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ABSTRACT

Globally, an estimated 1.9 billion people acquire a foodborne infection, and 715,000 die each year.

The burden of foodborne disease is significant, yet the reservoirs, attributable sources of infection,
lifestyles, and ecological niches of many sporadic, common and preventable foodborne pathogens

remain poorly understood.

The abundance and availability of genomic data make it an appealing new starting point for the study
of ecological niches and evolution within bacteria. This thesis aimed to assess the suitability and
prospects of comparative genome analysis and pangenomic approach for a better understanding of

the ecology, evolution, and through these, also the epidemiology of foodborne pathogens.

Comparative genome analyses conducted on C. botulinum, C. perfringens, Y. enterocolitica, and
Y. pseudotuberculosis shed light on genetic differences that contributed to cold adaptation and spore
heat resistance. Psychrotrophic C. botulinum strains Type E in Group II lacked cold shock protein
genes conserved in other strains suggesting that cold shock protein homologs are not necessary for
cold adaptation in C. botulinum Type E. The comparative genome analysis of cpe-carrying
C. perfringens strains revealed a novel subgroup, and a corresponding gene profile, of food
poisoning-associated lineage IV strains that produced heat-sensitive spores. A transcriptome study
on cold shock response and cold adaptation of Yersinia pseudotuberculosis serotype O1 identified
genes contributing to cold survival. These genes included cold shock proteins and RNA helicases
CsdA, RhIE, and DbpA forming the backbone of cold response, in addition to the transcription factors
IF-1, RbfA, and Rho supporting the protein synthesis at suboptimal temperatures.

Additionally, genetic changes contributing to niche adaptation and survival in different reservoirs
were identified. Comparative genome analysis of C. perfringens identified a putative reservoir or
origin for lineage IV strains within swine and poultry farms. Exploration of genetic diversity within
lineage IV strains also suggested that strains with different gene profiles had adapted to different
ecological niches and reservoirs. The comparison of enteropathogenic Yersinia isolates revealed that
all Y. pseudotuberculosis isolates shared several genetic traits, useful for survival in various
environments that were absent from Y. enterocolitica. Most notably, the Y. pseudotuberculosis strains
harbored a selection of type VI secretion systems targeting the competitive cells of other microbes
and eukaryotes. The genomes of Y. enterocolitica were more streamlined and the biotypes had

undergone reductive evolution.



The pangenomic approach was applied to provide a scalable, high-resolution view of population
structure. The pangenome of C. botulinum reflected the heterogeneous nature of this pathogen. The
isolates studied shared only a small core genome comparable to that of the clostridial backbone and
the pangenome was large. Within C. perfiingens the pangenome analysis revealed a substantial core
genome with a large pangenome. The comparison of enteropathogenic Yersinia isolates revealed a
large core genome shared between enteropathogenic Yersinia. A pangenomic approach successfully
elucidated adaptive evolution within virulence and stress response mechanisms and allowed inference

of evolutionary relationships between foodborne pathogens.

The studies on this thesis shed light on the genes contributing to stress tolerance (I, II, IV), niche
adaptation (II, III), and ecology (I-IV) in foodborne pathogens and the pangenomic approach also
shed light on their distribution within the population. Knowledge of genes associated with stress
tolerance, reservoirs, and lifestyles are beneficial in the development of new targeted strategies and

measures to identify and control the food safety risks caused by these bacteria.
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1 INTRODUCTION

Globally, an estimated 1.9 billion people acquire a foodborne infection each year, and 715,000 die
from it. In as many as two-thirds of foodborne outbreaks, no causative agent is identified and new,
emerging foodborne pathogens are identified every few years. Also the reservoirs, attributable
sources of infection, lifestyles, and ecological niches of many sporadic, common and preventable
foodborne pathogens remain poorly understood (1,2). These gaps in epidemiological and ecological
understanding hinder the risk management and prioritization of public health measures for food safety

control.

The first bacterial genome of Haemophilus influenzae (3) was sequenced in 1995, and since then, we
generate more data every few days than was produced from the dawn of history up to the year 2000.
The availability and affordability of whole-genome sequencing (WGS) methods have revolutionized
foodborne disease surveillance and replaced traditional microbial typing tools. WGS generates a
wealth of data as a by-product of typing, and the comparative genome analysis of sequenced genomes
has been further utilized to study the biochemical and functional capacities of pathogens, and reveal
new virulence factors and vaccine or drug molecule candidates. Exertion of the full potential of the
generated sequence data is one of the great challenges in current microbiology. In the end, data is
valuable only to the extent that it can, in one way or another, be transformed into knowledge and

wisdom (4).

In this thesis, the prospects and suitability of whole-genome analysis for furthering our understanding
of the ecology, lifestyle, and adaptation of foodborne pathogens are investigated using the sporadic
foodborne pathogens Clostridium botulinum, Clostridium perfringens, Yersinia enterocolitica, and
Yersinia pseudotuberculosis as study examples. The objective is to evaluate how much we can
determine about these foodborne pathogens, their reservoirs, population structure, and lifestyle based

on their genomes.

An important concept for this thesis is the pangenome. The term pangenome was first coined in 2005
as a comparative analysis of a few bacterial genomes indicated that an infinite number of genomes
would have to be sequenced to completely present all genes within an organism (5). This infinite
genetic pool was termed open pangenome and challenged the notion that the genome of a single
isolate of a given species was sufficient to represent the genomic content of that species. Since then

pangenomics and comparative genome analysis have become important fields of research.

12



Comparative genome analysis can help infer the lifestyles, gene repertoires, and minimal genome
sizes of pathogens. In studying pathogens, it is sometimes beneficial to look beyond the clinical
isolates and diseases caused. The driving force for the evolution of foodborne bacterial pathogens is
survival in their reservoirs, and many bacterial pathogens are considered to infect humans only
incidentally. Many of the known virulence factors in foodborne bacteria are also active against non-
mammalian adversaries such as insects, protozoa, other bacteria, and bacteriophages. Additionally,
the study of the whole population rather than just pathogenic isolates can provide greater insight and

resolution to understanding the evolution of pathogens (6).

Further understanding of the reservoirs, population structures, source attribution, and pathogenomics
of foodborne pathogens enables more effective and precise control and prevention measures to be
applied in all steps of the food production chain. In-depth understanding and knowledge are required
to effectively control food safety as food trends, climate change, and intensified food production alter

the food chain and new risks emerge.

13



2 REVIEW OF THE LITERATURE

2.1 Bacterial genome sequencing and characteristics

2.1.1 Sequencing

The first bacterial genome of Haemophilus influenzae was sequenced less than 30 years ago, but the
efficiency and improvement of DNA sequencing technologies have completely revolutionized the
availability of bacterial genomic data (3). The introduction of next-generation sequencing techniques
(NGS) has made the whole-genome sequencing (WGS) of bacterial isolates fast, available and
affordable (7,8).

The first sequencing technique developed by Fred Sanger was combined with shotgun cloning in
1995, kick-starting the race to sequence bacterial pathogens (3,9). Shotgun sequencing was surpassed
by the introduction of high-throughput sequencing (454, Illumina) increasing the speed and efficiency
of sequencing (10,11). These short-read technologies delivered high-accuracy reads, at the price of
assembly quality. This changed the emphasis from whole-genome sequencing of new organisms to
the sequencing of closely related genomes to enable de novo assembly against a reference genome.
The third revolution for sequencing was the introduction of sequencing methods using single-
molecule templates and producing long read lengths with compromises on read accuracy (PacBio
Single-molecule real-time technology or SMRT, Nanopore). The new technologies have made the
assembly of genomes easier, leading to an increase in published complete genomes and plasmids

(12,13).

Initially, it was commonly accepted that a single clinical isolate could be sufficient to represent the
genomic content of an entire organism or pathogen. However, twenty years ago, the first three
sequenced E. coli genomes already revealed the unexpectedly large role played by horizontal gene
transfer (HGT) in strain diversification, with and the resulting genetic variation between genomes
increasing the importance of comparative genomics and sequencing multiple isolates (14-16).
Nowadays the WGS based methods and typing tools have become the golden standard for
epidemiological investigation, and the ideal course of action is to sequence, not just the clinical
isolates but also genetically varied isolates across different reservoirs, host species and biomes to

efficiently screen for the genetic variety within pathogenic species.

14



2.1.2 Genome assembly

Genome assembly entails the identification of overlapping regions in sequenced reads and joining
these together into longer sequences, also known as contigs (7). Formed contigs are sorted and
connected by filling the gaps to form a complete genome. The shorter the reads produced, and the
wider the gaps between them, the more challenging the complete assembly is. Uncompleted genomes
consisting of several contigs are called draft assemblies. The emergence of third-generation
sequencing methods such as SMRT has made the sealing of gaps in genome assemblies more
convenient and inexpensive (12). Currently, relatively few complete genomes are available compared

to draft assemblies, but the proportion of complete genomes is increasing (8,17,18).

2.1.3 The size and structure of a bacterial genome

The bacterial genome typically consists of one circular chromosome in addition to extrachromosomal
elements such as plasmids and bacteriophages (19). Also, linear chromosomes and bacteria with
several chromosomes have been described (20,21). Especially compared to eukaryotic genomes the
typical bacterial genome is small, gene-rich, and under 10 megabases in length (22). The genome size

and gene count correlate in bacterial genomes due to the scarcity of gene-poor regions (23).

Bacterial genomes evolve through clonal divergence, through the modification of existing genes, and
by the acquisition of new sequences through HGT (19,24). The phylogeny of each HGT element is
distinct from the phylogenetic signal of the rest of the genome, and therefore the bacterial genome
can be described as a mosaic, where different genetic regions have their separate phylogenetic
histories. Due to the integrated HGT elements obscuring and confounding the phylogenetic signal
within the genome, quite often only the so-called core genes that are present in all genomes, are used

in the phylogenetic analysis (24).

2.1.4 Horizontal gene transfer

The different modes of HGT in bacteria include transformation, transduction, and conjugation.
Transformation is the acquisition of exogenous DNA from the environment, transduction is the
introduction of exogenous DNA via viral vectors such as phages, and conjugation is the direct transfer
of DNA from cell to cell (24). The HGT modes are under genetic, physiological and environmental
modulation, so that in specific conditions a bacterial cell can either favor HGT or restrict it (25).

Susceptibility to HGT is currently seen as an evolutionary adaptation or as a change in the

15



evolutionary mode of an organism or certain lineages, as the presence of anti-phage systems such as

CRISPR-Cas and restriction-modification systems can play important roles in limiting HGT (26,27).

Some bacteria such as Vibrio cholerae and Campylobacter jejuni are naturally competent, meaning
they can transform exogenous DNA from the environment (27). This competence in DNA
internalization is usually transient, and certain substances and environmental conditions induce the
competence (28). Typically, the transformation of DNA leads to homologous recombination within
chromosomes and the generation of new alleles or allelic replacement (29,30). However, larger
chunks of DNA can also be transferred through transformation. In 1928 Griffith observed that
avirulent Streptococcus pneumoniae could turn virulent when exposed to killed cells of virulent S.
pneumoniae. Today we know that this obtained virulence was due to the transformation of

encapsulation genes from dead cells (31,32).

Integration of temperate bacteriophages, and transfer of genes via transduction, are important for
virulence and the emergence of pathogenic strains in many bacteria. Bacteriophages carry and transfer

many toxin and enzyme genes.

Conjugation is often mediated by extrachromosomal plasmids, self-repeating units of genetic
sequences. Plasmid diversity and size vary between species and the exchange of plasmids can
introduce up to 100 new genes in a single step (24). Plasmids are known to transfer important

virulence factors such as toxins and also whole operons and their regulatory systems (33-35).

Conjugation and transduction are important modes of HGT for the organisms studied in my thesis.
Bacteriophages and plasmids, in particular carry important toxin genes in C. botulinum and
C. perfringens (36-38), and a well-defined virulence plasmid is required for pathogenicity in

enteropathogenic Yersinia (33).

2.1.5 Functional annotation of bacterial genomes

Genetic sequences are annotated to identify known genetic structures such as genes, to detect
homology with related genetic structures and to predict the biological function of identified sequences.
This annotation process is often automated in silico by the use of algorithms that look for similarities
between the known sequences and the predicted genetic structure, and the predicted function is then
inherited from the reference sequence. This automatic annotation can then be enriched by manual
curation or proteomic analysis data. Automatic functional prediction is based on the assumption that

homologous proteins with a similar gene structure share similar biological functions (39).
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The bacterial genome is gene-rich and typically around 88% of the genome encodes genes (40). The
genes and other genomic features are first predicted by identifying RNAs and coding sequences
(CDS) for proteins. Identified non-coding DNA also includes also pseudogenes with frameshift
mutations, insertion sequences, and intergenic spacers (40). The identified RNAs and CDSs identified
are assigned genetic functions through BLAST search of homologs, as the annotation of the best
significant match is transferred to the newly identified gene (41,42). Hierarchy of data trustworthiness
is used to produce better quality annotation, as proteins from curated databases such as Uniprot (43)

are given preference. Common annotation algorithms include Prokka and RAST (42,44).

Automatic annotation can be a significant source of error for genetic research. Results may differ
depending on which annotation pipelines are used, and any errors (gene name, predicted CDS) in
existing annotations are quickly propagated to other strains and species (45). The generated

annotation for a genome can be likened to a screenshot of the best available knowledge at the time.

2.2 Bacterial population structure and genome evolution

2.2.1 Genome and population structure

Traditional taxonomy and classification of pathogenic bacteria has largely relied on their observed
toxinotypes and tested phenotypes under laboratory conditions. The first subtyping methods were
based on phenotypic characteristics testable under laboratory conditions, including biotyping,
serotyping, and phage typing (46). Subsequently, molecular typing methods such as pulsed-field gel
electrophoresis (PFGE), amplified fragment length polymorphism (AFLP), and multilocus sequence
typing (MLST) have been used to identify epidemiological isolates and relatedness of isolates (47—
49) . Additionally, the sequence of the 16S rRNA gene has been successfully used to decipher
population structure (50). The administration of molecular typing methods has shed light on marked

genetic diversity within toxinotype-based species such as C. botulinum (51-53).

The most accurate method for strain identification and discrimination is the direct examination of
DNA sequences. WGS has already been established as the current gold standard for typing, and
sequenced strains may be typed for clinical or scientific purposes based on single nucleotide variants
(SNPs) or gene-by-gene allelic profiling of core genome genes (cgMLST) (49,54,55). Typing based
on the actual genotype is well suited to evolutionary reconstruction and can be used to study
phylogeny and the genetic context within the population. This enables the assignment of unknown

strains into pre-existing clusters, revealing related strains, and examination of the prevalence of a
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specific gene variant (allele) in a population (54). The genetic differences between clusters, strains,
and alleles can also be easily extracted for further investigation. The transition from single-gene
(<.0.07% of a genome) to MLST approach (~0.2%) to WGS (100%) has brought us closer to reliably
representing the phylogenetic history of bacterial populations (56). The WGS data and genomic
studies have also revealed much greater diversity and population structures than those presumed by

molecular typing methods (56).

In the light of the molecular typing and WGS data, the concept of bacterial species has been
questioned (55,57,58). The standard criteria used to define a species and genetic lineages within
eukaryotic organisms are not directly applicable to bacteria as such, but bacteria can also be identified
and clustered into genetically and ecologically cohesive entities such as species and lineages (59).
Bacterial population structure can be described using a combination of three phylogenetic models:
bifurcating trees, networks, and bundles (60). The bifurcating tree is suitable for picturing clonal
populations, but networks are required to represent HGT between given members of the population,
or even between different species (61). Another characteristic of a bacterial population is the
emergence of clones and the associated strong selective sweep. Smith referred to these rapidly

spreading clones dominating the pre-existing population, or “star-phylogenies”, as bundles (61).

Depending on the organism and the study, terms such as genetic lineage, phylogroup, subgroup, or
clade are used to describe distinct clusters within the bacterial population. This separation and
speciation within bacterial populations is initiated and maintained by natural selection, driven by
ecological niche adaptation and prevention of gene flow between populations through introduced
restriction-modification systems, geographic range, or vector specificity (55). The clusters within the
population are not constant, and the genetic material transferred between different clusters, in a “plug
and play” manner, can lead to diversification of new clusters or despeciation of pre-existing clusters.
Due to such type of proceedings within their populations, some bacterial species have famously been

described as “fuzzy” (57).

2.2.2 Patterns in genome evolution

Bacterial genomes are molded by evolutive forces similar to those experienced by other organisms.
Natural selection and adaptation change the genome size, gene content, and gene density. The classic
evolutionary model is that genomes evolve via small changes within individual genes, but this does
not seem to be the main mode for genome adaptation and diversification in bacteria (23). The

mutation rates are fairly similar between bacterial species (62), but the acquisition of HGT and
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homologous recombination rate varies (63). Therefore, in bacteria, the majority of genome size
variation and genetic variation is due to the gain and loss of genes (29,40). New genes introducing
new beneficial traits such as antimicrobial resistance or the ability to use new substrates are gained
through modes of HGT described earlier; meanwhile, the gene loss is the result of a combination of
genetic drift with a mutational bias towards deletions (19,22,40). Bias for deletion mutations seems

to be universal for bacteria (23,40).

Bacterial genome evolution differs from eukaryotes on exposure to genetic drift. It has been estimated
that the genetic drift affected by the clonal population is the most important evolutive force within
bacteria (23). Unlike eukaryotes, on exposure to drift, bacterial genomes increase in size as selective
pressure drives the accumulation of adaptive genetic modules, and shrink when selective pressure is
lifted or limited. In eukaryotes the opposite is true: non-functional DNA accumulates when the

selective pressure is low and genetic drift dominates (19).

Bacteria with a restricted host range or specific ecological niche carry smaller genomes, with fewer
genes compared to those present in a variety of niches and leading different lifestyles (19). The
reduction in genome size is the combined result of reductive evolution due to genetic drift and gene
deletions. Commonly, the genes deleted during niche dwelling are the genes that play roles in coping
in different niches or lifestyles. In a typical scenario, the niche presents a constant environment rich
in substrates, and as a result, some genes are rendered useless as the adoption of dependent lifestyles
becomes a possibility (29). Gene deletions are also central in the emergence of bacterial pathogens
and particularly for shifts in ecology (64—66). For example, in the emergence of Y. pestis from
Y. pseudotuberculosis the reductive evolution and deletions of genes associated with virulence and
metabolism were even more striking than the gene acquisitions (67). The shifts in ecology of
Salmonella enterica serovars Typhi and Gallinarum (Salmonella Typhi, Salmonella Gallinarum), and
Mycobacterium leprae are equally attributed to gene loss within their genomes (64,65,68). Chain et
al. (2004) estimated that as much as 10% of the genes of the last common ancestor had been deleted
from Y. pestis. The genome adaptation via mutational deletions and deletion of superfluous genes is
irrevocable, making bacteria unable to independently revert to an ubiquitous lifestyle. Strictly host-

restricted genomes also show less susceptibility to HGT (19,69).

Evolution from an unspecialized, free-living organism to a strictly host-restricted organism is a
spectrum and the genomes at different stages of this adaptation spectrum (e.g., host-associated, but
not yet host-restricted organisms) exhibit different characteristics (Table 1) (70). For example, most
bacterial genomes maintain very low numbers (< 10) of insertion sequence (IS) elements (71) whereas

some recent symbionts and pathogens (for example Shigella and Serratia symbiotica) possess
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hundreds of copies (29,72,73). Also, larger numbers of pseudogenes have been reported from host-
associated bacteria compared to their unspecialized relatives (74). It is assumed that the initial
association with hosts and a recent population bottleneck leads to the accumulation of pseudogenes
and mobile elements due to a decrease in effective selection. These changes lower the gene density
within genomes and gradually these non-functional sequences are eroded and purged from the

genomes (19,40).

Table 1 The characteristics and signature of bacterial lifestyle in their genome architecture (19,70)

Genome characteristic Free-living Host-associated Host-restricted

GC% content High Intermediate Low
Genome size Large Intermediate Small
Genetic diversity Large Intermediate Small
HGT Open to HGT, High number of Not open to HGT
di . IS Remnants of mobile
iverse plasmidome
elements
Count of pseudogenes Intermediate High Low
Number of biosynthesis High Intermediate Reduced selection
and metabolism genes
Other High number of virulence =~ High number of
genes and genes related to secretion
stress resistance systems
Example species Listeria monocytogenes, Yersinia Salmonella Typhi
Clostridium perfringens enterocolitica Salmonella Gallinarum
Salmonella Yersini .
. ersinia pestis
enterica serovar
Typhimurium

Finally, the bacteria with a large population size accommodate more genes and prophages than those
with more limited population sizes and niches (75). The accessory genome contains toxins, virulence
factors, and other genetic elements involved in bacterial warfare and survival (33,76,77). The large
genetic repertoire is likely a competitive advantage in diverse ecological conditions or when

competition is present. Genetic diversity and openness to HGT accumulation allow bacteria to adapt
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to an ever-changing and competitive environment and enable them to maintain a large population size

in a wide range of environments (19,78).

2.2.3 Genomic studies elucidating patterns of evolution and population structure

Although MLST and SNP genotyping techniques are ideal in establishing genetic distance and
relatedness, they are less useful in providing information on the unique qualities of individual isolates,
such as antibiotic resistance genes, virulence factors, mobile elements, or adapted niche. Whole-
genome sequencing and analysis are needed to identify the acquisition and loss of genetic material
that has occurred during the adaptation of bacteria in a new environment or host. Comparative
genome studies have successfully deciphered the emergence of successful clones and adapted

lifestyles of pathogens on the gene and operon levels (79,80).

The emergence of new genetic traits is often intuitively associated with the introduction of new
genetic elements. For example, in bacteria, the acquisition of a plasmid enables the introduction of
an entire functional operon at once. The acquisition of virulence plasmids encoding toxins or
resistance genes is an important and well-known path for the emergence of new pathogenic strains
(35,81-84). As an example, the acquisition of plasmid pCD1 marked the emergence of pathogenic
Yersinia as the introduction of the Type III secretion system in this plasmid helps to impair the host

immune system (33).

As established previously the niche adaptation in bacteria occurs through the means of gene decay
and reductive evolution. For example, comparative genome analysis has revealed gene decay within
Salmonella pathovars and helped to understand why some pathovars of Sal/monella (e.g. host-
restricted human-specific Salmonella Typhi, and bird-specific Salmonella enterica serovar
Gallinarum and Salmonella Pullorum) are more likely to cause extraintestinal infections than others.
Pathovars that cause extraintestinal (typhoidal) disease possess several inactive or degraded genes
that play roles in chemotaxis, adhesion, and anaerobic metabolism. Deleted genes include the
cobalamin synthesis operon and 1,2-propanediol utilization operon, important for ethanolamine
utilization. The ethanolamine operon enables the utilization of gut inflammation-derived nutrients to
outcompete other gut microbes (68,85,86). The hypothesis is that the loss of these pathways has
contributed to host-restricted Salmonella pathovars transitioning from intestinal pathogens to

invasive pathogens.

Similarly, the emergence of invasive Y. pestis from Y. pseudotuberculosis is associated with reductive

evolution and deletions of genes associated with virulence and metabolism. The deletions include
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three loss of function mutations that lower insect toxicity and increase biofilm formation in the flea

foregut, which is the known reservoir for Y. pestis (67,87-89).

Generally, the genetic adaptations of pathogens enhance survival in their adapted ecological niche
and do not primarily increase human pathogenicity or virulence within the mammal hosts. For
example, extraintestinal virulence has been suggested to be a coincidental multigenic by-product of
Gl-tract commensalism (90), as determinants linked to colonization and commensalism
(transcriptional regulation, iron metabolism, adhesion, lipopolysaccharide biosynthesis) within the
mammalian host are also the same genes associated with extraintestinal virulence (90). Fittingly, the
E. coli strains that have superior capacity to persist in the intestinal microbe population are also the

ones most often involved in extraintestinal infections (91).

Often the evolution of virulence occurs stepwise along with the ecological adaptation. A classic
example of this is the emergence of the O157:H7 (EHEC) serotype from the E. coli O55:H7-like
ancestor and then the subsequent emergence of different clusters of EHEC isolates. The stepwise
evolution of EHEC has occurred via HGT as well as gene decay (92,93) and is visualized in Figure
1. Although the importance of Shiga toxin (Stx) in disease caused by EHEC is well established, the
relationships between nonfermenting sorbitol and the loss of B-glucuronidase activity are not known.
The hypothesis is that these changes have occurred during the adaptation and have allowed EHEC
0157 strains to occupy a new niche distinct from EPEC O55 (92).
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Figure 1. Phenotypic and genotypic changes of evolutionary emergence of EHEC O157:H7 from E.
coli O55:H7. The figure has been modified from Feng et al. (92).

2.3 Bacterial pangenomics

2.3.1 The pangenome

One important notion of the genomic era is that the majority of genes are not strongly attached to any
specific organism, and are rather “shared goods” for several organisms (94). The genetic repertoire
available to the bacterial species or microbial community is called the pangenome, while the genome
is the genetic repertoire of an individual organism. The pangenome is therefore always larger than
the genome of a single organism and large pangenomes arise mainly in organisms with adaptive
potential, susceptibility to HGT, and the ability to migrate to new niches (94). Comparative genome
analysis and the pangenomic approach can help us infer the lifestyles, genetic repertoires, and

minimal core genomes of pathogens.

In Vibrio cholerae one of the two chromosomes carries mainly genes related to essential cellular
functions (core), and the other carries those concerned with virulence and adaptation (accessory) (20).
Most bacteria carry just one chromosome, but also their genes can also be divided into “core genome”

and “accessory genome”. The pangenome is the sum of the core genome and the accessory genome.
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The core genome is the conserved part of the pangenome, which is present in all genomes of all
individuals comprising the stable backbone of an organism. Many of the core genes are
“housekeeping genes” associated with the maintenance of the basic aspects of the biology of an

organism.

The rest of the pangenome belongs to the accessory genome, which contains the mobile genes and
strain- and group-specific genes, e.g. both stable and non-stable elements of genetic content. The
accessory genome is the “flexible” gene pool, which encodes additional traits that are beneficial under
certain circumstances. For example, some genes in accessory genes are ancestral genes that have been
deleted from some strains during restrictive evolution, while some are HGT genes unique to a single
strain (24,95). Together, the core genome and the accessory genome form the bacterial pangenome

(95).

The term pangenome was first coined in 2005 as a comparative analysis of six Streptococcus
agalactiae isolates indicated that an infinite number of genomes would have to be sequenced to
completely present all the genes within Streptococcus agalactiae as a species (5). This infinite genetic
pool was termed the open pangenome. The concept of pangenome quickly challenged quickly the
notion that a genome of a single isolate of a given species was sufficient to represent the genomic
content of that species. Since then pangenomics and comparative genome analysis have become
important fields of research (96). The availability of sequenced genomes in public databases has
opened new ways for scientific collaboration and comparative research to understand similarities and

differences among the organisms.

2.3.2 Different types of homologous genes

Homologous genes are an important concept for comparative genomics and pangenome analysis. A
homologous gene (or homolog) is a gene inherited in two species from a common ancestor. While
homologous genes can be similar in sequence, similar sequences are not necessarily homologous. In
pangenome analysis, the aim is to determine the core genome and identify the corresponding genes
from each genome. This requires establishing which genes share ancestry and are conserved in
studied genomes and which are not, and also discriminating between different types of homologous

genes: orthologs from paralogs (Figure 2).

Homologous genes are orthologous if they were separated by a speciation event, but the gene and its

main function are conserved (97).
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When homologous genes have been separated by a gene duplication event they are called paralogs,
and often have different roles or functions to justify their duplicated presence within the same genome
(97). A typical example of paralogs is the ABC transporters: the duplicates have altered their

substrate-specificity by introducing nucleotide substitutions in their binding periplasmic sites (98).

Gene dupllcatlon Speciation

Paralog #1
Gene duplication,
Paralog #2 - F}
[ — ) > —)

Ortholog Paralog #1 Paralog #2 Ortholog Paralog #1 Ortholog

Figure 2. The evolutionary relationship between homologous genes and the difference between

orthologs and paralogs.

Ideally, the orthologs are identified by a shared evolutionary history, conserved gene order or synteny
within the chromosome, and shared biological function. However, the identification is based on
sequence homology and estimation of shared ancestry. The bi-directional best hit (BBH) method has
been widely used to discriminate between orthologs and paralogs (99). Sequences that are
reciprocally the best BLAST alignment hits for each other between two different genomes are
considered BBH (and orthologs). Normalization by BLAST score ratios has been used to filter out
biologically irrelevant, distant hits (100). Current pangenome pipelines involve more efficient
clustering algorithms to allow the formation of pangenomes for a large number of genomes quickly
and efficiently. The actual sequence alignments are not performed all-against-all; instead the

algorithms utilize short word filtering and user-set thresholds to determine whether the similarity
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between two sequences falls above a certain value (101-103). Some pangenome methods also

consider the surrounding genes and synteny to improve the recognition of orthologs (102).

Once genes have been clustered and orthologs and paralogs distinguished the pangenome can be
formed. The core genome includes the gene clusters present in all genomes, and depending on the
study, the core genome may be defined to include genes present in all (100%) or the great majority

of genomes (90-99%). The rest of the gene clusters belong to the accessory genome.

2.3.3 Assessing pangenome

One important characteristic of the pangenome is its openness. The pangenome is considered to be
“open” when new genes are added significantly to the total repertoire for each new additional genome
and “closed” when the newly added genomes cannot be inferred to significantly increase the total
repertoire of the genes. The openness of a pangenome can be calculated using Heaps’ law (79).
Heap’s Law is an empirical law that describes the number of distinct genes in a pangenome as a
function of its size and is represented by the formula n=k*N-P" The k and alpha are empirically
determined parameters, # is the expected number of genes for a given number of genomes, and N is
the number of genomes (79,104). If the alpha < 1, the pangenome is open and the gene pool of species
is not fully included in the genomes analyzed. If the alpha > 1 the pangenome is considered closed
(79). Closed pangenomes have been observed in host-restricted organisms with limited genetic
variety such as Salmonella Typhi (65). Also, intracellular pathogens show a tendency for reductive
evolution and genome simplification via gene loss (19,70). Open pangenomes reflect adaptation
potential and capability to thrive in different environments. Some important foodborne pathogens
such as Escherichia, Salmonella, Vibrio, and Yersinia carry a wide variety of diverse plasmids that
contribute to their large pangenomes (34,94,105). In E. coli the fitness of the organism seems to be
highest when there is fine-tuning between the chromosomal backbone and the genes newly acquired

by horizontal transfer (90,106).

Each pangenome has its distinct structure: the proportion of core genome and accessory genome, and
the frequency and distribution of gene clusters. This pangenome structure, or matrix, reflects the
lifestyle and adaptive potential within species and is molded by adaptive evolution. The pangenome
reflects the lifestyle and adaptive capability within species. The obligate intracellular pathogen
Chlamydia trachomatis has a core genome taking up to 84% of its pangenome, while perhaps the
most common prokaryote on this planet, Prochlorococcus marinus, has a core genome that comprises

only 18% of its vast pangenome (94).
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The total number of core genes within the core genome (of an average genome) is also applicable to
the assessment of the genetic diversity among the studied isolates. The core genome becomes smaller
when the diversity increases among the input genomes; eventually, the core genome is reduced to the
list of essential genes (104). The relative frequency of genes among the extant genomes is often
relevant to pangenome assessment. Typically, the genes present in the majority of genomes (>90%)
are considered persistent, while the genes present in very few genomes (<20%) might be considered
volatile genes. When the pangenome is formed for a monophyletic sample, the majority of genes
belong to the persistent or volatile genes, and only a small minority of genes is present in 20-90% of
the genomes (29). The presence of volatile genes can indicate that the pangenome analysis contains

subclusters or genomes belonging to different genetic lineages.

2.3.4 Challenges in pangenomic approach

In a typical pangenome analysis, several major considerations affect the result: i) the definition and
methods used to determine the core genome and the accessory genome; ii) the method used to align
and cluster genes to define similarity; iii) the sample of input genomes and the phylogenetic resolution

they represent; iv) the type and quality of input genomes (56,96).

1) Selecting the biologically relevant threshold for the core genome depends on the study
design and methodology. Therefore, the definition of core genome varies between

studies, and comparison of results in different studies should be made with caution.

i) The pangenome analysis and the resulting numbers for core genome and accessory
genome are heavily reliant on chosen ortholog clustering. Suboptimal clustering can
lead to core genome clusters being split into multiple groups (underestimating core
genome, overestimating accessory genome) (107). To identify true homologs, good
pangenome methodologies apply strategies to normalize similarity scores, context-
dependent cutoffs, and acquisition of additional information such as protein domains
and synteny (107). For identifying homologs, the alignment methods are suitable and

useful for closely related genomes with a low count of unique genes.

iii) For good quality pangenome analysis, consideration of study design in terms of sample
size and phylogenetic presentation is also needed. Pangenome analysis can be
conducted between similar or vastly divergent genomes, and the analysis can either
include or exclude distantly related isolates (56,108). The diversity of genomes included

strongly affects the results, and the interpretation of results should be adjusted
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accordingly to avoid confounding conclusions. In genome data sets with numerous low-
abundance gene families, the mixed alignment-free methods with clustering provide the

best results (107).

iv) While distantly related isolates introduce biologically relevant diversity to the data set,
the diversity of sequencing and annotation techniques can introduce non-biological
diversity to the data set. Pangenome analysis as a method is heavily dependent on
annotation and discrepancies in gene prediction, and annotation within the genomes can
cause significant bias like decreasing the size of the core genome and even affecting
whether the pangenome will be predicted to be open or closed (56). Genome annotation
is an error-prone process that at the best reflects a snapshot of methods and data
available at the time of annotation, and annotation biases including over-prediction and
under-prediction of genes, and inconsistently identified gene boundaries have

confounded many downstream comparative analyses (56,109).

Caution is required as generalizations or comprehensive quantification (i.e., number of
shared genes) from genome sequence comparisons are made. Recently inclusion criteria
for input genomes for pangenome analysis have been proposed. As an extreme example,
the genomes of genetically modified laboratory strains can confound the pangenome
analysis (108).

The methodology used for pangenome analysis should be selected based on the data set, but

consolidated guidelines and policies for this have yet to be established.

2.4 From genotype to phenotype

Identifying the function of gene products is one of the fundamental tasks in the post-genomic era and
the basis for the interpretation of comparative genome analysis results. The gold standard for gene
function prediction is still the wet-lab experiment. The existing computational gene function
prediction solutions are an important supplementary technique to this wet-lab work. As more
evidence of gene functions is accumulated from experiments, the gene function prediction solutions
will become more competent. Computational gene function prediction is especially important for

non-model species such as many foodborne pathogens (110-112).
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Instead of directly identifying the genetic trait responsible for a certain phenotype, the genome-wide
association study (GWAS) statistically identifies the genetic variation associated with the difference
in phenotype. Traditionally this approach has been used to study human disease or measurable traits
affected by multiple genes, such as height and weight. Association between genotype and phenotype
is measured as linkage disequilibrium (LD), and loci are considered to be in LD when their different

alleles are statistically differentially associated with the certain phenotype (110,113).

The recent availability of large collections of bacterial genomes has made the application of GWAS
a possibility also for microbes as well. WGS data has been successfully used to determine variation
associated with traits such as antibiotic resistance by looking for the presence of certain genes such
as efflux pumps, insertion—deletions, and other polymorphisms associated with antibiotic resistance
(114,115). However, the clonal nature of bacterial populations limits however the resolution of
association studies and makes it challenging to apply this approach to bacteria. Linkage analysis is
unable to produce reliable results when the number of variants is high and the number of samples is
small. These genetic characteristics are often caused by a single gene and horizontally transferable
elements making the associated LD smaller. In bacteria, any genetic trait (potentially thousands of
SNPs or mutations) is likely in LD with the phenotype within the lineage of similar isolates (113).
Therefore the identification of phenotype-associated lineages may be the best possible outcome (116).
Saber et al. (117) have suggested that, in a high-recombining population, a sample size of ~ 1,000 is
sufficient to detect variants of strong effects (log OR >= 2) such as antibiotic resistance. For more
complex phenotypes dependent on several genes or lower heritability (log OR ~1), sample sizes >

3000 are likely needed.

With bacteria, different approaches to investigate the genetic characteristics of interesting phenotypes
in less studied and less available organisms are therefore still warranted. The organisms studied in
my thesis — clostridia and Yersinia — are examples of such organisms where, compared to widely
studied organisms such as Sal/monella and Listeria, the scarcity of data and difficulties in laboratory

cultivation are still limiting factors (118,119).

29



2.5 Clostridium botulinum

Clostridium botulinum is an anaerobic, gram-positive, spore-forming bacteria known to cause a rare,
but potentially fatal, neuroparalytic disease of humans and animals, botulism (120,121). Botulism is
caused via ingestion of preformed botulinum neurotoxin (BoNT) in food (foodborne botulism), or by
exposure to the toxin produced in vivo by germinating spores during growth in the intestines
(intestinal toxemia botulism, infant botulism), or wounds (wound botulism) (122-124). The
predisposing risk factors of affected patients are not important for the development of foodborne
botulism, but for other forms of botulism certain risk factors (age, gastrointestinal disease, wounds,

injected drug use) are critical (124—126).

The first C. botulinum genome was sequenced in 2007 and currently around 477 genome assemblies
are available (www.ncbi.nlm.nih.gov/genome/, accession date 20.06.2022) (127). The assembly size
ranges from 2.4 to 4.7 Mb with GC% contents ranging from 27.0 to 29.8%
(www.ncbi.nlm.nih.gov/genome/), with the average genome including 3860 CDSs

(https://www.patricbrc.org/).

2.5.1 Population structure

Early molecular studies revealed that the bacterial species known as C. botulinum is a heterogenous,
polyphyletic group of bacteria (128,129). Botulism was first described in consumers of sausages
(botulus in Latin) in Europe in the 18th century, and until the 1990s, any bacterium expressing
neurotoxin BoNT was classified as C. botulinum, regardless of its genetic and physiological
properties. This trend was discontinued only once certain strains of well-characterized clostridial
species, C. butyricum, and C. baratii were found to express BoNT (130,131). Since then

C. sporogenes isolates have also been found to carry BoNT encoding genes (132,133).

In total botulinum neurotoxins are produced by at least seven different bacterial groups or species
(134). Four of these bacterial groups are still identified as C. botulinum strains and form four
phylogenetic groups (Groups I-IV). These Groups I-IV should be considered distinct bacterial species,
joined by their ability to produce BoNT (51,133,135,136). C. botulinum strains are further typed by
the serotype of produced BoNT (A-G) (Table 2) (121,137,138). Phylogenetically C. botulinum
groups include also non-neurotoxigenic strains — in recent pangenomic studies 5% (22/452) and 16 %
(33/208) of C. botulinum Group I and Group II genomes, respectively, did not carry the BoNT gene
(132,133,139).
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The Group I strains are monophyletic, and closely related with C. sporogenes, of which some strains
are also able to produce BoNT (132). The genetic variation between Group I strains is limited
(51,52,132,135,140-142) and the Latin name of C. parabotulinum has been proposed for Group I
strains (134). The pangenome of 556 C. botulinum Group I and C. sporogenes isolates contained 18
731 genes, with a core genome of 2420 genes (present in >95% of genomes). The core genome

comprised around 65.0% of the average genome (132).

The C. botulinum Group 11, on the other hand, includes two distinct genomic lineages and is more
diverse genetically than Group I (51,52,135,139,141-143). One lineage contains type E toxin
carrying strains, and the other toxin types B and F, in addition to some E strains (139,142,144). The
pangenome of 208 C. botulinum Group II isolates contained 16 571 genes, with a core genome of
1768 genes (present in >99% of genomes). The core genome presents around 47.6% of an average

genome (139).

Table 2 Groups, toxin serotypes and selected characteristics within C. botulinum strains. Modified
from Korkeala (136), Carter et al. (137) and Derman et al. (145).

Group, species Toxin Proteo- Saccha- Growth temperatures Spore

. .
serotype lytic rolytic (minimum;optimal;  D-value

maximum) (minutes, °C)

: A, B, AB, 10 °C; 35-40 °C; 41- 0.1-1, 121 °C
I, C. parabotulinum F, BF, neg Yes No 48 °C <5, 100°C
. B,E,F, 3-8.6°C; 18-25°C;  1-98,85°C;
I, C. botulinum neg No Yes 34.739.9 °C 0.1, 100°C
. C,D,C/D, . 10-15 °C; 40 °C;
III, C. novyi sensu lato DIC, neg Varies N/A N/A N/A
IV, C. argentinense G, neg Yes N/A N/A; 37 °C; N/A N/A

N/A: Unknown, information not available, neg: no neurotoxin gene, ? sucrose, mannose

Fewer genomic and population studies are available on animal pathogenic Group III, or Group IV
strains. Group III strains are closely related to C. novyi and are considered to belong to C. novyi sensu
lato together with C. novyi and C. haemolyticum (37,146—148). Four main phylogenetic lineages
within C. novyi sensu lato have been identified, all of them including C. botulinum Group III strains,

and the distinction of C. botulinum Group III and C. novyi as separate species does not have a
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phylogenomic basis (35,37,148). Group IV strains or C. argentinense form a separate species cluster,

which is related to some Clostridium subterminale strains (134,149).
2.5.2 Pathogenic strains

The pathogenicity of C. botulinum is based on its capability to produce botulinum toxin BoNT. Group
I and II strains, in addition to the BoNT-expressing C. butyricum, C. baratii, and C. sporogenes strains,
have been identified as human pathogens (131,132). Group III strains are associated with animal

botulism, while Group IV strains have not been associated with clinical disease in animals or humans

(136).

The BoNT cluster contains a neurotoxin gene (bof) together with accessory proteins in one of the two
conserved cluster types (4a cluster or orfX cluster) (137,138). The BoNT cluster itself can be situated
on the chromosome (Group I, II), a plasmid (Group II, IV), or a bacteriophage (Group IIT) (136—138).

The most commonly applied approach to type C. botulinum strains is a multiplex PCR, with target
sequences to identify and classify bacterial species and group with primers targeting toxin-
production-related genes, such as the n¢tnh and bot genes, with the possible addition of flagellar genes
(150-153). Pathogenic strains are further characterized by the serotype (A—G) of produced BoNT,
and more recently the direct examination of bot sequences has led to the identification of more than
40 subtypes within the BoNT serotypes (138). While the alternative methods for active toxin
detection in clinical cases have been proposed, in outbreak situations the mouse bioassay is still
considered to be the gold standard method for laboratories to confirm botulism, and is thus by far still

the method most commonly used by European laboratories (119,154).

The animal pathogenicity of strains within C. botulinum Group III is under some debate. Very often,
the Group III C. botulinum colonies isolated from biological or environmental samples do not carry
the bontC or bontD harboring phage (155). This has led to the hypothesis that the strains that do not
produce BoNT might also be pathogenic for animals (35,37).

2.5.3 Epidemiology and reservoirs

Foodborne botulism outbreaks are not frequent but are steadily reported worldwide. According to an
epidemiological review by Fleck-Derderian et al. (156), most of the 197 outbreaks reported between
1920 and 2014 occurred in North America (67%), followed by Europe (13%) and Asia (11%). The
true prevalence of botulism globally is unknown, but in 2015 18 EU/EEA countries reported 201

cases of botulism and in Canada, approximately 4.3 outbreaks occur annually (157,158). Reviews of
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foodborne botulisms in France and Canada have reported more than 400 outbreaks in 30 years (1987-

2016), and 91 outbreaks in 20 years (1985-2005) respectively (155,157).

In Europe, animal botulism is contemporarily considered an emerging disease in poultry production
(159). A high prevalence of botulism types C, D, and variants D/C and C/D has been reported in
farmed and wild birds, and to a lower extent in cattle (154,159-163). However, human botulism cases

caused by type C and D toxin-producing strains are exceptional, but not unheard of (155).

C. botulinum Groups I and II are the causative agents of foodborne botulism, and the natural
occurrence of cross-contamination of food with C. botulinum spores is thought to be the main
infection route (132,136,155). C. botulinum spores are common in soil and dust, aquatic environments,
and in many foods including fish, meat, and honey (164—168). Foodborne botulism is often associated
with the combination of insufficient cooking (home-canned and bottled foods) and time-temperature
abuse (storing at room temperature) (156,157,169,170). Certain native foods (fermented seal), and

fermented or smoked fish, in particular, are considered high-risk (157,170).

There are important epidemiological differences in the prevalence of Group I and Group II in foods.
Group I strains producing A toxin are associated with canned and bottled vegetables, mushroom and
meat products, and home-canning or bottled items, and are typical causative agents for outbreaks
(136,157,170). Group I strains have been isolated (and sequenced) from all six inhabited continents
and are considered widespread in the soil globally. Environmental isolates of C. botulinum Group 1

have been isolated, in particular from Argentina and the United States (132).

Group II strains forming type E neurotoxin are associated with healthy fish, fish roe, marine mammals,
and the arctic/subarctic environment, but have also recently been isolated from the southern
hemisphere (129,140,155,168—170). Meanwhile, Group II strains that produce type B4 neurotoxin
have been isolated mainly from European soil, healthy pigs, and farms in addition to marine
environments (155,171,172). All in all Group II genomes have been sequenced from 16 countries

over four continents (North America, Europe, Japan, and Egypt) (139).

2.5.4 Other characteristics important for food safety

C. botulinum spores are ubiquitous in soil and aquatic environments, but cells grow and produce
toxins only under specific conditions that include an anaerobic, low-salt, low-acid environment
(164,166,168,173). Bacterial growth is inhibited by refrigeration below 4°C, heating above 121°C,
high water activity, or acidity (pH <4.5) (136), but there is variation between different groups (Table
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2). Most notably the strain of Group I produces extremely heat-resistant spores, and the Group II

strains are psychrotrophic.

C. botulinum is weak for competition, and improperly executed canning and fermentation of foods
are particularly conducive to creating the anaerobic conditions that allow C. botulinum Group I or 11
spores to germinate if products are stored at room temperature. Even the hardiest spores produced by

Group I strains are inactivated by heating to 121°C for at least 20 minutes (136).

C. botulinum Group II strains pose a hazard in modern food processing as they can grow and produce
BoNT at refrigeration temperatures. Ready-to-eat products with mild temperature treatments during
processing, reduced use of salt and preservatives combined with extended shelf-life in vacuum

packaging, offer a suitable growth environment for these strains (169).
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2.6 Clostridium perfringens

Clostridium perfringens is an anaerobic, gram-positive spore-forming bacteria known to cause
various human and animal diseases involving the gastrointestinal (GI) system (i.e., enteric diseases).
Human enteric diseases include food poisoning; antibiotic-associated diarrhea (AAD); and necrotic
enteritis, also known as darmbrand. Well-characterized veterinary enteric diseases include necrotic
enteritis in chicken, dogs, and foals and abomasal disease in cattle; and rabbit and sheep
enterotoxaemia. In addition to enteric diseases, C. perfiringens causes gas gangrene and wound

infections (174—178).

The first C. perfringens genome was sequenced in 2001 and currently around 405 genome assemblies
are available (www.ncbi.nlm.nih.gov/genome/, accession date 20.06.2022) (178). The assembly size
ranges from 2.7 to 4.2 Mb with the GC% content ranging from 243 to 31.1%
(www.ncbi.nlm.nih.gov/genome/). The average  genome includes 3146 CDSs

(https://www.patricbrc.org/).

2.6.1 Population structure

The population structure of C. perfringens has been studied widely using WGS and MLST methods
(76,105,179-182). Five lineages of C. perfringens have been described within data sets of 56-206

genomes, but unanimous nomenclature for these lineages is yet to be established (76,105,182).

Recently, Feng et al. (76) estimated that C. perfringens originated 40-80 000 years ago. Curiously,
strains similar to the current isolates have been isolated from a 12 000-year-old mummified puppy
(lineage I) and a 5000-year-old mummified human corpse (lineage IV) (76,183). The estimated core
genome (present in >95% of the genomes) of C. perfringens comprises one-third of an average

genome and the pangenome is notably large (76,105,184).

2.6.2 Pathogenic strains

The genetic lineages have not yet been established in use for the classification of C. perfringens
strains. Instead, five toxins (alpha, beta, epsilon, iota, enterotoxin cpe) are used to toxinotype strains
to types A-G (Table 3) (38). Most major toxins and virulence factors carried by C. perfiingens belong
to its large accessory genome. Chromosomal toxin alpha (plc) is present in all C. perfringens strains.

Three of the major toxins (beta, epsilon, and iota) are located on a family of conjugative plasmids
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(81,185), and the enterotoxin gene cpe can be located either on a plasmid or the chromosome. Since
three out of five toxins used for toxinotyping are located on horizontally transferable plasmidial
elements, they do not reflect the genetic relatedness of strains. To further distinguish different genetic
lineages of strains, a virulence gene profile scheme (I-XV) has also been proposed more recently
(186) (Table 3). This virulence gene profile has not yet been established in use for typing
C perfiingens.

Table 3 Toxinotyping A-G (38) and virulence gene profiling I-XV (186) of C. perfringens

Toxintype  Virulence plc c¢pb etx iap, «cpe netB cpb2 lam pfoA nagH nanl nanJ

gene ibp
profile
A VIII + - - B , B} ¥ . " " + +
A IX + - - B . . n . + ) + i
A X + - - - - - - - + + + +
A XI + - - - - - - - - n + +
A XII + - - ; ) . 3 . i 3 + i
A X111 + - - - - - - - - + - -
A X1V + - - - - - + + + + + +
A XV + - - - - - - - - - - -
B N/S + o+ + - - - € ) () NS NS N/S
C N/S + o+ . . *) - ) . (+) NS N/S N/S
D N/S + - + - #+) - +) OGS N/S N/S  N/S
E I + - - + +) - - - + + + +
F i} + - - - + - + - n n + 4
F 11 + - - - + - - - n " ¥ n
F v + - - - + - - - . ¥ . +
F \% + - - - + - - - - + - -
F VI + - . . + - . - . N . +
F VI + - - - + - - - - - - -
G N/A + - - - - + - - (+) NS N/S N/S

+: present, —: not present, (+): variable, N/S: status not specified
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Both food poisoning and AAD cases of C. perfringens diarrhea are primarily caused by pore-forming
C. perfringens enterotoxin (CPE) producing type F strains (formerly enterotoxin carrying type A
strains), in which the cpe gene can be located either chromosomally (c-cpe strains) or be carried by a
family of conjugative toxin plasmids (36,187,188). There are three described cpe-carrying plasmids:
pCPF5603 (IS1151), pCPF4969 (1S1470-like), and pCPBB-1 (36,81,189). These cpe-carrying strains
are genetically heterogeneous, and the frequently cited estimation by McClane (190) is that only 5%
of C. perfringens strains carry the cpe gene. However, all strains are presumed to be capable of
carrying the cpe gene and producing enterotoxin. Within cpe-carrying strains, the chromosomally

cpe-carrying (c-cpe) strains form a separate lineage IV and are monophyletic (76,179,180).

2.6.3 Epidemiology and reservoirs

C. perfringens is a relevant human enteric pathogen: approximately 15% of reported AAD cases are
caused by C. perfringens and the number of C. perfiringens food-poisoning outbreaks in the European
Union has been estimated at around 850 000 to 5 million cases per year (191,192). While major
outbreaks and small-scale outbreak cases are frequently reported, the source of infection or entry to
the food system is often not identified. Generally, C. perfringens is considered to be an environmental
bacterium associated with soil, water, sewage, and dust; but also, the GI tract of humans and animals
(120). However, the transmission routes and reservoirs of enteropathogenic strains of C. perfringens

are not fully known.

Both plasmid-borne cpe-carrying (p-cpe) and c-cpe strains cause foodborne outbreaks and the
suggested reservoirs for cpe-positive strains include healthy animals and humans, sludge, soil, and

retail meat (179,180,193—-198). The reservoirs are likely different for p-cpe strains and c-cpe strains.

The p-cpe strains are often associated with non-food-borne human disease and animal enteric disease
and the GI tract of animals has been suggested as their adapted niche (180,199). Humans have also
been suggested as a reservoir for cpe-carrying strains and pCPF5603 plasmid-carrying strains in
particular have been associated with care home outbreaks and AAD (36,200,201). A recent study on
human enteric isolates suggested that C. perfiingens strains, carrying cpe-carrying plasmid
pCPF5603, might also persist and cause longitudinal outbreaks spanning several years, supporting

the hypothesis of healthy humans serving as reservoirs (201).

Contrarily the c-cpe strains have mainly been isolated from samples associated with food items or

food poisoning, and very few strains have been isolated from healthy humans or domestic animals
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(200). Lahti et al. (180) have suggested that the c-cpe strains are specialized to a yet unknown

environmental niche.

2.6.4 Other characteristics important for food safety

C. perfringens is a mesophilic bacterium and the ideal temperature for strains is around 43°C
Psychrotrophic strains have not been reported and refrigeration is an efficient way to prevent the
growth of C. perfringens. However, C. perfringens is unusually fast to reproduce and its generation
time can be as short as 7.1 min. C. perfringens is metabolically very active: it is a strong gas producer
and able to utilize a variety of carbohydrates and proteins (136,178). C. perfringens is anaerobic but

able to tolerate low amounts of oxygen especially in food items with low redox potential (136)

For the epidemiology of foodborne illness, the spores produced carry the most significant role. The
c-cpe strains in particular are considered more stress-resistant than other C. perfringens strains (202),
which is one of the explanations for their association with foodborne illness. Hardiness and spore
heat resistance are thought to protect c-cpe strains during food production and cooking, and enable
proliferation during potential temperature abuse after cooking. Both vegetative cells and spores of
representative c-cpe strains show higher overall resistance to heat or other environmental stresses
such as pH and pressure than p-cpe strains (196,202-205). The heat resistance of C. perfringens
vegetative cells and spores has been studied relatively widely, and the topic is further discussed in

chapter 2.8.3.
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2.7 Enteropathogenic Yersinia

The genus Yersinia belongs to the family Enterobacteriaceae and the Yersinia are gram-negative,
facultative anaerobic rod-shaped, non-capsulated, and non-sporulating bacteria (206). Genus Yersinia
includes 18 species of which three are human pathogens. Yersinia pestis is the causative agent of
bubonic and pneumonic plague and is the most infamous member of this genus. However,
enteropathogenic Yersinia enterocolitica and Yersinia. pseudotuberculosis, are also significant

human pathogens (207).

Both species of enteropathogenic Yersinia cause a gastro-intestinal disease called yersiniosis, which
is the fourth most frequently reported zoonosis in the European Union (208). Typical signs are fever,
abdominal pain, and diarrhea; the illness is often clinically indistinguishable from acute appendicitis,
which may result in unnecessary appendectomies (209). Y. pseudotuberculosis is also linked with a
severe systemic disease known as Far East scarlet-like fever and has only been recognized as a

foodborne pathogen since 2004 (210,211).

The first Y. enterocolitica genome was sequenced in 2006 and currently around 246 genome
assemblies are available (212). The assembly size ranges from 3.8 to 6.1 Mb with GC% content
ranging from 46.7 to 49.3% (www.ncbi.nlm.nih.gov/genome/, accession date 20.06.2022). The
average genome includes 4466 CDSs (https://www.patricbrc.org/).

The first Y. pseudotuberculosis genome was sequenced in 2004 and currently around 96 genome
assemblies are available (67). The assembly size ranges from 4.2 to 5.1 Mb with GC% content ranging
from 47.1 to 47.7% (www.ncbi.nlm.nih.gov/genome/, accession date 20.06.2022). The average
genome includes 4548 CDSs (https://www.patricbrc.org/).

2.7.1 Population structure

The enteropathogenic Yersinia diverged around 41-185 million years ago, and the third human
pathogenic species of the Yersinia genus, the infamous Y. pestis, is a relatively recent clone of
Y. pseudotuberculosis (213). Diversification of Y. pestis from Y. pseudotuberculosis is a typical

example of adaptive evolution and niche restriction (67,214).

Y. enterocolitica is a heterogeneous species including two subspecies, based on the 16S rRNA gene
sequence: subsp. enterocolitica and subsp. palearctica, in addition to six biotypes (BT1A, BT 1B, and

BT2-5) corresponding to six phylogenetic groups of varying pathogenicity (66,215,216). Biotypes
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are further classified into over 30 serotypes based on the variation of the O antigen (217,218) (Table
4). Genetically and serotypically, the biotype 1A is the most heterogeneous and this group of
environmental strains is thought to act as a reservoir for pathogenic strains, frequently acting as

donors in recombination events (66,219).

Contrary to Y. enterocolitica, all Y. pseudotuberculosis strains are considered pathogenic and the
species is homogenous. Serotypes are used to distinguish between different strains (206,220-222)

(Table 4).

2.7.2 Pathogenic strains

The evolution of enteropathogenic Yersinia including Y. pestis is thought to have included multiple
virulence gene acquisition events (pYV, ail) that have separated the pathogenic strains from the
environmental, non-pathogenic lineages. This current hypothesis of parallel evolution(222) has
rejected the previous one, which suggested that all pathogenic Yersinia species share a common

pathogenic ancestor (33,222).

Identification of Yersinia spp. is mainly based on biochemical tests and serotyping, but molecular
methods have increasingly also been used. Isolation of Yersinia from food and environment samples
is challenging due to the long cultivation times required and some of the strains not thriving on
commonly used agar plates (118). Thus, PCR methods with primers targeting virulence genes have
been developed for both species (225,226). For serotyping, the multiplex PCR or WGS data-based
methods targeting O-antigen are now preferred compared to the conventional serotyping as these
approaches eliminate the issues with antiserum and antisera cross-activity and improve the proportion

of typed strains (227,228).

The potential pathogenicity of the strains is mostly confirmed by PCR based on essential virulence
genes. The virulence determinants are both chromosomally and plasmid-encoded. The pathogenic
Yersinia carry a 70-kb virulence plasmid (pY V), which encodes type III secretion system Ysc and is
essential for their survival and ability to multiply in different lymphoid tissues of the host (207,229).
Customarily the strains that do not carry pYV are considered non-pathogenic (207,230). The pYV
plasmid is considered the hallmark for pathogenicity of Yersinia, but even strains lacking this plasmid
produce enterotoxin, invade epithelial cells, and survive within macrophages, suggesting some lever

of virulence and pathogenicity (219).
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Table 4: Typing of enteropathogenic Yersinia (219,223,224).

Species Genetic Biotype Serotype(s) Biotype test results ?
group

Yersinia 1 BTIA 0:1,2,3;0:3; 0:4; 0:4,33; O:5; +/+/+/+/+/+/+/+

enterocolitica 0:6,30, 0:6,31; 0:7,8; 0:7,13;

0:8,19; O:10; O:11; O:11,13;
012,25; 0:14; 0O:16; 0:19,8;
0:21;0:22, 0:25, 0:30; O:31;
0:34; 0:36; 0:37, 0:41,42,
0:41,43; 0O:46; 0:47, 0:57,
0:63; 0:65, 0:66; 0:72, NAG

2 BTIB  0:4, 0:8, 0:13, 0:20, 0:21 H/H/H/+ A+
3 BT2, 0:1,0:2,0:3, 0:9, 0:5,.27 BT2: -/-/+/+/+/+/+/+
BT3 BT3: —/-/-/+/+/+/++
4 BT4 0:3 =/~ ~1-1-I+]+/+
5 BT5 0:2,0:3 /=l /-1 ~/-I-I-
Yersinia 1 TorIV O:1b, O:3, O:5a, O:5b, NAG -/+/V
pseudotuberculosis
2 TorIV O:la, O:1b, O:3, O:5b, O:13, -/+/V
0:14
3 TorIV O:la, O:1b, O:2a, O:2b, O:2¢, -/+/V
0:3, O:4a, O:4b, O:5a, O:5b,
0:6, 0:7, 0:10, NAG
4 ITorIII O:1b, O:5a, O:5b, O:6, O:7, V/-/-
0:9, 0:10, O:11, O:12
5 IMorlll O:3 V/-/-
6 IorIV O:1b, O:2a, O:2b, O:2¢c, O:3, -/+/V

0O:4a, 0:4b, O:5a, O:5b, O:6,
0:7,0:10, O:11, O:13, NAG

* Results: +, positive for utilization/fermentation; -, negative; V, variable. Biotyping tests for Y.
enterocolitica: salicin, esculin hydrolysis, indole production, xylose, lactose, nitrate reduction,
trehalose, and sorbitol. Biotyping tests for Y. pseudotuberculosis: citrate, melibiose, and rhamnose

"NAG, non-agglutinable
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Additionally, a high pathogenicity island HPI is found uniformly found in the highly pathogenic
Y. enterocolitica strains (1B/O:8) and frequently in Y. pseudotuberculosis O:1 and O:3 strains
(231,232). The evolution of non-pathogenic host-generalist to pathogenic host-restricted
Y. enterocolitica is marked by a concomitant reduction in metabolic capacity through deletion and

pseudogene formation and the expansion of the IS1667 element (222).

2.7.3 Epidemiology and reservoirs

While the gastrointestinal disease (yersiniosis) caused by enteropathogenic Yersinia is common, the
true incidence of Y. enterocolitica and Y. pseudotuberculosis infections is unknown as the clinical

diagnosis is often not confirmed and the disease is not notifiable (227,230).

Human and animal cases of yersiniosis are mainly sporadic and larger outbreaks are relatively rare.
Often the sources of Yersinia infection are not identified or even investigated (227,230). Non-
pathogenic Yersinia species and non-pathogenic strains of Y. enterocolitica have been abundantly
isolated from food and environmental samples, but pathogenic strains of both species have mostly

been associated with animal reservoirs (230,233-236).

Different Y. enterocolitica phylogroups or corresponding bioserotypes are associated with different
animal reservoirs (230). Studies on recombination patterns and the accessory genome in
Y. enterocolitica have led to the conclusion that phylogroups are ecologically separate and that certain
genetic determinants have been fixed during lineation (66). Phylogroups also show evidence of gene
decay and metabolic reduction (ABC transporters, dimethyl sulfoxide metabolism, etc.) which has
been interpreted as evidence of niche adaptation (66). The pathogenicity of Y. enterocolitica strains
varies from non-pathogenic to highly pathogenic, thus detection of virulence markers is also needed

to determine the clinical significance of the isolated strains.

Based on current understanding, the most common strain types associated with human infections are
Y. enterocolitica bioserotypes 2/0:9, 2/05,27, 3/0:3 and 4/0:3, and Y. pseudotuberculosis serotypes
O:1 and O:3 (118,206,230,237). The first reported Y. enterocolitica outbreaks were caused by
bioserotype 1B/0O:8 in North America and this bioserotype has also manifested commonly in Poland
but has nevertheless fallen behind 2/0:9 and 4/0:3 in reported occurrence and epidemiological
significance (209,238). The occurrence of bioserotypes varies between countries and the frequency
of human and animal infections caused by certain Yersinia subgroups is likely to be related to the

frequency of exposure to specific animal sources (230).
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Y. enterocolitica infections are thought to be largely foodborne, even though pathogenic strains have
not been frequently been isolated from foods. Different bioserotypes are associated with different
animal reservoirs (230). Y. enterocolitica 4/0:3, which is the most common bioserotype for human
infections in Africa, Europe, Japan, and Canada is associated with pigs in an almost host-restricted
manner and Y. enterocolitica 2/0:9 is associated with domestic ruminants (230,239-244) . Outbreaks

have been caused by pork products, pasteurized milk, tofu, and ready-to-eat salad mix (245-251).

Pigs and wild boar have also been identified as important reservoirs for Y. pseudotuberculosis
(230,244,252). Foodborne outbreaks caused by Y. pseudotuberculosis have been reported in recent
decades. Y. pseudotuberculosis has been isolated from several animal species (pigs, rabbits, and hare,
rodents, birds) and the reservoir of Y. pseudotuberculosis is thought to be wild animals and also farms
(220,230,233,244,253,254). During a Y. pseudotuberculosis O:1 raw milk outbreak in Finland, the
same serotype was found in both milk and cattle feces from the same farm (255). In a large outbreak
of Y. pseudotuberculosis caused by raw carrots the epidemic strain was also traced to soil and the
production line at the farm, but while contamination by wildlife feces was suspected as the origin of
this outbreak, it was not successfully confirmed (256). Y. pseudotuberculosis outbreaks have been
linked to raw milk and vegetables (iceberg lettuce, carrots) and have been reported in Canada, Finland,
New Zealand, Japan, and Russia (118,210,211,255-261). Also, outbreaks among captive animals
have been frequently reported (118). Different serotypes of Y. pseudotuberculosis are not thought to

have different reservoirs.

2.7.4 Other characteristics important for food safety

Enteropathogenic Yersinia are psychrotrophic and able to prosper in cold storage. The optimum
growth temperature of Yersinia is 28-29°C and their growth range is 4-42°C, but both
Y. enterocolitica and Y. pseudotuberculosis can grow at temperatures below 0°C (206,262-264).
Testing by Bergann et al. (262) showed that 13% of tested strains were still able to grow at -5 °C.
Both bacteria survive well in changing temperatures and endure repeated refreezing and thawing

(206,265).

Both species are sensitive to heat treatment and do not produce spores. Their growth is easily inhibited
by salt (> 7%) or nitrite (> 80 ppm) (206,266). Temperature-dependent motility is one of the
hallmarks of enteropathogenic Yersinia: cells are peritrichously flagellated at 25 °C, but non-

flagellated and nonmotile, at 37 °C (267).
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2.8 Temperature stress resistance

2.8.1 Growth at low temperatures

Psychrotrophic foodborne pathogens, such as enteropathogenic Yersinia and C. botulinum Group II
strains, which can survive and multiply at low temperatures, pose a risk in modern food systems,
where cold chains are used to extend the shelf lives of food products. The current trend of minimal
food processing and ready-to-eat products has further stressed the importance of the cold chain in
maintaining food safety (169,268,269). Cold resistance and growth in cold temperatures are
epidemiologically important, as the initial contamination level can increase to a clinically significant

level in packaged food and cold stored products in as little as three days (255).

The ability to grow and survive at refrigeration temperatures, and to tolerate repeated freezing and
thawing, varies among bacterial strains. In general, enteropathogenic Yersinia are able to grow at 0-
4°C (206,269-271), C. botulinum Group I at 12.8-16.5°C (272), and Group II at 6.2 to 8.6°C (145).
Cold resistance is thought to be a genomic adaptation dependent on many genes, but variation in
observed cold resistance and cold growth has been reported for example in Group I C. botulinum

strains (145) and Listeria monocytogenes (273), and to a lesser extent in Y. pseudotuberculosis (269).

2.8.2 Cold resistance and cold shock

An abrupt decrease in temperature causes a so-called cold shock response in bacteria, during which
certain proteins are induced (274). An important group of cold resistance genes are the cold shock
proteins (Csps), which are in many bacteria known to be central for cold shock survival and
subsequent adaptation to low temperature. In addition to Csps, the fall in temperature induces changes
in the transcriptome, RNA chaperones are induced, and cell membrane fluidity is adjusted by

changing fatty acid composition and desaturations (274-277).

Csps are a highly conserved group of small nucleic acid-binding proteins that have been identified in
a variety of bacteria, including psychrophiles, mesophiles, and thermophiles (274,278,279). Most
studies of Csps have been conducted in mesophilic bacteria such as E. coli (280,281). Understanding
how the Csps of psychrotrophic bacteria differ from those of mesophilic bacteria is important, for this
may represent a common feature of psychrotrophic bacteria that distinguishes them from mesophiles
(278). Furthermore, a deeper understanding of the Csps of psychrotrophic bacteria could contribute

to preventing their growth in refrigerated food or in optimizing the production of their enzyme for
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biotechnological purposes. Cold shock response and cold adaptation have been studied extensively
in enteropathogenic Yersinia and C. botulinum, but still, the genetic traits that explain the differences

in cold tolerance between the strains are still not fully understood (269,282-286).

Long periods of storage of fresh produce such as carrots at low temperatures have been associated
with large Y. pseudotuberculosis outbreaks (256,259). These outbreaks and other foodborne
outbreaks have been caused mainly by O1 strains (210,255-257,259,260), which are able to grow at
a faster growth rate with a shorter lag period compared to O3 strains (118). This physiological
diversity or adaptation is poorly understood, as previous studies have identified little genetic variation

or lineages within Y. pseudotuberculosis isolates (221,287).

For the growth of Y. enterocolitica at low temperature, the regulators for signal transduction,
chemotaxis, biodegradative metabolism, and defense against oxidative stress are known to be
activated (288). Curiously also the expression of insecticidal toxins is also induced in cold, suggesting

an ecological role in survival outside the mammalian host (289).

2.8.3 Heat resistance

Cooking is the oldest and most common method to destroy microbes in food, and survival during heat
treatment and heat resistance are therefore important phenotypic traits for many foodborne pathogens.
Most bacteria present in the food chain are destroyed by heating at 60 to 70 °C, making their
destruction by cooking relatively easy. From the point of view of food safety, the problem is the

bacterial spores that survive thermal processing at 70 to 130 °C.

As described in the earlier part of this dissertation, both C. perfringens and C. botulinum produce
spores, and some of the strains such as chromosomally cpe-carrying C. perfringens strains,
C. botulinum Group I strains produce extremely heat-resistant spores. For control of C. botulinum
spores in canned food, a “botulinum cook” in a pressure cooker at 121 °C (250 °F) for 3 minutes has
become the food industry standard. Genes associated with spore heat resistance in sporulating bacteria
focus on three properties: (i) DNA damage prevention and repair (ii) dipicolinic acid (DPA) and

cation concentrations in the spore core and (iii) the water content of the spore core (290-292).

The differences in heat resistance of C. perfringens vegetative cells and spores have been studied
relatively extensively, and D-values for 25 strains have been published (203,293-295). The main
finding is that c-cpe strains (10 strains) produce heat-resistant spores with high D®"C-values
averaging 53.2 (203). Contrarily, p-cpe strains and cpe negative strains produce spores, with low

D99°C-values with an average of 1.0 (203). Vegetative cells of c-cpe strains are reported to have 1.5
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to 2 folded D>°-values compared to p-cpe strains (203,294). A key mechanism behind this extreme
spore resistance phenotype is the ability of strains to produce an unusual variant of small, acid-soluble

protein 4, which binds particularly strongly to spore DNA to protect it from damage (295-297).

The extreme spore heat-resistance in C. botulinum Group I strains has also been studied extensively
and a meta-analysis of studies included D-values for 11 strains in 38 studies. The mean D-values at
the reference temperature of 121.1°C, in liquid media and pH neutral, was 0.19 min (298). The
genetics behind the heat-resistance have been studied for Clostridium sporogenes PA3649, which
produces extremely heat-resistant spores, is closely related to C. botulinum Group I strains and is
often used in testing commercial thermal food processing procedures for their ability to prevent
foodborne botulism. The most significant difference between C. sporogenes PA3649 and other
C. sporogenes isolates was the acquisition of a second spoVA operon, spoVA2, which is responsible

for the transport of DPA into the spore core during sporulation (299).

While certain genes have been found to explain heat-resistance phenotypes of produced spores the
presence of outlier strains (203,298) has suggested that other factors including differential expression,
altered function of sporulation proteins, and/or additional novel sporulation proteins could be
involved (299).
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3 AIMS OF THE STUDY

It is now acknowledged that environmental bacterial pathogens infect humans only incidentally. The
driving force for evolution within their populations is not virulence against mammal hosts, but rather
survival in their adapted reservoirs. However, the adapted reservoir and ecology of many

environmental, foodborne pathogens remains poorly understood or undiscovered.

This study aimed to assess the suitability and prospects of an in silico comparative genome analysis
and pangenomic approach for a better understanding of the ecology, evolution, and epidemiology of
environmental foodborne pathogens. The concluding objective was to understand what we can
determine about the pathogens, their reservoirs, and adapted lifestyle based on their genomes through
interpretation of genetic differences and their functionalities. The opportunistic, environmental
foodborne pathogens: Clostridium botulinum, Clostridium perfringens, Yersinia enterocolitica, and

Yersinia pseudotuberculosis were selected as study organisms to approach this subject.

The specific aims of the sub-studies in this thesis were

1. To assess the population structure and pangenome of C. botulinum through comparative genome
sequence analysis and to investigate how genomes of psychrotrophic C. botulinum strains differ from

non-psychrotrophic strains.

2. To investigate the population structure and genomic epidemiology of C. perfringens cpe-carrying

strains, and to study the genomics of spore heat resistance in C. perfringens.

3. To identify genetic differences between enteropathogenic Yersinia isolates from swine and other
sources, and between environmental and non-environmental isolates, and to assess the suitability and

limitations of whole-genome hybridization for comparative genome analysis.

4. To characterize the genes important for cold shock response and cold adaptation of

Y. pseudotuberculosis strain IP32953 by transcriptome analysis.
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4 MATERIALS AND METHODS

4.1 Strains and sequencing (I-1V)

For study I on the C. botulinum pangenome, 15 publicly available and one newly sequenced genome
were used. The genomes were downloaded from the Patric database (300). The new genome included
was C. botulinum 11 E CB11/1-1, which was isolated in a Finnish foodborne botulism outbreak (301).
The strains studied represented Group I (n = 10), Group II (n = 4), and Group III (n = 2). Strains I
A1l ATCC 3502 for Group I, and II E Alaska for Group II strains were used as reference genomes.
The CB11/1-1 genome was sequenced using 454 Genome Sequencers GS20 and GS FIx (10). The
reads obtained were assembled using GS De novo Assembler (version 1.1.03), resulting in a genome

of 3.9 Mbps in 639 contigs.

For study II on C. perfringens, 30 C. perfringens strains were assayed for heat resistance and growth
temperature, and their genomes were sequenced. Whole-genome sequencing was performed using
PacBio RSII (Institute of Biotechnology, Helsinki, Finland). Sequenced genomes were assembled
using HGAP3 and checked for circularity using GAP4 (302,303). To improve the draft assembly,
Illumina MiSeq reads and Pilon tool were used for genome polishing (304). Complete genomes were
2.9 to 3.6 Mbps with one chromosome and 0 to 5 putative plasmid contigs. During phylogenetic and
pangenome analysis publicly available genomes (n = 260), representing all described genetic lineages
including 56 cpe-carrying isolates, were used. Strains str.13, ATCC 13124, and SM101 were used as

reference genomes (178,305). The genomes were downloaded from the Patric database (300).
Sequenced genomes in I and II have been deposited to the GenBank.

For study III the seven gnomes publicly available at that time were used to design a DNA microarray.
The genomes were downloaded from the Patric database (300). For comparative genome
hybridization, 61 Y. enterocolitica and 38 Y. pseudotuberculosis strains isolated from a variety of
sources were used. Strains Y. enterocolitica subsp enterocolitica 8081, Y. enterocolitica subsp
palearctica Y11, and Y. pseudotuberculosis 1P32953 were used as reference genomes and positive
hybridization controls (67,212,306). Hybridized strains were selected from the Yersinia strain
collection of the Department of Food Hygiene and Environmental Health to represent the various
biotypes and serotypes of enteropathogenic Yersinia. In total, 41 strains represented the most common

pathogenic Y. enterocolitica bioserotype 4/0:3. The majority (79/99) of the strains had been isolated
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from swine or swine slaughterhouses. The rest of the strains (n = 20) had been isolated from human

patients, wild birds, and other animals.

For transcriptome study IV, the strain Y. pseudotuberculosis IP32953 was used.

4.2 Annotation and ortholog identification (1, I, and Ill)

For annotation and proteome comparison, curated databases such as PATRIC, Uniprot and KEGG
were utilized in studies I, II, and III. The annotation of protein-encoding genes was an important
initial point for studies, and either the Prokka pipeline (42) or RAST (44), as implemented within the
Patric annotation pipeline (307), were used to annotate newly sequenced genomes or to reannotate
previously available genomes. Proteomes were compared using bi-directional best hits identified with
BLAST as described by Ward (308) to distinguish positional homologs, orthologs, and paralogs. To
explain this approach shortly, two genes were acknowledged as orthologs if a reciprocal best BLAST
hit existed among them, and both hits scored over a set threshold (100). In studies, I and III the bi-
directional best hits were identified using an in-house script, whereas in study II Patric proteome
comparison tools and available pangenome pipelines were used (102,103,300,307). Studies I, II, and
III required clustering of orthologous proteins and for this BLASTCLUST and CD-Hit were used
(41,101).

BLASTCLUST does clustering by performing the exhaustive BLAST all-to-all pairwise alignments,
which means that it is slow but accurate (308). CD-HIT was originally developed for clustering
protein sequences to create a reference database with reduced redundancy (101). CD-HIT is widely
applied and one of its applications lies within comparative genomics. This greedy incremental
algorithm starts with the longest input sequence as the first cluster representative and then processes
the remaining sequences from long to short to classify each sequence as a redundant or representative
sequence based on its similarities to the existing representatives. Here CD-HIT was used to cluster

proteins within enteropathogenic Yersinia to create a database for pan-microarray probe design (III).

CD-HIT is also used for clustering proteins within Roary and Panaroo pipelines (II). The Roary
pipeline takes the annotated genomes as input and pre-clusters the proteins with CD-HIT, performs
an all against all comparison using BLASTP, and then clusters those results with the Markov
Clustering algorithm (103). Within the Panaroo pipeline, the neighboring nodes and contextual

support of identified clusters are used to collapse diverse gene families and to merge and identify
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fragmented or mistranslated genes (102). The idea behind this contextual curation of identified

clusters is to produce robust clusters.

4.3 Comparative genome analysis (I, II, Il

To compare genomes and assess their encoded genetic toolsets, different approaches described in

original articles I, II, and III were used.

For ease of comparison in this dissertation, the analyses for the datasets in studies I, and III were
repeated with the same pangenome pipelines as in II. The Roary pangenome pipeline results are
visualized with pangenome matrix and gene cluster frequency graphs in Figures 3, 4, and 5. The
pangenome matrix shows the gene profile of each strain against phylogenetic tree and the distribution
of core and accessory genome within the pangenome. The gene cluster frequency graph shows the

relative frequency of genes among the extant genomes (core, persistent, and volatile clusters).

To consider the conserved gene order (synteny) of presumed orthologs, the genomes were aligned
and visually compared with progressive Mauve (309) and SEED Viewer 2.0 (310). Also, alignment

and comparison tools available at Patric were utilized (300,307).

4.4 Heat resistance assay (ll)

For study IV, the spore heat-resistance phenotype of 30 C. perfringens strain was determined
according to the established procedures (203,293). All strains were prepared as described by Duncan
and Ando (293,311). Duncan-Strong (DS) medium cultures were prepared and grown for 24 hours at
37 °C, then heat-shocked at 75°C for 15 minutes to kill the remaining vegetative cells and facilitate
spore germination. A sample was withdrawn, diluted, and plated to determine the initial spore count.
The remainder of each heat-shocked DS medium culture was then heated at either 89 or 99 °C for
periods ranging from 1 min to 4 h or until the spore count reached 0 (depending on the individual
isolate and the temperature used). At each time point, the culture was mixed and the time point sample
was withdrawn and diluted (dilution range, 102 to 1077). For vegetative cells, FTG (fluid
thioglycolate) medium cultures grown for 24h at 37 °C were heated to 60 °C for a time ranging from
1 min to 2 h. The time point samples were withdrawn as explained previously. All dilutions were

plated to determine the number of viable spores and cells present per milliliter (CFU/ml). The
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logarithmic counts of viable spores and cells of every isolate were graphed against heating time to
determine the slope of the survival curve. The estimation of the D value was determined from this
curve. P values were calculated using ANOVA analysis of variance (IBM SPSS Statistics for

Macintosh, Version 27.0).

4.5 Minimum and maximum growth temperatures (ll)

The minimum and maximum growth temperatures for 30 C. perfringens strains were determined in
study IV. The strains were examined using the Gradiplate W10 incubator (Biodata Oy, Helsinki,
Finland) placed in an anaerobic workstation (MK III, Don Whitley Scientific, Ltd, Shipley, UK) to
determine the minimum and maximum growth temperatures for the strains studied (145,272,312).
Briefly, the strains were cultured in FTG at 37°C for 24 hours. Strains were refreshed and grown at
37 °C until turbidity ODsoo reached 0.6-0.9. Cultures were diluted, and a sample was transferred to a
Gradiplate cuvette. The temperature gradients tested for minimum and maximum growth
temperatures were 8 — 18 °C and 47— 57 °C, respectively. Strains were incubated for 2 days for
maximum temperatures and 21 days for minimum temperatures. Growth boundaries were determined
using a stereomicroscope, and the growth temperature threshold was determined as the boundary
where dense bacterial growth was discontinued. The formula T =T ow + d * g was used to determine
the minimum and maximum growth temperatures as described by Korkeala et al. (312). The d in the
formula is the distance (in millimeters) of the growth boundary to the measurement point of T 1ow,

and g is the temperature gradient.

4.5 Comparative genome hybridization and analysis (lll)

4.5.1 Microarray design and genome hybridization (II)

In study IIT a multi-strain microarray was designed to perform a comparative whole-genome
hybridization (WGH) of enteropathogenic Yersinia strains. The DNA microarray was designed based
on the seven genomes and 14 plasmid sequences available at the time. Sequences (n =29 786) were
clustered (95% identity, 80% minimum alignment of the longer sequence) using Cd-hit-est (101) into

11,564 gene groups. Stringent clustering parameters were chosen to avoid problems with
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uncomplimentary probes in the probe design. Probes were designed using Agilent Technologies Gene
Expression Probe Design. A probe (45—60-mer) was designed to represent and separate each
identified gene group (n = 11,564). Redundant gene groups were removed (n = 13, 14 CDSs) and,
for long gene sequences (> 10 000 bases, n = 11), a tiling method was used to design extra probes
(10 per sequence). The final custom arrays contained 11,661 probes on each of the subarrays on

Agilent 8 * 15 K chips (Agilent, Santa Clara, CA, USA).

The custom arrays thus created were hybridized with the extracted genomic DNA (313).
Hybridization data analysis followed the routines set by Lindstrom et al. (52) and Lahti et al. (180).

The genomic DNA of Yersinia strain was fluorescently labeled with the BioPrime ArrayCGH
labeling module (Invitrogen, Carlsbad, CA, USA) using either Cy3 or Cy5 (GE Healthcare,
Buckinghamshire, UK). Labeled samples were hybridized at 65 °C for 16 hours and washed according

to the manufacturer’s instructions.

4.5.2 Data analysis (I1I)

The hybridized slides were scanned (Axon Genepix Autoloader 4200 AL, Molecular devices Inc.,
Sunnyvale, California, USA) with a resolution of 5 um. Images were processed and manually checked
using GenePix Pro 6.0/6.1 software. For data analysis, R software and the LIMMA package were

used (314). For background correction, the normexp algorithm was applied (315).

The distribution of logarithmic signal intensities formed two clear peaks in all hybridizations, and a
method conforming the positions of these density peaks was used to normalize the hybridization data.
This approach assumed that all hybridizations exhibit high densities of both positive and negative
hybridization signals from the pangenome array, and each sample was set with a threshold between
the intensity peaks to classify probes as present, absent, or diverged in each strain. Probe signals £0.3
from strain-specific threshold were classified as diverged (0 to 2 probes per hybridized strain) and
these probes were considered absent in further data analysis. Visualization and clustering of data were
conducted using MEV (316). The hybridization data were deposited in NCBI’s Gene Expression

Omnibus following the MIAME (Minimum Information About a Microarray Experiment) guidelines.
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4.6 Transcriptome analysis of Y. pseudotuberculosis in cold temperature (IV)

4.6.1 Transcriptome preparation for RNASeq (IV)

Y. pseudotuberculosis TP32953 cells were grown at 3°C and 28°C, and samples for total RNA
extraction were collected at six separate time points corresponding to different phases of growth
across both temperatures sequenced. The extracted (GeneJET RNA Purification Kit, Thermo Fisher
Scientific, Waltham, MA, USA) and cleaned (DNA-Free DNA Removal Kit, Ambion, Life
Technologies, Carldbad, CA, USA; and Ribo-Zero rRNA Removal Kit for Bacteria, Epicenter,
Madison, WI, USA) RNA was used to create cDNA libraries (Script-Seq v2 RNA-Seq Library
Preparation Kit, Epicenter). PCR was used to amplify the libraries and a commercial kit was used to
purify them. The libraries were sequenced (Illumina NextSeq500, Institute of Biotechnology,

University of Helsinki) yielding four sets of biological replicates.

4.6.2 Data analysis (IV)

The reads were aligned and annotated with Bioconductor (317,318) against the reference genome
(319). Bioconductor package BaySeq was used for transcript count analysis (320). For differential
gene expression analysis, normalization and clustering of differentially expressed genes, packages
such as ProOpDB and clusterProfiler were applied. Replicates were averaged, and averages were
used instead of individual counts. The averaged transcript counts for each growth point at 3 °C were
compared to the counts of the corresponding growth point at 28 °C. The log fold changes (logFC)
between the two temperatures were calculated, and genes with logFC > 2 were considered
significantly expressed at 3 °C. RT-qPCR for selected genes (betB, csdA, fabF, infA, mdtl, proX, rhiE,
and rho) was performed to validate results at both temperatures. The reads were deposited in the
Sequence Read Archive following the MINSEQE (Minimum Information About a Next-generation

Sequencing Experiment) guidelines.
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5 RESULTS & DISCUSSION

5.1 Pangenomic approach to C. botulinum (1)

5.1.1 Probing the core genome and pangenome of C. botulinum (I)

Publicly available C. botulinum genomes (n = 16) were subjected to comparative genome analysis
and their pangenome was constructed to investigate the population structure of C. botulinum and the
genomic variety within it. The core genome contained 1076 gene clusters, while the core genomes of
Group I (n = 10; 2758 clusters) and Group II (n = 4; 2456 clusters) contained more than twice the
number of gene clusters compared to the core genome shared with all (Table 5). To numerically
estimate the available genetic variety within C. botulinum the first estimate of its pangenome was
constructed. Our analysis identified 18385 different genes suggesting a large, open pangenome (Table

5). Within this data set, each genome contained approximately 20% of the pangenome genes.

Table 5 Summary of pangenome studies for Clostridium botulinum.

Group Genomes Method Size of the core genome  Size of  Reference

the

100% 99% bangeno

me
C botulinum 16 BBH? 1076 N/A 18385 I
Groups I-11I
C. botulinum 10 BBH* 2758 2758 N/A I
Group |
C. botulinum 4 BBH* 2456 N/A N/A I
Group II
C. botulinum 556 Roary,  80% N/A 2420 18731 (132)
Group [ & identity
C. sporogenes
C. botulinum 208 Roary,  80% N/A 1768 16571 (139)

Group 11 identity

N/A, not analyzed. * BBH: Bi-directional best hit. ® Present in 95% of genomes.
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The Roary pipeline produced a pangenome profile with three separate gene cluster profiles, without
a shared genetic backbone, corresponding to the C. botulinum Groups I, II, and III (Figure 3). In the
gene cluster frequency graph for C. botulinum, the shared core genome is dwarfed by the group-

specific genes, as is to be expected for a heterogeneous species (Figure 3).
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Figure 3. The pangenome profile (left) and gene cluster frequency graph (right) for C. botulinum.

The average similarity between compared C. botulinum genomes was under 70% and made this
comparison markedly different from those of C. perfringens (II) and enteropathogenic Yersinia (I11).
The small core genome, distinct profiles of different groups of strains, and the large open pangenome
are compliant with the notion that C. botulinum Groups I to III belong to different clostridial species
and share only a distant genetic context between them, and just happen to produce the same toxin
(51,121,142). Specifically, the estimated core genome was small and resembled the estimated core

genome of clostridia in general (321).

For our analysis of the total core genome, the 16 genomes available at the time were used. Two of
the genomes represented Group III, and Group IV genomes were not included. The true core genome
of C. botulinum isolates is therefore likely considerably smaller than 1076 genes and likely very close
to the size of the core genome of clostridia. Similarly, the pangenome of just 16 C. botulinum strains
gives a scale for the size of the pangenome but was not sufficient to represent the entire available

accessory genome to any level.

The core genome within clostridia has not been further explored, but since the study, I, Group I, and
II pangenomes and core genomes have been estimated based on more than 200 strains each, and the

results are summarized in Table 5

55



5.1.2 Comparison of genomic differences (I)

To assess the differences between C. botulinum genomes an in silico proteome comparison was
conducted. When the core genome within the Group I genomes was studied, the least conserved gene
classes were mobile and extrachromosomal elements, toxin production, and resistance. Within the
Group II genomes, the least conserved were genes related to mobile and extrachromosomal elements,
pathogenesis, toxin production, and resistance. Notably, only 8 of the 18 genes related to pathogenesis

in Group II E3 Alaska were conserved within the three other Group II genomes.

The analysis of protein-coding genes revealed that, while variation existed between isolates within
Group I and Group II, no strain differed greatly from the others within each group. This suggests that

phylogenetic groups are consistent and share a common ancestry.

5.1.3 Psychrotrophic Group II E strains lack csp homologs (I)

Group II strains are known to be psychrotrophic, but the genomic comparison revealed that while
Group I and III strains contained 2-3 homologs for csp genes, the Group II genomes contained 0-1
homologs. All type E C. botulinum genomes (n = 3) carried no homologs for csp genes. Out of four
Group II genomes analyzed, only II B Eklund contained a single csp homolog (CLL_A1515). This
CDS shared moderate homology with Group I and Group III csp alleles (identity 49 to 51% with
cspA, 41 to 49% with cspB, and 59 to 61% with cspC), but was even more closely related with cspL
genes in C. perfringens (identity 84%).

Currently, at least 87 classic type E toxin genomes have been published, and none of them harbor csp
homologs (Patric database, 24.1.2022). Contrarily, an untypical environmental C. botulinum strain
(CDC66177) producing a variant of type E toxin (322), and some phylogenetically related strains,

contained one csp homolog similar to the single cold shock protein-encoding CDS in II B Eklund.

The surrounding genetic context in Group II E strains was compared with that of II B Eklund, and
the results suggested that the csp gene had been deleted from type E strains. The absence of csp
homologs in the psychrotrophic Group II strains suggests that cold resistance and adaptation in these

strains are not dependent on the role of csp genes.

The cold growth characteristics of various Group II C. botulinum strains have been studied and some
strains seem to be more mesophilic than others (145). Derman et al. (145) tested minimum growth
temperatures for Group II C. botulinum strains, and out of those 24 strains five have been sequenced

(B Eklund, CB1171-1, Beluga, 202/ ATCC 23387, E strain K3). Two of these strains, B Eklund and
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202/ ATCC 23387, carry a single csp homolog and three (Beluga, E strain K3 and CB1171-1) none.
The presence or absence of csp homologs does not correlate with observed differences in minimum

growth temperature.

Csps are known to some extent to compensate for each other’s functions (323), meaning the impact
of one lost homolog is likely less than the loss of all homologs (279). It is also known that not all csp
genes are essential for cold tolerance but play other roles such as general stress resistance, host

pathogenicity, and cell motility (278,279,323,324).

A similar loss of ¢sp genes was also observed in c-cpe strains of C. perfringens (11). Also, these c-
cpe C. perfringens strains are known to survive refrigeration and freezing significantly better than the
cells and spores of other cpe-carrying isolates (204). Based on this, it is possible to hypothesize that
loss of csps is not detrimental to the cold resistance of clostridia. Further studies would be required

to understand the putative mechanisms behind this.

5.2 Pangenomic approach to enteropathogenic C. perfringens (ll)

5.2.1 Population structure

The population structure and genomics of enteropathogenic C. perfringens were studied to understand
the population structure and elucidate the dispersal of the cpe gene. The C. perfringens strains
analyzed belonged to five distinct lineages (I-V) (II, Figure 1). The core genome of 290 strains

contained 1034, or 696 gene clusters depending on the pangenome pipeline used (Table 6).

Three gene cluster profiles corresponding to lineages III, IV, and V can be distinguished from the
pangenome matrix (Figure 4). The most abundant gene cluster within C. perfringens isolates was the
unique genes present in one or two strains, but within the cpe-catrying isolates, the shared core
genome was the most abundant gene cluster highlighting the shared genetic backbone even between

isolates representing different genetic lincages.

Notably, the reductive evolution within lineage IV is not visible on the gene cluster frequency graph.
The gene frequency graph shows how many gene clusters of a certain size are shared by the isolates
and does not reflect the genes lost. Reductive evolution is, however, visible in the strain profiles in

pangenome matrix (Figure 4).
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Table 6 Summary of pangenome results for C. perfringens.

Genomes Method Size of the core genome Size of

the pangenome

100% 99%
290 Roary, 95% identity 231 590 23148
290 Panaroo, strict 1034 1660 14306
2832 Roary, 95% identity 696 1170 16875
82, cpe-carrying isolates Roary, 95% identity 1577 N/A 7835

N/A, not analyzed. * Confounding strains BER-NE33, K473, T3381, W1319, PC5, PBDI, and PBS5 were excluded from
the analysis of 283 strains. ® Present in 95% of genomes.
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Figure 4 The pangenome matrix (left) and gene cluster frequency graph (right) for all C. perfringens
strains (A) and cpe-carrying isolates of C. perfringens (B).
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5.2.2 Dispersal of cpe gene within C. perfringens population (II)

Enterotoxin encoding cpe-gene in C. perfringens was carried out on a family of conjugative plasmids
or in an integrated transposon within the chromosome. The understanding is that all C. perfringens
types can carry the c¢pe gene and produce CPE, but that only approximately 5% of the strains do so
(36). Three of the five lineages included cpe-carrying strains. All chromosomally cpe-carrying strains

belonged to lineage IV, and plasmidially cpe-carrying strains were present in lineages I1I and V.

Comparative genome analysis revealed that two of the c¢pe-carrying toxin plasmids (pCPF4969,
pCPBB-1) seemed constrained in their dispersal within the population (II, Figure 1) and that the core
genome of cpe-carrying isolates from three lineages was, depending on the pangenome pipeline and
methodology used, either significantly or moderately larger than that of all strains (Table 6). This
suggests that conjugative cpe-carrying plasmids are transmitted within genetic lineages or reservoirs
with yet uncharacterized limitations. This observation could be explained by a biased transfer rate of
conjugative plasmids favoring the plasmid transfer to the kin similar to the observed pattern within
the natural population of E. coli (325), or by certain genetic context (including for example the drug
resistance genes and other genes fixed within the core genome of cpe-carrying isolates) that favor the
cpe-carriage or allowing strains to flourish in the reservoirs where toxin plasmids are shared. Further
studies on cpe-carrying plasmids and their incompatibilities in C. perfringens are warranted to
understand this observation and its impact on the population structure of enteropathogenic

C. perfringens.

5.2.3 The origin and reservoir of c-cpe strains (II)

Chromosomal cpe-carrying (c-cpe) strains are associated with food poisoning and have been, with
some exceptions, generally isolated from food poisoning cases or food items (199,200,326). The
strains have not been isolated from other environmental sources, and their reservoir from which they
enter the food chain remains unknown. Our results revealed that the genetic lineage of c-cpe strains
included 1) 32 cpe-negative isolates (51%) from a variety of sources and geographic locations, and ii)
26 cpe-negative strains isolated from healthy swine and chicken (China, Finland). This is not directly
indicative of the reservoir of c-cpe strains but suggests that the adapted niche for this lineage of strains
or their ancestor might be in swine and poultry. Comparative genome analysis also indicated that the
lineage IV might share ancestry with lineage V strains carrying IS1470-like plasmids. Additionally,
our analysis revealed three groups of isolates within lineage IV: 1) c-cpe Group 1, ii) c-cpe Group 2,

and iii) cpe-negative isolates from swine and chicken. In conclusion, the results provided insights on
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the population structure within lineage IV and revealed the putative origin of these epidemiologically
relevant strains to be in domestic animals, suggesting that their entry to the food chain might occur

at the farm level.

5.2.4 Niche adaptation within c-cpe strains (II)

Analysis of lineage IV strains in C. perfringens revealed distinct gene profiles within the c-cpe strains
that corresponded to the phylogenetic clusters of c-cpe Group 1 and Group 2. Comparative genome
analysis was conducted to characterize these gene profiles in detail, and evidence of niche adaptation

and reductive evolution into two distinct directions was observed.

The c-cpe Group 1 strains had a reduced virulence gene profile, while the c-cpe Group 2 strains
retained more virulence genes encoding sialidases and hyaluronidases and carried a fucose operon.
The c-cpe Group 2 strains on the other hand had lost operons related to survival and resistance
(arginine deiminase pathway operon, arsenic resistance operon, iron acquisition systems) in addition
to an operon responsible for citrate metabolism. These results suggest that these groups of c-cpe
strains have taken their reductive evolution in different directions and adapted to different ecological
niches. We hypothesize that the c-cpe Group 1 strain has adapted to an acidic niche where exposure
to stressful conditions in terms of pH and temperature may be common. The c-cpe Group 2 strains
are likely more adapted to constant environmental conditions and their retainment of colonization-

related virulence factors and fucose operon suggest they might prosper in some type of Gl-tract niche.

5.2.5 Genetics of heat resistance in enteropathogenic C. perfringens (II)

In addition to the genetic differences between c-cpe Groups 1 and 2, we also discovered that c-cpe
strains in Group 2 produced heat-sensitive spores. Previously all c-cpe strains have been presumed to
produce heat-resistant spores (203,295) and to carry the heat-resistance allele of Ssp4 associated with
this phenotype. Our results showed that the known heat-resistance allele of Ssp4 was confined to the

c-cpe Group 1 and likely originated within this phylogroup.

One outlier c-cpe strain (310/85) produced heat-resistant spores despite carrying the allele of Ssp4
associated with the production of heat-sensitive spores, and despite belonging to c-cpe Group 2 strains
producing heat-sensitive spores. Our results also suggest that spore heat resistance developed

independently in a strain (310/85) without the known heat-resistance allele of Ssp4.
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The genetic context behind the noted heat-resistance patterns was compared, and one allele of heat
shock protein GrpE and Co-A-reductase were identified as putative genes that play a role in the heat-
resistant phenotype of spores. Further studies with a wider selection of strains are required to confirm

whether these alleles play a role in spore heat resistance in C. perfringens or not.

In conclusion, our results revealed that the spore heat resistance has developed mainly within one
group of c-cpe strains and is likely affected by additional genetic characteristics in addition to the

already established Ssp4 heat-resistance allele.

5.3 Pangenomic approach to enteropathogenic Yersinia (lll)

5.3.1 Population structure of Y. enterocolitica and Y. pseudotuberculosis (111)

Hybridization results clustered Y. enterocolitica (n = 61) and Y. pseudotuberculosis (n = 38) strains
into two distinct groups according to their species. Notably, one strain, AYV 7.1K2, was a clear
outlier within Y. pseudotuberculosis strains and was reclassified as Y. pekkanenii (327). The distance
between Y. enterocolitica and Y. pseudotuberculosis, based on Pearson’s correlation on a scale from

0 to 2, was 1.36.

Y. enterocolitica strains belonging to different biotypes (1A, 1B, 2, and 4) formed distinct subclusters
but Y. enterocolitica biotypes 2 or 3 (n = 10) clustered together. Within the Y. enterocolitica group,
the genetic distance was the longest (0.25) between Y. enterocolitica biotypes 2-4 and biotypes 1A
and 1B.

Two subclusters were observed within hybridized Y. pseudotuberculosis strains. The majority of
hybridized Y. pseudotuberculosis strains had been obtained from swine samples in Finland, Estonia,
Russia, England, and Belgium (n = 23), and they clustered together forming a “swine group”. In
contrast, 13 strains clustered separately from the “swine group” and formed a separate “diverse

group”. The genetic distance between these two groups was 0.15.

While the majority of Y. pseudotuberculosis strains isolated from swine were very homogenous and
belonged to the “swine group”, 5 of the 11 swine strains from English fattening pigs belonged to the
“diverse group”, together with strains isolated from wildlife and humans. This diverse group also

included the type strain IP32953 of Y. pseudotuberculosis.
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5.3.2 Probing pangenome and core genome in enteropathogenic Yersinia (I11)

For the seven genomes used in array design, the core genome based on bi-directional best hits (BBH)
contained 2772 sequences, implying that 68—76% of the genes of each genome were shared. Equally
the analysis with the Roary pipeline produced a pangenome matrix showing the two gene cluster
profiles with a shared genetic backbone (Figure 5). The enteropathogenic Yersinia share a substantial
amount of core genome (39.7-67.7%) between them, yet the “volatile genes” specific to each species

were abundant (Figure 5, Table 7).
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Figure 5. The pangenome matrix (left) and gene cluster frequency graph (right) for enteropathogenic

Number of genes

1 2 3 4 5 6 7

Number of genomes

Yersinia.

All hybridized Yersinia strains produced positive signals on 459 probes, which is the equivalent of
320-360 genes depending on the reference genome used (Table 7). This means that around 8% of the
genome is fully conserved across the two species. The difference between the core genome estimation
and the number of shared genes in WGH is explained by the differences in the stringency of applied
methods: the BBH method can identify evolutionarily distant orthologs while the WGH discriminates
between alleles on the SNP level.

5.3.3 Differences between species (IIT)

Y. enterocolitica strains shared notably fewer specific and conserved genes (n = 448) between them
than Y. pseudotuberculosis strains (n = 906). This reflects the greater heterogeneity within Y.
enterocolitica biotypes and also the ecological adaptation of biotypes 2-5 through reductive evolution

and gene loss (222).
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Table 7 Summary of pangenome studies and their results for enteropathogenic Yersinia.

Group Genomes Method Size of the core Size of Reference
genome the

100% 999 pangenome

Enteropathogenic 7 BBH? 2772 N/A N/A 1

Yersinia

Enteropathogenic 99 WGHP 459 N/A N/A 111

Yersinia

Y. enterocolitica 117 Bio- 3181 11460 (66)
Pangenome

N/A, not analyzed. * BBH: Bi-directional best hit. > Whole genome hybridization.

The genetic differences between Y. enterocolitica and Y. pseudotuberculosis were also explored. In
both species, many of the species-specific core genes were involved in the transportation of

substances.

Y. pseudotuberculosis strains shared a variety of gene clusters involved in the use and/or uptake of
various substrates, including phenolic compounds, rhamnose, xylose, myo-inositol,
opines/polyamines, and aliphatic sulfonates. In total Y. pseudotuberculosis strains shared 18 ABC-
transporters and 2 PTS transporters that were absent from Y. enterocolitica strains. Y. enterocolitica
strains shared six ABC transporters and seven PTS that were all absent from Y. pseudotuberculosis
strains. Putative substrates for these transportation systems included iron, glucoside, metallic ions,

lactose/cellobiose, sorbitol, and sucrose.

These results highlight the differences between these two species in substrate utilization and
ecological niches adapted to. Transportation variety within Y. enterocolitica seemed to be more
limited than within Y. pseudotuberculosis, which also carried operons linked with the uptake and
utilization of substances not found in living animal tissues but present in the soil, plants, and rotting

flesh.

Also, several operons related with metabolism and biosynthesis differed between species.
Y. enterocolitica had the genetic capability to utilize citrate and propanediol (including the related
biosynthesis of cobalamin), and synthesize cellulose. These genetic traits are likely beneficial in gut

colonization and survival during extracellular exposure. The Y. enterocolitica strains, excluding the
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highly virulent 1B strains, also carried an operon involved in the utilization of N-acetylgalactosamine.

This is a metabolite of fucose and is readily available in the gut environment.

One remarkable characteristic for Y. pseudotuberculosis was the presence of three type VI secretion
systems (T6SS). These were not found in Y. enterocolitica. One operon of T6SS identified in
Y. pseudotuberculosis genomes (CAH22876.1 in IP32953) shared strong similarity with the T6SSs
of Vibrio cholerae and Burkholderia thailandensis, which are both considered to have cytotoxic
effects against unicellular organisms, but also against mammal macrophages, and are therefore,
putative virulence factors. We hypothesize that these defense and interaction systems help
Y. pseudotuberculosis to survive and multiply in ecological niches in the environment from which it

could easily end up as a contaminant of the food chain.

All in all, the results suggested that Y. pseudotuberculosis possesses many tools that are beneficial
for survival in varied environments, while the Y. enterocolitica genome is more streamlined, tending

towards host-associated lifestyles within their preferred animal reservoir.

5.3.4 Swine specificity (I1I)

The main animal reservoir for Y. enterocolitica 4/0:3 strains are pigs, which function as
asymptomatic carriers. Genomic adaptations to this niche were also studied. Bioserotype 4/0:3 strains
(n = 42) shared 51 gene clusters (1% of sequenced Y. enterocolitica 4/0:3 genome Y11) that were

only present in strains of this bioserotype. These included mainly serotype O:3 antigen-related genes.

Biotype 2-4, but not biotype IB were observed to carry the N-acetylgalactosamine utilization operon

associated with adaptation to the GI tract.

Subsequently and simultaneously, extensive research has been carried out to uncover the virulence
factors of Y. enterocolitica and its different serotypes and the virulence factors explaining the swine
specificity of Y. enterocolitica serotype 0:3 (328-330). It has been proposed that the
N- acetylgalactosamine utilization operon plays a role in host adaptation since it enables the use of
intestinal mucin as a carbon source, and the gut of pigs is rich in N-acetylgalactosamine-containing
mucin (331). However, the main adaptation mechanism has been attributed to changes in gene
expression. Small but significant variations in cell adhesion and invasion properties via changed
expression responses to temperature have been noted to result in high expression of the primary
invasion factor at 37 °C, providing attunement to the higher body temperature of the natural host

reservoir, the pig (330,332). The actual changes in transcription are attributed to two changes within
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genes: 1) insertion of an IS1667 to primary invasion factor promoter, and ii) a base-pair substitution

in rovA4, resulting in a more stable variant of the virulence regulator RovA (333).

We also compared the genetic content of the swine group and diverse group of Y. pseudotuberculosis
but did not distinguish gene clusters to discriminate between these two. The subclusters observed
were differentiated by genetic distance rather than gene or operon level differences. Niskanen et al.
(220) have previously reported based on PFGE analysis that Y. pseudotuberculosis strains isolated
from swine samples are homogenous. The genetic diversity within the same English fattening pigs
was first reported by Ortiz Martinez et al. (243,244,334). To this date, the Y. pseudotuberculosis is
considered a homogenous group, and clear, distinct subclusters within this pathogen have not been
identified (207,221,222,261). One notable limitation of our study was the dependency of WGH on
the representation of reference strains used in microarray design. The array contained only probes
designed based on “diverse group” Y. pseudotuberculosis genomes, and repeating the comparative
genome analysis with fully sequenced “swine group” genomes could perhaps elucidate the genetic

differences between different Y. pseudotuberculosis strains.

5.4 Cold growth of Yersinia pseudotuberculosis (IV)

5.4.1 Differentially expressed genes during cold growth form clusters with different expression

patterns (IV)

The RNA expression profile of Y. pseudotuberculosis 1P32953 grown at 3°C was compared to that
of the cells grown at 28°C to determine which genes were important for growth at cold temperatures.
In total, 570 genes were expressed significantly more at 3°C than 28°C at least at one of the growth
points measured (IV, Figure 1). Since genes that are expressed both in great numbers and
differentially at 3 °C are likely to play important roles in cold growth, this result suggested that
Y. pseudotuberculosis 1P32953 has an extensive toolbox of hundreds of genes to facilitate cold

growth.

The differentially expressed genes were clustered based on their expression profiles at different time
points of the growth curve (IV, Figure 2). Y. pseudotuberculosis is known to be non-motile at 28°C,
and unsurprisingly 88 of the 570 differentially expressed genes were related to motility and
chemotaxis. The 482 genes not related to chemotaxis or motility were analyzed further, and five

subclusters (A-E) of expression patterns were identified. The most interesting clusters were clusters
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containing genes expressed highly at the beginning of growth (E, D) and logarithmic phase of growth
(B, C) (IV, Figure 2). Cluster A held mainly genes that were expressed highly at the stationary phase.

5.4.2 Differentially expressed gene and their functions (IV)

The genes that were highly expressed at the very beginning of growth (E, growth point I) played roles
in acquiring compatible solutes and various nutrients. Significant increases were observed in genes
encoding a glycine betaine transporter, phosphotransferase systems (PTS) to import fructose,
N- acetylglucosamine, and L-ascorbate, and ATP-binding cassette (ABC) transporters of maltose and
aldopentoses. Some of these operons have also been identified as differing between
Y. pseudotuberculosis and Y. enterocolitica (111). Also, genes encoding chaperone molecules such as
DEAD-Box RNA helicase RhIE and Csps (yptb2950, yptb2414, yptb3585, and yptb3586), which
destabilize nucleic acid secondary structures, were differentially and highly expressed at 3°C at the

beginning of cold growth.

Subcluster D included genes with roles in substrate transport (glutamate, inositol, and arginine) in
addition to betaine biosynthesis. This is likely due to cells trying to secure the availability of sufficient
nutrients to ensure successful growth at low temperatures. PTSs in particular have been linked to
regulatory functions during cold stress, and enable quick acquisition of carbohydrates from the
environment (335,336). Additionally, genes related to spermidine efflux, synthesizing desaturated
membrane lipids, and securing translation (biosynthesis of ribosomes, posttranscriptional
modification of RNA, translation factors IF-1 and Rho, DEAD-Box chaperone dbpA, and csp
yptb1423) were highly expressed at this point.

During logarithmic growth (growth points III-V) (IV, Figure 1) the nutrient strategy seemed to shift,
as urease operon and PTSs to import fructose (IV, Figure 5), N-acetylglucosamine, and mannose first
showed significantly more transcripts. Further on, at growth point I'V, the sulfur metabolism operon
was highly expressed. In addition to IF-1 and Rho, the translation factor rbf4 was also highly

expressed.

Entering the stationary phase, at growth points V and VI, the nutrient strategy continued shifting as
operons involved in the metabolism of amino acids and other nitrogen compounds such as histidine,
cystine, and methionine showed more transcripts at 3°C (IV, Figure 5), and the csp gene expression

levels tapered off.
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There are five DEAD-box RNA helicases in Y. pseudotuberculosis and they all were expressed more
at 3°C throughout the growth (IV, Figure 8). The difference in expression was statistically significant
in growth point III for csdA, growth points I-IV for rAlE, and growth points II and IV for dbpA.

In conclusion, we characterized the extensive toolbox that Y. pseudotuberculosis used to keep its
protein synthesis running at low temperatures. Cold shock proteins encoded by yptb1423, yptb2414,
yptb2950, yptb3585-86, and RNA helicases CsdA, RhIE, and DbpA, seemed to form the backbone
of cold survival of Y. pseudotuberculosis. In addition to these, the network protecting
Y. pseudotuberculosis from cold damage included transcription factors IF-1, RbfA, and also Rho,

which seemed to support protein synthesis at cold temperatures.
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6 CONCLUSIONS

The abundance and availability of genomic data make it an appealing new starting point for the study
of ecology and the evolution of bacteria. This thesis aimed to assess the suitability and prospects of
comparative genome analysis and a pangenomic approach for a better understanding of the ecology,

evolution, and through these also the epidemiology of foodborne pathogens.

The pangenome of C. botulinum reflected the heterogeneous nature of this pathogen. The isolates
shared only a small core genome comparable to that of the clostridial backbone and the pangenome
was large. Psychrotrophic C. botulinum strains in Group II lacked cold shock protein genes conserved
in Group I and III strains, suggesting that cold shock protein homologs are not necessary for cold

adaptation in C. botulinum Group II.

The comparative genome analysis of cpe-carrying C. perfringens strains revealed a novel group of c-
cpe strains associated within food poisoning. Comparative genome analysis also identified a putative
reservoir or origin for c-cpe strains within swine and poultry. Exploration of genetic diversity within
c-cpe strains suggested that strains with different gene profiles had adapted to different ecological
niches and reservoirs. The gene profiles also corresponded with phenotypic differences in spore heat-
resistance; unlike the previously described c-cpe strains, the novel gene profile of c-cpe strains

produced heat-sensitive spores.

The comparison of enteropathogenic Yersinia isolates revealed a large core genome shared between
enteropathogenic Yersinia. Results revealed that all Y. pseudotuberculosis isolates shared several
genetic traits useful for survival in various environments that were absent from Y. enterocolitica.
Most notably the Y. pseudotuberculosis strains harbored a selection of type VI secretion systems
targeting competitive cells of other microbes and eukaryotes. The genomes of Y. enterocolitica were
more streamlined and the biotypes had undergone reductive evolution during adaptation to their
niches. The whole-genome hybridization was also able to distinguish two clusters (“swine group”
and “diverse group”) within Y. pseudotuberculosis, but the genetic differences between these clusters

warrant further study.

The cold shock response and cold adaptation of Yersinia pseudotuberculosis serotype O1 were
studied on the transcriptome level and a genome-wide transcription adaptation to cold growth was
observed. Strain IP32953 engaged a large number of genes at different stages of the growth curve
during the cold response. The backbone of cold survival for Y. pseudotuberculosis seemed to be

formed by cold shock proteins and RNA helicases CsdA, RhIE, and DbpA. In addition to these the
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transcription factors IF-1, RbfA, and Rho were highly expressed during cold growth and seemed to

support protein synthesis at suboptimal temperatures.

A pangenomic approach successfully elucidated adaptive evolution within virulence and stress
response mechanisms and allowed inference of evolutionary relationships between foodborne
pathogens. The pangenome profiles can be used to identify main genetic lineages within less-studied
organisms or to identify clear outliers (biological or technical) within the analyzed genomes.
Compared to simple phylogenetic analysis, the pangenome profile enriched with gene cluster
frequencies identifies clusters of isolates with accumulated and reduced genetic content. However,
good quality pangenome analysis with prospects of elucidating reservoir and ecology requires a
wealth of data, and is ideally combined with relevant phenotypic data. The comparative genome
analyses focus on the direct examination of DNA sequence, the predicted genes, and their functions
— these are also the limitations for the prospects of this method. Gene expression studies as
transcriptome analysis are important to confirm when and where the genes of interest are turned on
or off. Importantly, when studying and comparing environmental bacteria and their genomes, closely
related environmental strains and strains not carrying toxin genes should also be included. Sequencing
efforts of environmental and commensal isolates will probably aid in understanding the emergence

and adapted niches of pathogenic strains.

These studies shed light on the genes that contribute to stress tolerance (I, 11, IV), niche adaptation
(11, III), and ecology (I-1V) in foodborne pathogens. The pangenomic studies also elucidated genomic
evolution within foodborne pathogen populations and were efficient in providing scalable, high-
resolution views on population structure. Knowledge of genes associated with stress tolerance,
reservoirs, and lifestyles is beneficial in the development of new targeted strategies and measures to

identify and control the food safety risks caused by these bacteria.
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