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Serotyping has been the gold standard for identifying Sal-
monella, but it requires large amounts of standard antisera.
Multilocus sequence typing (MLST) has been applied to
identify Salmonella serovars, but the recombination of 4-7
housekeeping genes and multiple analytic steps diminish its
applicability. In the present study, we determined the com-
plete sequences of the RNA polymerase beta subunit gene
(rpoB) and 7 housekeeping genes (aroC, dnaN, hemD, hisD,
purE, sucA, and thrA) for 76 strains of 33 Salmonella enterica
serovars and conducted phylogenetic analyses together with
the corresponding gene sequences of 24 reference strains
registered in the GenBank database. Based on the phyloge-
netic analyses, 100 strains from 40 serovars and 91 strains
from 37 serovars were classified into 60 rpoB (RST) and 49
multilocus sequence types (ST), respectively. The nucleotide
similarities were 98.8-100% and 96.9-100% for the complete
rpoB gene and the seven concatenated housekeeping genes,
respectively. The strains of 35 and 30 serovars formed sero-
var-specific branches or clusters in the rpoB and house-
keeping gene phylogenetic trees, respectively. Therefore,
complete rpoB gene sequencing and phylogenetic analysis
may be a useful method for identifying Salmonella serovars
that is a simpler, more cost-effective, and less time-consum-
ing alternative or complementary method to MLST and con-
ventional serotyping.

Keywords: Salmonella, serotyping, rpoB, MLST, phyloge-
netic analysis
Introduction

Salmonella is one of the most frequent causative agents of
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food-borne illness, and the appearance of multidrug-resis-
tant Salmonella serovars has become a threat to global public
health. Thus, worldwide surveillance and serotyping of Sal-
monella have been conducted (Herikstad et al., 2002). The
genus Salmonella is composed of two species, Salmonella
enterica and Salmonella bongori, and S. enterica is further
divided into the six subspecies S. enterica subsp. enterica, S.
enterica subsp. salamae, S. enterica subsp. arizonae, S. en-
terica subsp. diarizonae, S. enterica subsp. houtenae, and S.
enterica subsp. indica based on phenotypic and genetic cha-
racteristics (Reeves et al., 1989; Grimont and Weill, 2007).
Based on the White-Kaufmann-Le Minor (WKL) scheme,
Salmonella consists of 2,579 serovars, and large volumes of
antisera are required for the typing of somatic (O), phase I
and II flagellin (H), and capsular antigens (Grimont and
Weill, 2007). Therefore, the complexity of the serotyping
scheme, the preparation of a large number of standard anti-
sera and antigen samples, the unavailability or variable quality
of commercial antisera, and the time-consuming procedures
in some serovars are disadvantages of the conventional sero-
typing method (Hendriksen et al., 2009).

For these reasons, several molecular methods, such as the
automated ribotyping system, 165-23S rRNA spacer restric-
tion fragment length polymorphism (RFLP), polymerase
chain reaction (PCR)-RFLP, sequencing of H antigen genes
(fliC and f1jB), multiplex PCR of the O-antigen encoding
genes (tyv and wzx), and phylogenetic analyses of the beta
subunit of ATP synthase gene (atpD) have been developed for
typing Salmonella serovars, but their discriminative ability
is insufficient for practical applications (Christensen and
Olsen, 1998; Dauga et al., 1998; Oscar, 1998; Christensen et
al., 2000; Herrera-Leon et al., 2007; Hendriksen et al., 2009).
Multilocus sequence typing (MLST) rather than multilocus
enzyme electrophoresis has been developed to investigate
the global epidemiology and population structure of infec-
tious agents (Maiden et al., 1998; Enright and Spratt, 1999).
To date, several MLST schemes using different sets of house-
keeping and virulence genes have been developed for phy-
logenetic analyses of Salmonella serovars, and MLST data
have accumulated (Kidgell et al., 2002; Kotetishvili et al.,
2002; Fakhr et al., 2005; Sukhnanand et al., 2005; Tankouo-
Sandjong et al., 2007; Achtman et al., 2012). However, MLST
analyses require the amplification and purification of 4-7
housekeeping genes and 8-14 sequencing reactions for each
sample. Furthermore, relatively high recombination rates
of the housekeeping genes can blur the interpretation of
phylogenetic results (Kotetishvili et al., 2002; Sukhnanand et
al., 2005; Torpdahl et al., 2005; Falush ef al., 2006). Therefore,
simpler and more economical phylogenetic schemes with
high discriminative power that are free of recombination



Table 1. S. enterica strains used in this study and their multilocus sequence types (STs) and rpoB sequence types (RSTs)
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Strain Serovar Source Accession No. ST RST
CVM29188 Kentucky GenBank ABAK_02000001 152 9-1
SNUS6D10 Kentucky SNU JQ728831 314 11-1

C1 Newport KCDC JQ728834 166 12-1
S50 Newport KCDC JQ728835 31 12-2
E4 London KCDC JQ728836 155 12-2
E5 London KCDC JQ728837 155 12-2
B13 Derby KCDC JQ728833 71 12-3
S3 Paratyphi B KCDC JQ728832 86 12-4
SPB7 Paratyphi B GenBank NC_010102 307 12-4
C2 Blockley KCDC JQ728838 52 12-5
C21 Blockley KCDC JQ728839 52 12-5
El Senftenberg KCDC JQ728840 14 12-6
E2 Senftenberg KCDC JQ728841 14 12-6
CT_02021853 Dublin GenBank NC_011205 10 12-7
C15 Thompson KCDC JQ728843 26 13-1
S40 Thompson KCDC JQ728842 26 13-1
SNUS7F Thompson SNU JQ728844 26 13-1
C22 Newport KCDC JQ728845 166 13-2
SL254 Newport GenBank NC_011080 45 13-3
C7 Infantis KCDC JQ728846 32 13-4
D25 Dublin KCDC JQ728847 10 13-5
CDC07-0191 Tennesee GenBank NZ_ACBF01000033 nd* 13-6
C10 Rissen KCDC JQ728848 469 14-1
Cl11 Rissen KCDC JQ728849 469 14-1
D1 Enteritidis KCDC JQ728851 11 15-1
D5 Enteritidis KCDC JQ728852 11 15-1
D7 Enteritidis KCDC JQ728853 11 15-1
D8 Enteritidis KCDC JQ728854 11 15-1
D9 Enteritidis KCDC JQ728855 11 15-1
D10 Enteritidis KCDC JQ728856 11 15-1
D24 Enteritidis KCDC JQ728857 11 15-1
P125109 Enteritidis GenBank NC_011294 11 15-1
SNU1075/3 Enteritidis SNU JQ728858 11 15-1

SL483 Agona GenBank NC_011149 13 15-2
SNUS3D13 Agona SNU JQ728850 13 15-2

SL317 Newport GenBank NZ_ABEWO01000017 nd 15-3

C19 Hadar KCDC JQ728863 33 16-1
RI_05P066 Hadar GenBank NZ_ABFG01000019 nd 16-1
B15 Agona KCDC JQ728859 13 16-2
C5 Braenderup KCDC 1Q728862 22 16-3

E8 Anatum KCDC JQ728864 64 16-4

C4 Rissen KCDC JQ728861 469 16-5

C3 Litchfield KCDC JQ728860 214 16-6

B7 Typhimurium KCDC JQ728865 19 17-1
B21 Typhimurium KCDC JQ728866 34 17-2
B22 Typhimurium KCDC JQ728867 34 17-2
SARA23 Saintpaul GenBank ABAM_02000001 50 17-3
B4 Typhimurium KCDC JQ728869 19 18-1

B6 Typhimurium KCDC JQ728870 19 18-1

BS Typhimurium KCDC JQ728871 19 18-1
B10 Typhimurium KCDC JQ728872 19 18-1
SNU1083/2 Typhimurium SNU JQ728873 19 18-1
SNU1090/6C Typhimurium SNU JQ728874 19 18-1
BS240 Typhimurium BS JQ728875 19 18-1
S1 Paratyphi A KCDC JQ728868 85 18-2
RKS4594 Paratyphi C GenBank NC_012125 114 18-3




I 964 Seong et al.

Table 1. Continued

Strain Serovar Source Accession No. ST RST
Cl6 Mbandaka KCDC JQ728877 413 18-4
o) Hartford KCDC 7Q728876 405 18-5
287/91 Gallinarum GenBank NC_011274 331 18-6
B5 Typhimurium KCDC JQ728879 19 19-1
D13 Typhi KCDC JQ728880 1 19-2
D22 Typhi KCDC JQ728881 1 19-2
D23 Typhi KCDC JQ728882 1 19-2
Ty2 Typhi GenBank NC_004631 1 19-2
D14 Typhi KCDC JQ728883 2 19-2
D15 Typhi KCDC JQ728884 2 19-2
D16 Typhi KCDC JQ728885 2 19-2
D18 Typhi KCDC JQ728886 2 19-2
A3 Paratyphi A KCDC JQ728878 85 19-3
AKU_12601 Paratyphi A GenBank NC_011147 nd 19-3
ATCC 9150 Paratyphi A GenBank NC_006511 85 19-3
SP12 Pullorum GenBank FJ797633 nd 19-4
Bl Typhimurium KCDC JQ728888 19 20-1
LT2 Typhimurium GenBank NC_003197 19 20-2
CT18 Typhi GenBank NC_003198 2 20-3
S57 Typhi KCDC JQ728890 20-4
B16 Paratyphi B var java KCDC JQ728887 28 20-5
C18 Ohio KCDC JQ728889 329 20-6
C12 Virchow KCDC JQ728891 16 21-1
SL491 Virchow GenBank NZ_ABFH02000001 nd 21-1
E7 Weltevreden KCDC JQ728892 365 21-2
HI_N05-537 Weltevreden GenBank NZ_ABFF01000047 nd 21-2
S76 London KCDC JQ728893 504 24-1

C8 Montevideo KCDC JQ728895 4 25-1
BS291 Montevideo BS JQ728896 4 25-1
SNUS10B Montevideo SNU JQ728897 4 25-1
B23 Brandenburg KCDC JQ728894 65 25-2
SNUS15B Oranienburg SNU JQ728898 23 25-3
S87 Senftenberg KCDC JQ728899 290 25-4
GA_MMO04042433 Javiana GenBank ABEH02000013 nd 25-5
SL476 Heidelberg GenBank NC_011083 15 26-1
SL486 Heidelberg GenBank NZ_ABEL01000038 nd 26-1
B14 Derby KCDC JQ728900 40 26-2
D26 Panama KCDC JQ728902 48 26-3
B19 Schwarzengrund KCDC JQ728901 96 26-4
CVM19633 Schwarzengrund GenBank NC_011094 322 27-1
C13 Bareilly KCDC JQ728903 362 28-1
SNUS12D5 Bareilly SNU ]1Q728904 203 28-1
E9 Give KCDC JQ728905 516 28-2

B24 Schleissheim KCDC JQ728906 280 30-1

* nd, not determined.

bias are preferable.

Among the housekeeping genes, the partial or complete
RNA polymerase beta subunit gene (rpoB) has been applied
to phylogenetic analyses of various bacteria and to distin-
guish serovars of S. enterica (Mollet et al., 1997; Kim et al.,
1999, 2003; Kwon et al., 2001; Korczak et al., 2004; La Scola et
al., 2006; Marianelli et al., 2006; Adékambi et al., 2008, 2009).
In previous studies, partial rpoB sequencing and phyloge-
netic analysis were commonly used to identify pathogenic
bacteria only at the species level but could not distinguish
some S. enterica serovars (Kwon et al., 2001). In the present

study, we determined the complete rpoB sequences and MLST
of 76 strains of 33 S. enterica serovars and conducted phy-
logenetic analyses together with 24 reference strains regis-
tered in the GenBank database.

Materials and Methods

Bacterial strains

The 76 strains of 33 S. enterica serovars were collected from
the National Salmonella Reference Laboratory at the Division



of Enteric Bacterial Infections (Center for Infectious Diseases,
Korea Centers for Disease Control and Prevention, KCDC),
the Laboratory of Avian Diseases, College of Veterinary
Medicine, Seoul National University (SNU), and Bansuk
livestock technical center (BS). The 24 reference strains were
selected from the GenBank database (Benson et al., 2011)
for the phylogenetic analyses of the complete rpoB gene (24
strains) and in silico MLST (15 strains) (Table 1).

Serotyping

The 65 strains of S. enterica serovars from KCDC were iden-
tified using the WKL scheme (Grimont and Weill, 2007),
and the O-antigens of the remaining 11 strains from SNU
and BS were determined using commercial antisera (BD
Difco, USA) according to the manufacturer’s instructions.

Primers

The upstream and downstream regions of the rpoB genes
from the reference strains were compared using the Bioedit
software (ver. 5.0.9.1.) (Hall, 1999). A primer set to amplify
the complete rpoB coding region and seven sequencing
primers were designed. The primer sequences will be pro-
vided to researchers by request.

PCR and sequencing

The Salmonella strains were grown overnight in tryptic soy
broth at 37°C, and genomic DNA was extracted using a ge-
nomic DNA extraction module in a Sal-ID kit (BioPOA,
Korea), according to the manufacturer’s instructions. The
rpoB PCR reaction was composed of 5 pl of 10x buffer, ANTPs
(10 mM, 1 pl), forward and reverse primers (10 pmol/pl, 1 pl
of each), Taq DNA polymerase (5 U/pl; Macrogen, Korea;
0.5 ul), distilled water (40.5 pl), and template DNA (50 ng/pl,
1 pl). The mixture was incubated at 94°C for 5 min; 40 cycles
at 94°C for 30 sec, 50°C for 30 sec, and 72°C for 4 min; and
at 72°C for 5 min. The PCR and purification of the ampli-
cons for the seven MLST genes (aroC, dnaN, hemD, hisD,
purE, sucA, and thrA) were performed as described previously
(Kidgell et al., 2002; Achtman et al., 2012). The PCR ampli-
cons were purified using the purification module in the Sal-
ID kit and sequenced with the sequencing primers in the Sal-
ID kit using an ABI3711 automatic sequencer (Macrogen).

Sequence analysis

The overlapping sequences of rpoB and the seven house-
keeping genes were assembled into single complete se-
quences using ChromasPro version 1.5 (Technelysium Pty
Ltd., Australia). The seven housekeeping gene sequences
were aligned with allele templates from the MLST database
(http://mlst.ucc.ie/mlst/dbs/Senterica) and trimmed using
the BioEdit software. Then, the sequences were queried to
the MLST website for allele number assignment. The in silico
MLST was performed by querying the retrieved housekee-
ping genes of 15 reference strains in the MLST database.
Nucleotide similarity, variable nucleotide comparisons, and
translation of the rpoB nucleotides were performed with Bio-
edit. Phylogenetic analyses with the complete rpoB gene and
seven concatenated housekeeping genes were conducted us-
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ing the MEGA software (ver. 5.0.5, neighbor-joining method
with Tamura-Nei distance and 1000 bootstrapping repli-
cates) (Saitou and Nei, 1987; Tamura et al., 2011).

Results

Complete rpoB sequences of the Salmonella strains

The complete coding region of Salmonella rpoB was success-
fully amplified by the PCR primer set. The complete coding
region of Salmonella rpoB was 4,029 nucleotides long in-
cluding the stop codon. The nucleotide similarities between
S. enterica serovars were 98.4-100%. The number of variable
nucleotide loci was 198 (4.9% of the complete sequence),
and synonymous and nonsynonymous nucleotide changes
were 181 and 17, respectively. Among the tested S. enterica
strains, SNUS6D10 (serovar Kentucky), C22 (serovar New-
port), D25 (serovar Dublin), B15 (serovar Agona), C4 (sero-
var Rissen), B7 (serovar Typhimurium), B4 (serovar Typhi-
murium), B6 (serovar Typhimurium), B8 (serovar Typhi-
murium), B10 (serovar Typhimurium), SNU1083/2 (serovar
Typhimurium), SNU1090/6C (serovar Typhimurium), BS240
(serovar Typhimurium), SP12 (serovar Gallinarum biovar
Pullorum), LT2 (serovar Typhimurium), CT18 (serovar Ty-
phi), S57 (serovar Typhi), and B23 (serovar Brandenburg)
had one amino acid changes, whereas 287/91 (serovar Gal-
linarum biovar Gallinarum), B5 (serovar Typhimurium) and
C13 (serovar Bareilly) had two and B1 (serovar Typhimu-
rium) had three amino acid changes (Table 2).

The MLST and phylogenetic analyses of S. enterica strain
serovars

The length of the seven concatenated housekeeping genes
was 3,336 bp, and the nucleotide sequence variabilities of
the 91 strains of S. enterica serovars were 96.9-100%. The
number of variable nucleotide loci was 264 (7.9% of the
complete sequence) in the concatenated genes. The 91

Table 2. RpoB amino acid changes in S. enterica serovars

Amino acid changes S. enterica strain (serovar)

D222V C22 (serovar Newport)

R247L D25 (serovar Dublin)

D281Y SP12 (serovar Gallinarum biovar Pullorum)

A312P SNUS6D10 (serovar Kentucky)

K422E B15 (serovar Agona)

S917F CT18 (serovar Typhi)

G982S B7 (serovar Typhimurium), B4 (serovar Typhimu-
rium), B6 (serovar Typhimurium), B8 (serovar Typhi-
murium), B10 (serovar Typhimurium), SNU1083/2
(serovar Typhimurium), SNU1090/6C (serovar Ty-
phimurium), BS240 (serovar Typhimurium), LT2
(serovar Typhimurium)

T1163S B23 (serovar Brandenburg)

K11781 S57 (serovar Typhi)

DI1341IN C4 (serovars Rissen)

Y47C, Q1038K

Q798H, G982S

1873L, G907R C13 (serovar Bareilly)
T207P, 1208F, G982S BI (serovar Typhimurium)

287/91 (serovar Gallinarum biovar Gallinarum)
B5 (serovar Typhimurium)
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strains of S. enterica serovars were classified into 49 STs,
and the serovars of 11 strains of Salmonella from SNU and
BS were predicted based on their STs (Table 1).

The strains of Agona, Blockley, Dublin, Enteritidis, Mon-
tevideo, Paratyphi A, Rissen, and Thompson serovars were
classified into single ST's of 13, 52, 10, 11, 4, 85, 469, and 26,
respectively, which formed separate clusters in the phylo-
genetic tree constructed with the seven concatenated house-
keeping gene sequences (Fig. 1). The serovars Schwarzen-
grund (two strains in two ST, 96 and 322), Typhi (10 strains
in two STs, 1 and 2), and Typhimurium (13 strains in two
STs, 19 and 34) contained multiple STs (Table 1), but all
strains of each serovar clustered together in the MLST tree
(Fig. 1).

In contrast, seven serovars, including Bareilly (two strains
in two STs, 203 and 362), Derby (two strains in two ST, 40
and 71), Kentucky (two strains in two STs, 152 and 314),
London (three strains in two STs, 155 and 504), Newport
(four strains in three STs, 31, 45, and 166), Paratyphi B
(three strains in three STs, 28, 86, and 307), and Senftenberg
(three strains in two STs, 14 and 290) contained multiple
STs that formed separate branches or clusters in the MLST
tree (Fig. 1). The numbers of variable nucleotides between
strains of the same serovar ranged from 0 to 3, but the num-
bers of different nucleotides between B13 (serovar Derby)
and B14 (serovar Derby), C1 (serovar Newport) and S50
(serovar Newport), C1 (serovar Newport) and SL254 (serovar
Newport), SL254 (serovar Newport) and S50 (serovar
Newport), C13 (serovar Bareilly) and SNUS12D5 (serovar
Bareilly), S87 (serovar Senftenberg) and E1 (serovar Senf-
tenberg), S3(serovar Paratyphi B) and B16 (serovar Paratyphi
B), E4 (serovar London) and S76 (serovar London), and
CVM29188 (serovar Kentucky) and SNUS6D10 (serovar
Kentucky) were 38, 40, 33, 17, 49, 43, 31, 41, and 32, res-
pectively.

In the case of the serovars Anatum, Braenderup, Bran-
denburg, Gallinarum, Give, Hadar, Hartford, Heidelberg,
Infantis, Litchfield, Mbandaka, Ohio, Oranienburg, Panama,
Paratyphi C, Saintpaul, Schleissheim, Virchow, and Weltev-
reden, only one strain for each serovar was available, and
they were classified into STs 64, 22, 65, 331, 516, 33, 15, 32,
214, 413, 329, 23, 48, 114, 50, 280, 16, and 365, respectively,
which formed separate branches in the MLST tree (Fig. 1).

The rpoB gene sequence typing and phylogenetic analysis
of strains of S. enterica serovars

The consensus rpoB gene sequence was generated based on
the most common nucleotide sequences of the 100 strains
of S. enterica serovars. The complete rpoB gene sequences
of 100 strains of 40 serovars were compared with the con-
sensus sequence, and they were classified into 60 rpoB se-
quence types (RSTs) (Table 1). The RST is represented by
two numbers separated by a hyphen. The first and the sec-
ond numbers designate the number of different nucleotides
from the consensus sequence and the identifier of the dif-
ferent nucleotide sequences, respectively. The strains of each
serovar, including Bareilly, Blockley, Enteritidis, Hadar, Hei-
delberg, Montevideo, Thompson, Virchow, and Weltevreden,
had identical nucleotide sequences to each other and were
classified into the unique RSTs of 28-1, 12-5, 15-1, 16-1,
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Fig. 1. Phylogenetic analysis
of the concatenated seven
housekeeping gene sequences
of the 91 §S. enterica strains.
The phylogenetic tree was
constructed using the neigh-
bor-joining method (Tamura-
Nei distance and 1,000 boot-
strapping replicates) in the
MEGA software. The serovar
and the multilocus sequence
type (ST) of each S. enterica
strain are represented in pa-
rentheses.
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Fig. 2. Phylogenetic
analysis of the com-
plete RNA polymer-
ase beta subunit gene
(rpoB) sequence of 100
S. enterica strains. The
phylogenetic tree was
constructed using the
neighbor-joining me-
thod (Tamura-Nei dis-
tance and 1,000 boot-
strapping replicates)
in the MEGA software.
The serovar and the
rpoB gene sequence
type (RST) of each S.
enterica strain are re-
presented in paren-
theses.
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26-1, 25-1, 13-1, 21-1, and 21-2, respectively, which formed
separate clusters in the phylogenetic tree constructed with
the complete rpoB nucleotide sequences (Fig. 2). The serovars
Agona (three strains in two RSTs, 15-2 and 16-2), Dublin
(two strains in two RSTs, 12-7 and 13-5), Kentucky (two
strains in two RSTs, 9-1 and 11-1), Paratyphi A (four strains
in two RSTs, 18-2 and 19-3), Rissen (three strains in two
RSTs, 14-1 and 16-5), Schwarzengrund (two strains in two
RSTs, 26-4 and 27-1), Typhi (10 strains in three RST's; 19-2,
20-3, and 20-4), and Typhimurium (13 strains in six RSTs;
17-1, 17-2, 18-1, 19-1, 20-1, and 20-2) contained multiple
RSTs (Table 1), but all strains of each serovar clustered to-
gether in the rpoB tree (Fig. 2).

In contrast, the serovars Derby (two strains in two RSTs,
12-3 and 26-2), London (three strains in two RSTs; 12-2
and 24-1), Newport (five strains in five RSTs; 12-1, 12-2,
13-2, 13-3, and 15-3), Paratyphi B (three strains in two
RSTs, 12-4 and 20-5), and Senftenberg (three strains in two
RSTs, 12-6 and 25-4) contained different RST's that formed
separate branches or clusters in the phylogenetic tree (Fig. 2).
The numbers of variable nucleotides between strains of the
same serovar ranged from 0 to 7, but the numbers of different
nucleotides between B13 (serovar Derby) and B14 (serovar
Derby), SL317 (serovar Newport), C1 (serovar Newport),
and S50 (serovar Newport), S87 (serovar Senftenberg) and
E1 (serovar Senftenberg), S3(serovar Paratyphi B), and B16
(serovar Paratyphi B), and E4 (serovar London) and S76
(serovar London) were 36, 29, 27, 32, and 20, respectively.

In the case of the serovars Anatum, Braenderup, Branden-
burg, Give, Hartford, Infantis, Javiana, Litchfield, Mbandaka,
Ohio, Oranienburg, Panama, Paratyphi C, Saintpaul, Sch-
leissheim, and Tennessee, only one strain for each serovar
was available, but they were classified into unique RSTs, in-
cluding 16-4, 16-3, 25-2, 28-2, 18-5, 13-4, 25-5, 16-6, 18-4,
20-6, 25-3, 26-3,18-3, 17-3, 30-1, and 13-6, respectively, and
formed separate branches in the rpoB tree (Fig. 2). The
complete rpoB sequences of several strains of serovar Galli-
narum biovar Gallinarum and biovar Pullorum were avail-
able in the GenBank database. The biovars Gallinarum and
Pullorum were classified into RSTs 18-6 and 19-4, respec-
tively, but they formed a cluster together with serovar Enteri-
tidis (Fig. 2).

Discussion

Various molecular methods targeting various genes have
been applied to replace the conventional serotyping method
for S. enterica serovars, but their discriminative ability was in-
sufficient to distinguish different Salmonella serovars. Pulsed
field gel electrophoresis and amplified fragment length poly-
morphism have been applied to type S. enterica strains due
to their high discriminative abilities, but too much genetic
diversity of strains in the same serovar was a drawback of
serotyping (Torpdahl et al., 2005; Harbottle et al., 2006).
MLST might be more suitable for typing Salmonella serovars
because of its high discriminative ability, and the MLST da-
tabase has been increasing (Torpdahl et al., 2005; Harbottle
et al., 2006; Achtman et al., 2012). MLST is costly and re-
quires multiple steps and reactions for analysis (Kidgell et al.,
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2002; Kotetishvili et al., 2002; Fakhr et al., 2005; Sukhnanand
et al., 2005; Tankouo-Sandjong et al., 2007).

In previous studies, partial or complete rpoB genes have
been used for species classification and identification of clin-
ical bacteria, and the partial hypervariable region (612-937
bp) of the rpoB gene has been applied to distinguish S. en-
terica serovars (Mollet et al., 1997; Kwon et al., 2001; Adé-
kambi et al., 2008, 2009). Partial rpoB gene sequencing has
been suggested to be able to identify clinical bacteria based
on simplicity and cost-effectiveness, but partial rpoB gene
sequencing failed to differentiate serovar Gallinarum from
Enteritidis, serovar Hadar from Newport, serovar Schot-
malleri from Thomson, and serovar Paratyphi A from Typhi
(Kwon et al., 2001; Adékambi ef al., 2009). In the present
study, complete rpoB gene sequencing and MLST could suc-
cessfully differentiate serovar Gallinarum from Enteritidis,
serovar Hadar from Newport, and serovar Paratyphi A from
Typhi, with the exception of serovar Schotmalleri from
Thomson due to the absence of the Schotmalleri serovar
strain.

Most of the same serovar strains had similar nucleotide
sequences and clustered together in the phylogenetic trees
constructed using the rpoB and seven concatenated house-
keeping genes, but the clustering patterns of the rpoB tree
were slightly different from those of the MLST tree. The
strains of serovar Typhimurium clustered together in the
rpoB and MLST trees, but rpoB was more variable than the
seven housekeeping genes, six RSTs vs two STs. Additionally,
the strains of serovar Typhi clustered together in both trees
but they were composed of more variable RSTs than STs,
three RSTs vs. two STs. The serovars Typhi and Paratyphi A
formed a cluster in the rpoB tree, but serovar Typhi formed
a cluster with the C13 strain of serovar Bareilly. Considering
human restrictions and that a systemic infection is caused
only by serovars Typhi and Paratyphi A, which are genet-
ically similar, the rpoB tree may be more informative than
that of the MLST tree (McClelland et al., 2004). In the same
context, the clustering of serovar Enteritidis which is most
frequent cause of poultry products-related food-poisoning in
human with avian-restricted and systemic infection-causing
serovar Gallinarum biovar Gallinarum, and biovar Pullorum
may give a hint of its high prevalence and, to some extent,
its virulence in poultry (Hopper and Mawer, 1988; Suzuki,
1994).

Some strains of serovars Derby, London, Newport, Paraty-
phi B, and Senftenberg had apparently different nucleotide
sequences and formed different branches and clusters in
the rpoB and MLST trees. In contrast to the rpoB tree, the
strains of serovars Bareilly and Kentucky did not form a
cluster in the MLST tree. The presence of several distinct ST's
and RSTs in some serovars might reflect convergent evolu-
tion of the serovars but indicates that a more extended data-
base of the complete rpoB gene or the seven housekeeping
genes to cover all genetic variability of S. enterica serovars is
required for nucleotide sequence-based serotyping. In addi-
tion, the conventional serotyping method is difficult to per-
form correctly; in practice, only 33% of the EQAS (External
Quality Assurance System)-participating laboratories sero-
typed all eight strains correctly in 2008 (Hendriksen et al.,
2009). Therefore, a complete rpoB gene or seven house-

keeping gene database should be constructed, using a sufti-
cient number of confirmed reference Salmonella serovars
under collaboration with the International and National
Salmonella Reference Laboratories.

In conclusion, the phylogenetic analysis of complete rpoB
gene sequence in the present study employed simpler, more
cost-effective, and less time-consuming procedures and
might be more informative than that of MLST. Therefore,
this procedure can be a promising alternative or comple-
mentary method to MLST and conventional serotyping for
identifying S. enterica serovars in humans and animals.
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