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Background. Salmonella enterica subspecies enterica serovar Oranienburg (SO) is a foodborne pathogen but rarely causes
systemic infections such as bacteremia. Between July and September 2018, bacteremia cases caused by SO were identified in 12
persons without any underlying medical conditions in the southern Kyushu area of Japan.

Methods. Randomly amplified polymorphic DNA (RAPD) analysis was performed to investigate the genetic similarity of the 12
bacteremia-related strains and other Japanese isolates. Furthermore, a series of whole-genome sequence (WGS)-based phylogenetic
analyses was performed with a global SO strain set (n = 1648).

Results. The resolution power of RAPD was insufficient to investigate the genetic similarity between the bacteremia-related
strains and other strains. WGS-based phylogenetic analyses revealed that the bacteremia-related strains formed a tight cluster
along with 2 strains isolated from asymptomatic carriers in 2018 in the same area, with a maximum within-cluster single-
nucleotide polymorphism (SNP) distance of 11. While several strains isolated in the United States and the United Kingdom
were found to be closely related to the bacteremia-related strains, 2 strains isolated in 2016 in the southern Kyushu area were
most closely related, with SNP distances of 4-11 and 5-10, and had the same plasmids as the bacteremia-related strains.

Conclusions. The 12 bacteremia cases identified were caused by a single SO clone. As none of the bacteremia patients had any
underlying diseases, this clone may be prone to cause bacteremia. Although further analyses are required to understand its
virulence, particular attention should be given to this clone and its close relatives in the surveillance of nontyphoidal salmonellae.
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Nontyphoidal salmonellae (NTS) are one of the leading causes
of acute bacterial gastroenteritis worldwide [1]. Although NTS
are usually associated with gastroenteritis in healthy people, in-
dividuals who are very young (<5 years old), elderly (>70 years
old), or immunocompromised are at risk for higher mortality
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as a consequence of invasive diseases [2]. Among NTS,
Salmonella Enteritidis is the most prevalent serovar causing hu-
man infection in the United States (US) and the European
Union, followed by various other serovars, such as
Typhimurium and Infantis [3, 4]. In Japan, NTS account for
12.6% of the cases of bacterial food poisoning reported in
food poisoning statistics (2000-2021) by the Ministry of
Health, Labour and Welfare of Japan. Among these NTS, S
Enteritidis dominated until 2015, but a wide variety of serovars
have been isolated since 2016 [5] (see Supplementary Table 1
for the summary data).

Salmonella Oranienburg (SO) is one of the NTS that have
been recognized as foodborne pathogens. Although this serovar
is relatively uncommon in NTS-associated food poisoning, it is
sometimes associated with outbreaks. In Japan, 2 outbreaks
have been reported thus far [6, 7], 1 of which was a nationwide

outbreak caused by contaminated processed squid products in
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1999. In this outbreak, while most patients showed gastrointes-
tinal symptoms, some patients developed bacteremia; however,
there is no information on whether the patients with bactere-
mia had underlying diseases [6].

Recently, we identified 12 SO strains isolated from a clus-
ter of bacteremia cases occurring in persons without any
underlying medical conditions according to medical records
in the southern Kyushu area in Japan in 2018. Although we
suspected the possibility of an outbreak of SO bacteremia,
the genetic relationship of these strains was unknown in
routine laboratory examinations. To clarify it, we performed
randomly amplified polymorphic DNA (RAPD) analysis
and whole-genome sequencing (WGS)-based phylogenetic
analyses of these strains and show that the cluster was
caused by a single SO clone.

METHODS

Bacterial Strains

The 12 SO strains were isolated from 12 bacteremia patients
during routine laboratory investigations in 6 hospitals in
Kagoshima, Miyazaki, and Okinawa prefectures (cases 1-12,
Table 1). In addition to these bacteremia-related strains, we
used an additional 25 SO strains and a serotype O8 strain iso-
lated in Japan in this study (Supplementary Table 2). A total of
1622 S. Oranienburg strains that were registered in the
EnteroBase website version 1.1.2 (https://enterobase.warwick.
ac.uk [8]), which included strain 0250 as a reference, were
also used for WGS-based phylogenetic analysis (listed in
Supplementary Table 3). Although the EnteroBase included
1763 strains registered as SO (accessed on 10 May 2021), 110
were excluded for lack of genome sequence information, and
31 were excluded due to low completeness (<99%) or high con-
tamination (>1%), as estimated by CheckM version 1.0.11 [9].

RAPD Polymerase Chain Reaction

Template genomic DNA was prepared by an alkaline boiling
method from a 1-mL culture grown overnight at 37°C in lysogeny
broth. RAPD polymerase chain reaction (PCR) was performed as
previously described by Hashemi et al [10] using 3 primers,
namely, OPP-16 (5'-CCAAGCTGCC-3') [11], OPS-11
(5-AGTCGGGTGG-3'), and P1254 (5-CCGCAGCCAA-3")
[12], in conjunction with KAPATaq EXtra (NIPPON Genetics
Co, Ltd). Each reaction mixture (25 uL) contained 5 pL of 5x
KAPATaq EXtra buffer, 2.5 mM MgCl,, 300 mM dNTPs, 1 uL
of template DNA, 0.4 pM primer, and 0.6 U of KAPATaq
DNA polymerase. The PCR amplification steps employed were
as follows: 25 cycles of initial denaturation at 94°C for 5 minutes,
followed by 40 cycles of denaturation at 94°C for 1 minute, an-
nealing at 35°C for 1 minute, and extension at 72°C for 2 minutes
and a final extension step at 72°C for 10 minutes. After PCR

amplification, 10 pL of each PCR product was analyzed by aga-
rose gel electrophoresis using 1.2% agarose S (Nippon Gene).

Whole-Genome Sequencing

Genomic DNA was purified from 2 mL overnight cultures using
a DNeasy Blood and Tissue Kit (Qiagen) according to the man-
ufacturer’s instructions. Sequencing libraries were prepared us-
ing the Nextera XT DNA Sample Prep Kit (Illumina) to obtain
paired-end sequences (300 bp X 2) on the Illumina MiSeq plat-
form. Draft genome sequences were obtained by assembling
Mumina reads using Platanus version 1.1.4 with default parame-
ters [13]. In addition, 1 bacteremia-related strain (strain 11548)
was further sequenced by Nanopore MinION (Oxford
Nanopore Technologies) to obtain the finished genome se-
quence. To this end, high-molecular-weight genomic DNA was
prepared from a 2-mL overnight culture using the Genomic-tip
20/G and Genomic DNA bulffer set (Qiagen) according to the
manufacturer’s instructions. A long-read sequencing library
was prepared using a Rapid Barcoding Kit (Oxford Nanopore
Technologies) and sequenced using an R9.4.1 flow cell. The bases
were called using Guppy GPU version 3.4.5 (Oxford Nanopore
Technologies), and hybrid assembly was performed by
Unicycler version 0.4.8 [14] with Illumina reads.

The draft and complete genome sequences obtained in this
study have been deposited in the GenBank/European
Molecular Biology Laboratory/DNA Data Bank of Japan data-
PRJDB11207  (see
Supplementary Tables 2 and 4 for the accession numbers and

base under Bioproject number

the sequencing statistics of each strain, respectively).

Phylogenetic Analysis

For the construction of a core gene-based phylogenetic tree, the
genome assemblies of a total of 1660 genomes (37 Japanese SO
genomes determined in this study, 1622 SO genomes from
EnteroBase, and one O8 genome) were annotated by Prokka
version 1.13 [15], and core genes were identified using Roary
version 3.11.2 [16] with a 90% amino acid sequence identity cut-
off. Core gene single-nucleotide polymorphisms (SNPs) were
extracted using the core gene alignment tool in Roary, and a
maximum-likelihood (ML) phylogenetic tree was constructed
using IQ-TREE with a model inferred by ModelTest (https:/
github.com/ddarriba/modeltest/) and 5000 bootstrap replicates
[17]. The tree was displayed as a midpoint-rooted tree and an-
notated using iTOL version 4 (https:/itol.embl.de) [18].

For the phylogenetic analysis focusing more on 12 bacteremia-
related strains, these strains and 26 closely related strains identi-
fied by core gene-based analysis were analyzed as follows. Draft
sequences (contigs >1 kb in length were used) were aligned to the
finished genome sequence of strain 11548 using NUCmer version
3.1 [19] with the parameter “—mum” to identify >500 bp regions
shared by all tested strains. After removing recombinogenic SNPs
using Gubbins with default parameters [20], a neighbor-joining
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WGS-based phylogenetic analysis of these strains along with a
global set of SO strains to determine the phylogenetic position
of the SO isolates in the global population structure of SO and a
more focused WGS-based phylogenetic analysis with closely
related SO strains to determine the precise genetic relationship
of the 12 SO isolates and closely related SO strains.

RAPD Analysis

In the RAPD analysis of the 12 SO isolates, we included an addi-
tional 25 SO strains isolated from multiple sources and geographic
regions in Japan to understand the genomic diversity of SO circu-
lating in Japan. A serotype O8 strain was also included as an out-
group. In this analysis, while the 12 bacteremia isolates exhibited
identical or similar amplification patterns, several strains with no
apparent epidemiological links also exhibited amplification pat-
terns that were identical or very similar to that of bacteremia iso-
lates (Supplementary Figure 2), indicating that the resolution
power of the RAPD method was insufficient to investigate the ge-
netic similarities and differences between these SO strains.

Core Gene—Based Phylogenetic Analysis Using a Global SO Strain Set
To determine the phylogenetic positions of the 12 bacteremia
isolates and 25 SO strains analyzed by RAPD in the global
SO population, we performed a core gene-based analysis of
the 37 Japanese SO strains and 1622 SO strains (including
the SO reference strain 0250), whose genome sequences were
obtained from EnteroBase, with the serotype O8 strain as an
outgroup. By employing a 90% amino acid sequence identity
cutoff, 2660 core genes were identified, and 106958 SNPs
were detected in the sequence alignment of these core genes.
In the midpoint-rooted ML tree constructed based on these
SNPs (Figure 1 and Supplementary Figure 3), SO strains were
divided into 7 clades (C1-C7), and 30 of the 37 Japanese strains,
including 12 bacteremia-related strains, belonged to the largest
clade, C7. We therefore performed a second-step phylogenetic
analysis targeting the C7 clade (1050 strains) to increase the res-
olution power. In this analysis, 3158 core genes and 11 412 core
gene SNPs were identified. In the ML tree based on 11 412 SNPs
identified in the 3158 core genes (Figure 2 and Supplementary
Figure 4), the 12 bacteremia-related strains formed a cluster
with 4 other Japanese strains (strains 19467, 24350, 53675,
and 53687) and 9 strains isolated in the US and the United
Kingdom (UK) (Figure 2). The processed squid product-relat-
ed outbreak strains described in the introduction belonged to
clade C7 but occupied a branch completely different from
that of the bacteremia-related strains (Figure 2).

Core Genome-Based Phylogenetic Analysis of Bacteremia-Related
Strains and Closely Related Strains

To better understand the genetic relationships between the 12
bacteremia-related strains and the closely related strains identified
by the phylogenetic analysis of clade C7 (13 strains in the

abovementioned cluster and the 13 strains in sister clusters; see
Figure 2), we determined the complete genome sequence of strain
11548, one of the bacteremia-related strains. Using the finished
chromosome sequence of this strain (the chromosome length
was 4686981 bp, and 2 small plasmids designated pSO11548-1
[3428 bp] and pSO11548-2 [2495 bp] were present) as a reference,
we identified 276 recombination-free SNPs in the core genome
shared by the 38 strains (4686981 bp in total length). In the
neighbor-joining tree constructed based on the 276 SNPs
(Figure 3), the 12 bacteremia isolates, along with 2 strains isolated
during stool examination of food handlers in 2018 in Kagoshima
Prefecture (strains 19467 and 24350), formed a subcluster with a
maximum SNP distance of 11. Three strains isolated in hospital A
(from cases 3, 7, and 11) shared an identical core genome se-
quence. The 2 food handlers had no symptoms and no epidemi-
ological link to any bacteremia cases. In addition, Illumina read
mapping analysis revealed that all 14 strains carried the same types
of plasmids as strain 11548.

Among the other strains analyzed, 2 strains isolated in 2016 in
Miyazaki Prefecture (strains 53687 and 53675) were most close-
ly related to the subcluster, showing SNP distances of 5-11 and
4-10, respectively, from the strains in the subcluster. These 2
strains were isolated from a patient with gastroenteritis and a
healthy carrier, respectively. Interestingly, the 2 strains also car-
ried the 2 plasmids identified in the 14 strains (12 isolates from
bacteremia patients and 2 from food handlers). However, the
US and UK strains did not carry these plasmids, although
they were also closely related to bacteremia-related strains,
with SNP distances ranging from 7 to 30 (Figure 3). These re-
sults indicate that the 12 bacteremia cases identified in this study
were caused by a single clone that was recently derived from a
common ancestor shared with the Miyazaki 2016 strains.

DISCUSSION

We identified a cluster of bacteremia cases (12 in total) caused
by SO in the southern Kyushu area, Japan, during a 2.5-month
period in 2018. The RAPD method we first employed to exam-
ine 12 SO strains isolated from bacteremia cases was insuffi-
cient in resolution power, but core gene SNP-based
phylogenetic analyses with a global SO strain set revealed that
the strains are very closely related. In the core genome SNP-
based analysis that was performed to maximize resolution,
the 12 bacteremia-related strains formed a subcluster along
with 2 strains isolated from asymptomatic carriers in 2018 in
the same area (Kagoshima Prefecture) with a maximum within-
subcluster SNP distance of 11. This result indicates that the 12
bacteremia cases were caused by a single SO clone. The strains
in this subcluster were very closely related to 2 strains isolated
in 2016 in Miyazaki Prefecture, which is located in the southern
Kyushu area (SNP distances were 5-11 or 4-10). All 14 strains
carried 2 common plasmids, but the strains in the sister branch
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Figure 1.

Core gene—based phylogenetic analysis of the global Salmonella Oranienburg strain set, which includes 37 Japanese strains sequenced in this study and 1622

strains whose genome sequences were obtained from the EnteroBase website. Single-nucleotide polymorphisms (SNPs) were identified using the finished genome sequence
of strain 0250 as a reference. Based on the 106 958 SNPs identified in 2660 core genes, a maximum-likelihood tree was constructed using IQ-TREE with a model inferred by

ModelTest and 5000 bootstrap replicates. Bars represented the number of substitution
Abbreviations: CC, continent or country; DI, detailed information of human sources; SC,

s per site. Salmonella enterica serotype 08 strain 11556 was used as an outlier.
sources.

did not. These results indicated that the bacteremia-related
clone was derived from a common ancestor shared with these
Miyazaki strains. The infection source(s) and route(s) of bac-
teremia cases were not identified from epidemiological investi-
gations. As the 3 strains with an identical core genome
sequence were isolated from 3 patients admitted to the same

hospital (hospital A), these 3 patients might have been infected
by this clone from the same source or by sources with an iden-
tical or similar route of bacterial contamination.

Several SO-associated outbreaks of gastroenteritis have been
reported worldwide [6, 7, 24-28]. NTS-related gastroenteritis cas-
es are occasionally accompanied by bacteremia, but its frequency
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Figure 2. Core gene—based phylogenetic analysis of the 1050 Salmonella Oranienburg strains classified as clade 7 in Figure 1. Single-nucleotide polymorphisms (SNPs)
were identified using the finished genome sequence of strain 0250 as a reference. Based on the 11412 SNPs identified in 3158 core genes, a midpoint-rooted maximum-
likelihood tree was constructed using 1Q-TREE with a model inferred by ModelTest and 2000 bootstrap replicates. Bars represent the number of substitutions per site. The
total 38 colored strains containing the 12 bacteremia-related strains, 13 strains that were clustered with the 12 bacteremia-related strains, and the 13 strains in sister
branches are analyzed in Figure 3. Abbreviations: CC, continent or country; DI, detailed information of human sources; SC, sources.

is generally not very high in persons without any underlying dis-
eases [2], although Tamber et al reported that SO was one of the
19 NTS serovars identified as having higher rates of bacteremia in
all NTS serovars in Canada (5.5% in the cases of SO) [29]. In the
nationwide SO outbreak in 1999 in Japan [5], which was caused
by contaminated processed squid products, several cases of

bacteremia and bacteremia-related symptoms, such as retroperi-
toneal abscess and purulent spondylitis, were reported individu-
ally from different local laboratories [6, 30]. Among these,
Chiba Prefectural Institute of Public Health reported that 8 of
76 (10.5%) SO-positive individuals (61 symptomatic and 15

asymptomatic) showed bacteremia or bacteremia-related
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symptoms [30]. In the other reports, the rates of bacteremia were
80% (4 of 5 patients) [6]. However, no aggregated information on
the rate of bacteremia in this outbreak is available. For the other
large SO-associated outbreak of gastroenteritis that occurred in
Japan [7], the rate of bacteremia was also unknown. We were
also unable to estimate the rate of bacteremia in the present
case, because we have no data on how many (if any) patients
with only gastroenteritis caused by this clone were present during
the same time period (at least no records of SO-related gastroen-
teritis clusters were reported from the Kagoshima and Miyazaki
prefectural public health institutes). However, a remarkable fea-
ture of the bacteremia cluster was that all 12 bacteremia patients
had no recognizable underlying diseases and the mean age was
27 years (range from 2 to 52 years). In addition, 85.7% (12/16)
of the SO-positive individuals developed bacteremia. These find-
ings suggest a possibility that the SO clone may be prone to cause
bacteremia. Although the potential virulence of this clone needs
to be analyzed in future studies, particular attention should be giv-
en to the SO clone and its close relative in NTS surveillance
worldwide.
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