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Abstract : The present study was conducted to determine the full rpoB and eight house-keeping gene sequences of
78 and 35, respectively, avian pathogenic E. coli (APEC) strains. Phylogenetic comparison with 66 E. coli and Shigella
strains from GenBank and EMBL was also conducted. Based on the full 7poB sequence, 50 different 7poB sequence
types (RSTs) were identified. RST 1 was assigned to a major RST that included 34.7% (50/144) of the analyzed
strains. RST 2 to RST 50 were then assigned to other strains with higher nucleotide sequence similarity to RST 1
in order. RST 1, 11, and 23 were mixed with APEC along with human commensal and pathogenic strains while RST
2, 6,9, 13-15, 22, 24, 25, 33, 34, 36, and 41 were unique to APEC strains. Only five APEC strains grouped into
RST 32 and 47, which contained human pathogenic E. coli (HPEC). Thus, most of the APEC strains had genetic
backgrounds different from HPEC strains. However, the minor APEC strains similar to HPEC should be considered
potential zoonotic risks. The resolution power of multi-locus sequence typing (MLST) was better than RST testing.
Nevertheless, phylogenetic analysis of rpoB was simpler and more economic than MLST.
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Introduction

Escherichia (E.) coli strains have been divided into four
major phylogenetic groups (A, B1, B2, and D) on the basis
of phylogenetic analysis of multilocus enzyme electrophore-
sis (MLEE) alleles and a rapid and simple triplex poly-
merase chain reaction (PCR) technique [1, 30]. Human
extraintestinal pathogenic E. coli (EXPEC) such as uropatho-
genic and neonatal meningitis E. coli strains was classified
mainly into group B2 and, to a lesser extent, group D, while
most commensal strains belonged to groups A and B1 [4, 14,
19, 29, 33]. The extraintestinal infection of avian pathogenic
E. coli (APEC) induces colibacillosis in chickens, which is
characterized by polyserositis, septicemic shock, and celluli-
tis [6, 11]. In contrast to human E. coli, the group A is most
frequent in APEC strains, and phylogenetic group and clini-
cal severity are also unrelated [7, 9, 10, 14, 19, 26, 33].
Recently pan- and core genomes were identified by compar-
ing E. coli and Shigella spp. genomes and a hierarchical clus-
tering of the variable genes resulted in clear separation of E.
coli strains into pathotypes and clinically relevant serotypes
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[23]. But, full genome sequencing and analyses remain
expensive and time-consuming. Multilocus sequence typing
(MLST) has been developed for the understanding of global
epidemiology and population structure of infectious agents
[24]. For MLST of E. coli, 6-8 housekeeping genes are
amplified and the 6-8 amplicons are purified and sequenced
using both PCR primers (12-16 reactions). In addition, rela-
tively high recombination rates of housekeeping genes can
blur the interpretation of phylogenetic analysis results [13,
16, 32]. Therefore, a simple and economical alternative phy-
logenetic scheme with high discriminative power and free of
recombination bias is needed. Among the minimal essential
genes, partial or complete RNA polymerase beta subunit
gene (rpoB) has been applied to phylogenetic analysis of var-
ious bacteria and differentiation of certain serotypes of Sal-
monella enterica [1, 31]. In this study, we determined the
complete rpoB sequences of 78 and 8 house-keeping genes
(dinB, icdA, pabB, polB, putP, trpA, trpB and uidA) sequences
of 35 APEC strains which had been isolated from 1985-2005
from Korean chickens suffering from colibacillosis (Table 1),
conducted a phylogenetic analysis together with 66 E. coli
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Table 1. RNA polymerase beta subunit gene (rpoB) sequences used in this study

Strain Accession Strain Accession Strain Accession Strain Accession
number number number number

E3 IN707606 E66 IN707643 E139 IN707680 FRIK966 ACXNO01000121
E5 IN707607 E68 IN707644 E140 IN707681 FVEC1412 GG749233

E10 IN707608 E69 IN707645 E141 IN707682 H10407 FN649414

Ell IN707609 E70 IN707646 E147 IN707683 HS CP000802

E13 IN707610 E80 IN707647 11368 AP010953 IAIl CU928160

El5 IN707611 E84 IN707648 042 FN554766 TAI39 CU918264

E17 IN707612 E86 IN707649 101-1 AAMKO02000037 IHE3034 CP001969

E18 IN707613 E89 IN707650 11128 A010960 KO11 CP002516

E20 IN707614 E90 IN707651 12009 AP010958 LF82 CU651637

E21 IN707615 E91 IN707652 536 CP000247 MS196-1 ADUDO01000221
E22 IN707616 E95 IN707653 53638 AAKB02000001  NA114 CP002797

E23 IN707617 E101 IN707654 55989 CU928145 NRG 857C CP001855

E24 IN707618 E102 IN707655 ABUS83972 CP001671 OP50 ADBT01000723
E25 IN707619 E103 IN707656 APEC O1 CP000468 S88 CuU928161

E26 IN707620 E105 IN707657 ATCC8739 CP000946 Sakai BA000007

E27 IN707621 E107 IN707658 B088 GG749152 SB Sb227" CP000036

E28 IN707622 E109 IN707659 B171 AATX02000048 SB CDC3083-94  CP001063

E29 IN707623 E110 IN707660 B185 GG749189 SD Sd197° CP000034

E31 IN707624 El11 IN707661 B7A AAJT02000064 SD 1012 AAMI01000024
E32 IN707625 El12 IN707662 BL21 (DE3) AM946981 SE11 AP009240

E33 IN707626 E113 IN707663 BW2952 CP001396 SE15 AP009378

E35 IN707627 E117 IN707664 CB9615 CP001846 SF 2a 2457T# NC 004741

E36 IN707628 E119 IN707665 CFT073 AE014075 SF 2a 301 AE005674

E38 IN707629 E120 IN707666 DHI1(K12) CP001637 SF 5 8401 CP000266

E39 IN707630 E124 IN707667 E110019 AATW02000004  SMS-3-5 CP000970

E42 IN707631 E125 IN707668 E22 AAIV02000051 SS Ss046 CP000038

E43 IN707632 E126 IN707669 E2348/69 FM180568 TB182A EU891633

E48 IN707633 E127 IN707670 E24377A CP000800 TW14359 C0001368

E49 IN707634 E129 IN707671 EC4042 ABHMO0200001 UM146 CP002167

E51 IN707635 E130 IN707672 EC4045 ABHL02000001 UMNO026 CU928163

E52 IN707636 E131 IN707673 EC4115 CP001164 UMNKSS CP002729

E53 IN707637 E132 IN707674 EC4206 ABHK02000001  UTI&9 CP000243

E55 IN707638 E133 IN707675 EDla CP928162 w CP002185

E59 IN707639 E135 IN707676 EDL933 AE005174 W3110(K12) AP009048

E61 IN707640 E136 IN707677 ATCC 35469 CU928158

E64 IN707641 E137 IN707678 F11 AAJU02000047

E65 IN707642 E138 IN707679 FRIK2000 ACX001000202

SB: Shigella boydii, SD: Shigella dysenteriae, SF: Shigella flexneri.

and Shigella strains and a strain of E. fergusonii (ATCC
35469) in the GenBank (National Center for Biotechnology
Information, USA) and EMBL (European Molecular Biol-
ogy Laboratory, Germany) sequence databases to understand
population structure of them, then evaluated whether it can

be an alternative method of MLST.

Materials and Methods

Primers

rpoB genes of E. coli strains in the GenBank and EMBL
were compared with Bioedit version 5.0.9.1 (Ibis Bio-
sciences, USA) and a primer set to amplify the complete cod-
ing region of 7poB and seven primers for sequencing were
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Table 2. Primers for rpoB amplification and sequencing

Primer SequeEC4115nce (5° to 37) Location® Usage

P1 ATGGTTTACEC4206TCCTATACCGAGAA 1-23 PCR
P2 CAGATCCTYGACCTGTITCTT 655-674 Sequencing

PIR CACTTTACCGTTAGCTTCGAT 783-763 Sequencing
P3 GAAGTTCAACCGTITCTCTGCT 1209-1229 Sequencing
P4 ATCGAAGAAGGCAACTACGIT 1825-1845 Sequencing
P5 CGAAGACTCCATCCTCGTAT 2436-2455 Sequencing
P6 AACAGCTGGCTGAGCAGTAT 3035-3054 Sequencing
P7 GAAGTTATGCGTCTGGCTGA 3502-3521 Sequencing

P8R TTACTCGTCTTCCAGITCGATGT 4029-4007 PCR

* The nucleotides of 7poB coding region were numbered from start codon to stop codon.

designed manually (Table 2).

PCR and sequencing

Total APEC DNA was extracted with a G-spin genomic
DNA extraction kit (iNtRON Biotechnology, Korea) in
accordance with the manufacturer’s instructions. The PCR
solution was composed of 10 x buffer (5 uL), dNTPs (2.5
mM, 1 uL), forward and reverse primers (10 pmol/uL, 1 uL
each), Taqg DNA polymerase (5 U/uL, 1 pL; Macrogen, Korea),
distilled water (40 puL), and template DNA (50 ng/uL, 1 puL).
Cycling conditions were 94°C, 3 min; 40 cycles at 94°C, 30
sec; 54°C, 20 sec; and 72°C, 4.5 min; and a final extension
step at 72°C, 7 min. Amplicons were analyzed through elec-
trophoresis on 1.0% agarose gels, and a 1 kb ladder was the
molecular size marker (Macrogen). The PCR amplicons were
purified using a PCRquick Spin Kit (iNtRON Biotechnol-
ogy) in accordance with the manufacturer's instructions and
were sequenced with an ABI3711 automatic sequencer (Mac-
rogen).

Sequence analysis

The in silico phylogenetic grouping of E. coli and Shigella
strains in GenBank was accomplished by querying sequences
of forward and reverse primers of chud, yjad, and TspE4 in
the BLASTN suite [2, 5]. Previously we revealed some
mutations in yjaA.l (the fifth C—T from the 3’-end), yjaA.2
(the fourth G—A from the 5’-end), and TspE4.C2 (the fifth
C—T from the 5’end and the third A —G from the 3’-end)
primers, and the mutated sequences were also queried [14].
According to the presence or absence of chud, yjaA, and
TspE4, the phylogenetic group was determined [5].

The determined overlapping sequences were assembled
into a single complete sequence using ChromasPro version
1.5 (Technelysium, Australia). All complete rpoB sequences
available in the GenBank and EMBL sequence databases
were collected by a BLAST search with full coding region
rpoB sequence of K12 W3110 strain (AP009048) (Table 1).
Nucleotide similarity, variable nucleotide comparison, and
translation of rpoB nucleotides were performed with Bioedit
version 5.0.9.1 (Ibis Biosciences). Although the primer regions

(1-23 and 4007-4029) of APEC strains were not determined
the nucleotide sequences of 67 reference strains in the Gen-
Bank and EMBL databases were conserved. Therefore, the
primer sequences were included to generate complete rpoB
sequences of APEC strains for phylogenetic analysis. Phylo-
genetic analysis was performed with MEGA version 5 soft-
ware (neighbor-joining method with Tamura-Nei distance
and 1,000 repeats of bootstrapping). Shimodaira-Hasegawa
test was performed with PAUP (ver. 4.0; Sinauer Associates,
USA). The accession numbers of E. coli strains are summa-
rized in Table 1.

To compare MLST with rpoB phylogenetic analysis, the
nucleotide sequences of eight housekeeping genes of 35
APEC strains were determined as previous [13] and those of
38 references E. coli strains were extracted from the Gen-
Bank and EMBL sequence databases [13]. The genes were
dinB (DNA polymerase), icdA (isocitrate dehydrogenase), pabB
(p-aminobenzoate synthase), polB (polymerase Polll), putP
(proline permease), trpA (tryptophan synthase subunit A),
trpB (tryptophan synthase subunit B), and uidA (beta-glucu-
ronidase). The nucleotide sequences were queried to the data-
base of the MLST Pasteur website (Genotyping of Pathogens
and Public Health of Institut Pasteur, France), and their allele
profiles and STs were determined. The phylogenetic tree was
constructed based upon eight concatenated housekeeping
genes as rpoB [13].

Results

Complete rpoB sequences of APEC strains

The complete coding region of rpoB of E. coli was suc-
cessfully amplified by the PCR primer set and the sequenc-
ing primer set was specific enough to clearly read the whole
region. For nucleotide analysis, the primer sequences of the
forward and reverse PCR primers were included. The com-
plete coding region of rpoB of E. coli was 4,029 nucleotides
including the stop codon. The nucleotide similarities between
E. coli strains were 98.4%~100%. The numbers of variable
nucleotide loci were 180, and synonymous and nonsynony-
mous nucleotide changes were 175 and 5, respectively.
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Among the tested APEC strains, E132 has an amino acid
change, R994C, and GenBank strains ED1a, OP50, 536, and
LF82 possessed single amino acid changes (P288S, D711N,
A1043S, and A1263E, respectively).

In silico phylogenetic grouping

Phylogenetic groups of the reference strains were deter-
mined by the presence of nucleotide sequences of primers for
phylogenetic grouping of E. coli. Forty-seven reference strains
were grouped into phylogenetic group A (14/47), B1 (9/47),
B2 (15/47), and D (9/47). The phylogenetic group of each
reference strain is depicted in Fig. 1. All strains of Shigella
(S.) boydii, S. flexneri, and S. sonnei were group A, but S.
dysenteriae Sd197 was group B2.

Phylogenetic analysis

The 78 APEC and 66 E. coli and Shigella strains in the
GenBank and EMBL sequence databases were grouped into
50 RSTs (RST 1-RST 50) on the basis of phylogenetic anal-
ysis of the full »poB nucleotide sequences (Fig. 1). RST 1
was assigned to a major RST covering 34.5% (50/145) of
analyzed strains and RST 2 to RST 50 were assigned to other
strains in order with higher nucleotide sequence similarity to
RST 1. The RST numbers are preliminary except RST 1, but
RST code is sequence specific. The RST code of RST 1 is
RST-0-1. The middle and end numbers of the RST code
denote the number of nucleotide difference from RST 1 and
identifier, respectively. The RST code, prototype strain, and
the number of member were summarized in Table 3, and for
better understanding RST numbers were used instead of RST
codes in the manuscript. RSTs 11 (13 strains), 47 (8), 35 (6),
23 (5),38(5),32(4),25(3),2(2),4(2),5(2), 15(2),22 (2),
33 (2), 40 (2), and 42 (2) contained more than one strain, and
other RSTs contained only one strain. RST 1, 11, and 23
were mixed with APEC, and human commensal and virulent
strains, but RSTs 2, 6, 9, 13, 14, 15, 22, 24, 25, 33, 34, 36,
and 41 were unique to APEC strains (Table 3). Only five
APEC strains grouped into RSTs 32 (1) and 47 (4), which
contained virulent human E. coli strains (Fig. 1).

The separation of phylogenetic groups, A, B1, B2, and D
was unclear in the rpoB tree. The phylogenetic groups of
APEC strains in the present study were defined in the previ-
ous work [14]. RST 1 was composed of diverse phyloge-
netic groups, and A, B1, B2, and D comprised 17, 15, 8, and
2 strains, respectively. RST 11 and 23 were composed mainly
of group A, but E35 and E90 were group D. RST 12, 13, 17-
21, 24, and 31 were composed of group A, and RST 2-5 and
8-10 were composed of B1. RST 25, 27, 40, 42, 43, and 45-
50 were composed of group B2, and RST 22, 32, 33, and 35-
39 were composed of group D.

Out of 35 APEC strains all 8 amplicons were available
from 33 strains but 2 strains (E39 and E59) were lack of icdA
and dinB amplicons, respectively. The fourteen APEC and
five reference strains showed one or two nucleotide mis-
matches in one or two house-keeping genes, and the closest
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Fig. 1. Phylogenetic analysis of complete 7poB of E. coli strains.
Phylogenetic analysis was performed with MEGA version 5
software (neighbor-joining method with Tamura-Nei distance
and 1,000 repeats of bootstrapping). Phylogenetic groups (A,
B1, B2 and D), serotypes, molecular pathotypes (MP1-MP27)
and rpoB sequence types (RST1-RST50) were represented in
parenthesis.



Phylogenetic analysis of APEC 35

Table 1. rpoB sequence type (RST) system

RST ~ RsT umberof _
number  code ngcleotlde Prototype Member (ST/phylogenetic group);[Number of member]
difference
E24 (7/A), E31 (7/A), E43(7/B2), E49 (7/B2), E61 (7/B2), E70 (7/B2), E103
(7/A), E105 (7/A), E48 (66/B2), E36 (66/A), E55 (88/D), E89 (88/D), KO11
(360/B1), W (360/B1), E69 (NEW1/B1), E127 (NEW2/B1), TAIl (NEW3/
B1), HS (NEW4/A), ES (nd"/B1), E11 (nd/B1), E13 (nd/B1), E21 (nd/B1),
| RST-0-1 0 89 E17 (nd/B1), E27 (nd/A), E29 (nd/B1), E25 (nd/B1), E42 (nd/A), E51 (nd/
A), E52 (nd/B2), E53 (nd/B1), E86 (nd/A), E84 (nd/A), E91 (nd/A), E95
(nd/B2), E107 (nd/nd), E110 (nd/B2), E111 (nd/B2), E112 (nd/A), E113 (nd/
A), E125 (nd/nd), E130 (nd/B2), E135 (nd/A), E136 (nd/B1), E137 (nd/nd),
E138 (nd/A), E139 (nd/A), E140 (nd/nd), E141 (nd/nd), BO88 (nd/nd), B7A
(nd/nd) [50]
2 RST-1-1 1 E66 E102 (21/B1), E66 (NEW/5/D) [2]
3 RST-1-2 1 SEl1 SE11 (19/B1) [1]
4 RST-1-3 1 E22(EPEC) E22(nd/nd), 12009 (135/B1) [2]
5 RST-1-4 1 E24377A E24377A (468/B1), 11368 (481/B1) [2])
6 RST-2-1 2 E132 E132 (nd/nd) [1]
7 RST-2-2 2 B171 B171 (nd/nd) [1]
8 RST-2-3 2 55989 55989 (290/B1) [1]
9 RST-2-4 2 E39 E39 (nd/B1) [1]
10  RST=2-5 2 11128 11128 (480/B1) [1]
E26 (446/A), E10 (nd/A), E18 (nd/A), E32 (nd/A), E33 (nd/A), E35 (nd/D),
11 RST-3-1 3 E26 E117 (nd/A), E147 (155/nd), K12 BW2952 (2/A), K12 DHI (nd/A), K12
W3110 (nd/A), H10407 (132/A), UMNKS88 (NEW6/A) [13]
12 RST4-1 4 MS196-1 MS196-1 (nd/nd) [1]
13 RST-4-2 4 E68 E68 (2/A) [1]
14 RST4-3 4 E101 E101 (NEW7/nd) [1]
15 RST-4-4 4 El15 E15 (NEW8/A), E3 (nd/nd) [2]
16  RST-4-5 4 E110019 E110019 (nd/nd) [1]
17 RST-5-1 5 S. boydii Sb227 S. boydii Sb227 (nd/A) [1]
18  RST-6-1 6 S. boydii CDC3083-94 S. boydii CDC3083-94 (nd/A) [1]
19  RST-6-2 6 S. flexneri 5 8401 S. flexneri 5 8401 (nd/A) [1]
20  RST-6-3 6 S. flexneri 2a 2457T  S. flexneri 2a 2457T (nd/A) [1]
21 RST-7-1 7 S. flexneri 2a 301 S. flexneri 2a 301 (nd/A) [1]
22 RST-8-1 8 E28 E28 (305/D), E109 (533/D) [2]
23 RST-9-1 9 E90 53)0 [(58]3/D), BL21 (83/A), E20 (398/A), ATCC8739 (NEWY9/A), 101-1 (nd/
24 RST-10-1 10 E133 E133 (nd/A) [1]
25  RST-11-1 11 E119 E119 (NEW10/B2), E120 (NEW10/B2), E124 (NEW10/B2) [3]
26  RST-11-2 11 OP50 OP50 (nd/nd) [1]
27  RST-11-3 11 S. dysenteriae SA197 . dysenteriae SA197 (nd/B2) [1]
28  RST-15-1 15 S. dysenteriae 1012 S. dysenteriae 1012 (nd/nd)[1]
29  RST-17-1 17 BI85 B185 (nd/nd) [1]
30  RST-18-1 18 53638 53638 (nd/nd) [1]
31  RST-20-1 20 S. sonnei Ss046 S. sonnei Ss046 (nd/A) [1]
32 RST21-1 21 E131 E131 (nd/nd), UMNO026 (3/D), 042 (NEW11), FVEC1412 (nd/nd) [4]
33  RST-24-1 24 E38 E38 (48/D), E23 (NEW12/D) [2]
34  RST-25-1 25 E80 E80 (nd/nd) [1]
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Table 3. continued

RST ~ RsT umberof _
number  code ngcleotlde Prototype Member (ST/phylogenetic group);[Number of member]
difference

. Sakai (296/D), EDL933 (296/D), CB9615 (553/nd), FRIK966 (nd/nd),
35 RST28-1 28 Sakai FR1K2(000 (n)d/nd), TBls(zA (n()i/nd)[6] ( : (ndnd
36 RST-28-2 28 E126 E126 (45/D) [1]
37 RST-28-3 28 1AI39 IAI139 (254/D) [1]

TW14359 (NEW13/D), EC4115 (NEW13/D), EC4042 (nd/nd), EC4045 (nd/

38  RST-29-1 29 TW14359 nd), EC42(()I; (nd/nd) ?5] (N ) ( ) (
39  RST-31-1 31 SMS-3-5 SMS-3-5 (39/D) [1]
40  RST-35-1 35 SE15 SE15 (506/B2), NA114 (43/B2) [2]
41  RST-36-1 36 E129 E129 (nd/nd) [1]
42 RST-40-1 40 CFTO073 CFTO073 (4/B2), ABU 83972 (4/B2) [2]
43 RST-43-1 43 E2348/69 E2348/69 (491/B2) [1]
44  RST-47-1 47 F11 F11 (nd/nd) [1]
45  RST-48-1 48 536 536 (NEW14/B2) [1]
46  RST-49-1 49 NRG857C NRG857C (64/B2) [1]

E22 (1/B2), ES9 (nd/B2), E64 (1/B2), E6S (1/B2), IHE3034 (1/B2), S88 (1/

B2), UM146 (1/B2), APEC Ol (418/B2) [8]

47  RST-49-2 49 E22
48  RST-50-1 50 LF82
49  RST-50-2 50 UTI89
50  RST-50-3 50 EDla

LF82 (64/B2) [1]
UTISY (1/B2) [1]
EDla (149/B2) [1]

nd: not determined, S.: Shigella.

allele was used to determine the STs. The sixteen APEC (8
strains) and reference strains (8 strains) were classified into
14 new STs. The RST 1 (18 strains), 2 (2 strains), 5 (2 strains),
11 (5 strains), 22 (2 strains), 23 (4 strains), 32 (2 strains), 33
(2 strains), 35 (3 strains), 40 (2 strains), 42 (2 strains), and 47
(7 strains) were further divided into several STs and the
tested 30 RSTs were divided into 49 STs (Table 3).

Although the global tree topologies of rpoB and MLST
(MLS tree) were turned out to be significantly different (SH
test, p <0.001), the local clustering of the APEC and refer-
ence E. coli strains in the rpoB tree was, however, notably
similar to the MLS tree (Fig. 2). APEC strains of RST 1
were indistinguishable each other in rpoB tree but they
formed several different clusters in MLS tree. RST 1, 2, 3, 4,
5, 8, 10, 11, 13, 14 and 15 formed a cluster in both trees.
RST 23 strains formed a cluster and RST 22 and 25 formed a
cluster in both trees. RST 40, 41, 42, 43, 45, 46, 47, 49 and
50 formed a cluster in both trees. K12 strains and B strains
formed different clusters in both phylogenetic trees. Patho-
genic O157:H7 and O55:H7 strains formed a cluster in both
trees, but TW14359, EC4206, EC4045, EC4042, and EC4115
were a single nucleotide different from Sakai, FRIK966,
FRIK2000, CB9615, EDL933 and TBI182A, respectively in
rpoB sequence. The rpoB sequences of Shigella spp. were
closely related to E. coli, S. boydii and S. flexneri strains
formed different cluster with each other, but S. dysenteriae
strains 1012 and Sd197 did not form a cluster.

Discussion

The nucleotide sequence variability of rpoB among the
compared E. coli and Shigella strains was 98.4-100%. The
rpoB sequence similarity for speciation is 98%, and Shigella
strains could be classified into E. coli as previous [1]. Muta-
tions in rpoB can cause rifampicin-resistance and can bias
phylogenetic analysis with partial sequences including rifampi-
cin-resistance determining region (RRDR) [12]. But, since
the rpoB sequences of E. coli and Shigella strains presently
showed enough variability and no mutations in the RRDR,
they may be useful for phylogenetic analysis of E. coli.

E. coli strains have been divided into four phylogenetic
groups. The B2 group is regarded as pathogenic, in contrast
to A and B1, which are mainly commensals. Previous stud-
ies have reported frequencies of A, B1, B2, and D groups in
APEC strains as 34.5%~71.0%, 4.1%~23.3%, 7.9%~44.5%,
and 12.0%~29.9%, respectively, and, on average, group A is
the most frequent in APEC strains [7, 9, 10, 14, 19, 33]. The
relatively high frequencies of A group in APEC and human
commensals, and of B2 and D in human EXPEC, may reflect
different pathogenicity evolution of APEC from human E.
coli strains. But, recently restricted distribution of ExXPEC in
certain phylogenetic groups was explained by sampling bias
because most of studies used selected EXPEC strains [3, 15,
17, 21, 25]. A MLST study that employed unselected human
bacteremic strains revealed unrestricted distribution into all
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Fig. 2. Phylogenetic analysis of the APEC and reference strains
of E. coli on the basis of 8 concatenated house-keeping genes of
MLST scheme (Jaureguy et al. [13]). Phylogenetic analysis was
performed with MEGA version 5 software (neighbor-joining
method with Tamura-Nei distance and 500 repeats of bootstrap-

ping).

phylogenetic groups, therefore, further phylogenetic studies
with unselected EXPEC may be valuable [13].

Clonal division as well as distribution of virulence factors
in human and poultry septicemic O2 and O78 ExPEC strains
is host-independent [28], but the presence of major RST 1,
which covered 56.4% (44/78) of the APEC strains, and RSTs
unique to APEC strains are reminiscent of host specificity of
APEC. APEC from septicemia are more virulent to chicks
than human E. coli strains from newborn meningitis [28],
therefore, extensive sequencing and analysis of full rpoB of
poultry and human commensal and pathogenic E. coli may
make clear the host-dependent distribution of E. coli.

The derivation of four phylogenetic groups from the RST 1
reflect the divergent evolution of phylogenetic groups, but
phylogenetic groups B2 and D evolved convergently from
RSTs 1, 11, 22, 25, 27, 32, 33, 35~40, 42, 43, and 45~50 via
horizontal gene transfers and recombinations. Similar evolu-
tion patterns were observed in serotypes and molecular
pathotypes (MP) (Fig. 1) [14]. For examples RST1 evolved
divergently to O8, 09, O18 and O78 serotypes but serotypes
018 and O78 evolved convergently from RSTs 1, 11, 47 and
49, and 1, 2, 11 and 22, respectively. RST 1 evolved diver-
gently to MPs 2, 4, 5, 6, 7, 10, 11, 13, 14, 19, 25 and 26 but
MP19 and MP25 evolved convergently from RSTs 1, 15, 25
and 32, and RSTs 1, 2 and 36, respectively. The evolution of
rpoB depends on point mutations and it changes more slowly
than serotypes, phylogenetic groups, and pathotypes, which
depend on horizontal gene transfers and recombinations.
Therefore, rpoB may be valuable to chronicle and may be
suitable as a landmark molecule to understand the rapid and
complicated evolution of E. coli strains.

To date, B2 groups of APEC were suspected to be poten-
tial zoonotic pathogens, but there are various B2 groups
derived from RSTs 1, 25, and 47. RSTs 1 and 25 are major
and unique genotypes of APEC strains, respectively, and
only RST 47 is composed of APEC strains and human patho-
genic strains. In our previous study, E64 and E22 of RST 47,
and E43 of RST 1 were classified into lethality classes 1, 2
and 3, of which LD;, ranged < 5 x 10° cfu, 5 x 10° to 10® cfu,
and > 5 x 10%, respectively, and they were different in patho-
genicity [8, 14]. In the same context, studies on the pathoge-
nicity of D group strains that show extended distribution in
different RSTs, such as 22, 32, 33, and 35~39 may be inter-
esting, and the presence of minor but highly-pathogenic APEC
strains closely related to human ExPEC should be consid-
ered as a potential zoonotic risk in the poultry industry [18].

The further differentiation of 30 RSTs into 49 STs by
MLST represented higher resolution power of MLST than
RST but the local clustering of the APEC and reference E.
coli strains in the rpoB tree was, however, notably similar to
the MLS tree. The B and K12 strains formed different clus-
ters, and pathogenic B2 group strains formed a unique clus-
ter, as reported previously [23]. The clustering of the O157
and OS55 strains could be explained by the report that O157
emerged from O55 by only the acquisition of a single large
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segment spanning the rfb-gnd gene cluster [22]. Shigellas are
closely related to enteroinvasive E. coli (EIEC) and cannot
be separated from other E. coli strains by MLST-based phy-
logenetic analyses [20, 27]. According to the phylogenetic
analysis with 7poB, S. boydii, S. sonnei Ss046, and S. flex-
neri strains formed different clusters with one another, but
they could not be separated from other E. coli strains. On the
basis of rpoB sequence, S. dysenteriae 1012 and Sd197
strains were clearly different each other, reflecting the proba-
ble situation where ancestral E. coli strains with different genetic
backgrounds experienced convergent evolution to become S.
dysenteriae [20, 27]. Although pangenome clustering of E.
coli and Shigella strains on their variable gene content has
revealed clear separation of E. coli and Shigella and cluster-
ing of S. dysenteriae 1012 and Sd197, it requires whole genome
sequencing and analysis [23].

In conclusion, the phylogenetic analysis of complete rpoB
sequence can be more cost-effective method than MLST to
understand population structure and clonal evolution of E.
coli strains in human and animals.
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