genome content, these avian isolates were more
closely related to the genomes of human enterotoxigenic E. coli of
sequence type 23 (ST23) than to APEC O1-ST95. Great variability
has been described for their flexible gene pool, including genomic
islands (18). Nevertheless, factors, including the group IV capsule,
expressed by the O78:H9-ST23 isolates have been determined
which contribute to their virulence, but which were not conserved
in the APEC O1-ST95 isolate. Interestingly, only two genes in-
volved in iron uptake mechanisms (entF and yddB) were shown to
be negatively selected in a screen for respiratory tract colonization
and systemic infection (18). Recently, a human multidrug-
resistant E. coli ST131 isolate has been used to screen for bacterial
factors required for serum resistance (50). Altogether, 315 essen-
tial genes for serum resistance have been identified in this isolate.
The majority of the genes involved were shown to code for mem-
brane proteins or to be involved in LPS and colonic acid biosyn-
thesis. Genes that code for siderophore system determinants or
that code for components of general transport mechanisms con-
tributing to iron transport have not been selected in the serum
resistome screening in E. coli ST131.

We show that serum resistance seems to be mediated by differ-
ent strategies in individual E. coli pathogens. This is in accordance

Primer® Sequence of primer (5'-3’)

yersinP1 TCGGTAAGACGTGCCATCAGGAGGAAGAATGATTTCGTGTAGGCTGGAGCTGCTTC
yersinP2 GGTCGGTTTGCGCTTATTGGGCAGAATGGCGATAAC CATATGAATATCCTCCTTAG
fecP1 GTGGTTTGGTTCTTACGGCCTGTGCAATCTACCTCAGTGTAGGCTGGAGCTGCTTC
fecP2 ATGACTACGTGATAATTAACTTTTGATGCACTCCGCCATATGAATATCCTCCTTAG
entP1 AGTTTTCCTGCAATCTCATTTAATTCTGTCGGGCTCGTGTAGGCTGGAGCTGCTT

entP2 TCATTATTAAAGCCTTTATCATTTTGTGGAGGATGACATATGAATATCCTCCTITAG
aeroP1 ATGTAGGCTGTCGCTTTTGATGGGCTTGCTGTCTTCGTGTAGGCTGGAGCTGCTTC
aeroP2 TCCTGTCGACTTTACCACTCTCTCCCGGCTTATTATCATATGAATATCCTCCTTAG

issP1 AGCGGAGTATAGATGCCAAAAGTGATAAAACCGAGCAATCCATATGAATATCCTCCTTA
issP2 ATGCAGGATAATAAGATGAAAAAAATGTTATTTTCTGCCGGTGTAGGCTGGAGCTGCTTC
iss-F RT AATTCCCGAAACGAAGAA

iss-R RT ATGCTTATTACAAGGATG

@ P1, primer 15 P2, primer 2. F, forward; R, reverse; RT, real time.
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with the general finding that extraintestinal pathogenic E. coli,
including APEC, use multiple strategies involving different sets of
virulence-associated traits to cause disease. Serum resistance in
APEC 078-9 which causes systemic infection in poultry may re-
quire different bacterial factors relative to serum resistance in a
human urinary tract infection isolate of serotype O25b:H4-ST131.
Our findings further underline the fact that APEC bacteria are a
heterogenous group of extraintestinal pathogens and employ sev-
eral strategies to cause infection in poultry. APEC bacteria often
contain several genes coding for essential functions and even
sometimes multiple alleles of these important genes. We could
show that specific removal of one or more virulence-related func-
tions involved in serum survival and systemic infection renders
the bacteria sensitive to serum and reduces their virulence. These
findings raise the possibility that specific vaccines or drugs can be
developed against these critical septicemia factors to combat this
economically important disease.

MATERIALS AND METHODS

Growth conditions. Cultures were grown in morpholinepropanesulfonic
acid (MOPS) minimal medium (51) or in Lennox broth (LB broth; Difco)
(52). Exponentially growing cultures were diluted to an optical density at
600 nm (ODy,) of 0.04 and examined with a Biotek Eon plate reader, and
turbidity at 600 nm was measured every 20 min.

Construction of deletions and overexpressing mutants. All site-
specific gene knockouts were obtained by the method of Datsenko et al.
(53). Briefly, competent wild-type E. coli O78:H19 ST88 isolate 789
(O78-9) bacteria were transformed with pKD46 plasmid. The transfor-
mants were grown in ampicillin-containing LB medium, induced by arab-
inose, made competent for electroporation, and stored at —70°C until
used. Linear PCR product was made on the template of the kanamycin
resistance cassette flanked by the FLP recognition target (FRT) sequences
from the pKD4 plasmid according to the region to be deleted. The primers
were designed to contain 36 nucleotides from the flanking region of the
sequence to be deleted in strain O78-9 (Table 4). Kanamycin-resistant
recombinants were screened by means of colony PCR. Unless stated oth-
erwise, the pKD46 plasmid was cured by growth on LB medium at 42°C.
Bacteria cured of the ColV plasmid were obtained by penicillin selection
for bacteria unable to grow in the presence of tetracycline.

Overexpression strains were obtained by cloning the selected DNA
fragments by PCR amplification using specific primers. The amplified
fragment was digested with the appropriate restriction enzyme and ligated
into a pPBAD24 vector, digested with the same restriction enzymes, using
Fast-link DNA ligase (Epicentre). The ligation was transformed into com-
petent E. coli TG1 bacteria, and the resulting clones were screened by
colony PCR. The final plasmid was extracted from the selected clone, and
after sequence verification, it was transformed into the O78-9 strain.

RNA extraction and RT-PCR. RNA from 500 ul of a bacterial culture
was stabilized using the RNA Protect reagent (Qiagen) according to the
manufacturer’s instructions. Total RNA was isolated using the RNeasy
minikit (Qiagen) for total RNA isolation, and a RNase-free DNase set
column (Qiagen) was used to eliminate DNA contamination. For real-
time PCR (RT-PCR) experiments, 1 ug of total RNA was reverse tran-
scribed using random hexamers (Amersham) by ImPromlI reverse tran-
scriptase (Promega). PCRs were performed using a 500 nM concentration
of each gene-specific primer in a 10-ul volume with 1X SYBR green PCR
master mix (Applied Biosystems). Reactions were run on an ABI 7700
instrument (Applied Biosystems) using the standard cycling parameters.
Relative gene expression data analysis was carried out by the AAC,
method.

Genome sequence analysis. Genomic sequencing was performed us-
ing a random shotgun approach. Total genomic DNA was sheared ran-
domly (nebulizing), and the DNA fragments in the range of 1.5 kb to 4 kb
were cloned into pCR2.1 TOPO cloning vectors (Invitrogen) to establish
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a shotgun library. The inserts of the recombinant plasmids were se-
quenced from both ends using the 96-capillary high-throughput ABI
3730xl DNA analyzer. Approximately 55,000 sequences were processed
first with PHRED and Pregap4, assembled into contigs by using the
PHRAP assembly tool and edited with Gap4, which is a part of the STA-
DEN package software. PCR-based techniques and primer walking on
recombinant plasmids were applied in order to close remaining sequence
gaps. Annotation was done using the ERGO tool (54). Open reading
frames (ORFs) were predicted with YACOP (55). For annotation, all pro-
teins were screened against Swiss-Prot data and publicly available protein
sequences from other completed genomes. All predictions were then ver-
ified and manually modified using the ERGO software package (Inte-
grated Genomics, Inc., Chicago, IL) (56) and GenDB (57). Horizontally
acquired genomic regions were determined using ISLANDVIEWER (58).
Complete genome comparisons were done with ACT (59) and MAUVE
(60, 61) based on replicon-specific nucleotide BLAST (62) and with re-
ciprocal protein-based BLAST comparisons to selected E. coli genomes
using EDGAR (63).

Computation of E. coli core genome. The E. coli set of orthologs was
defined by identifying pairwise reciprocal tBLASTx best hits (64). We
demand at least 95% identity in nucleotide sequence for the region of
homology identified by tBLASTX, the high-scoring segment pairs (hsp).
These hsp may be only a fraction of the total length of the proteins, and we
thus also request that the hsp, excluding gaps, is not less than 50% of the
length of each protein. Finally, we also request that the lengths of the two
proteins would not differ by more than 20%.

Computation of the E. coli phylogenetic species tree. We performed
multiple-sequence alignments (MSAs) for the 1,548 E. coli core genes
using the PRANK program (65). The concatenated MSA over all core
genes was used as input to the PhyML program (66) in order to recon-
struct the species tree.

Nucleotide sequence accession number. The E. coli strain O78-9 ge-
nome sequence reported in this paper has been deposited in the GenBank
database under accession numbers CP010315 (E. coli 78-9 chromosome),
CP010316 (p789-1), CP010317 (p789-2), and CP010318 (p789-3).
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