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Salmonella enterica serovar Agona strains isolated from human cases were compared to strains that were
derived from a clone caused a serovar shift in broilers. Pulsed field gel electrophoresis (PFGE) analysis
with Xbal or BInl digestion showed that three of seven strains from human case strains and most of the
81 strains from broilers were clustered in single complex in a minimum spanning tree (MST) recon-
structed from the PFGE data. All the strains from human cases and 22 randomly selected strains from
broilers were also analyzed by whole genome sequencing (WGS). Analysis of single nucleotide poly-
morphism (SNP) in the S. Agona core genes showed that four strains from human cases and all the strains
from broilers were clustered in a maximum likelihood phylogenetic tree (ML tree) and an MST. These
results indicated that the strains derived from the clone caused the serovar shift had already spread to
humans. PFGE analysis with Xbal showed that four strains from broilers did not cluster with the other
strains in an MST, though all those strains clustered in an ML tree and an MST reconstructed from SNP
data. Moreover, three strains from broilers did not cluster in an MST reconstructed from PFGE with BInl
digestion, though those strains clustered in an ML tree and an MST reconstructed from SNP data.
Therefore, it was suggested that S. Agona strains derived from a particular clone could not be traced by

PFGE analysis but can be investigated by WGS analysis.
© 2018 Japanese Society of Chemotherapy and The Japanese Association for Infectious Diseases.
Published by Elsevier Ltd. All rights reserved.

Salmonella enterica is a well-known foodborne pathogen.
Although S. Infantis has been prevalent in broilers in Japan, our
previous study found that the frequency of S. Infantis isolation had
greatly decreased and that S. Agona was predominant serovar iso-
lated in three out of four farms raising broilers [1]. Thus far, this
serovar shift has only been reported in those farms and the selec-
tive pressure for that shift is still not known. Several molecular
epidemiological studies have indicated that S. Infantis strains iso-
lated from humans are similar to strains isolated from broilers,
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suggesting that humans might be infected by consumption of
contaminated chicken meat [2,3]. Therefore, human infections by S.
Agona strains, which were derived from the clone involved in the
serovar shift (the serovar shift clone), would occur in the
geographic area where chicken meat from those broiler-raising
farms was retailed. S. Agona has become a public health issue
since the 1970s because of large outbreaks during that time [4].
Moreover, the emergence of multidrug resistant S. Agona strains
due to integrons has been concerned in several countries [5], so the
dynamics of a particular clone such as the serovar shift clone needs
to be investigated.

However, it is difficult to determine whether S. Agona strains
isolated from human cases were derived from the serovar shift
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clone, even if the human cases were in an area where chicken meat
from the S. Agona-infected broiler farms was retailed. Pulsed field
gel electrophoresis (PFGE), the gold standard method for the mo-
lecular epidemiology of bacterial infections, lacks sufficient reso-
lution to differentiate bacterial strains. This makes it difficult to
determine whether the strains isolated from human cases were
derived from a common source without additional data from
epidemiological contact surveys [6]. However, epidemiological
contact surveys of sporadic human diarrhea cases are not usually
carried out by local health centers in Japan.

Several recent studies indicated that whole genome sequencing
(WGS) analysis using next generation sequencers is effective for
analyzing the molecular epidemiology of some pathogens [3,7]. In
this study, we collected S. Agona strains isolated from sporadic
human diarrhea cases during 2010—2014 in Yamanashi prefecture
of Japan, where chicken meat from the S. Agona-infected broiler
farms was retailed. Those strains were compared to S. Agona strains
previously isolated from broilers in 2014 [1] by PFGE and WGS
analyses. All of the strains in this study (n = 88) are listed in
Supplementary Table 1.

PFGE analyses with Xbal and BInl digestion were done as pre-
vious described [8], and the PFGE pattern data were imported into
BioNumerics software version 5.1 (Applied Maths). The similarities
of PFGE patterns were calculated previously described [8]. Mini-
mum spanning tree (MST) analysis was carried out using a simi-
larity matrix with the following options: hypothetical types were
not allowed, similarity bin sizes were 2.0 for Xbal and 2.5 for Blnl,
the priority rule was that first link types had maximum numbers of
SLVs', and the minimum size was three types for formation of
complexes. A complex was formed by strains with up to five
changes when Xbal was used for PFGE analysis, which indicated
those strains had more than 90% similarity [8]. A complex was also
formed by strains with up to two changes when Blnl was used for
PFGE analysis, which indicated that those strains had more than
95% similarity [8].

WGS analysis was carried out as previously described [7].
Briefly, sequence libraries were prepared with Nextera XT DNA
Sample Prep Kits (Illumina). A hundred cycles of dual-index paired-
end sequencing were done using the [llumina HiSeq2500 System
(Illumina). The Illumina analysis pipeline (CASAVA 1.6.0) was used
for image analysis, base calling, and quality score calibration. Read
data were sorted and exported to FASTQ files. Raw read data were
deposited in the Sequence Read Archive (SRA) in the DNA Data
Bank of Japan (DDBJ, DRA 006655). The FASTQ files were analyzed
using CLC Genomics Workbench software version 7.5 (CLC bio).
Read data were mapped to a reference genome (S. Agona strain
SL483, GenBank Accession Number CP001138) with the “Non-
specific match was ignored” option. a fixed ploidy variant detection
method with the “a coverage and count filter with minimum
coverage was 30” option was used to detect single nucleotide
polymorphism (SNP). SNP in the core-genes of S. Agona strains [9]
was selected for further studies using an in-house Ruby (ISO/IEC
30170) script.

The data of selected SNP were concatenated and phylogenetic
analysis was done by the maximum likelihood method with the
same conditions as in our previous study [3]. The SNP data were
also analyzed using BioNumerics software (Applied Maths), and
an MST was reconstructed with the same conditions as described
previously [7]. The SNP data were imported into Splits Tree
software version 4.11.3 and the ®,, test, a statistical test for
recombination, was used to determine the occurrence of recom-
bination [10].

MSTs reconstructed by PFGE analysis with Xbal or BInl diges-
tion showed that most of the strains in this study clustered in
each single complex (Supplementary Figs. 1 and 2). Three strains

isolated from human cases (strain 12-215, 13-85 and 14-8) were
in one complexes in these MSTs. When all of the seven strains
from human cases and 22 randomly selected strains from broilers
were analyzed by WGS analyses, the result of @,, test indicated no
significant recombination-related SNPs in the core genes in this
study (P = 0.1065). The ML tree reconstructed from the SNP data
in the core genes showed that these strains were divided into two
clusters designated cluster 1 and 2. Cluster 1 contained the
genome mapping reference strain (SL483 strain) and three strains
from human cases, and cluster 2 contained all of the strains iso-
lated from broilers and the other isolated from human cases
(Fig. 1). The MST reconstructed using the SNP data in the core
genes showed that all the cluster 2 strains had relatively short
branch lengths, while all the cluster 1 strains had relatively long
branch lengths (Fig. 2).

These results indicated that the S. Agona strains derived from
the serovar shifting clone have already spread to humans. Unfor-
tunately, epidemiological contact surveys were not done for the
human cases in this study, so it is unclear whether those cases were
infected by the consumption of contaminated food or by another
route of infection. The spread of a foodborne pathogen was spec-
ulated by an increase in the numbers of people infected by the
organism [ 11,12]. However, it is uncommon that the spread of a new
type of a bacterial pathogen was detected prior to the occurrence of
a large outbreak by the organism as shown in this study. Strain 12-
215 in this study, which was isolated in 2012, was clustered with
strains derived from the serovar shift clone, suggesting that the
spread of these strains had already started before we elucidated the
serovar shift in broilers [1]. Further studies are needed to determine
when and how strains derived from the serovar shift clone started
to spread in this area.

In this study, SNP data in S. Agona core genes [9] were used to
investigate the relationship between S. Agona strains from human
cases and broilers. We previously reported that, using WGS anal-
ysis, Shiga toxin-producing Escherichia coli 0157 strains from a
common source could be differentiated from unrelated strains [7].
In that study, strains from a common source were clustered within
10 pairwise distances on an MST. The results of this study showed
four out of seven S. Agona strains from human cases were clustered
with those from broilers within 10 pairwise distances on an MST
(Fig. 2). This result suggested the possible transmission of S. Agona
strains from chicken meat to human. However, it has not been
evaluated whether the same threshold value could be used to
detect the transmission by any kinds of pathogens, though such a
value was evaluated using a pathogen other than S. Agona [7].
Further studies are needed to corroborate the validity of the
threshold value.

We previously reported that many SNPs were observed in
descendant strains derived from one strain of enterohemorrhagic
Escherichia coli serovar 0157:H7/H- by sub-culturing [13]. There-
fore, not all the detected SNPs should be used to analyze the
relationships among bacterial strains. Despite that, there is no
information on which SNPs should be excluded from comparisons
of S. Agona strains. We believe that the SNP data in the core genes
used in this study do not include such culture-derived SNPs, since
the SNP data in the core genes used here were stable enough to
be used for phylogenetic analysis of S. Agona strains [9]. This
hypothesis was supported by the result of ®,, test, which indi-
cated no significant recombination-related SNPs in the core genes
in this study.

WGS analysis indicated that there may be other routes of human
infection by S. Agona strains in the geographic area of this study.
Thus, it would have been difficult to detect the onset of spread of
the strains derived from the serovar shift clone even if the number
of human Salmonella cases had been continuously monitored.
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Fig. 1. A maximum likelihood tree reconstructed using SNP data in the core genes of the seven S. Agona strains from human cases and 22 randomly selected strains from broilers in
this study. In this tree, strains in blue font were isolated from broilers and strains in red font were isolated from human cases.
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According to the data of the Agriculture and Livestock Industries
Cooperation of Japan, the amount of imported chicken meat has
been increasing in Japan, and Brazil and Thailand are major sources
of the importation. There are some reports indicating the S. Agona
contamination in broilers or chicken meat in those countries
[14,15], which would confound efforts to monitor the onset of the
spread of a particular clone. In this study, most of the strains
derived from the serovar shift clone isolated from broilers were also
clustered by PFGE analysis, indicating the efficacy of PFGE analysis
to demonstrate the derivation of S. Agona strain in a certain extent.
However, this study also indicated a limitation of PFGE analysis.
Although one strain (i.e., strain 13-136), which was isolated from a
human case, did not cluster with the other strains derived from the
serovar shift clone by PFGE analysis using Blnl, that strain did
cluster with these strains by WGS analysis. There were three PFGE
bands differences between that strain (strain 13-136) and a strain
derived from the serovar shift clone (strain4), indicating that strain
13-136 was also one of the strains derived from the serovar shift
clone (Supplementary Fig. 3). These results also suggested that
some genetic changes would have already occurred among the
strains derived from the serovar shift clone.

Such genetic changes can be also seen in other PFGE analysis
data. Among the strains used for WGS analysis in this study,
strain 30, 42, 54, and 63 did not cluster with the large complex
of the strains derived from the serovar shift clone when Xbal
was used for PFGE analysis, though these strains did cluster
when Blnl was used. In contrast, strain 87, 132, and 1064 did not
cluster when BInl was used, but all these strains did cluster
when Xbal was used (Supplementary Table 1, Supplementary
Figs. 1 and 2). These results suggested that the longer the
period of the spread of the organism will be, the more difficult
by PFGE analysis the surveillance of S. Agona strains derived
from a particular clone would gradually become. On the other
hand, there are some difficulties associated with WGS analysis.
First, the cost of WGS analyses is expensively compared to that
of PFGE analysis, so WGS analysis should be done after screening
of tested strains is done by PFGE analysis. Second, the analysis of
WGS data is more complex than that of PFGE analysis data as
shown in our previous studies [3,7,13]. In particular, SNPs and
small insertions or deletions due to recombination are trouble-
some [7,13], so the occurrence of recombination-related varia-
tions must be tested.

In conclusion, this study successfully demonstrated that the
serovar shift in broilers affected the prevalence of Salmonella
serovar isolated from human cases and that WGS analysis was
useful for tracing strains derived from a particular clone. If
chicken meat contaminated with S. Agona strains derived from
the serovar shift clone is widely distributed, there would be
more human infections caused by these strains in other
geographic areas. Further surveillance of S. Agona strains
derived from the serovar shift clone should be done using WGS
analysis.
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