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Thesis Title

Rapid detection and identification of foodborne pathogens using genomics

Thesis Abstract

Infectious diseases caused by Salmonella, Shigella and Shiga toxin-producing E. coli (STEC) pla
ce a heavy burden on human health and incur a massive economic cost. Timely detection and id
entification of these bacterial pathogens is vital for food safety and public health surveillance. Exi
sting detection methods cannot easily distinguish different serotypes of these pathogens and are
time-consuming. Early detection and identification of Salmonella, Shigella and STEC can be achi
eved by detection of highly specific and discriminatory pathogen genomic targets. Thus, compara
tive genomic analysis of many publicly available genomic sequences of Salmonella, Shigella and
STEC has been applied to identify pathogen type-specific gene markers for rapid, highly sensitiv
e and specific identification and differentiation of Salmonella, Shigella and STEC.

In this thesis, pathogen type-specific gene markers for Salmonella, Shigella and STEC have bee
n identified through comparative genomic analysis of pathogen genome sequences. For Salmone
lla, a set of 131 serovar-specific genes were identified for prediction of the 106 common serovars
from genomic data with 95.3% accuracy. Seven laboratory diagnostic MCDA assays targeting se
ven Salmonella serovar-specific genes were then developed for the detection of five most preval
ent Salmonella serovars in Australia with high specificity (>93.3%) and high sensitivity (>92.9%).
These assays are rapid and can produce results in as short as 8 minutes. For Shigella, cluster-sp
ecific genes were identified for differentiation of Shigella and enteroinvasive E. coli (EIEC) from g
enomic data with 99.64% accuracy and were used to develop an in silico pipeline, ShigEiFinder f
or accurate differentiation, cluster typing and serotyping of Shigella and EIEC with 99.38% accura
cy. For STEC, cluster/serotype-specific genes were identified for typing of STEC with 99.54% acc
uracy and were used to develop an in silico pipeline, STECFinder which can assign STEC isolate
s to STEC clusters and serotypes with 99.83% accuracy.

These markers could be adapted for metagenomics or culture independent typing and could
also be useful in the development of more cost-effective molecular assays. The outcome of
this thesis can be applied to rapid typing of respective pathogens in food, clinical and
environmental sample s and facilitate surveillance of these pathogens for public health
control and prevention.
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ABSTRACT

Foodborne pathogens can cause foodborne diseases with considerable morbidity and
mortality in humans and incur a massive economic cost. A 2010 study found that an
estimated 600 million foodborne pathogen infections resulting 420,000 deaths occurred
globally. Early detection and identification of contaminating pathogens form a key part
of prevention strategy for food safety and public health surveillance. Salmonella, Shigella,
and Shiga toxin-producing Escherichia coli (STEC) are the common foodborne bacterial
pathogens worldwide. Existing detection and identification methods cannot easily
distinguish different serotypes of these pathogens in all cases and are time-consuming.
However, timely detection and differentiation of Salmonella, Shigella and STEC can be
achieved by detection of highly specific and discriminatory pathogen genomic targets.
With a large number of genomes available, comparative genomic analysis would provide
a powerful application to overcome the major challenge in identification of specific
genomic targets. Thus, comparative genomic analysis of many publicly available
genomic sequences of Salmonella, Shigella and STEC has been applied in this study for
identification of pathogen type-specific gene markers. These gene markers can be used
for rapid, highly sensitive and specific identification and differentiation of Salmonella,

Shigella and STEC either from genomic data or using laboratory diagnostic methods.

Salmonella i1s a highly diverse species with more than 2,600 serovars. Only a small
proportion of serovars cause severe illness when they contaminate food products. The
ability to detect and distinguish this small proportion of illness causing serovars is vital
for public health surveillance. In Chapter 2, 106 Salmonella serovars covering all of the
most common serovars as well as a number of rare serovars were investigated. WGS
based phylogenetic analysis showed that there were 81 monophyletic, 24 polyphyletic
serovars and one paraphyletic serovar (Enteritidis) among 106 serovars. Comparative
genomic analysis of genomic sequences of these Salmonella serovars have identified 414
candidate serovar-specific for monophyletic serovars and lineage-specific gene markers
for polyphyletic serovars or paraphyletic serovars with 2 or more lineages for these 106
Salmonella serovars. This is the largest number of serovar-specific gene markers
identified to date. A new approach using the presence or absence of 131 best performing

serovar-specific gene markers was designed for molecular in silico serotyping of 106
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most common Salmonella serovars. This approach has an accuracy of 95.3% for in silico
prediction of the 106 common Salmonella serovars from genomic data. The approach can

complement current O and H antigen gene based in silico serotyping such as SeqSero.

Similar to other parts of the world, Salmonella is a common cause of foodborne disease
in Australia and over 85% of human Sa/monella infections in Australia were caused by
five Salmonella serovars: Typhimurium, Enteritidis, Virchow, Saintpaul, and Infantis.
Rapid, accurate and sensitive detection of Sa/monella and identification of Salmonella
serovars would be useful for public health investigations. The serovar-specific gene
markers with high specificity and sensitivity identified in Chapter 2 were used for the
development of more cost-effective laboratory molecular diagnostics assays. The
feasibilities of using a cutting edge molecular assay platform to detect these serovar-
specific gene markers were conducted in Chapter 3. Seven laboratory diagnostic MCDA
assays were developed to detect seven Salmonella serovar-specific gene markers for
identification of the top five Salmonella serovars in Australia. These seven MCDA assays
were shown to be highly sensitive (>93.3%) and specific (>93.3%) and can type the five
Salmonella serovars within 8§ minutes. These assays have the potential for culture-
independent serotyping of common Sa/monella serovars directly from clinical samples
and showcased the unique applicability of serovar-specific gene markers for rapid

detection and serotype identification.

Shigella and enteroinvasive Escherichia coli (EIEC) cause human bacillary dysentery
with similar invasion mechanism. They also share ancestry within E. coli with similar
physiological, biochemical and genetic characteristics. These similarities make
differentiation between Shigella and EIEC difficult. However, distinguishing them is
important for clinical diagnostic and public health epidemiological investigations.
Current genetic markers may not discriminate between Shigella and EIEC in all cases.
Importantly, multiple phylogenetic clusters identified for Shigella and EIEC could
provide high resolution separation of Shigella and EIEC. In Chapter 4, 10 Shigella
clusters, 7 EIEC clusters and 53 sporadic types of EIEC were identified by examining
over 17,000 publicly available Shigella and EIEC genomes. Cluster-specific gene
markers for each phylogenetic cluster that was exclusively composed of Shigella or EIEC

isolates were then identified for differentiation of Shigella and EIEC from genomic data
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with 99.64% accuracy. A freely available in silico serotyping pipeline ShigEiFinder was
developed by incorporating the cluster-specific gene markers. ShigEiFinder provided a
typing tool for accurate differentiation, cluster typing and serotyping of Shigella and

EIEC with 99.38% accuracy using genome sequencing data.

STEC infections poses a heavy burden on human health. Detection of STEC infection
and determination of the serotype of the causative strain are important for accurate
diagnosis and detection of outbreaks for public health control. Current detection and
serotyping methods are focused on STEC O157:H7 and “Big 6” non-O157:H7 STEC
serotypes. However, other non-O157:H7 STEC serotypes associated with foodborne
outbreaks and human infections have been reported frequently in recent years. Therefore,
identification of phylogenetic clusters of STEC through large scale examination of
publicly available genomes can improve identification and serotyping of STEC by
detection of cluster-specific genomic markers. In Chapter 5, 19 STEC major clusters
containing O157:H7 and the top 28 non-O157:H7 and 229 STEC minor clusters
containing other non-O157:H7 STEC serotypes have been identified through
phylogenetic analysis of nearly 41,000 publicly available STEC genomes with 460
different serotypes. Comparative genomic analysis of STEC accessory genomes have
identified cluster-specific gene markers for STEC clusters and serotype-specific gene
markers for the 10 most common STEC non-O157:H7 for in silico typing of STEC with
more than 99.54% accuracy. The markers were tested on spiked food metagenomic
samples for direct detection and typing of STEC serotypes. Based on these gene markers,
an in silico pipeline, STECFinder was developed for genomic identification, clustering

and serotyping of STEC and has more than 99.65% accuracy.

In conclusion, this thesis has identified highly sensitive and specific pathogen type-
specific gene markers for identification and differentiation of serotypes of Salmonella,
clusters and serotypes of Shigella, EIEC and STEC using genomics. These markers could
be adapted for metagenomics or culture independent typing and could also be useful in
the development of more cost-effective molecular assays. These specific gene markers
have been employed to develop genomics based tools for identification of Sal/monella,
Shigella, EIEC and STEC clusters and serovars with high specificity and high sensitivity,

that can be applied to rapid typing of respective pathogens in food, clinical and
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environmental samples and facilitate surveillance of these pathogens for public health

control and prevention.
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Chapter 1. Literature review

1.1 Foodborne pathogens and their burden on human health

Foodborne pathogens are microbiological agents (e.g. viruses, bacteria, parasites) that can
cause foodborne diseases [1]. Food products contaminated with foodborne pathogens
result in considerable morbidity and mortality in humans [2]. Foodborne diseases present
a major public health problem worldwide, particularly in children under 5 years old [2,3].
Globally, an estimated 582 million foodborne pathogen infections resulted in 25.2 million
Disability Adjusted Life Years (DALYs) and 351,000 deaths in 2010 [2]. Foodborne
diarrheal disease agents were the most frequent cause of foodborne diseases and caused
550 million foodborne pathogen infections, 15.8 million DALYs and 200,000 deaths in
2010 [2]. Of the foodborne diarrheal disease agents, bacterial are the major cause of
foodborne diseases, in particular Salmonella, Shigella and Shiga toxin-producing E.

coli (STEC) [2,3] are common.

1.2 Salmonella

Salmonella is gram negative, rod-shaped, non-spore-forming, facultative anaerobe,
oxidase negative and mobile by peritrichous flagella [4]. Salmonella is responsible for
the second most common gastrointestinal human infections caused by foodborne bacterial
pathogens [2]. Salmonella causes human salmonellosis characterised by enteric fever and

diarrheal [5] and is responsible for the most foodborne DALY [3,6].

1.2.1 Taxonomy, nomenclature and population structure of Salmonella

Salmonella belongs to the Enterobacteriaceae family and is divided into two species,
Salmonella  enterica and  Salmonella  bongori (formally classified asS.
enterica subspecies V) [7]. S. enterica is further divided into 6 subspecies: S. enterica
subsp. enterica (1), S. enterica subsp. salamae (Il), S. enterica subsp. arizonae (1l1a), S.
enterica subsp. diarizonae (I1Ib), S. enterica subsp. houtenae (IV), and S. enterica subsp.
indica (V1) based on biochemical and genomic characteristics [8,9]. Salmonella is further
classified into more than 2,600 serotypes (also known as serovars) according to antigenic
classification system used in White-Kauffmann- Le Minor Scheme [10-12]. Among
which, over 1,500 serovars belong to S. enterica subsp. enterica (1) [12] (Figure 1.2-1)
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Salmonella has somatic O antigen, flagellar H antigen and Vi capsular antigen [5,13,14].
Somatic O antigen is the variable polysaccharide in the outer surface of the
lipopolysaccharide (LPS) and consists of oligosaccharide repeats (O units) which are
responsible for O antigen specificity [5,15]. O antigen biosynthesis proteins are encoded
by the wzx (O-antigen flipase gene) and the wzy (O-antigen polymerase gene) genes
located on the O antigen gene cluster (#fb) which are highly specific for the majority of
O groups [15,16]. Flagellar H antigen has two forms named phase 1 (H1) and phase 2
(H2). H1 and H2 antigens are encoded by f/iC and fIjB genes, respectively [17]. There are
46 O antigens and 119 H antigens described in the Kauffmann—White-Le Minor
serotyping scheme [12]. Vi capsular antigen is a polysaccharide encoded by viad4 and

viaB on the chromosome and is present in 3 serovars only [5,18].

Salmonella
\
Sal lla b i
atmonetia ongmf Salmonella enterica
(Formally subsp. V)
v v v v v v
enterica salamae arizonae diarizonae houtenae indica
(subsp. I) (subsp. II) (subsp. ITa) | | (subsp. IIIb) (subsp. IV) (subsp. VI)
\ [ [ \ |
v v v
N Serovar na Antigenic f¢ la .
Antigenc formula . e.Lox a 11'11.1 les, . ! l,ga}u 011111.1 a Antigenic formula
- capitalised, not italicised (Only partial formula is known) -
Salmonella subsp.V Tonhimuri Enteritidi 151050 Salmonella subsp. II
66:241 yphimurium, Enteritidis 4.5,12:1:- 58:1.213.208" 26

Figure 1.2-1: Salmonella genus nomenclature. Adapted from Ryan et al. [14]

Serovar is designated based on the combination of O and H antigens described in the
Kauffmann—White—Le Minor serotyping scheme [10]. The unique combination of O, H1
and H2 antigens provides the antigenic formular which is referring to a serovar name.
Each antigen in an antigenic formula is separated by a colon (O:H1:H2). For example, in

(1354
1

the antigenic formular 4,5,12:1:-, “4,5,12” is O antigen factors, is H1 antigen and H2
antigen is absent. An antigenic formula is assigned to all serovars according to the
Kauffmann-White-Le Minor scheme [12]. Serovars expressing both H1 and H2 antigens

are called diphasic, while serovars expressing only one type of H antigen is called



monophasic [19]. Some strains may lose O or H antigen expression resulting in rough or

nonmotile strains respectively [20].

Common names are also assigned to many serovars in S. enterica subsp. enterica and
often refer to the geographic location where the serovar was first isolated or describe an
aspect of the serovars pathogenicity [8]. The first letter of serovar name is capitalized and
the full name is not italicized. The full name “Salmonella enterica subsp./ssp. enterica
serovar followed by name of serovar” is used in the first mention in text, for example,
Salmonella enterica subsp./ssp. enterica serovar Enteritidis. Subsequently, the name can
be written with the genus ‘Sal/monella” followed by the name of serovar (Salmonella
Enteritidis) [8,14]. In contrast, the antigenic formulars are assigned to serovars for only
partial formula of S. enterica subsp. enterica and the other five S. enterica subspecies
and S. bongori [8,14]. The full name can be written in subspecies (Roman letters, not
italicised) along with antigenic formular, for example, Salmonella subsp. 11 58: 1,z13,zs:

z6 [14] (Figure 1.2-1).

In addition to the White-Kauffmann- Le Minor Scheme, the Major Antigenic Cluster
(MAC) types have been used in Salmonella nomenclature [21]. MAC types are defined
by the sequence types (ST) assigned by the Multilocus sequence typing (MLST) [22] and
genetic antigenic profile of serovars in the White-Kauffmann- Le Minor Scheme [23].
Salmonella serovars are named by Salmonella species, subspecies and then MAC type
[21]. For example, Salmonella Typhimurium in MAC type is written with S. enterica

ST34—S. Typhimurium.

There are three Salmonella reference collections A, B and C (SARA, SARB and SARC)
that have been established for use for research purposes [24-26]. SARA is a reference
collection of 72 strains of the Salmonella Typhimurium complex representing the
serovars Typhimurium, Saintpaul, Heidelberg, Paratyphi B (including variety java) and
Muenchen [24]. SARB consists of 72 phylogenetically well-characterized strains
belonging to 37 serovars of Salmonella subspecies enterica [25]. Lastly, SARC is a

reference collection of 16 strains of S. enterica (all six subspecies) and S. bongori [26].



From a phylogenetic perspective, Salmonella enterica subsp. enterica serovars are
classified into monophyletic, polyphyletic and paraphyletic serovars. All members of a
monophyletic serovar are found within a single clade that only contains that serovar with
a single common ancestor. A polyphyletic serovar contains members with different
common ancestors which are separated by clades of other serovars. A paraphyletic
serovar contains a common ancestor like a monophyletic serovar but a subset of the clade
is a different serovar. A recent phylogenetic analysis reported that ~10% of 266 different
serovars investigated are polyphyletic or paraphyletic [27].

1.2.2 Epidemiology

1.2.2.1 The prevalence of Salmonella subspecies and serovars

S. bongori and all S. enterica subspecies can cause salmonellosis in humans and animals.
S. enterica subsp. enterica is the cause of over 99% of human and warm-blooded animals’
salmonellosis and only a small proportion of serovars cause human salmonellosis [6,28-
30]. S. bongori and the other five S. enterica subspecies are often related to infections in

cold-blooded animals such as reptiles and snakes [14].

On the basis of host specificity, S. enterica subsp. enterica serovars can be classified into
human-restricted serovars (Typhi, Sendai, Paratyphi A, Paratyphi B and Paratyphi C),
animal-adapted serovars (Dublin in cattle, Gallinarum/ Pullorum in poultry, Abortusovis
in sheep, Choleraesuis in pigs and Abortusequi in horses) and broad-host serovars (such

as Typhimurium in human, cattle and pigs, Enteritidis in human and chicken) [23,31,32].

In human salmonellosis, S. enterica subsp. enterica serovars are divided into typhoidal
serovars (Typhi, Paratyphi A, Paratyphi B, Paratyphi C) and non-typhoidal Salmonella
(NTS) serovars. Typhoidal serovars cause enteric fevers (typhoid and paratyphoid fevers)
and invasive diseases, while NTS serovars cause diarrheal diseases and invasive diseases
[31]. The NTS serovars causing invasive diseases are referred as invasive NTS (iNTS)
serovars. Among NTS serovars, only a small proportion are responsible for human

salmonellosis [31,33].



1.2.2.2 The global prevalence of serovars associated with human infections

S. enterica is the second leading cause of bacterial foodborne diseases (including both
sporadic and outbreak cases) worldwide [3]. Globally, an estimated 93.8 million NTS
infections with 155, 000 deaths occur each year, of these, 80.3 million are considered
foodborne [34]. Annually, the estimated cases of iNTS infections were 3.4 million,
resulting in 681,000 deaths worldwide [35]. The global incidence of NTS and iNTS
infections were 1,140 cases, and 4 cases per 100,000 people respectively [2,35].
Meanwhile, an estimated foodborne typhoidal fever occurred in 2010 was 9.3 million
cases, leading to 64, 000 deaths and 4.6 million DALYs. The global incidence of
foodborne typhoidal fever was 135 cases per 100,000 people [2].

Salmonella infection types differ across geographic regions and populations. NTS
infections occur globally, whereas iNTS infections are more prevalent in sub-Saharan
Africa and Southeast Asia [31,36-39]. The majority of NTS infections occur in
individuals over 5 years old and most iNTS infections are associated with individuals
under 5 years old and over 65 years old [3]. Typhoidal fevers are prevalent in developing
countries particularly in Africa [2,31,38]. Typhoidal fever is common among children
under 12 years old in regions with high-incidence and occurs in all age groups in low-
incidence regions [40,41]. Human infections caused by S. bongori and the other five S.
enterica subspecies are very uncommon and infections mainly affect children aged 1

month to 3 years [28,29].

In Australia, foodborne human Sa/monella infections was estimated at 185 per 100,000
population each year with a proportion of cases linked to outbreaks [42,43]. Typhimurium
was the most prevalent serovar and was responsible for 43.9% of human salmonellosis
and 84% of foodborne Salmonella outbreaks between 2001 and 2016 [44]. Enteritidis is
the second most prevalent serovar. In this case however, human infections are mostly
acquired overseas [43]. The Virchow and Saintpaul serovars are ranked third and fourth
most prevalent but are less common in other countries. Infantis is the fifth most frequently

reported serovar [43,45].

In the United States, Salmonella causes the majority of bacterial foodborne diseases

[46,47]. The incidence of Salmonella infections is 1,002 cases per 100,000 population
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each year [2]. The annual cases were estimated to be 1.2 million with 452 deaths, of which,
up to 70% of cases were caused by the top 20 NTS serovars [47] and 50% of all cases
were caused by the top 6 serovars [45]. The most common serovars causing human
infection were Enteritidis, followed by Typhimurium, Newport, Javiana and
Typhimurium monophasic variants 1,4,[5],12:i: according to annual culture-confirmed

surveys [46].

In Europe, an estimated 5.1 million foodborne Salmonella infections occur annually
[2,47]. Enteritidis, Typhimurium and Typhimurium monophasic variants 1,4,[5],12:i:-
were the three most frequently reported serovars, accounting for 50.3%, 11.9% and 8.2%
of human cases respectively. Infantis and Newport were the fourth and fifth most

commonly reported serovars [48,49].

1.2.2.3 The prevalence and global distribution in animals and animal-based foods
Animal-adapted serovars and broad-host serovars cause infections in farm animals. The

prevalence of Salmonella in farm environments ranges from 10% to 26% [50].

In pigs and pork, the prevalence of Salmonella varies from 3% to 33% [4,51,52].
Regarding serovars associated with pigs, Typhimurium and Derby are frequently reported
in Europe, Oceania, Asia, and North America. Sofia and Kentucky are frequently reported

in Oceania and North America, respectively [4].

In poultry, the prevalence of Salmonella ranges between 5% and 100% among various
environmental and faecal samples [4]. In chicken associated serovars, Enteritidis is
frequently reported in Asia, Africa, United States, Europe and Latin America; Sofia is

frequently reported in Oceania [51].

In cattle and beef, the prevalence of Salmonella is 8.5% [50]. In cattle and beef associated
serovars, Anatum and Typhimurium are most frequently reported in Africa, Latin
America, and Europe. Agona and Muenchen are frequently reported in Asia and Oceania,

respectively [51].



In seafood, the prevalence of Salmonella is 12% [51]. Regarding the serovars associated
with seafood, Hadar is frequently reported in Latin America and Africa. Typhimurium
and Senftenberg are frequently reported in Europe. Weltevreden and Newport are most

frequently reported in Asia and North America, respectively [51].

1.2.2.4 Transmission modes of Salmonella

The main reservoirs of Salmonella are the intestinal tract of humans and animals,
particularly wild birds and reptiles [4]. Salmonella is primarily transmitted through
consumption of contaminated food including animal-based foods, vegetables or fruits [2].
An estimated 55% (range 32-88%) of human NTS cases are due to consumption of
contaminated food worldwide [47,53]. Approximately 9% (range 0-19%) of human NTS
infections are acquired through direct animal contact [53] while 13% (range 0-29%) of
human NTS infections are attributable to the environmental sources including soil, water
and NTS-contaminated animal faeces [45,54,55]. Direct human-to-human transmission
accounts for 9% (range 0-19%) of human NTS infections, while 14% (range 3-26%) of
human NTS infections are travel-related [45,54,55]. Human-restricted serovars such as

Typhi is primarily transmitted human-to-human through faecal contamination [56].

1.2.3 Virulence factors

Virulence factors involved in the pathogenic process of Salmonella include protein
secretion systems, toxins, fimbriae adhesins, flagella and others [57]. These virulence
factors are not equally present in all NTS serovars and contribute to differences between

serovars in pathogenicity, virulence and host range [45].

1.2.3.1 Protein secretion systems
Protein secretion systems include the Type III secretion system (T3SS), outer membrane

vesicles (OMYV), and the Type VI secretion system (T6SS) (128-130).

The T3SS is one of the major protein secretion systems and is comprised of a secretion
apparatus (20 to 25 structural proteins), regulatory proteins and translocated effector
proteins [58-60]. Salmonella harbors two distinct T3SSs located on Salmonella
pathogenicity islands (SPIs) (SPI-1 and SPI-2). SPI-1 T3SS mediates early stages of the



infection, while SPI-2 T3SS acts in systemic infection and modulates host cell signalling

cascades to allow Salmonella proliferation [61-64].

OMVs are released from the cell surface of Gram-negative bacteria and consists of outer-
membrane proteins, LPS, and phospholipids [65,66]. OMV play a role in translation of a
subset of T3SSs-independent secreted proteins PagJ, PagK1, and PagK2 into the host
cytosol [67]. The pore-forming cytotoxin factor ClyA in Typhi is released via OMV
[68,69].

The T6SS represents a recent identified protein secretion in many Gram-negative bacteria
and participates in inter-bacterial killing and pathogenesis but not essential for virulence
[70-72]. There are five phylogenetically distinct T6SSs encoded by 5 SPIs (SPI-6, SPI-
19, SPI-20, SPI-21 and SPI-22) [72,73].

1.2.3.2 Toxins

Salmonella secrets a few exotoxins, including the cytotoxins and the enterotoxins [57].
Salmonella cytotoxins are an outer membrane component and may be involved in cell
damage and/or invasion [74]. Salmonella typhoid toxin, also called cytolethal distending
toxin (CDT), was originally found in serovar Typhi and is present in over 41 NTS
serovars but absent in worldwide serovars Typhimurium, Enteritidis, and Newport
[45,75]. CDT is encoded by cdtA, cdtB and c¢dtC genes located in cytolethal distending
toxin islet. CDT can cause limited DNA damage, thereby controlling the host cell cycle
[76]. In addition, an ArtAB toxin is present in Typhimurium DT-104 strains and other
NTS serovars [77,78]. ArtAB toxin is encoded within a prophage and is associated with
prophage excision [79,80].

Salmonella enterotoxin (Stn) is secreted by all S. enterica serovars and encoded by stn
gene located on chromosome [81,82]. Stn may be a virulence factor in the pathogenesis
of Salmonella and be responsible for the enterotoxicity of Salmonella. However, its

importance is conflicting [83-85].



1.2.3.3 Fimbriae
Fimbriae (Pili) are proteinaceous surface appendages responsible for attachment and
adhesion to the host cell [86]. There are 39 putative fimbrial operons identified in

Salmonella according to phenotypic and genomic analyses [45].

Three pathways which are the nucleator dependent pathway, the type IV fimbriae and the
chaperone—usher-dependent pathway have been described for the assembly of fimbriae
[57,87]. The nucleator dependent pathway is encoded by the agf (aggregative fimbriae)
operon and may be useful for bacterial adhesion and invasion [45,88]. The type IV
fimbriae are encoded by the pil operon located on SPI-7 [57]. The chaperone—usher-
dependent pathway is encoded by the remaining 36 fimbrial operons [45,57].

1.2.3.4 Flagella

Flagella are long helical filaments attached to rotary motors and confer motility of
Salmonella species [89]. Flagella also induce the host innate immune response [45,90].
The regulation of flagella upon infection may reduce or prevent activation of a host
immune response [45,91]. Flagella is observed in most NTS serovars [45,57]. The major
subunit (antigenic) of flagella is encoded by fliC (H1), fIjB (H2) [92]. The secretion of
structural subunit proteins of flagella is determined by a flagellum-specific T3SS [93].

1.2.4 Mobile genomic elements

1.2.4.1 Salmonella Pathogenicity Islands (SPIs)

SPIs are genetic elements located in the chromosome and have been acquired by
horizontal gene transfer. SPIs harbor most important virulence genes and other proteins
essential for host cell invasion and intracellular pathogenesis [94]. There are 24 SPIs been

identified so far, and the majority of SPIs are associated with tRNA genes [45,95,96].

The distribution of 24 SPIs in Salmonella differs. SPI-1 is conserved throughout the genus
Salmonella. While SPI-22 is found in S. bongori only, SPI-20 and SPI-21 are found in S.
enterica subsp. arizonae only [45,97,98]. SPI-15 is specific to Typhi and SPI-7 is
associated with human-restricted serovars (Typhi, Paratyphi A, Paratyphi B and Paratyphi
C). The remaining SPIs are differentially distributed among S. enterica [45,99]. The SPIs

are summarised in Table 1.2-1.



1.2.4.2 Virulence Plasmids
Nine S. enterica serovars (Typhimurium, Enteritidis, Dublin, Choleraesuis,
Gallinarum/Pullorum, Abortusovis, Paratyphi C, Abortusequi and Sendai) are known to

carry a low copy-number Salmonella Virulence Plasmid (pSLT) containing virulence

genes [100-104].

pSLTs are serovar specific which vary in size and genetic content but all harbor the spv
(Salmonella plasmid virulence) operon which consists of spvRABCD genes [45,105-107].
The spv operon encodes a toxin that alters the host cell cytoskeleton to enhance bacterial
survival, thus increasing virulence [108]. Some pSLTs carry plasmid-encoded fimbriae
(pef) fimbrial operon encoding an adhesive type of fimbria or the conjugal transfer gene
traT and the uncharacterised rck and rsk. These additional virulence genes may contribute

to other stages of the infection process [107,109].
Typhi carries a plasmid HCM1 belonging to antimicrobial resistance plasmid family,

incHI1 which confers multiple-drug resistance to antimicrobial agents and heavy metals

[97,110,111].
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Table 1.2-1: Summary of Salmonella pathogenicity islands (SPIs)

SPI Location Main encoding genes Roles in pathogenesis References

SPI-1 invA, T3SS and effector proteins Invasion of epithelial cells and macrophage apoptosis [108,112]

SPI-2 tRNA val/V  T3SS and effector proteins Intracellular survival, replication in both epithelial [113,114]

cells and macrophages

SPI-3 tRNA se/C  Magnesium transport system (mgtCB) Intramacrophage survival [94,115]

SPI-4 tRNA ssb TI1SS (siiABCDF), non-fimbrial adhesin Intramacrophage survival, toxin secretion [94,116]
(siiE)

SPI-5 tRNA serT  sopB (effectors of SPI-1), pipB Epithelial invasion, enteric salmonellosis, and [94,117]
(effectors of SPI-2) and pipACD chicken colonization

SPI-6 tRNA saf T6SS, fimbriae genes (safABCD) and Invasion, intramacrophage survival, chicken [72,94,118]
invasion pagN gene colonization

SPI-7 tRNA pheU Vi capsule biosynthesis genes, sopE Vi exopolysaccharide and intramacrophage survival — [94,119-122]

(MPI) phage

SPI-8 tRNA pheV  Bacteriocin fragment Unknown [94,97,123]

SPI-9 Lysogenic T1SS, adhesin and gene STY2875 Epithelial adherence [97,124]

bacteriopha  similar to a large RTX-like protein
ge

SPI-10  tRNA’ X sef operon sefD encoding P4-like Intramacrophage uptake or survival and virulence in ~ [125-127]
prophage, sef/pef fimbrial mice and chickens

SPI-11  CdtB-islet ~ Typhoid toxin gene islet (cdtB, Typhoid fever pathology [75,128]
pltA, pltB)

SPI-12  tRNA proL  sspH2 Improvement fitness in the host [119,129]

SPI-13  tRNA pheV  Genes for enzyme regulators and LysR ~ Macrophage survival in chickens [97,99]

family transcriptional regulators
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SPI-14

SPI-15

SPI-16

SPI-17

SPI-18

SPI-19

SPI-20

SPI-21

SPI-22

SPI-23

SPI24

tRNA glyU
tRNA argU

tRNA argh

CS54

6 genes encoding a putative acyl-
coenzyme A (Co-A) dehydrogenase
A phage integrase gene and 4
hypothetical protein-coding genes
Bactoprenol glucose translocases
(gtrAB) and a phage integrase

Six ORFs (high homology to genes of
SPI-16)

Hemolysin 4/yE (known as clyA or
sheA ), Typhi-associated invasin A
protein (taid)

T6SS

T6SS

T6SS

T6SS

T3SS effectors, T4SS pilin protein
(potR and talN)

Outer membrane protein (shdA, sivH,
ratAB, sinl)

Chicken pathogenicity

Unknown

LPS modification, seroconversion
LPS modification, seroconversion

Epithelial invasion, phagocytosis

Intramacrophage survival, chicken colonization
Unknown

Unknown

Unknown

Host cell adherence and invasion, invasion of pig
epithelial cells and tissue tropism

Fibronectin binding, adherence/invasion of
fibronectin-producing cells

[45,117,126]
[130]
[45,130]
[45,130]
[75,131,132]
[73,99]
[98,99]
[98,99]
[99]

[

95,96]

[97,133,134]

T3SS: Type III secretion system; T1SS: Type I secretion system; T6SS: Type VI secretion system; MPI : major pathogenicity island;
OREF: open reading frame; CdtB: cytolethal distending toxin subunit B; CS54: genetic island located at centisome 54
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1.2.4.3 Prophages

Salmonella genomes contain several prophages and prophage remnants [97,135]. The
prophages associated with T3SS translocated effector proteins include P2-like prophage
SopE®, 3 lambda-like Gifsy phages and phage remnants [135,136].

The P2-like prophage SopE® is located outside of SPI-1 and contains the gene sopE
encoding the SPI-1 T3SS translocated effector protein SopE, which is involved in the
invasion and inflammation of host cell through activating the host cell RhoGTPases
Cdc42 and Racl [61,135,137,138]. SopE® is present in several isolates belonging to S.
enterica subspecies I as well as S. enterica subspecies IV and VII [139]. However, not all
sopE positive isolates harbor a P2-like phage SopE®. Some sopE gene positive isolates
harbor a cryptic lambda-like phage similar to Gifsy-phages encoding the conserved sopE
gene cassette (sopE-moron) [61,140]. This demonstrated that lysogenic conversion with
SopE® or Gifsy phages can cause the transmission of additional genetic material

encoding effector protein between Salmonella strains [61,140-142].

Of 3 lambda-like Gifsy phages, Gifsy-1, Gifsy-2 and Gifsy-3, phage Gifsy-1 is integrated
into the 5" end of the host lep4 gene and encodes the effector protein GogB of YopM
family (leusine-rich repeat protein) [135,141,143]. Gifsy-1 carries a potential virulence
modulating gene gip4 which is specifically involved in the bacterial colonization of the

small intestine [135,144].

Phage Gifsy-2 is integrated between pncB and pepN and encodes the SPI-2 T3SS effector
protein Ssel (also termed GtgB or SfrH) [135,143,145,146]. Gifsy-2 also carries the gene
sodC1 (periplasmic superoxide dismutase) encoding a periplasmic Cu/Zn superoxide
dismutase and the gene gtgE [135,147-149]. Together, gtgE and sodCI are responsible
for the potential virulence of Gifsy-2 [147].

Phage Gifsy-3 carries the phoP/phoQ-activated pag/ gene and sspHI gene encoding

T3SS effector protein SspH1 (leucine-rich repeat protein), which modulates the
production of intestinal epithelial cell invasion [141,146,150-152].

13



Phage remnants (bacteriophage-like sequences) encode two further T3SS effector
proteins SopE2 and SspH2 [58,136]. The effector protein SopE?2 is an activator for Cdc42
and shows 69% sequence similarity to SopE [153]. While effector proteins SopE2 co-
localizes with vacuole-associated actin polymerizations (VAP) to reduce or remodel VAP

[154].

1.2.4.4 The tRNA""X island

The chromosomal locus tRNA™X island of Salmonella encodes SPI-10 and contains
many P4 phages, plasmid and transposable element-related genes or gene fragments,
suggesting that the tRNA*X island is a hypervariable region associated with horizontal
gene transfer across the Salmonella genus [125]. The genes in the tRNA Y island are

different between serovars and within serovars [125,155].

The tRNA™* island of Typhimurium carries genes designated STM4488 to STM4498 as
locus tags [125,156]. These genes are absent in the majority of serovars except a small
number of SARB strains. Derby SARB9 and Stanleyville SARB61 were positive to both
STM4493 and STM4496-STM4498. Saintpaul SARB56 contains STM4496-STM4498,
STM4492 and STM4495 [125].

1.2.4.5 Enteritidis-specific genomic island

The Sdf I (Salmonella difference fragment) specific to Enteritidis has been identified
using suppression subtractive hybridization and is a genomic region of ~4,060 bp located
on the chromosome adjacent to the ydaO gene [157]. This region contains 6 genes
designated /ygA to lygF which have been used as genetic markers for specific detection

of Enteritidis [157].

The Enteritidis-specific genome island (GEI) has been identified through in silico
comparison genomic sequences analysis by Santiago et al. [158]. The GEI is an ~12.5-
kb segment located at 5" end of gene SEN1377 (ydaO or ttcA) and harbors annotated 21
genes (SEN1378 to SEN1398) which encode phage-related proteins [158]. The GEI has
been designated as the defective prophage ¢SE14 previously [159]. Sdf I is an internal
genomic region of @SE14 and the genes /ygA to /ygF in Sdf I correspond to SEN1379,

SEN1380, SEN1382, SEN1383 and SEN1384 in ¢SE14, respectively [158].
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1.2.5 Detection, identification and serotyping of Salmonella

1.2.5.1 Culture-based methods for detection and phenotypic serotyping

Conventional culture-based methods for detection and isolation of Salmonella include
cultures on selective media and characterization of candidate colonies by biochemical
tests followed by serotyping. Firstly, pre-enrichment uses a nutritious nonselective
medium (BPW and lactose broth) to enhance Salmonella growth [160]. Secondly,
selective media (BGA, brilliant green agar; BSA, bismuth-sulfite agar; XLD, xylose-
lysine-deoxycholate agar) is used for growth of presumptive positive Salmonella colonies
[161-163]. Then isolated presumptive Salmonella colonies from plating media are
incubated in triple sugar iron agar (TSI) for isolation of pure cultures. Finally, pure
cultures are examined by morphological and biochemical tests for identification and

confirmation of Salmonella and agglutination reactions for serotype identification [160].

Traditional phenotypic serotyping by slide agglutination of the Salmonella isolate with
specific polyvalent antisera is performed to identify variants of O and H antigens.
Serotype is then assigned based on the White-Kauffmann-Le Minor scheme [12].
Conventional culture-based methods are considered as useful for food safety and public
health surveillance [160] and traditional phenotypic serotyping is the golden standard for
Salmonella 1identification and characterization [20,164]. However, isolation and
confirmation takes more than 5 days to complete. Cross-reaction can occur in highly
similar serovars and strains with partially formed O antigens (mucoid and rough strains).
Furthermore, nonspecific agglutination may cause false positive results and
autoagglutination or loss of antigen expression may result in unidentified serovars

[20,165,166].

1.2.5.2 Laboratory methods for molecular serotyping targeting serotype specific O and
H antigen genes

Molecular serotyping including polymerase chain reaction (PCR) based methods and
probe-based methods have been developed for Salmonella serotyping by directly
targeting serotype specific O antigen genes (wzx and wzy) and H antigen genes (f7iC and
fljB) [20,167-172]. In 2007, the combination of 3 multiplex PCRs targeting 5 major O

antigens (wzx and wzy), 8 H1 antigen (f/iC) and 7 H2 antigens (fIjB) were developed to
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obtain complete serotypes of 423/500 (84.6%) routine isolates [167]. Recently, PCR-
based detection of O antigen genes along with amplification the internal variable region

of fIiC and fIjB provided the best serovar determination [173].

The multiplex bead-based suspension array (Bio-Plex array) developed by Fitzgerald et
al. could identify 95% of O antigens among 200 isolates based on the O-antigen-encoding
biosynthetic 7fb genes [17]. A probe-based approach was able to correctly differentiate
80% of 36 different H antigens genes among 500 isolates [168]. Several probe-based
assays targeting O and H antigens genes have been developed for serotyping

[171,172,174].

Molecular serotyping targeting serotype specific O and H antigen genes have provided
alternatives for rapid identification of Sa/monella due to the concordance with traditional
serotyping. However, the existing primers or probes in these methods do not cover

uncommon serovars or néw serovars.

1.2.5.3 Laboratory methods for molecular serotyping targeting genomic markers

Molecular serotyping methods have been developed for serovar prediction based on
proxy or surrogate markers unrelated to the O and H antigens genes, such as virulence
genes and serovar-specific genes, DNA fragments or genomic regions and serotype-

specific CRSIPR loci that are correlated with serovars [164,175-180].

A multiplex PCR method has been developed by Kim et al. targeting 12 genes which
were identified in Typhimurium LT2 and Typhi CT18 from whole-genome sequence
comparisons [123,175,181-183]. This method can serotype 30 of the most common
clinically relevant serovars based on the presence or absence of 12 genes and had 97%
accuracy of serovar prediction [175]. In 2010, Peterson ef al. developed a multiplex PCR
assay called Salmonella Typing Virulence (STV) by adding 3 additional virulence genes
spvC, invA and sseL and 2 genes targting Typhimurium and Enteritidis into Kim’s
multiplex assays [176]. All Salmonella serovars carry the invA gene and 4 serovars
including Typhimurium, Choleraesuis, Dublin and Enteritidis harbor the spvC gene
[184,185]. This STV multiplex PCR was able to predict 42 serovars and the accuracy was

determined to be 95.3% (135 of 142 isolates) [176].
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Several real-time PCR assays targeting genes sef4, sdf, acek, sdr, spv and floR have been
developed for prediction of common serovars [186,187]. Arrach et al. developed a real-
time PCR which was able to correctly identified 12 serovars on the basis of the presence
and absence of 146 genes obtained from comparative genome hybridization on 291

Salmonella isolates representing 32 serovars [164].

1.2.5.4 Sequence-based molecular subtyping method

MLST is a sequence-based molecular subtyping method for population genetic analyses
of pathogenic microorganisms [188]. The S. enterica MLST schemes include classical
seven-gene MLST, ribosomal MLST (rMLST), core genome MLST (cgMLST) and
whole genome MLST (wgMLST) [22,188-192]. The classical seven-gene MLST assigns
Salmonella strains into sequence type (ST) based on sequence comparisons of 7
housekeeping genes [22]. STs often correlate with serovars and thus serovar is predicted

using the ST matches in the MLST database for a query strain [22].

1.2.5.5 WGS based in silico serotyping

WGS facilitates accurate in silico Salmonella serotyping [193-195]. Three novel Web-
based platforms, Salmonella in silico Typing Resource (SISTR), SeqSero 1 and SeqSero
2, are available for rapid prediction of Sal/monella serovars using WGS data [193-195].
The SISTR is a platform for rapidly serotyping Salmonella genome assemblies [193]. The
SISTR platform utilizes the sequences of O and H antigen genes and/or genoserotyping
serogroup-specific probes to predict the serovar according to the Sal/monella antigenic
formula. To refine genoserotyping prediction, MLST [22], rtMLST [190] and cgMLST
[191,192] are incorporated into the SISTR platform. In addition to serotype determinants,
markers derived from cgMLST based phylogenies enhance the overall serovar prediction

accuracy to over 94.6% on validation of 4,291 Salmonella genomes [193].

SeqSero is another platform for Sa/monella serovar prediction using raw sequencing
reads or genome assemblies [194,195]. SeqSero has two versions which are original
SeqSero (SeqSero 1) [195] and SeqSero2 [194]. SeqSero can predict more than 2,200
serovars based on O antigen determinants of the wzx or wzy genes and H antigens

determinants of the fliC and fIjB genes [194,195]. In addition to SeqSero 1, additional
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markers for minor O-antigen epitopes and for subspecies identification are used in
SeqSero2. Furthermore, using k-mer-based algorithm, SeqSero2 increases the accuracy
of prediction for genome assemblies from 86.5% (SeqSerol) to 94.1% [194]. Compared
to SeqSero 1, SeqSero2 improved the accuracy for overall serovar prediction from 95%
to 98% and reduced the multiple serovar prediction rate from 33% to 13% for both raw

sequencing reads and genome assemblies [194,196].

rMLST is a curated MLST scheme by indexing variations of 51 ribosomal protein-
encoding genes (rps) [190]. The ribosomal sequence type (rST) can provide rapid
taxonomy and typing, enabling the interpretation of the extensive diversity within
Salmonella [23,190]. These are high resolution methods that will cluster isolates with
other isolates of the same serovar therefore providing serotyping in an indirect way.
cgMLST is a gene-by-gene approach focusing on core genes for genome-based
phylogenetic analysis [191,192]. Salmonella cgMLST and wgMLST are the schemes for
Salmonella characterization and epidemiological tracing [23]. Salmonella t™MLST,

cgMLST and wgMLST have been implemented in a web-based platform EnteroBase [23].

1.2.5.6 Rapid, accurate and sensitive detection of Salmonella using laboratory
diagnostic methods

Nucleic acid amplification assays such as PCR based methods (multiplex PCR, real-time
PCR) and isothermal methods [loop-mediated isothermal amplification (LAMP) and
multiple cross displacement amplification (MCDA)] are the most common methods for
rapid detection of Sa/monella without requiring culture and isolation [197-199]. However,

only a few assays are available for serovar detection and identification [200-208].

Among these assays, the MCDA assay is a novel isothermal strand-displacement
polymerization reaction technique devised by Wang et al. in 2015 [198]. The MCDA
assay employs 10 sequence-specific primers (6 primers in LAMP and 2 primers in PCR)
to amplify the target. Ten primers consist of cross primers (CP1 and CP2), 2 displacement
primers (F1 and F2) and 6 amplification primers (D1, C1, R1, D2, C2 and R2). Ten
primers binding ten distinct sites in the MCDA assay facilitate its specificity and
sensitivity. Moreover, the MCDA assay is easy to perform and can obtain quick results

in a short time (about 40-min) [198]. Compared with LAMP, the sensitivity of MCDA
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increased by 16-fold and the positive reactions of MCDA was 10 minutes faster than the

LAMP [198].

The MCDA assay has been used to detect Sa/monella by targeting invA gene at species
level [197]. The Salmonella MCDA detected 6.25 fg pure DNA templates per reaction
and observed the positive reactions in as little as 12 min [197]. Compared with
Salmonella-qPCR, Salmonella MCDA experienced at least 400-fold increase in
sensitivity and approximately 20 minutes faster for observation of positive results for pure

culture [197].

1.3 Shigella

Shigella 1s gram negative, facultative anaerobic, rod-shaped intracellular bacterial
pathogen. Shigella is responsible for the third most common foodborne diarrhoea disease
caused by bacterial pathogens and the second-leading cause of diarrhoeal deaths
worldwide [209,210]. Shigella can cause human shigellosis varying from mild diarrhea
to bacillary dysentery (severe mucoid/bloody diarrhea ) via an exceptionally low
infectious dose (<10 cells) [211]. The estimated Shigella infections is 188 million cases

annually, resulting in 160,000 deaths predominantly in young children [210].

Shigella is closely related to E. coli, a commensal microflora in humans and warm-
blooded animals with different pathotypes that causes a range of diseases [212,213].
Pathogenic E. coli is classified into non-enteroinvasive E. coli and enteroinvasive E. coli
(EIEC) [213]. EIEC can cause bacillary dysentery in humans using the same invasive
mechanisms as Shigella [214]. Due to their similarity, the differentiation of Shigella from

EIEC is important for clinical diagnosis and public health epidemiologic investigations.

1.3.1 Taxonomy and classification

1.3.1.1 Shigella

Shigella is named after the Japanese bacteriologist Kiyoshi Shiga, who first discovered it
in 1897 [215]. The genus Shigella belongs to the family Enterobacteriaceae and is divided
into four species including Shigella flexneri, Shigella sonnei, Shigella boydii and Shigella
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dysenteriae based on biochemical and serological typing. Shigella species are further
divided into serotypes according to O-specific polysaccharide (O antigen) of the LPS
[216]. S. dysenteriae, S. flexneri and S. boydii consist of 15 serotypes, 19 serotypes, 20
serotypes respectively. Whereas S. sonnei possesses a single serotype. In this thesis, SF,
SS, SB and SD are the abbreviation of S. flexneri, S. sonnei, S. boydii and S. dysenteriae

respectively.

Shigella has O antigens and lacks H antigens [217]. Shigella serotypes are determined by
variation in the genes wzx and wzy that encode the O antigen [218]. There are 35 Shigella
distinct O antigens for Shigella serotyping [218]. The SD and SB serotypes are designated
1 to 15 and 1 to 20, respectively. The abbreviation of “species” name plus the serotype
number will be designated to a serotype throughout this thesis (e.g. S. dysenteriae

serotype 1 it will be referred to SD1).

SF serotyping is complicated since all SF serotypes except SF6 share the same O antigen
polysaccharide backbone [219]. To identify all non-SF6 SF serotypes, a series antigenic
determinants (O-factors) classified as either type or group are involved in SF serotyping
[219,220]. O-factors are encoded by O antigen modification genes including a
glycosylation (g#r) operon, O-acetylation (oac) genes located on bacteriophages as well
as O antigen phosphoethanolamine transferase (opt) genes on plasmid (222, 225, 226).
Roman numerals I, II, III, IV, V, VI, and VII are used to define the type of O-factors and
Arabic numerals 3,4; 6; 7,8; 9; and 10 are used to define the group of O-factors [219,221].
The SF serotypes are assigned by a combination of O antigen and O-factors [220].

Molecular evidence indicates that the genus Shigella and E. coli belong to the same
species [222,223]. In the 1940s, Shigella was formally recognised as a genus separated
from E. coli [13]. Additional genetic analyses indicated that Shigella is a metabolically
inactive biotype of E. coli [224]. However, the genus Shigella consists of four species SD,
SF, SB and SS in the current classification scheme, corresponding to subgroup A,
subgroup B, subgroup C, and subgroup D, respectively, based on the Congress of the

International Association of Microbiologists in 1950 recommendation [225] .
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1.3.1.2 Enteroinvasive E. coli (EIEC)
EIEC has been originally reported as ‘paracolon bacillus’ in 1944 and shigellosis-like
symptoms caused by EIEC was first shown in 1971 [226]. EIEC is classified into

serotypes according to E. coli Kauffmann serotyping scheme [227].

E. coli has three antigens: the highly polymorphic somatic O antigen, flagellar H antigen
and capsular K antigen. The O antigen is composed of two to seven oligosaccharide
repeating O units [228,229] and are encoded by O-antigen biosynthesis genes located on
the O antigen gene clusters [230,231]. H antigen is determined by the flagellin which is
encoded by fliC and some additional flagellin gene (flnaA, fliA, fmlA or flkA) [232-238].
The current E. coli serotyping scheme has 188 O antigens designated O1 to O188 and 54
H antigens designated H1 to H56 [230,238]. Notably, 6 of 188 O antigens and 3 of 56 H
antigens have been withdrawn [239-241]. The K antigen is a capsular polysaccharide
antigen present in a proportion of E. coli strains with over 80 types [242]. K antigen are
co-expressed with one of O8, 09, 020, or O101 groups [243]. The variation in O units
provide the major basis for the serotyping schemes [229]. The E. coli serotype is

designated according to the specific combination of O and H antigens.

EIEC are assigned to 24 E. coli serotypes (028ac:H-, O29:H-, O112ac:H-, O115:H-,
O121:H-, O124:H-, O124:H7, O124:H30, O124:H32, O135:H-, O136:H-, O143:H-,
O144:H-, O144:H25,0152:H-, O159:H-, O159:H2, O164:H-, O167:H-, O167:H4,
O167:H5, O173:H-, and recently O96:H19 and O8:H19) [244,245]. Only a few EIEC
have the H antigen [246] and some EIEC O antigens are similar or identical to the typical
Shigella O antigens, such as O112ac (SD2), 0121 (SD7), 0124(SD3), 0143 (SB8), 0152
(SD12), and O167 (SB3) [218].

1.3.2 Epidemiology

1.3.2.1 Shigella

1.3.2.1.1 Global prevalence

The epidemiology and geographical distribution of Shigella varies between the four
Shigella species and their various serotypes. Shigella is the third leading cause of bacterial
foodborne diseases globally and occurs predominantly in sub-Saharan Africa and South

Asia [247,248]. SF is prevalent in developing countries in sub-Saharan Africa as well as
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parts of Asia and is responsible for up to 62% of all cases of Shigella infections. In
contrast, SS is prevalent in economically transitional states or developed countries and
accounts for up to 80% of all cases of Shigella infections in these regions [249]. SB
infections are most common in Bangladesh and South-East Asia and uncommon outside
of these regions [250]. SD is rarely isolated in current surveillance [209]. SB and SD
cause less than 5% each of all cases of Shigella infections globally [210].

Among Shigella serotypes, SF2a is the most prevalent serotype associated with human
bacillary dysentery worldwide [251], SF3a and SFla are the second and third most
prevalent serotypes in Asian countries respectively [252]. SDI1, the first identified
member of the genus Shigella, is responsible for the epidemics and pandemics of severe
Shiga dysentery in all age groups and in the developing countries, particularly in Africa

[253].

1.3.2.1.2 High risk population groups

Shigella is the most prevalent pathogen causing moderate to severe diarrheal disease
among children 24 to 59 months old and is responsible for endemic diarrhoeal disease
among children 1 to 4 years old living in developing countries [210,248]. The incidence
of shigellosis in children younger than 5 years old in Asia is 13.2 cases per 1,000 children
per year [249,254]. Shigella is also a leading cause of death associated with bacterial
diarrheal disease among adults aged 15 to 99 years [255]. Shigella is frequently detected
in travellers returned from endemic areas or men who have sex with men (MSM) in

developed countries [256,257].

1.3.2.1.3 Reservoirs and transmission modes

Shigella is a highly human-adapted bacterial pathogen, although infections in monkeys
and gorillas have been reported [258,259]. Shigella is transmitted through the faecal-oral
route and direct person-to-person contact. The faecal-oral route is caused by six main
sources, contaminated food, faeces, fingers, flies, fomites and contaminated water [260].
Shigella can also be transmitted through anal sex and oral-anal contact linked with MSM

among predominantly human immunodeficiency virus (HIV)-positive men [261,262].
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1.3.2.2 EIEC

EIEC is a human pathogen of bacillary dysentery occurring worldwide. It is very common
in both adults and children in low-income countries and is travel-related in high-income
countries [245,263]. Very little research on the global disease burden or epidemiology of
EIEC have been conducted due to frequent misidentification of EIEC as Shigella
[264,265].

EIEC causes sporadic cases and some outbreaks. Recently outbreaks and sporadic cases
caused by the same a rare EIEC serotype O96:H19 have been reported in Europe
including one in Italy involving 109 cases of infection in 2012 and two in the United
Kingdom involving 157 cases of infection in 2014 [266-268]. More recently, a confirmed
outbreak of EIEC caused by EIEC serotype O8:H19 has been reported in the United States
involving 52 cases of infection in 2018 [244].

Humans are the major reservoirs and faecal-oral route as well as direct person-to-person
contact are potentially transmission route for EIEC [245,263]. The main sources of EIEC
infections are from contaminated food or water. EIEC cases are more likely to be returned
travellers from high-incidence areas and less likely to be MSM in developed countries

[269,270].

1.3.3 The close relationships between Shigella and EIEC

1.3.3.1 Phenotypic and biochemical characterization

Shigella are generally nonmotile, lysine-decarboxylase (LDC) negative and lactose
negative with the exception of some strains belonging to SS which are late-lactose-
fermenting (ferment lactose upon extended incubation) [271-273]. EIEC share similar
phenotypic and biochemical properties to Shigella, however some strains belonging to a

few EIEC serotypes are motile and lactose fermenting [272].

1.3.3.2 Genotypic characterization

Shigella and EIEC share a specific plasmid with various names (pWR100 in SFS5,
pMYSH6000 in SF2a, and pSS120 in SS), but generally termed Shigella virulence
plasmid (pINV) [274]. The pINV plasmid is as large as ~220 kb and has a conserved 30

kb entry region [274,275]. This region encodes the T3SS apparatus and T3SS effectors
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(IpaB, IpaC, and IpaD) [245,275]. Besides the entry region, the pINV plasmid contains
the genes icsA4, virdA and virF, which are necessary for invasive infection [245] (Figure
1.3-1). The loss of the pINV plasmid results an avirulent phenotype although it is a very

rare event [245].
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Figure 1.3-2: The pINV plasmid of Shigella and EIEC. The layout of entire pINV
plasmid is shown in detail. The position and direction of virulence genes outside of the
entry region are indicated by the red arrows. The position of entry region is indicated by
the red band. The position and direction of known T3SS encoding genes are indicated by
the dashed arrow. Adopted from Pasqua et al. [245].

Shigella and EIEC also possess the invasion plasmid antigen H (ipaH) gene which is
specific to Shigella and EIEC [276,277]. There are multiple copies of ipaH gene in the
genome with 5 on the pINV as well as 7 on the chromosome. Five of 7 chromosomal
ipaH genes are present in large ipaH-islands which are acquired via phage-mediated
lateral gene transfer [278,279]. In contrast, the pINV plasmid ipaH genes may have been
acquired from a different source [278,279]. Shigella and EIEC may carry different

numbers of copies of ipaH genes, but they all contain a conserved core region [280].
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1.3.3.3 Virulence of Shigella and EIEC

Shigella and EIEC strains invade mucosal epithelium cells of the large intestine. The
virulence factors responsible for this invasion are the T3SS apparatus and T3SS effectors
encoded by virulence genes on the entry region of the pINV plasmid [281]. These
virulence genes form a cluster of 38 genes in the mxi-spa-ipa operon (Figure 1.3-1). The
virulence effector proteins can be translocated into the host cell cytoplasm through T3SS

to destroy colonic tissue and manipulate the immune response of the host [282,283].

Chromosomal virulence genes are also important in Shigella. There are several Shigella-
specific pathogenicity islands (SHI PAI) containing genes encoding additional virulence

factors such as factors involved O-antigen conversion and antibiotic resistance [284].

SD1 is well known for producing Shiga toxin which is encoded by an stx-encoding phage
located on the chromosome [285]. However, recent studies confirmed that some clinical

isolates from SS and SF also contain a new stx-encoding phage [286-290]

1.3.3.4 Phylogenetic relationships

The Shigella strains fall into three main clusters (C1, C2 and C3) and five outliers (SS,
SD1, SDS8, SD10 and SB13) based on Shigella phylogenies inferred from sequence
variation analysis of eight chromosomes housekeeping genes by Pupo et al. [291]. The
main clusters all contain a mixing of Shigella species across phylogenetic clusters. C1
contains the majority of SB and SD serotypes (SB1-4, SB6, SB8, SB10, SB14, and SB18;
and SD3-7, SD9, and SD11-13) plus SF6. C2 contains seven SB serotypes (SBS5, SB7,
SB9, SB11, SB15, SB16, and SB17) and SD2. C3 contains SB12 and all SF serotypes
except for SF6. The three clusters and five outliers are nested within commensal E. coli

lineages except for SB13.

SB13 is distantly related to E. coli. A further analysis of 23 housekeeping gene sequences
by Yang et al. showed a similar phylogenetic conclusion from analysis of 8 housekeeping
gene sequences [292]. Additional studies found that SB13 is not invasive and is highly
divergent from E. coli and other Shigella serotypes [293]. A DNA relatedness study

conducted by Hyma et al. revealed that SB13 is closely related to Escherichia albertii
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and formed a distinct E. albertii-SB13 lineage and were referred to as the typical SB13
[294]. However, a subset of SB13 that were similar to Shigella and E. coli and express
the SB13 antigen were named atypical SB13 [294]. SB13 lacks the pINV plasmid and
ipaH gene [294].

EIEC strains fall into four clusters (C4, C5, C6 and C7) with one outlier based on the
phylogenies of 32 EIEC strains representing 12 EIEC serotypes inferred from sequence
variation analysis of four chromosomes housekeeping genes and two plasmid genes by
Lan et al. [272]. Of 4 EIEC clusters, C4 has 028, 029, 0124, 0136, and O164 serotypes,
C5 contains 0124, 0135, 0152, and 0164 serotypes, C6 has O143 and O167 serotypes,
while C7 consists of one serotype 0144 [272].

1.3.3.5 Evolution of Shigella and EIEC

Shigella and EIEC have both evolved from commensal E. coli and form the distinctive
Shigella/EIEC pathovar [272,274,291,295]. The evolution of Shigella and EIEC involved
the acquisition of the pINV plasmid through horizontal gene transfer and the loss of
pathways specific to catabolic and motility, and acquisition of new O antigen gene

clusters or modification genes [272,274,291,295].

The existence of 3 clusters and 5 outliers of Shigella indicated that Shigella had emerged
at least seven separate times from commensal E. coli by acquisition of the pINV plasmid
[223,291]. Five outliers excluding the divergent SB13 must be relatively recent lineages
after obtaining the pINV plasmids [218]. Comparative genomics on housekeeping genes
also indicated that EIEC evolved from multiple lineages of commensal E. coli by
convergent evolution, and have emerged more recently than Shigella [291,292]. These
evolutionary findings are supported by recent WGS based phylogenetic studies
[216,284,296].

The highly virulent EIEC serotype O96:H19 which arose recently is an example of the
emergence of new EIEC from commensal E. coli by acquisition of the pINV plasmid
[268]. This event demonstrates the possibility of new EIEC serotypes emerging in the
future [268].
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1.3.4 Detection and identification of Shigella and EIEC

1.3.4.1 Differentiation of Shigella and EIEC from non-enteroinvasive E. coli

Shigella and EIEC are closely related to other E. coli. Differentiation of Shigella and
EIEC from non-enteroinvasive E. coli is vital for surveillance. Traditional differentiation
methods are based on biochemical tests from conventional bacterial culture [297].
Shigella and EIEC are unable to ferment lactose, lack motility and are negative to LDC,

although a few exceptions exist [213].

PCR-based molecular methods can be used to differentiate Shigella and EIEC from non-
enteroinvasive E. coli by the targeting genetic marker: the ipaH gene [216,298-301].
Culture-independent testing (CIT) methods to detect the ipaH gene in faecal samples can

also be used for identification of Shigella and EIEC [302,303].

1.3.4.2 Differentiation of Shigella from EIEC

Differentiation of Shigella from EIEC is made difficult by both sharing similar
biochemical and genetic properties. There are only a few biochemical properties
including mucate fermentation and/or sodium acetate utilization that differentiate of
Shigella and EIEC [265,272]. While Shigella are negative for mucate and acetate, some
EIEC are positive for one or both [265,272]. These biochemical properties can only
distinguish some of, but not all EIEC from Shigella.

Serval studies developed molecular methods including PCR-based assays by targeting
genetic markers for identification of Shigella and EIEC [216,284,302,304-306]. A duplex
real-time PCR targeting uidA (B-glucuronidase) and /acY (lactose permease) genes was
developed by Pavlovic et al. for differentiation of Shigella and EIEC based on the gene
uidA present in both and /acY only present in EIEC [305]. This lacY-uidA assay can detect
Shigella or EIEC correctly because the uid4 gene is only present in E. coli and Shigella
while the lacY gene is also present in other Enterobacteriaceae [305]. However, SS and

SDI1 contain the lacY gene and some EIEC lack the lacY gene [304,307].

Recently, a multiplex PCR assay was developed by targeting ‘“clade-specific marker”
combined with ipaH3 gene for differentiation of Shigella [216]. However, the accuracy

was later questioned [296,302]. The most recent multiplex PCR assay developed by
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Dhakal et al. was able to separate EIEC from Shigella in cultures from CIT ipaH-positive
samples using a set of genomic markers identified from comparative genomics [302].
This PCR assay can differentiate EIEC from Shigella on the basis of the presence of at
least two of six genomic markers and provide subtype EIEC isolates [302]. However,
these genomic markers were not extensively tested and were identified using a small

number of genomes [302].

Separation of Shigella and EIEC has been investigated with unique SNPs. Pettengill et al.
identified single nucleotide polymorphism (SNP) markers for identification of Shigella
and EIEC [296]. The SNP markers may have the potential for development of a screening

assay. However, these markers may detect other E. coli.

1.3.4.3 Differentiation between Shigella species

Shigella species disproportionately infect young children in low-resource settings [210].
Differentiation between Shigella species is important for clinical and epidemiological
investigations. Utilisation of mannitol and decarboxylation of ornithine are used for
differentiation of Shigella species [295]. Ornithine is decarboxylated only by SS and
SB13 while mannitol is decarboxylated by SS, SF and SB. Therefore, biochemical
properties are only able to separate SD from SS, SF and SB.

A multiplex PCR assay was developed to differentiate between SS and SF by using the
markers associated with she PAI [308]. This assay may be able to differentiate between
SS and majority of SF serotypes which are the most frequent Shigella isolates [308].
Recently, a novel Shigella multiplex PCR was designed for differentiation of the four
Shigella species SS, SF, SD and SB by detecting genetic markers identified by
comparative genomics [309]. This assay was tested with only one EIEC strain and limited

Shigella strains.

A kmer based WGS identification approach enabled differentiation of Shigella to the
species level [310]. However, some EIEC stains were misidentified as SF or SD by this
method [310]. SNPs that are found in highly conserved core genes were utilised to

construct a hierarchical SNP-based genotyping scheme for identification of SS subtypes.
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This WGS-based genotyping scheme can facilitate SS surveillance but is not designed for

the initial identification of SS [249].

1.3.5 Serotyping of Shigella and EIEC

1.3.5.1 Traditional phenotypic serotyping

Traditional phenotypic serotyping of Shigella depends upon slide agglutination reaction
of serotype specific O antigens and O-factors with various monovalent and monoclonal
antisera specific to each serotypes [311,312]. Serotyping of EIEC is determined by
agglutination reactions with panels of rabbit antisera based on E. coli serotyping scheme

[227,239].

Traditional phenotypic serotyping is the current gold standard method for Shigella and
EIEC determination. On the other hand, the phenotypic serotyping is laborious, expensive
and time-consuming. Additionally, cross-reactions can occur and lack of available
antisera or loss of antigen expression can lead to inaccurate or incomplete serotyping

[313].

1.3.5.2 Molecular serotyping of Shigella
Molecular serotyping methods, including DNA microarray, Restriction fragment length
polymorphism (7/b-RFLP) and multiplex PCR, directly target O antigen specific

biosynthetic genes and modification genes for serotyping.

The first DNA microarray was developed by Li ef al. in 2009 by targeting 34 distinct
Shigella O antigen specific genes for serotyping of Shigella [314]. The rfb-RFLP method
was developed for serotyping of Shigella by amplifying the O-antigen gene cluster
combined with restriction enzyme digestion [315-320]. These methods allow serotyping
of nonagglutinating, nontypeable or new serotypes of Shigella [315,320]. Recently,
multiplex PCR assays were developed for molecular serotyping of SF and were able to
determine the SF serotypes by targeting the SF O-antigen synthesis genes and
modification genes [321,322]. Nevertheless, these methods cannot type all Shigella
serotypes [315,320-322]. MLST can assign most Shigella to a serotype, however some
STs contained multiple serotypes [310].
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1.3.5.3 Molecular serotyping targeting EIEC serotype specific O and H antigen genes
E. coli molecular serotyping methods can be used for EIEC serotyping, such as PCR
assays and microarrays for detection of O antigen genes as well as RFLP analysis of O-

antigen gene clusters [238,323-325].

An E. coli O-genotyping PCR was developed by targeting O-antigen processing genes
wzx, wzy, wzm, or wzt and can identify almost all known E. coli O serogroups [323]. An
RFLP assay was designed by Coimbra et al. to amplify E. coli O-antigen gene clusters of
148 O serogroups and obtained a unique RFLP patterns from Mboll digestion of
amplified products for each serogroup [325]. The restriction method (7/b-RFLP) can be
used for typing isolates that are not typeable by conventional serotyping [325].
Microarrays was also used for E. coli O group typing by detection of specific E. coli O-

antigen gene cluster [238,324]. These methods can only predict O serogroups.

1.3.5.4 WGS based in silico serotyping

There are two pipelines, ShigaTyper and SerotypeFinder ,developed for serotyping
Shigella and E. coli respectively from WGS data. ShigaTyper utilizes genetic markers
ipaH C, EclacY, cadA, and Ss_methylase together with serotype-specific wzx and wzy
genes and modification genes for differentiation of Shigella from EIEC and for Shigella
serotype prediction [326]. However, the cadA gene is present in SS and some SD as well
as 70% of the EIEC genomes [284,326-328]. The Ss_methylase gene was also present in
SD and EIEC serotypes and is associated with bacteriophages [326]. SerotypeFinder
utilizes E. coli O-antigen genes (wzx, wzy, wzm, and wzt) and flagellin genes (f/iC, flkA,

flIA, flmA, and fInA) for serotyping of E. coli [329].

Compared with conventional serotyping, WGS based in silico serotyping pipelines are
much more rapid and cost effective, therefore providing an alternative to conventional
typing strategies [326,329]. However, not all Shigella and EIEC can be serotyped based
on O or H type genes from genome sequencing data because the antigen genes in some

of strains may not be assembled well or may represent novel type [329,330].
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1.4 STEC
STEC is a pathotype of E. coli. As addressed in Shigella 1.3 section above, E. coli is a

commensal microflora as well as a pathogen (non-enteroinvasive E. coli and EIEC) with
different pathotypes [213]. The pathotypes of non-enteroinvasive E. coli are shown in

Figure 1.4-1.

STEC is able to produce Shiga toxin and is an important foodborne pathogen in humans
worldwide [331]. Highly pathogenic STEC cause diarrheal diseases ranging from mild
diarrheal to haemorrhagic colitis (HC) and haemolytic uraemic syndrome (HUS). HUS
is the most severe form of STEC infection and can induce acute kidney failure with high
proportion of end-stage renal disease (ESRD) and death [331]. The illnesses caused by
STEC are estimated to be 2.8 million annually, leading to 3,890 cases of HUS, 270 cases
of ESRD and 230 deaths globally [332]. Of these, 1.2 million are considered foodborne,
leading to 13,000 cases of DALY and 128 deaths in 2010 globally [2].

1.4.1 Classification, nomenclature and population structure of STEC
The first discovered STEC was in fact EHEC, which is now a subset of STEC and was
originally reported from two outbreaks of HC by Riley ez al. in 1983 [333].

STEC is classified into serotypes according to the traditional E. coli Kauffmann
serotyping scheme which has been addressed in “1.3.1.2 EIEC” section above [227,334].
There are over 1,100 STEC serotypes listed in a central collection [335]. STEC O157:H7
(EHEC) is the best studied serotype since it has been defined as a human pathogen in
1982 and the remaining STEC serotypes referred as STEC non-O157:H7 serotypes.
Additionally, STEC serotypes have been classified into 5 seropathotypes (A through E)
by use of the correlation of epidemic and/or serious disease in humans caused by STEC

serotypes [336].
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Figure 1.4-1: Pathotypes of E. coli. STEC: Shiga toxin-producing E. coli; EHEC:
enterohemorrhagic E. coli; EAEC: enteroaggregative E. coli; EPEC: enteropathogenic E.
coli; ETEC: enterotoxigenic E. coli; EXPEC: extraintestinal pathogenic E. coli; EIEC:
enteroinvasive E. coli.

1.4.2 Epidemiology

1.4.2.1 Global incidence

STEC is the fourth most common cause of foodborne diseases and foodborne outbreaks
worldwide and the estimated global incidence of STEC is 43.1 per 100,000 person-years
[332]. Estimated regional incidences ranged from 1.4 per 100,000 person-years in the
African sub-regions to 152.6 per 100,000 person-years in the Eastern Mediterranean sub-
regions [332]. An estimated 5%—15% of STEC infections develop into HUS and STEC
associated HUS is responsible for 2%—5% of mortality from bacterial diarrheal infections
[38,332,337]. The highest mortality occurs in American countries (Canada, Cuba, United
States) and the South-East Asian subregions. While the lowest mortality occurs in Europe

[332].

STEC infection can occur in all age groups but is more frequent and severe in young
children [332,338]. Children under 5 years old accounted for 29% of acute STEC
infections, 42% of 3,890 cases of HUS, 41% of 270 cases of ESRD, and 29% of 230 cases
of deaths annually [332]. The highest incidence of STEC infections in children under 5
years old is 12.2 cases per 100,000 in Argentina, approximately 30-fold higher than in
Australia which reports 0.4 cases per 100,000 persons [339,340].
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1.4.2.2 Frequency of diarrhea caused by different serotypes

STEC has over 1,100 serotypes recognized so far, only 28% of the serotypes are
associated with human infections, although many STEC serotypes have only been
isolated and reported once in humans [335]. STEC O157:H7 is a leading cause of
foodborne infections and HUS in humans worldwide predominately in developed regions
such as North America and Europe [341-343]. However, the incidence of STEC non-
O157:H7 serotypes associated with foodborne outbreaks and human infections has

increased in recent years [48,344].

In Australia, the notification rate of STEC infections was 0.4 cases per 100,000 per year,
while the notification rate of STEC O157:H7 infections was 0.12 cases per 100,000 per
year from 2000 to 2010 [340]. The estimated overall incidence of HUS caused by STEC
was 0.07 per 100,000 per year, and the highest rate of 0.49 cases per 100,000 per year
was observed in children under 5 years between 2000 and 2010 [340]. Among those with
an identified serotype, O157:H7 accounted for 58% of STEC cases and the remaining 42%
was non-O157:H7. The common non-O157:H7 serotypes in human infections were O111

(13.7%), 026 (11.1%), 0113 (3.6%), 055 (1.3%), and 086 (1.0%) [340]

In the USA, STEC O157:H7 and non-O157:H7 serotypes account for 63,153 (36%) and
112,752 (64%) cases of annual domestically acquired foodborne STEC infections,
respectively [47]. STEC O157:H7 is the major cause of HUS and responsible for 85-95%
of cases of HUS in North America [345]. The incidence of STEC O157:H7 was decreased
with 0.95 per 100,000 in 2010 compared with 2.17 per 100,000 in 2000 [346,347]. While
the incidence of STEC non-O157:H7 serotypes increased from 0.12 to 0.95 per 100,000
and surpassed the national incidence of O157:H7 in 2014 [346,347]. The most prevalent
STEC non-O157:H7 serotypes in human infections in the USA are 026, 045, 0103,
Ol111, O121 and O145, which are the well-known “Big 6” non-O157:H7 serotypes
[348,349]. The “Big 6” non-O157:H7 serotypes were responsible for 83% of STEC non-
O157:H7 cases between 2000 and 2010. Accordingly, over 90% of STEC infections are
caused by O157:H7 and “Big 6” non-O157:H7 serotypes [346]

In the European Union (EU), STEC caused 7,894 cases of infections, 394 HUS cases of

which 272 cases (69.4% ) occurred in the children under 4 years old in 2019 [48]. The
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STEC infections in humans caused by STEC O157:H7 decreased from 54.9% in 2012 to
26.6% in 2019. Whereas the non-O157:H7 serotypes infections in humans increased by
28.3% compared with 2012. STEC O26:H11/H- was the most common non-O157:H7
serotype in human STEC infections in Europe, followed by 0146, 0103, O91 and O145
in the period of 2012 to 2019 [48,350]. The most severe HUS associated with STEC
infection are caused by STEC O157:H7 and O26:H11/H- [48].

1.4.2.3 STEC associated outbreaks

STEC O157:H7 can cause large foodborne outbreaks worldwide since the first recorded
outbreaks of HUS associated with E. coli serotype O157:H7 were reported in 1983
[333,351]. In the USA, 390 foodborne outbreaks were caused by O157:H7, resulting
4,928 cases with 1,272 hospitalizations, 299 HUS and 33 deaths between 2003 and 2012
[352]. In the EU, 42 foodborne outbreaks were caused by O157:H7, leading to 273 cases,
with 50 hospitalised and one death in 2019 [48]. In Australia, there were 4 outbreaks
linked to STEC O157, causing 84 cases and 20 hospitalizations from 2001 to 2009 [340].
The largest reported outbreak of STEC O157 in Australia occurred in Queensland in 2013,

resulting in 57 cases [353].

STEC non-O157:H7 serotypes mostly cause sporadic cases except a small number of
serotypes such as O26:HI11, O45:H2, O103:H2, O111:H8, O121:H19, and O145:NM
which caused 674 outbreaks from 1995 to 2017 worldwide, resulting in an average of 14%
HUS per STEC outbreak [354,355]. In 2011, two outbreaks of a rare STEC serotype
0104:H4 caused more than 4,000 cases and 50 deaths in 16 Europe countries [356-358].
Recently, HUS caused by STEC serotype O80:H2 has been reported in certain regions of
France [359].

1.4.2.4 Transmission

STEC is a zoonotic pathogen and cattle is the main reservoir although it is also found in
other animals [360]. The main sources of infection are contaminated beef products as well
as raw milk and other foods [361]. STEC infection is mainly by person-to-person
transmission via a direct fecal-oral route. STEC infections can also occur through contact

with infected animals [362].
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1.4.3 Virulence Factors

1.4.3.1 Shiga Toxin (Stx)

Stx is classified into two immunologically distinct types named Stx1 and Stx2, where
Stx1 is almost identical to the Stx produced by SDI1 [213,363]. The Stx is further
classified into subtypes according to the standardized Stx nomenclature based on
phylogenetic sequence-based relatedness of the proteins by Scheutz er al. [364]. Stx1 has
3 subtypes named Stxla, Stxlc and Stx1d, and STx2 has 10 subtypes named Stx2a to
Stx2k [364-367]. STEC has been identified that can produce up to six Stxs including
combinations of Stx1 and/or Stx2 with various subtypes [368,369].

Stxs are potent cytotoxins with ABs protein structure containing an enzymatic active A
subunit and five identical B subunits [370]. The A subunit possess RNA N-glycosidase
activity and the B pentamer binds the toxin to globotriaosylceramide or Gb3, which is
specific to glycolipid receptor of the target microvascular endothelial surface [371]. The
ABs protein toxin inhibits eukaryotic protein synthesis and lead to host renal endothelial

and intestinal epithelial cell death [372].

Stxs are encoded by the stx genes located on Stx-phage [373-375]. Stxs are produced and
released into the intestinal lumen through prophage induction and cell lysis, although Stx1
is also expressed due to its own promoter under low iron conditions [376]. The
pathogenesis of STEC is varied among STEC strains based on the presence of Stxs [344].
The presence of Stx2 induces more severe diseases (HC and HUS) than Stx1 [377,378].
Among Stx2 subtypes, Stx2a is most highly associated with HUS and increased mortality,
followed by Stx2c¢, and Stx2dactivable [379-381]. In contrast, Stx2e and Stx2f are less likely
to cause human infections but can still be associated with HUS [382-386]. Other subtypes

of Stx1 and Stx2 can cause human infections with a milder course of disease [364,377].

Besides STEC and SD1, a small number of SF, SD4 and SS strains also produce Stx1 and
a few stains of E. albertii can produce Stx2f [286,290,382,387].

1.4.3.2 Intimin
Intimin is another key virulence factor for some of STEC and is an outer membrane

adhesin. Intimin is encoded by the chromosomal gene eae located in the locus of
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enterocyte effacement (LEE) [213]. The adhesin intimin has at least 15 different types
and subtypes based on sequence and antigenic variation [388,389]. Of these intimin types,
the B (present in some non-O157 STEC) and y (present in STEC O55:H7 and O157:H7)
types are mainly found in human isolates [389-391]. The intimin types have a type-
specific variable region [389], which allow the types to be utilized as marker for STEC

typing in routine diagnostics and epidemiological investigations [389].

The adhesin intimin has attaching and effacing activity which allow the bacteria attached
to intestinal epithelium of the host to cause attaching and effacing (A/E) lesions [392].
The production of intimin is closely associated with severe diarrheal, in particular HUS

[388,390].

1.4.3.3 Hemolysin

The pore-forming EHEC hemolysin (EHEC-Hly) is an active repeats-in-toxin (RTX)
cytotoxin and is encoded by the eix4 gene (syn. EHEC-hlyCABD) located on pO157
plasmid [393-395]. The hemolysin is highly conserved among different STEC serotypes
and is responsible for the enterohaemolytic phenotype [395,396]. EHEC-Hly may
enhance the growth of STEC towards erythrocytes to release haeme and haemoglobin,
leading to extraintestinal complications in humans [397]. The EHEC-Hly encoding region

has been used as a diagnostic probe for STEC O157:H7 and other STEC isolates [394].

1.4.4 Mobile genetic elements

1.4.4.1 Stx Prophages

STEC carry lambdoid Stx prophages (Stx-converting bacteriophages or Stx-phages) that
harbour stx genes and regulate stx gene expression [398]. Previous studies demonstrated
that Stx-phages vary significantly in their genetic structure, including sizes and gene
compositions [399]. This genetic diversity allows Stx-phages acting as mobile genetic
elements to be horizontally transferred into other E. coli, leading to the emergence of new
STEC [369,398,400]. The carriage of more than one Stx-phage may increase STEC
virulence [369,401,402].

The lysis region of Stx-phages harbour the stx genes and the phage replication cycle

enhances the expression of stx genes [403]. The Stx-phages or the stx genes may be lost
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via induction that occurs during infection and isolation as well as routine subculture [404].
The STEC stx-negative isolates, containing similar phenotypic characteristics to those of
the STEC isolates and belonging to the same ST, have been reported to cause human
STEC infections [404-406]. These stx-negative isolates may never acquire Stx-phages or
may have lost stx genes or Stx-phages. Alternatively, these strains may be the progenitor

of STEC lineages before they acquired an Stx prophage [404].

1.4.4.2 Locus of enterocyte effacement island

In the 1990’s, the locus of enterocyte (LEE) island was discovered as a 35-kbp
pathogenicity island in EPEC. LEE islands have since been located in STEC O157:H7
and some of STEC non-O157:H7 serotypes as well as in E. albertii [213,294,407]. The
LEE of STEC encodes genes for a T3SS, intimin (eae), the intimin translocated receptor
Tir and the Esp effector proteins which are secreted via the T3SS [213,396]. The LEE-
encoded virulence proteins form the A/E lesions which enable STEC to adhere to host
intestinal epithelial cells [407]. The A/E phenotype is acquired with the LEE through
horizontal gene transfer [408,409]. Not all STEC are LEE positive while the LEE negative
STEC:s likely do not carry LEE or have lost the LEE [213].

1.4.4.3 Virulence plasmid 0157 (pO157)

STEC OI157:H7 carry a large nonconjugative F-like plasmid designated pO157
[396,410,411]. The pO157 is a highly conserved virulence plasmid [396,410,411] and
encodes virulence factors such as type Il secretion system apparatus (etp), adhesin (foxB),
hemolysin (ehxA), periplasmic catalase-peroxidase (katP), eae conserved fragment (ecf),
zinc metalloprotease (stcE) and serine protease (espP) [396,410,412-416]. The pO157
plasmid may be involved in the adherence to epithelial cells although its role in

pathogenesis is unclear [396,417,418].
The pO157 plasmid are present in some non-O157 STEC [396]. The plasmids in STEC

026:H11, O113:H21 and many other STECs share several highly conserved regions with
pO157 and also contain important virulence genes [213,417,419].
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1.4.5 Evolution of STEC and emergence of new STEC serotypes

1.4.5.1 Overview

Horizontal transfer and mobile genetic elements (MGE) have played an important role in
the evolution of STEC. The acquisition of MGEs such as stx genes or Stx-phage have
contributed to the emergence of new STEC, and enhanced STEC pathogenicity [420-422].

1.4.5.2 Evolution of STEC O157:H7

STEC O157:H7 strains are unable to ferment sorbitol (non-sorbitol-fermenting) [423],
while STEC O157:H- (nonmotile) strains first isolated from an outbreak of HUS reported
in Germany in 1988 have the ability to ferment sorbitol rapidly [424]. The sorbitol-
fermenting STEC O157:H- cause a higher incidence of HUS in Europe, Australia and

Asia and were found to cause more infections in children younger than 3 years [425-427].

STEC O157:H7/H- evolved from the non-toxigenic and less virulent, sorbitol-fermenting
EPEC serotype O55:H7 by acquisition of virulence-associated MGE including Stx-
phages and pO157 via horizontal gene transfers, followed by the acquisition of O157 O
antigen cluster and the loss of O55 O antigen cluster [404,428]. Subsequently, O157:H7
lost the ability to utilize sorbitol to form non-sorbitol-fermenting STEC O157:H7, while
sorbitol-fermenting STEC O157:H- was formed by the loss of its motility [404,429,430].
STEC OI157:H7/H- may lose stx genes from Stx-phages, leading to stx-negative
O157:H7/H-. However, the loss of the stx genes more frequently occurs in sorbitol-

fermenting STEC O157:H- than in non-sorbitol-fermenting STEC O157:H7 [427].

1.4.5.3 Hybrid STEC pathotypes

The potential acquisition of Stx-phages or/and other virulence genes through horizontal
transfer to different diarrheagenic E. coli provides the opportunities for the emergence of
hybrid STEC pathotypes [365]. The genomic features and virulence factors in hybrid
STEC pathotypes are the unique combination of characteristics from multiple pathotypes
[431]. These hybrid STEC pathotypes with enhanced virulence pose a high risk to public
health [365,422].

An example of a STEC hybrid pathotype causing the devastating STEC outbreak with

high morbidity and mortality in Central Europe in 2011 was a STEC/EAEC hybrid of
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0104:H4 [356,432]. The STEC/EAEC O104:H4 carries stx2 genes and a set of virulence

genes encoding the aggregative adherence fimbriae [433].

A STEC/ExXPEC hybrid of O80:H2 has been identified to be associated with HUS in
France in 2016 and is also present in other European countries [359,434-436].
STEC/EXPEC O80:H2 harbors stx genes and the virulence genes associated with an
EXPEC plasmid (pS88).

More recently, hybrid STEC/ETEC representing rare serotypes (O15:H16, O187:H28,
02:H27, O141:H8, O159:H16, O100:H30, O101:H-, O128:H8 and O136:H12) have
caused diarrheal diseases and HUS in humans [422,437,438]. These STEC/ETEC
serotypes contain stx genes including stx2e and ETEC virulence marker sta genes [422].
In 2020, a STEC/ETEC hybrid O159:H16 isolated from pigs was identified, which carried
a novel Stx2 subtype stx2k gene and plasmid-encoded ETEC sta gene [365].

1.4.6 Detection, identification and serotyping

1.4.6.1 Conventional culture-based: isolation for typing

The conventional culture-based methods rely on selective and differential media for
detection and isolation of STEC [439]. The isolation media for STEC O157:H7 and STEC
non-O157:H7 have been developed based on the differential biochemical characteristics.
The STEC non-O157:H7, like non-pathogenic E. coli, can ferment sorbitol in contrast
with non-sorbitol-fermenting STEC O157:H7, Thus, non-sorbitol-fermenting STEC
O157:H7 can be separated from sorbitol-fermenting STEC O157:H- and STEC non-
O157:H7 using Sorbitol-containing MacConkey agar (SMAC) and its modified
antimicrobials agar cefixime-tellurite SMAC [423,439,440]. SMAC medium has high
sensitivity (100%), specificity (85%) and accuracy (86%) for isolation of non-sorbitol-
fermenting STEC O157:H7 [423,439,440]. In addition to SMAC, CHROMagar™ O157
has been used to detect STEC O157:H7 through a chromogenic substrate [441]. However,
SMAC and CHROMagar™ 0157 mediums are not suitable for the isolation of STEC
non-O157:H7.

To isolate sorbitol-fermenting STEC O157:H- and STEC non-O157, several other

chromogenic mediums have been designed, such as CHROMagar™ STEC [442,443].
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CHROMagar™ STEC can detect common STEC non-O157 serotypes with the presence
of the tellurite resistance (ferB) gene but also produces high false-positive results [442-
444]. Given the diversity of STEC, none of the selective agar is in fact specific for non-

O157 STEC [442-444].

1.4.6.2 Conventional culture-based: confirmation and serotyping

The presence of Stx in samples can confirm that an infection is most likely caused by
STEC. The presence of Stx in the suspected colonies from SMAC were tested by using
enzyme-linked immunosorbent assay (ELISA) [445,446]. The Stxs have also been
identified directly from clinical samples by immunoassay [447]. ELISA allows all STEC
to be detected. However, the detection of Stx is more expensive than culture methods and
may yield false-positives or cause misdiagnosis due to the potential loss of the Stx-phages

which are unstable [213].

Stx positive samples can also be tested for O and H antigens by E. coli latex agglutination
[448]. Traditional E. coli latex agglutination is slide agglutination with E. coli O-specific
rabbit antisera according to E. coli Kauffman agglutination scheme [227]. The latex
agglutination reagents are focussed on STEC O157:H7 and “Big 6” non-O157:H7
serotypes. Therefore it is not useful for other non-O157 STEC or O unidentifiable isolates
[449].

1.4.6.3 Molecular methods for detection of stx genes and other virulence genes

Molecular methods such as DNA hybridization assays and PCR based assays
(conventional PCR, multiplex PCR and real-time PCR) have been developed by targeting
stx] and stx2 genes for detection of STEC [450-456]. These assays had high sensitivity
and specificity and can assign stx to a particular subtype by using subtype specific primers

[364,457].

1.4.6.4 Molecular serotyping targeting E. coli O and H antigen genes

Molecular methods for targeting E. coli O and H antigen genes which have been
addressed in detail in ““1.3.5.3” section above can be used for STEC serotyping. Recently,
numerous PCR based assays were developed for serotyping of O157:H7, "Big 6” non-

O157:H7 serotypes and a few common non-O157:H7 serotypes [323,458-468]. These
40



PCR assays were able to simultaneously serotype one or more clinically relevant STEC
serotypes by detection of serotype O antigen and H antigen genes. However, these assays
focus on O157:H7 and “Big 6” non-O157:H7 and not all common non-O157:H7
serotypes can be serotyped [323,458-468].

1.4.6.5 WGS based in silico serotyping

in silico pipeline SerotypeFinder can be used for prediction of STEC serotypes [329,469].
As addressed in 1.3.5 section, WGS based in silico serotyping may not predict all STEC
serotypes from genome sequencing data due to O or H type genes in some of the strains

not very well assembled or represented novel types [329,330].

1.4.6.6 STEC subtyping in surveillance

The relatedness of the STEC isolate and the sources of outbreaks have been determined
by molecular genotyping methods including pulsed-field gel electrophoresis (PFGE),
locus variable-number tandem repeat analysis (MLVA) and MLST [470-474]. PFGE
combined with MLVA enhance the discriminative power of PFGE because MLVA can
type certain non-typeable strains by PFGE [457,472,475]. STs assigned by seven gene
MLST can determine the genetic relatedness between strains and trace the isolates of each

ST for global epidemiological investigation [192].

WGS based Single nucleotide polymorphisms (SNP) analysis has been applied to STEC
outbreak detection and epidemiological surveillance [476-478]. WGS based k-mer
analysis has also been used for STEC subtyping [457]. Other methods include wgMLST
or cgMLST [457]. The utilization of WGS provides superior discriminatory power for
outbreak investigations and for the monitoring of hyper-virulent strains relative to PFGE
and MLVA [457,479-481]. However, SNP analysis and k-mer analysis also require
significant computational infrastructure and expertise which limits their adoption

[457,482].
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1.5 Metagenomic approaches for detection of foodborne

pathogens

Metagenomics can be used as a culture-independent diagnostic method with potential for
rapid source tracking of foodborne outbreaks and risk assessment of foodborne pathogens
[483-486]. Recent applications of shotgun metagenomics approaches can accurately and
rapidly detect Salmonella and STEC serotypes in a shorter time period and at a strain-
level. These applications have demonstrated the applicability of metagenomics

approaches as an alternative to culture-dependent methods [483,484,486-489].

1.6 Limitations of existing methods for detection and

serotyping of Salmonella, Shigella and STEC

Existing methods for detection and serotyping Salmonella, Shigella and STEC as
addressed above have drawbacks. Culture based phenotypic detection and serotyping
methods are the gold standard but they are laborious, time-consuming and expensive.
Cross-reactions, autoagglutination, nonspecific agglutination, loss of antigen expression

and lack of available antisera can lead to inaccurate or incomplete serotyping.

Molecular detection and serotyping methods targeting serotype specific O and H antigen
genes do not type all serotypes or types with partial results can occur as well. In addition,
while different O types can be distinguished by the presence/absence of O antigen specific
genes, different H types can only be differentiated by sequence variation of H antigen
gene, making it harder to design molecular assays. The Salmonella serovar of an isolate
may also be inferred by identifying genes only found in the serovar of interest. This has

been performed previously but only for a small number of serovars [164,175-179].

Sequence based MLST can assign STs that often correlates with serotypes and thus most
serotypes are predicted using the ST matches in the MLST database for a query strain
[22]. However this depends on the target species or serotype. Some STs consist of
multiple serotypes. With the development of WGS technology, traditional serotyping is
being replaced by molecular and in silico serotyping based on O or H type genes from

genome sequencing data. However, these methods may predict multiple serotypes.
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Untypeable and partial types may be assigned due to the antigen genes in some of the

strains not being assembled very well or may represent a novel type.

1.7 Comparative genomics of accessory genomes

1.7.1 The accessory genomes of Salmonella, Shigella and STEC

The genome of Salmonella, Shigella and STEC has a core genome and an accessory
genome. The core genome is defined as the genes (core genes) which are present in all
genomes and the accessory genome is defined as the genes (accessory genes) which are
present in some but not all genomes [490]. The accessory genome consist of genes
specific to a subset of genomes (subspecies, serotypes) and genes specific to single

genome [491].

1.7.2 Comparative genomic analysis of accessory genomes for identification of
specific genomic markers

Genomic markers that are present or absent from a strain are a good target for detection
and identification either using genomic data or by laboratory diagnostic methods. The
major challenge for rapid, highly sensitive and specific detection of foodborne pathogens
is to identify highly specific and discriminatory genomic targets [302,309]. Comparative
genomic analysis of many available genomic sequences of Salmonella, Shigella and
STEC would provide a powerful application for identification of specific genomic targets,
which are especially suitable for development of specific gene markers based diagnostic

tools for detection and identification of these foodborne pathogens [302,309,492,493].

1.8 Aims of the thesis

Salmonella, Shigella and STEC are the common causes of bacterial foodborne diseases
worldwide. The burden of these pathogens to the economy and human health is best
alleviated by prevention. Early detection and identification of contaminating pathogens
forms a key part of this prevention strategy, and can be achieved by detection of highly
specific and discriminatory genomic targets. Existing methods for detection and
serotyping Salmonella, Shigella and STEC as addressed above have limitations. To
overcome the current issues, this study aims to identify pathogen type-specific gene

markers for rapid, highly sensitive and specific identification and differentiation of
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Salmonella, Shigella and STEC either from genomic data or using laboratory diagnostic

methods.

S. enterica 1s a highly diverse species with more than 2,000 serovars and the ability to
distinguish serovars is vital for public health surveillance. Existing in silico serovar
prediction approaches utilize surface antigen encoding genes, cgMLST and serovar-
specific gene markers or DNA fragments for serotyping. However, these serovar-specific
gene markers or DNA fragments only distinguished a small number of serovars [177,178].
The first aim of this thesis was to identify serovar-specific gene markers for the most
frequent Salmonella serovars using the extensive publicly available collection of
Salmonella genomes. These serovar-specific gene markers can be used for molecular

serotyping in silico typing of genomic data.

In Australia, more than 85% of outbreaks of human Salmonella infections were caused
by the five most common Salmonella serovars: Typhimurium, Enteritidis, Virchow,
Saintpaul and Infantis. Rapid, accurate, and sensitive identification of Salmonella
serovars is vital for diagnosis and public health surveillance. Recently, an isothermal
amplification technique MCDA has been employed to detect Salmonella at the species
level. Herein, the second aim of this thesis was to develop and evaluate seven MCDA
assays by targeting seven serovar/lineage-specific gene markers identified from the first
aim. The developed MCDA assays would rapidly detect and differentiate the five most

common Salmonella serovars that are prevalent in Australia and internationally.

Shigella and EIEC cause human bacillary dysentery with similar invasion mechanisms
and share similar physiological, biochemical and genetic characteristics. The ability to
differentiate Shigella and EIEC from each other is important for clinical diagnostics and
public health epidemiologic investigations. The similarities between Shigella and EIEC
strains make this differentiation very difficult as both share common ancestries within E.
coli. However, Shigella and EIEC are phylogenetically separated into multiple clusters,
making high resolution separation using cluster specific genomic markers possible. The
third aim of this thesis was to identify phylogenetic clusters of Shigella and EIEC
through large scale examination of publicly available genomes; and then identify cluster-

specific gene markers using comparative genomic analysis of Shigella and EIEC
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accessory genomes for differentiation of Shigella and EIEC and develop an automated
pipeline for cluster typing and for Shigella and EIEC in silico serotyping based on the
cluster-specific gene markers combined with Shigella and EIEC serotype-specific O

antigen and H antigen genes from WGS data.

STEC infections have a significant impact on public health worldwide. STEC O157:H7
and “Big 6” non-O157:H7 serotypes are the major cause of foodborne outbreaks and
human infections. Detection of STEC infections and determination of the serotype of the
causing strain are important for accurate diagnosis and detection of outbreaks for public
health control [213]. Previous phylogenetic analysis suggests that some STEC isolates
form discrete clades associated with STEC sequence types and serotypes. Thus, the
fourth aim of this thesis was to identify phylogenetic clusters of STEC through large
scale examination of publicly available genomes; and identify cluster/serotype-specific
genes for detection of STEC isolates and develop an automated pipeline for cluster typing
and STEC in silico serotyping based on cluster/serotype-specific gene markers combined

with E. coli O and H antigen genes from WGS data.
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Chapter 2. In silico Identification of Serovar-

Specific Genes for Salmonella Serotyping

2.1 LinKk to thesis

In Chapter 1, I presented an overview of foodborne bacterial pathogens Salmonella,
Shigella and STEC including their burden on the economy and human health, the existing
identification and serotyping methods, the major challenge for detection and
identification of these pathogens and the aims of this thesis. I also presented the shift
towards identification of pathogen specific genomic markers for detection and serotyping
of pathogens using genomics. For Salmonella, genes only found in the Sa/monella serovar
of interest have been identified previously but only for a small number of serovars. This
prompted me to conduct genomic analysis on a large number of Sal/monella genomes
belonging to the 106 most common serovars as well as a number of rare serovars, for the
purpose of identification of serovar-specific genes for these serovars. This chapter

presents the first aim of this thesis.

I have published this work:
Zhang X, Payne M, Lan R. In silico Identification of Serovar-Specific Genes for
Salmonella Serotyping. Front Microbiol. 2019;10:835.

I have presented this work at national conference:
Zhang X, Payne M, Lan R. In silico Identification of Serovar-Specific Genes for
Salmonella Serotyping. Poster presentation, Australian Society for Microbiology Annual

Scientific Meeting 2018.

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fmicb.2019.00835/full#supplementary-

material; or
https://drive.google.com/drive/folders/1VkW2go YTXT KYjInEf4vCsnXCuW5iKtl?us
p=sharing.
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2.2 Abstract

Salmonella enterica subspecies enterica is a highly diverse subspecies with more than

1500 serovars and the ability to distinguish serovars within this group is vital for
surveillance. With the development of whole-genome sequencing technology, serovar
prediction by traditional serotyping is being replaced by molecular serotyping. Existing
in silico serovar prediction approaches utilize surface antigen encoding genes, core
genome MLST and serovar-specific gene markers or DNA fragments for serotyping.
However, these serovar-specific gene markers or DNA fragments only distinguished a
small number of serovars. In this study, we compared 2258 Salmonella accessory
genomes to identify 414 candidate serovar-specific or lineage-specific gene markers for
106 serovars which includes 24 polyphyletic serovars and the paraphyletic serovar
Enteritidis. A combination of several lineage-specific gene markers can be used for the
clear identification of the polyphyletic serovars and the paraphyletic serovar. We
designed and evaluated an in silico serovar prediction approach by screening 1089
genomes representing 106 serovars against a set of 131 serovar-specific gene markers.
The presence or absence of one or more serovar-specific gene markers was used to predict
the serovar of an isolate from genomic data. We show that serovar-specific gene markers
have comparable accuracy to other in silico serotyping methods with 84.8% of isolates
assigned to the correct serovar with no false positives (FP) and false negatives (FN) and
10.5% of isolates assigned to a small subset of serovars containing the correct serovar
with varied FP. Combined, 95.3% of genomes were correctly assigned to a serovar. This
approach would be useful as diagnosis moves to culture-independent and metagenomic
methods as well as providing a third alternative to confirm other genome-based analyses.
The identification of a set of gene markers may also be useful in the development of more
cost-effective molecular assays designed to detect specific gene markers of the all major
serovars in a region. These assays would be useful in serotyping isolates where cultures

are no longer obtained and traditional serotyping is therefore impossible.

Keywords: Salmonella enterica, accessory genomes, serotyping, serovar-specific gene
markers, lineage-specific gene markers, polyphyletic serovars, paraphyletic serovar,

serovar prediction
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Abbreviations: FN, false negatives; FP, false positives; FPR, false positive rate; MLST,
multi-locus sequence typing; NEPSS, National Enteric Pathogens Surveillance Scheme;
PPV, positive predictive value; rSTs, ribosomal MLST STs; SISTR, Salmonella in silico
typing resource; TN, true negatives; TNR, true negative rate; TP, true positives; TPR,

true positive rate.

2.3 Introduction

Salmonella causes human salmonellosis and infections of warm-blooded animals
(Kingsley and Baumler, 2000). The Sa/monella genus is divided into two species, S.
enterica and S. bongori. serotyping further classifies Sa/monella into over 2,600
serotypes (serovars) through the agglutination reaction of antisera to three surface
antigens O, H1 and H2 (Le Minor and Bockemiihl, 1984; Le Minor et al., 1990). There
are 46 O antigens, that identify the serogroup. Together with 119 H1 and H2 flagellin
antigens, the O, H1 and H2 combinations identify the serovars. Only a small proportion
of the serovars are responsible for the majority of the human Salmonella infections

(Popoft et al., 2004).

Serotyping by antigenic agglutination is being replaced by molecular serotyping (Cai et
al., 2005; Wattiau et al., 2011). This can be achieved through examination of the sequence
of O antigen gene cluster, H1 antigen encoding gene f/iC and H2 antigen encoding gene
fljB (Fitzgerald et al., 2007). O antigen gene clusters can be differentiated by presence or
absence of genes while H1 and H2 antigens are differentiated by sequence variation
(McQuiston et al., 2004; Guo et al., 2013; Zhang et al., 2015). Salmonella serotypes may
also be inferred through multi-locus sequence typing (MLST) (Wattiau et al., 2011;
Achtman et al., 2012) as a serotype may be inferred by its sequence types. However, a
prerequisite for this approach is that prior knowledge of the corresponding relationship

of serovar to sequence type is required.

Recently, with the development of whole-genome sequence-based comparison, several
studies have identified genomic markers as an alternative molecular method for

serotyping. Zou and colleagues (Zou et al., 2016) identified seven genes that provide
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sufficient resolution to differentiate 309 Salmonella strains representing 26 serovars and
found serovar-specific genes in 13 out of 26 serovars. Laing and colleagues (Laing et al.,
2017) identified genomic fragments specific to Salmonella species and subspecies
through pan-genome analysis. These specific genes or DNA fragments have been used as
molecular targets to develop multiple molecular assays for rapid identification and
detection of Salmonella at species and serovar level. However, these specific genes or
DNA fragments are limited in their discriminative ability due to their ability to only

distinguish a smaller number of serovars.

In this study, we aimed to use the extensive publicly available collection of Salmonella
genomes to identify serovar-specific gene markers for the most frequent Salmonella
serovars. We show the potential of these serovar-specific gene markers as markers for
molecular serotyping either in silico typing of genomic data or for development of

laboratory diagnostic methods.

2.4 Materials and methods

2.4.1 Ribosomal MLST ST Based Isolate Selection

The Salmonella database in the Enterobase (Alikhan et al., 2018) as of March 2018 was
queried and 118997 isolate were examined. Representative isolates for each ribosomal
MLST STs (rSTs) were selected and extracted by an in-house python script. Only
serovars with more than 4 rSTs were included in this study. For the 20 largest serovars
representative isolates were only randomly selected from rSTs with 2 or more isolates.
For the remaining serovars, one representative isolate for each rST was randomly selected.
Raw reads for these isolates were retrieved from ENA (European Nucleotide Archive,
https://www.ebi.ac.uk/ena) and were de novo assembled using SPAdes v3.10.1 assembler
with default settings [http://bioinf.spbau.ru/spades; (Bankevich et al., 2012)]. The serovar
of the assembled genomes was predicted by Salmonella in Silico Typing Resource
(SISTR) (Yoshida et al., 2016) after they met the following criteria which were defined
by Robertson and colleagues (Robertson et al., 2018) wusing QUAST
(http://bioinf.spbau.ru/quast) (Gurevich et al., 2013): assembly size between 4 and 6 Mb
with the number of contigs less than 500, the largest contig greater than 100kb, GC
content between 50% and 54%, gene predicted by glimmer within QUAST more than
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3000. The concordance between the resulting SISTR serovar predictions and the reported
serovar on the Enterobase metadata record were examined and a small number of
genomes were removed from analysis due to inconsistent serovar predictions. The final
data set consisted of 2258 high quality genomes with consistent serovar prediction

representing 107 serovars (Supplementary Table S1).

2.4.2 Identification of Salmonella Serovar-Specific Candidate Gene Markers

To determine the potential serovar-specific gene markers for 107 serovars, the 2258
genomes were annotated using PROKKA (Seemann, 2014). Pan-genome and core-
genome were analysed by roary (Page et al., 2015) using an 80% sequence identity
threshold. The genes specific to each serovar were identified from the pan-genome’s
accessory genes with an in-house python script. In this study, the number of genomes
from a given serovar containing a specific gene for that serovar was termed true positive
(TP), the number of genomes from the same serovar lacking the same gene was termed
false negative (FN). The number of genomes from other serovars containing the same
serovar-specific gene was termed false positve (FP). Relaxed cutoffs (20% FN, 10% FP)
were used initially in order to ensure that all serovars had candidate specific genes which

could be further investigated. Paralogous genes were removed from the analyses.

2.4.3 Evaluation of Potential Serovar-Specific Gene Markers

The F1 score was used for initial selection of the potential serovar-specific gene markers.
Fi score was evaluated based on the formula: 2 x (PPV x Sensitivity) / (PPV + Sensitivity),
where PPV standing for positive predictive value which was defined as TP/(TP+FP) and
sensitivity [true positive rate (TPR)] was defined as TP/(TP+FN). The F; ranges from 0
to 1, where 1 means the serovar-specific gene which was present in all genomes of a given
serovar and absent in all genomes of other serovars. The serovar-specific gene markers
were selected using the best performing gene for each serovar based on F1 score. The
specificity [True negative rate (TNR)] defined as TN/(TN+FP) was used to evaluate true
negative (TN) rate of serovar-specific gene markers. False positive rate (FPR) was

defined by 1 — TNR.
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2.4.4 Phylogenetic Analyses

In order to determine the causes for the observed false negative and false positive rates in
the candidate serovar-specific gene markers, the phylogenetic relationships of the
serovars involved were investigated. The draft assemblies of 1258 isolates were used to
generate phylogenetic trees by using ParSNP v1.2 (http:/github.com/marbl/harvest)
(Treangen et al., 2014) with default parameters to determine the phylogeny between and

within serovars. The tree was visualised by Figtree v1.4.3 (Schneider et al., 2000).

2.4.5 Location and Functions of Serovar-Specific Gene Markers

Representative complete genomes for each serovar containing gene features were
downloaded from NCBI (https://www.ncbi.nlm.nih.gov/) and were used to determine the
location of each of candidate serovar-specific gene by BLASTN with default settings
(version 2.2.6, Supplementary Table S2). In serovars with no representative complete
genome a representative genome was selected from isolates assembled in this study.
Sequences of serovar-specific gene markers are included in Supplementary Data S1.
Clustering of genes across the genome was used to investigate whether the serovar-
specific gene markers were potentially part of a single element gained by a serovar in one
event. The candidate serovar-specific gene markers were considered as a cluster if they

were located less than 5kb from each other.

The functional categories of gene markers were identified from RAST annotation
(http://rast.theseed.org/FIG/rast.cgi) (Aziz et al., 2008). The prophage sequences within
serovars reference genomes were identified by using PHASTER to indicate whether the
serovar-specific gene markers may have been acquired along with prophages (PHAge

Search Tool Enhanced Release) (Arndt et al., 2016).

2.4.6 In silico Serotype Prediction Using Serovar-Specific Gene Markers

An additional 1089 isolates were selected from the Enterobase using an in-house python
script with the exclusion of 2258 isolates used for the initial screening from the same
database as of March 2018 (Supplementary Table S3). BLASTN was used to search
against the 1089 genomes belonging to 106 Sa/monella serovars for the presence of any
of the serovar-specific gene markers. Custom python scripts were then used to predict

serovar from these serovar assignments based on the known gene presence pattern for
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each serovar. The TP was classified as the total number of correctly assigned serovars
and cases where the correct serovar was called as well as one or more false positives.
Failed assignment was defined where no serovar or incorrect serovars were called.
Serovar predictions were compared to SeqSero (Zhang et al., 2015) and SISTR

predictions.

2.4.7 Calculation of the Specificity of Candidate Serovar-Specific Gene Markers for
Common Serovars

The specificity of typing rate for common serovars (Hendriksen et al., 2011) was equal
to (1 — potential error rate). The potential error rate of serovar-specific gene markers
defined by the formula: (Number of FPs) )*(The frequency of that serovar in a given

region)/(Total of genomes of that serovar).

2.5 Results

2.5.1 Identification of Candidate Serovar-Specific Gene Markers

The accessory genes from 2258 genomes representing 107 serovars were screened to
identify potential serovar-specific gene markers. This initial screening identified 354
potential serovar-specific gene markers within 101 serovars. Six serovars namely,
Bareilly, Bovismorbificans, Thompson, Reading, Typhi, and Saintpaul had no candidate
serovar-specific gene markers that were present in all lineages of a given serovar. The
specificity (True negative rate) and sensitivity (True positive rate) of the 354 candidate
serovar-specific gene markers were also examined and summarised in Figure 1. Forty
serovars contained 194 serovar-specific gene markers with 100% specificity and
sensitivity (no FN or FP), while 31 serovars contained 80 candidate serovar-specific gene
markers with 100% sensitivity but with less than 100% specificity (varied FP). Nine
serovars contained 27 candidate serovar-specific gene markers with 100% specificity but
with less than 100% sensitivity (varied FN). The remaining 21 serovars contained 53
candidate serovar-specific gene markers with both specificity and sensitivity less than

100% (varied FN and FP).

We constructed a phylogenetic tree using 1258 representative isolates from 107 serovars

using ParSNP (Supplementary Figure S1). The 1258 isolates were selected based on
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phylogenetic relationships of the initial 2258 isolates from which we selected isolates to
represent each independent lineage. We found that members of each of the 82 serovars
formed a monophyletic lineage while 24 serovars were polyphyletic with each made up
of 2 to 4 lineages. Several of these serovars are known to be polyphyletic and are unlikely
to contain serovar-specific gene markers (Falush et al., 2006; den Bakker et al., 2011;
Timme et al., 2013; Graham et al., 2018). Serovar Enteritidis is paraphyletic with three
other serovars (Dublin, Berta and Gallinarium) arising from within the larger Enteritidis
clade which is itself made up of three lineages known as clade A, B and C (Wattiau et al.,
2008). The five Enteritidis-specific candidate gene markers were negative to the

Enteritidis isolates which clustered separately on the tree.
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Chapter 2. Figure 1: The distribution of sensitivity and specificity of 354 potential
serovar-specific gene markers. TPR, true positive rate. FPR, false positive rate. Where
a gradient from light blue (low percentage) to dark blue (high percentage) is displayed.

Interestingly for four polyphyletic serovars, Bredeney, Kottbus, Livingstone and
Virchow, each had one candidate serovar-specific gene which was present in all isolates
of that serovar. For the remaining 20 polyphyletic serovars and paraphyletic serovar
Enteritidis, we searched for lineage-specific gene markers as each serovar contained more

than one lineage. If all lineages contained at least one lineage-specific gene, we regard
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that serovar as containing serovar-specific gene markers. A total of 111 potential lineage-
specific gene markers were identified for 19 polyphyletic serovars and paraphyletic
serovar Enteritidis, among which, 27 lineage-specific gene markers were identified for 5
serovars with 100% specificity and sensitivity (no FN and FP), 76 candidate lineage-
specific gene markers for 14 serovars with 100% sensitivity and less than 100%
specificity (varied FP), and Enteritidis containing 6 candidate lineage-specific gene

markers with varied FN and FP (Table 1).

For the 11 of the 82 monophyletic serovars that lacked serovar-specific candidate gene
markers due to false negatives, we found that the FN was often due to isolates that are
grouped on one branch and diverged earlier from the other isolates. For such groups, we
searched for lineage-specific gene markers. Therefore, two or more gene markers can be
used to identify a serovar and such serovars were also considered to contain serovar-
specific gene markers, similar to polyphyletic serovars. Three serovars, Paratyphi A,
Heidelberg and Muenchen could be identified by the combined lineage-specific gene

markers.

A total of 414 candidate serovar-specific gene markers including 295 serovar-specific
gene markers and 119 lineage-specific gene markers are summarised in Supplementary
Table S2. In total, 106 of 107 serovars contained 1 or more gene markers, 33 serovars
contained one specific gene while 73 contained two or more gene markers. There were
no candidate serovar-specific gene markers found for monophyletic Typhi and no
potential lineage-specific gene markers found for lineage III of Stanleyville which

contained only one isolate.

2.5.2 Functional Categories of Serovar-Specific Gene Markers

Functional characterisation of all 414 gene markers identified for the 106 serovars using
RAST found that197 had known functions and 217 encoded hypothetical proteins with
unknown functions. Only 46 genes with annotations can be grouped into functional
categories while 151 genes with functions were not in RAST functional categories (Table
2). Using PHASTER. 45 candidate serovar-specific gene markers were located within
predicted prophages.
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2.5.3 A Minimal Set of Serovar-Specific Gene Markers for in silico Molecular
Serotyping

For many serovars, multiple candidate serovar-specific gene markers or lineage-specific
gene markers were identified. In these cases, a single gene was selected that has the lowest
FN and FP rates. A minimum of 131 gene markers allows identification of the serovars
with error rates from 0 to 8.33%. The distribution of the gene markers across all 106
serovars demonstrates high degree of specificity as shown in Figure 2 in which the
diagonal displays the one to one relationship of the serovar or lineage with serovar-

specific gene markers while the off-diagonal space showed sparse scattered presence of

gene presence

Serovar or lineage specific gene

Serovar or lineage

Chapter 2. Figure 2: The distribution of a minimal set of 131 serovar-specific genes
in 106 serovars. The Y-axis shows serovar or lineage-specific gene markers and the X-
axis shows serovars or lineages. The details were listed in supplementary table 4. Grey
indicated zero genomes containing a gene (true negatives). Gene/Genome pairs along the
diagonal represent genomes containing the serovar-specific gene markers that matches
their serovar (True positives). Red represents genes that are present in 100% of genomes
for a given serovar or lineage. Where a gene is present in less than 100% of a serovar a
gradient from light blue (low percentage) to dark blue (high percentage) is displayed.
Blue pairs along the diagonal represent the presence of false negatives. Pairs that are blue
or red outside of the diagonal represent pairs containing genes that do not match the
predicted serovar of the genome (false positives).
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Chapter 2. Table 1: Lineage-specific candidate gene markers for polyphyletic serovars and paraphyletic serovar

Serovar No of genomes No of lineage Lineages No of genes Sensitivity” Specificity”
Bareilly 20 2 Bareilly-1 2 100 98.76
Bareilly-II 1 100 99.11
Bovismorbificans 34 2 Bovismorbificans-I 1 100 97.25
Bovismorbificans-II 1 100 99.91
Bredeney 5 2 Bredeney 1 100 97.61
Cerro 40 2 Cerro-I 4 100 100
Cerro-II 2 100 100
Derby 24 3 Derby-I1&I1 1 100 100
Derby-I11 4 100 100
Enteritidis 165 2 Enteritidis-clade A/C 1 100 98.85
Enteritidis-clade B 5 96.43* 99.65
Give 26 3 Give-1&I1 4 100 94.6
Give-III 1 100 99.82
Havana 20 2 Havana-I 2 100 97.39
Havana-II 4 100 100
Hyvittingfoss 16 3 Hvittingfoss-I1&I1 1 100 100
Hvittingfoss-II1 1 100 100
Kentucky 31 2 Kentucky-I 5 100 100
Kentucky-II 3 100 100
Kottbus 12 3 Kottbus 1 100 93.98
Livingstone 17 2 Livingstone 1 88.24* 99.47
London 11 2 London-I 2 100 99.11
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*: The sensitivity of less than 100% was due to at least one target serovar genome lacking the candidate gene. Six out of 165 isolates of Enteritidis,
two out of 17 isolates of Livingstone-I and one out of 6 isolates of Stanleyville-III lacked candidate lineage-specific gene markers.

#: Sensitivity and specificity for the best performing gene for each lineage. The number of isolates used to arrive at Sensitivity and Specificity
calculation for each serovar-specific gene marker were listed in supplementary Table S2.

Chapter 2. Table 2: Serovar-specific genes functional categories

Category by RAST No of genes*
DNA Metabolism 18
Regulation and cell signalling

Carbohydrates

Membrane Transport

Virulence, Disease and Defence

RNA Metabolism

Stress Response

Cofactors, Vitamins, Prosthetic Groups, Pigments
Cell Wall and Capsule

Phages related

Protein Metabolism

Amino Acids and Derivatives

Uncategorized 152
Hypothetical proteins with unknown function 217

—_—— N = = N RN = 0 N WD

*: The details of these genes were listed in Table S2.
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these genes in other serovars of varied percentages indicating a low false positive rate.
The details of these gene markers were listed in Supplementary Table S4. Overall, 45
serovars can be distinguished by their respective serovar-specific gene and 61 serovars

can be differentiated by a combination of gene markers.

We tested an additional 1089 genomes belonging to 106 non-typhoidal Salmonella
serovars to evaluate the ability of the 131 specific gene markers to correctly assign
serovars to isolates. Using the serovar-specific gene markers, 1038 of the 1089 isolates
(95.3%) were successfully assigned (924 to correct serovar with no false positives or false
negatives [84.8%] and 114 to the correct serovar with some false positives [10.5%]) and
51 failed (4.7%). For SISTR and SeqSero, the number of concordant serovar assignments

were 1037 (95%) and 905 (82.8%) respectively (Supplementary Table S3).

2.5.4 Serovar-Specific Gene Markers for Serotyping of Common Serovars

The top 20 serovars causing human infection found in each continent (Hendriksen et al.,
2011) were collapsed into a combined list of 46 serovars (Supplementary Table S5). Since
these serovars contained the vast majority of isolates causing human infections globally,
we consider them separately to assess the utility of candidate serovar-specific gene
markers for serotyping of most prevalent serovars in a local setting. When only these
serovars were considered, 18 out of 46 could be uniquely identified by one of the serovar-
specific gene markers. To increase accuracy of typing in the remaining 28 common
serovars where serovar-specific gene markers have varied false positive rates, we
examined using subsets of the 131 gene markers (ranging from 2 to 9 genes per serovar)
to eliminate potential false positives. For example, the combination of Choleraesuis
specific gene and Cerro-I lineage-specific gene can eliminate false positive isolate of
Cerro from Choleraesuis, if both genes are positive, the isolate could be assigned Cerro

while if Cerro-I lineage-specific gene is negative, the isolate is Choleraesuis.

To estimate potential errors in typing, we took into account the frequency of the 46
common serovars that showed large differences between regions (Hendriksen et al., 2011).
Therefore, different combinations of genes may be used to specifically limit false positive
results from serovars present in that region. In a given region, the specificity of common

candidate serovar-specific gene markers was calculated using the rate of false positives
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and the frequency of the false positive serovar in that region. The specificity of candidate
serovar-specific gene markers was also calculated using the FP rate

(Supplementary Table 4). For example, a panel of 15 genes could be used for typing the
10 most frequent serovars in Australia (NEPSS 2010) (Table 3). When Australian
regional frequencies were taken into account, the genes listed in Table 3 can be used as

markers for laboratory based typing and the error rate will be less than 2.4%.

2.6 Discussion

Salmonella serotyping has been vital for diagnosis and surveillance. Serovar prediction
by traditional serotyping can be limited by the lack of surface antigen expression or
autoagglutination properties (Wattiau et al., 2008). Recently, with the development of
whole-genome sequencing technology, the relevant genomic regions of the rfb gene
cluster for O antigen, gene fliC and gene fIjB for H antigens, and genes targeted by MLST
can be extracted and used for serovar identification. Several studies have identified
serovar-specific genes or DNA fragments for serotyping through whole-genome
sequencing based genomic comparison (Zou et al., 2013; Zou et al., 2016; Laing et al.,
2017). However, these serovar-specific genes or DNA fragments only distinguished a
smaller number of serovars. In this study, we identified 414 candidate serovar-specific or
lineage-specific gene markers for 106 serovars which includes 24 polyphyletic serovars
and the paraphyletic serovar Enteritidis. A subset of these gene markers were validated

by independent genomes and were able to assign serovars correctly in 95.3% of cases.

The above analysis was complicated by the presence of polyphyletic serovars, which arise
independently from separate ancestors to form separate lineages. Therefore, a
combination of lineage-specific gene markers was required for the clear identification of
the majority of the polyphyletic serovars. Interestingly four polyphyletic serovars,
Bredeney, Kottbus, Livingstone and Virchow, each had one candidate serovar-specific
gene marker which was present in all isolates of that serovar. The Bredeney serovar-
specific gene was predicted to encode a translocase involved in O-antigen conversion and
could have been gained in parallel. The serovar-specific genes of the other three
polyphyletic serovars encode hypothetical proteins with unknown function and no

apparent explanation for their presence in different lineages of the same serovar.
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Chapter 2. Table 3: A panel of serovar-specific genes for typing the ten most frequent serovars in Australia

Gene Gene Gene Gene Gene Gene Gene Gene Gene Gene Gene Gene Gene Gene Gene

Serovar 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Typhimurium + - - - - - - - - - - - - - -
Enteritidis-B - + - - - - - - - - - - - - ;
Enteritidis-A/C - - - - = - - - - - - - - - -
Virchow - - - + - - - - - - - - - - -
Saintpaul-I - - - - + - - - [+] - - - - - -
Saintpaul-II - - - - - + - - - - - - - - -
Saintpaul-III [+] - - - - - + - - - - - - - -
Infantis - - - - - - - + - - - - - - -
Paratyphi B-1&I1 - - - - - - - - + - - - - - -
Paratyphi B-III [+] - - - - - - - = + - - - - -
Chester - - - - - - - - - - + - - - -
Hyvittingfoss-I1&II - - - - - - - - - - - + ; ; -
Hvittingfoss-I1I [+] - - - = = - - - - - - + - -
Muenchen-I - - - - - = [+] = - - - - - o -
Muenchen-I1 - - - - - - - - - - - - - - +
Error rate 2.4 0 1.5 0 2.9 0 0.2 0 1 0 2.2 0 0 0 0.9
Specificity 97.6 100 985 100 97.1 100 99.8 100 99 100 97.8 100 100 100 99.1
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"+": true positives (TP); "-": true negatives (TN); [+]: false positives (FP) in a subset of genomes. Gene 1 = STM4494 (Typhimurium);
Gene 2 = SEN1384 (Enteritidis-clade B); Gene 3 = R561 RS18155 (Enteritidis-clade A/C); Gene 4 = SEV_RS01820 (Virchow);
Gene 5 = SESPA RS08460 (Saintpaul-1); Gene 6 = SeSPB_A 1749 (Saintpaul-11); Gene 7 = Saintpaul-III; Gene 8 = L287 RS37190
(Infantis); Gene 9 = SPAB 01124 (Paratyphi B-1&II); Gene 10 = SPAB 01338 (Paratyphi B-III); Gene 11 = SEECH997 RS20295
(Chester); Gene 12 = LFZ15 01345 (Hvittingfoss-1&I1); Gene 13 = LFZ15 20305 (Hvittingfoss-III); Gene 14 = L098 RS21065
(Muenchen-I); Gene 15 = Muenchen-II. See Supplementary Table S2 for gene details. The potential error rate of serovar-specific
genes was defined by the formula: (Number of FPs) )*(The frequency of that serovar in a given region)/(Total of genomes of that
serovar). The specificity of typing rate was equal to (1 — potential error rate).
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Unlike polyphyletic serovars, the three lineages (clade A, B and C) of the paraphyletic
serovar Enteritidis share a recent common ancestor. Clade A and C are ancestral to Clade
B. Previous studies described that Enteritidis was clustered with serovars Dublin, Berta
and Gallinarium which was called “Section Enteritidis” (Vernikos et al., 2007; Achtman
et al., 2012; Allard et al., 2013; Timme et al., 2013). Another study showed that serovar
Nitra was embedded within Enteritidis lineages by using whole genome phylogeny (Deng
et al., 2014). There also was cross-reactivity between Enteritidis and Nitra according to
Qgunremi’s study (Ogunremi et al., 2017). In our study, we selected the isolates based on
rSTs, Nitra was not present in Enterobase rMLST database when this study commenced
and so was not included in this study. Gallinarium is distinguishable from Enteritidis
using the presence of a 4 bp deletion in the speC gene (Kang et al., 2011). We observed
that the common ancestors of serovars Dublin, Berta and Gallinarium, arose from an
ancestor between Clades B and A/C. While Dublin can be separately identified, we cannot
distinguish Berta or Gallinarium from Enteritidis clade A/C. These results highlight a
limitation of the approach as serovars must be sufficiently divergent that they differ by at
least one unique gene. Similarly, there were 8 other serovars that were not distinguishable

likely due to very recent shared ancestry with little gene acquisition.

Serovar-specific candidate gene markers or lineage-specific candidate gene markers in 69
out of 106 serovars were contiguous in the genome with similar functions grouped
together (data not shown). This suggests that these gene markers may have been
incorporated into serovar genomes together through horizontal gene transfer. Indeed the
seven Typhimurium specific candidate gene markers identified in this study (STM4492,
STM4493, STM4494, STM4495, STM4496, STM4497, STM4498) were located in
Typhimurium tRNA™* integrating conjugative element-related region including genes
from STM4488 to STM 4498, which is a known horizontal gene transfer hotspot (Bishop
et al., 2005). Similarly five Enteritidis specific candidate gene markers identified
(SEN1379, SEN1380, SEN1382, SEN1383, SEN1383) were located in the Sdr I region
(Agron et al., 2001) and the prophage-like GEI/¢SE14 region (Santiviago et al., 2010).
Both of these regions are linked to prophages, which suggests that these regions integrated
into the genome of a common ancestor of the global Enteritidis clade and were derived

from horizontal gene transfer.
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Other methods for in silico serovar prediction are implemented in SeqSero (Zhang et al.,
2015) and SISTR (Yoshida et al., 2016). Both of these methods examine genomic regions
responsible for surface antigens while SISTR also implements a cgMLST scheme to
examine overall genetic relatedness. Additionally, traditional 7 gene MLST and e BURST
groups derived from it can also be used for in silico serovar determination (Achtman et
al., 2012; Ashton et al., 2016; Robertson et al., 2018). Both SISTR and SeqSero provide
higher discriminatory power than traditional serovar identification (Yachison et al., 2017).
However, they have a number of drawbacks such as indistinguishable serovars having the
same antigenic formula or antigenic determinants not being expressed (Robertson et al.,
2018). In the current study, we examined in silico serovar prediction by screening
genomes against a set of 131 serovar-specific gene markers. The approach provided
serovar prediction by yielding “presence or absence” of individual serovar-specific gene
marker or combination of gene markers in a query isolate. We show that serovar-specific
gene markers have comparable accuracy to other in silico serotyping methods with 91.5%
isolates from initial identification dataset and 84.8% isolates from a validation dataset
assigned to the correct serovar (with no FN and FP). 10.5% of isolates from validation
dataset can be assigned to a small subset of serovars containing the correct serovar (with
varied FP). The specificity for in silico serovar prediction approach by serovar-specific
gene markers was 95.3%, slightly higher than SISTR (95%) and SeqSero (82.8%) in the
same dataset we tested. This result was similar to the specificities of SISTR and SeqSero
reported by Yachison and colleagues which were 94.8% and 88.2% respectively
(Yachison et al., 2017).

Our serovar-specific gene marker based method does not require the accurate
examination of O antigen gene clusters or sequence variation of the H antigen genes
which can be problematic. Our method also alleviates the need for the entire gene or
genome sequence be assembled which is necessary in MLST or cgMLST based methods.
Therefore, this approach may be useful for cases where very little sequence is available
such as in metagenomics or culture free typing as well as providing a third alternative to

confirm other analyses.
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The identification of a set of gene markers able to uniquely identify all prevalent serovars
in a region may also be useful in the development molecular assays. These assays would
be useful in serotyping isolates where cultures are no longer obtained and traditional
serotyping is therefore impossible. For example, a set of PCR assays could be designed
that would allow the sensitive detection of specific gene markers, and therefore allow
prediction of the serovar, from a clinical sample. Additionally, by eliminating the need to
detect serovars that are very rarely observed in a region the number of these gene markers
required to detect all major serovars in a region can be significantly reduced allowing for

a more cost-effective assay.

2.7 Conclusion

In this study we identified candidate serovar-specific gene markers and candidate lineage-
specific gene markers for 106 serovars by characterising the accessory genomes of a
representative selection of 2258 strains as potential markers for in silico serotyping. We
account for polyphyletic and paraphyletic serovars to provide a new method, using the
presence or absence of these gene markers, to predict the serovar of an isolate from
genomic data. The gene markers identified here may also be used to develop serotyping
assays in the absence of an isolated strain which will be useful as diagnosis moves to

culture independent and metagenomic methods.
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2.10 Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fmicb.2019.0083 5/full#supplementary-

material

FIGURE S1 | The SNP based phylogenetic tree constructed by ParSNP showing the
evolutionary relationships within and between serovars using 1344 representative isolates
including 1258 isolates from 107 serovars examined in the study and 86 isolates from
serovars with less than 5 rSTs which were otherwise excluded from the study.

TABLE S1 | The final data set of 2258 high quality and consistent serovar prediction
genomes representing 107 serovars.

TABLE S2 | A total of 414 candidate serovar-specific genes including 295 serovar-
specific genes and 119 lineage-specific genes.

TABLE S3 | An additional 1089 validation isolates with serovar prediction results by
SISTR, SeqSero and serovar-specific gene markers.

TABLE S4 | A minimum of 131 genes for identification of 106 serovars.

TABLE S5 | A set of 65 genes for identification of 46 common serovars.

DATA S1 | Sequences of 131 serovar-specific gene markers.
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Chapter 3. Highly sensitive and specific
detection and serotyping of five prevalent
Salmonella serovars by Multiple Cross

Displacement Amplification

3.1 Link to thesis

Salmonella is one of the most common causes of foodborne disease worldwide, including
in Australia. The five co-circulating Salmonella serovars: Typhimurium, Enteritidis,
Virchow, Saintpaul, and Infantis caused over 85% of human Salmonella infections in
Australia. A simple, rapid, sensitive and specific method to detect Sa/monella and identify
different serovars is essential for public health investigation. Based on the work of
Chapter 2, the serovar-specific gene markers obtained from extensive in silico genome
analysis whose presence or absence can be used to predict a serovar from genomic data.
The presence or absence of serovar-specific gene markers from a strain may also be useful
in the development of more cost-effective laboratory molecular diagnostics assays to
detect them. This prompted me to use a cutting edge molecular assay platform to detect
these five serovar-specific gene markers. This work shows clear and concise evidence
that a unified approach using serovar-specific gene markers and a common detection
assay platform can offer a rapid, accurate and sensitive method for serotyping of common

Salmonella serovars. This chapter addresses the second aim of this thesis.
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Supplemental material for this article is also listed at Appendix II.

3.2 Abstract

Salmonella is a common cause of foodborne disease worldwide including Australia. Over
85% of outbreaks of human salmonellosis in Australia were caused by five Salmonella
serovars. Rapid, accurate and sensitive identification of Sa/monella serovars is vital for
diagnosis and public health surveillance. Recently, an isothermal amplification technique
termed Multiple Cross Displacement Amplification (MCDA) has been employed to
detect Salmonella at the species level. In the current study, we developed and evaluated
seven MCDA assays for rapid detection and differentiation of the five most common
Salmonella serovars in Australia: Typhimurium, Enteritidis, Virchow, Saintpaul, and
Infantis. MCDA primer sets were designed by targeting seven serovar/lineage-specific
gene markers identified through genomic comparisons. The sensitivity and specificity of
the seven MCDA assays were evaluated using 79 target strains and 32 non-target strains.
The assays were all highly sensitive and specific to target serovars with the sensitivity
ranged from 92.9% to 100% and the specificity ranged from 93.3% to 100%. The limit
of detection of the seven MCDA assays was 50 fg per reaction (10 copies) from pure
DNA and positive results were detected in as little as 8 minutes. These seven MCDA
assays offer a rapid, accurate and sensitive serotyping method. With further validation in
clinically relevant conditions these assays could be used for culture-independent

serotyping of common Salmonella serovars directly from clinical samples.

Running title: MCDA for typing of Salmonella serovars
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3.3 Introduction

Salmonella enterica is one of the most common causes of food-borne disease worldwide
including Australia 2. The number of reported human salmonellosis cases in Australia
have increased significantly during recent decades *. The case rate is estimated to be 185
per 100,000 population per year 4, with 16,383 cases being notified in 2017, a 30%
increase compared with the mean notifications for the previous 10 years (2007-2016)
(National Notifiable Diseases Surveillance System of Australia). The most prevalent
serovar of Salmonella reported in human infections in Australia has been Typhimurium
157 followed by Enteritidis, Virchow, Saintpaul, and Infantis . These five co-circulating
Salmonella serovars are responsible for over 85% of outbreaks of human salmonellosis

in Australia .

Traditional culture-based methods for detection of Salmonella pathogens are time-
consuming, laborious and expensive 3!!. In recent decades, many culture-independent
methods using genetic determinants have offered appealing alternatives to traditional
methods. Among these, PCR based techniques (PCR and Real-time PCR) and isothermal
amplification techniques, such as LAMP, have been suggested '>'%. In a recent study,
another isothermal amplification technique, termed Multiple Cross Displacement
Amplification (MCDA), was reported '*>2*. MCDA employs ten primers, instead of 6 in
LAMP or 2 in PCR, to recognize 10 distinct regions, which enhance its specificity and

sensitivity.

Comparative genomics leveraging the recent explosion of publicly available genomic
data can be used to identify molecular markers for pathogen detection. In our previous
study 2! we utilised comparative genomics to identify a panel of 15 serovar/lineage-
specific gene markers for typing the 10 most frequent Salmonella serovars in Australia.
When prevalence of Salmonella serovars endemic in Australian was taken into account,
the genes listed in that panel can be used as markers for laboratory based typing with an

error rate of less than 2.4%.
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In this study, we aimed to develop and evaluate MCDA assays targeting serovar/lineage-
specific genes for rapid, accurate identification and serotyping of the five Salmonella
serovars Typhimurium, Enteritidis, Virchow, Saintpaul, and Infantis, which have been

dominant in Australia and internationally.

3.4 Materials and Methods

3.4.1 Bacterial strains and Genomic DNA extraction

A total of 111 strains were used consisting of: 16 Salmonella Reference Collection A
(SARA) strains ?%; 33 Salmonella Reference Collection B (SARB) strains 2 including 9
target serovar strains and 24 non-target serovar strains; 54 Salmonella strains from NSW
Enteric Reference Laboratory, NSW Health Pathology representing 5 target serovars; and
8 non-Salmonella strains representing 8 different species (Supplementary Table 1). The
bacterial strains were cultured on nutrient agar at 37°C for 18-24 hours. Genomic DNA

was extracted using phenol-chloroform method as described previously 2*.

3.4.2 Design of MCDA primers and the specificities of MCDA products

Seven serovar/lineage-specific gene markers from our previous study?! (STM4494,
SEN1384, R561 RS18155, SESV_RS06060, SESPA RS08460, SeSPB A1749 and
L287 11788) specific to the five most common Salmonella serovars in Australia and
internationally (Typhimurium, Enteritidis-clade B, Enteritidis-clade A/C, Virchow,
Saintpaul lineage I (Saintpaul-I), Saintpaul lineage II (Saintpaul-II), and Infantis) were
selected as targets for MCDA primers design. The sequences of the seven serovar/lineage-

specific gene markers are listed in Supplementary Data 1.

Each MCDA primer set consisted of 2 cross primers (CP1 and CP2), 2 displacement
primers (F1 and F2), and 6 amplification primers (D1, C1, R1, D2, C2, and R2) 1. Seven
MCDA primers sets were designed using Primer3 online software based on the principle
of MCDA recognizing 10 distinct regions to amplify each serovar/lineage-specific gene

marker. The specificities of the primers were analysed by NCBI BLAST. OligoAnalyzer
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Chapter 3. Figure 1: Nucleotide sequence and location of seven Multiple Cross
Displacement Amplification (MCDA) primers’ sets. The nucleotide sequences of the
primers set are shown in the context of the target gene, A: Typhimurium; B: Enteritidis-
clade B; C: Enteritidis-clade A/C; D: Virchow; E: Saintpaul-I; F: Saintpaul-II; G: Infantis.
Left arrow heads and right arrow heads showed complementary and sense sequences. The
locations of primers were highlighted, red color: displacement primers F1 and F2; green
color: primers P1 and P2; Purple color: amplification primers C1 and C2; yellow color:
amplification primers D1 and D2; blue color: amplification primers R1 and R2"°.
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Chapter 3. Table 1: Primers used for seven Multiple Cross Displacement
Amplification assays

*Primer’s name Sequence (5’ 2 3’)
Typhimurium-F1 AATCGTCGCTCTTCAATATG
Typhimurium-F2 TGTAGCCAGCGTTGTACC
Typhimurium-CP1 GATACGTTTACCGCTGAAGAACTGG-
AACCATGCCCGGTGAATATC
Typhimurium-CP2 TCAGGGAATGATCATTCGTTAGATGC-
TAAACAGCATAATCAGCACCTG
Typhimurium-C1 GATACGTTTACCGCTGAAGAACTGG
Typhimurium-C2 TCAGGGAATGATCATTCGTTAGATGC
Typhimurium-D1 TAGCGTGGCGATCATTTCA
Typhimurium-D2 CTTAGCTCCGGCGAACAT
Typhimurium-R 1 CCTGGATGAATTTCAGCTTC
Typhimurium-R2 GCAACGTGTCCTACTGGAT
Enteritidis-clade B-F1 ATAACACTTACGGAGCTGAG
Enteritidis-clade B-F2 TCGTAACGACGTACCTCAC
Enteritidis-clade B-CP1 CCACAACGTTCTGCCTTGTCCAAGGATGACGGG
GTTAACCATT
Enteritidis-clade B-CP2 GCTTATCGTGCCTGGAAGAAACAGCGTCAGGCA
GCTTCCAAATC
Enteritidis-clade B-C1 CCACAACGTTCTGCCTTGTCCA
Enteritidis-clade B-C2 GCTTATCGTGCCTGGAAGAAACAG
Enteritidis-clade B-D1 GTAGTGGCGGGTCGAATA
Enteritidis-clade B-D2 GAAAGTGGACGCTGACCT
Enteritidis-clade B-R1 TGCCCGCCTGGTACACAT
Enteritidis-clade B-R2 GATTTTCCCGTCAGAAGAG

Enteritidis-clade A/C-F1 TTTCATTATAGGGCAGGGA

Enteritidis-clade A/C-F2 CTGTCACAATCAAATAATGA

Enteritidis-clade A/C-CP1 GTGACACGAAATGAATGAGTCCAATCGTCTTGA
GATTATAGTTACTCTTG

Enteritidis-clade A/C-CP2 TGCGAGTAGGTATTTATAAGGTTGAGTCATGTA
TATTAAAACTCTGGTC

Enteritidis-clade A/C-C1 GTGACACGAAATGAATGAGTCCAATC

Enteritidis-clade A/C-C2 TGCGAGTAGGTATTTATAAGGTTGAG

Enteritidis-clade A/C-D1 CGAAAATCCGAATTCACTCC

Enteritidis-clade A/C-D2 ACTCATCTTATCTGGAATGG

Enteritidis-clade A/C-R1 CAACAGATCACCTTCATCA

Enteritidis-clade A/C-R2 TGTTGGGTGAGCAAAAAGG

Virchow-F1 TCATTATTAGACCAATCTGC

Virchow-F2 TTCGTTTGCTGATTCCATG
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Virchow-CP1
Virchow-CP2

Virchow-Cl1
Virchow-C2
Virchow-D1
Virchow-D2
Virchow-R1
Virchow-R2
Saintpaul-I-F1
Saintpaul-1-F2
Saintpaul-I-CP1

Saintpaul-1-CP2

Saintpaul-1-C1
Saintpaul-1-C2
Saintpaul-I-D1
Saintpaul-1-D2
Saintpaul-I-R1
Saintpaul-I-R2
Saintpaul-II-F1
Saintpaul-1I-F2
Saintpaul-1I-CP1

Saintpaul-1I-CP2

Saintpaul-1I-C1
Saintpaul-1I-C2
Saintpaul-II-D1
Saintpaul-1I-D2
Saintpaul-II-R1
Saintpaul-1I-R2
Infantis-F1
Infantis-F2
Infantis-CP1

Infantis-CP2

Infantis-C1
Infantis-C2

GTGCTGAAACTTTTATTTATGCTTGGGAATTGA
CCAGTCGGTTAAGGC
GCCAGCACAAATGAATACTGTATGGCAACGGG
ATCCTATTC
GTGCTGAAACTTTTATTTATGCTTGGG
GCCAGCACAAATGAATACTGT
AACTTTCGCGTTGTGAGCT
CTGGATCTTAAATAGTCATC
ATTTTAGGTGGCACCCATC
TATGTTGTGGCATATGATGG
TCAGACTGAAGACCAGCTT
TAGCATCTTTAGTACCAGC
TCCACTGAGCGGAAAAATGCCAGAAAGCTAAA
AGGATATACGGG
CTGGATGGCTCTCTGGTGCTTCCGTAGCTTGCA
GCGTTTC

TCCACTGAGCGGAAAAATGCCAG
CTGGATGGCTCTCTGGTGCT
GCGACATTGGGTGTAATC
GATAAAATAACGTGGCTGG
GCGAATAGCGAAACTCACT
TGAGCGGGATAGTAAGAAG
TTATTACCAGTGCCGCGAT
TGTAGCCAGCGTTGTACC
CACCACGTTTTTAGGGCTGATGAAGCGGGCTCT
TTTAATGCTAAGT
GACATTTCCTCACCTTCCAGGGCTTCCGTATCA
AGGTTATGGG
CACCACGTTTTTAGGGCTGATGAAG
GACATTTCCTCACCTTCCAGGG
GAAATTTTCCTGGAGCCAGT
TGAAGGGATCCTGTTTTCTG
CATAAACAATGCTTTTGTTGCC
TACCTGATCGATGACACTC
TTATGGCTGACAACGAGAG
ATCCAGGTCAAACGCTTGC
TCCGACTCTGCGTTTAACGATGCTATTCATCCTG
ATGTCGCTC
TCAAGGCATCGAAAACCTGATCCTGACTGTAGA
AAGCACAACACC
TCCGACTCTGCGTTTAACGATG
TCAAGGCATCGAAAACCTGATCCT
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Infantis-D1
Infantis-D2
Infantis-R 1
Infantis-R2

ACGACCTCATTTTCTGCC
TACCGGTGTGACTACCAG
GTTCGGTAAACGAGAAAGC
TGAGATGATCCTTCGTGC

*: Typhimurium: STM4494; Enteritidis-clade B: SEN1384; Enteritidis-clade A/C:
R561 RS18155; Virchow: SESV_RS06060; Saintpaul-I: SESPA RS08460; Saintpaul-
II: SeSPB_A1749; Infantis: L287 11788.
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software was used for primer dimer and secondary structure investigation. The sequences

and locations of seven MCDA primers sets are presented in Table 1 and Figure 1.

The specificity of seven MCDA products (i.e. presence only in the targeted serovars) was
also examined in silico by searching the products against a diverse set of 2258 Salmonella
species genomes from the identification data group in our previous study 2! using

BLASTN with default settings.

3.4.3 The initial evaluation of the seven MCDA assays

To evaluate the seven MCDA primers sets, Salmonella species specific gene invA MCDA
assay 2% was utilized as positive control. The MCDA reactions were performed on a
Corbett Rotor-Gene 6000 Real Time PCR Machine with the WarmStart LAMP DNA
amplification Kit (New England BioLabs, Sydney, Australia) in a total volume of 10 uL
reaction mixture incubated at 63°C for 60 min and then heated at 95°C for 5 min to stop
the amplification. Real-time LAMP Fluorescent dye (FD) measurement was used to

monitor the MCDA amplification every minute.

The final 10 pL. MCDA reaction mixtures contained the primers’ concentration as
previously described 2°: 2.4 pM each of cross primers CP1 and CP2, 0.4 uM each of
displacement primers F1 and F2, 1.2 uM each of amplification primers R1, R2, D1 and
D2, 0.8 uM each of amplification primers C1 and C2. The reaction mixture was consisted
of 5 uL 2X WarmStart LAMP Master Mix, 0.2 uL 5X FD, 1.2 ul MCDA primers mixture,
2.6 uL Milli-Q water and 1 pL. DNA template.

3.4.4 Evaluation of the limit of detection of the MCDA assays in pure culture

Limit of detection (LoD) was defined as the lowest genomic DNA level where all 6
replicates were detected by each MCDA assay on the condition that its detection time
was faster than inv4 MCDA assay. To demonstrate the efficiency of seven MCDA assays,
each novel MCDA assay together with the existing Salmonella invA MCDA assay was
analysed for LoD. The genomic DNA template from seven target strains belonging to
their respective serovars (SARA14, Typhimurium; L2376, Enteritidis-clade B; L2380,
Enteritidis-clade A/C; L2349, Virchow; SARA28, Saintpaul-I; SARB56, Saintpaul-II;

L2385, Infantis) were serially diluted (5 ng, 500 pg, 50 pg, 5 pg, 500 fg, 50 fg, 25 fg, 12.5
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fg, 6.25 fg per microliter) to determine the LoD. One replicate for the dilutions 5 ng, 500
pg, 50 pg and 5 pg and three replicates for the dilutions 500 fg, 50 fg, 25 fg, 12.5 fg, 6.25

fg were tested with two independent runs.

The detection time was defined as the time at which the fluorescence signal doubled the
value of the baseline. GraphPad Prism was used to perform statistical analyses to show
the relationship of detection times and dilutions between each MCDA assay and invA4

MCDA assay.

3.4.5 Evaluation of the sensitivity and specificity of seven MCDA assays in pure
culture

The sensitivity of each MCDA assay was defined as the percentage of strains of a targeted
serovar being detected as positive. The sensitivity was evaluated with genomic DNA
templates from 79 target strains (Typhimurium n=11, Enteritidis n=24, Virchow n=10,
Saintpaul n=20, Infantis n=14) under the same conditions described above. Specificity
was defined as the percentage of strains from non-targeted serovars being detected as
negative and ideally should be 100%. A panel of 30 strains including 24 non-target strains
from SARB collection representing 24 serovars and target strains from the other 6 assays
were used to analyse the specificity of MCDA assays within Salmonella species. An
additional 8 non-Salmonella strains were tested for specificity of seven MCDA assays

with other species.

All strains were tested in duplicate at 500 pg /uL level with two independent runs. Both
replicates with a kinetic graph within 30 minutes incubation time were considered as

positive amplification.

3.4.6 Phylogenetic analyses

Whole-genome sequencing (WGS) of 4 SARB Enteritidis strains was performed by
Illumina NextSeq (Illumina, Scoresby, VIC, Australia). DNA libraries were constructed
using Nextera XT Sample preparation kit (Illumina Inc., San Diego, CA, USA) and
sequenced using the NextSeq sequencer (Illumina Inc.). FASTQ sequences were
deposited in the National Center for Biotechnology Information (NCBI) Short Read

Archive under the BioProject PRINA552918. Raw reads for these strains were de novo
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assembled using SPADES v3.10.1 assembler with default settings>. The serovar of the 4
assembled SARB Enteritidis genomes was predicted by Salmonella In Silico Typing
Resource (SISTR)?® and SeqSero?’. The sequences of flagellin gene fIiC were extracted
from SeqSero?’ database. The genome of Infantis SARB27 strain was downloaded from

the NCBI GenBank (RefSeq assembly accession: GCF_000230875.1).

To investigate the phylogeny of observed false negative strains and false positive strains
with related serovars, parsnp v1.2 2® with default parameters was used to generate
phylogenetic trees from genomes. The tree was visualised using Figtree v1.4.3 . A
phylogenetic tree of the flagellin encoding fliC gene sequence was constructed using
Mega X with default parameters by Maximum Parsimony method with 500 bootstrap

replicates’.

3.5 Results

3.5.1 Selection of serovar specific genes for MCDA products targeting five serovars
One marker each for monophyletic serovars was selected. STM4494, SESV_RS06060
and L287 11788 were selected for Typhimurium, Virchow and Infantis, respectively,
which were identified and confirmed as serovar-specific markers previously 2!. For
polyphyletic serovar Saintpaul (Saintpaul-lineage I and Saintpaul-lineage II) and
paraphyletic serovar Enteritidis (Enteritidis-clade B and Enteritidis-clade A/C) more than
one marker was required to identify the different lineages of the serovars. One marker
each was selected for Saintpaul-lineage I and Saintpaul-lineage I (SESPA_RS08460 and
SeSPB_A1749 respectively). SEN1384 was selected for Enteritidis-clade B and
R561 RS18155 was selected for Enteritidis-clade A/C. A total of seven MCDA assays

based on these markers were designed to detect these five serovars.

We examined the seven MCDA products in silico using BLASTN against 2258 genomes
used in our previous study 2! to confirm the specificities of each MCDA products. The
BLASTN results showed that each MCDA product was found in the same genomes as
the respective genes with no additional false positives in agreement with our previous

study (Supplementary Table 2). In all cases false positive genomes were from serovars
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that were rare in human infections and are not expected to be major limitations on the

applicability of these assays in a clinical setting.

3.5.2 Evaluation of limit of detection (LOD) of the seven MCDA assays in pure
culture

The LOD of each of the seven MCDA assays designed in this study and the species
identification inv4 MCDA assay 2° was performed on serially diluted genomic DNA. The
amplification curves of the eight MCDA assays are shown in Figure 2. The seven serovar
specific target strains can be detected within 8 minutes incubation time at highest
concentration tested (5 ng/uL) in all seven MCDA assays. While the detection time of

invA MCDA assay at this same concentration was 12 minutes.

Enteritidis-clade B, Enteritidis-clade A/C, Virchow and Infantis MCDA assays had LoD
of 50 fg/ul (10 copies). The LoD for Saintpaul MCDA assays (Saintpaul-I and Saintpaul-
IT) was 25 fg/ul (5 copies) and Typhimurium MCAD assay 12.5 fg/ul (2.5 copies),
respectively. Successful detection of targets was also observed at even lower
concentrations for seven MCDA assays not for all 6 replicates. For example, Enteritidis-
clade A/C withR561 RS18155 MCDA assay detected positive amplifications at 25 fg/uL
and 12.5 fg/uL DNA level with 5 out of 6 replicates and 3 out of 6 replicates, respectively.

In order to provide a way to distinguish low copy number positive results from false
positives we compared the LoD curves of the inv4A MCDA assay and the seven MCDA
assays designed here. In all assays and concentrations the inv4 MCDA assay positive
results were observed after the serovar specific result (Figure 3). Therefore, inv4 assay
acted as a benchmark for serovar specific MCDA assay. If the inv4 assay provides a
positive result after the serovar specific result the serovar specific results can trusted. If
invA assay is positive before the serovar specific assay or negative completely, the result

is likely to be a false positive.

3.5.3 Evaluation of the sensitivity of seven MCDA assays in pure culture
The sensitivity of each MCDA assay was determined against target strains listed in
Supplementary Table 1. All target strains were successfully amplified by respective

MCDA assays, except for Infantis strain SARB27 and four Enteritidis stains (SARB16,
82



1104 1104

100 4 100 4
Y 904 3 904
g 801 g§ 801
2 70 % 70
@ @
g 01 § 601
Z 509 = 504
g 401 g 401
£ 304 £ 304
o 204 o 204
= 104 ’ = 104
0 T T T T T 1 0 T T T T T 1
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (min) Time (min)
C D
1101 1101
100 100 1
g 90 g 901
S 80 2 804
g 704 g 70
5 604 ¢ 604
2 504 S s0-
= 3
o 40 = 401
-,E 304 Z 304
< 204 o 204
[T} —
CRTE L & 101 / 5na
0 T T T T T 1 0 — T T T 1 = 500pg
0 5 10 15 20 25 30 0 5 10 15 20 25 30
) ) ‘ ) — 50pg
Time (min) Time (min)
= 5pg
500 fg
50 fg
E F - 25fg
1101 1101 — 125fg
100 1004
g 90 y 90 - 6.25fg
§ 807 § 80 — NTC
@ 704 & 70
3 @ — NEG
5 07 5 907
2 504 2 504
v 404 o 40
-% 304 % 304
= 204 = 204
= 10 = 10
0 T T T T T 3 0 r T T T T 1
0 5 0 15 20 25 30 0 5 0 15 20 25 30
Time (min) Time (min)
G H
1101 1101
1004 1004
3 90 g 90
5 ol 5 ool
& T & T
5 604 5 604
2 504 2 504
v 40 v 40
£ 304 £ 304
< 204 = 204
= 104 = 104
] T T T T T 1 0+
0 5 0 15 20 25 30 0 5 0 15 20 25 30

Time (min) Time (min)

Chapter 3. Figure 2: Limit of Detection (LoD) amplification curves of seven Multiple
Cross Displacement Amplification (MCDA) assays. LoD amplification curves of seven
MCDA assays generated by GraphPad Prism were listed. A, inv4; B, Typhimurium; C:
Enteritidis-clade B; D: Enteritidis-clade A/C; E: Virchow; F: Saintpaul-I; G: Saintpaul-
IT; H: Infantis. Curves for each concentration of DNA were marked in the figure. The
concentration started with 5 ng per reaction and decreased from left to right as per the
color key. Each point on each line was the average of relative fluorescence of at least 6
replicates. LoD was defined as the lowest concentration at which all replicates produced
final relative fluorescence of over 90%. LoD for each of the assays was as follow. 50 fg
(10 copies): Enteritidis-clade B, Enteritidis-clade A/C, Virchow and Infantis. 25 fg (5
copies): Saintpaul-I and Saintpaul-II. 12.5 fg (2.5 copies): Typhimurium. NTC: No
Template Control; NEG: E. coli K12.
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Chapter 3. Figure 3: Standard curves of seven Multiple Cross Displacement
Amplification (MCDA) assays based on average detection times and serial dilutions.
Standard curves of average detection times based on serial dilutions for each of the seven
MCDA assays. A: Typhimurium; B: Enteritidis-clade B; C: Enteritidis-clade A/C; D:
Virchow; E: Saintpaul-I; F: Saintpaul-II; G: Infantis. Solid circle indicates seven MCDA
assays and hollow circle indicates invA MCDA assay. Error bars represent the range of
all replicates at each concentration. The average detection times for each MCDA assay
were linear along the dilution gradient and had a significant correlation (P < 0.001) with
linear standard curves. Parallel lines between each MCDA assay and invA assay were
observed. In all assays and concentrations the invA positive results were observed after
the serovar specific results.
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SARBI17, SARB18, and SARB19). Among these 5 target strains, Infantis strain SARB27
was negative in the Infantis MCDA assay. For the 4 Enteritidis strains, only SARB18 was
detected by Enteritidis-clade A/C MCDA assay.

We performed BLASTN searches of the Infantis specific gene marker against SARB27
genome sequence downloaded from NCBI and BLASTN results indicated that SARB27
lacked Infantis specific gene marker. We also conducted BLASTN searches of the two
Enteritidis specific gene markers against the 4 SARB Enteritidis genomes we sequenced
we found that 3 SARB Enteritidis strains (SARB16, SARB17, and SARB19) lacked both
Enteritidis gene markers while SARBI18 contained Enteritidis-clade A/C gene marker

R561 RS18155.

In order to confirm the serovar’s identity, we performed the serovar prediction of the 4
assembled SARB Enteritidis genomes using SISTR?® and SeqSero?’. SARB16 and
SARBI19 were assigned to serovars Duisburg and Emek, respectively. SARB17 and
SARBI18 were predicted as serovar Enteritidis. Phylogenetic tree of genomes constructed
using parsnp revealed that SARB18 was clustered with Enteritidis-clade A/C, whereas
SARBI16, SARB17 and SARB19 were grouped with other serovars (Supplementary
Figure 1). A SNP-based phylogenetic tree of fIiC (Supplementary Figure 2) indicated that
Enteritidis-clade A/C and Enteritidis-clade B were identical. In contrast, SARB17 fliC
was not grouped with Enteritidis f/iC and they differed by 3 SNPs with one being a non-
synonymous SNP. We concluded that SARB17 does not represent S. Enteritidis.

Combined with the serovar prediction results and phylogenetic analysis, SARB18 was
assigned to Enteritidis-clade A/C while SARB16, SARB17 and SARB19 were assigned
to other serovars. Therefore SARB16, SARB17 and SARB19 were excluded from the
target strains of Enteritidis-clade A/C and Enteritidis-clade B. The sensitivity of each
MCDA assay is defined as positive rate of targeted serovar strains. The sensitivity of

seven MCDA assays varied from 92.9% to 100% (Table 2).
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3.5.4 Evaluation of the specificity of seven MCDA assays in pure culture

The specificity of each MCDA assay was evaluated against 8 non-Sa/monella strains and
30 Salmonella strains (Supplementary Table 1). The specificity of seven MCDA assays
with other species were 100% while the specificity of seven MCDA assays with non-
targeted Salmonella strains were varying from 93.3% to 100% (Table 2). Typhimurium
and Enteritidis-clade A/C MCDA assays produced 2 false positive results each. One
Derby strain (SARB9) and one Infantis strain (SARB27) were detected by Typhimurium
MCDA assay, which led to the specificity of 93.3% for Typhimurium MCDA assay. One
strain each for Dublin and Gallinarium (SARB13 and SARB21 respectively) were
amplified by Enteritidis-clade A/C MCDA assay, therefore, the specificity of Enteritidis-
clade A/C MCDA assay was 93.3%.

BLASTN result showed that Infantis SARB27 contained Typhimurium gene marker
STM4494. Phylogenetic tree constructed using parsnp indicated that SARB27 did not
cluster with Typhimurium and was not part of the main Infantis clade (Supplementary

Figure 3).

3.6 Discussion

Salmonella is a common cause of foodborne illness in Australia !. Rapid, accurate and
sensitive detection and identification of Sa/monella serovars have been essential for
clinical diagnosis and public health surveillance. In recent decades, PCR-based and real-
time PCR techniques have frequently been used to detect and differentiate Salmonella
serovars ' 163138 T AMP was also used as an alternative method for rapid and sensitive
detection of specific gene targets for identification of Salmonella 133!, A few LAMP
assays can also differentiate Typhimurium and Enteritidis from other Salmonella serovars
12, 14,15, 40,4246 The limit of detection for the reported Salmonella LAMP assays ranged
from 5 fg to 5.6 ng genomic DNA per reaction in pure-culture and the comparison
between LAMP and PCR or real-time PCR performed in the same study showed that
LAMP was 10 to 10,000-fold more sensitive *’. Another isothermal amplification
technique, MCDA, was developed in 2015 with at least 160-fold and 16-fold higher
analytical sensitivity than PCR and LAMP, respectively '°. MCDA has been employed to

detect Salmonella at the species level but not to the serovar level. MCDA can detect
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Salmonella at 6.25 fg genomic DNA per reaction, at least 400-fold more sensitive than

real-time PCR 2°,

With the increasing uptake of culture-independent direct testing for the diagnosis of
salmonella enterocolitis, culture-independent serovar detection and identification
targeting serovar-specific gene markers would be useful as current serotyping is mostly
performed on DNA from purified isolates. A number of genes STM4493, STM4495,
STM4497, typh, lygD (SEN1383), sdfl, safA, prot6E and sefA4, have been used to develop
PCR-based methods and LAMP assays for typing Typhimurium and Enteritidis ! % 3¢
42,46, 98 In our previous study?!, genes STM4493, STM4494 and STM4497 were
identified as potential of Typhimurium gene markers but were present in Infantis
SARB27. However, with genomic data of 2258 genomes, the specificities of gene
markers STM4493 and STM4497 were 93.22% and 92.56% respectively, while the
specificity of gene marker STM4494 was 94.11%, slightly higher than STM4493 and
STM4497. A novel PCR was also developed for identification of Infantis based on

flagellin fIjB gene * and Virchow-specific primers was designed for the detection of

Virchow °.

Our results indicate that a set of MCDA assays targeting seven serovar/lineage-specific
gene markers can rapidly detect and serotype the five most common and clinically
relevant Salmonella serovars. Seven serovar/lineage-specific gene markers, STM4494,
SEN1384/R561 RS18155, SESV _RS06060, SeSPB A1749/SeSPA_A1352 and
L.287 11788 2! were used to develop Typhimurium, Enteritidis-clade B/Enteritidis-clade
A/C, Virchow, Saintpaul-I/Saintpaul-II, and Infantis MCDA assays respectively. The
initial evaluation of the seven MCDA assays were accomplished by utilizing Salmonella
species specific gene inv4A MCDA assay 2 as positive control. Multiple means can be
used to display the correct amplification of MCDA . In our study, real-time fluorescence
measurement was used to detect the seven MCDA products. The seven MCDA assays
were very sensitive with a LoD of 50 fg (10 copies) with pure DNA and the assays were
rapid with a result detectable within 8 minutes at the highest concentration tested. The
assays also were highly specific to target serovars and the positives reactions were
monitored in a real-time format. Our assays provided a unified approach using serovar-

21

specific gene markers obtained from extensive in silico genome analysis ' and a

87



common MCDA assay platform !°. These gene markers can also be used to develop

assays on other platforms.

The speed and LoD of the MCDA assay compared favourably with published LAMP

12,14 evaluated LAMP assays for detection of Typhimurium and

assays. Previous studies
Enteritidis by targeting STM4497 and saf4 genes respectively. The fastest detection time
in these studies was around 24 min and the LoD were 4.38 pg/uL for Typhimurium and
1.44 pg/uL for Enteritidis in pure culture. By comparison our Typhimurium MCDA
targeting STM4494 and Enteritidis-clade B MCDA targeting SEN1384 were nearly 15
minutes faster than LAMP. Additionally, these results were produced with 50 fg/uL of
pure DNA, at least 87-fold more sensitive than LAMP for Typhimurium MCDA assay

and 29-fold more sensitive than LAMP for Enteritidis-clade B MCDA assay.

MCDA assays could also produce positive results at even lower concentrations of 6.25
fg/uL (1.25 copies) genomic DNA within 28 minutes although these results were not as
consistent. This inconsistency may be due to the extremely low copy number of the
sample resulting in no template being present by chance during template sampling.
Inconsistent amplification with very few copies of the template within 28 minutes
indicated that any amplification later than 28 minutes incubation time was unreliable.
Therefore a 30 minutes incubation time was used to set the cut-off value for evaluation

of sensitivity and specificity of the seven MCDA assays.

In some reactions, amplification can occur at timepoints that most likely contained very
few copies of the template. These amplifications may be due to a real (true positive)
detection of very dilute target DNA or may be caused by inefficient amplification of non-
target DNA (false positive). To differentiate between these options the inv4A MCDA assay
can be used as an outer limit on the amplification time of a true positive result. The sample
will only be considered successfully serotyped by our newly designed seven MCDA
assays when it is positive to both invA4 and the serovar specific target and the amplification

of target occurs before invA.
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Chapter 3. Table 2: The sensitivity and specificity (%) of the seven MCDA assays

Target Non-target Non- Specificity* Specificity*
Target Serovars  Specific Gene?! strains strains Salmonella  Sensitivity* (Within (Non-
n=30 strains n=8 Salmonella) Salmonella)
Typhimurium STM4494 11/11 2/30% 0 100 933 100
Enteritidis-clade B SEN1384 9/9 0 0 100 100 100
Enteritidis-clade A/C R561 RS18155 12/12 2/309 0 100 93.3 100
Virchow SESV_RS6060 10/10 0 0 100 100 100
Saintpaul-I SeSPB_A1352 18/18 0 0 100 100 100
Saintpaul-11 SeSPA A1749 2/2 0 0 100 100 100
Infantis L287 11788 13/14% 0 0 92.9 100 100

*: Sensitivity: (No of positive of target strains) / (No of total target strains). Specificity: 1 — (No of positive of non-target strains) / (No of
total non-target strains). 7: Infantis strain SARB27 was negative to Infantis MCDA assay. }: False positive strains: SARB9 (Derby) and
SRAB27 (Infantis). q: False positive strains: SRAB13 (Dublin) and SARB21 (Gallinarum).

MCDA: Multiple Cross Displacement Amplification.
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Three strains SARB16, SARB17, and SARB19 from the Salmonella reference collection
B which was assembled during the early 1980s >} were serotyped as Enteritidis. However,
SARB16 and SARB19 were assigned as others serovars by WGS based serovar prediction
methods SISTR and SeqSero. These three strains were not closely related to Enteritidis
on a genome based phylogenetic tree. Previous studies also showed that SARB17 and
SARBI19 were distantly related to the vast majority of Enteritidis isolates on phylogenetic
trees 12, SNP-based phylogenetic trees of flagellin gene f7iC indicated that the SARB17
fliC gene was distinct from Enteritidis. Consequently SARB16, SARB17 and SARB19
were excluded as target strains for Enteritidis. The genomic signatures that were targeted
by the MCDA assays can provide more useful serovar identification than traditional
serotyping, especially for those strains with the same serovar but very different

evolutionary history.

All 7 MCDA assays had high overall sensitivity ranged from 92.9% to 100%. A false
negative result only occurred in SARB27 in the Infantis MCDA assay. Infantis SARB27
which was isolated in Senegal was distantly related to the globally distributed Infantis 3.
All pure culture from clinical strains were correctly detected and identified by the Infantis

MCDA assay.

It should be noted that we only used two strains for evaluation the sensitivity of Saintpaul-
IT MCDA assay. We were unable to test more strains as Saintpaul lineage II is a rare
minor lineage, making strain acquisition difficult. From our previous genomic analysis?!
and a further analysis of 291 genomes, the lineage has low diversity and the Saintpaul-II
specific gene has 100% in silico specificity and sensitivity. Therefore, the assay most

likely will be effective in detecting Saintpaul-II isolates.

The false positive Derby strain in the Typhimurium assay is expected based on previous
genomic analysis in our previous study which showed that Derby was a potential false
positive of the Typhimurium gene marker STM4494 2!, We estimated an ‘Australian
potential false positive rate’ for Derby detection in the Typhimurium assay by combining
the Derby frequency in Australian human infections and the rate of false positives from
Derby genomes. This potential false positive rate was less than 0.41% in human infections

in Australia 2!. Therefore, Derby should not be a major limitation to the application of
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this assay to human clinical samples in culture independent Sal/monella serotyping. For
veterinary and agricultural samples, the false positive rate may increase, depending on
the prevalence of Derby in the source animal population. The prevalence (11.2%) of
Derby in pigs and pork in New South Wales >* would result in a potential false positive
rate of 3.1%. However, the routine surveillance of Sal/monella infections in animal
population is limited in Australia 3, which makes accurate determination of likely false

positive rates difficult.

The false positives in the Enteritidis-clade A/C MCDA assay from serovars Dublin and
Gallinarium were also expected from previous genomic analysis 2!. Dublin is one of the
most prevalent serovars in cattle **. However the frequency of Dublin in human infections
is less than 1.5% in Australia. The rate of genome based false positives of Dublin was
2.78% for Enteritidis-clade A/C gene marker R561 RS18155 2!, The Australian potential
false positive rate for Dublin in the Enteritidis-clade A/C MCDA assay would be less than
0.04% in human infections. Amongst cattle and beef products (New South Wales
prevalence of 33.4%), the potential false positive rate would be 0.93%. Gallinarum is

37,558 and remains rare in

restricted to poultry reservoir in many developing countries
Australia. The potential false positive rate with Gallinarum in Enteritidis-clade A/C

MCDA assay of human samples is therefore negligible.

In conclusion, we developed seven MCDA assays to amplify target gene markers
successfully from the five most frequent Sa/monella serovars in Australia. These assays
demonstrated a LoD of 50 fg per reaction (10 copies of target DNA) from pure culture
and were specific to the target serovars. The assay is time efficient, isothermal and can
provide test results in as little as 8 minutes. The MCDA assays developed offer a rapid,
accurate and sensitive serotyping method, which will be useful also for culture-
independent serotyping of common Sa/monella serovars directly from clinical samples.
The performance of the MCDA assays warrants further validation on clinical and

environmental samples.
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Chapter 4. Cluster-specific gene markers
enhance Shigella and Enteroinvasive

Escherichia coli in silico serotyping

4.1 Link to Thesis

Shigella share ancestry within E. coli as well as similar physiological, biochemical and
genetic characteristics with enteroinvasive Escherichia coli (EIEC). Misidentification of
EIEC as shigella is common and crucially, distinguishing them is important for clinical,
epidemiological and diagnostic investigations. As presented in Chapter 1, current genetic
markers and in silico pipeline may not discriminate between Shigella and EIEC in all
cases. Importantly, Shigella and EIEC are separated into multiple phylogenetic clusters.
I therefore took advantage of the large number of the genome sequences for Shigella and
EIEC in public databases to enhance the molecular identification and differentiation of
Shigella and EIEC using specific genomic markers. Given the relatively poor
performance of existing tools, I developed an in silico program using these markers that
is capable of highly accurate molecular characterization of Shigella and EIEC. This

chapter addresses the third aim of this thesis.
I have submitted this work to Microbial genomics 04/02/2021:

Zhang X, Payne M, Nguyen T, Kaur S, Lan R. Cluster-specific gene markers enhance

Shigella and Enteroinvasive Escherichia coli in silico serotyping.

I have presented this work at national conference:

Zhang X, Payne M, Nguyen T, Kaur S, Lan R. Cluster-specific gene markers enhance
Shigella and Enteroinvasive Escherichia coli in silico serotyping. Poster presentation,

Australian Society for Microbiology Annual Scientific Meeting 2021.

The Supplementary Material for this article can be found online at:
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Supplemental material for this article is also listed at Appendix III.

4.2 Abstract

Shigella and enteroinvasive Escherichia coli (EIEC) cause human bacillary dysentery
with similar invasion mechanisms and share similar physiological, biochemical and
genetic characteristics. The ability to differentiate Shigella and EIEC from each other is
important for clinical diagnostic and epidemiologic investigations. The existing genetic
signatures may not discriminate between Shigella and EIEC. However, phylogenetically,
Shigella and EIEC strains are composed of multiple clusters and are different forms of E.
coli. In this study, we identified 10 Shigella clusters, 7 EIEC clusters and 53 sporadic
types of EIEC by examining over 17,000 publicly available Shigella and EIEC genomes.
We compared Shigella and EIEC accessory genomes to identify the cluster-specific gene
marker sets for the 17 clusters and 53 sporadic types. The gene marker sets showed 99.64%
accuracy and more than 97.02% specificity. In addition, we developed a freely available
in silico serotyping pipeline named Shigella EIEC Cluster Enhanced Serotype Finder
(ShigEiFinder) by incorporating the cluster-specific gene markers and established
Shigella and EIEC serotype specific O antigen genes and modification genes into typing.
ShigEiFinder can process either paired end Illumina sequencing reads or assembled
genomes and almost perfectly differentiated Shigella from EIEC with 99.70% and 99.74%
cluster assignment accuracy for the assembled genomes and mapped reads respectively.
ShigEiFinder was able to serotype over 59 Shigella serotypes and 22 EIEC serotypes and
provided a high specificity with 99.40% for assembled genomes and 99.38% for mapped
reads for serotyping. The cluster-specific gene markers and our new serotyping tool,
ShigEiFinder (installable package: https://github.com/LanLab/ShigEiFinder, online tool:
https://mgtdb.unsw.edu.au/ShigEiFinder/), will be wuseful for epidemiologic and

diagnostic investigations.

4.3 Introduction

Shigella is a leading cause of diarrhea with a very low infective dose (1, 2). The infections

can vary from mild diarrhea to severe bloody diarrhea referred to as bacillary dysentery.

100


https://github.com/LanLab/ShigEiFinder

The estimated cases of Shigella infections are 190 million with at least 210,000 deaths
annually, predominantly in children younger than 5 years old in developing countries (3-
7). Shigella infections also have a significant impact on public health in developed

countries, although most cases are travel-associated (8).

The Shigella genus consists of four species, Shigella sonnei, Shigella flexneri, Shigella
boydii and Shigella dysenteriae (9). Serological testing further classifies Shigella species
into more than 55 serotypes through the agglutination reaction of antisera to Shigella
serotype specific O-antigens (10, 11). Up to 89.6% Shigella infections were caused by S.
flexneri (65.9%) and S. sonnei (23.7%) globally (12, 13). The predominant serotype
reported in Shigella infections has been S. flexneri serotype 2a while S. dysenteriae
serotype 1 has caused the most severe disease (10, 14). Note that for brevity, in all
references to Shigella serotypes below, S. sonnei, S. flexneri, S. boydii and S. dysenteriae
are abbreviated as SS, SF, SB and SD respectively and a serotype is designated with an
abbreviated “species” name plus the serotype number e.g. S. dysenteriae serotype 1 is

abbreviated as SD1.

Enteroinvasive Escherichia coli (EIEC) is a pathovar of E. coli that causes diarrhoea with
less severe symptoms than Shigella infections in humans worldwide, particularly in
developing countries (8, 13, 15-18). EIEC infections in developed countries are mainly
imported (19). EIEC has more than 18 specific E. coli O-serotypes (19, 20). Although the
incidence of EIEC is low (17), EIEC serotypes have been associated with outbreaks and
sporadic cases of infections (20-22). In contrast to Shigella, EIEC infections are not

notifiable in many countries (23, 24).

Shigella and EIEC have always been considered very closely related and share several
characteristics (25-28). Shigella and EIEC are both non-motile and lack the ability of
fermenting lactose (24). Some EIEC O antigens are identical or similar to Shigella O
antigens (O112ac, 0124, 0136, 0143, O152 and O164) (26, 29-31). Furthermore,
Shigella and EIEC both carry the virulence plasmid pINV, which encodes virulence genes
required for invasion (32, 33) and contain ipaH (invasion plasmid antigen H) genes with
the exception of some SB13 isolates (11, 23, 24, 34, 35). Shigella and EIEC have arisen

from E. coli in multiple independent events and should be regarded as a single pathovar
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of E. coli (25, 26, 28, 36-38). Previous phylogenetic studies suggested that Shigella
isolates were divided into 3 clusters (C1, C2 and C3) with 5 outliers (SS, SB13, SD1,
SD8 and SD10) (25, 28) whereas EIEC isolates were grouped into four clusters (C4, C5,
C6 and C7) (26). The seven Shigella and EIEC clusters and 5 outliers of Shigella are
within the broader non-enteroinvasive E. coli species except for SB13 which is closer to
Escherichia albertii (39, 40). WGS-based phylogenomic studies have also defined
multiple alternative clusters of Shigella and EIEC (23, 28, 41).

The traditional biochemical test for motility and lysine decarboxylase (LDC) activity (42)
and molecular test for the presence of ipaH gene have been used to differentiate Shigella
and EIEC from non-enteroinvasive E. coli (24, 43-45). Agglutination with Shigella and
EIEC associated antiserum further classifies Shigella or EIEC to serotype level. However,
cross-reactivity, strains not producing O antigens, and newly emerged Shigella serotypes
may all prevent accurate serotyping (11, 46). Serotyping by antigenic agglutination is
being replaced by molecular serotyping (46-48), which can be achieved through
examination of the sequences of O antigen biosynthesis and modification genes (8, 24,

49-52).

Recently, PCR-based molecular detection methods targeting the gene lacY were
developed to distinguish Shigella from EIEC (53, 54). However, the ability of the primers
described in these methods to accurately differentiate between Shigella and EIEC was
later questioned (23, 28). With the uptake of whole-genome sequencing technology,
several studies have identified phylogenetic clade specific markers, species specific
markers and EIEC lineage-specific genes for discrimination between Shigella and EIEC
and between Shigella species (23, 27, 28, 41, 55, 56). More recently, genetic markers
lacY, cadA, Ss_methylase were used for identification of Shigella and EIEC (11).
However, these markers failed to discriminate between Shigella and EIEC when a larger
genetic diversity is considered (23, 28, 55). A Kmer-based approach can identify Shigella

isolates to the species level but misidentification was also observed (56).

In this study, we aimed to 1), identify phylogenetic clusters of Shigella and EIEC through
large scale examination of publicly available genomes; ii), identify cluster-specific gene

markers using comparative genomic analysis of Shigella and EIEC accessory genomes
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for differentiation of Shigella and EIEC; iii), develop a pipeline for Shigella and EIEC in
silico serotyping based on the cluster-specific gene markers combined with Shigella and
EIEC serotype-specific O antigen and H antigen genes. We demonstrate that these cluster-
specific gene markers enhance in silico serotyping using genomic data. We also
developed an automated pipeline for cluster typing and serotyping of Shigella and EIEC
from WGS data.

4.4 Materials and Methods

4.4.1 Identification of Shigella and EIEC isolates from NCBI database

E. coli and Shigella isolates from the NCBI SRA (National Center for Biotechnology
Information Sequence Read Archive) in May of 2019 were queried. The keywords
“Escherichia coli” and “Shigella” were used to retrieve SRA accession numbers of E. coli
and Shigella isolates. Raw reads were retrieved from the ENA (European Nucleotide
Archive). The ipaH gene (GenBank accession number M32063.1) was used to screen E.
coli and Shigella reads using Salmon v0.13.0 (57). Taxonomic classification for E. coli
and Shigella was confirmed by Kraken v1.1.1 (58). Molecular serotype prediction of ipaH
negative Shigella isolates was performed by ShigaTyper v1.0.6 (11). Isolates that were
ipaH positive and isolates with designation of SB13 by ShigaTyper were selected to form
the Shigella and EIEC database.

The sequence types (STs) and ribosomal STs (rSTs) of ipaH gene negative E. coli (non-
enteroinvasive E. coli) isolates were examined. STs and rSTs for these isolates were
obtained from the E. coli and Shigella database in Enterobase (59) in May of 2019. For
STs and rSTs with only one isolate, the isolates were selected. For STs and rSTs with
more than one isolate, one representative isolate for each ST and rST were randomly
selected. In total, 12,743 ipaH negative E. coli isolates representing 3,800 STs and 11,463

rSTs were selected as a non-enteroinvasive E. coli control database.

4.4.2 Genome sequencing

Whole-genome sequencing (WGS) of 31 EIEC strains used in a previous study (26) was
performed by Illumina NextSeq (Illumina, Scoresby, VIC, Australia). DNA libraries were
constructed using Nextera XT Sample preparation kits (Illumina Inc., San Diego, CA,

USA) and sequenced using the NextSeq sequencer (Illumina Inc.). FASTQ sequences of
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the strains sequenced in this study were deposited in the NCBI under the BioProject

(PRINA692536).

4.4.3 Genome assembly and data processing

Raw reads were de novo assembled using SPADES v3.14.0 assembler with default
settings [http://bioinf.spbau.ru/spades] (60). The metrics of assembled genomes were
obtained with QUAST v5.0.0 (61). Three standard deviations (SD) from the mean for
contig number, largest contig, total length, GC, N50 and genes were used as quality filters

for assembled genomes.

The STs for isolates in the Shigella and EIEC database were checked by using mlst
(https://github.com/tseemann/mlst) with the E. coli scheme from PubMLST (62). rSTs
were extracted from the E. coli and Shigella tMLST database in Enterobase (59) in May
of 2019. Serotype prediction for isolates in Shigella and EIEC database was performed
by ShigaTyper v1.0.6 (11). Serotyping of E. coli O and H antigens were predicted by
using SerotypeFinder v2.0.1 (63).

4.4.4 Selection of isolates for Shigella and EIEC identification dataset

The selection of isolates for the identification dataset was based on the representative
isolates for each ST, rST and serotype of Shigella and EIEC in the Shigella and EIEC
database. For STs, rSTs and serotypes with only one isolate, the isolate was selected. For
STs, rSTs and serotypes with more than one isolate, one representative isolate for each
ST, rST and serotype was randomly selected. 72 ECOR isolates downloaded from
Enterobase (59) and 18 E. albertii isolates were used as controls for the identification
dataset. The details of the identification dataset are listed in Table S1. The remaining
isolates in the Shigella and EIEC database were referred as the validation dataset (Table
S2).

The identification dataset was used to characterise the phylogenetic relationships of
Shigella and EIEC. The identification dataset was also used to identify cluster-specific
gene markers. The validation dataset was used to evaluate the performance of cluster-

specific gene markers using the in silico serotyping pipeline.
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4.4.5 Phylogeny of Shigella and EIEC based on WGS

Nine phylogenetic trees including an identification tree, a confirmation tree and 7
validation trees were constructed using Quicktree v1.3 (64) with the default parameters
to identify and confirm the phylogenetic clustering of Shigella and EIEC isolates. The
phylogenetic trees were visualised by Grapetree and ITOL v5 (65, 66).

The identification phylogenetic tree was generated based on isolates in the identification
dataset for the characterisation of clusters of Shigella and EIEC isolates (Fig. 1). A subset
of 485 isolates known to represent each identified cluster from the identification dataset
were then selected. The confirmation tree was constructed based on the subset of 485
isolates from the identification dataset and 1,872 non-enteroinvasive E. coli isolates from
non-enteroinvasive E. coli control dataset (2,357 isolates total). This tree was used for
confirmation of the phylogenetic relationships between identified Shigella and EIEC
clusters in the identification dataset and non-enteroinvasive E. coli isolates. The
validation trees were generated based on Shigella and EIEC isolates from the validation
dataset and a subset of 575 isolates from the identification dataset to assign validation

dataset isolates to the clusters defined.

4.4.6 Investigation of Shigella virulence plasmid pINV

The presence of Shigella virulence plasmid pINV in isolates were investigated by using
BWA-MEM v0.7.17 (Burrows-Wheeler Aligner) (67) to align isolate raw reads onto the
reference sequence of pINV (68) (NC 024996.1). Mapped reads were sorted and indexed
using Samtools v1.9 (69). The individual gene coverage from mapping was obtained

using Bedtools coverage v2.27.1 (70).

4.4.7 1dentification of the cluster-specific gene markers

Cluster-specific gene markers were identified from Shigella and EIEC accessory genomes.
The genomes from the identification dataset were annotated using PROKKA v1.13.3 (71).
Pan- and core-genomes were analysed using roary v3.12.0 (72) using an 80% sequence
identity threshold. An in-house python script was used to generate the candidate specific
gene markers for each cluster from the profile of gene presence or absence in each genome
which  was  produced by  roary. The  script is  available on

https://github.com/LanLab/ShigEiFinder/tree/main/scripts and the process to identify
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potential candidates is described in Data S1. The best performance cluster-specific gene
marker set was selected from the candidates by using BLASTN to search against the

identification dataset.

In this study, the genomes from a given cluster containing all specific gene markers for
that cluster were termed true positives (TP), the genomes from the same cluster lacking
any of those same gene markers were termed false negatives (FN). The genomes from
other clusters containing all of those same gene markers were termed false positives (FP).
Relaxed cut-offs (40% FP) were used in initial screening to ensure that all clusters had

candidate specific gene markers which could be further investigated.

The sensitivity (True positive rate, TPR) of each cluster-specific gene marker was defined

as TP/(TP+FN). The specificity (True negative rate, TNR) was defined as TN/(TN+FP).

4.4.8 Validation of the cluster-specific gene markers

The ability of cluster-specific gene markers to assign Shigella and EIEC isolates was
examined by using BLASTN to search against the validation dataset (Table S2) and non-
enteroinvasive E. coli control database for the presence of any of the cluster-specific gene
marker set. The BLASTN thresholds were defined as 80% sequence identity and 50%

gene length coverage.

4.4.9 Development of ShigEiFinder, an automated pipeline for molecular serotyping
of Shigella and EIEC

ShigEiFinder was developed using paired end illumina genome sequencing reads or
assembled genomes to type Shigella and EIEC isolates to serotype level using cluster-
specific gene markers combined with Shigella and EIEC serotype specific O antigen
genes (wzx and wzy) and modification genes (Fig. 2). Further details of the algorithms
used were presented in Data S2. We used the same signature O and H sequences from
ShigaTyper and SerotypeFinder (Data S3) (11, 63). These include Shigella serotype-
specific wzx/wzy genes and modification genes from ShigaTyper and E. coli O antigen
and f7iC (H antigen) genes from SerotypeFinder. ipaH gene and 38 virulence genes used

in analysis of virulence of 59 sporadic EIEC isolates were also included in the typing
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reference sequences database. Seven House Keeping (HK) genes -recA, purA, mdh, icd,

gyrB, fumC and adk downloaded from NCBI were used for contamination checking.

For raw reads input, raw reads were aligned to the typing reference sequences by using
BWA-MEM v0.7.17 (67). The mapping length percentage and the mean mapping depth
for all genes were calculated using Samtools coverage v1.10 (69). To determine whether
the genes were present or absent, 50% of mapping length for all cluster-specific gene
markers, virulence genes, O antigen genes and 10% for ipaH gene were used as cutoff
value. The ratio of mean mapping depth to the mean mapping depth of the 7 HK genes
was used to determine a contamination threshold with ratios less than 1% for ipaH gene
and less than 10% for other genes assigned as contamination. Reads coverage mapped to

particular regions of genes were checked by using samtools mpileup v1.10 (69).

For assembled genome input, assembled genomes were searched against the typing
reference sequences using BLASTN v2.9.0 (73) with 80% sequence identity and 50%
gene length coverage for all genes with exception of ipaH gene which was defined as 10%

gene length coverage.

ShigEiFinder was tested with the identification dataset and validated with the Shigella
and EIEC validation dataset and non-enteroinvasive E. coli control database. The
specificity defined as (1 - the number of non-enteroinvasive E. coli isolates being

detected / the total number of non-enteroinvasive E. coli isolates) * 100.

4.5 Results

4.5.1 Screening sequenced genomes for Shigella and EIEC isolates

We first screened available E. coli and Shigella genomes based on the presence of the
ipaH gene. We examined 122,361 isolates with the species annotation of E. coli (104,256)
or Shigella (18,105) with paired-end Illumina sequencing reads available in NCBI SRA
database. Of 122,361 isolates, 17,989 isolates were positive to the ipaH gene including
455 out of 104,256 E. coli isolates and 17,434 out of 18,105 Shigella isolates. The 17,989
ipaH positive E. coli and Shigella isolates and 571 ipaH negative “Shigella ” isolates were
checked for taxonomic classification and genome assembly quality using the methods

described in the Materials and Methods. 17,320 ipaH positive E. coli and Shigella
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genomes and 246 ipaH negative “Shigella” genomes passed quality filters. Among 246

’

ipaH negative “Shigella” isolates, 11 isolates were predicted as SB13 by using
ShigaTyper (11) while the remaining 235 isolates were classified with taxonomic
identifier of E. coli by Kraken v1.1.1 (58) and their E. coli O/H antigen types predicted
using SerotypeFinder were not classic EIEC serotypes or their O antigen untypable. These
235 isolates were removed from analysis. A total of 17,331 isolates including 17,320 ipaH
positives and 11 SB13 isolates were selected to form the Shigella and EIEC database. The
Shigella and EIEC database contained 429 isolates with species identifier of E. coli and

16,902 isolates with species identifier of Shigella.

Isolates in the Shigella and EIEC database were typed using MLST, ShigaTyper and
SerotypeFinder. MLST and rMLST divided the 17,331 Shigella and EIEC isolates into
252 STs (73 isolates untypeable by MLST) and 1,128 rSTs (3,513 isolates untypeable by
rMLST). Of 16,902 isolates with species identifier of Shigella, 8,313 isolates and 8,189
isolates were typed as Shigella and EIEC respectively by ShigaTyper while 400 isolates
were untypeable. ShigaTyper typed the majority of the 8,313 isolates as SF (66.82%)
including 25.43% SF2a isolates, followed by SS (19.69%), SB (7.22%) and SD (6.27%).

SerotypeFinder typed 293 of the 429 E. coli isolates into 71 E. coli O/H antigen types.
Among these 293 isolates with typable O/H antigen types, 190 isolates belonged to 22
known EIEC serotypes (0O28ac:H-, O28ac:H7, 029:H4, Ol12ac:H26, O121:H30,
0124:H30,0124:H24,0124:H7,0132:H7,0132:H21,0135:H30,0136:H7, O143:H26,
0144:H25, 0152:H-, 0152:H30, 0164:H-, O164:H30, O167:H26, O173:H7 and 2 newly
emerged EIEC serotypes 096:H19 and O8:H19) (20-22). The remaining 136 of the 429
isolates were O antigen untypable and typed to 15 H antigen types only by
SerotypeFinder, of which H16 was the predominant type.

4.5.2 Identification of Shigella and EIEC clusters

Shigella and EIEC are known to have been derived from E. coli independently. To
identify previously defined clusters (25, 26) and any new clusters from the 17,331
Shigella and EIEC isolates, we selected representative isolates to perform phylogenetic
analysis as it was impractical to construct a tree with all isolates. The selection was based

on ST, rST and serotype of the 17,331 Shigella and EIEC isolates. One isolate was
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selected to represent each ST, rST and serotype for a total of 1,830 isolates. Note that in
the case that STs or rSTs overlapped with serotype, an isolate would have only selected
once to avoid duplicates of the same isolate. The selection included 252 STs, 1,128 rSTs,
59 Shigella serotypes (21 SB serotypes, 20 SF serotypes, 17 SD serotypes and 1 SS
serotype), 22 EIEC known serotypes and 31 other or partial antigen types. A further 31
in-house sequenced EIEC isolates, 18 EIEC isolates used in a previous typing study (41),
72 ECOR 1isolates and 18 E. albertii isolates were also included to form the identification
dataset of 1,969 isolates. Details are listed in Table S1. A phylogenetic tree was

constructed based on the identification dataset to identify the clusters (Fig. 1).

All known clusters were identified (Fig. 1) including 3 Shigella clusters (C1, C2, C3) and
5 outliers (SD1, SDS8, SD10, SB13 and SS) as defined by Pupo et al (25) and 4 EIEC
clusters (C4, C5, C6 and C7) defined by Lan et al 26. Each of these clusters was supported
by a bootstrap value of 80% or greater (Fig. S1). 1,789 isolates of the 1,879 Shigella and
EIEC isolates (1,830 isolates from the Shigella and EIEC database, 31 in-house
sequenced EIEC isolates and 18 EIEC isolates from Hazen et al. (41)) fell within these

clusters.

Of the remaining 90 Shigella and EIEC unclustered isolates, 31 belonged to typical or
known Shigella or EIEC serotypes including 5 SB13 isolates, 8 SB12 isolates, 2 EIEC
0O135:H30 isolates, 12 EIEC O96:H19 isolates and 4 EIEC O8:H19 isolates, while 59
isolates were separated from the identified clusters by non-Shigella/EIEC isolates and
interspersed among non-Shigella/EIEC isolates. Of the 59 isolates, 34 isolates were
singletons with one isolate as sole member of the group while the remaining 25 isolates
formed 12 groups of 2 or more isolates. Furthermore their E. coli O/H antigen types were
not classic EIEC serotypes or their O antigen untypable. These 59 isolates were named as

sporadic EIEC isolates which are described in detail in the separate section below.

The 5 SB13 isolates were grouped into one lineage within E. coli and close to known
Shigella and EIEC clusters rather than the established SB13 cluster outside E. col/i which
was within the E. albertii species. The former was previously named as atypical SB13
while the latter was previously named as typical SB13 (39). The 8 SB12 isolates formed

one single cluster close to SD1 and atypical SB13 clusters. SB12 was previously grouped
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into C3 based on housekeeping gene trees (25, 28) but was seen as outliers in two other
studies (28, 56). Two EIEC O135:H30 isolates were grouped as a separate cluster close
to C5. Twelve isolates belonging to EIEC serotype O96:H19 and 4 isolates typed as
O8:H19 were clustered into two separate clusters, both of which were more closely
related to SD8 than other Shigella and EIEC clusters. Each of these 5 groups was
phylogenetically distinct and represented the classic Shigella or EIEC serotypes.
Furthermore, each of the 5 groups was supported by a bootstrap value of 80% or greater
(Fig. S1). Therefore, atypical SB13 and SB12 were defined as new clusters of Shigella
while EIEC 096:H19, EIEC O8:H19 and EIEC O135:H30 were defined as C8, C9 and
C10 respectively. In total there were 10 Shigella clusters and 7 EIEC clusters (Table 1).

Chapter 4. Figure 1: Shigella and EIEC cluster identification phylogenetic tree.
Representative isolates from the identification dataset were used to construct the
phylogenetic tree by Quicktree v1.3 (64) to identify Shigella and EIEC clusters and
visualised by Grapetree. The dendrogram tree shows the phylogenetic relationships of
1879 Shigella and EIEC isolates represented in the identification dataset. Branch lengths
are log scale for clarity. The tree scales indicated the 0.2 substitutions per locus. Shigella
and EIEC clusters are coloured. Numbers in square brackets indicate the number of
isolates for each identified cluster. CSP is sporadic EIEC lineages.
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Chapter 4. Table 1: The summary of identified Shigella and EIEC clusters and outliers in identification dataset

Clusters” No of isolates No.STs  No. rSTs Serotypes
SB1-4, SB6, SB8, SB10, SB14, SB18, SB11°, SB19-20°;

c1@35) 288 36 166 SD3-7, SD9, SD11-13, SD14-15°, SD-96-26b°; SF6

C2 (9 101 19 56 SB5, SB7, SB9, SB11, SB15, SB16, SB17; SD2, SD-E670-74°
SF1a, SF1b, SF1c (7a), SF2a, SF2b, SF3a, SF3b, SF4a,

C3 (20) 744 81 437 SF4av, SF4b, SF4bv, SF5a, SF5b, SF7b, SFX, SFXv (4¢),
SFY, SFYv, SF novel serotype; SB-E1621-54°
028ac:H7/H-, O136:H7, O164:H7/H-, 029:H4, O173:H7,

40 o 6 1 0124:H7, O132:H7°

C5 (6) 62 4 15 O121:H30, O124:H30, O164:H30, O132:H21, O152:H30/H-

C6 (3) 20 2 6 0143:H26, 0167:H26, O112ac:H26"

C7 10 1 3 0144:H25

C8* 12 2 1 096:H19

co? 4 1 2 O8:H19

C10? 2 1 1 0135:H30

CSS 427 39 294 SS

CSD1 70 8 56 SD1

CSD8 7 3 3 SD8

CSD10 2 2 1 SD10

CSB12* 8 2 6 SB12

CSBI13 7 3 3 SB13

CSB13-atypical® 5 3 3 SB13

Sporadic EIEC lineages® (53) 59 49 53 53 antigen types

#: Numbers in parentheses are the number of serotypes within that cluster. % Clusters identified as new clusters in this study. ®: Serotypes were
inconsistent with previous analyses.
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4.5.3 Analysis of the 59 sporadic EIEC isolates

To determine the phylogenetic relationships of the above defined clusters and the
remaining 59 sporadic EIEC isolates within the larger non-enteroinvasive E. coli
population a confirmation tree was generated using 485 isolates representing the known
clusters and 1,872 representative non-Shigella/EIEC isolates (Fig. S2). The 59 sporadic
EIEC isolates were interspersed among non-Shigella/EIEC isolates and did not form large
clusters. Groups of these isolates that were not previously identified were named as
sporadic EIEC lineages followed by their serotype. For example, isolate M2330
(O152:H51) we sequenced in this study was named ‘sporadic EIEC lineage O152:H51°.
There were 53 sporadic EIEC lineages including 5 lineages with 2 or more isolates and
48 lineages with only one isolate. The STs, rSTs and antigen types of these 59 isolates

were listed in Table S1.

Some of the sporadic EIEC isolates fell into STs containing ipaH negative isolates. We
therefore examined the presence of the pINV virulence plasmid in the sporadic EIEC
isolates. We selected 38 genes that are essential for virulence including 35 genes (12 mxi
genes, 9 spa genes, 5 ipaA-J genes, 6 ipgA-F genes as well as acp, virB, icsB) in the
conserved entry region encoding the Mxi-Spa-Ipa type III secretion system and its
effectors and 3 regulator genes (virF, vird and icsA/virG) (24, 32, 68) and determined the
presence of pINV in the 59 sporadic EIEC isolates by mapping the sequence reads onto
a pINV reference sequence (68). Reads from 18 non-Shigella/EIEC isolates that shared
the same ST as one of 59 sporadic isolates were also mapped onto a pINV reference

sequence (68).

The number of essential virulence genes with mapped reads in the 59 sporadic EIEC
isolates were analysed (Fig. S3). Those isolates containing more than 25 of the 38
essential virulence genes were defined as virulence plasmid positive. While isolates
containing between 13 and 25 were defined as intermediate and less than 13 were defined

as virulence plasmid negative.

The 2 newly sequenced sporadic EIEC isolates (M2330 and M2339) were positive for the
virulence plasmid, and of the other 57 sporadic EIEC isolates, 39 were positive, 9 were

negative and another 9 were intermediate (Table S1). The results were compared with 18
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non-Shigella/EIEC isolates mentioned above. The virulence plasmid was absent in all
non-Shigella/EIEC isolates while all sporadic EIEC isolates in these STs were either
positive or intermediate. Therefore, this analysis confirmed the sporadic isolates belonged

to EIEC and the STs contained both EIEC and non- EIEC isolates.

4.5.4 Identification of cluster-specific gene markers

In this study, cluster-specific gene marker sets (single gene or two or more genes) were
either present in all isolates of a cluster and absent in all other isolates. For the marker
sets with two or more genes, a subset of cluster-specific genes for a given cluster could

be found in other clusters but the entire set was only found in the target cluster.

Comparative genomic analysis on 1,969 accessory genomes from the identification
dataset was used to identify the potential cluster-specific gene marker sets. Multiple
candidate cluster-specific gene marker sets for each of the 17 Shigella and EIEC clusters
and 53 sporadic EIEC lineages were identified through initial screening of the accessory
genes from the 1,969 genomes. Genes associated with Shigella and EIEC O antigen
clusters were excluded from the analysis. The candidate cluster-specific gene marker sets
were 100% sensitive to clusters but with varying specificity. The cluster-specific gene
marker sets with the lowest FP rates were then selected from candidate cluster-specific
gene marker sets by BLASTN searches against genomes in the identification dataset using

80% sequence identity and 50% gene length threshold.

The cluster-specific gene marker sets were all 100% sensitive and 100% specific with the
exception of those for C1 (99.94% specificity), C3 (99.91% specificity) and SS (99.8%
specificity). The sensitivity and specificity for each cluster-specific gene marker or
marker set for the identification dataset were listed in Table 2. A single specific gene for
each of the 53 sporadic EIEC lineages were also selected with the exception of sporadic
EIEC lineage 27 which has a set of 2 genes. These genes were all 100% sensitive and

specific for a given sporadic EIEC lineage.
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Chapter 4. Table 2: The sensitivity and specificity of cluster-specific genes

Clusters Cluster-specific Identification dataset (1,969 isolates)
genes (Single/sets)  No of isolates Sensitivity Specificity
C1 Set of 4 genes 288 100 99.94°
C2 Set of 3 genes 101 100 100
C3 Set of 3 genes 744 100 99.59%
C4 Set of 2 genes 51 100 100
C5 Set of 3 genes 62 100 100
Co6 Set of 2 genes 20 100 100
C7 Single gene 10 100 100
C8 Set of 2 genes 12 100 100
C9 Set of 2 genes 4 100 100
C10 Single gene 2 100 100
CSS Set of 5 genes 427 100 99.87%
CSD1 Set of 2 genes 70 100 100
CSDS8 Single gene 7 100 100
CSD10 Single gene 2 100 100
CSB12 Single gene 8 100 100
CSB13 Single gene 7 100 100
CSB13-atypical Single gene 5 100 100
53 CSP Single gene / lineage 59 100 100

%:The specificity of cluster-specific gene set less than 100% was due to at least one FP
found in that set. CSP: Sporadic EIEC lineages

All 37 cluster-specific gene markers and 54 sporadic EIEC lineages specific gene markers
were located on the chromosome except that one of the C4 gene markers and 5 sporadic
EIEC lineages specific genes were located on plasmids by NCBI BLAST searches. None
of the cluster-specific gene markers were contiguous in the genomes. The location of
these cluster-specific gene markers was determined by BLASTN against representative
complete genomes of Shigella and EIEC containing gene features downloaded from
GenBank (Accession number were listed in Table S3). In those cluster or sporadic
lineages with no representative complete genome, specific gene markers were named
using their cluster or sporadic EIEC lineage followed by the cluster or lineage number.

For example, C7 specific gene marker was named “C7 specific gene”.
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4.5.5 Validation of cluster-specific gene markers

The ability of cluster-specific gene markers to correctly assign Shigella and EIEC isolates
was evaluated with 15,501 Shigella and EIEC isolates in the validation dataset and 12,743
isolates from non-enteroinvasive E. coli control database. Using cluster-specific gene
markers, 15,442 of the 15,501 (99.63%) Shigella and EIEC isolates were assigned to a
single cluster which included 15,336 Shigella isolates, 102 EIEC isolates, 4 sporadic
EIEC isolates. However, 38 (0.24%) isolates were assigned with more than one clusters

and 21 isolates were not assigned to any of the identified clusters.

To confirm the cluster assignment by cluster-specific gene markers, we have divided the
15,501 validation isolates into 7 subgroups as it was impractical to construct a tree with
all 15,501 genomes. We then constructed 7 “validation” phylogenetic trees (Fig. S4)
using each of the 7 subgroups’ isolates and a subset of 575 isolates from the identification
dataset consisting of 485 isolates representing each cluster, 72 ECOR isolates and 18 E.
albertii strains. The cluster identity of an “validation” isolate was confirmed if the isolate
was found within a branch that exclusively contained identification dataset isolates from
that cluster and that branch had a bootstrap support value of 80% or greater (Fig. S4). The
7 phylogenies of 15,501 validation isolates showed that all 15,501 isolates were assigned
to expected clusters with the exception of 4 isolates which were not grouped with any of

the identified clusters (Table S2 column E).

Compared to cluster assignment by phylogenetic trees as the ground truth, cluster-specific
gene markers assigned 15,442 of the 15,501 (99.63%) Shigella and EIEC isolates
correctly to clusters and correctly identified 3 of the 21 isolates without cluster
assignments. The accuracy of cluster assignments by cluster-specific gene markers was
99.64%. The sensitivity and specificity for each cluster-specific gene marker set for

validation dataset were listed in Table S4.

We tested cluster-specific gene markers with the 12,743 non-enteroinvasive E. coli
isolates. The Shigella and EIEC cluster-specific gene markers were highly specific with
specificity varying from 98.8% to 100% for cluster-specific gene markers and 97.02% to
100% for sporadic EIEC specific gene markers. Details are listed in Table S4.

116



Gene Sequences

1, ipaH gene

2, 38 virulence genes

Mapping (BWA) |3, Cluster-specific gene markers |, BLASTN Search

14, Shigelia O antigen genes and
modification genes

5, E.coli O and H antigen genes

6, 7 house keeping genes

WGS Raw Reads Genome Assembled

Thresholds (Reads Mapping) h 4 Thresholds (Genomes)

1, Mapping depth: 1, Sequence identity >=80%
ipati gene >=10%; other genes >=50%. r----» Initial Gene Filter  [€----1 2’ C;c length cm't):ra ser .

2, Ratio of gene to 7 1IK genes: ’ " o

ipaH gene >=10%; other genes >=50%.

ipaH >=1%; other genes >=10%,

Y
Not Shieella/EIEC [ No hits Any of ipaH, >26 virulence genes, CSB13 gene "‘ﬂ; CSB13
e . cluster-specific genes present ? CSB13-atypical CSB13-atypical
gene (+)
ipaH (+) andfor =25 virulence genes ) . .
and cluster-specific genes (+) ipaff (+) and/or =25 virulence genes
l 'L antigen
. +) )
. ) . Shigella/EIEC genes ( | Shigella serotype or
Shigella/EIEC clusters unclustered 7| Ecoli OH types
Sporadic Clusters with Clusters with
LIEC lineages multiple serotypes single serotype
O/H antigen
genes (+) v )
A 4 ; of el
; :r‘]'[‘l’g;;:féﬁ;f‘;g; C7: EIEC O144:H25
Efmh ?VIH mndiﬁca}ig‘u ﬂénes or C8: EIEC 096:H19
antigen types £ - EIEC O8:
E coli O/I1 angtigen g?b?-gfécocsﬁlxl;gmo CSD10: SD10
genes present 7 o T CSBI12: SBI2

v v v v v v

o | e e ][ e ][ e | e ]
SBI SBS SFla EIEC O28ac:H- EIEC O121:H30 EIEC O143:H26
SB2 SB7 SF1b EIEC O28ac:H7 EIEC 0124:1130 EIEC 0167:H26
SB3 SB9 SFlc(7a) EIEC O136:H- EIEC 0164:H30 EIEC Ol112ac:H26
SB4 SBI1(ST1765) SF1d EIEC O164:H7 EIEC 0132:H21 EIEC O/H type
SB6 SBIS SF2a EIEC Ol164:H- EIEC 0152:H30
SB8 SBl6 SF2b EIEC 029:H4 EIEC 0152:H-

SBIO SBI17 SF3a EIEC Q173:H7 EIEC O/H type
SB11(8T5475) SD2 SF3b EIEC O124:H7

SB14 SD-E670-74 SF4a EIEC 0132:H7

SBI8 Novel serotype SFdav EIEC O/H type

SB19 SF4b

SB20 SFsa
SD3 SF3b
SD4 SF7b
SD5 SFX
SD6 SFXv (4¢)

SD7 SFY
SD9 SFYv
SD1I SF novel
sSDiI2 SB-E1621-54
SDI13 Novel serotype
SD14
SD15
SD-96-265
SF6
Novel serotype

Chapter 4. Figure 2: in silico serotyping pipeline workflow. Schematic of in silico
serotyping Shigella and EIEC by cluster-specific genes combined with the ipaH gene and
O antigen and modification genes and H antigen genes, implemented in ShigEiFinder.
Both assembled genomes and raw reads are accepted as data input.
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4.5.6 Development of an automated pipeline for molecular serotyping of Shigella and
EIEC

Above results showed that cluster-specific gene markers were sensitive and specific and
can distinguish Shigella and EIEC isolates. Therefore, we used these gene markers
combined with established Shigella and EIEC serotype specific O and H antigen genes to
develop an automated pipeline for in silico serotyping of Shigella and EIEC (Fig. 2). The
pipeline is named Shigella EIEC Cluster Enhanced Serotype Finder (ShigEiFinder).
ShigEiFinder can process either paired end Illumina sequencing reads or assembled
genomes (installable package: https://github.com/LanLab/ShigEiFinder, online tool:
https://mgtdb.unsw.edu.au/ShigEiFinder/). Details of the performance and algorithms

incorporated into the ShigEiFinder are documented in the Data S2.

ShigEiFinder classifies isolates into Not Shigella/EIEC, Shigella or EIEC clusters, and
Shigella or EIEC unclustered, based on the presence of ipaH gene, the number of
virulence genes, cluster specific gene markers. The “Not Shigella/EIEC” assignment was
determined by the absence of the ipaH gene, virulence genes (<26) and the absence of
cluster-specific gene markers. The “Shigella or EIEC clusters” assignment was made
based on the presence of ipaH gene, and/or more than 25 virulence genes together with
the presence of any of cluster-specific gene markers or marker set, whereas the presence
of ipaH gene and/or more than 25 virulence genes with absence of any of cluster-specific

gene markers were assigned as “Shigella or EIEC unclustered”.

Shigella and EIEC isolates were differentiated and serotypes were assigned after cluster
assignment. ShigEiFinder predicts a serotype through examining the presence of any of
established Shigella serotype specific O antigen and modification genes and E. coli O and
H antigen genes that differentiate the serotypes as ShigaTyper and SerotypeFinder (11,

63). A “novel serotype” is assigned if there is no match to known serotypes.

Two pairs of Shigella serotypes, SB1/SB20 and SB6/SB10, are known to be difficult to
differentiate as they share identical O antigen genes (11, 46, 74). ShigaTyper used a
heparinase gene for the differentiation of SB20 from SB1 and whaM gene for the
separation of SB6 from SB10. We found that fragments of the heparinase and wbhaM
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genes may be present in other serotypes and cannot accurately differentiate SB1/SB20
and SB6/SB10. We identified a SB20 specific gene which encoded a hypothetical protein
with unknown function and located on a plasmid by comparative genomic analysis of all
isolates in C1 accessory genome. The SB20 specific gene can reliably differentiate SB20
from SBland also one SNP each in wzx and wzy genes that can differentiate SB6 from
SB10. We used these differences (Data S2) in ShigEiFinder for the prediction of these

serotypes.

4.5.7 The accuracy and specificity of ShigEiFinder in cluster typing

The accuracy of ShigEiFinder was tested with 1,969 isolates (1,969 assembled genomes
and 1,951 Illumina reads [note no reads available for 18 EIEC isolates from NCBI]) from
the identification dataset and 15,501 isolates (15,501 assembled genomes and 15,501

[Nlumina reads) from the validation dataset. The results are listed in Table 3.

ShigEiFinder was able to assign 99.54% and 99.28% of the isolates in the identification
dataset to clusters for assembled genomes and read mapping respectively. The accuracy
was 99.70% and 99.81% for assembled genomes and read mapping respectively when
applied to the validation dataset. Discrepancies were observed between assembled
genomes and read mapping (Table 3). There were more isolates assigned to “Shigella or
EIEC unclustered” in read mapping, in contrast there were more isolates assigned to
multiple clusters in genome assemblies. The specificity of ShigEiFinder was 99.40% for
assembled genomes and 99.38% for read mapping when evaluated with 12,743 non-
Shigella/EIEC E. coli isolates. An additional 2 isolates were detected as sporadic EIEC

lineages by read mapping.
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Chapter 4. Table 3: The accuracy of ShigEiFinder with identification dataset and validation dataset

o : Identification Dataset (n=1,969)* Validation dataset (n=15,501)
ShigEiFinder assignments - -
Genomes Reads mapping Genomes Reads mapping

Shigella or EIEC clusters 1871 1848 15,455 15,471
Multiple Shigella or EIEC clusters 9 6 33 7
Shigella or EIEC unclustered 0 8 13 23
Not Shigella/EIEC 89 89 0 0
Accuracy® 99.54% 99.28% 99.70% 99.81%

. Reads were not available for 18 EIEC isolates downloaded from NCBI in identification dataset. Identification dataset has 90
non-Shigella/EIEC isolates including 72 ECOR isolates and 18 E.albertii isolates. One of E.albertii isolate was assigned to
SB13 by ShigaTyper which was grouped into SB13 cluster on the phylogenetic tree. °: The accuracy was defined as the number
of Shigella and EIEC isolates being correctly assigned to cluster over the total number of tested.
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Chapter 4. Table 4: The assignments of 15,501 validation isolates by ShigEiFinder and Shigatyper

ShigaTyper assignment
ShigEiFinder assignment Agreement with Discrepant with ShigEiFinder Total
ShigEiFinder Shigella EIEC Non-assignment®

SS 1,515 0 7,465 19 8,999
SF 4,644 0 117 71 4,832
C1 and C2 (SB and SD) 1,004 0 17 151 1,172
SB12 4 0 0 2 6
SB13 1 0 0 0 1
SB13-atypical 2 0 0 0 2
SD1 80 0 244 2 326
SD8 2 0 1 0 3
SD10 0 0 0 1 1
EIEC 101 1 0 0 102
Sporadic EIEC lineages 0 1 15 0 16
Multiple clusters 0 0 5 2 7
Shigella or EIEC unclustered 0 23 11 0 34
Total 7,353 25 7,875 248 15,501

*: Non-assignment: multiple wzx genes and non-prediction.
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4.5.8 Comparison of ShigEiFinder and ShigaTyper

To demonstrate ShigEiFinder for differentiation of Shigella from EIEC and enhancement
of cluster based serotyping, the comparison of read mapping results between
ShigEiFinder and the existing in silico Shigella identification pipeline ShigaTyper (11)
was performed. Since ShigaTyper recommends the use of read mapping, we compared

ShigEiFinder read mapping results with ShigaTyper read mapping results.

The 488 isolates used in Wu et al (11) were tested using ShigEiFinder. These 488 isolates
consisted of 25 EIEC isolates, 420 Shigella isolates and 45 non-Shigella/EIEC isolates.
The assignment of 477 of 488 isolates by ShigEiFinder was in agreement with that by
ShigaTyper. Of the remaining 11 isolates (1 EIEC isolate and 10 Shigella isolates), 2
Shigella isolates were assigned to EIEC and 8 Shigella isolates and 1 EIEC isolate were
untypeable (either multiple wzx or no wzx genes found) by ShigaTyper, whereas 1 EIEC
isolate was assigned to EIEC (C4) and 10 Shigella isolates were assigned to Shigella
clusters by ShigEiFinder.

The read mapping results for 15,501 Shigella and EIEC isolates from validation dataset
were then compared. ShigEiFinder assigned 15,460 of 15,501 Shigella and EIEC isolates
to Shigella or EIEC clusters and then to a serotype. By contrast, ShigaTyper assigned
7,277 1solates to Shigella, 7.976 isolates to EIEC, 177 isolates to multiple wzx genes and
failed to type 71 isolates. The total of 7,353 isolates predicted as Shigella (7,252) or EIEC
(101) by ShigaTyper agreed with the results of ShigEiFinder (Table 4). For the 8,148
isolates typed as EIEC or untypable by ShigaTyper, 8,107 isolates were assigned to
Shigella or EIEC clusters by ShigEiFinder (Table 4). Of these isolates, the majority
belonged to SS, SD1 and SF which were erroneously predicted as EIEC by ShigaTyper.

Compared to the phylogenetic analysis results of cluster identity of the isolates as ground
truth, ShigEiFinder have 99.74% (15,460/15,501) accuracy to differentiate Shigella
isolates from EIEC. While ShigaTyper assigned only 47.6% isolates correctly in the same

dataset we tested.
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4.6 Discussion

4.6.1 Determining phylogenetic clusters for better separation of Shigella isolates
from EIEC

From a phylogenetic perspective, Shigella and EIEC strains consisted of multiple
phylogenetic lineages derived from commensal E. coli, which do not reflect the
taxonomic classification of Shigella as a genus (23, 25, 26, 28, 38, 41). In the present
study, we identified all phylogenetic clusters of Shigella and EIEC through large scale
examination of publicly available genomes. Phylogenetic results demonstrated that
Shigella 1solates had at least 10 clusters while EIEC isolates had at least 7 clusters. The
10 Shigella clusters included the 8 previously defined lineages including 3 major clusters
(C1, C2 and C3) and 5 outliers (SD1, SD8, SD10, SB13 and SS) (25) and 2 newly
identified clusters (SB12 and SB13-atypical). The 7 EIEC clusters consisted of 4
previously defined EIEC clusters (C4, C5, C6 and C7) (26) and 3 newly identified EIEC
clusters (C8, C9 and C10).

Our WGS-based phylogeny provided high resolution for assigning Shigella and EIEC
isolates to clusters. Several serotypes that are currently increasing in frequency (SB19,
SB20, SD14, SD15, SD provisional serotype 96-626) (75-78) were assigned to clusters
and five new clusters/outliers were identified. Newly identified clusters C8 (EIEC
096:H19) and C9 (EIEC O8:H19) represented the emergence of novel EIEC serotypes.
A recent study revealed that EIEC serotype O96:H19 (C8) could be the result of a recent
acquisition of the invasion plasmid by commensal E. coli (79). The EIEC serotype

0O8:H19 (C9) had not been reported previously.

Apart from the 17 major clusters of Shigella and EIEC, the presence of 53 sporadic EIEC
lineages indicated greater genetic diversity than has been observed previously. Isolates
belonging to these sporadic EIEC lineages were more closely related to non-
enteroinvasive E. coli isolates than to major Shigella and EIEC lineages. However, 41 of
these isolates, representing 38 sporadic EIEC lineages, carried pINV. Shigella and EIEC
both carry the Shigella virulence plasmid pINV which is vital for virulence and
distinguishes Shigella and EIEC from other E. coli (24, 32, 68). Therefore, these isolates
may represent recently formed EIEC lineages through acquisition of the pINV. The

remaining 18 isolates contained the ipaH gene but may or may not carry pINV. It is
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possible that these strains carried very low copy number of the pINV or the pINV plasmid

was lost during isolation or culture.

4.6.2 Highly sensitive and specific cluster-specific gene markers for differentiation
of Shigella and EIEC isolates

The cluster-specific gene marker sets can be used to differentiate Shigella and EIEC from
non-enteroinvasive E. coli independent of the presence of ipaH gene. The ipaH gene as a
molecular target has been used to differentiate Shigella and EIEC from non-
enteroinvasive E. coli (24, 43-45). In our study, the cluster-specific gene markers were
specific to Shigella and EIEC with 98.8% to 100% specificity when evaluated on non-
enteroinvasive E. coli control database, providing confidence that the cluster-specific

genes or sets are robust markers for the identification of Shigella and EIEC.

Several studies have identified phylogenetic related genomic markers for discrimination
of Shigella and EIEC (23, 27, 28, 41, 55, 56). However, these phylogenetic analyses were
performed only with a small number of genomes (23, 28, 55). In addition, non-invasive
E. coli isolates were included in some of the phylogenetic clusters identified (28) which
led to non-invasive E. coli isolates being identified by the markers. We identified cluster-
specific gene markers for each respective cluster which were exclusively composed of
Shigella or EIEC isolates. A previous study identified 6 loci to distinguish EIEC from
Shigella (23). We searched the 6 loci against our Shigella and EIEC database and found
that some Shigella isolates were misidentified as EIEC, such as SDS isolates were
incorrectly identified as EIEC subtype 13. Our cluster-specific genes can differentiate
SD8 from EIEC with 100% accuracy. Overall, the cluster-specific gene marker sets
described here provided nearly perfect differentiation of Shigella from EIEC.

The cluster-specific gene marker sets can differentiate SS and SF (with exception of SF6)
from SB and SD. SF and SS are the major cause of Shigella infections, accounting for up
to 89.6% annual cases (10, 12, 13). Differentiation of SS and SF isolates from SB and SD
is also beneficial for diagnosis and surveillance. A recent study identified “species”
specific markers for the detection of each of the four Shigella “species” and validated

with only one isolate per species (55). Whereas a set of SF specific genes and SS specific
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genes in our study can correctly identify SF isolate and SS isolates with 99.64% accuracy

when applied to 15,501 Shigella and EIEC isolates.

It should be noted that we were unable to validate cluster-specific gene markers of C6,
C7, C10 and CSDI10. These clusters are rare and once isolates were included in the
identification dataset, none remained for validation. Therefore, these markers for the C6,
C7,C10 and SD10 clusters are tentative and require future validation when more genomes
are available. Genes specific to each of the 53 sporadic EIEC lineages were also based on
very small number of genomes and should be used with caution. However, since these
sporadic lineages are very low in frequency, they may be rarely encountered in practice
and thus have relatively little effect on the overall applicability of the lineage specific

markers to Shigalla and EIEC typing.

4.6.3 ShigEiFinder can accurately type Shigella and EIEC

ShigEiFinder can accurately differentiate Shigella from EIEC whereas there were a large
proportion of isolates incorrectly assigned by ShigaTyper. The majority of the isolates
predicted as EIEC by ShigaTyper were SS or SD1 as they belonged to SS and SD1
specific STs and were positive to a set of SS or SD1 specific gene markers and grouped
into SS or SDI1 cluster on our phylogenetic tree. The genes used in ShigaTyper were SS
specific marker Ss methylase gene (80, 81) together with SS O antigen wzx gene.
However, SS specific marker Ss_methylase gene was found in other Shigella serotypes
and EIEC (11) and SS O antigen wzx gene were located on a plasmid which is frequently
lost (82). Similarly, the SD1 O antigen genes used in ShigaTyper were plasmid-borne
which may also lead to inconsistent detection (83, 84). By contrast, the cluster-specific
gene markers used in ShigEiFinder for identification of Shigella and EIEC provided
higher discriminatory power than ShigaTyper.

ShigEiFinder was able to serotype over 59 Shigella serotypes and 22 EIEC serotypes.
ShigEiFinder can assign Shigella and EIEC isolates to serotype level using cluster
specific markers to enhance the accuracy. For clusters containing more than one serotype
including the major Shigella and EIEC clusters C1-C6, once an isolate is assigned to a
cluster, only serotype associated O antigen and modification genes found in that cluster

need be examined. This allows the elimination of ambiguous or incorrect serotype
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assignments that may otherwise occur, increasing the overall accuracy of the method. For
the cluster contain only one serotype such as SD1, SD§, SD10, SB13, SB12, EIEC C7-
C10, cluster specific markers can also be used a proxy to serotyping but with increased
robustness when the combination of cluster-specific gene marker combined with serotype

associated O antigen and modification genes was used.

ShigEiFinder will be useful for clinical, epidemiological and diagnostic investigations
and the cluster-specific gene markers identified could be adapted for metagenomics or

culture independent typing.

4.7 Conclusion

This study analysed over 17,000 publicly available Shigella and EIEC isolates and
identified 10 clusters of Shigella, 7 clusters of EIEC and 53 sporadic types of EIEC.
Cluster-specific gene marker sets for the 17 major clusters and 53 sporadic types were
identified and found to be valuable for in silico typing. We additionally developed
ShigEiFinder, a freely available in silico serotyping pipeline incorporating the cluster-
specific gene markers to facilitate serotyping of Shigella and EIEC isolates using genome

sequences with very high specificity and sensitivity.
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4.11 Abbreviations

SS, Shigella sonnei; SF, Shigella flexneri; SB, Shigella boydii; SD, Shigella dysenteriae;
EIEC, Enteroinvasive Escherichia coli; NCBI SRA, National Center for Biotechnology
Information Sequence Read Archive; ST, sequence type; rST, ribosomal ST; MLST,
Multilocus sequence typing; rMLST, Ribosomal MLST; ECOR, Escherichia coli
reference collection; WGS, whole-genome sequencing; TP, true positive; FN, false

negative; FP, false positive; HK, House Keeping.
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Chapter 5. Improved genomic identification,
clustering and serotyping of Shiga toxin-
producing Escherichia coli using

cluster/serotype-specific gene markers

5.1 Link to thesis

STEC infections have a significant impact on public health worldwide and detection and
differentiation of STEC is vital for public health. I presented the limitations of current
identification and serotyping methods for STEC in Chapter 1. I also took advantage of
the large number of the genome sequences for STEC in public databases to perform
genomic analysis for identification of robust genomic markers for accurate prediction and

identification of STEC. This chapter addresses the fourth aim of this thesis.

[ have submitted this work to Frontiers in Cellular and Infection Microbiology 08/09/2021:
Zhang X, Payne M, Kaur S, Lan R. Improved genomic identification, clustering and
serotyping of Shiga toxin-producing Escherichia coliusing cluster/serotype-specific gene

markers.

The Supplementary Material for this article can be found online at:
https://drive.google.com/drive/folders/THXJvKIHHY eQ9-
Z0CQ7WnY 7130X4lhUfW ?usp=sharing

Supplemental material for this article is also listed at Appendix IV.

5.2 Abstract

Shiga toxin-producing Escherichia coli (STEC) have more than 470 serotypes. The well-
known STEC O157:H7 serotype is a leading cause of STEC infections in humans.
However, the incidence of non-O157:H7 STEC serotypes associated with foodborne
outbreaks and human infections has increased in recent years. Current detection and
serotyping assays are focusing on STEC O157:H7 and top 6 (“Big 6”) non-O157:H7
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STEC serotypes. In this study, we performed phylogenetic analysis of nearly 41,000
publicly available STEC genomes representing 460 different STEC serotypes and
identified 19 major and 229 minor STEC clusters. STEC cluster-specific gene markers
were then identified through comparative genomic analysis. We further identified
serotype-specific gene markers for the top 10 most frequent non-O157:H7 STEC
serotypes. The gene markers had 99.54% accuracy and more than 97.25% specificity
when tested using 38,534 STEC and 14,216 non-STEC E. coli genomes, respectively.
Using shotgun metagenomic sequencing reads of STEC spiked food samples from a
published study, we demonstrated that these gene markers can detect the spiked STEC
serotype accurately. In addition, we developed a freely available in silico serotyping
pipeline named STECFinder that combined these robust gene markers with established E.
coli serotype specific O antigen genes and H antigen genes and stx genes for accurate
identification, cluster determination and serotyping of STEC. STECFinder can assign
99.85% and 99.83% of 38,534 STEC isolates to STEC clusters using assembled genomes
and Illumina reads respectively and simultaneously predict stx subtypes and STEC
serotypes. The cluster/serotype-specific gene markers could be adapted for metagenomics
based diagnosis and culture independent typing, facilitating rapid STEC identification.
STECFinder is available as an installable package
(https://github.com/LanLab/STECFinder) and will be useful for in silico STEC

identification and typing using genome data.

Running title: in silico tying pipeline STECFinder
Keywords: STEC O157:H7, Non-O157:H7 STEC serotypes, STEC phylogenetic
clusters, cluster/serotype-specific gene markers, STEC serotyping, in silico tying

pipeline STECFinder, metagenomics

5.3 Introduction

Shiga toxin-producing Escherichia coli (STEC) are an important cause of foodborne
disease worldwide (Tuttle et al., 1999; Teunis et al., 2008; World Health Organization,
2019). STEC causes human infections ranging from mild non-bloody diarrhea to
haemorrhagic colitis (HC), haemolytic uraemic syndrome (HUS), end-stage renal disease
(ESRD) and death (Paton and Paton, 1998; Tarr et al., 2005; Gould et al., 2009). Globally,

an estimated 2.8 million STEC infections resulted in 3,890 cases of HUS, 270 cases of
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ESRD and 230 deaths in 2010 (Majowicz et al., 2014). Importantly, STEC infections
were more frequent and severe in children younger than 5 years old (Gould et al., 2009;

Buvens et al., 2012; Lozer et al., 2013).

Currently, there are over 470 STEC serotypes recognized based on E. coli O
(determination of O serogroup) and H (flagellar) antigen typing (Gyles, 2007; Mora et al.,
2011; Ludwig et al., 2020). More than 130 STEC serotypes are associated with human
STEC infections (Johnson et al., 1996; Bettelheim, 2000; Johnson et al., 2006; Valilis et
al.,2018). STEC O157:H7 is the most frequent STEC serotype associated with foodborne
outbreaks and human infections (Bettelheim, 2000; Qin et al., 2015; Li et al., 2017).
However, other STEC non-O157:H7 serotypes have also been a major cause of foodborne
outbreaks and sporadic cases and are responsible for up to 50% STEC infections in recent
years (Paton et al., 1999; McCarthy et al., 2001; Paciorek, 2002; Liptakova et al., 2005;
Johnson et al., 2006; Zhang et al., 2007; European Food Safety Authority, 2011; Frank et
al., 2011a; Képpeli et al., 2011; Verstraete et al., 2013; Zweifel et al., 2013; Morton et al.,
2017). Among STEC non-O157:H7 serotypes, 6 serogroups 026, 045, 0103, O111,
0121 and 045, also known as “Big 6” (comprising 9 serotypes: O26:H11/H-; O45:H2;
0O103:H2,H11,H25;0111:H8/H-; O121:H19 or H7; and O145:H28/H-) account for over
70% of non-O157:H7 STEC infections (Brooks et al., 2005; Hedican et al., 2009;

Bosilevac and Koohmaraie, 2011).

Shiga toxin (Stx) is the main characteristic that defines STEC (Nataro and Kaper, 1998;
Tarr et al., 2005), which is encoded by stx genes located within lambdoid prophages (Stx-
converting phages or Stx-phages) (O'Brien et al., 1989; Mizutani et al., 1999; Bryan et
al., 2015; Lacher et al., 2016). Shiga toxins are classified into two types, Stx1 and Stx2.
Each of Stx type comprises several subtypes with 3 subtypes for Stx1 (Stxla, Stx1lc and
Stx1d) and 10 subtypes for Stx2 (Stx2a, Stx2b, Stx2c, Stx2d, Stx2e, Stx2f, Stx2g, Stx2h,
Stx2i and Stx2k) (Scheutz et al., 2012; Lacher et al., 2016; Bai et al., 2018; Yang et al.,
2020). Stx1 and/or Stx2 carrying STEC can cause human disease, however, Stx2 is more
often associated with HC and HUS (Lentz et al., 2011; Kriiger and Lucchesi, 2015).
Among Stx2 subtypes, Stx2a is the most prevalent subtype association with severe
disease, followed by Stx2c and Stx2d (Feng and Reddy, 2013; Melton-Celsa, 2014;
Kriiger and Lucchesi, 2015). Shigella dystenteriae and some strains of Shigella sonnei,
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Shigella flexneri and E. albertii also produce Stx (Beutin et al., 1999; Gupta et al., 2007;
Ooka et al., 2012; Gray et al., 2014; Murakami et al., 2014; Brandal et al., 2015). In
addition to Shiga toxin, some STEC serotypes also carry the locus of enterocyte
effacement (LEE) pathogenicity island (McDaniel and Kaper, 1997; Kaper et al., 2004)

responsible for adherence during STEC infections.

STEC detection and identification rely on the detection of Stx proteins by enzyme
immune assays or detection of the presence of stx genes by molecular methods such as
PCR (Brian et al., 1992; Milley and Sekla, 1993; Bélanger et al., 2002; Hara-Kudo et al.,
2007; Teel et al., 2007; Zhang et al., 2012). Conventional phenotypic serotyping through
antigenic agglutination can further classify STEC to the serotype level (Gyles, 2007).
However, cross-reactivity, lack of expression of O antigens, a focus on STEC O157:H7
and novel serotypes may all prevent accurate serotyping and lead to under-detection of
STEC non-O157:H7 (Liu et al., 2008; Stigi et al., 2012). Molecular methods, including
microarrays, utilising the sequence variations in the O antigen gene clusters, have been
developed to serotype STEC O157:H7, “Big 6” STEC non-O157:H7 and other STEC
serotypes (DebRoy et al., 2004; Gonzales et al., 2011; Lin et al., 2011; Norman et al.,
2012; Iguchi et al., 2015; Ludwig et al., 2020). More recently, WGS based methods have
been developed for in silico serotyping STEC, which allow phenotypically untypeable
isolates be serotyped in silico using O antigen and flagellin H antigen genes (Inouye et

al., 2014; Joensen et al., 2015).

Alongside STEC serotyping which is useful in outbreak investigation and for prevalence
surveillance (FAO/WHO STEC EXPERT GROUP, 2019), other subtyping methods such
as pulsed-field gel electrophoresis (PFGE), multiple locus variable-number tandem repeat
analysis (MLVA) and multilocus sequence typing (MLST) were also used for STEC
outbreak investigations (Gerner-Smidt et al., 2006; Gyles, 2007; Frank et al., 2011Db).
Recently, WGS based typing and metagenomic sequencing have been shown to have
great potential for STEC surveillance and outbreak investigation with high resolution and

specificity (Leonard et al., 2015; Parsons et al., 2016) .

STEC serotypes with the same O and H antigens were generally clustered together and

share a common ancestor (Ju et al., 2012). A recent phylogenetic analysis on 276 STECs
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belonging to 81 serotypes revealed that some STECs formed discrete clades with
clustering associated with sequence types and serotypes (Gonzalez-Escalona and Kase,
2019). This study aimed to 1), identify phylogenetic clusters of STEC through large scale
examination of publicly available genomes; ii), identify cluster/serotype-specific genes
for detection of STEC isolates and for detection and serotyping of most frequent STEC
serotypes through comparative genomic analysis of accessory genomes; iii), develop an
automated pipeline for STEC in silico cluster typing and serotyping from WGS data based

on cluster/serotype-specific gene markers combined with E. coli O and H antigen genes.

5.4 Materials and Methods

5.4.1 Identification of STEC isolates from NCBI database

E. coli 1solates from the NCBI SRA (National Center for Biotechnology Information
Sequence Read Archive) in June of 2020 were queried. The keyword “Escherichia coli”
was used to retrieve SRA accession numbers of E. coli isolates. Raw reads were retrieved
from ENA (European Nucleotide Archive). The stx genes (stx;, GenBank accession
number M19437; stx> GenBank accession number X07865) and ipaH gene (GenBank
accession number M32063) were used to screen E. coli reads using Salmon v0.13.0 (Patro
etal., 2017). Taxonomic classification for E. coli was confirmed by Kraken v1.1.1 (Wood
and Salzberg, 2014). Isolates that were positive to any of stx genes and negative to ipaH
gene (to eliminate Shigella or enteroinvasive E. coli [EIEC]) were selected to form the

STEC dataset.

A control dataset that represented the sequence types (STs) and ribosomal STs (rSTs) of
stx negative E. coli (“non-STEC”) isolates were constructed. STs and rSTs of non-STEC
isolates were obtained from the E. coli/Shigella database in the Enterobase on August
2020 (Zhou et al., 2020). For STs and rSTs with only one isolate, the isolate was selected.
For STs and rSTs with more than one isolate, one representative isolate for each ST and
rST were randomly selected. In total, 14,126 stx-negative E. coli isolates representing

4,354 STs and 11,520 rSTs were selected as non-STEC control database.

5.4.2 Genome assembly and data processing
Raw reads were de novo assembled using SPADES v3.14.0 assembler with default

settings [http://bioinf.spbau.ru/spades] (Bankevich et al., 2012). The metrics of assembled
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genomes were obtained with QUAST v5.0.0 (Gurevich et al., 2013). Three standard
deviations (SD) from the mean for contig number, largest contig, total length, GC, N50

and genes were used as quality filter for assembled genomes.

The STs for isolates in the STEC database were checked using mlst
(https://github.com/tseemann/mlst) with the E. coli scheme from PubMLST (Jolley and
Maiden, 2010). rSTs were extracted from the E. coli/Shigella tTMLST database in
Enterobase on August 2020 (Zhou et al., 2020). Serotyping of E. coli O and H antigen

types were predicted by using SerotypeFinder v2.0.1 (Joensen et al., 2015). The
phylogroups of STEC isolates were obtained using ClermonTyping (Beghain et al., 2018).

5.4.3 Selection of isolates for STEC identification dataset

Representative isolates for each ST, rST and serotype in the STEC dataset were selected
to form the identification dataset. For STs, rSTs and serotypes with only one isolate, the
one isolate was selected. For STs, rSTs and serotypes with more than one isolate, one
representative isolate for each ST, rST and serotype was randomly selected. For rSTs in
top 6 STs, one representative isolate for each rST with two or more isolates was randomly
selected. A further 691 isolates including 72 ECOR isolates downloaded from Enterobase,
573 non-STEC E. coli isolates representing 573 STs with more than 9 genomes, 41
Shigella and EIEC isolates representing each cluster identified in our previous study
(Zhang et al., 2021), 3 E. albertii isolates and 2 E. fergusonii isolates were used as controls
for the identification dataset. The details of the identification dataset are listed in Table
S1. The remaining STEC isolates in the STEC database were referred to as the validation

dataset (Table S2).

The identification dataset was used to identify the phylogenetic relationships of STEC
isolates and was also used to identify cluster/serotype-specific gene markers. The
validation dataset was used to evaluate the performance of cluster/serotype-specific gene

markers relative to phylogenetic relationships.

5.4.4 Phylogeny of STEC isolates based on WGS
Phylogenetic trees including an identification tree and 15 validation trees were

constructed by using Quicktree v1.3 (Hu et al., 2020) with default parameters to identify
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and confirm the phylogenetic clustering of STEC isolates. The phylogenetic trees were

visualised by Grapetree and ITOL v5 (Zhou et al., 2018; Letunic and Bork, 2019).

The identification phylogenetic tree was generated using isolates in the identification
dataset for the identification of clusters of STEC isolates. The validation trees were
constructed using isolates in the STEC validation dataset and a subset of isolates known
to represent each identified cluster from the identification dataset to assign validation

dataset isolates to the clusters defined.

5.4.5 Identification of the cluster/serotype-specific gene markers

Cluster/serotype-specific gene markers were identified from STEC accessory genomes.
The genomes from the identification dataset were annotated using PROKKA v1.13.3
(Seemann, 2014). Pan- and core-genomes were analysed by Roary v3.12.0 (Page et al.,
2015) using an 80% sequence identity threshold. The candidate gene markers specific to
each cluster/serotype were identified from accessory genes with an in-house python script
from previous study (Zhang et al., 2021). The best performing specific gene marker set
was selected from the candidates by using BLASTN to search against the identification

dataset.

As in our previous studies (Zhang et al., 2019; Zhang et al., 2021) the genomes from a
given cluster containing all specific gene markers for that cluster were termed true
positives (TP), the genomes from the same cluster lacking any of those same gene markers
were termed false negatives (FN). The genomes from other clusters containing all of those
same gene markers were termed false positives (FP). The sensitivity (True positive rate,
TPR) of each cluster-specific gene marker was defined as TP/(TP+FN). The specificity
(True negative rate, TNR) was defined as TN/(TN+FP).

5.4.6 Validation of the cluster/serotype-specific gene markers

The specific gene markers were examined by using BLASTN to search against the
validation dataset (Table S2) and non-STEC E. coli control database for the presence of
any of the cluster/serotype-specific gene markers. The BLASTN thresholds were defined

as 80% sequence identity and 50% gene length coverage.
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5.4.7 Detection of the cluster/serotype-specific gene markers in STEC spiked food
samples using shotgun metagenomic sequencing reads

The 17 shotgun metagenomic sequencing reads used in Buytaers’ study (Buytaers et al.,
2020) were downloaded from ENA and trimmed by using Trimmomatic v0.38.0 (Bolger
et al., 2014). The detection of cluster/serotype-specific gene markers in the 17 shotgun

metagenomic sequencing reads was performed using SRST2 (Inouye et al., 2014).

5.4.8 Development of STECFinder, an automated pipeline for molecular serotyping
of STEC

STECFinder was developed for STEC serotyping from either paired end Illumina genome
sequencing reads or assembled genomes. The typing reference sequences used for
construction of STECFinder included specific gene marker sets identified in this study,
established E. coli O antigen and H antigen gene sequences collected from
SerotypeFinder (Joensen et al., 2015), stx subtypes sequences collected from
VirulenceFinder and 3 other studies (Joensen et al., 2014; Lacher et al., 2016; Bai et al.,
2018; Yang et al., 2020), ipaH gene downloaded from NCBI, and 7 House Keeping (HK)
genes -recA, purd, mdh, icd, gyrB, fumC and adk from the MLST scheme (Jolley and
Maiden, 2010) for contamination checking (Figure 4). All sequences are listed in fasta

format available at https://github.com/LanLab/STECFinder.

For the submission of sequence data as raw reads, KMA (k-mer alignment) v1.3.15
(Clausen et al., 2018) was used to align the raw reads to the typing reference sequences.
KMA utilizes k-mer seeding and the Needleman-Wunsch algorithm (Needleman and
Wunsch, 1970) to accurately align reads to genes of interest. The best-aligning template
was chosen from a novel sorting scheme ConClave scheme incorporated into KMA
(Clausen et al., 2018). To determine whether the genes were present or absent, the
mapping length coverage and a minimum depth were used as the thresholds for

determining genes with KMA.
For the submission of sequence data as assembled genomes, BLASTN v2.9.0 (Camacho

etal., 2009) was used to search against the typing reference sequences with 80% sequence

identity. The presence or absence of genes was determined by the gene length coverage.
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The presence or absence of genes in STECFinder was determined by the cutoff value of
gene length coverage for assembled genomes and the mapping length coverage and a
minimum mapping depth for raw reads. For assembled genomes, length coverage of 50%
for all cluster/serotype-specific genes, 60% for O and H antigen genes and 10% for ipaH
gene and s#x genes were used as cutoff value for determination of the presence of genes.
For raw reads, mapping length coverage of 50% for all cluster/serotype-specific genes,
60% for O and H antigen genes, 10% for ipaH gene and stx genes and a minimum depth
of 10 for all cluster-specific genes, a minimum depth of 1 for O and H antigen genes,
ipaH gene and stx genes were used to define the gene as present. In addition, when
multiple O and H genes were detected the bitscore was incorporated into STECFinder for
filtering and ranking O and H antigen. The highest match was chosen as the O or H

antigen present, when multiple O or H variants were present.

The major and minor clusters and top 10 non-O157:H7 STEC serotypes were assigned
based on the presence of cluster/serotype-specific gene marker set together with the
presence of stx subtypes and the absence of ipaH gene. All genes in a cluster/serotype-
specific gene set must be defined as present for a cluster or serotype to be called. An
‘unclustered’ was assigned for isolate that cannot be detected by any of cluster-specific
gene marker set. The unclustered STEC could be any new clusters or isolates that
contained all genes in the marker set but not all genes from marker set met the cutoff

value for presence and therefore classified as unclustered.

Additional subsets of gene marker sets were added to increase the accuracy of clusters
and calling of the top 10 non-O157:H7 STEC serotypes. For example, the combination
of specific gene marker set of O157:H7 and AMI18 can eliminate the known false
presences of AM18 gene set in O157:H7. The isolate is assigned as AM18 if both gene
sets are present while the isolate is assigned as O157:H7 if AM18 specific gene set is
absent. The subsets of combined gene sets incorporated into the STECFinder for

elimination of false cluster assignment are listed in Table S6.

STECFinder was tested with identification dataset. The accuracy and specificity of
STECFinder for prediction of clusters and serotypes were evaluated with STEC

validation dataset and non-STEC E. coli control dataset.
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5.5 Results

5.5.1 Screening sequenced genomes for STEC isolates

The presence of any of stx genes and the absence of the ipaH gene were used to identify
STEC isolates. We examined 140,348 isolates with the species annotation of E. coli with
paired end illumina sequencing reads available in ENA database. Of the 140,348 isolates,
43,960 isolates were positive to stx; and/or stx2 genes and negative to the ipaH gene.
41,101 of the 43,960 isolates passed taxonomic classification and genome assembly

quality filters and were selected to form the STEC dataset.

Isolates in the STEC dataset were typed using MLST, rMLST and SerotypeFinder. MLST
typed the 41,101 STEC isolates into 817 STs (202 isolates not typed by MLST ) of which
368 STs were represented by a single isolate, 424 STs represented by 2 to 100 isolates
each and accounted for 12% of the STEC isolates, whereas 25 STs contained more than
100 isolates each and encompassed 86.61% of the STEC isolates, of which ST11 is the
largest, accounting for 37.12% of the STEC isolates, followed by ST21 (14.71%), ST17
(11.91%), ST16 (6.72%), ST655(2,71%) and ST32 (2.46%). rMLST divided the 41,101
STEC isolates into 2,911 rSTs (12,208 isolates not typed by rMLST).

Using SerotypeFinder, 38,958 of the 41,101 (94.79%) isolates were assigned to 460 E.
coli O:H antigen types, 2,039 isolates (4.96%) were not assigned to O antigen and typed
for H antigens only with 38 H antigen types, of which H7, H2, H8, H11 and H21 were
the most frequent types, 96 isolates (0.23%) were typed as multiple O:H types and 6
isolates (0.01%) were untypeable.

5.5.2 The frequency of STEC serotypes

The 38,958 STEC O:H antigen typeable isolates belonged to 460 different serotypes
including O157:H7 (38.55 % of 38,958 typeable isolates) and 459 non-O157:H7
serotypes (61.45% of 38,958 typeable isolates).

Of the 459 non-O157:H7 serotypes, the top 28 serotypes were present in more than 100
isolates each and accounted for 50.8% of 38,958 typeable STEC isolates, of which the 10

most frequent serotypes (41.66% of 38,958 typeable STEC isolates) were O26:H11,
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0103:H2, O111:H8, OI121:H9, O145:H28, 045:H2, O91:H14, O118/0151:H16,
0123/0186:H2 and O146:H21. The top 6 serotypes corresponded to the well-known “Big
6” STEC non-O157:H7 serotypes (Brooks et al., 2005; Hedican et al., 2009; Bosilevac
and Koohmaraie, 2011). The 116 serotypes present with 10 to 100 isolates each, belonged
to 8.64% of typeable STEC isolates. The remaining 315 serotypes with less than 10
isolates each represented 2% of the typeable STEC isolates (Figure 1).

The frequency of 460 STEC serotypes
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Chapter 5. Figure 1: The frequency of 463 STEC serotypes. The graph shows the
frequency of 463 STEC serotypes. STEC O157:H7 and top 28 non-O157:H7 serotypes
are listed separately. The number on top of each stacked column refers to the number of
isolates for each serotype.

5.5.3 Identification of STEC clusters

To identify any phylogenetic clusters containing one or more STEC serotypes from the
41,101 STEC isolates, we selected representative isolates to perform phylogenetic
analysis as it was impractical to construct a tree with all isolates. The selection was
performed on the basis of ST, rST and serotype of the 41,101 STEC isolates. One isolate
was selected to represent each ST, rST and serotype for a total of 2,567 STEC isolates.
Note that in the case that STs or rSTs overlapped with serotype, an isolate was only
selected once to avoid duplicates of the same isolate. The selection included 817 STs,
1,413 rSTs, 460 STEC serotypes and 102 partial antigen types (H antigen only and
multiple O/H types). A further 691 isolates consisting of 72 ECOR isolates, 573 non-
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STEC E. coli isolates, 41 Shigella and EIEC isolates, 3 E. albertii isolates and 2 E.
fergusonii isolates were also included. The identification dataset consisted of 3,258
isolates in total. Details are listed in Table S1. A phylogenetic tree was constructed using

3,258 isolates in the identification dataset to identify the clusters (Figure 2).

The identification of clusters was focused on O157:H7 and top 28 non-O157:H7
serotypes. A major cluster was defined if a branch that only contained STEC isolates and
with a bootstrap value of 80% or greater. The isolates of O157:H7 were grouped into one
large cluster. A further 18 major clusters (C1-C18) all of which carried only non-O157:H7
serotypes (Figure 2, Table 1, Figure S1), were identified. The isolates of top 28 non-
O157:H7 serotypes fell into these 18 major clusters. Of the 2,567 STEC isolates, 1,412
fell within O157:H7 cluster and 18 non-O157:H7 major STEC clusters.

Of the remaining 1,155 STEC isolates, 877 isolates were grouped into 229 STEC minor
clusters with 2 or more isolates in a cluster, whereas 278 isolates were singletons
separated from other clusters by non-STEC E. coli isolates. We further typed the isolates
from minor clusters using phylogroup typing (Brooks et al., 2005) and each minor cluster
was named by phylogroup and lineage number, for example, phylogroup A minor cluster

1 (AM1). Most of the minor clusters belonged to phylogroup B1 (Table 2).

In total, 19 major STEC clusters including one O157:H7 and 18 non-O157:H7 clusters
and 229 STEC minor clusters were identified. Of the 19 major clusters, 12 had a single
serotype and 7 had 2 or more serotypes. The frequency of non-O157:H7 STEC serotypes
in 19 major clusters are shown in Figure 3. For the 229 STEC minor clusters, 103
contained a single serotype, 109 consisted of 2 or more serotypes and the remaining 17

comprised of isolates with H antigen types only.

Among the top 10 non-O157:H7 serotypes, O121:H19 (C5), O145:H28 (C6), O91:H14
(C7) had a single origin while O146:H21 (C8 and C9) was a paraphyletic serotype.
026:H11 and O118/0O151:H16 were grouped into C1. O123/0186:H2 was grouped into
C2. O103:H2, O111:H8 and O45:H2 had polyphyletic origins. O103:H2 and O111:HS8
were grouped into C2 and BIM118, C1 and BIM119, respectively. O45:H2 had 3
lineages which were clustered into C2, C3 and AM37. Three serotypes (O128ac:H2,
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O8:H19 and OI113:H21) of the remaining top 28 non-O157:H7 serotypes were
polyphyletic serotypes. Thirty non top 28 non-O157:H7 serotypes also had polyphyletic

origins.

Chapter 5. Table 1: Major STEC clusters identified in identification dataset

No. of No. of No. of

Cluster Gkt ey S Top 28 non-O157:H7 serotypes*
O157:H7 356 1 83 O157:H7
1-026:H11, 3-O111:H8, 12-O71:H11,
Cl 414 30 97  8-0118/0151:H16,15-0103:H11,
18-069:H11
2-0103:H2,6-045:H2,
2 181 o 42 9-0123/0186:H2,11-0118/0151:H2
C3 45 18 12 19-0103:H25, 25-0156:H25, 6-0O45:H2
C4 89 14 21 13-05:H9, 20-0165:H25, 24-0177:H25
C5 29 1 5 4-0121:H19
C6 41 1 6 5-0145:H28
C7 40 2 13 7-091:H14
C8 40 1 14 10-O146:H21
C9 4 1 1 10-O146:H21
C10 50 2 15 14-O128ab:H2
Cl1 27 1 6 16-O117:H7
Cl12 21 1 6 17-076:H19
Cl13 10 1 7 21-0113:H21
Cl4 16 2 2 22-0113:H4
Cl15 5 1 1 23-0104:H4
Clé 14 1 4 26-08:H19
C17 24 11 7 27-0130:H11
C18 6 1 1 28-055:H7

*: The serotypes in each non-O157:H7 cluster is listed with their rank by isolate frequency
for the top 28 non-O157:H7 serotypes followed by the serotype.
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Chapter 5. Figure 2: STEC cluster identification phylogenetic tree. Representative isolates from the identification dataset were used to
construct the phylogenetic tree by Quicktree v1.3 to identify STEC clusters and visualised by Grapetree. The tree shows the phylogenetic
relationships of 2,567 STEC isolates represented in the identification dataset. Branch lengths are log scale for clarity. The tree scales indicated
the 0.1 substitutions per locus. STEC clusters are coloured. Numbers in square brackets indicate the number of isolates for each identified
cluster. MC indicates a minor STEC cluster.
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Apart from STEC isolates, 26 of the 573 stx negative E. coli isolates from identification
dataset were grouped into clusters. Of the 19 major clusters identified, 12 contained non-
STEC E. coli isolates (ST11 in O157:H7; ST765 and ST29 in C1; ST17, and ST376 in
C2; ST343 andST300 in C3, ST342 in C4; ST655 in C5; ST32 in C6; ST442 and ST1992
in C8, ST335 in C18). These STs containing stx negative E. coli isolates were the most
frequent STs in the STEC database, suggesting these stx negative E. coli isolates may

have lost the stx genes. The details of STEC clusters and lineages were listed in Table S3.

However, 11 STEC minor clusters also contained non-STEC E. coli isolates. In this case,
it may also be possible that only a subset of isolates within those STs was stx positive due
to recent acquisition of szx. Therefore, we further examined STs with more than 2 isolates
from all minor STEC clusters that were also found within the 14,126 stx negative E. coli
(“non-STEC”) isolates. Of the 229 minor STEC clusters, the STs in 58 clusters contained
stx positive isolates only and the STs in 171 clusters contained both stx negative and stx
positive isolates. Of these 171 minor STEC clusters, the STs in 4 clusters consisted of stx
positive isolates and E. coli isolates that didn’t carry typical pathotype specific genes (data
not shown). While STs in the remaining 167 clusters consisted of stx positive isolates and
the isolates that carried pathotype specific genes from other E. coli pathotypes (data not
shown). Thus, these STEC minor clusters are a mix of STEC and other pathotypes.

5.5.4 Identification of the cluster/serotype-specific gene markers

In this study, we used the same definition and approach as used to find the Shigella/EIEC
cluster specific genes (Zhang et al., 2021).We searched for potential specific gene marker
sets for the 19 major and 229 minor clusters using the accessory genomes from the 3,258
identification dataset isolates. Genes associated with STEC O antigen gene clusters were
excluded from the analysis to identify O antigen gene independent markers. Multiple
candidate cluster/serotype-specific gene marker sets for each of the 19 major STEC
clusters and229 minor STEC clusters were identified. The single gene marker set with
100% sensitive and the highest specificity were then selected from candidate cluster-
specific gene marker sets by BLASTN searches against genomes in the identification

dataset using 80% sequence identity and 50% gene length threshold.
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We also searched for specific gene markers for 6 of the top 10 non-O157:H7 serotypes
(026:H11, O111:H8, O118/0151:H16, O103:H2, O45:H2 and O123/0186:H2) which

were not in a cluster of their own. The best performing gene marker set for each of 6 of

top 10 non-O157:H7 serotypes were identified using the same approach as used to

identify and select cluster-specific gene marker sets.

Chapter 5. Table 2: Summary of identified STEC minor clusters in identification

dataset
No. of No. of No. of
Phylogroup MC* Name of MC isolates serotypes No. of STs
A 37 AMI1-AM37 139 64 42
B1 126 B1IMI1-B1M126 519 157 186
B2 14 B2M1-B2M14 35 20 17
C 7 CMI1-CM7 17 10 8
D 22 DM1-DM22 67 26 29
E 19 EMI1-EM19 73 26 34
G 4 GM1-GM4 27 12 12

*MC: minor clusters

The distribution of top 28 non-0157:H7 STEC serotypes in 18 major clusters
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Chapter 5. Figure 3: The frequency of STEC serotypes (O157:H7 and top 18 non-
0157:H7) in STEC clusters. The graph shows the frequency of STEC O157:H7 and top
28 non-O157:H7 serotypes in STEC clusters.
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We also searched for specific gene markers for 6 of the top 10 non-O157:H7 serotypes
(0O26:H11, O111:H8, O118/0151:H16, O103:H2, O45:H2 and O123/0186:H2) which
were not in a cluster of their own. The best performing gene marker set for each of 6 of
top 10 non-O157:H7 serotypes were identified using the same approach as used to

identify and select cluster-specific gene marker sets.

The sensitivity and specificity of each major STEC cluster and 6 non-O157:H7 serotype
specific gene marker set for the identification dataset were listed in Table 3. The major
STEC cluster and 6 non-O157:H7 serotype specific gene marker sets were all 100%
sensitive and the specificity varied from 99.72% to 100% for major STEC cluster-specific
gene marker set and from 99.41% to 100% for non-O157:H7 serotype-specific gene
marker set. The STEC minor cluster-specific gene marker sets were 100% specific with
the exception of 12 minor clusters which had specificity ranging from 99.85% to 99.97%
(Table S4).

5.5.5 Validation of cluster/serotype-specific gene markers
The STEC cluster/serotype-specific gene marker sets were evaluated with 38,534 STEC
isolates from the validation dataset and 14,126 isolates from non-STEC E. coli control

dataset.

The STEC cluster -specific gene marker sets were able to assign 35,464 of 38,534
(92.03%) STEC isolates to the major clusters and 2,703 (7.01%) STEC isolates to minor
clusters. In total, 38,155 of 38,534 (99.02%) STEC isolates can be assigned to clusters by
cluster-specific gene marker sets, while 150 of the 38,534 (0.39%) STEC isolates were
assigned with more than one cluster and 217 of the 38,534 (0.56%) STEC isolates were

not assigned to any cluster by STEC cluster-specific gene marker sets.

Validation phylogenetic trees (Figure S2) were then constructed to confirm the
assignment of cluster-specific gene marker sets. We divided the 38,534 STEC validation
isolates into 15 subgroups. Each of the 15 subgroups isolates together with a subset of
476 STEC isolates with known clusters and 691 non-STEC isolates from identification

dataset were used to generate validation trees for a total of 15 validation trees. The
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validation isolates were considered to truly belong to a given cluster if the isolates were
found within a branch that only contained identification dataset isolates from that cluster
with a bootstrap value of 80% or greater. In total 38,340 (99.5%) validation isolates were
assigned to major and minor STEC clusters with 35,574 (92.32%) and 2,766 (7.18%)

respectively, while the remaining 194 isolates (0.5%) were not assigned to any clusters.

Compared to cluster assignment by phylogenetic trees as the ground truth, cluster-specific
gene marker sets correctly assigned 35,461 validation isolates to major clusters and 2,704
validation isolates to minor clusters. Cluster -specific gene marker sets also correctly
identified 191 of the 194 isolates without cluster assignments. In total the accuracy of
assignments by cluster -specific gene marker sets were 99.54%. The sensitivity and
specificity for each cluster-specific gene marker set for validation dataset were listed in

Table S4.

The STEC cluster specific gene marker sets were validated on 14,216 non-STEC E. coli
isolates. The specificity of the STEC cluster-specific gene markers set for major clusters
varied from 99.38% to 100% and the specificity of the STEC cluster-specific gene marker

sets for minor clusters ranged from 97.25% to 100%. Details are listed in Table S5.

5.5.6 Detection of the cluster/serotype-specific gene markers in the spiked food
samples using shotgun metagenomic sequencing reads

The application of STEC cluster/serotype-specific gene marker sets in metagenomics
analysis was evaluated with 17 metagenomic sequencing reads from samples published
by Buytaers ea al. (Buytaers et al., 2020). The 17 metagenomic samples consisted of 9
minced beef meat samples spiked with a STEC O157:H7 isolate, one fresh goat cheese
sample each spiked with STEC O145:H28 isolate, O103:H2 isolate and co-spiked with
STEC O103:H2 and O145:H28 isolates and 5 STEC negative control food samples.
Samples were spiked with STEC isolates at the lowest infectious dose (<10 CFU for 25
g of food) (Buytaers et al., 2020).

The cluster/serotype-specific gene marker sets were not detected in the 5 control samples.
The O157:H7 specific gene set was detected in the expected 9 sequenced reads spiked
with STEC O157:H7. The C2 and O103:H2 (O103:H2 is within C2) specific gene sets
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were detected in sequenced reads spiked with STEC O103:H2 and co-spiked with STEC
0103:H2 and O145:H28. The C6 (0145:H8) specific gene set was detected in sequenced
reads spiked with STEC O145:H28 and co-spiked with STEC O103:H2 and O145:H28.

Chapter 5. Table 3: The sensitivity and specificity of STEC cluster/serotype-specific
gene markers

Clusters Cluster-specific Identification dataset (3,258 isolates)
gene sets No of isolates  Sensitivity Specificity*

O157:H7 Set of 6 genes 356 100 99.72
C1 Set of 4 genes 414 100 99.82
C2 Set of 4 genes 181 100 99.97
C3 Set of 3 genes 45 100 100
C4 Set of 3 genes 89 100 99.97
C5 Set of 4 genes 29 100 100
Cé6 Set of 3 genes 41 100 99.88
C7 Set of 4 genes 40 100 99.97
C8 Set of 5 genes 40 100 99.97
C9 Set of 2 genes 4 100 100
C10 Set of 2 genes 50 100 100
Cll1 Single gene 27 100 100
C12 Set of 2 genes 21 100 100
C13 Set of 4 genes 10 100 100
Cl4 Set of 4 genes 16 100 99.97
C15 Set of 2 genes 5 100 100
Clé6 Set of 4 genes 14 100 99.97
C17 Set of 3 genes 24 100 99.97
C18 Set of 3 genes 6 100 99.97
026:H11 Set of 6 genes 204 100 99.41
0103:H2 Set of 4 genes 121 100 99.87
OI111:H8 Set of 3 genes 96 100 100
045:H2 (C2) Set of 5 genes 22 100 99.97
045:H2 (C3) Set of 3 genes 1 100 100
O118/0156:H16  Set of 4 genes 17 100 99.94
0123/0186:H2 Set of 3 genes 21 100 100

“:The specificity of cluster-specific gene set less than 100% was due to at least one FP
found in that set.
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Chapter 5. Figure 4: in silico serotyping pipeline workflow. Schematic of in silico
serotyping STEC by cluster/serotype-specific genes combined with the ipaH gene, stx
genes including all available subtypes and E. coli O antigen and H antigen genes,
implemented in STECFinder. Both assembled genomes and raw reads are accepted as

data input.
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5.5.7 STECFinder for molecular serotyping of STEC isolates and its accuracy and
specificity

STECFinder was developed for cluster and serotype identification of STEC isolates.
Cluster was identified using cluster -specific gene marker sets and serotype was identified
using serotype-specific gene markers as well as E. coli O and H antigen genes within
clusters. Either paired end Illumina genome sequencing reads or assembled genomes can

be used. STECFinder is available on github (https://github.com/Lanlab/STECFinder).

The accuracy and specificity of STECFinder for STEC typing were tested with 3,258
isolates from the identification dataset. For assembled genomes, all 1,412 STEC isolates
belonging to 19 major clusters and all 877 STEC isolates belonging to 229 minor clusters
were correctly predicted, while 26 of 573 stx negative E. coli isolates were assigned to
STEC clusters by their corresponding cluster-specific gene marker sets. Eighteen STEC
singletons were assigned to clusters or minor clusters. For read mapping, 2 of 1,412
isolates belonging to the 19 major clusters and 25 of 877 isolates from minor clusters

were not detected by cluster-specific gene marker sets, while 26 stx negative E. coli was
assigned to STEC clusters similar to the assignment using the assembled genomes. The
accuracy of STECFinder for cluster assignments was 99.45% and 98.5% for assembled
genomes and read mapping respectively. The accuracy of cluster assignment for the top
10 non-O157:H7 serotypes was 99.14% and 99.11% for assembled genomes and read

mapping, respectively.

STECFinder was validated on 38,534 isolates from the STEC validation dataset.
Compared to the ground truth assignments determined using phylogenetic analysis,
STECFinder assigned 99.85% and 99.83% of validation isolates correctly to clusters for
assembled genomes and read mapping, respectively. The accuracy of cluster assignment
for top 10 non-O157:H7 serotypes was 99.72% for assembled genomes and 99.65% for
read mapping. For the 38,534 stx-positive isolates from validation dataset, STECFinder
demonstrated 100% cluster assignment specificity for both assembled genomes and read
mapping. The cluster assignment specificity of STECFinder was further evaluated using
the 14,126 stx-negative E. coli isolates from the “non-STEC” control dataset. The
specificity was 87.07% and 85.12% for assembled genomes and read mapping,

respectively. Further investigation of the false positive isolates found that 1,074 false
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positive isolates belonged to the STEC cluster based on phylogenetic analysis. After
removing all of these false positive isolates, the specificity was 94.66% and 92.72% for

assembled genomes and read mapping respectively.

STECFinder can assign STEC isolates to serotype level within predicted clusters. The
comparison of in silico serotyping of the total of 41,101 STEC isolates between
STECFinder and SerotypeFinder (Joensen et al., 2015) was performed. For assembled
genomes, the serotype prediction of 40,912 of 41,101 (99.54%) STEC isolates by
STECFinder agreed with that by SerotypeFinder when applying the same cutoff values
of 80% sequence identity and 60% length coverage. For the remaining 189 STEC isolates
with non-identical serotype prediction, STECFinder predicted serotypes were largely a
subset of O:H types predicted by SerotypeFinder. For example, an isolate may be assigned
as wzx_ 0103 and H2 by STECFinder while SerotypeFinder predicted as a mixed
wzx_0103/026 and H2/H11.

There were 40,618 of 41,101 (98.82%) STEC isolates with the same serotype prediction
by STECFinder and SerotypeFinder from read mapping. For the remaining 483 cases,
STECfinder assigned a full serotype while SerotypeFinder assigned 257 isolates with H
antigen only, 117 and 109 isolates with multiple O:H types.

5.6 Discussion

In this study, we performed genomic analysis of nearly 41,000 STEC genomes
representing 460 different serotypes and identified 19 major phylogenetic clusters
including 1 O157:H7 cluster and 18 non-O157:H7 clusters containing the 28 most
frequent non-O157:H7 serotypes, and 229 minor clusters. WGS-based phylogenetic
analysis of such a large set of genome data found that STEC had far greater genetic
diversity than has been observed previously with clusters containing one or more
serotypes. Among the top 28 non-O157:H7 STEC serotypes, 12 serotypes had a single
origin. The close phylogenetic relationship between O26:H11, O111:H8 and O103:H11
in C1, 0103:H2 and O45:H2 in C2 agreed with previous studies (Gonzalez-Escalona and
Kase, 2019; Zhang et al., 2020). With large number of serotypes (460 serotypes) and
polyphyletic and paraphyletic (37 serotypes) origin of many serotypes, identification of

serotype specific markers for all serotypes was not possible. However, cluster specific
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markers were identified and was used to facilitate accurate prediction and identification
of STEC clusters and serotypes. We developed a pipeline STECFinder to facilitate cluster

and serotype identification of STEC isolates.

STEC infections have a significant impact on public health worldwide (FAO/WHO STEC
EXPERT GROUP, 2019). Early detection and differentiation of STEC is vital for food
safety surveillance and public health. The initial screening of stx genes for STEC
detection may lead to misdiagnosis of STEC because stx genes can be lost or transferred
(FAO/WHO STEC EXPERT GROUP, 2019). Highly sensitive and specific
cluster/serotype-specific gene marker sets identified and evaluated in this study provided
robust markers for detection of STEC independent of the presence of stx genes. We also
identified a small number of stx-negative E. coli isolates that were grouped into STEC
clusters with the corresponding STEC serotypes and STs. Whether these stx-negative E.
coli isolates lost stx-containing prophages or were the progenitors of STEC remains
unknown. However, human infections caused by s#x-negative isolates with typical STEC
serotypes have been reported previously (Bielaszewska et al., 2007; Mora et al., 2012;
Ferdous et al., 2015). STECFinder will predict STEC serotype based on cluster/serotype-

specific gene markers even if stx is absent.

Our analysis found some minor clusters as well as STs contain both szx negative and stx
positive isolates with stx negative isolates being of another E. coli pathotypes, which
suggests that the STEC within those clusters and STs are hybrid pathogens. These hybrids
have been recognised in recent years including the well-known STEC/EAEC
(enteroaggregative E. coli) hybrid O104:H4 (ST678) and STEC/UPEC (uropathogenic E.
coli) hybrid of O2:H6 (ST141) (Navarro-Garcia, 2014; Gati et al., 2019). Therefore, for
minor STEC clusters, serotypes or STs that carry isolates with different pathogenicity, a
note of caution on the use of STECFinder is required as such clusters identified may not
uniquely contain STEC pathogens. More data is needed to determine how many serotypes

or STs carry different pathotypes.

Serotyping provides valuable information on identification of potential pathogenic STEC
(Gyles, 2007; World Health Organization, 2019). Current serotyping methods focus on
well-known O157:H7 and “Big 6” non-O157:H7 serotypes. There are many challenges
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for detection of other non-O157:H7 serotypes which cause the remaining 20% - 30%
STEC infections (DebRoy et al., 2011; Norman et al., 2012; Zweifel et al., 2013; Smith
et al., 2014). In addition, not all STEC can be serotyped in silico or predicted based on O
or H type genes from genome sequencing data (Joensen et al., 2015; Gonzélez-Escalona
and Kase, 2019). The cluster/serotype-specific gene marker sets described here provided
nearly perfect prediction of STEC serotypes for the serotypes with 10 or more isolates
tested. Cluster-specific gene marker sets and/or serotype-specific gene marker sets can
identify O157:H7 and the top 10 most frequent non-O157:H7 serotypes including the
“Big 6”. These could be beneficial for identification of the most frequent STEC serotypes

for early diagnosis and for clinical management.

Culture-independent approaches such as shotgun metagenomic analysis have been
developed for detection of contaminating STEC in enriched food samples as well as
mocked food samples (Leonard et al., 2015; Buytaers et al., 2020). We showed that the
cluster /serotype-specific gene marker sets of interest were detected in the spiked food
samples using shotgun metagenomic sequencing reads used in Buytaers’ study (Buytaers
et al., 2020). It is difficult to determine STEC serotype from food or faecal samples
directly as O and H antigen genes cannot uniquely identify a STEC serotype in a mixed
sample. Our cluster or serotype specific genes provide proxy markers to identify these
serotypes in original or non-pure culture samples. These gene marker sets could be
adapted for metagenomics based diagnosis and culture independent typing, facilitating

rapid STEC identification.

In this study, we developed an automated pipeline STECFinder for in silico STEC typing
to better inform genomic surveillance of STEC. STECFinder can accurately assign STEC
clusters and simultaneously predict stx subtypes and STEC serotypes from WGS data.
STECFinder can accurately predict all serotypes including those most frequently
associated with foodborne outbreaks and severe disease. We verified STECFinder
predicted serotype of STEC isolates by phylogenetic cluster assignment and shared STs
with STEC isolates of known serotype. Compared with the existing pipeline for E. coli
in silico serotyping, SerotypeFinder (Joensen et al., 2015), cluster/serotype-specific gene
markers based STECFinder can eliminate the majority of uncertain antigen calls and

provides more accurate STEC O:H typing within predicted clusters. STECFinder will be
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useful for epidemiological and diagnostic investigations as well as providing an

alternative in silico STEC identification method.

We were unable to validate 43 of the 229 minor cluster-specific gene marker sets as these
minor clusters had few isolates and once isolates were included in the identification
dataset, no isolates remained for validation. Therefore, markers for these 43 minor
clusters are tentative and require future validation when more genomes become available.
Genes specific to each of these STEC minor clusters were also based on very small
number of genomes and should be used with caution. However, since these minor clusters
are rarely isolated, they have relatively little effect on the overall applicability of the

cluster-specific gene marker sets to STEC typing.

5.7 Conclusion

This study analysed over 41,101 publicly available STEC isolates and identified 19 major
and 229 minor STEC clusters. Specific gene marker sets for the 19 major and 229 minor
clusters were identified and found to be valuable for in silico typing. We also identified
serotype specific markers for the top 10 non-O157:H7 STEC serotypes. These markers
can be used as proxy markers to identify the serotypes. We additionally developed
STECFinder, a freely available in silico serotyping pipeline incorporating the
cluster/serotype specific gene markers to facilitate serotyping of STEC isolates using

genome sequences with very high specificity and sensitivity.
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5.10 Abbreviations

STEC, Shiga toxin-producing Escherichia coli; HC, haemorrhagic colitis; HUS,
haemolytic uraemic syndrome; ESRD, end-stage renal disease; Stx, Shiga toxin; LEE,
locus of enterocyte effacement; EIEC, enteroinvasive E. coli; MLST, multi-locus
sequence typing; rSTs, ribosomal MLST STs; TP, true positives; TPR, true positive rate;

TN, true negatives; TNR, true negative rate; FN, false negatives; FP, false positives.

5.11 Supplementary tables:

Table S1: 3,258 isolates used in identification dataset.

Table S2: 38,534 STEC isolates used in validation dataset.

Table S3: stx negative E. coli in STEC clusters and minor clusters in identification dataset.
Table S4: The sensitivity and specificity of specific gene marker sets.

Table S5: The results of specific gene marker sets tested with 14,126 non-STEC E. coli
isolates.

Table S6: The subsets of cluster/serotype-specific gene markers used in STECFinder.
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Chapter 6. General Discussion

6.1 Key findings and significance of this study
6.1.1 Key findings of this study

6.1.1.1 Salmonella serovar-specific gene markers identified for most frequent
Salmonella serovars

Salmonella is a highly diverse species with over 2,600 serovars. However, a small
proportion of Salmonella serovars pass down the food production chain to cause severe
illness when they contaminate food products. Serovar detection and identification based
on antigen encoding genes can be limited by serovars with highly similar O antigen genes
and serovars with distinct genetic lineages [20,174,175,195,494]. The ability to detect
and distinguish this small proportion of illness causing serovars can be achieved by
detection of gene markers specific to a serovar either from genomic data or with
laboratory diagnostic methods. Existing molecular methods that utilize specific gene
markers or DNA fragments can only distinguish a small number of serovars

[177,178,495].

In Chapter 2, 414 candidate serovar-specific and lineage-specific gene markers were
identified for 106 Salmonella serovars including 24 polyphyletic serovars and the
paraphyletic serovar Enteritidis. This is the largest number of serovar-specific gene
markers identified to date and covered all of the most common serovars as well as a
number of rare serovars. A new approach using the 131 best performing serovar-specific
gene markers was designed for molecular in silico serotyping of most common
Salmonella serovars. This approach has an accuracy of 95.3% for in silico prediction of

the 106 common Sal/monella serovars from genomic data.

6.1.1.2 Seven MCDA assays developed for highly sensitive and specific detection and
serotyping of five prevalent Salmonella serovars

The five Salmonella serovars: Typhimurium, Enteritidis, Virchow, Saintpaul, and Infantis
caused over 85% of human Salmonella infections in Australia [43,496-498]. A simple,
rapid, sensitive and specific method to detect Sa/monella and identify these serovars

would be useful for public health investigations. The serovar-specific gene markers
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identified in Chapter 2 were utilized in Chapter 3 to develop cost-effective laboratory

molecular diagnostics assays to detect them.

Seven Salmonella serovar-specific gene markers were selected to develop seven
laboratory diagnostic MCDA assays for detection of the top five Sa/monella serovars in
Australia. These seven MCDA assays were shown to be highly sensitive and specific
(>93.3%) and can type the five Salmonella serovars within 8 minutes. In this thesis,
MCDA was employed, however any other molecular amplification method, such as PCR

can also be used to detect these markers for typing the serovars.

6.1.1.3 Cluster-specific gene markers identified for differentiation of Shigella and
EIEC

Shigella is a major cause of foodborne diarrhoea disease worldwide [209,210]. Shigella
and EIEC cause human bacillary dysentery and share similar characteristics
[216,272,291,296]. As EIEC infections are non-notifiable in nearly all countries, EIEC
has frequently been underreported and misidentified as shigella [214,302]. Therefore
distinguishing these two pathogens is important for clinical, epidemiological and
diagnostic investigations. Current genetic markers and in silico pipelines may not
discriminate between Shigella and EIEC in all cases [216,284,302,304-306,326].
However, multiple phylogenetic clusters identified for Shigella and EIEC [272,291] could
provide high resolution separation of Shigella and EIEC if cluster-specific genomic

markers were available.

In Chapter 4, 12 previously defined phylogenetic clusters (3 Shigella clusters, 5 Shigella
outliers and 4 EIEC clusters) [272,291] and 5 new clusters consisting of 2 Shigella
clusters and 3 EIEC clusters were identified by examining over 17,000 publicly available
Shigella and EIEC genomes. In addition to Shigella and EIEC clusters, 53 sporadic EIEC
lineages were also described. Cluster-specific gene markers for each cluster and each
sporadic EIEC lineage were then identified for differentiation of Shigella and EIEC from
genomic data with 99.64% accuracy. An in silico pipeline, ShigEiFinder was developed
based on these cluster-specific gene markers for accurate differentiation, cluster typing

and serotyping of Shigella and EIEC with 99.38% accuracy.
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6.1.1.4 Cluster/serotype-specific gene markers identified for identification, clustering
and serotyping of STEC

STEC infections have a significant impact on public health worldwide. The well-known
STEC O157:H7 is a leading cause of foodborne infections and HUS in humans [499-501].
However, the incidence of STEC non-O157:H7 serotypes associated with foodborne
outbreaks and human infections has increased in recent years [431,502-512]. Detection
of STEC infection and determination of the serotype of the causative strain are important
for accurate diagnosis and detection of outbreaks for public health control. Existing
detection and serotyping methods are focused on STEC O157:H7 and “Big 6 non-
O157:H7 serotypes [323,329,330,458-468]. Not all common O157:H7 serotypes
associated with foodborne outbreaks and severe disease can be detected and predicted in
silico based on O or H type genes [329,330]. Furthermore, identification of serotype
specific gene markers for all serotypes was impractical due to the presence of polyphyletic
distributions of many serotypes. Therefore, identification of phylogenetic clusters of
STEC through large scale examination of publicly available genomes can improve
identification and serotyping of STEC by detection of cluster-specific genomic markers
that limit the possible serotype identity determination of an isolate within a phylogenetic

cluster.

In Chapter 5, 19 STEC major clusters containing O157:H7 and the top 28 non-O157:H7
as well as 229 STEC minor clusters containing other non-O157:H7 STEC serotypes have
been identified through phylogenetic analysis of nearly 41,000 publicly available STEC
genomes with 460 different serotypes. Through comparative genomic analysis of STEC
accessory genomes, cluster-specific gene markers for STEC clusters and serotype-
specific gene markers for the 10 most common STEC non-O157:H7 were then identified
for in silico typing of STEC with more than 99.54% accuracy. Based on these gene
markers, an in silico pipeline, STECFinder was developed for genomic identification,

clustering and serotyping of STEC and has more than 99.65% accuracy.

6.1.2 Significance of this study
This thesis has utilised large datasets of publicly available genome sequences and
established high quality and representative WGS data subsets. These data were then used

for delineation of phylogenies and identification of pathogen type-specific gene markers
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for Salmonella, Shigella, and STEC. The phylogenetic relationships between and within
Salmonella serovars have been determined and phylogenetic clusters for Shigella/EIEC
and STEC have been delineated by WGS based phylogenetic analysis in this thesis. The
findings provided the most comprehensive view of the diversity and relationships of

clusters and lineages of these pathogens.

The pathogen type-specific gene markers for Salmonella, Shigella, and STEC have been
identified in this thesis based on a systematic approach using WGS data combining with
comparative genomic analysis of pathogen accessory genomes. The markers discovered
in this thesis form a rich resource of genomic markers for development of methods for
robust typing of Salmonella, Shigella and STEC. These pathogen type-specific gene
markers could be useful in the development of more cost-effective molecular assays and

could be adapted for metagenomics or culture independent typing.

Seven laboratory diagnostic MCDA assays targeting seven Salmonella serovar-specific
gene markers have been developed in this thesis for detection of five prevalent Salmonella
serovars with high specificity and high sensitivity. These rapid typing methods have the
potential to be used for culture-independent diagnostic testing. If implemented these tests
could change the practice of clinical and food production chain testing by allowing rapid

identification of these common serovars.

In addition, type-specific gene marker based tools for in silico typing of two pathogens,
Shigella/EIEC and STEC, have been developed and show high accuracy. Pathogen type-
specific gene marker typing tools can facilitate rapid detection and identification of
Salmonella, Shigella, EIEC and STEC from genomic data allowing for public health
control and prevention of these pathogens, benefiting public health and food safety in

Australia and globally.

6.2 Establishment of high quality and representative WGS data

for identification of pathogen type-specific gene markers

With a large number of genomes available, a major challenge was to curate the data and

select genomes to best represent the diversity of a given pathogen. To cover the genomic
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diversity of each of the four pathogens, Salmonella, Shigella, EIEC or STEC, the
available sequenced genomes of the relevant species were screened, and the four
pathogens identified, from NCBI database. Representative isolates were selected based
on ST and rST in Enterobase which is a publicly available database and hosts both MLST
and rMLST typing data for Salmonella and Shigella/E. coli [23]. The serotypes of
Salmonella, Shigella, EIEC and STEC predicted by the existing in silico pipelines were
also taken into consideration [193,195,326,329]. Therefore, there were no bias or under

representation of sampling for the purpose on the analysis.

Once the isolates were selected, the raw reads were retrieved from ENA (European

Nucleotide Archive, https://www.ebi.ac.uk/ena) and were de novo assembled using

SPADES v3.10.1 assembler [513]. The assembled genomes quality was assessed using
QUAST on assembly size, the number of contigs, the largest contig, GC content, the
number of gene predicted by glimmer within QUAST [514]. The isolate was replaced by
another isolate of the same ST, rST or serotype if the isolate failed the quality control.

Therefore, the genomes used in this study were of high quality.

6.3 Establishing a systematic approach for identification of

pathogen type-specific gene markers

6.3.1 Establishment of a systematic approach

The major challenge for rapid, sensitive and specific detection Salmonella, Shigella,
EIEC and STEC is to identify highly discriminatory genomic markers [302,309]. In this
study we showed that markers reported to be specific and sensitive for identification of
Typhimurium and Enteritidis [200-202,208,515,516] did not perform well when applied
to the more complete and comprehensive datasets used here. To overcome these issues,
this study has established a systematic approach using WGS data combining with
comparative genomic analysis of Salmonella, Shigella, EIEC and STEC accessory

genomes to identify pathogen type-specific gene markers.

The approach included phylogenetic analysis of representative isolates, determination of
genes presence or absence, identification of candidate pathogen type-specific gene

markers, selection of pathogen type-specific gene markers after initial screening,
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validation of pathogen type-specific gene markers and development of pathogen type-

specific gene markers based typing tools and assays.

Importantly, the approach used quantitative parameters (FP, FN, sensitivity and
specificity) to estimate the performance of pathogen type-specific gene markers. Further,
the assignments produced by pathogen type-specific gene markers were confirmed by
comparison to “ground truth” assignments. These ground truths were determined using
phylogenetic analysis of all isolates not used for the initial marker identification and thus
are an independent measure of the markers performance. This approach has successfully
identified highly sensitive and specific gene markers for Salmonella, Shigella, EIEC and
STEC. This approach would be applicable to other pathogens for the identification of

pathogen type-specific gene markers and development of methods for pathogen typing.

6.3.2 Pathogen type-specific gene marker sets increase the sensitivity and specificity
of typing

Pathogen type-specific gene markers identified in this study were either a single gene
present in all isolates of a cluster and absent in all other isolates or they were a set of 2 or
more genes that as a combination were found only in one cluster. A set of genes as a
combination was only present in the target cluster although a subset of these genes may

be present in other clusters.

To ensure that all clusters of Shigella/EIEC and STEC and top 10 most frequent non-
O157:H7 STEC serotypes had type-specific gene markers a set of gene markers for
clusters or serotypes was considered where a single gene is not available. By considering
a set of markers the chance of finding specific sets vastly increased. Additionally, the
combination of genes enhanced the accuracy of cluster-specific gene markers as

demonstrated by the 100% sensitivity and very high specificity.
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6.4 WGS based phylogenetic analysis for Salmonella, Shigella
and STEC

6.4.1 Salmonella serovar diversity

WGS based phylogenetic analysis was used to determine the phylogenetic relationships
between and within Salmonella serovars in Chapter 2. Of 106 most common Sa/monella
serovars investigated there were 81 monophyletic serovars, 24 polyphyletic serovars and
one paraphyletic serovar (Enteritidis). These serovars have been reported as

polyphyletic/paraphyletic previously [27].

Polyphyletic serovars arise independently from separate ancestors to form separate
distinct genetic lineages. Paraphyletic serovars arise from the same ancestor as a
monophyletic serovar but a subset of the clade has become a different serovar. Therefore,
a combination of lineage-specific gene markers were needed to identify the majority of

the polyphyletic serovars or paraphyletic serovars.

6.4.2 WGS based analysis identified phylogenetic clusters of Shigella and EIEC
Previous phylogenetic studies based on housekeeping genes indicated that Shigella and
EIEC isolates consisted of multiple phylogenetic clusters within the broader E. coli
species [272,291]. In Chapter 4, all 12 previously defined phylogenetic clusters and 5 new
clusters of Shigella and EIEC were identified through WGS-based phylogenetic analysis
of publicly available Shigella and EIEC isolates as well as other representatives of the E.
coli species. WGS-based phylogenetic analysis provided a high resolution method for
assigning Shigella and EIEC isolates to clusters.

An additional 53 sporadic EIEC types were also identified. These phylogenetic findings
demonstrated that EIEC isolates have a greater genetic diversity than has been observed
previously and most of the EIEC isolates were clustered more closely to non-
enteroinvasive E. coli isolates than to major Shigella and EIEC clusters. The sporadic
isolates belonging to EIEC were confirmed by examination of the presence of the pINV
virulence plasmid. The sporadic EIEC isolates may represent recently formed EIEC

lineages through acquisition of pINV.
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The phylogenetic findings in this work provided a better understanding of the evolution
of Shigella and EIEC. Providing highly detailed and overwhelming evidence that Shigella
and EIEC isolates derived independently from multiple distinct lineages of commensal E.

coli [272,274,291,295].

6.4.3 WGS based analysis identified phylogenetic clusters of STEC
STEC contains a large number of serotypes. Previous phylogenetic analysis revealed that
some STEC serotypes clustered together and formed discrete clades that were associated
with specific sequence types [330,517]. In chapter 5, 19 major and 229 minor STEC
clusters were identified through WGS-based phylogenetic analysis of nearly 41,000
publicly available STEC genomes representing 460 different serotypes.

The phylogenetic findings indicated that STEC had far greater genetic diversity than has
been observed previously with clusters containing one or more serotypes and many
serotypes having polyphyletic origins. These phylogenetic clusters facilitate the
separation of O157:H7 and top 28 most frequent non-O157:H7 serotypes from other non-
O157:H7 serotypes.

A small number of stx-negative E. coli isolates belonging to the same ST and serotypes
as STEC isolates were grouped into STEC clusters (10 major clusters and 11 minor
clusters). These stx-negative E. coli isolates may have lost stx-containing prophages or
stx genes or may be the ancestral isolates of the ST before acquiring Stx-phages However,
stx-negative E. coli isolates with typical STEC serotypes have been reported to cause
human infections, although it is unclear of their pathogenic mechanisms [404-406]. The
clustering of these non-STEC E. coli with STEC isolates may therefore be of use in
detecting pathogenic strains that may otherwise have been overlooked due to their loss of
stx. However, it is also possible the stx negative isolates had a different mode of
pathogenicity and thus within the same ST, there are 2 different types of pathogens as
hybrid pathogens. These hybrids have been recognised in recent years including the
0104:H4 serotype which carried both enteroaggregative and Shiga toxin pathogenicity
[356,432,433].
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6.5 Salmonella serovar prediction using serovar-specific gene
markers can enhance or replace existing molecular serotyping

methods

An in silico Salmonella serovar prediction approach was designed and evaluated in
Chapter 2. This Salmonella serovar prediction approach has comparable accuracy to other
in silico serotyping methods and would be useful as diagnosis moves to culture-

independent and metagenomic methods.

Compared with existing antigen encoding genes algorithms, SISTR and SeqSero
[193,195], gene marker based serovar prediction detects sequence presence or absence of
serovar-specific gene markers rather than detecting sequence variation of the antigen
genes for H antigens and therefore should perform better than SISTR and SeqSero. The
approach is especially useful for cases at low coverage of the genome such as shotgun
metagenomic or culture free typing, while SISTR or SeqSero would require sufficient
depth and coverage of the genome to accurately detect sequence variation of the H antigen

genes.

The unique method developed in this thesis enhances and complements existing
Salmonella molecular serotyping methods such as SeqSero by using a completely

independent measure of relatedness to assign serotypes [193,195].

6.6 Salmonella serovar-specific gene markers can be used to

predict major serovars across the globe

Salmonella serovar-specific gene markers can predict and identify the 106 common
Salmonella serovars with an accuracy of 95.3%. The accuracy can be further improved if
only the major serovars in a given geographic region are considered. The major serovars
of highest public health importance for different regions and globally were examined, as
different regions have different public health significance on different serovars depending

on prevalence [518].
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The top 20 serovars found across different continents were collapsed into a combined list
of 46 serovars which cause the vast majority of human Sa/monella infections globally
[518]. A subset of serovar-specific gene markers from these 46 serovars when combined
with regional frequencies could provide highly specific serovar prediction for locally
important serovars. Here regional frequency as addressed in Chapter 2 refers the
frequency of a given serovar in a given region. The frequency of the 46 common serovars
showed large differences between regions [518] .These differences can be used to adjust

the likelihood of a false positive in a given serovar being observed in a given region.

Therefore, the serovar-specific gene markers combined with the prevalence of all major
serovars in each continent could be used to design a panel of genes specific for serovars
prevalent to a certain region. For example, a panel of seven genes can be used for
laboratory based typing of five most frequent serovars in Australia with an error rate less
than 2.4% when Australian regional frequencies of serovars in human infections were
considered. The false positive Derby strain is a potential false positive of the
Typhimurium gene marker STM4494 based on genomic analysis in Chapter 2. However,
this potential false positive rate was less than 0.41% in human infections in Australia
when the frequency of Derby in Australian human infections was taken into account,

which is very rare at less than 1.5%.

6.7 Salmonella serovar-specific gene markers can be used to

develop laboratory detection and serotyping assays

Salmonella is one of the most common causes of foodborne infections worldwide,
including in Australia [496]. The major challenge for rapid, sensitive and specific
detection Salmonella is to find a set of highly discriminatory genomic markers for the
common serovars [302,309]. In previous studies [200-202,208,515,516] , genomic
markers (STM4493, STM4495, STM4497, typh, lygD, sdfl, safA, prot6E, spvC, ssel and
sefA) were used for identification of Sa/monella serovars. However, the majority of these
markers were limited to the detection and identification of Typhimurium and Enteritidis.

In this thesis, genomic markers with high specificity were found for all common serovars.

182



The feasibilities of using a cutting edge molecular assay platform to detect the serovar-
specific gene markers identified in this thesis were conducted in Chapter 3 by focusing
on a panel of seven genes for the five most common Sal/monella serovars in Australia.
The isothermal amplification technique MCDA [198] was chosen as an assay platform
rather than PCR and LAMP because of its higher sensitivity and speed. The existing invA
MCDA assay for Salmonella [197] was included in the assay as a positive control for the

species.

Seven accurate and highly sensitive MCDA assays which amplify the seven serovar-
specific gene markers can detect and identify Australia five most frequent serovars on
pure culture. Their specificity ranged from 93.3% to 100% which reflected the in silico
typing error rates of the targeted loci. Seven MCDA assays can produce rapid detectable
result in as little as 8 minutes. The inv4A MCDA assay was also used as a control to
facilitate interpretation of the results of the seven MCDA assays. The assays compared
favourably with published Typhimurium LAMP assay targeting gene STM4497 and
Enteritidis LAMP assay targeting gene saf4 [200,201], Typhimurium MCDA targeting
STM4494 and Enteritidis-clade B MCDA targeting SEN1384 were nearly 62.5% faster
and at least 29-fold more sensitive than LAMP assays.

The seven MCDA assays offer rapid, accurate and sensitive detection and identification
of Salmonella serovars. The performance of the seven MCDA assays warrants further
validation on clinically relevant conditions or further tested by the wide community from
different geographic regions. Seven MCDA assays will be useful for serotyping of
common Salmonella serovars in clinical samples as well as food samples once they have
been validated. The seven MCDA assays also demonstrated that serovar-specific gene
markers can be useful in the development of more cost-effective laboratory molecular

diagnostics assays to detect them.

This thesis work showed clear and concise evidence that a unified approach using
serovar-specific gene markers and a common detection assay platform can offer a rapid,
accurate and sensitive method for serotyping of common Salmonella serovars in the era

of culture independent diagnostic testing or metagenomic sequencing.
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6.8 Cluster-specific gene markers enhance Shigella and EIEC

differentiation and serotyping

Given the relatively poor performance of existing genetic markers for differentiation of
Shigella from EIEC [216,284,296,302,304-306], cluster-specific gene markers for each
phylogenetic cluster that was exclusively composed of Shigella or EIEC isolates were

identified in Chapter 5.

The cluster-specific gene markers were found to be valuable for highly accurate
molecular identification and differentiation of Shigella and EIEC independent of the
presence of ipaH gene. Previously, the ipaH gene has been used to differentiate Shigella
and EIEC from non-enteroinvasive E. coli [214,519-521]. However, both Shigella and
EIEC contain the ipaH gene, making differentiation of Shigella from EIEC very difficult
[214,276,300,302,326]. The cluster-specific gene markers identified in Chapter 4 were
specific to Shigella and EIEC when evaluated on non-enteroinvasive E. coli isolates and

are therefore robust markers for the identification of Shigella and EIEC.

A new cluster-specific gene marker based in silico typing tool, ShigEiFinder was then
developed to differentiate Shigella isolates from EIEC with 99.74% accuracy. In contrast,
the existing tool ShigaTyper [326] differentiated only 47.6% Shigella isolates correctly
in the same dataset tested. Cluster-specific gene markers used in ShigEiFinder increased
the accuracy of Shigella and EIEC differentiation and serotyping in comparison to genetic
markers lacY, cadA, Ss_methylase used in ShigaTyper for identification of Shigella from
EIEC [326]. These markers (lacY, cadA, Ss_methylase) failed to discriminate between
Shigella and EIEC when a larger genetic diversity is considered [296,302,309]. Further,
Ss_methylase gene was not specific and was found in other Shigella serotypes and EIEC

[326].

ShigEiFinder is the best platform available so far for accurate differentiation, cluster
typing and serotyping of Shigella and EIEC. ShigEiFinder can assign isolates to 59
Shigella serotypes and 22 EIEC serotypes once the isolate was assigned to a cluster.

ShigEiFinder will be useful for clinical, epidemiological and diagnostic investigations.
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6.9 Cluster/serotype-specific gene markers improve STEC

identification, clustering and serotyping

Non-O157:H7 STEC serotypes associated with foodborne outbreaks and human
infections have been reported frequently in recent years [431,502-512]. The current
detection and serotyping methods for STEC are focusing on O157:H7 and “Big 6” non-
O157:H7 STEC serotypes by detection of serotype O antigen and H antigen genes
combined with the presence of stx genes [323,458-468]. However, these methods are
unable to detect and serotype all common STEC non-O157:H7 serotypes [323,458-468]
and any methods based on O or H type genes would be error prone or unusable in culture
independent typing as O or H antigen genes will be present in the commensal non-STEC
E. coli co-present in the sample. Furthermore, the identification of STEC relying on the
presence of stx genes may lead to misdiagnosis of STEC due to the loss of stx genes

during infection and isolate culture [522].

With the trend towards identification of pathogen specific genomic markers for detection
and serotyping of pathogens using genomics, cluster-specific and serotype-specific gene
marker were identified for STEC in Chapter 5. Because identification of serotype-specific
gene markers for all STEC serotypes was impractical due to the presence of serotypes of

polyphyletic origin or natural low frequency of many serotypes.

The STEC cluster/serotype-specific gene markers were specific when evaluated on non-
STEC E. coli isolates. Therefore they are robust markers for accurate prediction and
identification of STEC isolates independent of the presence of stx genes. The STEC
cluster/serotype-specific gene markers provided nearly perfect prediction of STEC

serotypes in many cases without requiring O or H antigen gene characterisation. However,
for serotypes that carry isolates with different pathogenicity, a note of caution is required.

There are little data how many serotypes or STs that carry different pathotypes.

An existing E. coli in silico serotyping pipeline, SerotypeFinder can be used for in silico
serotyping of STEC by detection of serotype O and H antigen encoding genes [329]. But
SerotypeFinder may not uniquely predict a STEC serotype from genomic data as O and

H antigen genes can be present in other non-STEC serotypes. In addition, an isolate may
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be predicted as multiple O:H types, partial types or untypeable due to novel types or
assembly failure. Therefore, not all STEC can be serotyped in silico based on O or H type

genes from genome sequencing data [329].

The cluster/serotype-specific gene markers based STECFinder developed in Chapter 5
can assign STEC isolates to clusters and identify O157:H7 and the top 10 most frequent
non-O157:H7 serotypes including the “Big 6”. STECFinder provides more accurate
STEC O:H typing by eliminating the majority of uncertain antigen type calls within
predicted clusters in comparison to existing pipeline SerotypeFinder [329]. STECFinder
detects the presence or absence of cluster/serotype-specific gene markers and therefore is
especially useful for samples with low coverage of the genome such as shotgun

metagenomic or culture free typing.

6.10 STEC cluster/serotype-specific gene markers can be
adapted for metagenomics based diagnosis for rapid STEC

identification

The detection of foodborne STEC relies on culture based methods that are laborious,
time-consuming and expensive. Culture-independent approaches such as shotgun
metagenomic analysis has the potential for rapid detection of contaminating STEC from
food samples in a shorter time period and at a strain-level [484,488]. In a previous study
the STEC serotype from these food samples was determined by detection of O and H
antigen genes using shotgun metagenomic sequencing reads [484,488]. However, the
detection of O and H antigen genes cannot uniquely identify a STEC serotype from food
or faecal samples as genes for both antigens genes can be present in other non-STEC
serotypes. Therefore, highly sensitive and specific genomic markers are required for

metagenomics based methods for the detection of STEC and its serotypes.

In Chapter 5, STEC cluster/serotype-specific gene marker sets of interest were detected
in metagenomic sequencing reads from the spiked food samples used in Buytaers’ study
[484]. The STEC cluster/serotype-specific gene markers identified and evaluated in this
study were specific and sensitive even in the presence of other non-STEC E. coli isolates.

This thesis work has demonstrated that STEC cluster/serotype-specific gene marker sets
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were able to determine STEC serotype in a mixed sample or non-pure culture samples.
These gene marker sets as serotype-specific proxy markers could be adapted for culture-
independent typing such as shotgun metagenomic sequencing, facilitating rapid STEC
identification. This application indicated that pathogen type-specific gene markers
identified in this study can be adapted to culture-independent typing approach for rapid

foodborne pathogens identification and source tracking of foodborne outbreaks.

6.11 Future directions and serotyping of Salmonella, Shigella
and STEC

This thesis had involved a lot of manual work, such as sorting out genome data from
publicly available databases, selection of representative isolates, identification of
phylogenetic clusters and selection and testing of genomic markers. Therefore, the
bioinformatic approaches used require further development and automation to make them
useful for defining new clusters and identifying and validating new genomic markers.
The bioinformatic approaches established in this thesis can also be developed for other
pathogens where a simple and accurate method for assigning phylogenetically distinct

types to isolate genomic data is required.

For Salmonella, the seven MCDA assays developed in Chapter 3 were focused on pure
culture to demonstrate laboratory detection and serotyping using pathogen type-specific
gene markers identified with the previously mentioned phylogenetic approach. The utility
of seven MCDA assays in the era of culture independent diagnostic testing and
metagenomic sequencing could be supported by further validation in clinically or food
industry relevant conditions. The Salmonella serovar-specific gene markers could also be
used to develop other laboratory detection and serotyping methods, such as PCR and

LAMP based methods, for Salmonella serovar detection and serotyping.

Like the MCDA assays for the top five Salmonella serovars, the cluster and serotype-
specific gene markers for Shigella, EIEC and STEC could be used to develop laboratory
methods for detection, differentiation and serotyping of Shigella and EIEC and STEC

major serotypes. As in Salmonella such methods would have the advantage of only
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requiring the detection of the presence of a specific gene not the accurate base calling on

full antigen gene sequence.

Two cluster-specific gene marker based in silico pipelines, ShigEiFinder in Chapter 4 and
STECFinder in Chapter 5, provide the best platform available currently for molecular
identification and serotyping of Shigella/EIEC and STEC respectively. However, the
clusters identified for Shigella/EIEC and STEC in this study were based on the genome
sequences available in public databases when this study commenced. The isolates
representing any new cluster may not be detected by any of cluster-specific gene markers.
In addition, for those clusters with low frequency of the serotype or clusters with rare
isolates, the cluster-specific gene markers require future validation when more genomes

become available.

6.12 Conclusion

This thesis has identified highly sensitive and specific pathogen type-specific gene
markers for identification and differentiation of serovars of Sal/monella, clusters and
serotypes of Shigella, EIEC and STEC using genomics. These specific gene markers have
been used to develop genomics based tools for identification of Salmonella, Shigella,
EIEC and STEC clusters and serotypes with high specificity and high sensitivity. These
markers could be adapted for metagenomics or culture independent typing and could also
be useful in the development of more cost-effective molecular assays. The outcome of
this thesis can be applied to rapid typing of respective pathogens in food, clinical and
environmental samples and facilitate surveillance of these pathogens for public health

control and prevention.
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Appendix

Appendix I: Supplementary Material of Chapter 2

FIGURE S1 | The SNP based phylogenetic tree constructed by ParSNP showing the
evolutionary relationships within and between serovars using 1344 representative isolates
including 1258 isolates from 107 serovars examined in the study and 86 isolates from
serovars with less than 5 rSTs which were otherwise excluded from the study.

TABLE S1 | The final data set of 2258 high quality and consistent serovar prediction
genomes representing 107 serovars.

TABLE S2 | A total of 414 candidate serovar-specific genes including 295 serovar-
specific genes and 119 lineage-specific genes.

TABLE S3 | An additional 1089 validation isolates with serovar prediction results by
SISTR, SeqSero and serovar-specific gene markers.

TABLE S4 | A minimum of 131 genes for identification of 106 serovars.

TABLE S5 | A set of 65 genes for identification of 46 common serovars.

DATA S1 | Sequences of 131 serovar-specific gene markers.

The Supplementary Material for this article can be found online at:

https://www.frontiersin.org/articles/10.3389/fmicb.2019.00835/full#supplementary-

material;
https://drive.google.com/drive/folders/1VkW2go YTXT KYjInEf4vCsnXCuW5iKtl?us
p=sharing
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Appendix II: Supplementary Material of Chapter 3

Supplemental material for this article can be found at:
https://doi.org/10.1016/j.jmoldx.2020.02.006.

https://drive.google.com/drive/folders/1 DpbvFwt32VMbM38vemnWGPocRo4hiZY Q?
usp=sharing

Appendix II: Table S1: Bacterial strains used in this study

1, Bacterial strains used for sensitivity testing: 79

Lab ACC  Serovar Source

L2 Typhimurium SARA2

L3 Typhimurium SARA3

L4 Typhimurium SARA4

L6 Typhimurium SARA6

L7 Typhimurium SARA7

L8 Typhimurium SARAS

L9 Typhimurium SARA9

L10 Typhimurium SARA10

L12 Typhimurium SARA12

L14 Typhimurium SARA14

L138 Typhimurium SARB66

L90 Enteritidis SARB18

L2376 Enteritidis NSW Enteric Reference Laboratory, NSW Health Pathology
L2377 Enteritidis NSW Enteric Reference Laboratory, NSW Health Pathology
L2378 Enteritidis NSW Enteric Reference Laboratory, NSW Health Pathology
L2379 Enteritidis NSW Enteric Reference Laboratory, NSW Health Pathology
L2380 Enteritidis NSW Enteric Reference Laboratory, NSW Health Pathology
L2350 Enteritidis NSW Enteric Reference Laboratory, NSW Health Pathology
L2351 Enteritidis NSW Enteric Reference Laboratory, NSW Health Pathology
L2352 Enteritidis NSW Enteric Reference Laboratory, NSW Health Pathology
L2353 Enteritidis NSW Enteric Reference Laboratory, NSW Health Pathology
L2354 Enteritidis NSW Enteric Reference Laboratory, NSW Health Pathology
L2355 Enteritidis NSW Enteric Reference Laboratory, NSW Health Pathology
L2356 Enteritidis NSW Enteric Reference Laboratory, NSW Health Pathology
L2357 Enteritidis NSW Enteric Reference Laboratory, NSW Health Pathology
L2358 Enteritidis NSW Enteric Reference Laboratory, NSW Health Pathology
L2359 Enteritidis NSW Enteric Reference Laboratory, NSW Health Pathology
L2360 Enteritidis NSW Enteric Reference Laboratory, NSW Health Pathology
L2361 Enteritidis NSW Enteric Reference Laboratory, NSW Health Pathology
L2362 Enteritidis NSW Enteric Reference Laboratory, NSW Health Pathology
L2363 Enteritidis NSW Enteric Reference Laboratory, NSW Health Pathology
L2364 Enteritidis NSW Enteric Reference Laboratory, NSW Health Pathology
L2371 Virchow NSW Enteric Reference Laboratory, NSW Health Pathology
L2372 Virchow NSW Enteric Reference Laboratory, NSW Health Pathology
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L2373
L2375
L2344
L2345
L2346
L2347
L2348
L2349
L22
L23
L24
L27
L28
L29
L127
L128
L2386
L2387
L2388
L2389
L2390
L2396
L2365
L2366
L2367
L2368
L2369
L2370
L98
L99
L2374
L2381
L2382
L2384
L2385
L2337
L2338
L2339
L2340
L2341
L2342
L2343

Virchow
Virchow
Virchow
Virchow
Virchow
Virchow
Virchow
Virchow
Saintpaul
Saintpaul
Saintpaul
Saintpaul
Saintpaul
Saintpaul
Saintpaul
Saintpaul
Saintapul
Saintapul
Saintapul
Saintapul
Saintapul
Saintapul
Saintapul
Saintapul
Saintapul
Saintapul
Saintapul
Saintapul
Infantis
Infantis
Infantis
Infantis
Infantis
Infantis
Infantis
Infantis
Infantis
Infantis
Infantis
Infantis
Infantis
Infantis

NSW Enteric Reference Laboratory, NSW Health Pathology
NSW Enteric Reference Laboratory, NSW Health Pathology
NSW Enteric Reference Laboratory, NSW Health Pathology
NSW Enteric Reference Laboratory, NSW Health Pathology
NSW Enteric Reference Laboratory, NSW Health Pathology
NSW Enteric Reference Laboratory, NSW Health Pathology
NSW Enteric Reference Laboratory, NSW Health Pathology
NSW Enteric Reference Laboratory, NSW Health Pathology
SARA22

SARA23

SARA24

SARA27

SARA28

SARA29

SARBS5

SARBS56

NSW Enteric Reference Laboratory, NSW Health Pathology
NSW Enteric Reference Laboratory, NSW Health Pathology
NSW Enteric Reference Laboratory, NSW Health Pathology
NSW Enteric Reference Laboratory, NSW Health Pathology
NSW Enteric Reference Laboratory, NSW Health Pathology
NSW Enteric Reference Laboratory, NSW Health Pathology
NSW Enteric Reference Laboratory, NSW Health Pathology
NSW Enteric Reference Laboratory, NSW Health Pathology
NSW Enteric Reference Laboratory, NSW Health Pathology
NSW Enteric Reference Laboratory, NSW Health Pathology
NSW Enteric Reference Laboratory, NSW Health Pathology
NSW Enteric Reference Laboratory, NSW Health Pathology
SARB26

SARB27

NSW Enteric Reference Laboratory, NSW Health Pathology
NSW Enteric Reference Laboratory, NSW Health Pathology
NSW Enteric Reference Laboratory, NSW Health Pathology
NSW Enteric Reference Laboratory, NSW Health Pathology
NSW Enteric Reference Laboratory, NSW Health Pathology
NSW Enteric Reference Laboratory, NSW Health Pathology
NSW Enteric Reference Laboratory, NSW Health Pathology
NSW Enteric Reference Laboratory, NSW Health Pathology
NSW Enteric Reference Laboratory, NSW Health Pathology
NSW Enteric Reference Laboratory, NSW Health Pathology
NSW Enteric Reference Laboratory, NSW Health Pathology
NSW Enteric Reference Laboratory, NSW Health Pathology

2, Bacterial strains used for specificity testing: 38

L73
L74
L75

Agona
Anatum

Brandenburg

SARBI1
SARB?2
SARB3
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L76 Choleraesuis SARB4

L81 Derby SARB9
L85 Dublin SARBI13
L93 Gallinarum SARB21
L95 Heidelberg SARB23
L97 Indiana SARB25
L101 Miami SARB29
L102 Montevieo SARB30
L107 Muenchen SARB35
L109 Newport SARB37
L1111 Panama SARB39
L115 Paratyphi B SARB43
L121 Paratyphi C SARB49
L123 Pullorum SARBS51
L125 Reading SARBS3
L129 Schwarzengrund SARBS57
L131 Senftenberg SARB59
L132 Stanley SARB60
L133 Stanleyville SARB61
L134 Thompson SARB62
L135 Typhi SARB63
M884 Moellerella

M892 Pseudomonas

M898 Yersinia

M902 Citrobacter

M903 Enterobacter

M904 Klebsiella

K12 Escherichia

L1607 Vibrio

L2376 Enteritidis NSW Enteric Reference Laboratory, NSW Health Pathology
L2378 Enteritidis NSW Enteric Reference Laboratory, NSW Health Pathology
L2371 Virchow NSW Enteric Reference Laboratory, NSW Health Pathology
L127 Saintpaul SARBS5
L128 Saintpaul SARBS56
L98 Infantis SARB26
L138 Typhimurium SARB66
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Appendix II: Table S2: in silico sensitivity and specificity of the seven MCDA products

Database from previous study: 2258 genomes *

MCDA

No of

Non-target

Serovar Selected gene TP TN FP FN  Sensitivity  Specificity
products genomes genomes
Typhimurium STM4494 223 214 2044 214 1904 140 0 100 93.2
Enteritidis-clade B SEN1384 215 139 2119 134 2110 9 5 96.4 99.6
Enteritidis-clade A/C R561 RS18155 259 26 2232 26 2206 26 0 100 98.8
Virchow SEV_RS01820 230 39 2219 39 2219 0 0 100 100
Saintpaul-I SESPA RS08460 248 24 2234 24 2155 79 0 100 96.5
Saintpaul-IT SeSPB_A1749 211 5 2253 5 2253 0 0 100 100
Infantis L287 RS37190 209 33 2225 33 2223 2 0 100 99.9

MCDA: Multiple Cross Displacement Amplification.

*: Zhang, X., Payne, M., and Lan, R. (2019). In silico Identification of Serovar-Specific Genes for Salmonella Serotyping. 10(835).
doi: 10.3389/fmicb.2019.00835.

Sensitivity
Specificity
TP
TN
FP
FN

TP/(TP+FN)
TN/(TN+FP)
True positive
True negative
False positive
False negative
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Appendix II: Data S1: The sequences of seven serovar/lineage-specific gene
markers

>Typhimurium specific gene STM4494
ATGAAAATAGCGGCGATTTATACGCAATCCGTCGGACCGCTGCCCGACGGTGAAAT
TCGTTTTGAAAACGACTGGTCAGGCGAGATAGAATCCAATGTCCTGATTACCGGGC
CAAACGGCTGCGGTAAATCGACGCTGTTACGAGCCATTTCCTTATTATGGCGCGCCT
TTGGGCATTGGCTGGGCACGGGTACGCGCCTGAATATCAAAGATGAATCTTATACC
TGGTTCTATCGCTGGGATGCCAGCTGCGCGATGATTCTCGATTCCTTTTCGCCAAAA
TCGGAGGACCAAATAGGGCTATTTCTTGGCTCAGAGGCATTTTTAGTACAACTAAA
AGAGAAATACCCACAGGTCTACTGGCTCGGGGAAACGGTAAGCAGAACAAAGGGA
ACAACGCCAGAGACGACCGTTTTTACGTCATCGGAACACTTTTTTCTTCCCTATAAG
AACTGGTGGAGTCACTGGAGTAGCCAGTATCAACGGCTTGTACTGAAGGGACCAAG
TGTTGATATGCCTAATCTGGTTTACCTGGATGCCGAAGCGCGCCGCTGGGTTCGCCC
GCAAAAAGATATCGGCAGCCTGTCCCCGGATGATTCAACTCAAGCCTGGCTGGCAA
CCTATGAAGTGAACGATAACTGGAAAGGTCAGCTTGAATCGTCGCTCTTCAATATG
AAGGCAACCATGCCCGGTGAATATCCTGAAATGATCGCCACGCTAAACCAGTTCTT
CAGCGGTAAACGTATCGAAGCTGAAATTCATCCAGGACAGCGGCAACGTGTCCTAC
TGGATTCAGGGAATGATCATTCGTTAGATGCGCTTAGCTCCGGCGAACATCAGGTG
CTGATTATGCTGTTTACGGTACAACGCTGGCTACAGCCCGGCGGTGTTGTACTCATT
GATGAGCCGGATCTGCATCTGCATCCGTCCCTGATATCGCCGTTGCTGGCATCCATT
GAGAACATCGTTGCCAGGAAAAATGGTCAGCTTGTGATGACTTCACACGCAACGGA
TATCTGGCAACGTTATGACAACATGGGATTGCGGATTGATTTAACCGATGGCAAGG
ATGCGGAAAATGGCCAGCGTTAA

>Enteritidis-clade B specific gene SEN1384
ATGAACTCCGGCCTGATAACACTTACGGAGCTGAGGAGGATGACGGGGTTAACCAT
TTATTCGACCCGCCACTACCTGGACAAGGCAGAACGTTGTGGGGATGTGTACCAGG
CGGGCAGAAGAGGGGGGATTTTCCCGTCAGAAGAGGCTTATCGTGCCTGGAAGAA
ACAGGCGAAAGTGGACGCTGACCTGATTTGGAAGCTGCCTGACGGTGAGGTACGTC
GTTACGACAGGCACCACAACGTAATTTGTCGTGAGTGTCGTAAAAGCGAGTACATG
CAGCGGGTACTGGCGTTTTATCGGGGAAACTTTCAGGAGGTGCTGTTGTGA

>Enteritidis-clade A/C specific gene R561 RS18155
ATGATTGAAAAATTGGTTGATATTACCCCCCAAAATATATCTTTAAAAGGTAGTCA
GATAATTGATTTTCATTATAGGGCAGGGAGTCTTGAGATTATAGTTACTCTTGATGG
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AGTGAATTCGGATTTTCGATTTTTTTTTGATTGGACTCATTCATTTCGTGTCACTGA
TGAAGGTGATCTGTTGAAAATGTTGGGTGAGCAAAAAGGAAAAATGCGAGTAGGT
ATTTATAAGGTTGAGGACTCATCTTATCTGGAATGGTTTAATGACCAGAGTTTTAAT
ATACATGAAAAAGAGAAAATTATTCATTATTTGATTGTGACAGTAAATGATATCAT
TGATGTTTTGTCCTCAGAGTCTCCAGTGATATCTAACTGTTCTAAATAA

>Virchow specific gene SESV_RS06060
ATGTTAAAAACACACATGAATGCAACCGAGAATCATTTGGTTTCTATCTCACAGAT
TCCTGCTAATGCTGGACATACATTACATAGAGGTACACCGAGAGAAGCGTTTATTA
AAGAGTTTCTTTCCGGGCACTTAAGCTCTAATGTGGCAATTGGTTCAGGGGAAATT
ATAGATTCTAACTCTCAACCAAGAGTACAAAGAAATCAGTATGATATTGTCATCTA
TAAAAACAATTATCCAAAATTAGATTTTGGCGGTGGAGTTAATGGTTTTTTAATTGA
GTCAGTAATTGCTACAATAGAAGTAAAATCATTATTAGACCAATCTGCAATTGACC
AGTCGGTTAAGGCAGCTCACAACGCGAAAGTTTTAAACCCAAGCATAAATAAAAGT
TTCAGCACTGGATGGGTGCCACCTAAAATTATAAATTATGTTGTGGCATATGATGG
GCCAGCACAAATGAATACTGTGTATAACTGGATCTTAAATAGTCATCAAACGAATA
GGATCCCGTTGCCATCATGGAATCAGCAAACGAAATATCAAACACCAGGTACAGCA
CTTGATGGTGTGGTTTTATTAAATAAAGGATTTATAAAGCTTGATAATACACCATTA
TCGTTAAACTCTTCTCAGCAATCAGGAACTCATATAGTTGTTGACAGTAATGATGGT
AATCTATTAATGATGTTTTTGGCTTTACAGGAAGCGTGTGACAATATCCAAGGCGCT
TGGTTGAATGCAGGACCATATGTAAGAAATGTCGGATTTAACAATGTAAGAATAAT
ATAA

>Saintpaul-I specific gene SESPA_RS08460
ATGCTCCCGAATCGAATGGTACTTAGCCGTCAGACTGAAGACCAGCTTAAAAAGCT
AAAAGGATATACGGGGATTACACCCAATGTCGCGGCTCGGCTGGCATTTTTCCGCT
CAGTGGAGAGTGAGTTTCGCTATTCGCCTGAGCGGGATAGTAAGAAGCTGGATGGC
TCTCTGGTGCTGGATAAAATAACGTGGCTGGGGGAAACGCTGCAAGCTACGGAGCT
GGTACTAAAGATGCTATATCCGCAGCTAGAGCAGAAAATACTAATTAAAGCATGGG
CAGCACATGTTGATGATGGAATTGCTGCATTAAGGAATTATCGAAGCTTAAAAGAT
TTTTCAAAGAATATATAG

>Saintpaul-II specific gene SeSPB_A1749
ATGAAAAGAATTGCCATCGACATGGATGAAGTTATCGCCGATTTTAACTGCAAATT
TATTGCTTCTTTTAACGCCCGTTTTTCTGAAAACATCACGGTCGCCGATCTCGCCGG
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AAAAACGGTTGAGCAGTTCCGTCCACAACTGCTGGCGGAGATGCGGGCAATGATTT
GCGAGGACGGTTTCTTCCGCGATATGCCGGTGATCCCGGACAGTCAGAGGGTGGTT
GAAGCATTGCATAACCGATACGAAATATTTATTACCAGTGCCGCGATGGACTGGCC
GGGCTCTTTTAATGCTAAGTATCACTGGCTCCAGGAAAATTTCCCCTTCATCAGCCC
TAAAAACGTGGTGTTTTGTGGCAACAAAAGCATTGTTTATGCTGACTACCTGATCG
ATGACACTCCGCGACATTTCCTCACCTTCCAGGGTGAAGGGATCCTGTTTTCTGCCC
CCCATAACCTTGATACGGAAGGTTACCGCAGGGTTAATAGCTGGCTGGATGTGGAA
ACGCTCTTCCTTTCATAA

>Infantis specific gene L.287 11788
ATGTCAAATCAACCCAGTAACATCAGTAAAAACAGCGCTCTGCTGGTTATGGATTT
TCAGACGATCATCCTTAACAATTTCCTCCCGCAAGAAAGCGCTGGAAACGTTATCC
GCAATACCGCATCACTGATAGCCGCTGCGCGCACGGCAGGCGTACCGGTCATTTAT
GTCAGTGTCGGATTTCGCGAGGGGTATCCAGAGGTCAGCAAAAACAACACTATCTT
CTCTTCGATTAAAGAGAATGGAATTTTTATGGCTGACAACGAGAGCACGGCTATTC
ATCCTGATGTCGCTCCGGCAGAAAATGAGGTCGTCATCGTTAAACGCAGAGTCGGA
GCTTTCTCGTTTACCGAACTTGAGATGATCCTTCGTGCTCAAGGCATCGAAAACCTG
ATCCTTACCGGTGTGACTACCAGTGGTGTTGTGCTTTCTACAGTCGGGCAAGCGTTT
GACCTGGATTACCGCCTCATCGTTGTGAGTGATTGCTGCGCAGATCCAGATCATGA
CACCAATGTGTTTTTACTTGAAAAAATTCTACCCCAACATGCTTTTGTTACCAGTTC
ATCTGAAATATCAGAAGCCTGGGCATAA
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Appendix II: Figure S1: Phylogenetic relationship of 4 SARB Enteritidis strains.
The SNP based phylogenetic tree showed the genetic relationship of 4 SARB Enteritidis
strains with Enteritidis strains. SARB18 was grouped with Enteritidis-Clade A/C isolates,
while SARB16, SARB17 and SARB19 were grouped with other serovars.

SARB: Salmonella Reference Collection B.
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Appendix II: Figure S2: Phylogenetic relationship of SARB17, Enteritidis and
other serovars.

The SNP based phylogenetic tree constructed in MEGA X by Maximum Parsimony
method for flagellin gene fIiC of SARB17, Enteritidis-clade A/C, Enteritidis-Clade B,
and other closely related to Enteritidis serovars. Tree length are indicated at the nodes.
Enteritidis-Clade B and Enteritidis-Clade A/C are identical. SARB17 is not related to
Enteritidis and is the same distance or further away than 4 other serovars.
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Appendix II: Figure S3: Phylogenetic relationship of Infantis strain SARB27.

The genome based phylogenetic tree constructed by parsnp showed that SARB27 did not
cluster with either Typhimurium or Infantis. The genomes used to build this tree were
from our previous study (21) except Infantis SARB27. The genome of Infantis SARB27
(RefSeq assembly accession: GCF_000230875.1) was downloaded from NCBI (National
Center for Biotechnology Information).

SARB: Salmonella Reference Collection B
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(21): Zhang, X., Payne, M., and Lan, R. (2019). In silico 1dentification of Serovar-
Specific Genes for Salmonella Serotyping. 10(835).
doi:10.3389/fmicb.2019.00835.
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Appendix III: Supplementary Material of Chapter 4

The Supplementary Material for this article can be found online at:
https://drive.google.com/drive/folders/1kEhrqzKOSWBr31dvUvDpp9J4Y 1 KoMz0?usp

=sharing

Appendix III: Data S1 Additional scripts information
Usage and further details can be found in the scripts folder at
github.com/LanLab/ShigEiFinder.

clade_specific gene combinations.py :

This script was used to identify specific gene sets for each cluster from the pan genomes
of the identification dataset. The script ran on one cluster at a time. The script takes in 4
inputs, a roary presence absence file, a genome cluster assignment file, the genomes of
all isolates, the annotated genes in all genomes (as used in roary). The script first
identified individual candidate genes that were present in all isolates of the target cluster
(true positives) and were present only in a percentage of non-target cluster isolates (false
positives). For the list of candidates each combination of genes was tested to see whether
all are found in the same false positive strain. If a set of genes are never all found together
then that set of genes is reported as a result. The size of the gene combinations starts at 1
for the whole list and increases progressively. At each size, successful sets of genes were
reported until the total number of reported sets equals the maximum specified in the
settings. Additionally, if a successful set of 2 genes (for example) was found within a
subsequent set of 3 genes that three gene set was excluded because the additional gene

provides no benefit.

extract_gene_sequences_from_roary.py:
This script extracts specific gene set sequences for sets produced by
clade specific_gene combinations.py. The script accepted 4 inputs: the presence absence
roary output csv, the annotated genes in all genomes (as used in roary), a list of cluster
specific genes sets and their corresponding cluster, a list of genome ids and their
corresponding cluster. An output prefix is also required. The script will:

e select a representative genome from each cluster

¢ identify the roary orthologue group that contains a given specific gene
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retrieve the gene ID for that orthologue group and the representative genome
extract the gene from the genes fasta file for that genome
save the specific gene to an output file (output prefix)

produce a summary file of genes retrieved (output prefix)

The selection of cluster/lineage-specific gene markers after initial screening

Obtain the list of genes for each set (Specific_genes grouplD.txt) from the output
file after running script: clade specific_gene combinations-fnfp.py.

Extract the sequences of genes using script: prokka genome gene from_roary.py.
Run blastn against identification dataset with the sequence identity of 80% to
check for truncated orthologues which are not evaluated in roary.

Gene length filtering for blastn output: >=50% length coverage.

Check the number of FN and FP for each cluster/lineage-specific gene set (the
output file from running clade specific_gene combinations-fnfp.py), combined

with the blastn results, the gene set with the lowest FN and FPs was selected.
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Appendix III: Data S2 Algorithms incorporated into the ShigEiFinder

ShigEiFinder stands for Shigella EIEC Cluster Enhanced Serotype Finder and is a cluster-
specific gene marker based in silico pipeline developed for differentiation of Shigella and
enteroinvasive E. coli (EIEC) and serotyping of Shigella and EIEC. ShigEiFinder is
available as a web tool (https://mgtdb.unsw.edu.au/ShigEiFinder/) and on github
(https://github.com/LanLab/ShigEiFinder).

Note that for brevity, in all references to Shigella serotypes below, Shigella sonnei,
Shigella flexneri, Shigella boydii and Shigella dysenteriae are abbreviated as SS, SF, SB
and SD respectively and a serotype is designated with abbreviated “species” name plus

the serotype number e.g. Shigella dysenteriae serotype 1 is abbreviated as SD1.

Typing reference sequences used in ShigEiFinder

The typing reference sequences consisted of cluster-specific gene markers and sporadic
EIEC lineages specific gene markers from this study, ipaH gene, 38 virulence genes,
Shigella serotype specific O antigen genes collected from ShigatTyper (2), E. coli O
antigen genes and fIiC genes collected from SerotypeFinder (3) and 7 House Keeping
(HK) genes from the MLST (4) scheme.

The cluster-specific gene marker sets and sporadic EIEC lineages specific gene markers
are listed as supplementary material with file name in Table S3. The 38 virulence genes
are listed in “Analysis of the 59 sporadic EIEC isolates” section in the main text. Shigella
and E. coli O and H antigen genes are listed as supplementary material with file name in
Data S3.

All sequences are listed in fasta format available at

https://github.com/LanLab/ShigEiFinder.

ShigEiFinder input

Either paired end Illumina sequencing reads or assembled genomes are acceptable.

ShigEiFinder output
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ShigEiFinder output included the sample, presence of ipaH gene, number of virulence
genes, cluster assignment, serotype, E. coli O and H antigen present and any further notes

for the result in a tabular format.

Runtime and memory requirements

The average run time is approximately 0.89s per genome in which the average size of a
genome was approximately 4.4 MB on a machine with 4 threads and 32Gb RAM.
Average script runtime for WGS reads is approximately 1.5 minutes on a machine with 4

threads and 32 Gb RAM.

Determination of presence or absence of genes

The presence or absence of genes were determined by the cutoff value of gene length
coverage for assembled genomes and the mapping length percentage and the ratio of mean
mapping depth to the average mean mapping depth of 7 HK genes (Table 1). For example,
the ipaH gene was defined as present if mapping length coverage was over 10% together
with the ratio of mean depth to the average mean depth of 7 HK genes was over 1% from

reads mapping.

Table 1: Thresholds used for determination of genes present or absent

Genomes Reads mapping
Typing reference genes Gene length Mapping length | Ratio to
coverage coverage 7 HK
ipaH gene 10% 10% 1%
Virulence genes 50% 50% 10%
Cluster-specific gene markers 50% 50% 10%
O antigen and H antigen genes 50% 50% 10%

Algorithms for cluster assignment and serotyping

The Shigella or EIEC cluster assignment was determined by the presence of cluster-
specific gene marker set that was only found within a single Shigella or EIEC cluster.
Where marker set was used to identify a cluster, all genes must be present for a cluster to
be called. ShigEiFinder also used 38 virulence genes from the pINV invasive plasmid to
determine whether the plasmid was present in the isolate. When more than 25 of these

genes were present, the isolate was considered to be pINV positive.
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The presence of cluster-specific gene marker sets combined with the presence of ipaH
gene and/or virulence genes the isolate was assigned to Shigella or EIEC cluster (Table

2).

The isolate assigned as Shigella or EIEC unclustered could be any new cluster that cannot
be detected by any of cluster-specific gene marker set. Unclustered Shigella or EIEC
isolate could also be those that all genes in the markers set were present but one or more
of the genes from the markers set have mapping ratio between 1% and 10% and do not
meet the cutoff for presence and therefore are classified as unclustered (11 isolates of

15,501 isolates in validation dataset were in that category).

Table 2: The cluster-specific gene markers based cluster assignment

ipaH >=26 virulence | cluster-specific
Cluster assignment gene genes gene/set
Shigella or EIEC clusters + +/- +
Shigella or EIEC unclustered + +/- -
SB13 or SB13-atypical - - +
Not Shigella/EIEC - - -
“+7: gene presence; “+/-": can be present or absent; “-”’: gene absence.

The serotype is then assigned based on the presence of Shigella serotype specific O

antigen genes and modification genes or E. coli O and H antigen genes. A “novel serotype’

is assigned if there is no match to known serotypes.

Low level contamination check and notes for unclustered Shigella or EIEC isolates
The gene markers with mapping ratio between 1% and 10% demonstrated that the genes
in the genomes may not be sequenced very well or a potential contamination. In such
cases ShigEiFinder will write out a note “Possible contamination by Shigella or EEIC

strain or low cluster-specific gene mapping depth to HK genes in cluster [cluster name]”.

The genes may have mapping ratio between 1% and 10% are listed in Table 3.

Table 3: Gene markers with mapping ratio between 1% and 10%
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Gene markers Number of isolates of 15,501 isolates
Cl gene 2 8
C1 gene 4 1
C5 gene 1 1
CSS gene 3 1

Additional subsets of gene markers used for Shigella or EIEC clusters assignment

To increase the accuracy of typing, we added additional subsets of genes to eliminate the
known false presences for cluster-specific gene markers. For example, the combination
of C1 specific markers set and CSB12 specific gene marker can distinguish CSB12 from
C1, if both cluster specific genes are present, the isolate is assigned CSB12 while if
CSB12 specific gene is absent, the isolate is assigned as C1. There are 6 subsets of
combined genes incorporated into the ShigEiFinder for elimination of false cluster

assignment (Table 4).

Table 4: Subsets of combined gene markers for elimination of false cluster

assignment
Subset 1 C1 markers set CSB12 gene Cluster Assignment
Isolate + + CSB12
Isolate + - Cl
Isolate - + CSB12
Subset 2 | CI markers set | CSDI markers set Cluster Assignment
Isolate + + CSD1
Isolate + - Cl
Isolate - + CSD1
Subset 3 | Cl1 markers set C2 markers set Cluster Assignment
Isolate + + C2
Isolate + - Cl
Isolate - + C2
Subset4 | C3 markers set C5 markers set Cluster Assignment
Isolate + + C3
Isolate + - C3
Isolate - + C5
Subset 5 C5 markers set C8 markers set Cluster Assignment
Isolate + + C8
Isolate + - C5
Isolate - + C8
Subset 6 | C2 markers set CSS markers set Cluster Assignment
Isolate + + C2
Isolate + - C2
Isolate - + CSS

“+7: gene presence; “-”’: gene absence.
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Serotyping SB1 and SB20 within C1

SB1 and SB20 share identical O antigen genes. For better differentiation of SB1 from
SB20, we analysed C1 subbranch on the identification tree (Fig.1 in main text). The 21
isolates with presence of SB1 wzx and wzy genes were grouped into one subbranch which

consisted of 2 lineages, lineage I and lineage II as Table 5.

Table 5: The distribution of SB1 and SB20 isolates in two lineages

Lineages ShigaTyper assignment
SB1 | SB20 | EIEC Untypeable Total
Lineage | 11 0 1 2° 14
Lineage II 4 2 2 1 9°

. One isolate with the presence of heparinase gene which was used in ShigaTyper to
separate SB20 form SBI1.°: All 9 isolates had heparinase gene either full length or
fragments by BLASTN search.

HierBAPS (5) analysis was further performed to confirm the 2 lineages. Lineage I was
defined as potential SB1 lineage and lineage II was defined as SB20 lineage (Figure
below). Based on phylogenetic analysis, we identified an SB20 specific gene by
comparing 288 accessory genomes in C1 from the identification dataset. The gene was
validated with Shigella and EIEC validation dataset C1 isolates. The isolate was assigned
as SB20 with the presence of SB20 specific gene and SB1 wzx/wzy genes, otherwise the

isolate was SB1 with the only SB1 wzx/wzy genes present.

Serotyping SB6 and SB10 within C1

SB6 and SB10 share identical O antigen genes but there are SNP differences in the O
antigen gene clusters. The SNP in SB10 wzx and SB10 wzy genes at positions 904 and
141 respectively were used to separate SB6 from SB10. For assembled genomes, we first
checked the SNP positions that were covered in the blast search with 100% identify for
SB10. The isolate was classified as SB10 if the SB10 SNPs were present. Otherwise, the
isolate was assigned as SB6. Samtools mpileups was used to gather the nucleotide base
at the SNP positions for reads mapping. The isolate was SB10 if the SB10-SNPs was
found. The absence of the SNP was assigned as SB6.

Figure: Subbranch of C1 on identification tree
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Serotyping EIEC 0164/0124

The E. coli 0164 and O124 O antigen genes are near identical with > 99.4% identity (6).
There was a 2-base indel (a frame shift mutation (7)) at positions 429 and 430 in wfeP
gene of 0164 in comparison to O124. We used this indel to differentiate O164 from O124.

The isolate was assigned as 0164 if the indel was found.

Multiple variants of H antigens
There are multiple variants for one type of H antigen. To assign an H type when multiple

H variants are present, the highest match was chosen as the H antigen present.

SF serotyping within C3

C3 contains all SF serotypes except for SF6 which is grouped into C1. We used the
established scheme of SF O antigen genes and modification genes including gtr, oac and
opt genes to type SF within C3 (8-20) (Table 6). ShigEiFInder assigned all possibilities
when there was a multiple match of combinations of modification genes. The isolate was
classified as SFY if there was only backbone O antigen genes present. While the isolate
was assigned as SF novel serotype if no match to known serotypes and the note was given

with the presence or absence of genes.

Table 6: The combination of O antigen genes and modification genes used for SF

serotyping
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SFla + | - + - - - - - - - | -] - - - -
SF1b + + - - - - - - + [ +/-| - - - -
SFlc(7a) | * | - + |+ - - - - - - - - - - -
SF1d + | - + - - - - + - - - - - - -
sf2a |+ | - |- |-+ -[-[-T-T-[#l- =] -1-
SF2b + | - - - + - - + - - - - | -] - -
SF3a + - - - - - - | e - - - | - - -
SF3b | - - - - - - - + - - - - - -
SF4a + | - - - - + - - - - - - - - -
SF4av + | - - - - + - - - - - - - - +
SF4b + | - - - - + - - + - - - - - -
SF5a | - - - - - + - - - + - - - -
SF5b | - - - - - 1t - - - - - - -
SF7b + | - - + - - - - + - - - - - -
SFX + | - - - - - - + - - - - | -] - -
)SF Xv(4c . i i i i i " i i i I VN i
sty |+ - |- -] - |-
SFYv + | - - - - - - - - - - S+ + |+
SF6 -t - - - - - - - - - | - - - -

“+7: gene presence and highlighted in pink color. “+/-”: can be present or absent. “-”:

gene absence.
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Appendix II1: Data S3 Shigella/EIEC serotypes specific O and H antigens used in
ShigEiFinder

Shigella serotype specific O antigen genes were collected from ShigaTyper (2). E. coli

O antigen genes and fliC genes were collected from SerotypeFinder (3)

Sequences Accession number
SD1_wzx, SD1_wzy L07293
SD1-rfp CP000640
SD2 wzx, SD2_wzy EU296404
SD3 wzx, SD3 wzy EU296415
SD4 wzx, SD4 wzy EU296402
SD5 wzx, SD5 wzy EU294174
SD6 wzx, SD6_wzy EU296414
SD7 wzx, SD7 wzy AY380835
SD8 wzx, SD8 wzy EU294166
SD9 wzx, SD9 wzy EU296416
SD10_wzx, SD10_wzy EU294178
SD11_wzx, SD11_wzy EU294172
SD12 wzx, SD12_wzy EU294169
SD13_wzx, SD13_wzy EU294167
SD14 wzx, SD14 wzy CP026832
SD15 wzx, SD15_wzy CP026834
SDP 96-265 wzx, wzy CP026819
SDP E670-74 wzx,wzy CP027027
SB1 wzx, SB1 wzy AY 630255
SB2 wzx, SB2 wzy EU296418
SB3 wzx, SB3 wzy EU296407
SB4 wzx, SB4 wzy AF402312
SB5 wzx, SBS wzy AF402313
SB6_wzx, SB6_wzy AF402314
SB7 wzx, SB7 wzy EU296411
SB8 wzx, SB8 wzy EU294163
SB9 wzx, SB9 wzy AF402315
SB10_wzx, SB10_wzy AY693427
WbaM AY693427
SB11 wzx, SB11_wzy AY529126
SB12 wzx, SB12 wzy EU296406
SB13 wzx, SB13_wzy AY369140
SB14 wzx, SB14 wzy EU296409
SB15 wzx, SB15 wzy EU296412
SB16_wzx, SB16_wzy DQ371800
SB17 wzx, SB17_wzy DQ875941
SB18 wzx, SB18 wzy AY948196
SB19 wzx, SB19 wzy CP026814
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Heparinase CP016036
SBP E1621-54 wzx,wzy CP026810
SF wzx;_s gene AE005674
SF6 wzx gene EU294165
SF gtrl AF139596
SF gtriC FJ905303
SF gtrll AF021347
SF gtrlV AF288197
SF gtrV’ U82619

SF gtrX L05001

SF oacA AF547987
SF oaclb IN377795
SF oacB NC_004337 (SF0315)
SF oacC AKMWO01000058
SF oacD NC_004337 (SF0309)
SF optll] KC020049
SF Xv optll CP001385 (SFxv_5135)
SS wzx, SS wzy AF285971
Ol wzx, Ol wzy GU299791
02 wzx, 02 wzy EU549863
04 wzx, 04 wzy AY568960
06 _wzx, O6_wzy AJ426045
07 wzx, O7_wzy AF125322
08 wzx, O8 wzy AF013583
08 wzm, O8 wzt AB010150
012 wzx, O12_wzy ABg&11600
O13 wzx, O13 wzy EU296422
016 _wzx, O16 _wzy AB811601
O17 wzx, O17 wzy ABg&12084
Ol18ac_wzx, Ol8ac wzy AB811603
021 wzx, 021 wzy EU694098
022 wzx, 022 wzy AB811606
025 wzx, O25 wzy GUO014554
026 _wzx, 026 _wzy AF529080
028ac_wzx, 028ac_wzy DQ462205
029 wzx, 029 wzy EU294173
032 wzx, 032 wzy EU296410
036 wzx, 036 wzy ABS811613
039 wzx, 039 wzy ABS811616
040 wzx, 040 _wzy EU296417
050 _wzx, O50 wzy ABS811624
053 wzx, O53 wzy EU289392
071 wzx, O71_wzy GU445927
077 _wzx, O77_wzy AB972416
079 wzx, O79 wzy EU294162
086 _wzx, O86_wzy AY220982
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089 wzx, O89 wzy AB812038

092 wzx, 092 wzy AB812040

093 wzx, 093 wzy AB812041

096 _wzx, 096 wzy AB812043
0102_wzx, 0102_wzy JX087966
0105_wzx, O105_wzy EU294171
O110_wzx, O110 wzy ABg&12049

O111 wzx, O111_wzy IN887675
Ol12ab_wzx, Ol12ab _wzy EU296413
Ol12ac_wzx, Ol12ac_wzy EU296405

O117 wzx, O117_wzy EU694096

O118 wzx, O118 wzy HM204927
0121 wzx, O121_wzy IN859209
0124 wzx, 0124 wzy EU296419
0129 wzx, 0129 wzy EU296424
0130 _wzx, 0130 _wzy EU296421
0132 wzx, 0132 wzy AB812056
0135 wzx, 0135 _wzy EU296423
0136 _wzx, O136_wzy AB812059
0143 wzx, 0143 wzy EU294164
0144 wzx, 0144 wzy AB812062
0147 wzx, O147 wzy DQ868766
0148 wzx, 0148 wzy DQ167407
0149 wzx, 0149 wzy DQ868764

O151 wzx, O151 wzy HM204926
0152 wzx, 0152 wzy EU294170
0155 wzx, O155 wzy AY657020
0162 _wzx, 0162 _wzy AB812067
0164 wzx, 0164 wzy EU296420
0167 wzx, 0167 wzy EU296408
0173 wzx, O173 wzy GU068046
0180 _wzx, 0180 wzy JQ751058
0183 wzx, O183 wzy AB627352

H1 fliC AB028471

H2 fiiC AIHA01000023
H4 fliC AJ605764

H4 fliC AJ605765

H4 fiiC AJ536600

H5 fliC AY249990

H5 fiiC AY337469

Heé _fliC AIEY01000041
H7 fliC AY337468

H7 fiiC AKML01000326
H7 fliC ANLT01000257
H7 fiiC ANLJ01000383
H7 fiiC AOES01000098
H7 fliC AMVH01000352
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H7 fiiC AF228487

H7_fliC AF228496
H7 fliC AF228495
H7_fliC AB334575
H7_fliC AB334574
H7 fliC AF228494
H7_fliC AF228491
H7 fliC AF228492
H7 fliC AB028474
HS_fliC AJ865465
HY fliC AY249994
H10 fliC AF169320
H11 fliC AY337472
H12 fliC AY337471
H14 fliC AY249998
H16 fliC AB128919
H16 fliC JH954529
H16 fliC JH953794
H16 fliC AY337476
H16 fliC AY337477
H16 fliC AY337475 AY2500001
H16 fliC AY250000
H18_fliC AY250001
H19 fliC AY337479
H19 fliC AY250002
H20 fIiC AY250003
H21 fliC AIHL01000060
H24 fliC K72 (H25w)
H25 fliC AGSG01000116
H26_fliC AY250008
H26 fliC AY337483
H27 fliC AY250009
H28_fIiC AY250010
H30 fIiC AY250011
H30 fIiC AY337483
H31 fliC AY250013
H33 fliC AY250015
H40 fliC AJ884568
H42 fliC AY250021
H45_fliC AY250023
H48_fliC AY250025
H49 fliC AY250026
H51 fliC AY250027
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Appendix III: Figure S1: Identification phylogenetic tree

Tree scale: 0.01

Figure 51: Identification phylogenetic tree

An identification phylogenetic tree constructed by
Quicktree v1.3 and visualised by ITOL v5 shows the
phylogenetic relationships of 1,879 Shigella and EIEC
isolates in identification dataset. The tree scales indi-
cated the 0.01 substitutions per locus. Shigella and
EIEC clusters are colored. The internal branches are
colored to represent the bootstrap values. Green color
indicates the maximum bootstrap value (1). The red
color shows the minimum bootstrap value (0). Each of
cluster is well supported by bootstrap value of 80% or
greater. CSP is sporadic EIEC lineages. ECOR is
Escherichia coli reference collection.
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Appendix III: Figure S2-A: Confirmation phylogenetic tree
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Figure S2-A: Confirmation phylogenetic tree

A confirmation phylogenetic tree was constructed by Quick-
tree v1.3 based on 2,375 isolates and visualised by Grape-
tree’s interactive mode. The tree shows the phylogenetic
relationships between identified Shigella and EIEC clusters
in 1dentification dataset and non-enteromvasive E. coli
isolates. Branch lengths are log scale for clarity. The tree
scales mdicated the 0.1 substitutions per locus. Known
Shigella and EIEC clusters from 1dentification dataset are
colored. Numbers m square brackets indicate the number of
isolates of each 1dentified cluster. CSP 1s sporadic EIEC
lineages.
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Appendix III: Figure S2-B: Confirmation phylogenetic tree
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Figure S2-B: Confirmation phylogenetic tree

A confirmation phylogenetic tree constructed by Quicktree v1.3
and visualised by ITOL v5 shows the phylogenetic relationships
between 1dentified Shigella and EIEC clusters i identification
dataset and non-enteroinvasive E. coli isolates. The tree scales
indicated the 0.01 substitutions per locus. Shige/la and EIEC
clusters are colored. The internal branches are colored to represent
the bootstrap values. Green color indicates the maximum bootstrap
value (1). The red color shows the minimum bootstrap value (0).
Each of cluster 1s well supported by bootstrap value of 80% or
greater. CSP is sporadic EIEC lineages.
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Appendix III: Figure S3: Distribution of mapped 38 virulence genes in 58 sporadic isolates. The presence of Shigella virulence
plasmid pINV in 58 sporadic isolates in identification dataset was determined by the mapped 38 virulence genes. Detailed genes were
described in Results “Investigation of Shigella virulence plasmid pINV in 59 sporadic isolates”. Three categories were defined based
on the number of virulence genes mapped to isolate. Virulence plasmid positive: > 25 genes mapped to isolate; Intermediate: 13 to 25
genes mapped to isolate; Virulence plasmid negative: less than 13 genes mapped to isolate.
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Appendix III: Figure S4: Validation phylogenetic trees
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Figure S4-A: Validation phylogenetic tree

Seven validation trees were generated by Quicktree v1.3 and visualised by
Grapetree’s to assign isolates in validation dataset to clusters. Branch lengths
are log scale for clarity. The tree scales indicated the 0.2 substitutions per
locus. Known Shigella and EIEC clusters from identification dataset are
colored. Numbers in square brackets indicate the number of isolates of each
identified cluster. Isolates in validation dataset (valdb) are colored white. The
isolates were assigned to clusters if the isolates were found within a branch
that exclusively contained identification dataset isolates from that clusters
with a bootstrap value of 80% or greater . CSP is sporadic EIEC lineages.
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Figure S4-B: Validation phylogenetic tree

Seven validation trees were constructed by Quicktree v1.3 and
visualised by ITOL v5 to assign isolates in validation dataset to clusters.
The tree scales indicated the 0.01 substitutions per locus. Shigella and
EIEC clusters are colored. The internal branches are colored to
represent the bootstrap values. Green color indicates the maximum
bootstrap value (1). The red color shows the minimum bootstrap value
(0). Each of cluster is well supported by bootstrap value of 80% or
greater. Isolates that grouped with known cluster isolates (from
identification dataset) with strong bootstrap support are categorized into
that cluster. CSP is sporadic EIEC lineages.



Appendix III: Figure S4: Validation phylogenetic trees
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Appendix III: Figure S4: Validation phylogenetic trees
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Appendix III: Figure S4: Validation phylogenetic trees
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Appendix IV: Supplementary Material of Chapter 5

The Supplementary Material for this article can be found online at:
https://drive.google.com/drive/folders/THXJvKIHHY eQ9-
Z0CQ7WnY 7130X41hUfW ?usp=sharing

Appendix IV: Supplementary Tables:
https://drive.google.com/drive/folders/THXJvKIHHY eQ9-

Z0CQ7WnY 7130X4lhUfW ?usp=sharing
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Appendix IV: Figure S1: Identification phylogenetic tree
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Figure S1: Identification phylogenetic tree
An identification phylogenetic tree constructed
by Quicktree v1.3 and visualised by ITOL v5
shows the phylogenetic relationships of 2567
STEC isolates in identification dataset. The tree
scales indicated the 0.01 substitutions per locus.
STEC clusters are colored. The internal branches
are colored to represent the bootstrap values.
Green color indicates the maximum bootstrap
value (1). The red color shows the minimum
bootstrap value (0). Each of cluster is well
supported by bootstrap value of 80% or greater.
MC is STEC minor clusters.



Appendix IV: Figure S2: Validation phylogenetic tree

Figure S2: The representative validation phylogenetic tree

Figure S2-A: The representative validation phylogenefic tree

Fifteen validation trees were generated by Quickiree v1.3 and visualised by
Grapetreeto assign isolates in validation dataset to clusters. The one representative tree
is shown in detail as an example and all the others are similar. The tree scales
indicated the 0.01 substitutions perlocus. Known STEC clusters from identification

dataset are colored. Numbers in square brackets indicate the number of isolates of

each identified cluster. Isolates in validation dataset (valdb) are colored in white. The
isolates were assigned to clusters if the isolates were found within a branch that
exclusively contained identification dataset isolates from that clusters with a bootstrap
value of 80% or greater. MC is STEC minor clusters.
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Figure S2-B: The representative validation phylogenetic tree

Fifteen validation trees were constructed by Quicktree v1.3 and visualised by
ITOL v5 to assign isolates in validation dataset to clusters. The one
representative tree is shown in detail as an example and all the others are
similar. The tree scales indicated the 0.01 substitutions per locus. STEC
clusters are colored. The intemal branches are colored to represent the
bootstrap values. Green color indicates the maximum bootstrap value (1).
The red color shows the minimum bootstrap value (0). Each of cluster is well
supported by bootstrap value of 80% or greater. Isolates that grouped with
known cluster isolates (from identification dataset) with strong bootstrap
support are categorized into that cluster. MC is STEC minor clusters.
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