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Abstract

Salmonella infections are a public health concern. Several species of animals can
potentially transmit these pathogens to humans and molecular typing is a useful tool
in epidemiological investigation. To evaluate a plausible genotyping method for
Salmonella Schwarzengrund, one of the prevalent serotypes in Taiwan, 16 strains with
15 of them being epidemiologically unrelated were genotyped using different methods.
Conventional typing methods (Xbal-PFGE and MLST) were found to be
inappropriate, with discrimination indexes of 0.79 and 0, respectively. Only PFGE
with combined results of multiple restriction enzymes (Avrll + Sfil) can all unrelated
strains be differentiated. For alternative typing schemes, clustered regularly
interspaced palindromic repeats analysis generated eight types for the 15 strains, with
a discrimination index of 0.87, which coordinated well with the Xbal-PFGE
phylogenic results and increased the discrimination power. For the whole genome
sequence-based analysis, the discrimination indexes of the three approaches utilized
(a single nucleotide polymorphism tree, a nucleotide difference tree, and a maximum
unique matches index tree) were 0.90, 0.93, and 0.79, respectively. Only the single
nucleotide polymorphism tree and the nucleotide difference tree analyses provided
sufficient discrimination power (discrimination index>0.90). The maximum unique
matches index tree obtained a lower discrimination index value, even though there is
no requirement for a reference genome. In conclusion, the clustered regularly
interspaced palindromic repeats analysis, the single nucleotide polymorphism tree,
and the nucleotide difference tree all performed better than conventional methods,

with the nucleotide difference tree being the best approach for S. Schwarzengrund

IV
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phylogenic analysis.

Keywords: Salmonella Schwarzengrund, genotyping, discrimination power, whole

genome sequence analysis
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1. Introduction

Approximately 1.3 billion cases of Salmonella infections occur annually and
result in more than three million deaths, representing a major public health concern
(1). Of note, the serotype Salmonella Schwarzengrund has been implicated in invasive
human infections (2). Recent reports from Taiwan showed that S. Schwarzengrund is
account for around 50% of Salmonella isolates from broiler samples (3), and
classified as the 12™ most dominant serotype in Taiwan human cases from 2004-2012
(4). Additionally, S. Schwarzengrund has been isolated from other sources, such as
pigs and pet food as well (5, 6). To track the transmission route across these sources
and to elucidate the epidemiological relationships between them, an appropriate
genotyping method must be developed.

Conventional typing methods, including pulsed-field gel electrophoresis (PFGE)
and multi-locus sequence typing (MLST), have been commonly used for Salmonella
subtyping (7). However, the information obtained for S. Schwarzengrund using these
subtyping schemes has been limited. Therefore, in the present study, both methods
were performed first to establish a genotyping background.

In contrast, the clustered regularly interspaced palindromic repeats (CRISPR)
analysis a newly developed genotyping method. The CRISPR analysis is based on
short exogenous sequences called spacers, the polymorphic nature of this allele
provides a historical record of foreign genomic elements of bacteria (8, 9). CRISPR
has been utilized for Mycobacterium tuberculosis subtyping for years (10), and its
feasibility has been demonstrated for subtyping S. Newport, S. Typhimurium, and S.

Virchow (11-13).
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Another promising method is whole genome sequencing (WGS). Recently, the
cost and time required for WGS have decreased dramatically, enabling the widespread
application of a number of WGS-related approaches for strain subtyping. One of them,
single nucleotide variants (SNV), is the most commonly used WGS scheme for
bacteria strain phylogenecity analysis. It utilizes a reference genome to identify
nucleotide variations among samples and has been used in the investigation of several
foodborne outbreaks (14, 15). Another WGS approach, the nucleotide difference (ND)
analysis, uses a similar scheme, but was developed to overcome the bias created in
different sequencing platforms by using k-mers rather than concatenated sequences
(16). Finally, a third approach, the maximal unique matches index (MUMIi), calculates
the percentage of two genomes that are shared to define the genomic distance between
strains; this allows for comparisons to be made without the requirement for a
reference genome (17).

In this study, we compared CRISPR and several WGS approaches to determine
their efficacy in discriminating between different strains of S. Schwarzengrund, and
use this information to evaluate whether these methodologies can replace

conventional typing techniques.
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2. Literature Review
2.1. Salmonella enterica Serotype Schwarzengrund

2.1.1. Salmonella

Salmonella is a Gram-negative rod bacterium that belongs to
Enterobacteriaceae, Genus Salmonella. Most Salmonella have flagella therefore are
motile, except for S. Pullorum and S. Gallinum. Bacterium size is approximately
0.7-15 x 2.0-5.0 um, and non-spore forming. Salmonella exists in natural
environments and is capable of infecting both warm blood and cold blood hosts. The
optimal growth temperature would be 37°C but can survive between 5-45°C. The
Genus can be divided in to 2 species, S. bongori and S. enterica, and the latter one can
be further divided into six sub species: subsp. enterica, subsp. salamae, subsp.
arizonae, subsp. diarizonae, subsp. houtenae, and subsp. indica. As a whole,
Salmonella contains more than 2500 serotypes.

Salmonella is a great threat to public health. Every year it can cause
approximately 1.3 billion of cases and result in more than 3 million deaths (1).
According to the European Union (EU) annual surveillance report, the case rate of
salmonellosis in 2012 is 21.9 cases per 100,000 population. The top 5 serotypes are S.
Enteritidis, S. Typhimurium, S. Typhimurium, monophasic, S. Infantis and S. Stanely.
For prevalence in Taiwan through year 2004-2013, the average cases occurring per
year is near 3000, with the top leading 5 serotypes as S. Enteritidis (28.1%), S.

Typhimurium (23.8%), S. Stanley (7.8%), S. Newport (6.8%), and S. Albany (3.7%)

(4).

d0i:10.6342/NTU201700395



The bacteria are mainly transmitted through contaminated food like
undercooked meat, eggs or un-pasteurized milk. Clinical symptoms include
gastroenteritis and abdominal pain. In some cases invasive infection could occur, and
could be life-threatening to immune-compromised patients or the young and elder

(18).
2.1.2. Salmonella Schwarzengrund

Salmonella Schwarzengrund may not be very common in Europe and America,
but for countries in Asia this serotype has seen increased prevalence and importance.
It also causes diarrhea, stomach cramps and fever in patients, most patients would
recover after 4-7 days, but it is also one of the serotypes that may result in invasive
infections, and without proper care and usage of antibiotics may result in severe
illness.

For increase prevalence in Asia, in Japan the isolation rate has increased from
0% to 28.1% through year 2000-2003 (19); and in Thailand, isolation rate from
chicken raised from 7.2% to 26% through year 2001-2002. The first published
international epidemiological study on S. Schwarzengrund had suspected multidrug
resistant strains to have originated from Thailand and spread to other countries like
the USA and Denmark. These assumptions were based on results of the current gold
standard for strain subtyping, pulsed-field gel electrophoresis (PFGE) (20).

S. Schwarzengrund has been a serotype of importance in Taiwan. Studies by
Chou & Tsai through year 1998-1999 found that more than half (57.5%, 23/40) of the
Salmonella isolates from broilers were identified as S. Schwarzengrund (21). And

through 2006-2007, 90 out of 345 strains (second to S. Albany, 163 strains) of
4
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Salmonella isolated from retailed local broilers and 50 out of 225 strains (followed by
S. Albany, 45 strains) from retailed broilers were typed as S. Schwarzengrund (3).
And the prevalence is not only high among poultry isolates, among human cases
through 1998-2002, S. Schwarzengrund is in the top 5 most common serotypes for
Salmonella infections as well (22). For more recent prevalence observations, S.
Schwarzengrund still dominates the Salmonella strains isolated from broilers as it
takes up to 39.3% of strains isolated (23). It is also the current 12™ most seen serotype
among human salmonellosis cases from 2004-2013 (4). Epidemiological observations

indicate that S. Schwarzengrund is a serotype that needs to be noted in Taiwan.
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2.2. Conventional Typing methods

The basic unit of all biological diversity is the species. In an epidemiological
study, the interests mostly lie with the identification of pathogen source and the
transmission route of the disease. Time and geographic concordance of infection
combined with genetic resemblance may suggest a common source. Therefore,
several genotyping schemes has been developed for Salmonella DNA fingerprinting,
such as PFGE, plasmid typing, phage typing, amplified fragment length
polymorphism (AFLP) and multilocus sequence typing (MLST) etc. Serotyping is
still widely used in Salmonella studies, but phenotyping schemes is generally believed
to lack precision due to disadvantages like limited number of characteristics to be
examined, and be misleading with various alternations of gene expression. As a result,
current subtyping methods mostly adapt to genotyping schemes, with PFGE currently

functioning as the gold standard tool for Salmonella discrimination.

2.2.1. Pulsed-field gel electrophoresis

Centers for disease control and prevention (CDC) of the United States
established the standard PFGE protocol in 1996. PFGE results were gathered from
labs worldwide to create a database for different pathogens. Analysis of PFGE
patterns were found to be useful in outbreak differentiation and gained international
popularity at the time. PFGE uses different directions of electro fields to elongate
electrophoresis duration, stabilize DNA movement allowing large DNA fragments to
separate in one run (usually 19-21 hours per run). Combined with restriction enzymes

that recognize distinct sequence, different bacteria genome will be cleaved into
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fragments of variant sizes. By PFGE, these different sizes of DNA fragments are
capable to be visualized and form a unique pattern for each strain. PFGE results are
stable and are not easily affected by equipment and environmental change under an
experienced practitioner. Unlike PCR, where PCR is easily affected by equipment,
reagents, and the random nature of the procedure. This gives PFGE the advantage of
communicational data among different labs, thus becoming the gold standard for
strain differentiation to this date. The Taiwan CDC reference lab for Salmonella was
established in 2004, with over 20000 clinical strains. Database includes more than
100 serotypes and over 3000 PFGE patterns. The software Bionumerics developed by
Applied Maths, Belgium, currently performs the analysis of PFGE data. Bionumerics
can process multiple data types like DNA sequences, antimicrobial drug resistance
profile and PFGE fingerprint files to calculate evolutionary distance and establish
phylogenic relations.

Currently, the most popular restriction enzyme used for Salmonella PFGE is
Xbal. Although studies have shown that PFGE alone can be used for serotyping, as
certain serotypes correspond to similar patterns (24). It is against advise to imply that
one restriction enzyme is the ideal choice for intra-serotype subtyping of all 2500
serotypes. The developers of PFGE claimed that bacteria strains with same PFGE
patterns are considered to have common ancestry but should not be evaluated as proof
of common source (25). Recently, several studies reported that strains with the same
PFGE pattern might still come from different origins, and the combination of multiple
restriction enzymes can increase the discriminatory power and accuracy of analysis

(26). This indicates that genotyping results merely suggests the resemblance of strains

7
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on the genetic level, and should not be, under any circumstances, the sole evidence to
draw connection between pathogen strains. The background information of disease is

still extremely important and should always be included in an epidemiological study.

2.2.2. Multilocus sequence typing

Another alternative typing method that is commonly utilized among practitioners
is the MLST scheme. The MLST scheme was developed initially for typing Neisseria
meningitides in 1998 (27). It is a PCR based subtyping method where differences in
selected housekeeping genes sequence are detected and categorized accordingly. The
basic concept is to search for a certain amount of housekeeping genes (7 genes in
Salmonella’s case) and identify their sequences. Because of the conserved nature of
housekeeping genes, every variation in these genes may inflict difference among
bacteria strains, even if the variation is just one nucleotide. Each gene is categorized
to a specific allele type, and 7 allele types correspond to a Sequence Type (ST). As
described earlier, housekeeping genes are prone not to change, thus MLST may not be
an efficient tool to detect differences in short time periods (7). However, the MLST
has other advantages over PFGE, such as identifying changes at the nucleotide level.
This is something PFGE cannot accomplish as it only identifies sizes rather than the
actual content of the DNA fragments; And MLST also being a lot cheaper and easier
to operate than PFGE.

The 7 housekeeping genes for Salmonella MLST scheme are listed below (28):

aroC (chorismate synthase)

dnaN (DNA polymerase Il beta unit)

hemD (uroporphyinogen Il co-synthase)
8
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hisD (histidinol dehydrogenase)
purE (phosphoribosylaminoimidazole carboxylase)
sucA (alpha ketolutarate dehydronase)

thrA (aspartokinase and homoserine dehydrogenase)
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2.3. CRISPR

Bacteria and archaea have adapted to defend themselves against stressors in their
environment. And that includes virus or other microbes attack. CRISPRs are special
genomic elements found within 70% archaeal and 50% of bacterial genomes. Its
structure contains conserved endogenous direct repeats (DR) with sequence size
ranging from 20 - 50 base pairs and are interspaced by short similar size exogenous
sequences called spacers (29). The CRISPR loci are mainly believed to function as a
defense system against foreign genomic elements such as phages and plasmids
through the interaction with a group of genes named CRISPR-associated (cas)
proteins (30). The way CRISPR-cas system functions as a defensive mechanism is
somewhat similar to a simplified antibody mechanism in our immune system. The
process can be divided into three stages in general. The first stage, spacer acquisition,
involves integrating genomic elements from foreign phages or plasmid into the
CRISPR loci. The term protospacer is used to describe the corresponding sequence on
a viral genome to a spacer. In several species the protospacer would have a proximal
conservative sequence that appears to be a recognition motif for acquisition, referred
as protospacer adjacent motif (PAM). Cas protein casl and cas2 are usually involved
in this step. Spacers are integrated between DRs like books in bookshelves, and the
whole CRISPR loci like a library. The next step, the main phase involving CRISPR
expression, leads to a primary transcript of CRISPR loci. Pre-CRISPR RNA will be
cleaved into small CRISPR RNAs (crRNAs) by endoribonuclease. The third phase
and last phase, is where defense mechanism occurs. crRNAs can recognize intruding

genomic elements that were introduced before with complementary sequence and
10
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form complexes that allow cas proteins to recognize and perform cleavage to
eliminate the virus or plasmid. The preservation of CRISPR loci provides the bacteria
to have heritable defense (9). Although the specific mechanism of spacer acquisition
remains unknown, studies have shown the acquisition of spacers is in the matter of
time sequence, thus suggesting a historical trait can be implied, giving great
advantage for evolutional studies (8). Such subtyping methods are not new in practice,
epidemiological studies on Mycobacterium tuberculosis has been performed under an
alternative name spoligotyping for years (10), and studies on Salmonella to work as
an alternative subtyping tool has been published (11).

Different species contain different numbers or sizes of CRISPR loci, and the
evolution of these loci vary also. The genus Salmonella possesses two CRISPR loci,
with size and spacer content specific to different serovars (11). Several schemes of
typing utilizing CRISPR were recommended for Salmonella. First, the determination
of CRISPR loci size can function as an initial screen easy to perform. If higher
discrimination is required, using Sanger sequencing to identify spacer content can
provide better insight. Serotypes were found to correlate with certain spacer structures,
indicating CRISPR analysis could function as a serotyping tool (11). An inter-serovar
subtyping scheme has been introduced by studying the serovar Newport, and proved
to be an effective subtyping tool by combining highly variable loci like virulence
genes and CRISPRs as parameters (12). Studies on typing serovar Virchow had also
proved to be efficient in outbreak differentiation (13).

Even though spacer content may provide additional precision to intra species

subtyping, an alternative study on the evolution of Salmonella CRISPR-cas system

11
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reached the result that CRISPR may no longer function as an ongoing immunological
defense system in Salmonella. By assessing more than 600 strains across 4 serotypes,
CRISPR spacers were found to be rather conservative, variation within each serotype
occurs mostly by loss of spacers or gaining duplicate of originally existed spacers.
Thus the plausibility of choosing CRISPR as subtyping tool based on presuming its

high evolution rate remains to be debated (31).

12
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2.4. WGS

Whole genome sequence (WGS) is a powerful tool for genomic investigations
and could be applied to evolutionary and epidemiological studies (32). For the past
few years there has been a significant decrease in both process time and cost of WGS,
allowing it to gain popularity in routine outbreak investigations around the world. In
2011, WGS was first to have functioned as the tool to identify the Escherichia coli
0104: H4 outbreak, putting its first mark of genotyping on the map (33). It also shows
practical application in identifying drug resistance genes or virulence factors. Its
usage in genotyping has been proved to be extraordinary in several other Salmonella
studies as WGS typing successfully distinguished 7 S. Enteritidis outbreaks in the
USA through year 2001-2014, while gold standard PFGE could only identify four
types. Combined databases have allowed various usages of epidemiological studies,
when adapted with global positioning system (GPS), allows global pathogen tracing
(34). There are variable approaches for WGS genotyping, with the most popular one
being single nucleotide polymorphism (SNV) calling; however, with different target

samples alternative bioinformatics approaches are required.

2.4.1. From Sanger to high-throughput Sequencing

Genome sequencing technology has always been the key to understand genome
content, and was constantly being improved over the last few decades. The first
sequencing method was introduced in 1977 by Frederick Sanger, which utilized the
combination of normal deoxynucleosidetriphosphates (dNTPs) and modified

di-deoxynucleosidetriphosphates (ddNTPs) during the amplification of genomic

13
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element. ddNTPs act as terminators, as they lack the 3’-OH group needed to form a
phosphodiester bond with the following dNTP, thus ceasing the activity of DNA
polymerase when added to the chain of DNA in production. This results in variable
sizes of synthesized DNA since the ddNTPs are incorporated randomly. These
ddNTPs may be labeled radioactively or with fluorescence to help in reading.
Through electrophoresis, different sizes of PCR products are separated and the labeled
ddNTPs would indicate the nucleotide (A, T, C or G) corresponding to its position.
The Sanger method was improved in the 1990°s with the introduction of capillary
array electrophoresis and detection system, with current technology, could sequence
up to 384 of 600-1000 nt length sequences a time. The Sanger method sequencing
errors mostly suffers from errors during amplification, natural variance and sample
contamination, but altogether is still highly accurate. For the past decade several other
strategies of genome sequencing has been developed and available for researchers
around the globe. These methods outperform the Sanger method to about 100-1000
times of sequence amount, and simultaneously reducing the cost to 0.5-1% (35).
Being the breakthrough of genome sequencing, high-throughput sequencing is also
referred as “Next generation sequencing”.

In our study we used the sequencing platform by Illumina. The Illumina MiSeq
system adapts a sequencing-by-synthesis plot, where the addition of each nucleotide
base is detected and identified before the next base is incorporated. This allows the
sequence to be obtained without electrophoresis and in real time as well. A
sequencing scheme has been adapted to compare results with other platforms of

sequencers (36). The procedure is described in the following. The genome of interest
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first undergoes sonication and breaks into fragments of 100-200 base pairs. Two
different adapters are then added to both 5’ and 3’ end of the fragments. These
adapters contain three sequences combined that functions individually as the “index”,
sequence to identify forward or reverse strains, the “sequencing primer binding site”
and the “complementary sequence to immobile oligonucleotides”, which such
oligonucleotides are fixed to the slide where sequencing are performed. Our
fragments that bear the adapters are added to the slide coated with 2 different
oligonucleotides and come to complement with them. A polymerase synthesizes the
hybridized complementary DNA and the original template is washed away. An
isothermal amplification is performed and the fragments bend into an arch form due
to complement of both adaptors to the slide, thus creating thousands of identical
templates that are gathered proximately, this is called bridge amplification. Now since
both forward and reverse templates both exist on the slide, in order to obtain uniform
sequence results, the reverse strains are cleaved and the forward templates remain.
Fluorescent dNTPs are then added to into the flow and for each nucleotide added a
signal would be released and recorded, this allows massive parallel sequencing. After
the sequencing of forward templates is finished, the read product is washed away, and
bridge amplification is performed again, this time cleaving the forward templates and
leaving the reverse templates attached and to undergo sequencing.

After the sequencing process is finished, bioinformatic analysis is introduced to
assemble the several Gb of sequence data obtained from forward and reverse
templates into a whole genome (37). Identical reads are stacked together (the amount

of reads is sometime also referred as depth), and similar sequences are overlapped,
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forming a consistent genome sequence. The finished product is then aligned with a
known reference genome to check for variances, this is known as “Re-sequencing”. In
contrast, another scheme for genome assembly would be “de novo sequencing”,
where the species genome of interest has not been discovered before, or has no similar
reference material available. Since the main purpose of our study is to identify the
difference within our 16 strains of interest, the re-sequencing scheme is sufficient for

our needs.

2.4.2. Genome Phylogenic Analysis Approaches

Diversity is characterized in the genome level by two major criteria: (1)
proportion of un-shared sequences and (2) divergence of the remaining, common
DNA. On these bases, two major approaches to analyze genome variance have been
developed. The average nucleotide identity (ANI), which detects conservation of core
genome, and the DNA content, which calculates the proportion of DNA shared by two
genomes. ANI starts by assessing a list of orthologs and calculates the percentage of
identical nucleotides of all the orthologs found. Recently, fixed length DNA fragments
of the first genome is used to blast against the second genome, and fragments that
meet the identity threshold is kept to derive the ANI (38). DNA content calculates
distance by assessing the proportion of common genes. By doing so, a list of
orthologs is created and the estimation of proximity of two strains by ratio is
calculated. Now a question arises, since two methods could both be used as general
evaluation, but one being based on gene acquirement and loss, the other based on
variances among orthologs, how could the two be correlated together? A new method

is developed for genomic distance calculation. This distance is based on the number
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of maximal unique matches (MUM) of a given minimal length shared by the two
genomes being compared (17). A more clear explanation of MUM is, it is a region
that matches exactly between genomes, exists only once in genomes, and is not
contained in a longer such region. The idea is these MUM should always be aligned
in the true alignment. The MUM index is a tool to assess distance between two
genomes. The index is located between O (for very similar) and 1 (for very distant).
MUMI was found to correlate better with ANI analysis and less with DNA content
analysis. The MUMI distance has been designed to be most sensitive in the range of
differences between closely related strains.

Nucleotide difference and SNV calling are both based on calling difference at
the nucleotide level. While MUMI focus on comparing how alike two strains can be,
ND and SNV analyze the regions that two strains aren’t alike. For SNV analysis,
reads are mapped against the reference genome and positions with nucleotide
variations are identified and extracted to generate a pseudogene consisting the
nucleotides of interest. The SNV tree adapts bootstrapping to construct evolutionary
relations. The ND tree analysis is designed to overcome data bias between different
sequencing platforms (Illumina, Roche & Life technologies). Like SNV analysis, ND
also utilizes a reference genome for reads to map against it. The difference is that ND
tree will split reference genome and reads into constructed, smaller continuous
sequences of k bases called k-mers (in ND analysis k is set to 17, as default settings).
K-mers from reads are then mapped against the reference genome to create un-gapped
alignments. When mapping is finished, variances are called and calculated, number of

differences between each strain is used to draw phylogenic relations (16).

17

d0i:10.6342/NTU201700395



2.4.3. In silico Analysis

The study of bacterial genome has been ongoing for several decades. A fair
amount of genes has been discovered and organized on several online databases. With
the cost of WGS decreasing yearly, bioinformatic tools are also upgraded to process
WGS data. In this study we choose to detect MLST and antimicrobial resistance
genes directly from WGS data. Such applications are not new to the investigation of
infectious diseases, as serotyping and MLST has successfully proved to be plausible
to predict identical results as conventional typing methods in a national scale
retrospective study of Listeria in Australia (15). And antimicrobial resistance genes
detected from clinical samples of patients experiencing bladder infections (39). Such

results indicate that significant time and resources could be spared.
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2.5. Discriminatory power of genotyping methods

To determine the discrimination power of a certain typing method, one could

adapt the formula as below:

1 s
D)=1- mzjzlx](x] -1

D-value Indicates the discriminatory power, N the number of unrelated strains
tested, S the number of different types, and x; the number of strain in the i type.
D-value Can reach the maximum value of 1.0, meaning all strain can be differentiated;
whereas minimum value of 0.0, as incapable of distinguishing any strains apart. For a

typing method to be reliable, generally a D-value value of 0.90 is required (40).
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3. Materials and Methods

3.1. Strains Identification

This study collected 16 strains of S. Schwarzengrund with 15 of them
epidemiologically being unrelated throughout year 2000 to 2012 from various sources
such as chickens, pet food, stray dogs, wild birds, turkeys, ducks and pigs. Strains are
labeled SS01-SS16 with SS16 from the same outbreak of SS15 to serve as a control
strain. List of strains, source and isolation year in this study is shown in Table 1. All
strains were analyzed with PFGE and MLST prior to this study; the restriction
enzymes used for PFGE fingerprinting include Xbal, Avrll, and Sfil. MLST results
indicate all 16 strains to be ST96, detailed allele types is listed in Table 2.

Strains were revived from microbanks and stored at -80°C freezer after 12 hours
cultivation, 37°C, in Brain-Heart infusion broth (BHI, Difco, East Rutherford, NJ,
USA). Revived bacteria were then cultivated in Trypticase soy broth (TSB, Difco),
37°C, for an additional 12 hours before any further procedures. All strains were
confirmed again as serotype S. Schwarzengrund through White-Kauffmann-Le Minor
serotyping scheme (41).

Coagulation test of somatic O antigen was performed with mixture of 3-5 pL
bacteria and anti-serum, positive results form coagulation on slides of mixture. All
strains were confirmed with positive results of Poly A-I and Vi and further with Poly
B, group O: 4(B), factor 1-4-12-27 antiserums.

Flagella H antigen identification is performed in 2 phases. And 0.85% of NaCl

solution was prepared and mixed with 37% formalin to obtain 0.6% formalin NaCl
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solution. For phase I, bacteria is cultivated in 3.5 mL of TSB for 16 hours, 37°C.
Broth is then mixed with 3.5 mL 0.6% formalin NaCl solution in 50°C waterbath for
an hour to fix flagella. Retrieve 0.5 mL of Salmonella H antiserum Poly A- Poly E,
and mix with same amount fixed bacteria broth for 1 hour in 50°C waterbath. Positive
results should form cotton-like coagulation within tube in an hour. The expected H1
result for S. Schwarzengrund is factor d, as all strains performed.

In phase Il we prepared 0.35% agar of TSB, retrieved 3 mL and mixed with 0.5
mL of Salmonella H Antiserum Single Factor d. A plastic tube was carefully inserted
into the middle of the semi-solid agar. A single colony of bacteria was then inoculated
within the plastic tube just beneath the surface, and underwent 37°C cultivation to
wait for bacteria to grow out of the tube. Tube was checked every 2 hours until
bacteria reaches 2-3 mm beneath the surface of the exterior agar, then inoculated in
3.5 mL TSB to undergo another 6-8 hour 37°C cultivation. Then repeat procedures in

phase I. The expected phase 1l result should be factor 1, 7, as all strains performed.
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3.2. DNA Extraction

DNA extraction was performed with DNeasy® Blood and Tissue kit, Quiagen.
All strains were cultivated in TSB, 37°C, for 12 hours prior to extraction. One mL of
broth was retrieved and centrifuged at 5,000 xg for ten minutes, then discard the
supernatant. The bacteria pellets were then treated with 200 pL of 10 mg/mL
lysozyme for 30 minutes in 37°C waterbath, before following the procedures of
DNeasy® Blood and Tissue Kit.

180 uL of ATL was added into the mix with 4 uLL of RNase A and incubated at
room temperature for 10minutes. Added 20 uL of proteinase K and incubated in 55°C
waterbath for 1.5 hours. Added 200 uL of AL buffer and 200 uL. 100% EtOH, mixed
thoroughly and gently. Then Added solution to column and centrifuge at 6,000 xg for
2 minutes. Renewed collection tube and add 500 uL of AW1 buffer and centrifuge at
6,000 xg for 2 minutes. Renewed collection tube and added 500uL of AW2 buffer and
centrifuge at 20,000 xg for 4 minutes. Replaced collection tube with 1.5 mL
eppendorf; added 50 L ddH,0 into column and centrifuged at 6,000xg for 2 minutes.
All extracted DNA qualities were checked with Nanodrop 1000. Qualify standards are
set to 1.8-2.0 for OD260/280 value, and 1.8-2.2 for OD260/230. Extracted DNA was

stored at -20°C.
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3.3. Pulse Field Gel Electrophoresis

PFGE were performed prior to this study. Protocol follows the standard
operation procedure of PulseNet USA for Salmonella. Restriction enzyme Xbal, Avrll
and Sfil were used to perform restriction digestion.

Results were analyzed by software Bionumerics; phylogenic tree was inferred
using the unweighted pair group method with arithmetic mean (UPGMA) method.
Band tolerance was set to 1.5% and optimization at 1%. Discrimination power was

evaluated using the Discrimination index D-value (40).
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3.4. CRISPR

Two CRISPR alleles (CRISPR1 and CRISPR2) exist in Salmonella; both were
targeted with primers designed in previous study (42), and is listed in Table 3. PCR
amplification was performed with Taq master mix kit. A 25 pL system contained 12.5
uL of Taq PCR 2X master mix, 9.5 uLL of PCR grade water, 1.0 uL of DNA template,
1.0 uL of forward primer (final concentration 1.0uM) and 1.0 uL of reverse primer
(final concentration 1.0 uM). A single PCR cycling was used for all primers and is
listed as following: initial denaturing for 10 minutes at 95°C; 45 cycles, each cycle
containing 1 minute at 95°C, 1 minute 30 seconds at 55°C and 1 minute 30 seconds at
72°C; final extension step of 10 min at 72°C. PCR products underwent
electrophoresis at the condition using 1.5% agarose gel with cyber green dye, 100V,
runtime 45 minutes. PCR product was then sent for sequencing (PURIGO
biotechnology Ltd, Taipei, Taiwan). Analysis of CRISPR1 and CRISPR2 was
conducted using CRISPR-finder (http:// crispr.u-psud.fr/server/) (43), A final CRISPR
type (CT) was given to each strain accordingly to the composition of its spacers.

Discrimination power was evaluated using the Discrimination index D-value.
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3.5. Whole Genome Sequence

Target DNA was sonicated to the size ranging from 180 to 200bp. DNA was
then end-repaired, A-tailed and adaptor-ligated following the Illumina ‘s Truseq DNA
preparation protocol, and the product DNA library were validated by Agilent 4200
Tapestation (D1000 screen tape) to check the library fragments at the recommend size.
Each library was barcoded and sequenced on a NextSeq500 as paired-end 150 reads
(PE150). All reads files were uploaded. Low quality reads (passing filter and <Q20)
or adaptor-contaminations (>6 Bases aligned with adaptor sequence) were removed,
and then the qualified reads were performed to Base-calling. The qualified reads data
then went through a genomic alignment against Ensemble database using BWA to get
basic sequence information. To further variants analysis, Genome Analysis Toolkit
(GATK) created variants calling and annotations. BaseRecalibrator were used to
detect systematic errors in base quality scores, and UnifiedGenotyper were used to
call SNVs and indels on a per-locus basis. All tools were set as standard settings.
Qualified SNVs were selected once they met the threshold of reaching a minimum

coverage of 15 reads.

SNV tree was inferred using the UPGMA method. Two reference strains were
used to create to results, S. Schwarzengrund CVM19633 (Accession No.
PRJINA19459) and S. Typhimurium LT2 (Accession No. PRINA241). The percentage
of replicate trees in which the associated taxa clustered together in the bootstrap test
(1000 replicates) is shown above the branches. The evolutionary distances were

computed using the UPGMA method. Positions containing gaps and missing data
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were eliminated. Evolution analyses were conducted in the Molecular Evolutionary

Genetics Analysis program version 7 (MEGAYT).

For phylogenic analysis, the Nucleotide difference tree (ND tree) was generated
with known S. Schwarzengrund strain CVM19633 as reference and using the pipeline
tool on the Center for Genomic Epidemiology
(http://www.cge.cbs.dtu.dk/services/NDtree/) with default settings. When all reads
had been mapped, the significance of the base called at each position was evaluated
by calculating Z score from X (the most common nucleotide of that position) and Y
(number of other nucleotides). The Z-score is calculated as Z=(X-Y)/sqrt (X+Y). The
value 1.96 was used for Z threshold to a p-value of 0.001. Further requirement of

X>10*Y is proceeded.

MUMIi analysis can be derived using the following formula: MUMi =
1 — (Lmum/Lay), Where Lyym is the sum of the length of all nonoverlapping MUMs
and L,y is the average length of the two genomes to be compared. MUMi values close
to O represent very similar sequences, while values close to 1 are gained for very
distant genomes. In brief, each pair of genome sequences were detected twice
(reference vs. query, and the reciprocal order) for lists of shared MUMs using
Mummer3 software version 3.23 (http://mummer.sourceforge.net/) (44) with the
following parameters: -mum, -b, -c, and -1 19. Mummer3 results were parsed for
nonoverlapping MUMs, and then an average MUMI value was calculated for each
pair of genomes. All MUMi values from 16 genomes were then outputted as a
distance matrix file for the use of constructing a Neighbor-joining tree using the

MEGA version 7 (http://www.megasoftware.net/) (45).
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For in silico analysis, web-tools developed by Center for Genomic
Epidemiology, Resfinder 2.1 (https://cge.cbs.dtu.dk/services/ResFinder/) (46) was
used for antimicrobial resistant genes detection, and MLST 1.8
(https://cge.cbs.dtu.dk/services/MLST/) used for MLST typing. Both web-tools use
blastN for gene detection. Paired-end reads were submitted and analysis parameters

were set at default settings.
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4. Results

The evaluation data consists of a set of 16 strains of Salmonella Schwarzengrund
from 15 epidemiological unrelated origins. The performance of differentiation power

is calculated with the discrimination index.

4.1. Conventional Typing: PFGE and MLST

The PFGE method with digestion by the restriction enzyme Xbal could not fully
distinguish all 15 strains of S. Schwarzengrund (Fig. 1), with a D-value of 0.79.
However, after changing to two alternative restriction enzymes (Avrll and Sfil) and
combining respective results all strains were distinguishable (Fig. 2), and the internal
controls SS15 and SS16 were closely grouped, as expected. Conversely, the MLST
method failed to distinguish the strains from each other and identified all of them as

ST 96 (Table 2).
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4.2. CRISPR

The PCR product size of CRISPR1 and CRISPR2 loci vary (but not with great
difference) between the 16 strains of S. Schwarzengrund of interest, ranging from
approximately 900 to 1,100 base pairs. PCR products are then sent for sequencing and
submitted to crispr-finder to identify CRISPR structures. A total of 14 spacers in
CRISPR1 and 17 in CRISPR2 were found respectively based on the sequencing results.
Strains were given CTs according to the content of the spacers (Table 4). Among the 16
strains, five CRISPR1 allele patterns and three CRISPR2 allele patterns were found,

creating eight unique CTs with a D-value of 0.87.
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4.3. Whole Genome Sequence

The actual size of the S. Schwarzengrund genome is approximately 4.8 Mbp.
The average depth of reads was 184, with the lowest (SS03-CKk) being 89 reads and
the highest (§S14-Dk) being 262 reads. The reference genome (CVM19633) coverage

was above 90% for every tested strain (Table 6.).

4.3.1. SNV tree

SNV tree was conducted 2 times with different reference strains, S.
Typhimurium strain LT2 and S. Schwarzengrund strain CVM19633. When using LT2
(S. Typhimurium) as the reference genome, the SNV analysis identified more than
30,000 SNVs and all strains were indistinguishable from one another on the
phylogenic tree (Fig. 4). Conversely, when we used CVM19633 (S. Schwarzengrund)
as a reference genome, the SNV analysis identified 122 qualified SNVs. However,
when constructing the phylogenic tree, the internal controls SS15 and SS16 failed to
cluster, and SS04 was calculated as having a higher genetic similarity with SS16 (Fig.
5). As a result, strains that have relatively fewer genetic differences than SS15 and
SS16 should be defined as genomically indistinguishable. By this definition, SS09,
SS10, SS11, and SS14 were considered indistinguishable, as well as the following
pairs: SS12 and SS13, SS01 and SS02, SS03 and SS05, SS07 and SS08, and SS04,
SS15 and SS16, with an acquired D-value of 0.90.

A total of 122 SNVs were traced back to each location on the whole genome
and only two SNVs were located on known genes: the heme lyase subunit of NrfE

(ccmF) and ribosome recycling factor (rrf), with neither of the SNVs resulting in any
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amino acid coding changes (Table. 9). Furthermore, a clustering of SNVs in specific
regions were noted; specifically, 72 SNVs were identified between nucleotide
610,000 to 620,000 and 32 SNVs were identified between nucleotide 2,150,000 to

2,165,000.

4.3.2. Nucleotide difference tree

The ND analysis calculates nucleotide differences using the reference genome
CVM19633 and was used to generate the phylogenic tree in Figure 6. The 16 strains
were differentiated into 10 subtypes with a D-value of 0.93, with some strains (SS03
and SS05; SS07 and SS08; SS09 and SS14; SS10 and SS11; SS04, SS15 and SS16)

remaining indistinguishable.

4.3.3. MUMI tree

The MUMIi tree calculates the percentage of the genome sequence that two
bacteria strains share in common. The higher proportion of the genomes that are
identical, the closer they are on a phylogenic tree. The phylogenic tree draws out the
relative genomic distance between strains, and in this study the MUM i tree is the only
WGS approach to detect differences between all strains (Fig. 7). However, the
genomic distance between our internal controls SS15 and SS16 was approximately
0.02%, strains with a distance less than this should be defined as indistinguishable.
Therefore, strains SS06, SS07, SS08, SS09, SS10, SS11 and SS14 were
indistinguishable from each other, as well as SS03 and SS05; SS01 and SS02, which

resulted in a final D-value of 0.79.
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4.3.4. In silico MLST and Antimicrobial Resistance Gene Detection

The in silico MLST typing method recognized all 16 strains as ST 96 (Table. 7),
which agreed with the results obtained from the actual MLST typing. The results of
the in silico antimicrobial resistance gene detection agreed with the majority of the
results from the disk diffusion test, with the exception of the quinolones (Table 8), as
well as the chloramphenicol resistance for SS01, SS02 and SS03. The close
resemblance of these results to those of conventional methods suggests that the

web-tools (46, 47) could be an alternative tool.

32

d0i:10.6342/NTU201700395



5. Discussion

5.1. Conventional typing

PFGE is regarded as the gold standard for bacterial genotyping, and Xbal is the
restriction enzyme that is primarily used to differentiate Salmonella strains in the
PulseNet database. In the current study, we found that the D-value for Xbal-PFGE
didn’t reach 0.90, indicating that there may be false or incomplete epidemiological
relationships determined when solely using this typing method. Our findings are in
agreement with a previous study on S. Schwarzengrund subtyping, in which 23% of the
studied strains gave rise to only three Xbal-PFGE patterns, among 581 multi-drug
resistant strains (20). Similarly, Chen and colleagues reported that 66% of S.
Schwarzengrund isolates taken from chicken retail meat in Taiwan had three dominant
Xbal-PFGE patterns (48). The lack of divergent patterns suggests that Xbal-PFGE has
insufficient power to discriminate between S. Schwarzengrund strains. The results of
our study pertaining to Avrll and Sfil, indicate that using a combination of the two
restriction enzymes can improve the discrimination power. However, the practice of
utilizing multiple restriction enzymes is expensive and time consuming. Additionally,
the amount of international comparative information is limited, making this method less
practical.

Within the MLST database (http://mlst.warwick.ac.uk/mlst/dbs/Senterica) for

Salmonella, four STs (ST 96, ST 241, ST 322, and ST 848) cover all 18 published S.
Schwarzengrund strains. Among them, 13 strains isolated from different locations and

times were classified as ST96. Similarly, in our study all 16 strains were also
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identified as ST 96, indicating that MLST provides insufficient discrimination power.

34

d0i:10.6342/NTU201700395



5.2. CRISPR

A previous study by Shariat et al. reported that the sizes of CRISPR alleles in
studied S. Newport strains ranges from 300 to 1,700 bp, and the large variation in PCR
products can differentiate between strains (11, 12). The large variation in PCR product
sizes has been reported in other serotypes as well (11). However, in our study, the size
of the PCR products at the CRISPR1 and CRISPR2 loci had a much smaller range:
from approximately 1,000 to 1,100 bp, which limited the discrimination between
different strains of S. Schwarzengrund. In a result, 5 different CRISPR1 alleles (labeled
A-E) and 3 different CRISPR2 alleles (labeled 1-3) were identified, and the
combination created 8 CTs in total. According to the results, this method provides a
better resolution in strain differentiation compared to PFGE, as D-value of CRISPR
typing is 0.87. Since no novel spacers were detected within S. Schwarzengrund, all
spacers in this study were already existent in the CRISPR database. Spacer variance
between strains occurs through the gaining and losing of existing spacers; such
phenomena have been noted in other serotypes of Salmonella as well (31).

It has been studied that closely related Salmonella strains were found to share
more identical spacers with one another (9, 11). In our study, the sums of spacer
difference among the 16 tested S. Schwarzengrund strains are listed in Fig. 3.
Genomic differences between CTs were evaluated by sum of spacer differences in
CRISPR1 and CRISPR2 alleles. For example, CT pair of A1 and B1 was considered
genomically more closely related than the pair of Al and C2, for the former contained
two spacers in difference while the later contained eight. The distribution of CTs was

further compared against the Xbal-PFGE phylogenic tree (Fig. 3). The two methods
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coordinated well with each other: most strains with identical or similar Xbal-PFGE
patterns had the same or closely-related CTs, such as CTs Al, B1 and E1 all share the
same PFGE-Xbal pattern with only 2 spacer variations among each other. In some
cases, we were able to further discriminate between strains with the same PFGE type
by using the CTs. This observation is in agreement with a previous study (12) and
supports the possibility of combining the two subtyping methods to increase the

discrimination power for S. Schwarzengrund.
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5.3. WGS phylogenic analysis

The SNV tree has D-value of 0.90, though performing better than Xbal-PFGE,
failed to cluster SS15 and SS16 together, as SS04 showed higher resemblance with
SS16. The ND analysis achieved similar results, while SS15 and SS16 were clustered
together; SS04 is still indistinguishable from the control pair strains with the acquired
D-value for ND analysis is 0.93. The ND analysis performed better than the SNV tree
because the alignment process in ND is based on the mapping of k-mers, whereas the
SNV analysis requires concatenated sequences for alignment. However, the strains
used in this study are all epidemiologically unrelated, even though both D-values
reached 0.90 neither the SNV or ND analysis was able to fully differentiate among all
strains. A report by Kwong et al. emphasized the importance of utilizing reference
strains with high resemblance to the tested strains, such as strains of the same
serotype, in WGS phylogenic studies to improve the accuracy of the analysis (15).
Our study supports this claim as using a reference genome of a completely different
serotype (S. Typhimurium) for S. Schwarzengrund genotyping has been proved
fugitive. However, in our study we showed that even using a reference genome of the
same serotype still might not be enough for complete differentiation. The reference
strain CVM19633 used in the in silico analysis for antimicrobial resistant genes
detection was found to have great difference in drug resistance profile with tested
strains. It is possible that the large difference in genetic contents prevented
CVM19633 from being an ideal reference genome for S. Schwarzengrund
differentiation in this study.

Regarding the MUMI i analysis, to the best of the authors’ knowledge, this is the
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first report to compare MUMi with other WGS-based genotyping schemes, and
provided a poor result. According to a study by Deloger et al., the utilization of
MUMIi was originally for the taxonomic designation of closely related species rather
than for evolutionary-phylogenic studies (17). Therefore, in the present study, MUMi
was the least appropriate approach for intra-serotype subtyping, as we believe that the

difference detected between internal controls was overly sensitive.

5.4. In silico Analysis

The web-tools (46, 49) developed by Center of Genomic Epidemiology are
open source for anyone to use and capable of processing data outputted from different
sequencing platforms. This brings convenience for researchers across the globe to
compare NGS data.

The MLST scheme is popular in the use of subtyping Salmonella, and in recent
years utilized for serotyping as well (50). In our study, the 7 house keeping genes of
the 16 strains of S. Schwarzengrund were all perfectly predicted as the same results
with the conventional method. All strains have unanimous results as ST 96. The
length of time required for each strain’s analysis is significantly less than the time
conventional PCR requires. As for Antimicrobial gene detection, in silico analysis (46)
also performed accurately to previous results, with the majority of results in line with
conventional antimicrobial tests. Only Phenicols weren’t predicted in SS01, SS02 and
SS03 and quinolone drugs in all strains. The web-tool was specific that it could only
detect anti-fluorquinolones genes, but still failed to predict any strains with drug
resistance to ciprofloxacin. In silico analysis screens up to 1411 antimicrobial genes,

and process time required is significantly less than conventional tests.
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6. Conclusion

In summary, we provided the respective D-value for each genotyping method
(Table. 10). Xbal-PFGE provided fair differentiation; however, using a combination
of the restriction enzymes Avrll and Sfil allowed for the differentiation of all strains,
although the method is less practical. CRISPR functions as a better subtyping scheme
when compared to Xbal-PFGE, but still needed additional typing schemes to increase
the discrimination power. The SNV analysis is the most commonly used, and
generates a relatively high discriminatory power (D = 0.93) for intra-serotype
subtyping. ND contains a k-mer alignment scheme, which gives it an advantage for
more detailed screening and provided the best discriminatory power in the present
study. MUMI was found unsuitable for Salmonella intra-serotype phylogenic studies.
With WGS technology becoming more and more accessible, it is still important to
note that alternative bioinformatic analysis may deeply affect the assumed phylogenic

relations, and utilizing the optic approach is critical for epidemiological studies.
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Table 1. Isolates of Salmonella Schwarzengrund

NO. Source Year  Strain
1  Duck 2000 SS01-Dk
2  Stray dog 2003 SS02-Dg
3 Broiler breeder farm 2008 SS03-Ck
4  Petfood 2008 SS04-Pf
5 Broiler breeder farm 2009 SS05-Ck
6 Broiler 2010 SS06-Ck
7 Wild bird (Crested Goshawk) 2011 SS07-Cg
8  Wild bird (Moorhen) 2011 SS08-Mh
9  Turkey 2012 SS09-Tk
10 Pig Farm 2012 SS10-Pg
11 Pig Farm 2012 SS11-Pg
12 Turkey farm 2012 SS12-Tk
13 Turkey farm 2012 SS13-Tk
14 Duck 2012 SS14-Dk
15 Broiler breeder farm 2008 SS15-Ck
16  Broiler breeder farm 2008 SS16-Ck
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Table 2. MLST results that were performed prior this study. Allele type and sequence
type of all 16 strains of S. Schwarzengrund

Gene thrA  purE hisD aroC hemD SUCA dnaN
Allele type 3 41 49 43 43 15 47
Sequence type 96
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Table 3. Primers used for CRISPR allele amplification and sequencing

Primer Sequence (5’ to 3°)
CRISPR1-F GATGTAGTGCGGATAATGCA
CRISPR1-R GATGATATGGCAACAGGTTT
CRISPR2-F ACCAGCCATTACTGGTACAC
CRISPR2-R ATTGTTGCGATTATGTTGGT
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Table 4. CRISPR1 and CRISPR?2 allele spacer distributions among the 16 S. Schwarzengrund strains tested.

$S02-Dg SS03-Ck SS04-Pf SS05-Ck SS06-Ck $S07-Cg SS08-Mh SS09-Tk §S10-Pg SS11-Pg SS12-Tk SS13-Tk SS14-Dk §S15-Ck SS16-Ck

SS01-Dk

Strains

CRISPR1

10
11
12
13
14

CRISPR2

10
11
12
13
14
15
16
17
CT

El

El

E3

D1

D1

B3

B3

B3

C1
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Table 5. Number of spacer difference between CTs

Al
Bl
B3
Cl
C2
D1
El
E3

CT types
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Table 6. WGS Read profile of 16 strains

) Total reads Total base Mappability against
Strain Average depth
after QT* after QT CVM19633
SS01-Dk 11036,194 994,927,166 207 95%
SS02-Dg 10,198,540 913,056,876 190 94%
SS03-Ck 5,080,908 431,045,461 89 95%
SS04-Pf 12,439,150 1,124,485,899 234 99%
SS05-Ck 7,601,882 694,841,031 144 94%
SS06-Ck 7,829,392 702,478,211 146 90%
SS07-Cg 13,204,098 1,196,303,851 249 94%
SS08-Mh 10,688,548 965,227,959 201 92%
SS09-Tk 9,537,362 854,887,312 178 92%
SS10-Pg 6,562,338 593,724,599 123 92%
SS11-Pg 12,395,336 1,138,982,249 237 93%
SS12-Tk 11,928,540 1,065,982,249 222 93%
SS13-Tk 6,494,510 593,079,712 123 96%
SS14-Dk 13,768,596 1260,763,095 262 94%
SS15-Ck 7,005,766 620,739,212 129 98%
SS16-Ck 11,210,632 1,014,713,610 211 98%

*QT (Quality trimming)

51

d0i:10.6342/NTU201700395



Table 7. In silico MLST typing of 16 S. Schwarzengrund

Gene thrA  purE hisD aroC hemD SUcA dnaN
Allele type 3 41 49 43 43 15 47
Sequence type 96
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Table 8. Results of drug resistance testing and the in silico detection for drug resistant genes

for the 16 S. Schwarzengrund strains.

Strains Disk diffusion test* In S'I'C.O
Genes existed

SS01-Dk AMP, C** CN, K, NA, OT, TE, S, SXT aadAl, aph(3')-la, aac(3)-lva, aph(4)-la, aadA2, strA, strB,
blaTEM-1B, sull, sul2, sul3, tet(A), dfrA12

SS02-Dg AMP, C, CN, K, NA,OT, TE, S, SXT aadAl, aph(3')-la, aac(3)-lva, aph(4)-la, aadA2, strA, strB,
blaTEM-1B, cmlAl, sull, sul2, sul3, tet(A), dfrA12

SS03-Ck AMP, C, CN, NA aph(4)-la, aac(3)-lva, aadAl, aadA2, blaTEM-1B, cmlAl,
sull, sul3, tet(A), dfrAl2

SS04-Pf C,KF, NA, S aadAl, aadA2, strA, strB, sul2, sul3, cmlAl

SS05-Ck AMP, C, CN, NA, OT, TE, S, SRT aph(4)-la, aadAl,, aac(3)-lva, aadA2, blaTEM-1B, cmlAl,
tet(A), dfrA12

SS06-Ck AMP, C, CN, NA, OT, TE, S, SXT aac(3)-lva, aph(4)-la, aadA2, aadAl, blaTEM-1B, cmlAl,
floR, sul2, tet(A), dfrA12

SS07-Cg AMP, C, CN, K, KF, NA, OT, TE, S, SXT aadAl, aph(3')-la, aac(3)-lva, aadA2, strA, strB, blaTEM-1B,
cmlAl, Sull, sul2, sul3, tet(A), dfrA12

SS08-Mh AMP, C, CN, K, KF, NA, OT, TE, S, SXT aadAl, aph(3')-la, aac(3)-lva, aadA2, strA, strB, blaTEM-1B,
cmlAl, sull, sul2, sul3, tet(A), dfrA12

SS09-Tk C,CIP,CN, E, KF, NA, OT, TE, S, SXT aph(4)-la, aac(3)-lva, aadAl, aadA2, cmlALl, floR, sull, sul3,
tet(A), dfrA12

SS10-Pg AMP, C, CIP, CN, E, KF, NA, S, SXT aph(4)-la, aac(3)-lva, aadAl, aadA2, cmlAl, floR, cmlAl,
floR, dfrA12

SS11-Pg AMP, C, CIP, CN, E, KF, NA, S, SXT aadAl, aph(4)-la, aac(3)-lva, aadA2, cmlAl, floR, sull, sul3,
dfrA12

SS12-Tk C,NA, OT, TE, S, SXT aadAl, aadA2, cmlAl, sull, tet(A), dfrA12

SS13-Tk AMP, C, CN, NA, OT, TE, S, SXT aadAl, aac(3)-lva, aph(4)-la, aadA2, strA, strB, blaTEM-1B,
cmlAl, floR, sull, sul2, sul3, dfrA12

SS14-Dk C,CIP,CN, E, NA, OT, TE, S, SXT aadAl, aph(4)-la, aac(3)-lva, aadA2, cmlAl, floR, sull, sul3,
tet(A), dfrA12

SS15-Ck C,NA S aadAl, aph(4)-la, aac(3)-Iva, aadA2, cmlAl, sul2, sul3

SS16-Ck C,NA'S aadAl, aph(4)-la, aac(3)-lva, aadA2, cmlAl, sul2, sul3

*AMP, Ampicillin; C, Chloramphenicol; CIP, Ciprofloxacin; CN, Gentamicin; E, Enrofloxacin; K,
Kanamycin; KF, Cephalothin; NA, Nalidixic acid; OT, Oxytetracycline; TE, Tetracycline; S, Streptomycin;
SXT, Sulfamethaxole/Trimethoprim

**Drugs that are underlined were not detected by the in silico analysis.
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Table 9. Corresponding genes to identified SNVs

No. Corresponding genes and significance of change Strains
ccmF, synonymous coding SS06, SS15
SNVs in genes 2
rrf, downstream of ORF SS01

SNVs not in genes 120 -
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Table 10. The comparison of D-value among all subtyping methods

Genotyping WGS
PFGE MLST CRISPR
Methods MUMi ND SNV
D-value 0.79 0 0.87 0.79 0.94 0.90
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information, Xbal-PFGE patterns, phylogenic tree of the 16 S.

Schwarzengrund strains tested. The phylogenic tree was obtained using the Dice coefficient of

similarity and the UPGMA method. Band tolerance was set to 1.5% and optimization at 1%. The

degree of genetic similarity is shown by percentage according to the scale.
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Fig 2. Combined dendrogram of 16 S. Schwarzengrund strains digested by Avrll and Sfil. The
phylogenic tree was obtained using the Dice coefficient of similarity and the UPGMA method.
Band tolerance was set to 1.5% and optimization at 1%. The degree of genetic similarity is shown
by percentage according to the scale.
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Fig 3. Distribution of CTs of 16 strains among Xbal-PFGE dendrogram.
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Fig 4. SNV tree of 16 S. Schwarzengrund strains with S. Typhimurium strain LT2 as reference.
The evolutionary distance units represent the number of base substitutions per site.
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Fig 5. SNV tree of 16 S. Schwarzengrund strains with S. Schwarzengrund strain CVM19633 as
reference. The evolutionary distance units represent the number of base substitutions per site.
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Fig 6. Nucleotide difference tree of 16 S. Schwarzengrund strains. The evolutionary distance
units represent the number of differences between nucleotides.
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Fig 7. MUMIi tree of 16 S. Schwarzengrund strains. The evolutionary distance units represent
the percentage of total genomic differences.
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