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ABSTRACT

Bacterial species in the order Enterobacterales populate diverse ecological niches
including soil, water, nematodes, insects, plants, and vertebrates. Many Enterobacteriaceae
temporarily inhabit the intestine of vertebrate hosts but also survive and thrive in extra-intestinal
habitats to transit between host individuals. These species acquire stress resistance genes to
overcome dispersal limitations and environmental stresses; this stress resistance also challenges
pathogen control in the food industry and hospitals. The research described in this thesis aimed to
investigate the role of stress resistance genes in host adaptation and their impact on food safety
and public health. Samples from Daqu fermentation, wastewater, and fresh water contained
Enterobacteriaceae that harbored a genomic island termed the transmissible locus of stress
tolerance (tLST), which confers extreme heat resistance. Functional genomics demonstrated that
the tLST also confers resistance to chlorine and other oxidizing chemicals, and identified 7 proteins
encoded by the tLST are necessary for heat or chlorine resistance. Comparative genomics
demonstrated that the tLST is particularly present in those Enterobacteriaceae that occur in plant-
associated habitats as well in the intestine of vertebrates. The frequency of the tLST in clinical
isolates of Klebsiella and Cronobacter species suggests that tLST-mediated resistance may
contribute to their persistence in hospitals. The function of the genomic island was also
characterized by competition experiments of isogenic tLST-positive and tLST-negative strains.
These demonstrated that the fitness gain during lethal challenge with chlorine is associated with a
substantial fitness cost in the absence of chemical or physical stressors.

The presence of tLST excluded virulence factors of several pathogens including Shigella,
Shiga-toxin producing E. coli, uropathogenic E. coli, and Salmonella. To determine whether the

accessory genome of Salmonella also includes genes that contribute to stress resistance,
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comparative and functional genomic analyses were used to identify genes related to the resistance
of Salmonella to desiccation and dry heat. Of the 289 genes that were differentially distributed in
resistant and sensitive strains of Salmonella, 7 genes were confirmed to contribute to dry-heat
resistance or high-pressure resistance by expression in sensitive strains. Taken together, this study
improves the understanding of the contribution of genetic determinants to stress resistance and
host adaptation in Enterobacteriaceae, which allow improved control of pathogenic

Enterobacteriaceae.
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CHAPTER 1: General Introduction and Thesis Objectives

1.1. Introduction

Enterobacterales are among most common human pathogens, including pathogenic
Escherichia coli, Klebsiella, and Salmonella. Members of this order are also a prominent cause of
nosocomial infections with multidrug-resistant (MDR) organisms (Blake et al., 2003). Research
on Enterobacterales has focused on their role as human, animal, or plant pathogens, or as
indicators of fecal contamination. Enterobacterales are present on a variety of foods including
fruits, vegetables, ready-to-eat meat, poultry, eggs, nuts and dairy products, as well as fish and
other seafoods (Baylis et al., 2011). In addition, carbapenem-resistant Enterobacteriaceae, the
largest family in the Enterobacterales, as well as fluoroquinolone-resistant Sa/monella and
Shigella, are of major concern (Tacconelli et al., 2018), and a substantial body of research has
focused on the understanding of MDR systems, their prevalence, and their transmission. However,
the commensal population and strains inhabiting non-human-related niches are understudied. The
extra-intestinal lifestyles of both commensal and pathogenic Enterobacterales may inform on the
evolutionary mechanisms that are related to the emergence of MDR and other resistance
phenotypes.

Enterobacterales populate diverse ecological niches including soil, water, nematodes,
insects, plants and vertebrates (Scheutz and Strockbine, 2005). Evolution of Enterobacterales to
adapt to different environments involves acquisition of stress resistance genes through horizontal
gene transfer. For example, the transmissible locus of stress tolerance (tLST) is a 15 kb genomic
island and is a reliable indicator of heat resistance in Enterobacterales, potentially posing a threat
to food safety and public health (Mercer et al., 2015). Control measures to mitigate the risk of heat

resistant pathogens require information on the reservoir and selective pressure for tLST-positive



Enterobacterales, and the presence of the genomic island in pathogenic Enterobacterales. A high
frequency of tLST-positive E. coli was identified in cheese and wastewater (Marti et al., 2016; Zhi
et al., 2016). Strains of tLST-positive E. coli were enriched in cheese after thermization and in
wastewater after chlorine treatment, showing high resistance to heat (Marti et al., 2016; Zhi et al.,
2016) . The knowledge of the human-made and natural reservoirs for tLST and the information on
whether the genomic island mediates cross-resistance to heat stress, chlorine stress and other
stressors remain unknown.

The tLST can be widely transferred among Enterobacterales including one strain of
Salmonella and some opportunistic human pathogens such as Cronobacter and Klebsiella (Boll et
al., 2017; Mercer et al., 2017b). The frequency of tLST-positive in pathogenic strains is important
for understanding its functional overlap with virulence factors. Virulence factors in Shigella, Shiga
toxin-producing E. coli (STEC) and uropathogenic E. coli (UPEC) are of particular concern.
Shigella species, which is one of the leading causes of diarrheal disease among children, possesses
a large virulence plasmid that is unique to virulent strains of Shigella and enteroinvasive E. coli
(Pilla et al., 2017). Stx-encoding prophages and the locus of enterocyte effacement of UPEC are
important determinants of pathogenicity, causing urinary tract infections and diarrhea in humans
(Minardi et al., 2011). Of note, the tLST is rarely identified in Sa/monella (Mercer et al., 2017b),
but it is frequently associated with strains or species in the environment or in association with
plants (Botzler, 1987; Dong et al., 2003; Schmid et al., 2009), which implies the tLST may
contribute to the adaptation to plant-associated habitats. It remains unclear whether the tLST is
associated with lifestyles and virulence factors or not.

The low frequency of the tLST in Sa/monella and the significant dry resistance of

Salmonella indicates that Salmonella use other genetic determinants for stress resistance.



Desiccation resistance is an essential capability for Sa/monella to survive or persist in non-host
environments during host transition, which contributes to outbreaks of foodborne disease with low
aw foods (aw < 0.85). Mechanisms of desiccation resistance overlap with those of heat resistance,
oxidative resistance, starvation resistance and acid resistance; however, mechanisms of heat
resistance of desiccated Sa/monella remain largely unexplored.

Taken together, multiple stresses that Enterobacterales face in environment shape their
evolution and affect their lifestyles. This thesis generally aimed to improve our understanding of
the contribution of genetic determinants including the tLST to stress resistance and host adaptation

in Enterobacterales, which allow improved control of pathogenic Enterobacterales.

1.2. Hypothesis

The extra-intestinal lifestyle of Enterobacterales selects for genes of accessory genome
that mediate stress resistance and impede control of pathogenic Enterobacterales in the food

supply and in health care facilities.

1.3. Objectives

1) New perspectives of the evolution and lifestyles of Enterobacterales (Chapter 2).

2) Characterization of tLST-positive isolates from Daqu fermentation and wastewater (Chapters 3
and 4).

3) Investigation of the resistance to oxidizing chemicals conferred by the tLST and the relationship
between the tLST and virulence factors (Chapter 4).

4) Investigation of the functions of tLST-encoding proteins to heat and chlorine resistance and
their ecological roles (Chapter 5).

5) Identification of genetic factors that determine the dry-heat resistance on desiccated Salmonella

cells (Chapter 6).



CHAPTER 2. Ecology, Diversity and Evolution of Enterobacterales

2.1. Introduction

The order Enterobacterales populate diverse ecological niches including soil, water,
nematodes, insects, plants, and vertebrates (Scheutz and Strockbine, 2005). Members of the
Enterobacterales substantially contribute to foodborne disease, nosocomial infections, and
community-onset infections in humans (Blake et al., 2003; Lasko and Nicolau, 2020).
Carbapenem-resistant Enterobacteriaceae as well as fluoroquinolone-resistant Sa/monella and
Shigella are listed by the WHO as priority pathogens, control of which requires novel antibiotics
(Tacconelli et al., 2018; Voor in ‘t holt et al., 2020).

Owing to the relevance of specific Enterobacterales to food production and human health,
research on Enterobacterales focused on plant pathogens and human pathogens. Most
Enterobacterales species, however, are harmless to humans and may even promote plant growth.
The alternative lifestyles of (opportunistic) pathogens and plant commensal bacteria are obscured
by the wealth of literature on the pathogenic lifestyle of related taxa. For example, the terms
“Cronobacter” and “plants” retrieve 135 publications (Aug 4, 2021) on Pubmed but only two of
those refer to the plant-associated lifestyle of the genus while the remainder focuses on
pathogenicity or occurrence and persistence in food or processing plants. Species inhabiting non-
human-related niches are understudied and under-represented in genome sequence databases.

The taxonomic reorganization of the Enterobacterales (Adeolu et al., 2016) provides a
framework to assess their roles as commensals of insects, plants, nematodes, or as environmental
microorganisms. This communication aims to assess whether phylogeny and lifestyles of
Enterobacterales inform on evolutionary mechanisms that facilitate the emergence of antibiotic

resistant pathogens as well as improved tools for their control.



2.2. Taxonomy of Enterobacterales

“‘||IIIIIIIlIllll.l....'
““‘ ""'

Family

. Budviciaceae

@ Enterobacteriaceae
. Erwiniaceae

@ Hafniaceae

. Morganellaceae
@ Pectovacteriaceae

. Yersiniaceae

A, oo
""""llllllllllllll““““‘

Figure 2.1. Core genome phylogenetic tree of Enterobacterales. All the type strains belonging to 310 type
species of with genome data available until June 10™, 2021 were used for analysis (Table S2.1.), with 28
genomes from the family Pasteurellales as outgroup. Each genome sequence was annotated by Prokka. The
pan and core protein clusters of all these genomes were constructed using FastOrtho. Each of the 1306 core
genes shared by at least 90% of the 338 genomes was aligned by Muscle and cleaned by TrimAl The
phylogenomic analysis is based on the concatenated alignment of these alignments. The maximum
likelihood tree was inferred by RAXML-NG with the best model (LG+I+G) estimated by ModelFinder. The
inner ring indicates the family that the species belongs to. The Middle ring color gradient indicates the GC
content of the used genomes, with the lighter for lower and darker for Higher. The out bar chart showed the
genome size for each strain.

All Enterobacterales belonged to the family Enterobacteriaceae (Adeolu et al., 2016) until

genome-scale taxonomy established the order Enterobacterales containing 7 families (Adeolu et



al., 2016) (Figure 2.1.). Core genome phylogeny corrected the taxonomic position of several
genera (Alnajar and Gupta, 2017; Soutar and Stavrinides, 2020) and added 8 new genera (Baek et
al., 2019; Ge et al., 2021; Jiang et al., 2020; Soutar and Stavrinides, 2020; Xu et al., 2020).
Currently, the order includes 364 species or subspecies within 69 genera and 7 families (Table
S2.1.).

To validate if phylogenetic groups in the Enterobacterales encompass phylogenetic
diversity that corresponds to bacterial orders, pairwise core-genome average amino acid identity
(cAAI) values were calculated (Figure 2.2.; Table S2.2.). cAAI values (Figure 2.2.) support
conclusions from the phylogenetic tree (Figure 2.1.) as intra-family cAAI values are generally
higher than inter-family cAAI values. The Morganellaceae comprise two clades, one containing
the genera Photorhabdus and Xenorhabdus, the other all other genera. cAAI values inform that
these clades are as distantly related to each other as to other Enterobacterales. The lowest pairwise
cAAI value within the Enterobacterales is 66%, indicating they are more closely related than other
bacterial orders. For example, the lowest intra-family cAAI value among Lactobacillaceae 1s 51%
with several intra-genus cAAI values lower than 66% (Zheng et al., 2020). The relatively high
cAAI values within the Enterobacterales imply that diversification of species in Enterobacterales

is mediated by horizontal gene transfer rather than mutations in the core genome.
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Figure 2.2. Boxplot of cAAI Pairwise cAAIl values were computed by CompareM based on the 1306 core

protein sequences of each genome (Table S2.2.).

2.3. Lifestyles of Enterobacterales

To elucidate the order’s evolution, we assigned lifestyles related to insect-, nematode- or

vertebrate-associated, environmental, and plant associated habitats to each species (Figure 2.3.).



Figure 2.3. Connections among niches of the type strains, secretion systems and virulence factors. The
assignment of species to lifestyle was based on different references (Table S2.3.), which included natural
habitats of the species as environmental, insect commensal, insect insect pathogen, nematode, plant
commensal, plant pathogen, vertebrate commensal, vertebrate pathogen, or human pathogen. PSI-I to PSI-
II and T6SS-1 to T6SS-5 respectively represent the 4 and 5 subtypes of type Il and type VI secretion
system. The virulence factors included those involved in adherence, such as TIF-K/E (Type 1 fimbriae of
both K. pneumoniae and E. coli), T1F-S (Type 1 fimbriae of Salmonella), Agf (Thin aggregative fimbriae
of Salmonella) and T3F (Type 3 fimbriae); iron uptake, such as chu (Hemin uptake), ent (Enterobactin,
Siderophore), iuc (Aerobactin, Siderophore), ybt (Yersiniabactin, Siderophore), mgt (Magnesium uptake),
and invasion, such as ompA (Outer membrane protein A), kbsDMT (K1 capsule), grt (Endotoxin), sodCI
(Stress protein).



Environment and plants. Enterobacterales occur in low-temperature marine and aquatic
environments, soils, rhizosphere, and plants. Environmental genera including Pectobacteriaceae
and many FErwiniaceae occur in soil (Figures 2.3. and 2.4.). Enterobacterales, particularly
Erwiniaceae and Enterobacteriaceae, occur as growth-promoting commensal members of plant
microbiota (Figures 2.3. and 2.4.). Plant-associated species occupy the rhizosphere, phyllosphere
or as endophytes (Figure 2.4.). Nematodes. The genera Xenorhabdus and Photorhabdus are
symbionts of nematodes (Forst et al., 1997). Symbionts of insect-pathogenic nematodes colonize
the gut of juvenile nematodes, are transferred into the insect hemolymph upon infection and kill
the larvae, providing nutrients for the nematode (Goodrich-Blair et al., 2007). Insect hosts. Many
insects harbor commensal Enterobacterales (Figure 2.3.). Almost all aphids contain a symbiont of
the genus Buchnera (Munson et al., 1991). Insect-associated species are distributed across all 7
families of the Enterobacterales but Enterobacteriaceae do not include insect pathogens (Figure
2.3.). Vertebrate hosts. Enterobacterales include vertebrate commensals and pathogens (Figure
2.3.). Shigella became restricted to humans as hosts through acquired virulence plasmids and
genome decay (Berg et al., 2005). Some of the 2500 Salmonella enterica serovars cause infections
only in specific host species, e.g. human-specific typhoidal serovars Typhi, Paratyphi A, and
Paratyphi C, whereas non-typhoidal serovars cause gastroenteritis of varying severity in diverse
hosts (Achtman et al., 2012). Many genera have only been reported as clinical isolates or pathogens
but the limited literature available on these genera implies that their habitat is not primarily related
to humans (Blekher et al., 2000; Kdmpfer et al., 2014; Mlaga et al., 2017; Potter et al., 2018; Rekha

et al., 2020; Teng et al., 2020).
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Figure 2.4. Plant-associated Enterobacterales in phyllosphere, rhizosphere and endophytes of plants.
Human pathogens are highlighted in red. The assignment of genera/species to phyllosphere, rhizosphere
and endophytes was based on different references (Table S2.4.).

2.4. Blended lifestyles and dispersal.

Blended lifestyles that include (temporary) persistence in multiple habitats are common for
many Enterobacterales. Vertebrate animals, insects, and nematodes mediate the dispersal of
Enterbacterales (Figure 2.5.). Nematodes and insects. Photorhabdus Iluminescens and
Xenorhabdus bovienii utilize nematodes as vectors for transportation to insects, only killing when
directly injected into the hemolymph (Rahoo et al., 2011). Plants and insects. Several
phytopathogens use insects as vectors for transmission (Rossmann et al., 2018). The

phytopathogen Erwinia tracheiphila persistently colonizes beetle vectors to overcome dispersal

10



limitations (Shapiro et al., 2014). Plants and vertebrates. Intestinal Enterobacterales including
Citrobacter and Escherichia are commonly present in water, soil, and on plants (Figure 2.3.),
which suggests an environmental or plant-associated lifestyle of these species. Escherichia
fergusonii is a seed endophyte in coffee (Silva et al., 2012) and many strains of Escherichia coli
can adhere to both roots and leaves using a plasmid-borne Type II Secretion System (T2SS)
(Holmes et al., 2020). The mucosal pathogen of mice, Citrobacter rodentium, shares virulence
factors with pathogenic E. coli. Citrobacter species were recovered from vegetables and fruits
samples (Adegun et al., 2019). Citrobacter freundii causes canker in white mulberry (Allahverdi
et al., 2016) but it is also a universal fish pathogen causing injury and high mortality (Jeremi¢ et
al., 2003). Environment and vertebrates. Serratia and Yersinia thrive in a diverse number of
environments including water, soil, and parasitic to symbiotic colonization of the digestive tracts
of various animals (NAGANO et al., 1997; Petersen and Tisa, 2013). Yersinia pestis acquired a
single operon that enables persistence and biofilm-formation in flea guts. Persistence in fleas
enabled a new dispersal vehicle and flea bites provided a new point of entry into susceptible hosts,
including rodents and humans (Hinnebusch and Erickson, 2008). Y. pestis evolved from the free-
living Yersinia pseudotuberculosis which also causes infectious disease in humans (Gu et al.,
2007). Interrogating 14082 metagenome datasets with Yersinia species revealed that 42.4% and
32.9% of Yersinia species were present in environmental and vertebrate-associated sources
respectively (Figure S2.1.), indicating a blended lifestyle of the majority of the genus. Wide
dispersal. Plant-pathogenic Pectobacterium overcome dispersal limitation using nematodes,
insects, or birds (Nykyri et al., 2014). For example, Pectobacterium stewartii gain entry into plants
via the wounds created by the feeding flea beetles (Walterson and Stavrinides, 2015). E. fergusonii

and Klebsiella oxytoca were isolated from wild birds in different regions, suggesting that birds are
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vectors for their transmission (Yahia et al., 2020). Enterobacter, Cronobacter, Kosakonia, and
Klebsiella widely occur on plants (Figure 2.4.), including those consumed by humans. The
consumption of these plants facilitates the transfer of bacteria from plants to humans. In
agricultural production, feces of wild animals, the application of animal manure, or the use of
contaminated irrigation water on crops contaminate plants (Alegbeleye et al., 2018), resulting in
human colonization or infection (Ercumen et al., 2017; Fink-Gremmels and van der Merwe, 2019;

Solomon et al., 2002).
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Figure 2.5. Lifestyle and transmission paths of Enterobacterales. Enterobacterales can be dispersed via
vertebrates, insects, nematodes, water and plants.

2.5. Relationship of lifestyles and phylogeny

Where sufficient information is available, lifestyle assignments associate with
phylogenetic grouping. Enterobacteriaceae, comprise species adapted to vertebrate hosts, plants
or the environment. Yersiniaceae include predominantly species with environmental lifestyles but

also occur invertebrates. The Erwiniaceae include mostly plant-associated bacteria including plant
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pathogens, and virtually all Pectobacteriaceae are plant pathogens. Xenorhabdus and
Photorhabdus form a nematode associated clade within the Morganellaceae, demonstrating the
two phylogenetic clades also match the lifestyles. These phylogeny-lifestyle associations allow for
the identification of lifestyle transitions and adaptations. A gradual transition of lifestyles can be
observed in the family Enterobacteriaceae (Figure 2.3.). The environmental/plant-associated
Shimwellia and Mangrovibacter are most closely related to the ancestral Jejubacter (Figures 2.1.
and 2.2.), while Cronobacter, Kosakonia, Enterobacter, and Klebsiella, which are more distant to
the ancestral node, represent a blended lifestyle that includes plant-associated niches, and
vertebrate intestines; these organisms are also relevant as opportunistic human pathogen.
Vertebrate adapted species including Shigella and Salmonella Typhi are the most distant group to
Buttiauxella (Figures 2.1. and 2.2.). This observation implies that the last common ancestor of
Enterobacteriaceae was originally plant adapted. A possible scenario for evolution and lifestyle
switches relates to the use of animals as a tool to overcome dispersal association, eventually
adapting to persistence in the intestine of animals.

Adaptation to narrow ecological niches reduces bacterial genome size and G+C content,
particularly in vertically transmitted symbionts (Fisher et al., 2017; Moran et al., 2008). For
example, the G+C content of the obligate symbionts Buchnera aphidicola (aphids) and
Wigglesworthia glossinidia (tsetse fly) is 26.3% and 23.7%. Their genome sizes are 616 to 792 kb,
which is just above the threshold of minimal size (580 kb) for bacterial genomes (McCutcheon,
2010; Shigenobu et al., 2000). Related free-living Enterobacterales have larger genomes (2—8 Mb)
(Figure 2.1.). Human-restricted human pathogens including Shigella, Y. pestis, and S. Typhi have
more recently diverged from their environmental ancestors but also experienced substantial gene

loss and a slightly reduced G+C content (Holt et al., 2008; Parkhill et al., 2001). Many of the
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monophyletic serotypes of Salmonella evolved as pathogens to specific hosts (McQuiston et al.,
2008; Zou et al., 2016), driven by horizontal gene transfer (Brown et al., 2003). For example,
distinct lineages of S. Typhimurium correlated well with the CRISPR sequences and prophage
profiles (Fu et al., 2017), indicating that different lineages are no longer infected by the same
phages, which reduces horizontal gene transfer (Fu et al., 2017).

Co-evolution of hosts and their symbionts results in co-speciation, shown by “co-
phylogenetic” patterns (Fisher et al., 2017). Symbionts adapted to promote host-level fitness and
vice-versa (Groussin et al., 2020). The symbiotic association between the obligate symbiont B.
aphidicola and its aphid hosts (Douglas, 1998) was dated back to about 250 million years (Hoy,
2019). The strict vertical transmission of only a few symbiont bacterial cells from one host
generation to the next results in low symbiont recombination rates, leading to gene loss and
genome reduction (Campbell et al., 2015; Moran and Mira, 2001). In contrast, facultative
symbionts are not required for host reproduction but increase their proportion of hosts by
conferring fitness benefits (Moran et al., 2005). Facultative symbionts undergo horizontal transfer
within and between species and are often shared between divergent host groups (Sandstrom et al.,
2001). Sodalis glossinidius is a facultative symbiont of tsetse flies (Novakova and Hypsa, 2007),
but also an obligate symbiont of weevils and chewing lice (Fukatsu et al., 2007), indicating that a
facultative symbiont lost the ability of horizontal transmission and is evolving into an obligate

symbiont (Moran et al., 2008).

2.6. Genetic adaptation

The core genome carries essential genes and does not reflect evolution by horizontal gene
transfer to occupy novel niches. Therefore, differentially distributed genes in accessory genomes

are shown in Figure 2.6. Each family is characterized by a unique set of accessory genes (Figure
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2.6.). When bacteria switch to a new lifestyle, flagellar motility and attachment are considered
prerequisites for successful colonization (Harshey, 2003). Enterobacterales possess five distinct
flagellar systems (flag-1 to flag-5). Flag-4 is predominant for insect endosymbionts including
Sodalis and W. glossinidia (De Maayer et al., 2020). The adhesion fimbriae of human pathogenic
Klebsiella and Salmonella are also present in other Enterobacterales including human pathogens

(Figure 2.3.). This suggests that flagella systems and fimbriae are acquired with lifestyle changes.

Enterobacteriaceae

Figure 2.6. Heatmap of family specific gene clusters. The family enriched gene families were estimated
by Scoary on the gene cluster table obtained from FastOrtho. Only both sensitivity and specificity above
70% were used for display, with black for presence and yellow for absence.

Type III Secretion Systems (T3SS) evolved from flagella (Diepold and Armitage, 2015)
and are often laterally transferred, resulting in a lifestyle change. Currently, seven families of T3SS

are described, four target animals and three target plants (Biittner, 2012; Troisfontaines and
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Cornelis, 2005). The Hrpl family, the only plant-specific T3SS found in Enterobacterales, is
primarily found in Erwiniaceae and Pectobacteriaceae but also some members of Yersiniaceae
and Enterobacteriaceae (Figure 2.3.). Only the family Erwiniaceae and the genus Cedecea include
members with both plant and animal specific T3SSs (Figure 2.3.). Interestingly, after the split from
Erwiniaceae, Cedecea is among the ancestral genera of Enterobacteriaceae, suggesting the
progenitor of Enterobacteriaceae had both plant- and animal-focused lifestyles and that the loss
of the plant T3SS played a role in lifestyle adaptation. In our analysis, Budviciaceae,
Morganellaceae, and Hafniaceae lack the plant specific Hrpl T3SS while it is identified in
Yersiniaceae, Erwiniaceae, Pectobacteriaceae and Enterobacteriaceae (Figure 2.3.). This
suggests that Enterobacterales emerged initially as an (invertebrate) animal adapted group before
Pectobacteriaceae and Erwiniaceae split off and became plant adapted with Enterobacteriaceae
further evolving into vertebrate-adapted organisms.

The Type VI Secretion Systems (T6SS) also injects proteins into neighboring cells (Filloux,
2009)., The T6SS, initially associated with bacterial virulence, was recently hypothesized to
primarily prepare the ground for virulence by clearing the niche of bacterial competitors (Navarro-
Garcia et al., 2019). T6SS gene clusters categorize into five groups based on gene organizations
and homologies: T6SS-1-5, which are involved in different pathogenic pathways (Barret et al.,
2011; Boyer et al., 2009). The distribution of T6SS groups appears correlated with ecological
niches (Figure 2.3.). Nematode-associated Enterobacterales often possess a combination of T6SS-
1 and T6SS-3. Interestingly, Photorhabdus requires multiple loci of T6SS (from 3 to 4). T6SS-4
is associated with plant habitats or vertebrate intestines (Boyer et al., 2009). T6SS-1 is absent in
Erwiniaceae which contains numerous plant pathogens/commensal. The T6SS-2 is distributed

among obligate/opportunistic human pathogens, indicating its impact on systemic infection in
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humans. The function of T6SS-5 remains unknown and it is only present in Morganella
psychrotolerans and Moellerella wisconsensis (Figure 2.3.).

Enterobacterales produce enterobactin, aerobactin, and yersiniabactin (Lawlor et al., 1987;
Raymond et al., 2003), which are siderophores critical for host-pathogen interactions (Schaible
and Kaufmann, 2004). Enterobactin binds iron (Fe3*) with higher affinity than yersiniabactin,
followed by aerobactin (Brock et al., 1991; Perry et al., 1999; Raymond et al., 2003). Enterobactin
plays a more important role at low iron concentration, while the inverse is true of yersiniabactin
(Lawlor et al., 2007). Enterobacterales frequently harbor multiple systems in one genome (Figure
2.3.). The adaption of Enterobacterales to different lifestyles also depends on the methods
available for acquiring iron in a given environment (Lau et al., 2016). Enterobacterales that use
the low-affinity aerobactin often also use one or more of the high-affinity systems (Figure 2.3.),
possibly to save energy by first using low-affinity siderophores unless a higher affinity siderophore
is needed. The presence of multiple iron transport systems reflects the importance of iron and the
optimization of its acquisition in the lifestyles. Bacterial siderophores acquire the soluble iron (Fe?")
from the soil, promoting the growth and yield of plants, but also contribute greatly to the
pathogenicity of plant pathogens including Erwiana amylovora. They may also aid in survival in
the gut and allow competition with siderophore-producing intestinal bacteria (Valdebenito et al.,
2006). For example, Shigella flexneri grows in different environments using its two ferrous and
six ferric iron transport systems (Wyckoff et al., 2009). Taken together, the type of siderophores
that are utilized by bacteria are co-opted by plant/animal hosts.

Other genes and operons inform on Enterobacterales lifestyles (Figures 2.3. and 2.7.). The
gtr operons are dominant in Enterobacteriaceae and occasionally present in Erwiniaceae (Figure

2.3.), indicating these operons correspond with plant- and vertebrate-associated lifestyles. The L-
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fucose utilizing fuc operon is related to vertebrate-associated lifestyle, while the aguAB and pqq

operons, promoting plant growth, are associated with plant-adapted lifestyle (Figure 2.7.).

2.7. Role of antibiotic resistance

The spread of antibiotic resistance has been attributed to the use of antibiotics in the
prevention or treatment of disease in humans and farm animals, posing a substantial threat to both
(Koutsoumanis et al., 2021; WHO, 2015). Therapeutic antibiotic use started more than 80 years
ago (D’Costa et al., 2011) and antibiotic growth promoters have been used in agricultural animal
production about 50 years ago (Dibner and Richards, 2005). However, bacterial antibiotic
resistance predates humanity (D’Costa et al., 2011) and is found in ecosystems unassociated with
human activity (Clemente et al., 2015). Antibiotics are involved in microbial warfare (Cornforth
and Foster, 2015), in cell-to-cell signaling networks, enriching bacterial lineages and clones, and
contributing to local colonization processes (Baquero et al., 2013). The dataset of type strain
genomes allowed testing of the hypothesis whether the evolution of antibiotic resistance in the
Enterobacterales predates the human use of antibiotics. Firstly, the dataset was rarefied to include
only type strains and thus avoided the sampling bias; secondly, many type strains were isolated
before antibiotics were used in human or veterinary medicine. Only few nematode-associated
Morganellaceae are chloramphenicol resistant and some of Yersiniaceae are mainly beta-lactam-
and quinolone-resistant (Figure 2.8.). Pectobacterium zantedeschiae is the only type strain that
carries antibiotic resistance genes in Pectobacteriaceae (Figure 2.8.). Few Erwiniaceae members
are resistant to quinolones (Figure 2.8.). Surprisingly, Enterobacteriaceae but only few pathogens

in the family harbored numerous antibiotic resistance genes (Figure 2.8.), which may reflect that
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Figure 2.7. The presence and absence of some family or niches specific genes involved in different
metabolic pathways. Genes are abbreviated as follows: prp, prpBCDE, propionate catabolism; shlAB,
hemolysin; pst, pstSACB, phosphate import; aguAB, agmatine utilization; pqq, pqqBCDEEF,
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Figure 2.7. legend (con’t):

(con;pyrroloquinoline quinone biogenesis; chb, chitobiose operon, utilization of the beta-glucosides
chitobiose and cellobiose; ula, ulaABCDEFG, L-ascorbate utilization; fuc, L-fucose operon, L-fucose
fermentation; cbi-cob, cbi operon and cob operon, cobalamin (vitamin B12) biosynthesis; nqr, nqr operon,
Na+-translocating NADH-quinone reductase; Isr, Isr operon, transport and processing of Autoinducer 2;
hpa, 4-hydroxyphenylacetic acid (4-HPA) degradation; mar, marAB, multiple antibiotic resistance.

type strains of pathogens were mostly isolated prior to 1943 (Supplementary Table S2.5.). Overall,

antibiotic resistance genes appear to be present irrespective of antibiotic use and is apparently

selected for by blended lifestyles which includes many of the Enterobacteriaceae.

2.8. Conclusions

The ESKAPE pathogens Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp. are
currently the greatest challenge in preventing nosocomial infections as many are multi-drug
resistant (Pendleton et al., 2013). Enterococcus faecium (Gouliouris et al., 2019; Jha et al., 2005),
Klebsiella and Enterobacter in Enterobacteriaceae are associated with both plants and vertebrates.
Pseudomonas aeruginosa is an environmental species that is ubiquitous in soil and water
ecosystems (Streeter and Katouli, 2016). Antibiotic resistance in these ESKAPE pathogens thus
relates to blended lifestyles. Blended lifestyles necessitate large genomes, supporting persistence
in multiple ecosystems, and horizontal gene transfer, providing the opportunity for nosocomial
infections. Genes supporting hospital persistence or human infections are often acquired and
maintained in response to selective pressure in aquatic or plant-associated habitats, e.g.
siderophores, biofilm formation in Pseudomonas (Ueda and Saneoka, 2015), and tLST-encoded
chlorine and heat resistance in Cronobacter, E. coli, and Klebsiella (Wang et al., 2020). They also
support human to human transmission of pathogens such as Salmonella through survival in plants

(Fatica and Schneider, 2011). Blended lifestyles of Enterobacterales, including
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Enterobacteriaceae, also question the usefulness of coliforms or even fecal coliforms as reliable
indicators of fecal contamination in food and water analysis.

The discovery of antibiotics to control pathogenic Enterobacterales in human and animal
health and agriculture initiated 70 years ago, and the wide use of antibiotics facilitates the
emergency of resistant bacteria (D’Costa et al., 2011). Research that only focuses on human
pathogens is not enough to know the real life of pathogenic Enterobacterales. An evolutionary
overview of this order is needed. The large-scale comparative genomic analysis allows the
elucidation of Enterobacterales’ adaptation to diverse habitats and lifestyles. Available genomic
information and blended lifestyles suggest that foodborne and nosocomial pathogens in the
Enterobacterales have an evolutionary origin with nematodes and plants and that control depends
on understanding alternative lifestyles and extraintestinal evolutionary origin. Blended lifestyles
facilitate gene acquisition, large genomes, and provides a selective pressure for antibiotic
resistance independent of human activity. Understanding the origin of pathogenic bacteria and

their role in nature will provide insight into the control of pathogenic Enterobacterales.
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Figure 2.8. Antibiotics resistance genes (ARGs) distributions. All the ARGs were predicted from the
annotated proteins of each genome by ABRicate based on the Resfinder database. The circle size on the
middle lines represents the number of ARGs identified from each genome conferring to the same class of
drugs. The height of the bar chart on the right refer to the total ARG number of predicted from each genome.
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CHAPTER 3. Daqu Fermentation Selects for Heat Resistant
Enterobacteriaceae and Bacilli

3.1 Introduction

Thermal processing is widely used to kill unwanted vegetative cells and endospores in
foods (Doyle, 2012). The heat resistance of vegetative cells or endospores of the same species
varies substantially (Esty and Meyer, 1922; Liu et al., 2015). Due to the difference of heat
resistance in target organisms, heat-resistant strains may tolerate thermal food preservation
processes that are lethal to a majority of strains of the same species (Dlusskaya et al., 2011,
Margosch et al., 2006). Comparative genomic analyses have identified transferrable genomic
islands that confer heat resistance to bacterial endospores (Berendsen et al., 2016a) and
Enterobacteriaceae (Mercer et al., 2015). Knowledge regarding the genetic determinants of
bacterial heat resistance not only allows for the rapid identification of heat-resistant strains but
also facilitates the identification of environmental conditions that select for heat resistance.

Heat resistance of endospores is enhanced by the spoVA4?™® operon (Berendsen et al.,
2016a). The spoVA*™°® operon has previously been identified in Bacillus subtilis, Bacillus
licheniformis, Bacillus amyloliquefaciens, Bacillus cereus and Bacillus thermoamylovorans,
cloning of the spoVA>™® operon increased spore heat resistance, with the effect increasing with
the copy number of the operon (Berendsen et al., 2016b; Krawczyk et al., 2016). spoVA>m°d-
mediated heat resistance of bacterial endospores relates to the uptake of dipicolinic acid during
sporulation (Kort et al., 2005; Tovar-Rojo et al., 2002). Heat resistance of Enterobacteriaceae
including Escherichia coli, Salmonella, Cronobacter and Enterobacter cloacae, is mediated by a
genomic island termed the transmissible locus of stress tolerance (tLST) (Kamal et al., 2021;
Mercer et al., 2017b, 2015). The tLST increases the Deo value (decimal reduction time [i.e., the

time required to kill 90% of the microorganisms] at 60 °C) relative to that of tLST-negative strains
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of the same species 10- to 100-fold (Li and Génzle, 2016). The tLST-encoded proteins include
heat shock proteins that prevent or repair protein misfolding and aggregation (Lee et al., 2018;
Mercer et al., 2017a). Both the tLST and the spoVA4?>™°® operon are mobile genetic elements and
may transfer to pathogenic bacteria or spoilage organisms; therefore, heat resistance provided by
the tLST and the spoVA*™° operon challenges the control of pathogens in food system by thermal
processing (Li and Génzle, 2016; Sadiq et al., 2016).

The reservoir and selective pressure for tLST-positive or spoVA>™P-positive
microorganisms remain unknown; to date, conclusions on environmental conditions selecting for
tLST-positive E. coli were based solely on the frequency of tLST-positive isolates in specific
ecosystems (Ma and Chui, 2017; Mercer et al., 2017b; Zhi et al., 2016). Ecosystems that maintain
a temperature of 60 °C for an extended period may select for heat-resistant bacteria. One example
is Daqu, a traditional starter culture used for production of spirits and vinegar from cereals. Daqu
is produced from cereals by a spontaneous solid-state fermentation which includes three phases:
shaping (fermentation stage), ripening (maturation stage) and drying (Xiu et al., 2012). Daqu
fermentation supports growth of amylolytic fungi and bacilli; amylolytic enzymes produced in
Daqu support starch saccharification and ethanol production in subsequent fermentation stages (Li
et al., 2016). The temperature is a key process parameter to control the evolution of microbiota
(Xiao et al., 2017). Depending on the type of fermentation, the temperature increases during the
fermentation stages to reach a maximum ranging from 45 to 65 °C and declines to ambient
temperature during maturation and drying stages (Wang et al., 2011). In traditional Daqu
fermentations, temperature control is achieved by forced ventilation and by manually turning over
the Daqu blocks (Xiu et al, 2012). Mesophilic organisms including fungi, bacilli,

Enterobacteriaceae, E. cloacae, and lactic acid bacteria are dominant representatives of the Daqu
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fermentation microbiota (Wang et al., 2011; Xiao et al, 2017). Daqu comprising
Enterobacteriaceae and bacilli provides a good model for studying the effect of temperature on
the selection for heat resistant strains containing the tLST or the spoVA4?™® operon.

Previous studies mainly demonstrated the mechanisms of functional genes mediating heat
resistance (Berendsen et al., 2016a; Krawczyk et al., 2017; Mercer et al., 2017a, 2015), but the
environmental selective pressure for heat resistance genes in natural and human-made ecosystems
remains unclear. Therefore, this study aimed to investigate the environmental selective pressure
for heat-resistant organisms in food fermentation. The tLST-positive and spoVA>™-positive
bacteria were screened in the Daqu matrix, followed by verification of the heat resistance of each
isolate. The cell counts of Enterobacteriaceae and sporeformers were also assessed during Daqu
production, as well as the copy numbers of the tLST and the spoVA>™° operon. Moreover, the
influence of temperature on the selection for heat-resistant bacteria was determined by evaluating

the copy numbers of the tLST and the spoVA*™° operon during Daqu processing.

3.2. Materials and methods
3.2.1. Sample collection

Daqu samples were obtained by Li ef al. (Li et al., 2016, 2015b) from two independent
industry-scale fermentations. The stacked layers of Daqu blocks were manually turned every 2
days during the fermentation stage to allow adequate aeration and to control the pile temperature.
During the 17-day fermentation, the temperatures of the blocks was strictly controlled (Li et al.,
2016) according to traditional solid-state fermentation techniques such as stacking and opening
windows and doors, with a small variation in the Daqu core temperature (pile temperature)
between the four fermentation rooms; afterwards, for the 13-day maturation, samples were dried

and cooled to room temperature. The core temperatures of Daqu blocks were recorded every day.
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In enumeration and isolation, samples were collected on day 17 (the end of fermentation stage)
and day 30 (the end of maturation stage) and were analyzed. For quantitative PCR (qPCR) analysis,
samples were collected separately at day 0 (40 °C~45 °C) and days 4 (42 °C~47 °C), 6
(46 °C~51 °C), 11 (53 °C~58 °C), 15 (45 °C~50 °C) and 30 (<25 °C) based on the temperature
control during the fermentation process (Figure 3.1.). Samples were collected from two replicate
fermentation rooms at each time point, and two samples per fermentation room were obtained.
Two technical replicates were analyzed by qPCR. Daqu samples were ground to powder in a sterile
grinder and then transferred into a sterile stomacher bag (Stomacher Lab System, London, UK) to
obtain about 500 g of sample. All samples were dried and frozen at -20 °C immediately for further

analysis.
3.2.2. Enumeration and isolation

Dry samples (10 g) were mixed with 90 ml of buffered peptone water (Oxiod), soaked at 4 °C for
30 min, and homogenized (Stomacher Lab Blender 400; Seward Medical, London, UK) for 2 min.
Duplicate counting plates were prepared using appropriate dilutions. For plating, 50 uL of the
dilution was spread on the surface of a dried plate with a spiral plater (Don Whitley Scientific,
Shipley, UK). The total bacteria count was determined on Luria-Bertani (LB) (Difco) plates after
incubation at 37 °C for 24 h. For the estimation of bacterial spores, a 10% (wt/vol) sample
suspension was heated at 80 °C for 30 min and enumerated as described above. Serial dilutions of
homogenate were surface plated on Violet red bile glucose (VRBG) agar (Oxiod) and incubated
at 44 °C for 18 h, separately. After incubation, the colonies appearing on the selected plates were
counted and calculated as colony forming units (CFU) per gram of dry Daqu sample. Three

representative colonies of each morphology were isolated and stored in glycerol at -80 °C.

26



3.2.3. Identification of isolates

For sequencing analysis, genomic DNA of bacteria was extracted from pure cultures of
isolates using a DNeasy blood and tissue kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. The genomic DNA was then used as a template for PCR to amplify
the bacterial 16S rRNA using the primers 27F/1492R (Eden et al., 1991) and Phusion High-fidelity
DNA Polymerase (Fisher Scientific). Amplified 16S rRNA fragments were analyzed on 1%
(wt/vol) agarose gels stained with SYBRsafe (Invitrogen, Burlington, Ontario, Canada). After
purification with a GeneJET Gel Extraction and DNA Cleanup Micro Kit (Thermo Fisher
Scientific, Waltham, MA), the 16S rRNA were sequenced with Sanger sequencing by the
Molecular Biology Service Unit of the University of Alberta (Canada). The 16S rRNA sequences
were compared with sequences of type strains using the sequence match tool of the Ribosomal

Database Project (https://rdp.cme.msu.edu/seqmatch/seqmatch_intro.jsp).
3.2.4. PCR screening of DaQu isolates for the spoV A operon and tLST

All isolates were screened for heat resistance with primers targeting the last gene of the spoV4?m°P
operon and three fragments of the tLST in Escherichia coli AW1.7. Primers used in this study are
shown in the Table 3.1. To detect the presence of the spoVA*™° operon, primers were designed to
selectively amplify the last gene of the spoVA>™ operon of B. amyloliqguefaciens DSM7

(GenBank accession no. FN597644.1).
3.2.5. Preparation of vegetative cells and spores of bacilli

Vegetative cells of Bacillus and Brevibacillus were prepared for heat testing at 60 °C. All
strains were grown in LB broth at 37 °C with agitation at 200 rpm for 12 h. After being subcultured

at 1% dilution three times, cultures were examined by microscopic observation under bight field
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to verify that more than 99.9% of the cells had not sporulated. Spore suspensions of 10 isolates

from Daqu in water were prepared as described previously (Margosch et al., 2006).
3.2.6. Determination of heat resistance of bacilli and K. cowanii

Vegetative cells of bacilli were treated at 60 °C for 1, 3, 5, or 7 min as previously described
(Dlusskaya et al., 2011). After heating, appropriate dilutions were plated on LB agar and incubated
at 37 °C for 24 h. After incubation, CFUs were calculated.

Spore suspensions were transferred to 25 pL. of Dade Accupette pipettes (P4518-25). The
glass capillaries were heat sealed, placed in an oil bath at 110 °C for 0, 5, 10, 20, 30, 60, 180, or
300 s, and rapidly cooled in water. The cell counts of heat-treated spore suspensions were
determined as described above.

To confirm the contribution of the tLST in the heat resistance of K. cowanii, pLHR was
transformed into tLST-negative FUA10121 by electroporation. Transformants were plated on LB
agar containing 15 mg/L tetracycline-hydrochloride. The construction of pLHR was described
previously (Mercer et al., 2015). Four strains of K. cowanii (FUA1601, FUA1341, FUA1348 and
FUA1349) were treated at 60 °C for 1, 3, 5, or 7 min. The cell counts of heat-treated culture were

determined as described above.
3.2.7. Nonlinear model of spores for thermal inactivation

A modified model originating from the Weibull frequency distribution was proposed to

describe nonlinear survival curves of spores (Mafart et al., 2001).

| N—kxt”
OgNO—

where N presents the number of surviving cells after a duration of heat treatment time ¢, while No

is the initial population. For a given temperature (110 °C), parameter distributions are k and p, and
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these two values were determined by nonlinear curve fit procedure in Sigma Plot 12.5. If the

survival does not change with time, parameters of k and p are 1 and -0.01, respectively.
3.2.8. Quantification of copy number of the tLST and the spoVA*™°" operons

gqPCR was used for determining the copy number of spoV4>™ operons, tLST and 16S
rRNA in Daqu community DNA. Community DNA was isolated from 1 g of Daqu powder using
the E.Z.N.A. soil DNA kit (Omega Bio-Tek, Doraville, GA). The 7500 fast real-time PCR
instrument and 7500 software v 2.0.5 (Applied Biosystems) were used for gPCR amplification and
detection. qPCR reactions were prepared in duplicates of 25 puL reaction mixture in MicroAmp
optical 96-well reaction plates and sealed with optical adhesive film (Applied Biosystems). Each
reaction well contained 50 ng of template DNA, 12.5 pL of 2 x SYBR green PCR master mix
(Qiagen, Hilden, Germany), and 0.5 mmol each of forward and reverse primers. Nuclease-free
water was used as the negative control. The thermal cycling protocol was as follows: initial
denaturation for 10 min at 95 °C, followed by 40 cycles of 30 s at 95 °C, 30 s at melting
temperature (7m), and specific extension time at 72 °C. The fluorescence signal was measured at
the end of each extension step at 72 °C. After the amplification, a melting curve analysis with a
temperature gradient of 0.1 °C/s from 70 to 95 °C was performed to confirm that only the specific
products were amplified. Finally, the samples were cooled down to 4 °C. Table 3.1. shows the
sizes of the amplified products and their melting temperatures, for determining of specific PCR
product amplification. The standard curves for the spoVA>™°® operon, tLST and 16S rRNA ranged
from 1 x 103 to 1 x 10° copies/uL. All curves were linear in the range tested (#> > 0.999) by the

duplicate reactions. A high amplification efficiency (0.98) was determined for all three target genes.
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3.2.9. Determination of copy number of the spoVA4*™°P operon per genome

DNA was isolated from each strain using a Qiagen DNeasy blood and tissue kit (Qiagen).
The qPCR assay for determination of spoVA4>™ operons is described above. The genome copies

can be calculated as follows:

m
n x 1.096 x 1012

Genome copies =

Where n is genome size (in base pairs) and m is the amount of genomic DNA in one PCR (in
nanograms). The average genome sizes of B. amyloliquefaciens, B. velezensis, and B. subtilis were
determined with completed genomes of these species that were available in the National Center
for Biotechnology Information (NCBI) database in November 2017. The average genome sizes
(numbers of genomes) were as follows: B. amyloliquefaciens, 3.97 + 0.10 Mb (53); B. subtilis,

4.11 £ 0.28 Mb (166); B. velezensis, 4.00 = 0.11 Mb (97).
3.2.10. Frequency of the spoVA*™°® operon in genome-sequenced bacilli

The sequence of the spoVA>™°" operon (Berendsen et al., 2016a) was BLAST searched
against all completed genomes of species matching spoVA4?"°’-positive isolates obtained in the
present study. The BLAST search was performed on 4 May 2018 using the NCBI nucleotide
BLAST against 74 genomes of B. licheniforms, 1 genome of Br. parabrevis, 185 genomes of B.
subtilis, 54 genomes of B. amyloliquefacien, and 118 genomes of B. velezensis (total of 432

genomes).
3.2.11. Statistical analysis.

Data were subjected to analysis of variance (ANOVA) using SPSS 21.0 (SPSS Inc.,
Chicago, IL, USA) software. The least significant difference (LSD) was used to test the difference

among means. Differences between means were evaluated as significant at a P value of <0.05.
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3.3. Results
3.3.1. Temperature profile of Daqu piles

To determine the temperature profile of the Daqu fermentation from which isolates were
obtained, the temperature profile in replicate batches of Daqu was monitored during fermentation
and maturation (Figure 3.1.). Microbial activity increased the Daqu temperature to more than 45 °C
after 4 days of fermentation. The fermentation stage consists of the thermophilic and cooling stages.
At the thermophilic stage, the temperature increased to about 60 °C, followed by a decrease to
45 °C at the cooling stage and a 13-day maturation stage at room temperature. A temperature of
more than 55 °C, which is typically sufficient to kill Enterobacteriaceae within minutes or hours

(Li and Génzle, 2016; Nazarowec-White and Farber, 1997), was maintained for more than 4 days.
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Figure 3.1. Temperature profile of Daqu piles during the fermentation stage (day 1 to day 17). The
temperature remained at ambient temperature throughout the maturation and drying stages (data not
shown). Data represent means + standard deviations from four fermentation rooms in triplicate.
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3.3.2. Identification of bacilli and Enterobacteriaceae from Daqu

To characterize isolates with respect to their heat resistance, two Daqu samples were
obtained from the fermentation and maturation stages. Plate counts were determined on Luria-
Bertani (LB) and violet red bile glucose (VRBG) agars (Table 3.2.), and representative isolates
were identified at the species level (Tables 3.3. and 3.4.). Samples were analyzed after several
months of storage at -20 °C and using protocols for selective enumeration; therefore, cell counts
may not fully reflect the counts at the time of fermentation. Endospore-forming organisms
increased after 13 days of maturation. Isolates of endospore-forming organisms belonged to B.
licheniformis, Brevibacillus parabrevis, B. subtilis, B. amyloliquefaciens and B. velezensis (Table
3.3.). Cell counts of Enterobacteriaceae increased from 5.48 log CFU/g to 6.64 log CFU/g by the
end of maturation. Eleven isolates of Enterobacteriaceae were identified as Kosakonia cowanii,

Cronobacter sakazakii, Enterobacter hormaechei, and Pantoea calida (Table 3.4.).
3.3.3. The tLST and the spoVA>™°" operon screening of isolates

PCR was performed to identify the presence of the tLST and the spoVA4?™® operon in all
isolates of Enterobacteriaceae and spore-forming bacteria, respectively. Two and three isolates
from the fermentation stage and the maturation stage, respectively, were spo V4> -positive (Table

3.3.). K. cowanii FUA1601 from the fresh DaQu samples was tLST-positive (Table 3.4.).
3.3.4. The tLST confers heat resistance on K. cowanii

To determine whether the tLST confers heat resistance on K. cowanii, the survival of tLST-
positive K. cowanii FUA1601 at 60 °C was compared to survival of tLST-negative K. cowanii
FUA1341,FUA1348, FUA1349 (Figure 3.2.). The survival rate of three tLST-negative K. cowanii

isolates was significantly lower than that of tLST-positive K. cowanii FUA1601 (P < 0.05). To
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further confirm the role of tLST in heat resistance, the entire tLST sequence was cloned to pRK767
to form pLHR (Mercer et al., 2015), and pLHR was transferred into tLST-negative K. cowanii
FUA10121. The heat resistance of the transformant K. cowanii FUA10121 (pLHR) was equivalent

to the that of the tLST-positive wild-type strain (Figure 3.2.).
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Figure 3.2. Cell counts after treatment at 60 °C for six strains of Kosakonia cowanii. White circles, tLST-
positive K. cowanii FUA1601 isolated from Daqu; white triangles, tLST-negative K. cowanii FUA10121
(pLHR) isolated from Daqu; black triangles, tLST-negative K. cowanii FUA10121 isolated from Daqu;
black inverted triangles, tLST-negative K. cowanii FUA1341 isolated from malted oats; black squares,
tLST-negative K. cowanii FUA1348 isolated from malted oats; black diamonds, tLST-negative K. cowanii
FUA1349 isolated from malted oats. Data are shown as means =+ standard deviations from three independent
experiments.

3.3.5. Heat resistance of endospores is dependent on the copy number of the spoV.4>m°

operon

To determine heat resistance of vegetative cells and endospores of bacilli possessing the
spoVA?™°P operon, survival was assessed at 60 °C for vegetative cells (Figure 3.3.) and at 110 °C

for spores (Figure 3.4.). Vegetative cells of bacilli were heat sensitive irrespective of the presence
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of the spoVA>™° operon (Figure 3.3.). In contrast, the presence of the spoV4
the heat resistance in spores (Figure 3.4.). Cell counts of spoVA*™°-negative strains were reduced

by approximately 7 log CFU/mL after 30 s at 110 °C, while cell counts of spoVA>™P-positive

strains were reduced by less than 1 log CFU/mL (Figure 3.4.).
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Figure 3.3. Cell counts of Bacillus and Brevibacillus isolates after treatment of vegetative cells at 60 °C.
Panel A. Heat treatment of vegetative cells of 5 isolates from the fermentation stage. Black circles, B.
licheniformis FUA2146; black triangles, Br. parabrevis FUA2147; black inverted triangles, B. subtilis
FUA2148; gray diamonds, B. amyloliquefaciens FUA2149; grey squares, B. subtilis FUA2150. Panel B.
Heat treatment of vegetative cells of 5 isolates from the maturation stage. Black diamonds, B. licheniformis
FUA2151; black squares, Br. parabrevis FUA2152; grey inverted triangles, B. amyloliquefaciens
FUA2153; white circles, B. amyloliquefaciens FUA2154; white triangles, B. velezensis FUA2155. Black,
gray, and white symbols represent strains with 0, 1, and 2 copies of the spoV4°"°" operon per genome (Table
3.3.). Data are shown as means + standard deviations from three independent experiments.

Because heat resistance of spores was reported to depend on the copy number of the
spoVA*™ operon (Berendsen et al., 2016a), we also determined the copy number of the spo V4>™°°
operon in Daqu isolates (Table 3.3). The lowest copy number of the spoVA2™ operon in B. subtilis
FUA2150 was calculated as 0.69; however, because the number of copies per genome must be an

integer, the deviation from 1 was assumed to represent experimental error. The copy numbers of

the spoVA>™® operon in B. amyloliquefaciens FUA2149 and FUA2153 were comparable to B.
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subtilis FUA2150 and were similarly assumed to be 1. The copy numbers of the spoVA4>™°® operon
of B. amyloliquefaciens FUA2154 and B. velezensis FUA2155 were determined experimentally as
1.42 and 1.27, respectively. These numbers are twice as high as the copy number in B. subtilis

FUA2150 and likely represents two spoVA>™°° operons per genome.
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Figure 3.4. Cell counts of Bacillus and Brevibacillus isolates after treatment of spore preparations at 110
°C. Panel A. Heat treatment of spores of 5 isolates from the fermentation stage. Black circles, B.
licheniformis FUA2146; black triangle, Br. parabrevis FUA2147; black inverted triangles, B. subtilis
FUA2148; grey diamonds, B. amyloliquefaciens FUA2149; grey squares, B. subtilis FUA2150. Panel B.
Heat treatment of spores of 5 isolates from the maturation stage. Black diamonds B. licheniformis
FUA2151; black squares, Br. parabrevis FUA2152; grey inverted triangles, B. amyloliquefaciens
FUA2153; white circles, B. amyloliquefaciens FUA2154; white triangles, B. velezensis FUA2155. Black,
gray, and white symbols represent strains with 0, 1, and 2 copies of the spoVA>"*? operon per genome (Table
3.3.). Data are shown as means =+ standard deviations from three independent experiments.

The survival of bacterial endospores at 110 °C clearly related to the copy number of the
spoVA?™°P operon (Figure 3.4.). To determine whether a quantitative relationship exists between
the number of spoVA*™ copies per genome and the heat resistance, survivor curves at 110 °C
were fitted to the Weibull model (Figure 3.4.). The use of the nonlinear Weibull model was chosen
because all thermal death time curves exhibited pronounced shouldered. The relationship between

the inactivation rate , the shape parameter p, and the spoVA4>™® copy number is shown in Figure
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3.5. The inactivation rate of spores of the five strains lacking the spoVA?™® operon was
approximately 0.32 min at 110 °C. The average inactivation rate of strains carrying one or two
spoVA*™® operons was 0.86 and 4.5 min 110 °C, respectively; plotting the gene copy number
versus the inactivation rate revealed a log-linear relationship with a correlation coefficient (#) of
0.96 (Figure 3.5.). Remarkably, the shape factor, which indicates tailing or shoulders, was also
dependent on the copy number of the spoV4?"°" operon. The shoulder effect decreased with
increasing copy numbers of the spoVA4?m" operon (Figure 3.4.); the shape factor p was correlated

to the operon copy number, with an »? of 0.96 (Figure 3.5.).
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Figure 3.5. Weibull parameters k& and p of 10 Bacillus and Brevibacillus isolates from Daqu. The values
obtained for the inactivation rate k (®) and the shape parameter p (o) at 110 °C were averaged for all isolates
with 0 (5 strains), 1 (three strains), or 2 (two strains) copies of the spoVA4?"® operon per genome. Lines
represent log-linear regression (k) and linear regression (p) of copy numbers and the parameters of the
Weibull model.
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3.3.6. Increase of copy numbers of the tLST and the spoVA2™°" operon during Daqu

fermentation process

A high frequency of the tLST and the spoVA4>™° operon in isolates indicates selection for
heat-resistant strains during fermentation. To provide further evidence that Daqu fermentation
selects for tLST- and spoVA>™b-positive Enterobacteriaceae and bacilli, respectively, we
quantified the copy numbers of these two genes relative to total bacterial 16S rRNA throughout
the fermentation process. The copy numbers of the tLST, the spoVA4>™® operon and 16S TRNA
genes were measured at 6 time points of Daqu fermentation (Figure 3.6.). The abundance relative

to 16S TRNA genes of both the tLST and the spoVA4>™° operon increased during Daqu fermentation.
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Figure 3.6. Relative abundance of gene copies of the tLST and spo V4> ™ operon in Daqu community DNA
during fermentation and maturation. Panel A. Copy numbers of the tLST relative to the copy number of
bacterial 16S rRNA genes. Panel B. Copy number of the spoVA4>™® operon relative to the copy number of
bacterial 16S rRNA genes. Data represent means + standard deviations from four replicates. Values in the
same panel that do not share a lowercase letter are significantly different (P < 0.05).

The increase of the tLST and the spoVA>™°® operons were significant after only 4 and 6 days of
fermentation (Figure 3.6.), corresponding to increases of fermentation temperature to 45 °C and

52 °C (Figure 3.1.), respectively. In the entire process, the relative abundance of the tLST increased
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more than 3-fold; the relative abundance of the spoVA4?™® operon increased more than 5-fold

(Figure 3.6.).
3.3.7. Frequency of spoVA* P-positive bacilli in genomes deposited in the NCBI database

To determine whether the frequency of the spo¥4>™°P operon in bacilli isolated from Daqu
is higher than the frequency of other strains of the same species, we identified the frequency of
spoVA*™ _positive BLAST results with the spoVA4?>™® operon as a query sequence. For the
Bacillus spp. of interest, 432 genome sequences are available; of these, 6 of 74 genome sequences
of B. licheniformis, 0 of 1 genome sequence of Br. parabrevis, 4 of 185 genome sequences of B.
subtilis, 4 of 53 genome sequences of B. amyloliquefaciens, and 2 of 118 genome sequences of B.
velezensis were spoVA*™ -positive. In 23 out of the 24 finished genomes of Bacillus spp. that

contained spoVA4*™, the operon was carried on a chromosome.

3.4. Discussion

The tLST and the spoVA>™® operons confer heat resistance on Enterobacteriaceae and
bacilli, respectively (Berendsen et al., 2016a; Mercer et al., 2015). This study quantified the tLST
and the spoVA?™® operon in a Daqu fermentation, demonstrating that the temperature profile of
Daqu fermentation can provide selective pressure for these genomic islands and related heat-
resistant strains.

Samples used in this study were dried and stored frozen to isolate community DNA for
culture-independent analysis of the presence of genes coding for heat resistance. In addition, a total
of 29 microbial strains were isolated to verify that tLST- or spoVA?>™P-positive Enterobacteriaceae
and bacilli, respectively, have a higher resistance to heat than negative isolates of the same species
and origin. Plant-associated Enterobacteriaceae including C. sakazakii, K. cowanii and E.

hormaechei, were frequently isolated. K. cowanii was classified as Enterobacter until 2013 (Tall
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et al., 2015; Yan and Fanning, 2015). The diversity of isolates thus conforms to prior reports that
plant-associated Enterobacteriaceae are abundant representatives of Daqu microbiota, comparable
to other Daqu fermentation from different locations under same temeperature profile (Li et al.,
2016, 2015a, 2015b). Of note, plant-associated Enterobacteriaceae and particularly C. sakazakii
are also opportunistic pathogens. C. sakazakii and K. cowanii persist for extended periods in low-
moisture foods, including infant formula, and can cause nosocomial infections in preterm neonates
(Jaradat et al., 2014; Mardaneh and Soltan-Dallal, 2014).

This study additionally demonstrated that DaQu fermentation selects for heat-resistant and
tLST-positive K. cowanii. The heat resistance of tLST-positive Kosakonia from Daqu is
comparable to previously published heat resistance of tLST-positive Enterobacter spp. (Mercer et
al., 2017b) and confirms that the tLST is a reliable marker for heat resistance (Mercer et al., 2017b,
2015). The relative abundance of Enterobacteriaceae in Daqu, about 25% of total isolates (Li et
al., 2015a), matches the relative abundance of the tLST copies (this study), indicating that a
substantial proportion of Enterobacteriaceae carry the tLST. Even when considering that multiple
copies of the tLST may be present in one strain, this study demonstrates that an increase of the
fermentation temperature exerts a strong selective pressure for tLST-positive Enterobacteriaceae.
A high frequency of tLST-positive Escherichia coli organisms has been previously found from
meat(Guragain et al., 2021; Mercer et al., 2015), cheese (Marti et al., 2016), and wastewater (Zhi
et al., 2016); however, the tLST has not been identified in spontaneous solid-state fermentation or
in K. cowanii. The temperature of Daqu ranged from 55 to 60 °C for 6 days; at this temperature
range, even tLST-positive Kosakonia and Enterobacter spp. are usually killed within minutes of
exposure (Figure 3.3., Mercer et al., 2017b). A reduction of the water activity induces

accumulation of compatible solutes and enhances the heat resistance of tLST-positive
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Enterobacteriaceae (Breeuwer, 2014; Feeney et al., 2014; Pleitner et al., 2012). The low moisture
content of Daqu may thus enhance the selective advantage of tLST-mediated heat resistance of
Kosakonia during fermentation.

Bacillus spp. constitute a significant portion of the microbial population in Daqu (Wang et
al., 2011; Xiao et al., 2017; Xiu et al., 2012); their endospores survive under low-moisture
conditions and at high temperatures (Bond and Favero, 1977). This study demonstrated that the
count of spores increased during fermentation; the taxonomic identification of spore-forming
bacteria matched prior reports on Daqu microbiota (Tables 3.1. and 3.2.) (Shanqgimuge et al., 2015;
Wang et al., 2011). More surprisingly, 50% of the isolates of sporeformers were spoVA>meb-
positive. The frequency of spoVA4>™°-positive bacilli isolated from Daqu is more than 10-fold
higher than the proportion of spoVA4?™°°-positive isolates for which genome sequence data has
been accessible in the Genebank genome database. Moreover, most spoVA4>™°*-positive bacilli and
all isolates with two spoVA>™°® copies per genome were obtained from the maturation stage. Heat-
resistant and spoVA?"° -positive bacilli were identified as B. subtilis, B. amyloliquefaciens and B.
velezensis.

The high proportion of spoVA*™P-positive isolates (Tables 3.1. and 3.2.) together with the
strong increase of the relative abundance of the spoVA4?™ operon in community DNA (Figure 3.6)
indicates a strong selective pressure for the operon during fermentation. This selective pressure is
likely exerted on spore survival. The spoVA*™ operon is controlled by a sporulation-specific
promoter, and the genes in this operon are specifically expressed during sporulation (den Besten
et al., 2017); accordingly, the operon impacts heat resistance of spores but not of vegetative cells
(Figures 3.3. and 3.4.). The Daqu fermentation temperature is substantially below the temperature

range that allows rapid inactivation of spoVA4*™°P-negative endospores (Figure 3.3.) (Berendsen et
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al., 2016a, 2015; Esteban et al., 2015). The 4- to 5-fold increase of the proportion of spoVA4>m°b-
positive bacterial endospores during Daqu fermentation suggests that the operon also improves
long-term survival of Bacillus endospores at the temperature range of 50 to 60 °C, which is not
well documented in the experimental literature.

The heat resistance of Bacillus endospores depended not only on the presence but also on
the copy number of the spoVA4°"°? operon, consistent with a prior report (Berendsen et al., 2016b).
Kinetic modeling of spore inactivation in combination with quantification of the spoVA?"" copy
numbers allowed establishment of quantitative relationships. The inactivation rate was strongly
influenced by the spoV4°"°" copy numbers, as indicated by the log-linear relationship (Figure 3.5.).
Remarkably, the shape parameter p was also dependent on the presence and copy number of the
spoVA>mb operon. For log-linear thermal death time curves, the shape parameter is 1; tailing is
represented by a shape parameter below 1, and values for p that are higher than 1 indicate a
shoulder (Peleg and Cole, 2000; Weibull, 1951). Physiological mechanisms that relate to
shouldering and tailing phenomena are poorly investigated (Mathys et al., 2007). The spoVA>"°"
operon strongly impacted the shoulder effect in thermal death time curves (Figures 3.4. and 3.5.);

this phenomenon warrants further investigations.

3.5. Conclusions

In conclusion, the Daqu fermentation analyzed in this study appears to have selected for
mobile genetic elements conferring heat resistance in Enterobacteriaceae and bacilli. Both the
tLST and the spoVA>™°® operon were enriched by the end of Daqu processing, and the relative
abundance of the two increased approximately 3 and 5 times, respectively. Bacillus endospores
exhibit a much higher resistance to heat than Enterobacteriaceae; it is therefore remarkable that

the tLST and the spoVA4?™" operon, which confer resistance on Enterobacteriaceae and Bacillus
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spores, respectively, are enriched in the same food fermentation. Current knowledge allows
identification of ecosystems which select for tLST-positive E. coli; however, the selective pressure
for other Enterobacteriaceae is unknown. All current isolates of spoVA’"° -positive bacilli were
obtained from commercial food products (Berendsen et al., 2015); data on natural habitats that
provide selective pressure for this operon are unavailable. This study extends prior knowledge by
indicating that heat resistance may contribute to ecological fitness for K. cowanii and Bacillus spp.
in food fermentations and may account for their abundance in fermentation microbiota. Daqu is
the one of only a few food fermentations for which fermentation temperatures reach or exceed
60 °C; moreover, it is also one of only a few fermentations dominated by bacilli and
Enterobacteriaceae (Génzle, 2015). The selective pressure for heat-resistant Enterobacteriaceae
and bacilli in food fermentations is therefore unprecedented. The identification of the tLST and
the spoVA°"°" operon as likely indicators of fitness of Enterobacteriaceae and bacilli in Daqu
fermentation may provide insight into environmental sources of heat-resistant spoilage organisms.
The presence of heat-resistant Kosakonia spp. and Bacillus spp. in Daqu is not a food safety
concern; however, both genomic islands are mobile and transferable to pathogenic bacteria or
toxin-producing bacteria by horizontal gene transfer. Our study may contribute to the identification

of the source of heat resistant spoilage organisms and pathogens that may contaminate the food

supply.
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Table 3.1. Sequences of primers for PCR

Primer Sequence (5°—3") Twm (°C)  Product  References
size (kb)
27F AGAGTTTGATCCTGGCTCAG 58 1.5 Eden et al.,
1492R GGCTACCTTGTTACGACTT 1991
Det-hyp-2mob-F ~ GTGCCTGAATGGTTAGATATAGC 68 0.86 This study
Det-hyp-2mob-R ~ TTATCCTTTTAAAATAGGGGTCACTTTATC
Lhr2-F TACAAGATTGCCCTGGAAGT 60 0.20 Mercer et al.,
Lhr2-R CTTGATCGAATCCTGGTTGG 2015
HR-F1 TTAGGTACCGCTGTCCATTGCCTGA 62 1.8 Mercer et al.,
HS-R1 AGACCAATCAGGAAATGCTCTGGACC 2015
HR-F2.2 GAGGTACCTGTCTTGCCTGACAACGTTG 64 2.8 Mercer et al.,
HR-R2 TATCTAGAATGTCATTTCTATGGAGGCATG 2015
AATCG

HS-F1 GCAATCCTTTGCCGCAGCTATT 64 2.8 Mercer et al.,
HR-R3 GTCAAGCTTCTAGGGCTCGTAGTTCG 2015
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Table 3.2. Culture-dependent analysis of Daqu microbiota at fermentation stage (day 17) and
maturation stage (day 30)

Fermentation stage Maturation stage
Bacteria/Medium Cell count
No. of Isolates  Cell count (CFU/g)*  No. of Isolates
(CFU/g)*
Total plate count 5.48x107 2 4.06x107 6
Endospores® 2.24x10° 5 2.02x10° 5
VRBG® Agar 3.02x10° 5 4.38x10° 6

“Data are means of two technical replicates.
PEndospores were enumerated after heating to 80 °C for 30 min.

“VRBQG, violet red bile glucose.
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Table 3.3. Identification and copy number of the spoV4>™° operon in 10 isolates from Daqu

Stage Closest type strain Strain Type strain Identity (%) to spoVA*™® copy no./  spoVA*™® copy#
type strain genome®? / genome*
Fermentation Bacillus licheniformis FUA2146 ATCC 14580 99.7 -d 0
Brevibacillus parabrevis FUA2147 IFO 12334T 98.7 - 0
Bacillus subtilis FUA2148 DSM 10 99.4 - 0
Bacillus amyloliquefaciens FUA2149 DSM 7 100.0 0.71 £0.04 1
Bacillus subtilis FUA2150 DSM 22148 99.2 0.69 +0.08 1
Maturation Bacillus licheniformis FUA2151 ATCC 14580 99.7 - 0
Brevibacillus parabrevis FUA2152 IFO 12334T 100.0 - 0
Bacillus amyloliquefaciens FUA2153 DSM 7 98.6 0.89£0.12 1
Bacillus amyloliquefaciens FUA2154 NBRC 15535 100.0 1.42+0.17 2
Bacillus velezensis FUA2155 CBMB 205 99.6 1.27+0.31 2

“Mean + standard deviations in triplicate.
PMeasured copy numbers.
¢Adjusted copy number;

d_ not detected
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Table 3.4. Identification and presence of tLST of 11 isolates from Daqu

Stage Closest type strain Strain Type strain Identity (%) to  Presence
type strain of tLST
Fermentation  Kosakonia cowanii FUAI10116 CIP 107300 100.0 -
Cronobacter sakazakii FUA10117 ATCC 29544 99.1 -
Cronobacter sakazakii FUA10118 ATCC 29544 100.0 —
Enterobacter hormaechei FUA10119 CIP 103441 99.3 -
Pantoea calida FUA10120 1400/07 99.1 -
Maturation Kosakonia cowanii FUA1601 CIP 107300 100.0 +
Kosakonia cowanii FUA10121 CIP 107300 99.9 -
Cronobacter sakazakii FUA10122 ATCC 29544 98.9 —
Cronobacter sakazakii FUA10123 ATCC 29544 98.8 -
Enterobacter hormaechei FUA10124 CIP 103441 95.3 -
Pantoea calida FUA10125 1400/07 99.6 -

-, negative; +, positive
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CHAPTER 4. The Transmissible Locus of Stress Tolerance Confers Resistance
to Chlorine and Other Oxidizing Chemicals in Escherichia coli

4.1 Introduction

Escherichia coli is a common member of the microbiota of the gastrointestinal tract of
vertebrate animals. Most strains of E. coli are nonpathogenic, but pathogenic strains cause enteric
and extraintestinal diseases (Croxen et al., 2013; Sarowska et al., 2019). An important source of
exposure to pathogenic E. coli is contaminated water used for irrigation, drinking and the
processing of fruits and vegetables (Beuchat, 2002; Odonkor and Ampofo, 2013). Water sanitation
can be achieved by ozonation, UV light, and, most commonly, chlorination (Macauley et al., 2006;
Ridgway and Olson, 1982). Hypochlorous acid (HOCI), the active compound of water chlorination,
reacts with multiple cellular macromolecules, such proteins, nucleic acids and lipids (Harrison and
Schultz, 1976). However, bacteria develop resistance to chlorination, and recovery of viability by
bacterial cells following chlorination has been observed (Bommer et al., 2018). In particular,
strains of E. coli isolated from wastewater showed high resistance to chlorine (Zhi et al., 2016).

Chlorine-specific resistance in E. coli involves three chlorine-sensitive transcription factors,
hypT, rcIR and nemR, which are activated by specifically by chlorine ion oxidation (Drazic et al.,
2013; Gray et al., 2013; Parker et al., 2013). The chlorine resistance of E. coli is also mediated
through the RpoS-regulated general stress response (Du et al., 2015), the oxidative stress regulons
oxyR and soxR (Cabiscol Catala et al., 2000; Hillion and Antelmann, 2015), and heat shock
proteins (Winter et al., 2005). An overview of the mechanisms affecting chlorine resistance in E.

coli is shown in Figure 4.1.
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Figure 4.1. Cytoplasmic determinants of chlorine resistance in E. coli. (A) Chlorine-specific
transcription factors. HypT is specially activated by chlorine through methionine oxidation, and Cys4
becomes oxidized and inhibits DNA binding to avoid unnecessary regulation of target genes (Drazic et

al., 2013). Proteins encoded by rc/R form a membrane-associated complex responsible for reducing
cellular components specifically oxidized by chlorine (Parker et al., 2013). The NemR-mediated chlorine
response relies on the reversible oxidative modification of the conserved Cys106 (Gray et al., 2013). (B)
Oxidative stress response. The insufficiency of NADPH leads to SoxR reduction, and the oxidized Fe—S
clusters trigger a conformational change of SoxR (Siedler et al., 2013). Chlorine activates OxyR by the
formation of a disulfide bond (Cabiscol Catala et al., 2000), and then OxyR is regenerated by the
glutaredoxin-glutathione-glutathione reductase (Grx/GSH/Gor) system upon return to nonstress
conditions (Hillion and Antelmann, 2015). Oxidized OxyR activates the grx4 and katG, encoding
enzymes involved in chlorine resistance, and suf4BC for the repair of damaged Fe—S clusters (Cornelis
et al., 2011). (C) General stress response. RpoS regulates the transcription of katE (encoding catalase),
dps (encoding a DNA-binding protein), tk¢B (encoding transketdase?), and grxB (encoding
glutaredoxin2), which act against chlorine resistance (Du et al., 2015). (D) Prevention of protein
aggregation. The reduced Hsp33 in chlorine leads to the simultaneous formation of two intramolecular
disulfide bonds and binds to unfolding substrate proteins, whereas Dnak is inactivated because of the low
ATP level. When cellular ATP levels are restored, Hsp33 becomes reduced, and bound substrates are
transferred to the DnaK system for refolding (Winter et al., 2005). Inorganic polyphosphate (PloyP)
forms stable complexes with unfolding proteins. After the relief of stress, polyphosphate can be
reconverted to ATP, which can be used by DnaK to refold polyphosphate-protected proteins (Gray and
Jakob, 2015). RidA is N-chlorinated by chlorine and then binds to a wide range of unfolded client
proteins, preventing their aggregation. Under nonstress condition, the chlorine is removed, leading to the
release of the client protein and protein refolding (Miiller et al., 2014).
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A high proportion of chlorine-resistant isolates of E. coli recovered from wastewater also
harbor the transmissible locus of stress tolerance (tLST) (Zhi et al., 2016), a genomic island that
mediates extreme heat resistance in E. coli (Mercer et al., 2015). The genes on the tLST are
predicted to encode proteins associated with response to heat shock, cell envelope stress, and
oxidative stress (Mercer et al., 2017a). The putative mechanisms of tLST-mediated heat resistance
(Mercer et al., 2017a) overlap the chlorine resistance mechanisms (Figure 4.1.). The tLST-encoded
heat shock proteins sHSP20, ClpKar and sHSPai may prevent chlorine-mediated protein
aggregation. The tLST additionally encodes a homologue of the oxidoreductase thioredoxin. The
activities of the enzymes encoded in the tLST indicate a potential role in resistance to chlorine and
oxidative stresses during water treatment, although this role has not been confirmed experimentally.
Moreover, it remains unknown to what extent heat resistance and chlorine resistance overlap with
the presence of E. coli virulence factors. Current knowledge is thus insufficient to assess the
frequency of pathogenic strains of E. coli that use tLST-mediated resistance to oxidative water
treatment. Of particular concern are Shiga toxin-producing E. coli (STEC) strains that cause
foodborne and waterborne illness outbreaks (Beer et al., 2015; Heiman et al., 2015; Kintz et al.,
2017). The definitive virulence factor of STEC is Shiga toxin (also termed verotoxin), and STEC
strains may have high infectivity, with a 1 to 10% risk of infection upon exposure to a single cell
(Croxen et al., 2013; Teunis et al., 2008). In addition, a growing body of evidence suggests that
uropathogenic E. coli (UPEC) appears to differentially survive wastewater treatments and may
also be transmitted by contaminated water (Adefisoye and Okoh, 2016; Anastasi et al., 2010;
Boczek et al., 2007; Foxman, 2010). UPEC strains do not share a defined set of virulence factors

but are described on the basis of their ability to cause infections in the urinary tract and bladder.
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This study therefore aimed to investigate whether the tLST confers resistance to chlorine in E. coli

and to determine the frequency of the tLST in strains of STEC and UPEC.

4.2. Materials and methods
4.2.1. Collection and screening of E. coli from wastewater and groundwater

Ten tLST-positive strains and 10 tLST-negative strains of E. coli were selected from a total
of 70 strains that had been isolated from wastewater previously (Zhi et al., 2016). In addition, 70
E. coli isolates collected from wastewater effluents during routine monitoring programs were
provided by a municipal water treatment plant in Alberta, Canada. These samples were collected
from undigested sludge, digested sludge, and biosolids from a lagoon prior to agricultural land
application. Strains of E. coli were subcultured from most-probably-number tubes in EC-broth
(Oxoid) after 24 h of incubation. The methods used to confirm the identification of E. coli and to
detect specific virulence or resistance markers are outlined below. Sixty-five groundwater isolates
positive for stx/, stx2, or both were collected from routine screening of well water samples
submitted to the Alberta Provincial Laboratory for Public Health. Isolates were screened for the
presence of the tLST with primers targeting three fragments of the tLST in E. coli AW1.7. Primers
used in this study are listed in Table 4.1.; a list of isolates used in the study is provided in Table

S4.1. in the supplemental material.
4.2.2. Determination of chlorine resistance

Chlorine resistance was determined by mixing 200 puL of overnight cultures with 6.5 pL of
a 3% (wt/wt) sodium hypochlorite solution (Sigma-Aldrich, St. Louis, MO) to a concentration of
15 mM NaClO, followed by incubation for 25 min at 20 °C. The reaction was terminated by the

addition of 6.5 pL of 10% Na2S203 (Sigma-Aldrich, St. Louis, MO). Treatment conditions were
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selected to achieve a reduction of cell counts ranging from about 1 to 7 log CFU/mL. To
benchmark the effect of the tLST on chlorine resistance against the previously described
contribution of the tLST to heat resistance, the heat resistance of overnight cultures of E. coli was
determined as described previously (Mercer et al., 2015). Cell counts of cultures before and after
treatment were determined by surface plating on LB agar and incubation at 37 °C for 24 h. Results

are expressed as log-transformed ratios of cell counts before treatment to cell counts after treatment
[log(Nuo/N)].

4.2.3. Effect of the tLST on resistance to oxidizing chemicals

To assess the contributions of different regions of the tLST to survival under oxidative
stress, E. coli MG1655 was transformed with plasmids pRK767, pLHR, pRF1, pRF2, pRF3, and
pRF1-2 (Mercer et al., 2015) (Tables 4.2. and 4.3.). The pRK767 plasmid was used as a vector
control for MG1655. Oxidative stress was induced by treatment of the transformants for 5 min
with 32 mM NaClO, 120 mM H202 (30% [wt/wt] in H20; Sigma-Aldrich, St. Louis, MO), 105
mg/L peroxyacetic acid (PAA, 32 % [wt/wt] in acetic acid, pH=1.5; Sigma-Aldrich, St. Louis,
MO), 5.80 mM KIO4 (Thermo Fisher Scientific, Waltham, MA, USA), 10 mM acrolein (Thermo
Fisher Scientific, Waltham, MA, USA), or 75 mg/L allyl isothiocyanate (AITC; Alfa Aesar Co.,
Inc.). Reactions were terminated by adding 10% Na2S203 to achieve a final concentration of 16 to

63 mM. The cell counts were determined as described above.
4.2.4. Measurement of cytoplasmic oxidation by a roGFP2-based probe

The fusion protein roGFP2-Orpl was designed to measure H20O2 in biological systems
(Degrossoli et al., 2018). Plasmid encoding roGFP2-Orpl was transformed into E. coli MG1655,
along with plasmids carrying the whole or part of tLST (pRK767, pLHR, pRF1, pRF2, pRF3,

pRF1-2). (Table 4.2. and 4.3.). Ampicillin (100 mg/L) and tetracycline (15 mg/L) were added into
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the cultivation media to maintain both plasmids. Exponential-phase cultures of transformants were
incubated with 100 uM IPTG (Isopropyl p-D-1-thiogalactopyranoside; Thermo-Fisher Scientific,
USA) at 37 °C overnight to induce the expression of the reduction-oxidation-sensitive green
fluorescent protein 2 (roGFP2). Cells were washed twice in phosphate-buffered saline (PBS)
buffer (pH 7.4) and were treated with NaClO (32 mM), H202 (120 mM), or PAA (105 mg/L) for
5 min. Nontreated cells served as controls. Reactions were terminated by adding 10% Na2S20s.
Cultures (100 pL) were placed in the wells of a black, clear-bottom 96-well plate (Corning, New
York, USA) and fluorescence was measured at excitation wavelengths of 405 and 488 nm and at
the emission wavelength of 530 nm. The ratio of the fluorescence intensity obtained at the
excitation wavelength of 405 nm to that obtained at 488 nm was used to evaluate the oxidation

level of roGFP (Degrossoli et al., 2018).
4.2.5. Determination of membrane lipid oxidation by C11-BODIPY>81/51

E. coliMG1655 transformed with different plasmids (pRK767, pLHR, pRF1, pRF2, pRF3,
pRF1-2) (Table 4.2. and 4.3.) were treated with NaClO (32 mM), H202 (120 mM), or PAA (105
mg/L) for 5 min. Oxidized E. coli served as nonstained control. Nonoxidized E. coli prepared with
C11-BODIPY3#3°l (Thermo Fisher Scientific, Waltham, MA, USA) served as a nontreatment
control. In brief, 1.5 ml of each culture was washed with 2 ml ice-cold 50 mM Tris-HCI (pH 8.0)
containing 20% (wt/vol) sucrose and resuspended in 2 ml Tris-HCI buffer. The outer membrane
was disrupted by addition of 0.2 mL lysozyme solution (5 mg/mL lysozyme in 0.25 M Tris-HCI
[pH 8.0]) and 0.4 mL EDTA (0.25 M; pH 8.0) (Génzle et al., 1999). After incubation at 37 °C for
30 min, cell pellets were suspended with 10 mM citrate buffer (pH 7.0) with addition of 10 uM of
C11-BODIPY38V3°1 followed by incubation in the dark for 30 min at 37 °C and 200 rpm. Flow

cytometry was performed using a BD LSRFotessa X-20 system (BD Biosciences, San Jose, CA,
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USA) equipped with 488-nm excitation from a blue air laser at 50 mW and 561-nm excitation
from a yellow air laser at 50 mW to excite green (530+£30 nm) and red (586+15 nm) fluorescence.
Single cells were quantified by forward scatter and side scatter gating on the flow cytometer. In
brief, samples were centrifuged, resuspended, and diluted with 1 mL of PBS (pH 7.4) to keep the
detected cell number per second (e/s) in the range of 300 to 3,000 events/s. Sample injection and
acquisition were started simultaneously and continued until 10,000 events were recorded. Data
were recorded by BD FACSDiva software and analyzed by FlowJo (both from BD Biosciences,
San Jose, CA, USA). The single-cell population was defined by selecting the cell population
located along the diagonal of the “FSC-A; FSC-H” dot plot. The population was divided into four
subpopulations by red and green fluorescence reference lines. The reference lines were determined
from untreated samples, where at least 96% of the population was negative for red and green

fluorescence.

4.2.6. Flow cytometric determination of GFP fluorescence

E. coli O104:H4 Astx2:gfp:amp is derived from a STEC strain, with in-frame replacement
of the prophage-harbored stx> with a gfp::amp cassette (Fang et al., 2017). The fusion of GFP in
the Stx2 prophage provides a reporter for protein expression under the control of the Shiga toxin
promoter. E. coli O104:H4 is tetracycline resistant, a characteristic that interferes with the
antibiotic resistance of the other plasmids used in this study. Therefore, the tetracycline resistance
gene on plasmids pRK767, pLHR, pRF1, pRF2, pRF3, and pRF1-2 was replaced with
chloramphenicol resistance gene from pKD3 (Datsenko and Wanner, 2000). PCRs were carried
out using Phusion High-Fidelity DNA polymerase (Thermo Scientific) according to the
manufacturer’s guidelines. The gene encoding chloramphenicol resistance was amplified by the

Priming site 1 and Priming site 2 primers (Table 4.1.). Plasmids pRK767, pLHR, pRF1, pRF2,
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pRF3, and pRF1-2 were digested with HindIII to remove the tetracycline resistance gene, and the
chloramphenicol resistance gene was then ligated into the plasmid as a HindIII/HindIII insert. The
direction of the insert was confirmed by the amplification with the primers targeting Priming site
1 and M13-F/pUC-F (Table 4.1.). The recombinant plasmids were electroporated into E. coli
0O104:H4 Astx2:gfp:amp (Table 4.2. and 4.3.). Exponential-phase cultures of these transformants
were treated with mitomycin C (MMC; 0.5 mg/L) for 3 h or with NaClO (10 mM), H202 (2.5 mM),
or PAA (50 mg/L) for 1 h. Control samples were incubated in the same manner without stressors.
The method used for the detection of the population of fluorescent cells was similar to that
described in reference Hu et al. (2016). Samples were divided into two subpopulations, and the

percentage values of GFP-positive cells were calculated.

4.2.7. Quantification of stx2 prophage expression in tLST-positive and tLST-negative

strains in response to oxidative stress

Exponential-phase cultures of E. coli O104:H4 Astx2:gfp:amp(pRK767) and E. coli
O104:H4 Astx2:gfp:amp(pLHR) were centrifuged and were resuspended in LB broth containing
mitomycin C (0.5 mg/L) or H202 (2.5 mM), followed by incubation at 37 °C for 1 h. Corresponding
treatment of cultures without any addition served as control. After treatment, cells were harvested
from samples; RN A was isolated using the RN Aprotect Bacteria reagent and the RNAeasy minikit
(Qiagen) and was reverse transcribed to cDNA with a QuantiTect reverse transcription kit (Qiagen)
according to the manufacturer’s protocols. The expression of gfp and rec4 was quantified by using
SYBR green reagent (Qiagen) and a 7500 Fast PCR system (Applied Biosystems, Foster City,
CA, USA). Negative controls included DNase-treated RNA and nontemplate controls. The gene
coding for glyceraldehyde-3-phosphate dehydrogenase A (gapA) served as the reference gene. The

ratios of expression of the gfp and recA in E. coli O104:H4 Astx2:gfp:amp(pRK767) to their
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expression in E. coli O104:H4 Astx2:gfp:amp(pLHR) under induced and control conditions were
calculated according to the method of Pfaffl (2001). The primers used for the quantification of

gene expression are listed in Table 4.1.
4.2.8. Determination of the effects of the tLST on prophage induction in different STECs

The construction of the pR’.:7fp::chl reporter system has been described previously (Zhang
et al., 2018). To measure the effect of the tLST on the induction of Shiga toxin prophages with
different promoters, the tetracycline resistance gene in plasmids pLHR and pRK767 was replaced
with the kanamycin resistance gene derived from pKD4 (Datsenko and Wanner, 2000) as
described above, and the resulting plasmids were electroporated into E. coli FUA1303, E. coli
FUA1311, and E. coli FUA1399. Strains were additionally transformed with pR’::rfp::chl
plasmids to obtain transformants where red fluorescent protein (RFP) expression is controlled by
the native phage promoter that also controls the expression of the chromosomally encoded
prophage, or to obtain RFP expression by alternate phage promoters that are not encoded on the
chromosome of the host (Table 4.2. and 4.3.). The expression of rfp was measured by flow

cytometry as described elsewhere (Zhang et al., 2018).

4.2.9. Detection of the uspC-1S30-flhDC marker and virulence genes in E. coli wastewater

isolates and detection of the tLST in STEC

PCR screening of 102 STEC strains for the three tLST fragments was performed using
multiplex PCR with the same primers and protocol that were used for the wastewater and
groundwater strains (Table 4.1.).

Seventy E. coli wastewater isolates were screened for the presence of the uspc-1S30-flhDC
marker (Zhi et al., 2019, 2016), as an indicator for a naturalized global lineage of wastewater

isolates, and for five virulence genes associated with UPEC (papC, iroN, fuyA, ibeA and saf/foc).
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The genomic DNA of E. coli strains was extracted from bacterial cultures by using a DNeasy blood
and tissue kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. Lists of
genes and primers are provided in Table 4.1. High-resolution melting (HRM) analysis-qPCR was
conducted on a Rotor-Gene Q (Qiagen) system using a Type-it HRM PCR Kit (Qiagen) (Lin and
Ginzle, 2014) to detect the target genes listed in Table 4.1. with group-specific primers according
to the manufacturer’s protocols. Based on the primer annealing temperature (74), three pairs of
primers with the same 74 but different melting temperatures (7m) of the amplicons were combined
in the multiplex PCRs. The melting temperatures of PCR products are presented in Table 4.1. The
PCR was optimized with the following conditions: initial denaturation at 95 °C for 5 min, followed
by 45 cycles of denaturation at 95 °C for 10s, annealing at the 74 for 30 s, and extension at 72 °C
for 30 s. During the HRM analysis stage, the temperature was increased from 65 °C to 95 °C at
the speed of 0.1 °C per step and was held for 2 s at each step. Results are presented as means +

standard deviations for three biological replicates.
4.2.10. Statistical analysis

Data were obtained in 10 biological replicates (for the oxidation of membrane lipids) or 3
biological replicates (for all other assays) and are expressed as means + standard deviations. Data
were analyzed by one-way analysis of variance (ANOVA) using SPSS software, version 21.0
(SPSS Inc., Chicago, IL, USA). The least significant difference (LSD) was used to test the

difference among means using a P value of <0.05.

4.3. Results
4.3.1. The tLST confers resistance to oxidizing chemicals on E. coli

A previous study found that 59% of 70 E. coli isolates from chlorinated sewage carried the

tLST (Zhi et al., 2016). In contrast, none of the STEC groundwater isolates tested in this study
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carried the tLST. To test the hypothesis that the tLST contributes to chlorine resistance, the heat
and chlorine resistance of 10 tLST-positive and 10 tLST-negative E. coli strains isolated from
wastewater was determined (Figure 4.2.). Ten tLST-positive wastewater isolates were randomly
selected and matched with 10 randomly selected tLST-negative isolates. Two tLST-positive strains,

E. coli AW1.3 and E. coli AW1.7, and the tLST-negative strain E. coli AW1.7ApHR1 served as

WW3
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WW41
WW44
WW48
WW50
WW63
WW69
AW1.3
AW1.7

AW1.7ApHR1

FUA10038 E |
I
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Treatment lethality [log(N,/N)]
o N B
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FUA1838
FUA1848
FUA1860
FUA1866

Figure 4.2. Lethality of treatments with heat or chlorine to 23 strains of E. coli. The treatment lethality
is expressed as the log-transformed ratio of cell counts before treatment (No) to cell counts after treatment
(N). Filled bars represent cells treated after 60 °C for 5 min; open bar represent cells treated with 15 mM
NaClO for 25 min. E. coli AW1.7ApHR1 and FUA strains are tLST negative; the other 12 strains are
tLST positive. Data are shown as means + standard deviation from three independent experiments.

controls. The reductions in the cell counts of E. coli AW 1.7 after heat and chlorine treatments were
about 6 and 2 log CFU/mL lower, respectively, than the reduction in the cell counts of E. coli

AWI1.7ApHRI1, a heat-sensitive derivative of AW1.7. Similarly, the lethality of chlorine treatment
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against tLST-positive wastewater isolates ranged from 1 to 2 log(No/N) [while log(No/N) is the
log-transformed ratio of cell counts before treatment to cell counts after treatment], while chlorine
lethality against tLST-negative wastewater isolates ranged from 3.5 to 6 log(No/N) (Figure 4.2.).
The contributions of genes encoded by the tLST to resistance to chlorine and other oxidants
were confirmed by cloning fragments of the tLST into E. coli MG1655, followed by determination
of the lethality of NaClO, H202, peroxyacetic acid (PAA), and KIOs. Acrolein and allyl
isothiocyanate (AITC) were additionally used as oxidizing chemicals that E. coli may encounter
in natural habitats. The tLST or tLST fragments were introduced into E. coli MG1655 after cloning
into the low-copy-number vector pRK767. E. coli MG1655 transformed with pRK767 served as
vector control (Figure 4.3.). Cloning of the tLST protected against challenge with NaClO, H20x,
and PAA but provided no protection against KIO4, acrolein, or AITC. Protection against NaClO,
H202, and PAA was provided by all plasmids encoding the full-length tLST or fragment 1 or 2;
plasmid pRF3 was less effective (against NaClO and H202) or ineffective (against PAA).
Remarkably, cloning of the tLST or any of its parts into of tLST-negative E. coli increased the

sensitivity to AITC (Figure 4.3.).
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Figure 4.3. Panel A. Schematic representation of the transmissible locus of stress tolerance (tLST1) and
putative functions located on the genomic island. Genes that are expressed in E. coli MG1655(pLHR)
are framed and printed in boldface. Proteins are color coded based on their predicted function: red, heat
shock proteins; yellow, hypothetical proteins with a possible relationship to envelope stress; blue, genes
related to oxidative stress; orange, DegP with possible relationship to signaling in the Cpx, EvgA and ot
pathways. Genes carry the subscript “GI” for genomic island if an orthologue of the same gene is present
in E. coli genomes. Open reading frames are numbered if there is no known function associated with the
genes. Predicted promoters are indicated by arrows; the gray caret on the right indicates a predicted
terminator. The three fragments of the tLST that were used to assemble pRF1, pRF2, pRF3, and pRF1-2
are indicated below the diagram. Modified according to Mercer et al., (2017a).

Panel B. Lethality of treatment with different oxidants to cultures of E. coli MG1655 expressing the
tLST or specific fragments of the tLST that are carried on pRF1, pRF2, pRF3, or pRF1-2. Treatment
lethality is expressed as the log-transformed ratio of cell counts before treatment (No) to cell counts after
treatment (N). Cells were treated with 32 mM NaClO, 120 mM H>0,,105 mg/L peroxyacetic acid (PAA),
5.80 mM KIO4, 10 mM acrolein, or 75 pg/mL allyl-isothiocyanate (AITC) for 5 min. Reactions were
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Figure 4.3. legend (con’t):

terminated by adding an equivalent volume of 10% Na»S,03 as a reducing agent. Values for different
plasmids within a treatment that do not have a common lowercase letter are significantly different
(P<0.05). Data are shown as means =+ standard deviations from three independent experiments.

4.3.2. The tLST prevents the oxidation of multiple cellular targets

The oxidation of cytoplasmic proteins and membrane lipids was assessed in E. coli
MG1655 transformed with the complete tLST or tLST fragments. Oxidation of cytoplasmic
proteins was assessed with the probe roGFP2 Orpl and ratiometric fluorescence spectroscopy
(Degrossoli et al., 2018). Oxidation of the probe enhances green fluorescence when excited at 488
nm but not at 405 nm. For the non-oxidized probe, the ratio of fluorescence intensity at an
excitation wavelength of 405 nm to that at an excitation wavelength of 488 nm was equal to 1.
Oxidation of the probe increases the green fluorescence and decreases the 405/488-nm
fluorescence intensity ratio. In comparison to that for untreated E. coli MG1655, a decreased
fluorescence ratio of roGFP2_Orp1 upon treatment of E. coli MG1655 with NaClO, H202, or PAA
indicated that the probe was oxidized (Figure 4.4.). Insertion of the full tLST sequence reduced
the oxidation of the probe, as indicated by a higher 405/488-nm fluorescence ratio (Figure 4.4.).
pRF1 prevented probe oxidation as effectively as the full-length tLST, while pRF2 or pRF3 had a
fluorescence ratio similar to that of the empty vector of pRK767, indicating that pRF2 and pRF3
had little or no effect on probe oxidation. The protective effects of the tLST against the oxidation

of cytoplasmic proteins can thus be attributed to the heat shock proteins encoded by fragment 1 on

pRFI.
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Figure 4.4. Oxidation of roGFP2-based probes expressed in E. coli MG1655 with different plasmids
(pRK767, pLHR, pRF1, pRF2, pRF3, pRF1-2) after exposure to different oxidants. The ratio of the
fluorescence intensity at an excitation wavelengths of 405 to the fluorescence intensity at an excitation
wavelength of 488 nm was calculated to indicate the oxidation level in the cytoplasm. Cells either left
untreated (control) or were treated for 5 min with 32 mM NaClO, 120 mM H»0,, or 105 mg/L
peroxyacetic acid (PAA). Values for different plasmids within a treatment that do not have a common
lowercase letter are significantly different (P<0.05). Data are means + standard deviations from three
independent experiments.

The oxidation of membrane lipids was determined with the fluorescent probe C11-
BODIPY>#"3! which is sensitive to lipid peroxides in membranes (Fang et al., 2020). The
presence of the tLST consistently decreased the population of oxidized cells after treatment of E.
coli MG1655 or AW1.7 with oxidizing chemicals; a corresponding increase in the population of
unoxidized cells was observed after H2O2 or PAA treatment (Figure 4.5.; see also Table S4.2. in
the supplemental material). A consistent effect of fragments of the tLST was observed only after

treatment with H202; the presence of tLST fragment pRF3 or pRF1-2 resulted in a high number of
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unoxidized cells and a correspondingly reduced number of oxidized cells following treatment with

H20:.
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Figure 4.5. Flow cytometric quantification of the oxidation of membrane lipids in E. coli MG1655 with
different plasmids (pRK767, pLHR, pRF1, pRF2, pRF3, pRF1-2) by use of C11-BODIPY*®"*! after
different treatments. Shown are the levels of stained, unoxidized cells (A) or strained, oxidized cells (B)
as percentage of the total cell population Cells were treated for 5 min with 32 mM NaClO, 120 mM H»0,,
105 mg/L peroxyacetic acid (PAA). Values for different plasmids within a treatment that do not have a
common lowercase letter are significantly different (P<0.05). Data are means =+ standard deviations from

10 independent experiments.

4.3.3. The tLST reduces the peroxide-induced induction of the Stx prophage in E. coli

0104:H4

The expression of the late genes in the Shiga toxin prophage in E. coli O104:H4 is induced
by oxidative stress (Fang et al., 2017). Quantification of green fluorescent protein (GFP)
fluorescence in the reporter strain E. coli O104:H4 Astxz::gfp::amp is thus an indirect indication
of cytoplasmic oxidative stress (Fang et al., 2017). The tLST or tLST fragments were cloned into
E. coli O104:H4 Astxz::gfp::amp to determine the effect of the tLST on the expression of the Shiga
toxin prophage. H202, NaClO and PAA induced GFP expression in E. coli O104:H4

Astxz::gfp::amp (Figure 4.6.). Cloning of pLHR, pRF1, or pRF1-2 reduced the expression of the
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prophage after treatment with any of the three oxidizing chemicals but not after treatment with the
positive control mitomycin C (MMC). Cloning of pRF3 reduced prophage induction after
treatment with MMC but not after treatment with NaClO or PAA; a modest reduction in the
percentage of GFP-expressing cells was observed after treatment with H202 (Figure 4.6.). The
tLST thus reduces the level of oxidative-stress-induced prophage expression, and this effect is

predominantly attributable to fragment 1 on pRF1.
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Figure 4.6. Quantification of stx expression in the reporter strain E. coli O104:H4 Astx2:gfp:amp
(FUA1302) with different plasmids (pRK767, pLHR, pRF1, pRF2, pRF3, pRF1-2) after exposure to
different inducers. Exponential-phase E. coli O104:H4 Astx2:gfp:amp were incubated at 37 °C with the
addition of mitomycin C (MMC; 0.5 mg/L) for 3 h, NaClO (10 mM) for 1 h, H,O, (2.5 mM) for 1 h, or
peroxyacetic acid (PAA; 50 mg/L) for 1 h. GFP florescence was quantified by flow cytometry. Values
for different plasmids within each treatment that do not have a common lowercase letter are significantly
different (P<0.05). Data are means + standard deviations from at least three independent experiments.

The inhibition of prophage induction by the tLST was confirmed by quantification of gfp
expression by reverse transcription-quantitative PCR (RT-qPCR). The expression of gfp after

induction by MMC or H20: relative to that for uninduced controls was quantified in E. coli

63



O104:H4 Astxz::gfp::amp(pLHR) and O104:H4 Astxz::gfp::amp(pRK). The tLST reduced the
expression of gfp after H2O2 treatment but not after MMC treatment (Figure 4.7.A.), a finding
consistent with the data obtained by flow cytometry (Figure 4.6.). To determine whether the effect
of the tLST on prophage induction relates to the RecA-dependent SOS response (Fang et al., 2017),
the expression of rec4 was also quantified. The tLST did not affect the expression of recA4 after

induction with MMC or H20: (Figure 4.7.B.).
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Figure 4.7. Expression of gfp (A) and recA (B) in E. coli O104:H4 Astx2:gfp:amp after mitomycin C or
H,O, treatment. Relative gene expression was quantified by RT-qPCR with gapA as the housekeeping
gene and untreated exponential-phase cultures as reference conditions. Exponential-phase cultures were
treated with LB broth containing mitomycin C (MMC; 0.5 mg/L) or with H,O, (2.5 mM) for 40 min.
Values for different plasmids within a treatment that do not have a common lowercase letter are
significantly different (P<0.05). Data are means * standard deviations from three independent
experiments.

4.3.4. The tLST does not interfere with the induction of some but not all of the Stx

prophages in E. coli

The influence of the tLST on the expression of the Shiga toxin prophage in E. coli O104:H4
implies that the genetic island may interfere with the conversion of the prophage to the lytic cycle.

The low prevalence of the tLST observed in STEC may indicate that the presence of the tLST
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selects against Shiga toxin prophages, or vice versa. About 2% of strains of E. coli strains harbor
the tLST (Mercer et al., 2015); however, only 0.5% of 615 clinical isolates of STEC and/or E. coli
O157 have been reported to harbor the tLST (Ma and Chui, 2017). Screening of 100 STEC strains
revealed that none of them carried the tLST or parts of the tLST and that none of them exhibited a
level of heat resistance equivalent to that of tLST-positive strains (Table S4.3., Gill et al., 2019).
The sequence diversity of the late promoter pR’ region of Stx prophages affects the efficiency of
Stx expression in different strains of STEC (Zhang et al., 2018). Therefore, the effects of the tLST
on gene expression from different pR’ regions in native STEC and in heterologous hosts were
compared. To investigate if the tLST inhibits the expression of the same pR’ region in different
strains, pLHR and pRK767 were introduced into E. coli O157:H7 CO6CE900 (FUA1399), E. coli
O157:H7 1935 (FUA1303), and E. coli O45:H2 05-6545 (FUA1311). These strains were
additionally transformed with Pp1302::rfp::chl, which carries the rfp gene, coding for red
fluorescent protein (RFP), under the control of the late promoter of the E. coli O104:H4 11-3088
prophage (Tables 4.2. and 4.3.) (Zhang et al., 2018). Prophage expression was induced with H202,
and RFP expression was quantified by flow cytometry. The presence of the tLST resulted in a
reduced proportion of cells expressing RFP in all three strains, but the extent of inhibition differed
among strains (Figure 4.8.). The effect of the tLST on the expression of the pR’ region was further
evaluated with RFP under the control of promoter pR’ regions derived from E. coli FUA1399,
FUA 1303 and FUA1311. Reporter plasmids were cloned in homologous and heterologous hosts.
The presence of the tLST decreased the proportion of E. coli FUA1399 cells that expressed RFP
from promoters p1399-28 and p1399-79, but the proportion of cells that expressed RFP remained
unchanged with p1303-s1 and increased with p1303-2a in E. coli FUA1303 and with p1311 in E.

coli FUA1311. These results demonstrate that the induction of the Shiga toxin promoter in the
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presence of the tLST was diverse, due to the sequence diversity of the pR’ region and prophage-

encoded regulatory proteins in different strains.
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Figure 4.8. The effect of the tLST on the expression of RFP under the control of pR’ promotors derived
from Shiga toxin-producing E. coli. Data are the percentage of cells expressing RFP after induction with
H,0,. RFP florescence was quantified by flow cytometry. The graph compares STEC strains carrying
pLHR with STEC strains carrying pKR767 as a control. Promotor activity was assessed with
pR’:rfpichl cloned into three strains of STEC. Plasmid pR’::rfp::chl containing the pR’ promotor
derived from E. coli O104:H7 (FUA1302), was cloned into all strains. In addition, each strain was
transformed with a plasmid harboring a fusion of pR’::rfp::chl with the pR’ promotor(s) present in that
strain; i.e., p1399-28 and p1399-79 in E. coli O157:H7 CO6CE900 (FUA1399), p1303-s1 and p1303-2a
in E. coli O157:H7 1935 (FUA1303), and p1311 in E. coli O45:H2 05-6545 (FUA1311). Significant
differences (P<0.05) in promotor activity between strains with pLHR and strains with pRK767 are
indicated by an asterisk. Data are means + standard deviations from three independent experiments.

4.3.5. The tLST is correlated with the absence of most UPEC virulence factors

Seventy E. coli wastewater isolates were screened for the tLST, a wastewater marker (IS30),

and five virulence factors of UPEC to identify tLST-positive strains of UPEC (Table 4.4.). Among
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the 70 isolates, 22.9% (16/70) were tLST-positive and 40% (28/70) carried virulence factors that
are typical for UPEC. Two of 16 tLST-positive strains carried fyud, which encodes the
yersiniabactin receptor (Spurbeck et al., 2012). The other 14 tLST-positive strains excluded UPEC
virulence factors. Conversely, 26 of the 28 strains with UPEC virulence factors, and in particular
all strains with multiple virulence factors, were tLST-negative (Table 4.4.) Both IS30-positive

strains carried the tLST, matching prior results (Zhi et al., 2016).

4.4. Discussion

The tLST positive strains of E. coli have been observed at increased frequency in
wastewater after chlorination, pointing to a contribution of the tLST to chlorine resistance (Zhi et
al., 2016). This study documented, with multiple and complementary experimental methods
(Degrossoli et al., 2018; Fang et al., 2020; Naguib, 1998), that the tLST protects against oxidative
stress. The use of multiple methods to quantify the survival and oxidation of cellular components
not only confirmed the protective effect of the tLST but also provided information on the

mechanisms of protection.

4.4.1. The tLST and stress resistance in E. coli

The tLST protected against NaClO, H202, and peroxyacetic acid but not against KIO4,
acrolein, or AITC. Acrolein is generated in vivo by the chemical conversion of B-hydroxy
propionaldehyde, a metabolite of intestinal bacteria including Salmonella enterica and
Lactobacillus reuteri (Engels et al., 2016; Stevens and Maier, 2008). AITC is formed from
glucosinolates in plants of the Brassicaceae family upon cellular injury and reacts with sulthydryl
groups and disulfide bonds (Kojima, 1971). KIOs has been suggested to contribute to
electrochemical inactivation of E. coli, but the mechanisms of activity remain unclear (Okochi et

al., 2005). The selective protective effect of the tLST against oxidizing organic and inorganic
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chemicals may relate to differences in the chemical reactivity and permeance of the compounds
for the cytoplasmic targets. The presence of the tLST consistently increased resistance to chlorine
and peroxides, which are a mainstay in the sanitation of water and in food-processing plants;
therefore, further experiments focused on these chemicals.

The tLST encodes proteins that are involved in protein folding or disaggregation and may
protect against oxidative stress (Figure 4.1.) (Mercer et al., 2015). The heat shock proteins encoded
by the protein homeostasis module (fragment 1), sHSP20, ClpKai, and sHSPai, prevent protein
aggregation or disaggregate proteins (Lee et al., 2018; Mercer et al., 2017a). In agreement with the
function of these proteins, transformation of E. coli with this portion of the tLST provided the
greatest protection of cytoplasmic proteins from oxidation but was less protective of membrane
lipids. The tLST fragment 3 did not protect against chlorine or the oxidation of cytoplasmic
components but decreased the oxidation of membrane lipids (Figures 4.3. to 4.5.). The role of the
oxidation of membrane lipids in chlorine resistance is poorly documented (Figure 4.1.). The
oxidative stress module (Fragment 3) encodes for thioredoxin, KefB and DegP. Thioredoxin
protects against oxidative stress through thiol-disulfide exchange reactions (Holmgren, 1979).
KefB may have a function related to oxidative stress; it is a K*/H" antiporter that protects against
two electrophiles, methylglyoxal and N-ethylmaleimide (Ferguson et al., 1993a). The serine
protease DegP is a periplasmic chaperone that prevents or reduces the iron-induced oxidation of
membrane proteins (Skorko-Glonek et al., 1999). Fragment 2 encodes Y{dX1ar and Y{dX2, two
hypothetical proteins of unknown function, and HdeDai, a stress protein whose relation to
oxidative stress is unknown (Mates et al., 2007). These genes protected against chlorine and
provided limited protection against the oxidation of membrane lipids but did not prevent the

oxidation of cytoplasmic proteins. These findings not only confirm the previous designation of
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fragment 2 as an “envelope stress module” (Mercer et al., 2017a) but also suggest additional,
undescribed mechanisms of protection. Taking these findings together, the contribution of the
tLST to chlorine resistance is based on the protection of multiple cellular targets by different parts
of the tLST. The multifaceted mechanisms of protection provided by the tLST also explain its
contribution to resistance to multiple stressors, including heat, chlorine, and peroxides (Lee et al.,
2018, 2015; Mercer et al., 2017a, 2015).

Two distinct tLST variants in E. coli confer equivalent heat resistance (Boll et al., 2017).
tLST 2 is a 19-kb genomic island that contains 5 open reading frames (ORFs) that are not carried
by the tLST but lacks two proteins encoded by the tLST (Boll et al., 2017; Mercer et al., 2015).
Proteins that are present in both versions of the genomic island include sHSP20, ClpKai, sHSPar,
YfdX1ai, YTdX2, KefB, orfl5, and DegP; these proteins appear to be essential for the role of the

genomic island in bacterial stress resistance.
4.4.2. The tLST and virulence of E. coli

The tLST is a mobile genetic element that occurs in diverse members of the
Gammaproteobacteria and Betaproteobacteria. The tLST has been identified in one Salmonella
strain and in several isolates of Cronobacter spp. and Klebsiella spp. (Boll et al., 2017; Mercer et
al., 2017b). The frequency of the tLST in STEC is very low compared to that in the general
population of E. coli (Ma and Chui, 2017; this study). Genes coding for Shiga toxin production
are invariably found in the late region of prophages. Shiga toxin production by E. coli has been
proposed to protect against predatory protozoa, which are significant E. coli predators in the rumen
but are less prevalent in other ecosystems that are relevant for the evolution of E. coli (Lo$ et al.,
2013). Expression of the Shiga toxin is upregulated in the lytic cycle of the phage, which is lethal

to the host cell, but it has been hypothesized that Shiga toxin production by engulfed cells will kill
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the predator, reducing predation on the remainder of the population. Accordingly, STEC are highly
associated with diverse ruminant hosts (Imamovic et al., 2009). One explanation of the low overlap
of the tLST and Shiga toxin production in E. coli is ecological incompatibility; i.e., ecosystems
that select for maintenance of the Shiga toxin select against the tLST, and vice versa. Molecular
incompatibility is an alternative explanation; i.e., the tLST interferes with the expression of Shiga
toxin prophages and hence reduces or abolishes the ecological advantage conferred by lysogeny.

The lytic cycle of the Shiga toxin prophage is regulated by the DNA repair protein RecA
and is induced in response to DNA damage and/or oxidative stress. If the tLST protects against
oxidative stress it also reduces Shiga toxin production in response to predation by protozoa and
may reduce the selective pressure to maintain the Shiga toxin prophages in STEC. Reduced
expression of GFP as an indicator for Stx expression was observed in E. coli O104:H4 but not for
all Shiga toxin prophages in other STEC strains. Different Shiga toxin prophages respond
differently to inducing agents (Lo$ et al., 2009; Zhang et al., 2018). In this study it was observed
that all the prophage promoters investigated responded to H2O2, but not all responded to mitomycin
C, which is routinely used to induce lambdoid prophages, including Shiga toxin prophages. In
summary, the tLST interfered with the induction of some, but not all, Shiga toxin prophages. Thus,
it does not appear that the tLST is generally incompatible with the contribution of Shiga toxin to
the ecological fitness of E. coli in response to protozoan predation. The assumption that the tLST
increases fitness in ecological niches in which Shiga toxin prophages do not provide a selective
advantage, is a more likely explanation for the low cooccurrence of these two mobile genetic
elements in E. coli.

Naturalized strains of E. coli found in wastewater possess the tLST, are resistant to chlorine,

and carry as many as 44 different virulence genes associated with UPEC (Zhi et al., 2019, 2016).
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UPEC strains appear to differentially survive wastewater treatment processes, including
chlorination and UV-C irradiation (Adefisoye and Okoh, 2016; Anastasi et al., 2013, 2010).
Interestingly, the proportion of antibiotic-resistant UPEC cells has been reported to be higher in
water after treatment with chlorine (Rijavec et al., 2006; Xi et al., 2009). Collectively, these studies
led us to hypothesize that antibiotic resistance correlates with the increased likelihood of UPEC
surviving wastewater treatment (chlorination and oxidation). The tLST-positive E. coli and UPEC
strains were found to exist in wastewater, and the prevalence of the tLST in waste water isolates
of E. coli, 23%, is about 10-fold higher than that in the general population of E. coli, 2%.
Surprisingly, this study found low co-occurrence of the tLST and UPEC virulence factors in 70
wastewater isolates. This finding should be confirmed by screening a larger number of strains or
genomes, but it suggests that the tLST may not account for the resiliency of UPEC in surviving
wastewater treatment processes and attests to the diverse mechanisms by which microbes evolve

resistance to wastewater treatment processes.

4.5. Conclusions

In conclusion, the tLST confers resistance to heat and oxidative stress on E. coli. The
protein homeostasis module provided protection to the contents of the cytoplasm while the
oxidative stress module provided protection to membrane lipids. In addition, the reduction effect
of the tLST on Shiga toxin expression was specific to the late promoter regions and regulatory
proteins. The low prevalence of the tLST in STEC and UPEC strains indicates that the selective
pressure for maintenance of the tLST in E. coli is different from the selective pressure that
maintains Shiga toxin prophages and UPEC virulence factors. This study also shows that water

chlorination selects for tLST-positive E. coli strains that are heat- and chlorine resistant.
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Table 4.1. PCR primers used in this study

Gene target Primer name Primer sequence (5°-3”) TA* (°C) Tm" (°C) Reference

LHR-F1 LHRmF1-F GCCCGGTGTCGAGGAGAAGG 62.5 This study
LHRmFI-R AAGAATGGCCGAGTTCATTGGAGG 59.4 This study

LHR-F2 LHRmF2-F GCGCGATGCCAAGCAGAACG 62.4 This study
LHRmF2-R TGAACGCGCCATTGACCAAGG 60.8 This study

LHR-F3 LHRmF3-F GGAGACGCTGAGCTTTCTGTCCG 61.7 This study
LHRmF3-R CGCAGCAGCCAGTAGGTCG 61.1 This study

LHR-F1 LHRF1-F TCGTCTACAAGCGTGATCC 58 88.03+0.27 This study
LHRF1-R GTCACGCAAACGGATGG

LHR-F2 LHRF2-F TCCGAGCTAAGGTGGAATG 58 82.84+0.22 This study
LHRF2-R CTGCTTGCCACTTCGTTATC

LHR-F3 LHRF3-F ACCGAGCTGATTGAAGGA 58 86.13+0.32 This study
LHRF3-R AGCGACACCACGATGAT

chl/kan” Priming site 1 ATCGAAAGCTTGTGTAGGCTGGAGCTG 60 (Datsenko and Wanner,
Priming site 2 TAAGGAGGATATTCATATG 2000)
M13/pUC-F CCCAGTCACGACGTTGTAAAACG 60 Invitrogen

gfp gfp-F TTCTTCAAGTCCGCCATG 55 (Fang et al., 2017)
gfp-R TGAAACGGCCTTGTGTAGTATC

recA recA-F ATTGGTGTGATGTTCGGTAA 55 (Fang et al., 2017)
recA-R GCCGTAGAGGATCTGAAATT

gapA gapA-F GTTGACCTGACCGTTCGTCT 55 (Fang et al., 2017)
gapA-R ACGTCATCTTCGGTGTAGCC

uspC-1S30- flh-IS-F CGGGGAACAAATGAGAACAC 60 80.33+0.37 Zhi et al., (2016)

SIDC flh-IS-F TGGAGAAACGACGCAATC

ibeA ibeA-F AGGCAGGTGTGCGCCGCGTAC 62 81.90+0.54 White et al., (2011)
ibeA-R TGGTGCTCCGGCAAACCATGC

papC papC-F GTGGCAGTATGAGTAATGACCGTTA 60 84.69+0.17 White et al., (2011)
papC-R ATATCCTTTCTGCAGGGATGCAATA

safifoc sfa/foc-F CTCCGGAGAACTGGGTGCATCTTAC 60 83.25+0.22 White et al., (2011)
sfa/foc-R CGGAGGAGTAATTACAAACCTGGCA

fruA fuyA-F TGATTAACCCCGCGACGGGAA 62 87.74+0.23 White et al., (2011)
fuyA-R CGCAGTAGGCACGATGTTGTA

iroN iroN-F AAGTCAAAGCAGGGGTTGCCCG 62 84.78+0.31 White et al., (2011)
iroN-R GACGCCGACATTAAGACGCAG

2 Primer annealing temperature

b Melting temperature. Results are shown as means + SD (n=8).
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Table 4.2. Plasmids used in this study and antibiotics used for plasmid maintenance

Promoter plasmids
(Zhang et al., 2018)

Probe plasmids

Modified LHR plasmids
((Degrossoli et al., 2018)

(this study)
. Chloramphenicol (34 mg/L) I
Tetracycline (15 mg/L) or kanamycin (30 mg/L) Ampicillin (100 mg/L)
pRK767::chl*

tLST plasmids
((Mercer et al., 2015)

Chloramphenicol (34 mg/L)
Pp1302:: rfp::chl

pCC _roGFP2 Orpl

pRK767::tet"
pLHR::tet" pLHR::chl Pp1303-1::rfp::chl*
pRF1::tet pRF1::chl' Pp1303-2a::rfp::chl
pREF2::tet pRF2::chl* Ppl1311:rfp::chl
pREF3::tet pRF3::chl* Pp1399-28::rfp::chl”
pRF1-2::tet" pRF1-2::chl* Pp1399-79::rfp::chl”
RK767::kan"
ppLHR: kan®
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Table 4.3. Strains used in this study

Strain and FUA number?® Description Promoter/Probe plasmids use in the strain Reference
E. coli MG1655 Host for tLST plasmids and probe plasmid
E. coli O104:H4 11-3088 stx gene replaced Host for modified tLST plasmids (Fang et al.,
Astx::gfp::amp" with gfp 2017)
E. coli O104:H4 11-3088 stx2a (Mercer et al.,
FUA1302 2015)
E. coli O157:H7 1935 stxl, stx2a Host for pRK767::kan", pLHR::kan"
FUA1303 and Pp1302:: rfp::chl’, Pp1303-1:: rfp:.chl’, or

Pp1303-2a:: rfp::chl”

E. coli O45:H2 05-6545 stxl Host for pRK767::kan", pLHR::kan"
FUA1311 and Pp1302:: rfp::chl or Pp1311::rfp:.chl

E. coli O157:H7 CO6CE900  stx2a
FUA1399

Host for pRK767::kan", pLHR::kan"
and Pp1302:: rfp::chl’, Pp1399-28::rfp::chil" or
Pp1399-79::rfp::chl”

2 the FUA number was used for plasmid nomenclature, i.e. the origin of the promoter is identified by the FUA

number.
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Table 4.4. Screening of the transmissible locus of stress tolerance (tLST), IS30 and virulence
genes in 70 wastewater E. coli strains (+: positive and -: negative). Screening results for each
strains are shown in Table S4.1. of the supplementary material.

Number of Targets

strains tLST 1S30 ibed papC saf/foc fruA iroN
2

—_—
o N

—_—d N == W= A==
1

[\
0
1
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CHAPTER 5. Ecology and Function of the Transmissible Locus of Stress
Tolerance in Escherichia coli and Plant-associated Enterobacteriaceae

5.1 Introduction

Enterobacteriaceae occupy diverse ecological niches, including environmental, plant-
associated, and vertebrate-associated habitats (Adeolu et al., 2016). Plant-associated organisms
include Klebsiella, Enterobacter, and Cronobacter, which occur as seed endophytes and promote
plant growth (Hinton and Bacon, 1995; Loaces et al., 2011; Pavlova et al., 2017). Some of these
plant-associated bacteria also colonize the intestine of vertebrates, including humans, and cause
opportunistic infections in humans (Healy et al., 2010; Kakatkar et al., 2017). In the genus
Escherichia, E. fergusonii is found as a seed endophyte (Silva et al., 2012); Escherichia coli is
more commonly found as commensal or pathogen of vertebrates but also occurs in environmental
niches and retains genes for plant colonization (Byappanahalli et al., 2006; Holmes et al., 2020).
Strains of Escherichia coli rarely form stable associations with specific host individuals, and the
population genetics of E. coli reveals only very recent phylogenetic signatures of host adaptation
(Pupo et al., 2000; Tenaillon et al., 2010). Niche specialization is largely mediated by lateral gene
transfer (Croxen et al., 2013; Holt et al., 2020; Mercer et al., 2015). The roles of mobile genetic
elements, including the virulence plasmid pINV of Shigella, Stx-encoding prophages, and the
locus of enterocyte effacement of enteropathogenic E. coli, in genome plasticity and virulence of
E. coli are well understood (Croxen et al., 2013; Herold et al., 2004; Schmidt and Hensel, 2004).
In contrast, the contribution of mobile genetic elements to the ecological fitness of E. coli and
other Enterobacteriaceae in extraintestinal habitats is poorly documented (Holmes et al., 2020;
Jang et al., 2017; Luo et al., 2011).

The transmissible locus of stress tolerance (tLST), previously termed locus of heat

resistance (LHR), is a genomic island in E. coli and related Enterobacteriaceae which confers
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resistance to heat and chlorine (Gajdosova et al., 2011; Kamal et al., 2021; Mercer et al., 2017b,
2015; Wang et al., 2020, 2018). Genomic islands with similar sequence and function were
designated tLST2ce04-10 and tLST2ram21805 (Boll et al., 2017). Different tLST variants confer
equivalent heat resistance, which indicates that only those genes that are present in all variants of
tLST are essential, including the small heat shock protein sHsp20, the heat shock disaggregase
CIpK, the small heat shock protein sHspai, the periplasmatic chaperones PscA, and PscB, the
potassium efflux system KefB, orf14 with unknown function, and the periplasmic protease DegP
(Boll et al., 2017; Mercer et al., 2015). Genomic, proteomic and physiological analyses also
indicated that those tLST genes are essential to confer the full heat resistance phenotype (H. Li et
al., 2020; Mercer et al., 2017a, 2015; Wang et al., 2020). The contribution of individual genes to
the resistance phenotype and their ecological role, however, remain to be established. The sHsps
and ClpG (ClpKa) increase heat resistance through protein homeostasis (Lee et al., 2018; Mogk
and Bukau, 2017). Cloning of sHsps and ClpKai, however, did not confer full resistance to heat or
chlorine (Mercer et al., 2017b, 2015; Wang et al., 2020), and the function of other core proteins
remains unknown.

The frequency of the tLST in E. coli is about 2% (Mercer et al., 2015), but the tLST rarely
co-occurs with virulence genes in E. coli (Wang et al., 2020), and the tLST has only rarely been
identified in Salmonella (Boll et al., 2017; Mercer et al., 2017b; Nguyen et al., 2017). The tLST is
highly conserved in different species of Enterobacteriaceae and is consistently flanked by mobile
genetic elements, implying recent lateral gene transfer (Mercer et al., 2015). Species that include
strains harboring the tLST (also) occur in the environment or in association with plants in addition
to a lifestyle as opportunistic pathogens (Botzler, 1987; Dong et al., 2003; Johnston-Monje and

Raizada, 2011; Schmid et al., 2009), however, it remains unclear whether the tLST is related to
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the plant associated lifestyle of these organisms. This study, therefore, aimed to determine the
distribution of the tLST in the Enterobacteriaceae as well as the fitness cost that is associated with
its maintenance to assess whether the genomic island links to adaptation to plant-associated
habitats. Experiments that determined the ecological fitness of E. coli mutants with deletions in
single open reading frames of the tLST were informed by determination of the function of core

genes of the tLST.

5.2. Materials and methods
5.2.1. Phylogenetic analysis of the tLST in Enterobacterales

A total of 30,033 draft genomes of Enterobacteriaceae were retrieved from GenBank
(Table S5.2.) and annotated with Prodigal (Hyatt et al., 2010). The four sequence variants of the
tLST (Figure 5.1.A.) were screened against the 30,033 genomes using BLASTp

(http://blast.ncbi.nlm.nih.gov/Blast.cgi) with cutoff values of 80% coverage and an E value <107,

Nine sequences of tLST2ram21805, 16 sequences of tLST2c604-10, 34 sequences of tLSTa, and 175
sequences of tLST1 were used for the construction of a phylogenetic tree of the tLST. Roary was
used to find the ortholog protein families of the 4 versions of the tLST, and 10 proteins were
classified as the core genome of the tLST with an identity threshold of 80%. These 10 open reading
frames (ORFs) were aligned by Muscle (v3.8.31) and joined by an in-house Python script for use
as input file to [Q-tree (v1-6.12). The best model, “HIVb+F+R3”, was selected by ModelFinder.
The maximum likelihood tree was visualized using Interactive Tree of Life (Letunic and Bork,
2019).

Metadata that is available with the genome sequences were used to select clinical and
environmental C. sakazakii strains, 102 and 267 genomes, respectively, as well as clinical and

environmental K. pneumoniae strains, 250 and 360, respectively, which were screened using
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BLASTn for the presence of tLST1 (NZ LDYJ01000141) with an 80% query cover cutoff of the
nucleotide sequence. All available C. sakazakii and environmental K. pneumoniae isolates were
used; for genomes from clinical isolates of K. pneumoniae, only one strain was selected from each

depositing source.
5.2.2. Screening of the tLST and plant growth-promoting genes in K. pneumoniae

Briefly, genomes of K. pneumoniae isolates from different sources were obtained from
Refseq database, 84 strains were from animals; 170 strains were from the environment, 121 strains
were from humans, and 57 strains were from plants. Prokka 1.14.6 was used for genome annotation.
The presence of tLST1, nthA (56938764), phnA (948621), phnH (948619), phnl (948605), phnJ
(9486006), phnK (948611), phnL (948612), phnM (948613), and nifH (56937870) were screened
by BLASTp with cutoff values of 80% coverage of the amino acid sequence and an E value <1x10

3. BLAST results were filtered with an in-house Python script.
5.2.3. Determination of heat and chlorine resistance in environmental and clinical isolates

The strains from FUA 10289 to FUA10298 were isolated from water collected at different
geographic locations (Table S5.3.). Water (1 mL) was spread with an L-shape cell spreader on
Luria-Bertani (LB) agar plates, and the plates were incubated at room temperature for 48 h. After
incubation, 10 colonies from each morphology per place were re-streaked on LB plates. Clonal
isolates were eliminated by random amplified polymorphism DNA (RAPD)-PCR. The RAPD-
PCR protocol consisted of in initial denaturing step of 1 min at 96 °C, followed by 3 cycles at
96 °C for 3 min, 35 °C for 5 min, and 75 °C for 5 min and 32 cycles of denaturing at 96 °C for 1
min, 55 °C for 2 min, and 75 °C for 3 min. Isolates from the same sample that displayed identical
RAPD patterns were considered clonal isolates; one representative per isolate was identified at the

species level by Sanger sequencing of the 16S rRNA genes. The presence of different versions of
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the tLST in water isolates and clinical isolates of Klebsiella (Table S5.3.) was determined with
primers shown in (Table S5.4.). To determine the heat resistance, overnight cultures of strains were
treated at 60 °C for 0, 5, 10, 15, and 20 min. To determine the chlorine resistance, overnight
cultures of strains were treated with 32 mM NaClO for 0, 3, 5, and 12 min. The reaction was
terminated by the addition of 50 pL of 10% Na2S203. Appropriate dilutions before and after
treatment were plated on LB agar and incubated at 30 °C for 24 h. Results are expressed as the

log-transformed ratio of cell counts before and after treatments [log(N/No)].

5.2.4. Construction of E. coli MG1655 lacZ::1LHR

The tLST was inserted into /acZ operon in E. coli MG1655 (WT) by the no-SCAR
(Scarless Cas9 Assisted Recombineering) system (Reisch and Prather, 2015). To construct the
single guide RNA (sgRNA) plasmid, a set of primers (sgRNA-/acZ-F/R) was used to PCR amplify
the pKDsg-cr4 backbone. The 20 bp spacer sequence specific for lacZ was synthesized in primers
to construct pKDsg-lacZ. The plasmid pLHR (Mercer et al., 2015) was purified using a Qiagen
plasmid midiprep kit (Qiagen). The plasmid was digested with the Dral enzyme (Thermofisher) to
linearize the plasmid. E. coli MG1655 that possessed both the pCas9cr4 and pKDsg-lacZ were
grown to an optical density at 600 nm (ODsoo) of approximately 0.5 in super optimal broth (SOB)
medium with chloramphenicol (34 mg/L) and spectinomycin (50 mg/L) at 30 °C. A red was
induced with the addition of 50mM L-arabinose, incubated for 20 minutes, and the cells were then
made electrocompetent by washing with 10% ice-cold glycerol. The linearized pLHR (500 ng)
was electroporated into the induced cells, and 950 pL of super optimal broth with catabolite
repression (SOC) medium was added; after 2 h, the culture was transferred to LB broth containing
chloramphenicol (Cm; 34 mg/L), spectinomycin (spec; 50 mg/L), and anhydrotetracycline (aTC;

100 pg/L) and incubated at a 30°C shaker overnight. To select the mutant, 200 pL of the overnight
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culture was heated at 60 °C for 5 min and plated on LB with IPTG (Isopropyl B-D-1-
thiogalactopyranoside; 0.2 mM) and 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside (X-gal;
40 mg/L). After incubation at 37 °C overnight, white colonies grown on the plate were confirmed
with primers tLST-16-F/lacZ-upstream, tLST-2-R/lacZ-downstream, and pscA-check-F/R.
Afterwards, the colonies were patched on plates with or without Cm (34 mg/L) to test the loss of
pKDsg-lacZ. The pKDsg-pl5 plasmid was electroporated into E. coli MG1655 lacZ::LHR
(pCas9crd) to cure the plasmid pCas9cr4. The transformants were recovered in SOC for 1 h at
30 °C and then aTC (100 pg/L) was added and incubated for additional 2 h before plating on LB
plated with spec (50 mg/L) and aTC (100 pg/L). After overnight growth at 37 °C, the resultant
colonies were patched onto LB plates with and without Cm (34 mg/L) to test the loss of the
pCas9cr4. Finally, E. coli MG1655 lacZ::LHR (pKDsg-p15) cells were grown at 42 °C to lose the

plasmid, and colonies were tested on the spec plates (50 mg/L).
5.2.5. Deletion of 13 genes encoded by the tLST (Aorf mutants)

E. coli MG1655 lacZ::LHR carrying plasmid pKD46 (Datsenko and Wanner, 2000) was
cultured in LB broth containing 100 mg/L ampicillin and 10 mM L-arabinose at 30°C until
turbidity at 600 nm reached 0.4~0.6. The cells were harvested and washed three times with ice-
cold 10% glycerol to prepare electrocompetent cells. A PCR amplicon containing the
chloramphenicol resistance gene (amplified from pKD3) flanked upstream and downstream by
sequences of the target genes was obtained using primers in Table S5.4. PCRs were carried out
using Phusion high-fidelity DNA polymerase (Thermo Scientific) according to the manufacturer’s
guidelines. Afterwards, the PCR products containing the 40- to 220-bp homologous sequence arms
at each end of the chloramphenicol resistance cassette were electroporated into electrocompetent

cells. Transformants were screened on LB agar containing 25 mg/L chloramphenicol. Knockouts

81



were confirmed with three pairs of primers (Up/Down, check-F/R and cm-insert/Down) shown in
Table S5.4. Next, the chloramphenicol cassette was removed by pCP20 transformation
(Cherepanov and Wackernagel, 1995), and the mutants were tested for loss of antibiotic resistance.

The E. coli mutants used in this study are listed in Table S5.5.

5.2.6. Genetic complementation of the genes comprising tLST

For plasmid complementation, sHsp20, clpKar, sHspai, pscA, pscB, hdeDagr and kefB were
amplified using primers in Table S5.4. The PCR products were cloned into pCA24N as
Notl/HindIII inserts and were transformed into E. coli DH5a. The plasmids pCA-sHsp20, pCA-
clpKai, pCA-sHspar, pCA-pscA, pCA-pscB, pCA-hdeDar, and pCA-kefB were electroporated into
their corresponding mutants. The pCA24N was used as vector control and was electroporated into
E. coli MG1655 lacZ::LHR. All transformants carrying either pCA24N or pCA24N-based
recombinant vectors were plated on LB medium containing 34 mg/L chloramphenicol. The

expression of insertions was induced by ImM IPTG.

5.2.7. Determination of heat and chlorine resistance of E. coli

To assess the contribution of different open reading frames of the tLST to survival under
heat and oxidative stresses, heat resistance and chlorine resistance were determined with the WT
and E. coli MG1655 lacZ::LHR and its Aorf mutants. Strains were grown overnight in LB broth
at 37°C with 200 rpm agitation. To determine the heat resistance, 50 pL of overnight culture in a
200-uL PCR tube was treated at 63 °C for 5 min and cooled to 4 °C. Chlorine resistance under a
neutral condition (pH7) was determined by mixing 200 pL of overnight cultures with 2.8 puL of
23% (vol/vol) sodium hypochlorite solution (Sigma-Aldrich, St. Louis, MO), followed by
incubation for 5 min at room temperature. The reaction was terminated by the addition of 50 puL

of 10% Na2S203. To determine the chlorine resistance under an alkaline condition, 200 pL of
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overnight cultures was centrifuged at 5,300 X g for 5 min, and then the pellet was resuspended in
200 pL of LB broth containing 8 mM NaClO at pH 11.0+0.4. After a 5-min incubation at room
temperature, the reaction was terminated by washing cells with LB broth. Cell counts of cultures
before and after treatment were determined by surface plating on LB agar and incubating at 37 °C
for 18 h. Results are expressed as the log-transformed ratio of cell counts before and after

treatments [log(No/N)].
5.2.8. Measurement of cytoplasmic oxidation by roGFP2-based probe

The fusion protein roGFP2-Orpl was used to measure oxidative levels in biological
systems (Degrossoli et al., 2018). Plasmid encoding roGFP2-Orpl was transformed into the WT
and E. coli MG1655 lacZ::LHR and its Aorf mutants. The plasmids were maintained by adding
ampicillin (100 mg/L) to the cultivation media. After treatment with chlorine, the ratio of the
fluorescence intensities obtained at the excitation wavelength of 488 and 405 nm was used to

evaluate the oxidation of roGFP2 as described (Wang et al., 2020).
5.2.9. Determination of membrane lipid oxidation by C11-BODIPY81/591

E. coli MG1655 lacZ::LHR and its Aorfl1, Atrxci, AkefB, Aorfl4, Aorfl5, and AdegPai
mutants were treated with 50 mM NaClO at pH 7 for 5 min, and 50 pL of 10% Na2S203 was added
to stop the reaction. Oxidized E. coli without staining treatment served as a control. Membrane

lipid oxidation was measured with flow cytometry as in reference (Wang et al., 2020).
5.2.10. Ecological fitness of WT and E. coli MG165S5 lacZ::LHR and its Aorf mutants

To access the impact of the tLST on the ecological fitness of E. coli, pairwise growth
competition in LB broth was carried out. Briefly, E. coli MG1655 lacZ::LHR and the WT were

inoculated into 5 mL of LB broth at an initial concentration of 10> CFU/mL for each strain and
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incubated at 37 °C and 200 rpm for 24 h. The culture was then diluted 1:10° into fresh LB broth
and incubated under the same conditions. The culture was maintained for 12 inoculation cycles.
Chlorine treatment was performed every 2, 4, or 8 inoculation cycles, and the non-treated group
served as a control. After a full inoculation cycle, cultures were treated with 32 mM NaClO for 5
min at room temperature and were washed by LB two times to remove the residual NaClO,
followed by subculturing. To investigate the role of sHsp20, hdeDgci, and kefB in the maintenance
of tLST under selective conditions, AsHsp20, AhdeDar, and AkefB mutants were inoculated along
with WT in 5 mL of LB broth as described above. Chlorine treatment was applied as described
above every two inoculation cycles. In addition, cultures were treated at 60 °C for 5 min every two
inoculation cycles. After each inoculation cycle but before lethal treatments, where applicable,
cells were stored at -20 °C for enumeration by droplet digital PCR.

QX200 droplet digital PCR (ddPCR) system (Bio-Rad) with TagMan probes was used to
determine the ratio of cells of E. coli MG1655 lacZ::LHR and the WT. The primers and probes
are shown in Table S5.4. Each ddPCR mixture consisted of 11 pL of 2x ddPCR SuperMix for
probes (no dUTP) (Bio-Rad), 1.1 pL of culture from the competition experiment, 0.5 mM each
forward and reverse primers of tLST and lacZ, and 0.5 mM both probes. The nuclease-free water
was added to obtain the final volume of 22 pL. The reaction mixture (20 pL) was loaded into a
DG8 cartridge (Bio-Rad) together with 20 pL of droplet generation oil (Bio-Rad) and placed in
the QX200 droplet generator (Bio-Rad) to generate approximately 20,000 droplets in a 96-well
PCR plate. The plate was subjected to amplification in a C1000 Touch thermal cycler (Bio-Rad)
under the following condition: 1 cycle at 95 °C for 5 min, 40 cycles at 94 °C for 30 s and 60 °C
for 60 s, 1 cycle at 98 °C for 10 min, and ending at 4 °C. After amplification, tLST and lacZ were

detected in the 6-carboxyfluorescein (FAM) channel and the 6-carboxy-2,4,4,5,7,7-
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hexachlorofluorescein (HEX) channel by the QX200 droplet reader (Bio-Rad), respectively, and
fluorescence was analyzed with QuantaSoft software (Bio-Rad). Results are expressed as the log-
transformed ratio of the gene copy number of E. coli MG1655 lacZ::LHR to that of the WT.
Competition experiments using WT and Aorf mutants were analyzed with the same methodology

with primers and probes shown in Table S5.4.
5.2.11. Statistical analysis

Data of treatment lethality and oxidation level in cytoplasm or membrane lipids were
analyzed with one-way analysis of variance (ANOV A). The effects of treatments, strains, and time
on the log-transformed ratio of strains in competition assays were tested with a two-way ANOV As,
with both treatments/strains and time treated as fixed factors. Statistical analyses were performed
with SPSS 21.0 (SPSS Inc., Chicago, IL, USA). The least significant difference (LSD) was used
to test the difference among means using a P value of <0.05. Data are presented as means +

standard deviations from at least three biological replicates.

5.3. Results
5.3.1. Distribution of tLST in Enterobacterales

Four main sequence variants of the tLST have been identified (Figure 5.1.A.) (Schmid et
al., 2009). The sequences of different tLSTs were used as query sequences to assess the occurrence
and frequency of the tLST in Enterobacteriaceae. In total, 953 of the 30,033 Enterobacteriaceae
genomes harbor the tLST (Figure S5.1. and Table S5.2.); of these 953 sequences, 234 were
nonredundant. Fewer than 10 genomes are available for most species of the Enterobacteriaceae
while pathogenic microorganisms are overrepresented; this sampling bias prevents quantitative
interpretation of the data. Nevertheless, a high proportion of genomes of the genera Cronobacter,

Enterobacter, and Klebsiella included the tLST (Figure S5.1. and Table S5.1.). The proportion of
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Figure 5.1. Major sequence variants of the locus of heat resistance (Panel A) and their distribution in
Enterobacterales (Panel B).

Panel A. Schematic representation of sequence variants of the tLST. ORFs absent on tLST1 are marked
in black; partially disrupted ORFs are marked with stripes. The sequences was obtained from GenBank
under the accession numbers LDYJ01000141 (tLST1), CP010237 (tLSTa), CP016838 (tLST2c604-10),
and KY416992 (tLST2ram21805). Gray shading indicates sequences with more than 80% nucleotide
identity.

Panel B. Phylogenetic tree of the tLST from Enterobacteriaceae. A phylogenetic tree was constructed
based on tLST sequences extracted from 234 tLST-positive Enterobacteriaceae. The presence of tLST1,
tLSTa, tLST2ce604-10, and tLST2ram21805 is annotated using a color-coded arrangement. Different bacterial
species are also color-coded.
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E. coli and Salmonella genomes that include the tLST was about 2% and less than 0.1%,
respectively (Table S5.1.). A sufficient number of genomes is available for Klebsiella pneumoniae
and Cronobacter sakazakii to allow differentiation of the frequency of the tLST by source of
isolation. In this analysis, genomes of K. pneumoniae were rarefied to include only one strain from
each depositing source. Of the 355 genomes of C. sakazakii, 8% of genomes of environmental
origin and 8% of clinical isolates included the tLST. In K. pneumoniae, 2% and 4% of genomes

of environmental and clinical isolates, respectively, harbor the tLST (Table S5.1.).

5.3.2. Core and accessory genes harbored by different variants of the tLST in the

Enterobacteriaceae

The 234 nonredundant tLST-sequences representing different sequence variants are
depicted in a phylogenetic tree of aligned tLST sequences (Figure 5.1.B.). The different tLST
variants do not form monophyletic clusters, but tLSTa and tLST2 sequences are interspersed
among the larger number of tLST1 sequences (Figure 5.1.B.). This indicates a mosaic structure of
the genomic island which is shaped by recombination events and horizontal gene transfer. The
tLST sequences from E. coli were predominantly located between 10:00 and 4:00 (Figure 5.1.B.),
while tLST sequences from Klebsiella, Cronobacter, and Enterobacter were located
predominantly between 4:00 and 10:00. The uniform clustering of tLST sequences from E. coli,
however, may also relate to sampling bias, as this species was represented by a much larger number
of genomes than other species. In addition, tLST sequences from other species were interspersed
with the E. coli cluster, and individual sequences of E. coli were identified among tLST sequences
of other strains, again indicating recent lateral gene transfer. Among the different tLST variants
that are present in the Enterobacteriaceae, tLST1 is most frequently present (Figure 5.1.B.). tLST1

is the shortest tLST variant that confers full heat resistance (Mercer et al., 2017b, 2015). Accessory
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genes that are present in other tLST variants do appear not to contribute to heat resistance; therefore,

further studies focused on the core genes of tLSTI.

5.3.3. Co-occurrence of tLST and plant growth-promoting genes

Enterobacteriaceae that live in association with plants include Klebsiella and Cronobacter.
Core genes harbored by the tLST were screened in K. pneumonia genomes, the species for which
most genomes were available (Figure 5.2.). The percentages of tLST-positive genomes in strains
isolated from the environment, humans, or plants were substantially higher than the percentage of
tLST-positive genomes of isolates from animals. Genomes of strains of K. pneumoniae also harbor
genes that support mutualistic relationships with plants. Genes that are functionally necessary in
indole-3-acetic acid (IAA) production (nthA), phosphate solubilization and uptake (phnA, phnH,
phnl, phnJ, phnK, phnlL, phnM), and nitrogen fixation (nifH) were also identified in K. pneumonia
genomes (Figure 5.2.). Co-occurrence of the tLST and genes related to promotion of plant growth
may indicate that the tLST contributes to the plant-associated lifestyle of K. pneumoniae rather
than its lifestyle as a nosocomial pathogen. The tLST was absent in genomes of K. pneumonia
possessing nthA and rarely co-occurred with nifH. All genomes were predicted to have a set of

genes for phosphate transport and degradation, irrespective of the presence of the tLST.
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Figure 5.2. Distribution of tLST and plant growth-promoting genes in K. pneumoniae. Genomes of K.
pneumoniae were selected by their different lifestyles. The numbers inside the yellow, blue, purple, and
green boxes represent the percentages of tLST in K. pneumoniae inhabiting animal (8/84), environment
(71/170), human (44/121) and plant (16/57), respectively. Besides the tLST, each column represents a
gene that is involved in the biosynthetic pathway of common plant growth-promoting features in K.
pneumoniae, such as nthA (indole-3-acetic acid production), phnX family (phosphate solubilization and
uptake) and nifH (nitrogen fixation). The heatmap shows individual genome count. Each row represents
the genomes with a panel of genes, and the numbers inside red boxes indicate the numbers of these
genomes. Absence of genes is represented by white boxes.

5.3.4. Contribution of tLST to heat and chlorine resistance in Klebsiella spp. and E. coli

To compare the function of tLST between Klebsiella spp. and E. coli, the two species for
which a sufficient number of tLST-positive strains are available, for heat and chlorine resistance,
10 tLST-positive and tLST-negative strains of Klebsiella spp. and 7 strains of E. coli were
compared (Figure 5.3.). Resistance to heat and chlorine was determined by the presence of the
tLST, not by the taxonomic position (Klebsiella or Escherichia) or the source of isolation (clinical
or environmental). Because the contribution of tLST1 to heat resistance in K. pneumoniae was
comparable to its contribution to heat resistance in E. coli, subsequent experiments were carried

out with £. coli MG1655.
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Figure 5.3. Lethality of heat and chlorine in environmental and clinical isolates of K. oxyfoca, K.
pneumoniae, and E. coli. Panel A. Strains were treated at 60 °C for 0, 5, 10, 15, and 20 min. Panel B.
Strains were treated at 32 mM NaClO for 0, 3, 5, 8, and 12 min. Grey squares represent tLST-negative
strains K. oxytoca FUA10326, FUA10327, FUA10328, FUA1261, FUA1266, and FUA1271; blue
triangles represent K. pneumoniae FUA1427 carrying tLST1; green triangles represent K. pneumoniae
FUA10298 carrying tLSTa; grey triangles represent tLST-negative K. pneumoniae FUA10329 and
FUA10340; Black circles represent E.coli FUA10297 carrying both versions of tLST1 and tLSTa; blue
circles represent E. coli FUA10289, FUA10291, FUA10292, and FUA10296 carrying tLST1; and grey
circles represent tLST-negative strains E.coli FUA10290 and FUA10293. Solid lines indicate clinical
1solates, and dotted lines indicate environmental isolates. Data are shown as means + standard deviations
from three independent experiments.

5.3.5. Contribution of genes harbored by the tLST to heat and chlorine resistance

To determine the function of individual genes of the tLST, the heat and chlorine resistance
were assessed in E. coli MG1655 (wild type [WT)), E. coli MG1655 lacZ::LHR, and derivatives
of E. coli MG1655 lacZ::LHR lacking one each of the genes harbored by the tLST1(Aorf mutants)
(Figure 5.4.). Deletions were introduced in all 13 functional genes of the tLST, excluding the
truncated and dysfunctional orf4, orf3, and orf6 (Figure 5.1.). The deletion of shsp20, clpKai,

shspar, pscA, pscB and hdeDgr reduced both heat and chlorine resistance. The deletion of kefB
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Figure 5.4. Impact of genes harbored by the tLST on heat and chlorine resistance. Panel A. Schematic
representation of the transmissible locus of stress tolerance (tLST1) and putative functions encoded by
genes located on the genomic island. Genes that are known to be expressed in E. coli MG1655 (pLHR)
are framed and printed in bold font (Li et al., 2020). Proteins are color coded based on their predicted
function: red, heat shock proteins; orange, hypothetical proteins with a possible relationship to envelope
stress; and green and blue, genes related to oxidative stress. Genes carry the footnote “GI” for genomic
island if an orthologue of the same gene is present in genomes of E. coli. Open reading frames are
numbered if there is no known function associated with the genes; predicted functions of proteins are
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Figure 5.4. legend (con’t):

written above. Modified according to (Mercer et al., 2017a). Panel B. Lethality of treatments at 63 °C
for 5 min to cultures of WT and derivative strains carrying tLST or tLST with single deletion. Panel C.
Lethality of treatments with 50 mM NaClO for 5 min at pH 7. Panel D. Lethality of treatment with 8
mM NaClO for 5 min at pH 12. The treatment lethality was expressed as the log-transformed ratio of
cell counts before treatment (No) over the cell counts after treatment (N). Values for different strains after
the same treatment that do not have a common lowercase letter are significantly different (P<0. 05). Data
are shown as means + standard deviations from three independent experiments.

reduced chlorine resistance, particularly under alkaline conditions. Complementation of shsp20,
clpKar, shspar, pscA, pscB, hdeDar, and kefB restored heat and chlorine resistance to the level
observed in E. coli MG1655 lacZ::LHR (pCA24N) (Figure S5.2.). In summary, 7 of the 13 core

genes of the tLST (Figure 5.1.) are required to confer resistance to heat or chlorine.

5.3.6. Contribution of tLST-harbored genes to protect multiple cellular components against

chlorine

To determine the role of tLST-harbored genes in protecting specific components of the
cytoplasm and membrane, the oxidation of cytoplasmic proteins and membrane lipids was assessed
inthe WT and E. coli MG1655 lacZ::LHR and its Aorf mutants by using the probes roGFP2-Orpl
(Degrossoli et al., 2018) and C11-BODIPY#"*°! (Fang et al., 2017), respectively. After treatment
with chlorine, oxidation of roGFP2-Orpl decreases the fluorescence of green fluorescence protein
2 (GFP2) and the ratio of the fluorescence intensity at excitation wavelength of 488/405 nm. In
comparison to that of E. coli MG1655 lacZ::1LHR, a decreased fluorescence ratio of roGFP2-Orpl
in AsHsp20, AclpKar, and AsHsper mutants indicated that these three genes prevented protein
oxidation (Figure 5.5.A.). The deletion of kefB reduced the proportion of cells with unoxidized
membrane lipids and increased the number of cells with oxidized membrane lipids (Figure 5.5.B.).
On the contrary, the deletion of orf1 1, trxci, orfl14, orfl5, and degPqr did not change (P<0.05) the

ratio of unoxidized and oxidized cells. Moreover, the deletion of kefB caused the same change in
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membrane potential as in the WT after chlorine treatment (Figure S5.3.). In summary, sHsp20,
clpKar and sHspar decreased the oxidation of cytoplasmic proteins, while kefB decreased the

oxidation of membrane lipids and contributed to maintenance of a polarized membrane.
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Figure 5.5. Effect of the tLST or the tLST with deletions in single open reading frames on the oxidation
of cytoplasmic proteins (Panel A) or the cytoplasmic membrane (Panel B). Values for different strains
that do not have a common lowercase letter are significantly different (P<0.05). Data are shown as means
+ standard deviations from three independent experiments.

Panel A. Oxidation of roGFP2-based probes expressed in E. coli MG1655 lacZ::LHR and its Aorf
mutants after chlorine treatment. The ratio of the fluorescence intensity at excitation wavelengths of 488
and 405 nm was calculated to indicate the oxidation of cytoplasmic proteins. Cells were treated with 50
mM NaClO for 5 min at pH 7, and the reaction was terminated by adding an equivalent volume of 10%
Na»S,0; as a reducing agent.

Panel B. Flow cytometric quantification of the oxidation of membrane lipids in E. coli MG1655
lacZ::LHR and its Aorf mutants after chlorine treatment. White bars indicate the percentages of the
population of stained and unoxidized cells; black bars indicate stained and oxidized cells. Cells were
treated with 50 mM NaClO for 5 min at pH 7, and the reaction was terminated by adding an equivalent
volume of 10% NaxS,0; as reducing agent.
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5.3.7. The tLST impacts the ecological fitness of E. coli

To determine the effect of the tLST on the ecological fitness of E. coli, the ratio of E. coli
MG1655 lacZ::LHR to the WT was determined in competition assays that included periodic lethal
chlorine challenges, or not. A decreasing ratio of E. coli MG1655 lacZ::LHR to WT demonstrates
a growth advantage of the WT compared to the growth of E. coli MG1655 lacZ::LHR (Figure
5.6.A.). The tLST-positive strain was also outcompeted when chlorine challenges were applied
every 4 or 8 inoculation cycles (Figure 5.6.A.). Applying a lethal chlorine challenge every 2
inoculation cycles maintained the tLST-positive and tLST-negative strains at equal cell counts
(Figure 5.6.A.).

To determine whether single gene deletions in the tLST reduce its fitness cost, the ratio of
Ashsp20, AhdeDar, or AkefB mutants to the WT in competition assays was assessed with lethal
heat or chlorine stress applied every 2 inoculation cycles, i.e., under conditions that maintained the
tLST-positive and tLST-negative strains at equal cell counts (Figure 5.6.A.). The ratio of strains
with single deletions to the WT decreased more slowly than that of strains with full-length tLST
to the WT, indicating that deletion of these genes reduced the fitness cost of the tLST but also
reduced the fitness gain of the tLST after challenge with heat and chlorine. The AkefB mutant
maintained equal cell counts with the WT in competition experiments with heat stress but not in
competition experiments with chlorine stress (Figure 5.6.B.), in keeping with the observation that
the kefB deletion did not reduce tLST-mediated heat resistance. Overall, these competition
experiments with strains carrying single deletions in the tLST suggest that all core genes need to

be present in the tLST to maintain the ecological advantage relative to the fitness cost.
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Figure 5.6. Effect of the tLST on the ecological fitness of WT as determined in competition experiments
with E. coli MG1655 lacZ::LHR or Aorf mutants and WT. Different curves that do not have a common
lowercase letter indicate that the effect of treatment or strains on the ecological fitness is significantly
different (P<0.05).

Panel A. Competition experiments with E. coli MG1655 lacZ::LHR and WT with or without chlorine
treatment. The abundance of tLST was expressed as the log-transformed ratio of gene copy numbers of
E. coli MG1655 lacZ::LHR to that of WT. White circles represent cultures in LB without intermittent
lethal challenge; black triangles represent cultures treated with 32 mM NaClO for 5 min at pH 7 every
two inoculation cycles; dark grey triangles represent cultures treated with 32 mM NaClO for 5 min at pH
7 every four inoculation cycles; and light grey triangles represent cultures treated with 32 mM NaClO
for 5 min at pH 7 every eight inoculation cycles. Data are shown as means = standard deviations from
three independent experiments. The detection limit of the assay was a ratio of 4 or -4 log(gene copy
number [E. coli MG1655 lacZ::LHR/WT])).

Panel B. Competitions between AsHsp20 mutant and WT (red), Ahde D mutant and WT (orange), AkefB
mutant and WT (blue) in binary competitions with regular lethal heat or chlorine treatments. The
abundance of Aorf mutants was expressed as the log-transformed ratio of gene copy numbers of
AsHsp20/AhdeDgi/AkefB mutants to that of WT. Circle symbols represent cells treated at 60 °C for 5 min
every two inoculation cycles, and triangle symbols represent cells treated with 32 mM NaClO for 5 min
at pH 7 every two inoculation cycles. Data are shown as means + standard deviations from three
independent experiments. The detection limit of the assay was a ratio of 4 or -4 log(gene copy number
[Aorf mutant/ WT)).
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5.4. Discussion

The tLST is present in all the phyla of Proteobacteria with the exception of
Epsilonproteobacteria (Kamal et al., 2021; Mercer et al., 2015). Almost all the tLST-positive
genomes within Enterobacterales are found in the family Enterobacteriaceae, while only 5 tLST-
positive genomes were identified in other families of the Enterobacterales (Kamal et al., 2021).
Members of the Enterobacterales have diverse lifestyles and are associated with soil and aquatic
habitats or with host organisms, including plants, nematodes, insects, animals, and humans
(Scheutz and Strockbine, 2005). The order also includes human and animal pathogens, e.g. E. coli,
Salmonella enterica, and Yersinia pestis, and phytopathogens, e.g. Pectobacterium carotovorum,
Dickeya solani, and Pantoea ananatis. Interestingly, the proportion with the tLST is low in enteric
pathogens (Wang et al., 2020; this study) and in plant pathogens (Kamal et al., 2021), suggesting
that the tLST and an obligate pathogenic lifestyle are ecologically incompatible. Moreover, the
tLST was not associated with plant growth-promoting features such as IAA production, phosphate
transport, and nitrogen fixation. This study found a high prevalence of tLST in Enterobacter,
Cronobacter, Citrobacter, and Klebsiella, which suggests that the tLST provides a selective
advantage for those bacteria with a “blended lifestyle” that includes colonization of plants as well
as temporary persistence in vertebrates but not for vertebrate-associated organisms, including
enteric pathogens, or organisms that occur predominantly or exclusively in plants and/or insects.
This pattern was discernible with genome sequence data available in 2014 (Mercer et al., 2015),
2019 (this study), and 2021 (Kamal et al., 2021), suggesting that it will remain with increasing
amount of available genome sequence data. The elucidation of mechanisms of resistance to
environmental stressors that is provided the tLST may improve our understanding of why the tLST

increases the ecological fitness of specific species of Enterobacteriaceae.
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5.4.1. tLST-comprising genes and stress resistance of E. coli

tLST protects against heat and oxidative stress in E. coli (Boll et al., 2017; Mercer et al.,
2015; Wang et al., 2020), and different fragments of the tLST protect different cellular components
(H. Li et al., 2020; Wang et al., 2020). Four distinct tLST variants were found in
Enterobacteriaceae. Core genes of the tLST1 are retained in all sequence variants of the genomic
islands, but larger tLST versions include accessory genes (Boll et al., 2017; Nguyen et al., 2017).
Different sequence variants of the tLST do not form monophyletic clades but likely result from
recent insertions and deletions to an ancestral tLST which also occurs in Betaproteobacteria (Boll
etal., 2017; Nguyen et al., 2017). This study focused on the contribution of core genes of the tLST
to heat and chlorine resistance.

The genes shsp20, clpKer, shspai, pscA, pscB, and hdeDgp protected against both heat and
chlorine, but kefB protected only against chlorine. The mechanism by which these genes effect
chlorine resistance is summarized in Figure 5.7. sHsp20, ClpKai, and sHspagr are involved in
protein folding and disaggregation (Lee et al., 2018; H. Li et al., 2020; Mercer et al., 2015) (Figure
5.7.). The periplasmic proteins PscA and PscB, previously designated YfdX1 and YfdX2, are heat
stable and retain the native a-helical secondary structure up to 50 °C (Saha et al., 2016). Y{dX
decreased the aggregation of the insulin B-chain in vitro, showing ATP-independent chaperon-like
activity (Saha et al., 2016). Y{dX is water-soluble, indicating that it is not an integral membrane
protein; the presence of a predicted signal peptide in the N terminus indicates localization in the
periplasm. Owing to their chaperon activity (Saha et al., 2016) and their role in protection against
multiple stressors (this study), these two YfdX family proteins were renamed as periplasmic stress
chaperons (Psc). HdeD is also a periplasmic protein contributing to acid resistance (Hommais et

al., 2004). KefB is a potassium/proton antiporter that protects against electrophiles (Masuda et al.,
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1993) and is the only protein of the tLST that specifically contributes to chlorine resistance. KefB
exchanges intracellular potassium and extracellular protons, leading to acidification of the
cytoplasm (Ferguson et al., 1993b). This rapid decrease in the intracellular pH protected the E. coli
cell against chlorine stress under alkaline condition by maintaining the membrane potential (Figure

$5.3.).
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Figure 5.7. Schematic overview of the relevant tLST-comprising genes in response to chlorine stress in
E. coli. sHspa1 and ClpKg: refold or solubilize the denatured proteins as disaggregase (Lee et al., 2018;
Mogk and Bukau, 2017). sHsp20 cooperates with ClpKgr as a holding chaperone (Lee et al., 2015).
Products of pscA, pscB, and HdeD have a chaperone-like activity (Lee et al., 2019) and may interact with
chlorine in the periplasm. The nemR-gloA operon is derepressed via the oxidation of cysteine residues.
The production of S-D-lactoylglutathione by GloA actives KefB potassium efflux system which protects
the membrane lipids against chlorine (Lee and Park, 2017).

5.4.2. Fitness gain and fitness cost of the tLST.

The tLST is particularly frequent in species that are found in the intestine of vertebrates

but also occur as plant endophytes. The frequency of the tLST in other genera of
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Enterobacteriaceae that predominantly or exclusively occur in insects, vertebrate hosts, or in
plants was substantially lower. To date, the ecology of the tLST has been studied mainly in
anthropogenic habitats. The frequency in the general population of E. coli is approximately 2%
(Mercer et al., 2015). DaQu fermentation, which starts at ambient temperature and increases to 50
to 60 °C, selects for tLST-positive Enterobacteriaceae (Wang et al., 2018). tLST-positive strains
of E. coli are also enriched in chlorine-treated wastewater (Zhi et al., 2016) and in raw-milk cheese
(Marti et al., 2016), reflecting the selective pressure of chlorination and thermization at 60 °C,
respectively. The selective pressure for maintaining the tLST in natural ecological niches remains
unknown. Competition experiments demonstrated that the tLST is associated with substantial
fitness cost, in keeping with the observation that tLST-encoded proteins are among the most
abundant proteins in E. coli (H. Li et al., 2020). The fitness cost of the tLST were compensated for
only by frequent lethal challenges with heat or chlorine. The competition experiments also
demonstrated that deletion of single tLST-harbored genes reduced the fitness gain but did not
significantly decrease the fitness cost, indicating selective pressure for maintenance of all core
genes of the tLST. The selective pressure that maintains the tLST in specific members of the
Enterobacteriaceae remains unknown (Kamal et al., 2021) but likely serves to overcome dispersal

limitation by improving survival outside of plant or vertebrate hosts.

5.4.3. Contribution of tLST on dispersal and persistence of nosocomial pathogens

Several of the Enterobacteriaceae that frequently harbor the tLST are nosocomial
pathogens (Davin-Regli et al., 2019; Holy and Forsythe, 2014; Koutsoumanis et al., 2020; Sanders
and Sanders, 1997). Enterobacter, Klebsiella, and Cronobacter also upregulate or acquire
antimicrobial resistance genes, which leads to concerns related to the spread of antibiotic resistance

in healthcare settings (Da Silva et al., 2012; Mezzatesta et al., 2012). The high proportion of tLST-
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positive clinical isolates of K. pneumoniae compared to that of K. pneumoniae isolates from other
sources suggests that the tLST-mediated resistance to disinfection agents may facilitate persistence
in hospitals. A tLST-positive K. pneumoniae isolate from a hospital chlorination tank influent was
also resistant to 10 antibiotics (Popa et al., 2020). A pattern of higher frequency of the tLST in
clinical isolates of C. sakazakii was not observed; however, 73.5% of genomes of clinical isolates
of C. sakazakii clinical strains possessed the shsp20 and cIpK genes of the tLST, while only 24.3%
of the environmental strain had these genes. Variants of the tLST also occurs in Betaproteobacteria
(Kamal et al., 2021). Remarkably, the nosocomial pathogen Pseudomonas aeruginosa clone C
strains is tLST positive and resistant to heat and oxidative stress (Kamal et al., 2019; Lee et al.,
2015). The relatively high prevalence of the tLST in clinical isolates of Klebsiella and P.
aeruginosa may indicate that the tLST contributes to the persistence of nosocomial pathogens in
the hospital environment. Although the co-occurrence of the tLST and antibiotic resistance in
Enterobacteriaceae remains to be explored, the occurrence of antibiotic-resistant pathogens that

are also resistant to chlorine may further impede their control in hospitals.

5.5. Conclusions

In conclusion, the tLST is rarely present in intestinal pathogens and in strictly plant-
associated Enterobacterales but is frequently present in those Enterobacteriaceae that have a
“blended lifestyle”, which includes plant habitats and vertebrate intestines, but are also of
importance as multidrug-resistant opportunistic or nosocomial pathogens. An estimation of the
fitness cost versus fitness gain related to the tLST suggests a strong selective pressure to maintain
13 core proteins which are present in all tLST variants and are necessary to protect multiple cellular

components against multiple stressors. Resistance to heat and/or oxidising chemicals likely
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facilitates dispersal of those Enterobacteriaceae that switch between animal and plant hosts but

also may contribute to persistence of nosocomial pathogens in the hospital environment.
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CHAPTER 6. Genetic Determinants of Stress Resistance in Desiccated
Salmonella enterica

6.1 Introduction

Salmonella enterica causes disease in animals, including poultry, cattle, pigs, and rodents
as well as humans (Kingsley and Biaumler, 2000). Some serovars, such as S. enterica serovar
Typhimurium and S. Enteriditis, infect a wide spectrum of animals and humans but generally cause
relatively mild symptoms, while other serovars, including S. Typhi, are host specific and cause
more severe disease (Ellermeier and Slauch, 2007; Thomson et al., 2008; Tsolis et al., 1998). As
pathogens, very few Salmonella form stable relationships with individual hosts. The transition
from one host individual to another, or from one host species to another, exposes Salmonella to
adverse environmental conditions, including low pH, osmotic stress, and desiccation or extreme
temperatures (D’Aoust and Maurer, 2007; Spector and Kenyon, 2012). Desiccation tolerance
enables survival and persistence of Sa/monella on plant material, including food, and on inanimate
surfaces (Billi and Potts, 2002). Salmonella are more capable of long-term survival in the dry state
than related organisms, including Escherichia coli, Enterobacter cloacae, and many other
Enterobacteriaceae (Barron and Forsythe, 2007).

The desiccation tolerance of Sa/monella contributes to outbreaks of foodborne disease with
dry or low water activity (aw) foods (aw < 0.85) that have consistently occurred over the past
decades (Beuchat et al., 2011; Frelka and Harris, 2014; Gurtler et al., 2014; Laufer et al., 2015;
Santillana Farakos and Frank, 2014). Dry foods contaminated with Salmonella include pet foods,
nuts and nut products, spices, and infant formula (Behravesh et al., 2010; CDC, 2019; Jourdan et
al., 2008). Desiccated Sal/monella cells resist pathogen intervention treatments that are lethal to
cells at high aw. Interventions methods such as pasteurization, high pressure CO2, or high

hydrostatic pressure are effective decontamination treatments for high-aw foods but are
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insufficient to decontaminate dry foods (Chen et al., 2017; Molina-Hoppner et al., 2004).
Salmonella are inactivated within less than 1 to 10 min by treatment at 60 °C in high-aw foods,
however, decimal reduction times at 60 °C (Dgo values) in low-aw foods typically exceed 100 min
(Finn et al., 2013). Treatments for inactivation of Sa/monella in dry foods include treatment with
propylene oxide, hot oil, or steam (Pan et al., 2012) or require temperatures exceeding 120 °C (Du
et al.,, 2010; Podolak et al., 2010). These treatments also substantially impact food quality.
Improving the safety of dry foods thus remains an unsolved problem for the food industry. The
improvement of pathogen intervention technologies necessitates improved knowledge of the
mechanisms of dry-heat resistance.

Survival of desiccated Salmonella is supported by the accumulation of compatible solutes,
the expression of Fe-S cluster proteins, and the catabolism of fatty acids (Finn et al., 2013).
Compatible solutes, including trehalose, glycine-betaine, and glutamate, prevent protein
denaturation and maintain the membrane integrity in the dry state (Purvis et al., 2005). Iron-sulfur
cluster proteins prevent oxidative damage after desiccation (Gruzdev et al., 2011); oxidative
damage is a major contributor to the death of dry cell (Fang et al., 2020). Because unsaturated fatty
acids are particularly prone to oxidation in the dry state, alterations of the composition of the
membrane by increasing the proportion of saturated fatty acids and cyclopropane fatty acids also
extends survival after desiccation (Finn et al., 2013). In addition to protein homeostasis, membrane
composition, and transport of inorganic ions or compatible solutes, genes that were found to
increase survival of desiccated Salmonella relate to energy production and conversion, regulation
of biological processes, DNA metabolic process, and virulence factors (Jayeola et al., 2020; Jiang
et al., 2004; Mandal and Kwon, 2017). Mechanisms that improve survival of enteric pathogens

after desiccation, in particular the accumulation of compatible solutes, have been related to the
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heat resistance of desiccated Escherichia coli (Li and Génzle, 2016); however, mechanisms of dry-
heat resistance of Sa/monella remain largely unexplored.

Resistance of enteric pathogens to environmental stress is often strain-dependent (Liu et
al., 2015; Tamber, 2018), indicating that many genetic determinants for stress resistance are
encoded by the accessory rather than the core genome. The role of accessory genes encoded by
mobile genetic elements in bacterial stress resistance was confirmed for wet heat and chlorine
resistance of E. coli and Klebsiella (Kamal et al., 2021; Mercer et al., 2015) as well as the heat and
pressure resistance of bacilli (Krawczyk et al., 2017; Li et al., 2019) Past studies identified
wastewater isolates of Salmonella that exhibit exceptional tolerance to UV light (Prasad et al.,
2021), heat (Gautam et al., 2020), and high-pressure CO> (Schultze et al., 2020) after desiccation.
It remains unknown, however, whether the accessory genome of Salmomnella contributes to
resistance to desiccation or dry heat. This study aimed to investigate the genetic determinants for
dry-heat resistance in Sal/monella with a comparative genomics approach. The resistance of 108
strains of Salmonella to dry heat was determined, genes that were encoded in genomes of resistant
strains but not in genomes of sensitive strains of Sa/monella were identified, and the contribution
of selected genes to the resistance to desiccation and dry heat was assessed in a functional

genomics approach.

6.2. Materials and methods
6.2.1. Sample collection and dry-heat treatment

Wastewater isolates of Salmonella (50 strains) were isolated from a municipal wastewater
treatment plant in Alberta. To achieve a wide range of different serotypes, an additional 58
Salmonella strains, from the SARB and SARC collections (Boyd et al., 1996, 1993), were obtained

from the Sa/monella Genetic Stock Centre, Calgary, AB, Canada (Table S6.1.). To determine the
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dry-heat resistance, overnight cultures in tryptic soy broth (TSB) were washed by phosphate-
buffered saline (PBS; Thermo Scientific, Wilmington, Delaware, USA), and 100 pL of culture
from each strain was transferred in a 200-uL PCR tube. The tubes were placed in a vacuum
desiccator (Thermo Scientific, Wilmington, Delaware, USA) with CaSO4 as desiccant (aw< 0.1)
(Thermo Scientific, Wilmington, Delaware, USA) for 24 h. Dry cells were heated at 95 °C for 1
h, and cooled to 4 °C, and cell counts were determined by plating on trypticase soy agar (TSA;

Difco, Becton Dickinson, Sparks MD) and incubation for 24 h at 37 °C.
6.2.2. Determination of heat resistance and high-pressure resistance

The heat resistance at different parameters of the 8 most dry-heat-resistant strains selected
from 50 wastewater isolates and 58 SGSC strains was determined at different combinations of aw
and temperature to further confirm the resistance to dry heat. The following combinations of aw
and temperature were evaluated: aw of 0.1 at 80°C for 1 h; aw of 0.33 at 80°C for 30 min; and aw
of 0.75 at 80°C for 30 min. The 8 wastewater strains with highest resistance to dry-heat-resistant
wastewater strains and the 8 most sensitive SGSC strains were additionally assessed with respect

to resistance to treatment at 500 MPa for 1 min.
6.2.3. Genome sequencing and comparative genomics

The 8 most dry-heat-resistant wastewater isolates were selected for whole-genome
sequencing as described (Mercer et al., 2015). In brief, genome sequencing was performed using
an [llumina MiSeq system. Libraries were prepared with 1 ng of genomic DNA using the Nextera
XT DNA Library preparation kit (Illumina Inc., SanDiego, CA) by following the manufacturer's
instructions. Libraries were sequenced using the MiSeq Reagent Kit v3 (600-cycles) (Illumina
Inc.) with the 200-bp pair-end chemistry. The adapter trimming in the Illumina FASTQ file

generation pipeline was included to remove adapter sequences from the 3’ ends of the reads. Raw
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reads were trimmed using Trimmomatic 0.36.4 by following the SLIDINGWINDOW operation
with four bases to average across and 20 as the average quality. Trimmed reads were then de novo
assembled with SPAdes 3.12.0, with k-mer sizes of 21, 33. Genome sequences of 58 SGSC strains
were obtained from NCBI. Prokka was used to annotate the genomes of 8 water isolates and 58
SGSC strains (Seemann, 2014). Roary was used to assess the pangenome and generate the core
genome alignment (Page et al., 2015), and a phylogenetic tree was constructed using FastTree2
(Price et al., 2010). Genes that were differentially distributed between heat resistant and heat
sensitive cells were identified by Scoary (Brynildsrud et al., 2016). The SISTR web server was

used to predict the serovar for 66 Salmonella strains.

6.2.4. Quantification of relative gene expression

Of the 8 dry-heat-resistant strains, S. enterica Muenchen FUA1903 was selected to
quantify relative gene expression. The strain was grown in TSB or on a solid surface of agar plates
aerobically. The cells were harvested from the two samples for RNA extraction and were
desiccated for 24 h to an aw of 0.10 and rehydrated in RNAprotect bacteria reagent (Qiagen,
Hilden, Germany) for RNA extraction. The culture that was grown in broth without any further
treatment served as control. RNA was isolated using the RNAeasy minikit (Qiagen) and reverse
transcribed to ¢cDNA by a QuantiTect reverse transcription kit (Qiagen) according to the
manufacturer’s protocols. The expression of 28 genes was quantified by using SYBR green reagent
(Qiagen) and on a 7500 Fast PCR instrument (Applied Biosystems, Foster City, CA, USA).
Negative controls included DNase-treated RNA and nontemplate controls. The gene coding for
glyceraldehyde-3-phosphate dehydrogenase A (gapA) served as the reference gene. The gene
expression ratio of 28 genes in cells grown on agar plates or desiccated cells relative to those cells

grown in broth were calculated with the AACraccording to Pfaffl (Pfaffl, 2001).
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6.2.5. Genetic complementation of putative functional genes

The 15 genes that were highly expressed after dry treatment were cloned into two dry-heat
sensitive strains S. Arizona FUA10245 and S. Arizona FUA10246, which carry none of these
genes. The genes were amplified using primers described in Table 6.1. The PCR products were
cloned into pRK767 as HindIII/Kpnl inserts and were transformed into E. coli DH5a. The pRK767
or pRK767-based recombinant strains were electroporated into S. Arizona FUA10245 and S.
Arizona FUA10246. pRK767 was used as vector control. The plasmids used in this study were
pRK767, pRK-ahpD, pRK-cysJ, pRK-cysM, pRK-entD, pRK-fadK, pRK-fhud, pRK-fixX, pRK-
fliK, pRK-ndhl, pRK-pduF, pRK-phoC, pRK-pspE, pRK-sip4, pRK-sopD, and pRK-uspC.
Transfermants were cultivated in medium containing 15 mg/L tetracycline and were induced by 1

mM isopropyl-B-D-thiogalactopyranoside (IPTG).
6.2.6. Statistical analysis.

The gene expression of treated cells relative to the control was compared with 0 using one-
sample t-test (P<0.05) in SPSS 21.0 software (SPSS Inc., Chicago, IL, USA). Data obtained from
treatment lethality of transformants were analyzed with one-way analysis of variance (ANOVA).
Tukey’s test was used to test the difference among means using a P value of <0.05. Data are

presented as means + standard deviation (SD) from at least three biological replicates.
6.2.7. Data availability

The sequences of 8 dry-heat-resistant strains have been submitted to NCBI with accession
numbers JAHWYY000000000, JAHWYZ000000000, JAHWZA000000000,
JAHWZB000000000, JAHWZC000000000, JAHWZD000000000, JAHWZE000000000, and

JAHWZF000000000.
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6.3. Results
6.3.1. Variation of the dry-heat resistance of Salmonella

The screening for resistance to dry heat initially included stress-resistant wastewater
isolated of Salmonella, which were complemented by strains form the Salmonella Genetic Stock
Centre (SGSC) for a total of 108 strains representing 39 serotypes (Table S6.1.). The dry-heat
resistance was determined at different combinations of temperature and aw. All of the strains
isolated from wastewater were extremely resistant to dry heat (Figure 6.1.). Of the wastewater

isolates, 8 resistant strains were selected for genome sequencing and for genetic and physiological
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Figure 6.1. Treatment lethality of dry heat to Salmonella reference strains and 50 isolates of Salmonella
from wastewater (Table S6.1.). The cells were desiccated for 24 h to aw 0.10 and were heated at 80 °C
for 1 h. Results are expressed as the log-transformed ratio of cell counts before treatment to the cell
counts after treatment [log(No/N)]. Data are shown as means for three independent experiments. The
standard deviations were 0.60 log CFU/mL or less.

comparison to strains of Sal/monella that were obtained from the SGSC. A core genome

phylogenetic tree of the 8 wastewater isolates and 58 strains from the SGSC along with a heatmap
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indicating resistance to 95 °C at an aw of 0.1 for 1 h is shown in Figure 6.2. The cell counts after
dry heating differed by about 5 log CFU/mL, indicating a substantial variation in the resistance of

the strains.
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Figure 6.2. Core genome phylogenetic tree of Salmonella enterica using Salmonella bongori as
outgroup. The core genome phylogenetic tree was constructed with the genome sequences of the 66
strains for which dry heat resistance was assessed (Tab. S1). Each leaf indicates the serotype of isolates.
The heatmap indicates the survival of cells after dry-heat treatment (log CFU/mL). The overnight culture
of each strain was dried in a vacuum desiccator for 24 h to reach aw 0.10. The dry cells were heated at
95 °C for 1 h and then were cooled to 4 °C immediately. After the cells were rehydrated in PBS buffer
back to original volume at room temperature for 10 min, cell counts were determined. Data are shown
as means for three independent experiments. The standard deviations were 1.09 log CFU/mL or less.

To determine whether the dry-heat resistance of strains of Salmonella relates to the
treatment conditions, the resistance of all 66 strains was assessed at 80 °C with an aw of 0.1, 0.33
or 0.75. The treatment time was adjusted to obtain a reduction of cell counts ranging from > 1 to
< 8 log CFU/mL. In E.coli, resistance to both desiccation and high pressure relates to oxidative

stress; therefore, 16 strains were additionally evaluated with respect to their survival after
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treatment with 500 MPa (Figure 6.3.). The treatment lethality of these 4 different treatments
against strains of Sa/monella (Figure 6.3.) was consistent with the resistance shown in Figure 6.2.
Results also demonstrate a close relationship between the resistance to dry heat and the resistance

to high pressure.
6.3.2. Phylogenetic distribution of resistant strains

The dry-heat resistance of strains was not related to their phylogenetic position (Figure

6.2.), indicating that the dry-heat resistance was mediated by genes of the accessory genome rather
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Figure 6.3. Treatment lethality of treatment with dry heat to 66 strains of Sa/monella. The 66 strains
used are the same as those shown in Figure 6.1. Dry-heat treatment was performed by equilibration of
dry cells to an aw of 0.10 and heating to 80 °C for 1 h. To determine the dry-heat resistance at different
water activities, the cells were desiccated for 24 h at an aw of 0.10, equilibrated to an aw of 0.33 or an aw
0f 0.75 for 24 h, and then heated at 80 °C for 30 min. The overnight culture of the 8 most resistant strains
and 8 most sensitive strains were additionally treated at 500 MPa for 1 min. Results are expressed as the
log-transformed ratio of cell counts before treatment to the cell counts after treatment [log(No/N)]. Data
are shown as means for three independent experiments. The standard deviations were 1.15 log CFU/mL
or less.
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than the core genome. To test the hypothesis that genes that are responsible for dry-heat resistance
are part of the accessory genome, the 22 most resistant strains and the 8 most sensitive strains were

selected for comparative genome analysis.

6.3.3. Identification of genes that potentially contribute to dry-heat resistance

To identify genes with a putative contribution to dry-heat resistance, genes that were
differentially distributed among the 22 most resistant strains and the 8 most sensitive strains were
identified with Scoary (Table S6.2.). Comparative genomic analysis identified 353 genes that were
differentially distributed between the resistant and sensitive strains (Benjamini-Hochberg adjusted
P value of < 0.03). Of these, 289 genes were present in all 22 dry-heat-resistant strains of
Salmonella but absent in 4 or more of the 8 dry-heat-sensitive strains of Salmonella. To select
candidate genes for subsequent confirmation, 22 proteins with a putative relationship to stress
resistance were selected (Table 6.2.). The selected proteins are related with multiple stress

responses, including oxidative stress, heat stress, acid stress, starvation stress, and virulence.

6.3.4. Quantification of gene expression

To further support a role of the 22 genes shown in Table 6.2., relative gene expression of
these genes was assessed before and after desiccation. Three additional genes located on the same
operon as one of the genes shown in Table 6.2. were additionally included (Figure 6.4.). After
heating, the concentration of mRNA was too low to be detected (data not shown); therefore, gene
expression was quantified after desiccation only. Since multiple genes identified in Table 6.2.
relate to oxidative stress and starvation, the gene expression of cells grown as solid-state cultures
on the surface of an agar plate were also compared to gene expression of planktonic cells growing
in broth. The results indicated that 7 genes were overexpressed in both conditions; 2 genes were

over-expressed (P<0.05) only by solid-state cultures on agar plates, and 6 genes were over-
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expressed only after desiccation. In total, 15 genes were differentially expressed by solid-state
cultures on agar plates or after desiccation. Genes that were overexpressed after desiccation relate
to the osmotic (ndhl and sopD) or oxidative stress response (ahpD, cysJ, cysM, entD, fhuAd, fixX,
pspE, and uspC) but also to virulence of Salmonella (pduF and sipA) and other stress responses

(fadkK, fliK, and phoC).

logo-transformed gene expression level in treated cells relative to untreated cells

Figure 6.4. Relative expression of 28 genes in S. Muenchen FUA1903 after desiccation (Panel A) or
solid-state incubation (Panel B). Relative gene expression was quantified by RT-qPCR with gap4 as
housekeeping gene and untreated cultures grown aerobically in broth were used as reference conditions.
Desiccated cells were grown aerobically overnight and were desiccated for 24 h to a water activity 0.10.
Bars are coloured if the expression was significantly (P<0.05) different from the reference conditions.
Data are means + standard error of five independent experiments.
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6.3.5. Genes confer resistance to dry-heat or high pressure.

To verify the contribution of 15 genes in dry-heat or high-pressure resistance, these genes
were introduced in two sensitive strains, S. Arizona FUA10245 and S. Arizona FUA10246, after
cloning into the low-copy vector pRK767 under control of the inducible /acZ promotor. Cloning
of the empty plasmid pRK767 served as control, and cultures were induced by IPTG prior to

treatment. Cloning of cysM, phoC, pspE, sopD, and uspC increased the resistance to both dry heat
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Figure 6.5. Lethality of treatments with dry-heat (Panel A and Panel C) or high pressure (Panel B and
Panel D) towards S. Arizona FUA10245 (Panel A and Panel B) and S. Arizona FUA10246 (Panel C and
Panel D). All strains harbored the plasmid pRK767 either as empty vector, or encoding the genes
indicated on the x axis under control of the /acZ promotor. Treatment with dry heat was performed by
desiccation and equilibration to an aw of 0.10 and heating to 80 °C for 1 h. High-pressure treatment was
performed by compression to 500 MPa for 1 min. Results are expressed as the log-transformed ratio of
cell counts before treatment to the cell counts after treatment [log(No/N)]. Values for different
transformants that do not have a common superscript differ significantly (P<0.05). Bars are colored if
the reduction of cell counts was significantly (£<0.05) different from the control strains transformed with
empty pRK767. Data are means + standard error for three independent experiments.

abed

Treatment lethality log(Ng/N)
[4,]
Ho

N

(N/ON)Boj Ayijeural Juswieas L

cysi I —
entb{ 1§
fadk {_—— }—
fAuA —
fixx I 1—%
7 ¢ I— 1

entD A

fadk 1 HH

fhuA

fixX i

pRK767
cysd 1
fliK
ndhl
phoC
pspE
sipA
sopD
uspC
pRK767
ahpD IR g
cysd |
cysM
ndhl
pduF
phoC
PSpE
SipA {
sopD
uspC

113



and high pressure (Figure 6.5.). The overexpression of ahpD only provided protection against high
pressure (Figure 6.5.). The response of the two strains to overexpression was highly comparable

(Figure 6.5.).

6.4. Discussion

This study extends prior knowledge by identification of genes of the accessory genome
that contribute to dry-heat resistance of Salmonella. The identification of genes coding for
resistance of Sa/monella to dry heat or high hydrostatic pressure took advantage of the availability
of several wastewater isolates of S. enterica that display an exceptional resistance to desiccation,
dry heat, and oxidative stress (Du et al., 2020; Gautam et al., 2020; Schultze et al., 2020) and the
availability of diverse strains of S. enterica from the SGSC. The strains of S. enterica differed
substantially with respect to their dry-heat resistance, which matches prior observations for wet
heat and pressure resistance of Salmonella as well as E. coli (Gill et al., 2019b; Liu et al., 2015;
Mercer et al., 2015; Tamber, 2018). All of the wastewater isolates from a municipal wastewater
treatment plant were resistant to dry heat. E. coli isolates from the same wastewater plant were
previously demonstrated to resist chlorine treatment (Zhi et al., 2016). Because cell counts after
treatments differed by more than 5 log CFU/mL, we considered comparative genomic analyses a
feasible approach to identify those genes that contribute to the large difference in survival (Mercer
etal., 2015).

Prior analyses identified genes with a putative or confirmed contribution to desiccation
tolerance (Finn et al., 2013; Jayeola et al., 2020; Mandal and Kwon, 2017). Most of these genes,
however, are part of the core genome of Sa/monella, are also present in E. colii, and, thus, do not
account for the large intraspecific or interspecies differences in resistance to desiccation and dry

heat. Genetic determinants of pressure resistance in Salmonella (Tamber, 2018) have not been
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elucidated, and genes that relate to pressure resistance in E. coli (Robey et al., 2001; Vanlint et al.,
2013) are also part of the core genome. Comparative genomics identified 353 genes that were
differentially distributed between resistant and sensitive strains; of these, 289 were present in all
resistant strains of Salmonella, and 22 were annotated to have a relationship with stress resistance
(Table 6.2. and Table S6.2). Of these 22 genes, 15 were overexpressed after desiccation or in solid-
state culture on agar plates, and 6 genes were confirmed to contribute to dry-heat or high-pressure
resistance by cloning and expression in sensitive cells. Our screen eliminated genes of the core
genome, genes of unknown function, genes that contribute to stress resistance but are constitutively
expressed, which is the case for, e.g., the transmissible locus of stress tolerance (tLST) in E. coli
(Mercer et al., 2017a), as well as genes that act only in concert with other genes. Despite these
limitations, the identification of 6 genes that contribute to resistance to multiple stressors
substantially expands our knowledge of the tolerance of Salmonella to desiccation and intervention
treatments after desiccation.

Genes that contributed to dry heat-resistance mapped to multiple pathways, including acid
stress, osmotic stress, protein homeostasis, and oxidative stress, with the latter being the most
prominent. Oxidative stress resistance is an important component of the desiccation tolerance of
Salmonella (Finn et al., 2013). The cloning of cysM and pspE protected against oxidative stress
(Nakatani et al., 2012; Wallrodt et al., 2013) and also increased the dry-heat resistance of sensitive
Salmonella strains. The cysteine synthase B encoded by cysM synthesizes cysteine under anaerobic
growth conditions (Filutowicz et al., 1982) and enables Salmonella to utilize thiosulfate (S203>")
as a sulfur source (Nakamura et al., 1983) that reduces oxidative stress in the periplasm (Ohtsu et
al., 2010). PspE is a periplasmic sulfurtransferase that may contribute to the cellular response to

heat shock (Jovanovic et al., 2006). The acid phosphatase PhoC is involved in a high-affinity
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phosphate uptake system that may contribute to the synthesis of membrane phospholipids after
exposure to stress (Voegele et al., 1997). The secreted effector SopD plays a role in membrane
fission during Sal/monella invasion and was also shown to contribute to desiccation resistance
(Maserati et al., 2017). The periplasmic proteins (CysM, PspE), membrane synthesis related
proteins (PhoC, SopD), and general stress response protein (UspC) contributed the resistance to
both dry heat and high pressure. Alkyl hydroperoxide reductase AhpD, a thioredoxin-like protein,
provided oxidative defense under high-pressure stress rather than dry-heat shock (Bryk et al.,
2002).

Our study expands current knowledge in two ways, first by analyzing the contribution of
the multiple genes of the accessory genome of Salmonella to resistance to dry heat and high
pressure, and, second, by demonstrating that these genes increase resistance to multiple stressors.
Previous studies focused on individual stressors, including heat, oxidative stress, desiccation, and
starvation (Hébrard et al., 2009; Jiang et al., 2004; McMeechan et al., 2007; Nguyen et al., 2017).
Cytoplasmic and periplasmic oxidative stress and membrane integrity are key elements of the
response of E. coli and Salmonella to desiccation as well as several intervention treatments after
desiccation, e.g., dry heat, UV light, or high-pressure carbon dioxide (Chen and Génzle, 2016;
Fang et al., 2020; Finn et al., 2013; Malone et al., 2006). Our study further documents the
contribution of membrane integrity and redox homeostasis to dry heat and high pressure;
moreover, it is possible or even likely that the same genes also contribute to the resistance of the
same strains to UV light after desiccation (Du et al., 2020) and to high-pressure CO> (Schultze et
al., 2020). A genetic island termed the tLST, which is relatively frequently in E. coli and Klebsiella
species, confers resistance to wet heat and oxidizing inorganic chemicals (Kamal et al., 2021). The

virtual absence of the tLST in Sa/monella (Kamal et al., 2021) and initial data on isogenic strains
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of S. Typhimurium expressing the tLST1 or not (Seeras, 2017) suggest that the tLST decreases
resistance to dry heat. Thus, mechanisms of dry-heat resistance differ from mechanisms of wet-
heat resistance. Knowledge on convergent or divergent mechanisms for resistance to different
decontamination methods will enable identification of intervention methods that target multiple
pathogens of concern, e.g. E. coli and Salmonella in dry foods, as well as hurdle treatments with a
complementary mode of action.

The evolution of Salmonella in vertebrates has resulted in thousands of serotypes that
exhibit remarkable diversity in their host range and pathogenicity (den Bakker et al., 2011; Park
and Andam, 2020). Serotypes of Salmonella enterica relate to phylogeny and host adaptation
(Litrup et al., 2010); therefore, 39 serotypes were used in this study to investigate the relationship
between dry-heat resistance and serotype or phylogeny. Horizontal gene transfer in the accessory
genomes of Enterobacteriaceae, including pathogenic E. coli and Salmonella, are important for
lifestyle adaptations (Pal et al., 2005). Horizontally acquired genes enhance virulence (Croxen et
al., 2013; Tanner and Kingsley, 2018) or confer resistance to stress (Mercer et al., 2015; Nguyen
etal.,2017). In contrast to E. coli, which includes free-living or plant-associated clades in addition
to intestinal clades (Alm et al., 2011; Nguyen et al., 2017), Salmonella are obligate pathogens to
humans and animals (Tanner and Kingsley, 2018).

Irrespective of the adaptation of specific clades or serotypes of E. coli and Salmonella to
specific host species, neither organism forms stable relationships with host individuals (Tenaillon
et al., 2010), and maintenance of the population requires horizontal transmission between
individual hosts and survival in extraintestinal environments (Winfield and Groisman, 2003).
Some virulence factors, like pspE and sopD in Salmonella, may be selected not only for host

invasion but also for stress resistance in extraintestinal environments (Maserati et al., 2017).
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Differences in the approach taken by E. coli and Salmonella to resist wet heat, desiccation, or dry
heat were described above; these differences likely relate to the different approaches taken by E.
coli and Salmonella to survival in extraintestinal habitats and host-to-host transmission. This
implies that an improved understanding of the extraintestinal lifestyle of enteric pathogens

(Winfield and Groisman, 2003) is important for their improved control in the food supply chain.

6.5. Conclusions

In conclusion, this study demonstrates that accessory genes coding for oxidative stress
tolerance increase survival of Salmonella to dry heat and high pressure. Overexpression of these
genes during growth on agar media and/or during desiccation increased dry-heat resistance.
Resistance to oxidative stress and desiccation are critical to the long-term survival of Salmonella
in extraintestinal environments. Genes related to virulence of Salmonella were also overexpressed
after desiccation, which may contribute to the low infectious dose of Salmonella after ingestion of
dry foods (Beuchat et al., 2013). Mechanisms of desiccation tolerance also enable Salmonella to
overcome multiple stressors. Salmonella encounters multiple stresses throughout the food chain;
therefore, mechanisms underlying dry-heat resistance and high-pressure resistance in a diversity

of serotypes provide important clues for improved control of Salmonella in the food supply.
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Table 6.1. Primers used in this study.

Experiment =~ Name Sequence (5’ —3’) Product Tm°
size (bp)
Gene ahpD-qPCR-F GTGCATTTTGCCTGGAGATG 234 60
expression ahpD-qPCR-R CGAAGGTCAGATCGCTGATT
cysJ-qPCR-F AACTCAACCAGCTCCTTCAC 195
cysJ-qPCR-R CAGCCCCTATACCAAAGACG
cysM-qCR-F TACCAGCGAGGCGTTAAAAA 188
cysM-qPCR-R GTCGCATCACCCATTTTGTC
entD-qCR-F TATTGATAGCGATGAGCGCC 189
entD-qCR-R GCTGGCAGCAGATATAACGA
fadK-qCR-F AAATCGCCGTGGTCGATAAT 170
fadK-qCR-R CAGGCAGGCCAGATAAATGA
fhuA-qCR-F CAGGTGAACTGGTGGTCATT 209
fhuA-qCR-R GAATACTTTGCTTTCGGCGG
fixX-qCR-F CGTAGATGAAGGACACCCAC 180
fixX-qCR-R AGAGTATTGCCGCAGAGAAC
fliK-qCR-F CAGCATGATGAGAAAACGCC 250
fliK-qCR-R GCTCGCTAAAAGAGAGCGTA
ibpA-qCR-F TTCCCGTGTTTGCTGATTCT 195
ibpA-qCR-R CGCCAACCGTTTCAATTTCA
narJ-qCR-F TGATGGCACAGTATGAGCAG 228
narJ-qCR-R CGATAACGGTATTCGCCAGT
ndhl-qCR-F GGCAGGTCAGCATAGATACG 172
ndhl-qCR-R TGCCAGAGAAGCAGTTCATC
nrfG-qCR-F CCAGTCTGAACACTCCACTG 169
nrfG-qCR-R CGTAAAGTCACGTAGCGGAT
pdeN-qCR-F TGTGGATTCGCAGTATGTCC 250
pdeN-qCR-R AAGACACAATGACAGCGGAA
pduF-qCR-F TTTCACTGGCCGTTTACCTT 211
pduF-qCR-R ACCATATGATGCGCAGTCTC
phoC-qCR-F GGGCTATGCGATAAAGGGTT 174
phoC-qCR-R TAGTAGCCGCCCATTTTCAG
proP-qCR-F GGCGCCTTTGTTTTTGGTAA 174
proP-qCR-R CAGCCCCTGTATAATTCGCA
pspE-qCR-F TTCATAGCCATGCCGCTTTA 248
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pspE-qCR-R ATACCGCCCATATTCATCGC
sipA-qCR-F GTGGATTCGACTACGCATCA 162
sipA-qCR-R TTCTGACGTGACCACCTTTC
sipC-qCR-F TAAAACGACAGCAAGCTCCA 169
sipC-qCR-R TTTATCGATCTTCGCGGCAT
sopD-qCR-F GGACGCTTCTCAGACACAAT 232
sopD-qCR-R TGCATTTCCCGTCACTTCTT
sseB-qCR-F CGTGAGCACGGTATTCTCAT 228
sseB-qCR-R CCACTTACTGATAAGCCCCG
sseJ-qCR-F ATCACATCCCAAGCCCAAAA 237
sseJ-qCR-R GATGTACTTCCCCCTTCAGC
tolC-qCR-F AACGGATTTTGGAGTGAGGG 243
tolC-qCR-R CGCATATCAGATTGCATCGC
uspC-qCR-F CTACTGGCTAAAGCGGTCTC 223
uspC-qCR-R GCTGGCTTAACTCACCTGAT
ycbF-qCR-F GCGCGATATATTGGTGCTTG 228
ycbF-gCR-R TAAATAATGGCGGCGTGACT
Plasmid ahpD-HindIII AAGCTTATGACAACGTTACGCCAACCCTATTATGA 442 60
construction  ahpD-Kpnl GGTACCTCACATTCGCATACCGATCGCCA
cysJ-HindIIl AAGCTTATGACGACACCGGCTCCACT 1810
cysJ-Kpnl GGTACCTTAGTAGACATCTCGCTGATAACGGCG
cysM-HindIII AAGCTTGTGAATACATTAGAACAAACCATCGGCAATACG 962
cysM-Kpnl GGTACCTTAAATCCCTGCCCCCTGGCT
entD-HindIIT AAGCTTATGCTGACATCTCATTTTCCCCTTCCC 716
entD-Kpnl GGTACCTTTATCGGGGGATTGCGCTAAGTATAGAAGC
fadK-HindIIl AAGCTTATGAGTGTTACATTAACGTTTGACGCCG 1652
fadK-Kpnl GGTACCTTTATACCGCAGTGTGCTCCTGGC
fhuA-HindIII AAGCTTATGGCGCGTCTTAAAACTGCTCA 2200
fhuAd -Kpnl GGTACCTTAGAAACGGAAGGTTGCCGTTGC
fixX-HindIII AAGCTTATGAGTTCGGACAATAAGGTGAATGTTGAC 304
fixX-Kpnl GGTACCTCAGCCGTAGCGAAACTCAACG
fliK-HindIII AAGCTTATGATCACCCTGCCCCAACTGATC 1234
fliK-Kpnl GGTACCTTAGGCGAAGATATCCACTGCGCC
ndhl-HindIII AAGCTTATGGTTAACCTGACGATCGATCCGG 874
ndhI-Kpnl GGTACCTTAAAGGCGCACAGCAAACTCAGG
pduF-HindIII AAGCTTATGAATGATTCTCTAAAGGCGCAATGTGGT 805
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pduF-Kpnl
phoC-HindIIl
phoC-Kpnl
pspE-HindIIl
pspE-Kpnl
sipA-HindIII
sipA-Kpnl
sopD-HindIII
sopD-Kpnl
uspC-HindIII
uspC-Kpnl

GGTACCTTACAGTTCACAGCGGTTACAAGGTAAATTCT
AAGCTTATGAAAAGTCGTTATTTACTATTTTTTCTACCACTGATCG
GGTACCTCAGTAATTAAGTTTGGGGTGATCTTCTTTACTCA
AAGCTTATGTTGAAAAAAGGAATATTTGCGTTAGCGTTATTCA
GGTACCCTATTTTTTTACTTTAGGCATATCAAGACGACTGATACCG
AAGCTTATGGTTACAAGTGTAAGGACTCAGCCC
GGTACCTTAACGCTGCATGTGCAAGCCA
AAGCTTATGCCAGTCACTTTAAGCTTCGGTAATCA
GGTACCTTATACCAGTAATATATTACGACTGCACCCATCTTTAC
AAGCTTATGAGCTACACCCATATTCTTGTCGCC
GGTACCCTAGTCGCCCGCTAACGGTACC

763

325

2068

964

439
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Table 6.2. List of genes that are present in all 22 heat resistant strains of Sa/monella but absent
in more than 4 of the 8 heat sensitive strains of Sa/monella. Differentially distributed genes were
identified in Scoary with a Benjamini-Hochberg adjusted P-value of less than 0.03. Of the 289
differentially distributed genes that were identified with these criteria (Table S6.2.) only those 25
with known function related to stress resistance or virulence are shown.

Gene Annotation Functions References
fliK  Flagellar hook-length control protein Acid stress (Maurer et al., 2005)
ycbF  Putative fimbrial chaperone Catabolic stress (Hosoya et al., 2002)
uspC Universal stress protein C General stress response  (Heermann et al., 2009)
ndhl NAD(P)H-quinone oxidoreductase subunit | Osmotic stress (Huihui et al., 2020)
proP Proline/betaine transporter Osmotic stress (Racher et al., 1999)
sopD Secreted effector protein Osmotic stress (Jiang et al., 2004)
cysJ Sulfite reductase [NADPH] flavoprotein alpha- Oxidative stress (Nakatani et al., 2012)
component
cysM Cysteine synthase B Oxidative stress (Nakatani et al., 2012)
fixX Ferredoxin-like protein Oxidative stress (Earl et al., 1987)
ahpD Alkyl hydroperoxide reductase Oxidative stress (Hong et al., 2019)
entD Enterobactin synthase component D Oxidative stress (Gehring et al., 1998)
fhuA Ferrichrome outer membrane transporter/phage receptor Oxidative stress (Eisenhauer et al., 2005)
tolC  Outer membrane protein Oxidative stress (Lee et al., 2016)
nrfG  Formate-dependent nitrite reductase complex subunit ~ Oxidative stress (NOy)  (Cole, 1996)
pspE  Thiosulfate sulfurtransferase Oxidative stress (NO) (Wallrodt et al., 2013)
narJ Nitrate reductase molybdenum cofactor assembly Protein homeostasis (Blasco et al., 1998)
chaperone
ibpA Small heat shock protein Protein homeostasis (LeThanh et al., 2005)
fadK Medium-chain fatty-acid--CoA ligase Starvation stress (Campbell et al., 2003)
pdeN putative cyclic di-GMP phosphodiesterase Starvation stress (Herbst et al., 2018)
phoC Acid phosphatase Starvation stress (Geiger et al., 1999)
pduF Propanediol diffusion facilitator Virulence (Bobik et al., 1999)
sseB Secreted effector protein Virulence (Freeman et al., 2002)
sseJ Secreted effector protein Virulence (Ohlson et al., 2005)
sipA  Cell invasion protein Virulence (Bronstein et al., 2000)
sipC  Cell invasion protein Virulence (Hayward and

Koronakis, 1999)
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CHAPTER 7. General Discussion and Open Questions

The genomic information indicates adaptation of Enterobacterales to diverse habitats and
lifestyles. The synthesis of phylogenomic, metabolic and functional data clearly provides clues on
the evolution of lifestyles of Enterobacterales (Chapter 2). During this evolution, bacteria acquired
resistance genes associated with specific host colonization to resist environmental stressors present
in the given habitats. This Ph. D research explored the stress resistance mechanisms of E. coli,
Klebsiella and Salmonella in non-host related environmental niches and ecological role of stress

resistance in free-living lifestyle and symbiotic lifestyle.

7.1 Mechanisms of stress resistance in Enterobacteriaceae

The role of accessory genes encoded by mobile genetic elements in bacterial stress
resistance was confirmed for the heat and pressure resistance of bacilli (Krawczyk et al., 2017;
Chapter 3). The spoVA4>™" operon confers heat resistance on bacterial endospores and contributes
to spore survival during baking (Berendsen et al., 2016a; Z. Li et al., 2020). This finding confirmed
that accessory genes which mediate resistance are relevant for survival of spoilage bacteria or
human pathogens during food processing. Therefore, this thesis investigated the mechanisms of
wet heat and chlorine resistance of E. coli and Klebsiella (Chapter 4 and 5) and heat resistance of
desiccated Sa/monella (Chapter 6), which are conferred by accessory genes.

The tLST that occur in diverse Enterobacteriaceae confers resistance to heat, chlorine, and
other oxidizing chemicals, which is consist of a protein homeostasis module, an envelope stress
module, and an oxidative stress module (Mercer et al., 2017a). The protein homeostasis module
encoding sHsp20, ClpKai, and sHspar is involved in protein folding and disaggregation in
cytoplasm. Three periplasmic proteins encoded by the envelope stress module (pscA4, pscB and

hdeDgr) contribute to both heat and chlorine resistance. KefB encoded by the oxidative stress
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module is the only protein that specifically contributes to chlorine resistance by protecting
membrane lipids. The maintenance of all core genes is necessary to give full protection to multiple
cellular components against multiple stressors. The much lower frequency of the tLST in
Salmonella relative to E. coli and Klebsiella indicate that Salmonella have different resistance
mechanisms, thus the genetic determinants of dry-heat resistance and pressure resistance in

Salmonella were identified in this study, including cysM, pspE, phoC, sopD, uspC and ahpD.

7.2 Ecological role of stress resistance in different lifestyles

Daqu fermentation selects for tLST-positive Enterobacteriaceae and spoVA>" -positive
bacilli; Chlorination in wastewater treatment selects for tLST-positive strains of E. coli. A strong
selective pressure like chlorination or thermization at 60 °C is required to maintain core proteins
encoded by the tLST. In the absence of selective pressure, the tLST decreases the ecological fitness
due to the high metabolic cost. Moreover, the selective pressure for the tLST is incompatible with
the selective pressure for virulence factors in enteric pathogens. For example, the co-occurrence
of the tLST and virulence factors of Shigella, STEC and UPEC has not been found by screening
genomes. Strictly vertebrate-associated Shigella exclude the tLST but 2% of its parent species E.
coli with blended lifestyles harboured this genetic island. High frequency of the tLST in those
Enterobacteriaceae that have varied lifestyles of plant habitats and vertebrate intestines and
absence of the tLST in unvaried-lifestyle species (Figure 7.1.) indicated the tLST may serve to
overcome dispersal limitation by improving survival outside plant or vertebrate hosts during host
transmission. Some species such as E. coli and Klebsiella, which are still in transition from plant-
associated lifestyle to vertebrate-associated lifestyle, get benefits from the tLST for dispersal
among environment and hosts, while this function is not necessary for Sa/monella and some other

obligate vertebrate-associated species.
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Multiple stressors in wastewater treatment plants provide strong selective pressure for
exceptional resistant strains of wide-spectrum species including Enterobacterales and
Pseudomonas. Surprisingly, extremely resistant strains of tLST-positive E. coli and Salmonella
have been isolated from the same source, wastewater, but they have distinct resistance mechanisms
and lifestyles. The 6 genes identified in resistant strains of Salmonella, which confer dry-heat
resistance or high pressure resistance, contributed to the long-term survival of Salmonella in non-
host environments (Chapter 6). These findings support that the selective pressures in ecosystems
maintain the genetic determinants against stressors and drive the evolution towards adaptation to

specific hosts or niches.

7.3 Significant impact of the tLST on food safety and public health

Blended lifestyles facilitate gene acquisition related with stress resistance and provides
selective pressure for antibiotic resistance independent of human activity (Chapter 2). Several
nosocomial pathogens in Enterobacteriaceae frequently harbor the tLST, including Enterobacter,
Klebsiella, and Cronobacter. These opportunistic human pathogens also acquire antimicrobial
resistance genes, which leads to a concern of the spread of antibiotic resistance and urgent demand
of new antibiotics. The tLST-mediated resistance to disinfection agents may facilitate bacterial
persistence in hospitals and emergence of antibiotic resistant pathogens. The predicted function of
several tLST-encoded proteins suggests a contribution to antibiotic resistance (Kamal et al., 2021).
Genomic islands are mobile and transferable to pathogens by horizontal gene transfer. Some
human-made environmental niches such as wastewater that may contaminate the food supply can
enrich resistance genes and make it more likely to transfer among pathogens. Therefore,

identification of genetic determinants that provide protection against multiple stressors in
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Enterobacteriaceae and investigation of their ecological roles are important for controlling

pathogenic Enterobacterales.

7.4 Open questions

This study proposed that tLST may facilitate the spread of antibiotic resistance, but the co-
occurrence of the tLST and antibiotic resistance in Enterobacteriaceae has not been explored.
Some human-made niches including chlorination and thermization treatments enriched the tLST,
while whether some natural environments that harbor the tLST need further confirmation. For
example, oxidative stress generated by the sunshine in water, oxidative stress in predatory protozoa,
and heat stress from rotting plant may select for the tLST. The mutual exclusion between the tLST
and virulence factors was discovered in this study but the reason is unclear. The presence of orf1
in almost all tLST-positive Enterobacterales (Figure 7.1.) indicates its important role but the
functions of orfI as well as other genes encoded by different variant of the tLST remain unknown.
Besides heat and chlorine resistance, investigation of other potential functions of the tLST is
necessary in the future. Last but not least, the ecological role of desiccation tolerance in Salmonella
is unclear. The reason why Salmonella serovars are more desiccation resistant than other intestine-
adapted Enterobacteriaceae (e.g. Shigella, STEC) remains unknown. The correlation between host

adaptation and desiccation tolerance in Sa/monella needs further investigation.
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Figure 7.1. Presence of tLST-encoded genes in Enterobacterales genomes and their lifestyles. The
assignment of species to lifestyle was based on different references (Table S2.4.), which included natural
habitats of the species as environmental, insect commensal, insect pathogen, nematode, plant commensal,
plant pathogen, vertebrate commensal, vertebrate pathogen, or human pathogen. Colored symbols
indicate the presence or absence of each of the 20 genes encoded by the tLST2 of S. enterica serovar
Senftenberg. The was modified from information provided by (Kamal et al., 2021).
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APPENDIX

Supplemental Table S2.1. Information of 364 types strains of Enterobacterales in this study

(provided as Excel file). https://doi.org/10.7939/r3-7tgc-qd3 1

Supplemental Table S2.2. Pairwise cAAIl values (provided as Excel (file).

https://doi.org/10.7939/r3-xd7f-zw67

Supplemental Table S2.3. Lifestyles of type strains in the Enterobacterales with references

(provided as Excel file). https://doi.org/10.7939/r3-kkr6-q023

Supplemental Table S2.4. Location of Enterobacterales in phyllosphere, rhizosphere or

endophytes (provided as Excel file). https://doi.org/10.7939/r3-cth7-1v85

Supplemental Table S2.5. List of type strains that were isolated before 1943 (provided as Excel

file). https://doi.org/10.7939/r3-0n2v-0g62
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Supplemental Method 2.1. Pan genome analysis and species phylogeny inference

Genome sequences of the 310 type strain belonging to the 310 species or subspecies in the
order Enterobacterales, and 28 genomes from the family Pasteurellales were obtained from
Genbank at June 10, 2021. The quality of these genomes were assessed by CheckM (Parks et al.,
2015). All the genomes were re-annotated through Prokka (Seemann, 2014), which implements
Prodigal for gene prediction(Hyatt et al.,2010). All the protein sequences from all the used
genomes were combined and an all-against-all blastP were performed on this protein dataset, with
the E-value threshold of 10-. Then the protein sequences clustering were conducted by FastOrtho
(https://github.com/olsonanl/FastOrtho). The pan and core gene of these genomes were calculated
through local Perl scripts.

For each of the 1306 core gene family shared by at least 90% of the 338 genomes, protein
sequences were extracted from all the used genomes, and aligned by MUSLCE (Edgar, 2004).
TrimAl ws used to remove spurious sequences or poorly aligned regions in all 1306 alignments
(Capella-Gutiérrez et al., 2009). Then the cleaned alignments were concatenated to form a new
alignment (Kalyaanamoorthy et al., 2017). ModelFinder was used to evaluate the best fitting
evolutionary model for this alignment. Maximum likelihood (ML) based phylogenetic analysis
was performed by RAXML-NG with the best model (LG+I+G), with 500 bootstrap replicates

(Kozlov et al., 2019). The tree was visualized through ITOL (https://itol.embl.de) (Letunic and

Bork, 2021).
The genome size and GC content were computed by the assembly-stats tool
(https://github.com/sanger-pathogens/assembly-stats) and local Perl script. Core genome average

amino acid identity (cAAI) was computed based on the 1306 core gene families. AAI and cAAI
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were analyzed through compareM (https://github.com/dparks1134/CompareM) and plotted using

R.

Supplemental Method 2.2. Gene content analysis

Microbial genome-wide association studies (mGWAS) analysis on the pan gene clusters
established above using Scoary was performed to predict the family-specific genes (Brynildsrud
et al., 2016). It used the gene presence and absence pattern file and a trait file. Traits were defined
as a strain belonging to a certain family (“1”’) or not (“0”"). Scoary was run with 1,000 permutation
replicates, gene families were reported as specific if all the three types of P-values (naive,
Benjamini-Hochberg-corrected, empirical) are less than 0.05, and both specificity and sensitivity
are above 70%. The overall distribution of all the family specific genes among all the studied
genomes were plotted as a heatmap through the package pheatmap of R (Fig. 2.6). The distribution
of a few family specific genes with interesting metabolic functions among all the genomes
analyzed were visualized by ITOL.

For different subtypes of type III secretion system (T3SS) and type VI secretion system
(T6SS), the database sequences were collected from Genbank according to the associated papers.
For virulence factor gene analysis, the database dataset was downloaded from the VFDB website
(Liu et al., 2019). The protein sequences of all the used genomes were used as query to Blast
against the database, with the E-value threshold of 10-'°. The candidate sequences were extracted
when the coverage is above 60% and the identity is above 50%. Each candidate was checked by
conserved domain scanning. The subtypes of T3SS and T6SS were determined according the
descriptions of Hu et al (2017) and Bernal et al (2018), respectively. ABRicate
(https://github.com/tseemann/abricate) was used identify antibiotics resistance genes (ARGs) from

each of the used genomes using ResFinder 4.0 as database (Bortolaia et al., 2020). The gene
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presence and absence profiles and the total numbers for each genome were summarized by local

script and were visualized through ITOL (Letunic and Bork, 2021).
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Supplemental Figure S2.1. Origin of 16S rRNA gene sequences corresponding to Yersinia

species in the metagenome datasets available on the integrated microbial NGS platform (IMNS,

https://www.imngs.org/).
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Supplemental Table S4.1. Screening of the transmissible locus of stress tolerance (tLST), IS30
and virulence genes in 70 wastewater E. coli strains (+: positive and -: negative)

Targets
tLST 1S30 papC saf/foc ibeA fuyA iroN

BB04US10-31 - - - - - -
BB05DS10-34 - - - - - - -
BB05SLO10-25 - - - - - - -
BB06DS10-31 - - - - - - -
BB06SLO10-33 - - - - - - -
BB07DS110-3 - - - - - - -
BB07SLO210-3 - - - - - - -
BB08DS110-3 - - - - - - -
BB08DS210-3 - - - - - - -
BB08DS310-3 - - - - - - -
BB0O8US510-6 - - - - - - -
BB09DS110-3 - - - - - - -
BB09DS210-3 - - - - - - -
BB09DS410-3 - - - - - - -
BB09US410-5 - - - - - - -
BB09US510-5 - - - - - - -
BB09SLO310-1 - - - - - - -
BB10US210-6 - - - - - - -
BB10SLO310-2 - - - - - - -
BB10SLO510-2 - - - - - - -
BB11US110-6 - - - - - - -
PC02DS410-4 - - - - - - -
PC02DS510-4 - - - - - - -
BB04US10-33 - - - - - - -
BB04US10-34 - - - - - - -
BB05SLO10-22 - - - - - - -
BB05SLO10-23 - - - - - - -
BB08SLO410-2 - - - - -
BB12DS510-3 - - - - + - -

BB02DS210-4 - - - - +

BB09SLO110-1 - - -
BB04DS10-32 - - + - -
BB04US10-73 - - + -
BB06DS10-34 - - - - -
BB06SLO10-32 - - - - -
BBO08SLO510-4 - - - - -
BB09DS510-3 - - - - -
BB12US410-7 - - + - -
BB12DS410-3 - - - - -
PC02DS110-4 - - - + -
BB04US10-32 - - - - -
BB05US10-53 - - - - -
BB09US110-5 - - - - +
BB04DS10-31 - - - - -
BB01DS110-3 - - + + -

I i e e
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BB04DS10-33
BB0O5US10-51
BB09SLO210-1
BB09SLO410-1
BB10DS310-4

BB10US310-6
BB12DS210-3
BB01DS410-3
PC0O1DS310-4
BB06US10-63
BB06SLO10-34
BB07US210-6
BB08DS410-3
BB08US110-6
BB08US410-6
BB09DS310-3
BB11DS310-3
BB11DS510-3
BBO05US10-55
BB05SLO10-21
BB06DS10-32
BB05DS10-35
BB06DS10-33
BB07US110-6
BB10UDA410-6

e i i i S i S S S A

+ 4+ + [+ o+

e Sl S

+ 4+ [+ o+
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Supplemental Table S4.2. Flow cytometric quantification of the oxidation of membrane lipids
in E. coli AW1.7, E. coli AW1.7 ApRK1 using C11-BODIPY 335! after H20> treatment (n=8).

Proportion in population E. coli AW1.7 E. coli AW1.7ApRK1

Unoxidized cells 39.6+6.3 29.1 + 6.6*
Oxidized cells 28.0+5.8 443 +4.1*
Non-stained cells 32.3+5.1 26.6 £ 6.1

Values for different strains within a row that are marked with an asterisk are significantly
different (P<0.05).
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Supplemental Table S4.3. Heat resistance and presence of the tLST of Shiga-toxin producing
Escherichia coli. Data for heat resistance are from Gill et al., 2019; PCR conditions for screening
of the three fragments of the LHR are described in the Chapter 4.2. (+: positive and -: negative)

Reduction of cell counts (log cfu/mL) after heating for 2 min at 60°C

ID Serotype  Isolation Mean SD Fragment 1 Fragment 2 Fratg;n en
1934 O157:H7 Beef 3.55 0.36 - - -
1931 O157:H7 Beef 3.59 0.39 - - -

LCDC 7282  OI157:H7 Beef 3.48 0.36 - - -
LCDC 7283  OI157:H7 Beef 3.83 0.08 - - -

06-0434 0103:H2 Human 3.76 0.61 - - -
05-4161 O111:NM Human 3.92 0.43 - - -
04-7099 O145:NM Human 2.91 0.11 - - -
161-84 O157:H7 Human 3.75 0.29 - - -
1011-84 O157:H7 Human 4.32 0.35 - - -
HCO 62 O157:H7 Human 3.49 0.49 - - -
HCO 59 O157:H7 Human 4.06 0.18 - - -
A9619.C2 0145:H2 Human 2.83 0.42 - - -
75-83 0145:H2 Human 3.84 0.72 - - -
05-6545 045:H2 Human 2.29 0.26 - - -
04-2446 0103:H2 Human 3.26 0.13 - - -
99-2076 0103:H2 Human 3.60 0.76 - - -
98-8338 O111:NM Human 4.03 0.31 - - -
00-4748 Ol111:NM Human 3.56 0.33 - - -

03-2832 01291:H1 Human 3.37 0.37 - - -

87-1215 O157:H7 Human 3.25 0.23 - - -
05-6544 026:H11 Human 2.80 0.42 - - -
03-4064 O121:NM Human 3.08 0.09 - - -
03-4699 O145:NM Human 1.69 0.32 - - -
85-0489 091:H21 Human 3.53 0.29 - - -

C0283 O157:H7 Cattle 2.46 0.01 - - -
E0122 O157:H7 Cattle 2.62 0.01 - - -
CFS2 026:H11 Cattle 4.03 0.50 - - -

99-4610 026:H11 Human 3.71 0.14 - - -
03-2816 026:H11 Human 2.59 0.03 - - -
01-5870 026:H11 Human 2.98 0.52 - - -
04-2445 045:H2 Human 3.51 0.43 - - -
01-6102 0103:H2 Human 2.93 0.33 - - -
00-4440 026:H11 Human 3.85 0.25 - - -
03-3991 026:H11 Human 3.35 0.52 - - -
04-1449 0145:NM Human 2.36 0.03 - - -
11-3088 0104:H4 Human 2.86 0.30 - - -
03-6430 O145:NM Human 2.39 0.42 - - -
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11-3581
11-4969

11-4211

11-5595

11-3925

11-3926

11-5594
11-5597

11-2925

F5-28-2
85-X-40c R3
3267-95
3285-96
89-39
SET2M6P2
112.1
79-C-43hiiR3
8448-100.8
LC#2

0157-3

2454-01
VTI113-5
ECI-1285

F17-A

BEADS
FM4-5-B

LAAFC

0157-1

LAAFC

0157-2

LAAFC

0O157-3

LAAFC

0157-4

LAAFC

0157-5

LAAFC

0157-6

LAAFC

0157-7

LAAFC

0157-8

026:H11
026:H11
0103:H2
1
0103:H2
1
O121:H1
9
O121:H1
9
OI121:H1
O121:H1
O121:H1
9
026:H11
026:H11
026:HI11
026:H11
026:H11
0103:H2
0103:H2
OI111:H8
OI111:H8
OI11:NM
OI121:H1
9
0145:NM
O145:NM
091:H21

O113:H4
Ol113:H4
0157

0157

0157

0157

0157

0157

0157

0157

Human
Human

Human

Human

Human

Human

Human
Human

Human

Cattle
Cattle
Human
Human
Human
Cattle
Cattle
Cattle
Cattle
Cattle

Cattle

Human
Human
Bovine

Cattle
Cattle
Cattle

Cattle

Cattle

Cattle

Cattle

Cattle

Cattle

Cattle

2.54
3.27

3.33

2.49

2.53

341

2.63
2.97

2.88

2.54
2.85
5.00
3.83
2.86
4.77
3.55
2.94
3.47
3.76

3.47

2.40
3.54
ND

3.20
3.30
4.72

2.70

4.02

3.18

4.49

3.89

3.18

3.76

0.23
0.55

0.10

0.35

0.06

0.37

0.10
0.08

0.42

0.28
0.27
0.00
0.40
0.30
0.19
0.06
0.17
0.09
0.69

0.21

0.40
0.09
ND

0.04
0.17
0.40

0.25

0.36

0.25

0.03

0.25

0.22

0.06
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LAAFC
0157-9
LAAFC
0157-10
LAAFC
0157-11
LAAFC
O157-12
LAAFC
0157-13
LAAFC
0157-14
LAAFC
0157-15
LAAFC
O157-16
LAAFC
0157-17
LAAFC
0157-18
LAAFC
0157-19
LAAFC
0157-20
LAAFC
0157-21
LAAFC
0157-22
LAAFC
0157-23
LAAFC
0157-24
LAAFC
O157-25
LAAFC
0157-26
LAAFC
0157-27
LAAFC
O157-28
LAAFC
0157-29
LAAFC
0157-30
LAAFC
0157-31
LAAFC
0157-32
LAAFC
0157-33

0157

0157

0157

0157

0157

0157

0157

0157

0157

0157

0157

0157

0157

0157

0157

0157

0157

0157

0157

0157

0157

0157

0157

0157

0157

Cattle

Cattle

Cattle

Cattle

Cattle

Cattle

Cattle

Cattle

Cattle

Cattle

Cattle

Cattle

Cattle

Cattle

Cattle

Cattle

Cattle

Cattle

Cattle

Cattle

Cattle

Cattle

Cattle

Cattle

Cattle

3.23

2.72

3.08

3.20

341

3.48

3.65

3.60

4.04

3.16

2.89

4.02

3.80

ND

3.13

3.48

3.72

3.81

3.34

3.03

2.90

3.42

3.22

2.78

3.10

0.93

0.28

0.21

0.01

0.09

0.40

0.64

0.54

0.43

0.16

0.26

0.06

0.10

ND

0.20

0.64

0.33

0.54

0.09

0.85

0.23

0.30

0.09

0.06

0.22
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LAAFC
0157-34
LAAFC
0157-35
LAAFC
0157-36
LAAFC
0157-37
LAAFC
0157-38
LAAFC
0157-39
LAAFC
0157-40

0157

0157

0157

0157

0157

0157

0157

Cattle

Cattle

Cattle

Cattle

Cattle

Cattle

Cattle

2.89

4.33

4.08

3.97

2.87

3.81

3.61

0.06

0.38

0.16

0.56

0.37

0.01

0.22
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Supplemental Table S5.1. Occurrence and prevalence of the tLST in strains of Klebsiella
pneumononiae and Cronobacter sakazakii of different origin.

Species # of genomes % tLST positive
genomes
Cronobacter sakazakii 355 15
Clinical isolates 101 8
Environmental isolates 81 8
Klebsiella pneumoniae 4162 7
Clinical isolates 250 4
Environmental isolates 360 2
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Supplemental Table S5.2. List of genomes that were analyzed for presence or absence of the

tLST (provided as Excel file). https://doi.org/10.7939/r3-8ta6-1q68
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Supplemental Table S5.3. Strains used in Figure 3.3. and their origin or source of isolation.

Strains tLST variant Source Latitude Longitude Reference
E.coli FUA10289 tLST1 North Saskatchewan River 53.5317 -113.5119 This study
E.coli FUA10290 -9 North Saskatchewan River 53.5317 -113.5119 This study
E.coli FUA10291 tLST1 Hawrelak Park 53.5272 -113.5490 This study
E.coli FUA10292 tLST1 Unknown Lake 52.1542 -117.0097 This study
E.coli FUA10293 - Unknown Lake 52.1542 -117.0097 This study
E.coli FUA10296 tLST1 Chain Lakes 50.2030 -114.1926 This study
E. coli FUA10297 tLST1, tLSTa Pond beside highway 50.3426 -113.7657 This study
K. pneumoniae FUA10298  tLSTa Sheep river 50.7129 -113.8813 This study
K. pneumoniae FUA10329 - Clinical isolate®
K. pneumoniae FUA10330 - Clinical isolate®
K. pneumoniae FUA1427 tLST1 Human intestine Koleva, 2014;

K. oxytoca FUA10326
K. oxytoca FUA10327
K. oxytoca FUA10328
K. oxytoca FUA1261
K. oxytoca FUA1266

K. oxytoca FUA1271

Clinical isolate®
Clinical isolate®
Clinical isolate®
Rat mesenteric lymph nodes
Rat mesenteric lymph nodes

Rat mesenteric lymph nodes

Valcheva et al., 2019

Lin et al., 2014
Lin et al., 2014

Lin et al., 2014

a) “_ indicates tLST-negative; ® The clinical isolates were obtained by Michael E. Stiles prior to 1985 and the exact source of isolation

1s unknown.
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Supplemental Table S5.4. Primers and probes used in Chapter 5.

Assay Primer/probe name  Primer/probe sequence (5’-3°) Tm (°C)
tLST versions tLST1-F1-F GTCGTCTACAAGCGTGATCC 60
tLST1-F1-R CAGAGGATCAGGTGAACAGAC
tLST1-F2-F CGATATTTTCGCTGGCAGTCAG
tLST1-F2-R CCTTCAGCAGGTCAAATGGAAA
tLST1-F3-F AGCTCATCTCCATCGTCTTCAC
tLST1-F3-R TCTTGACCTGGATGATGCTGTC
tLST2-F1-F CGTTCAACCCGACATTGATTCC
tLST2-FI-R ACGAAAGTGCAAATCGTGACAG
tLST2-F2-F GTGCAGCTGCCACTATCTATCT
tLST2-F2-R CGATGACGCGCATATATGTGTC
tLST2-F3-F TCAATGATACCTATGGGCACGG
tLST2-F3-R TTCCAACAACACAGCGAATTCC
MG1655 sgRNA-lacZ-F GGCCAGTGAATCCGTAATCAGTTTTAGAGCTAGAAATAGCAAG 62
lacZ::LHR sgRNA-lacZ-R TGATTACGGATTCACTGGCCGTGCTCAGTATCTCTATCACTGA
construction Targeting sequence ~ GGCCAGTGAATCCGTAATCA
tLST-16-F CGGTATCGCCGTCGACGACG
lacZ-upstream GCTGTTGCCCGTCTCACTGG
tLST-2-R GCCGGAATTTCCCCGTGTGC
lacZ-downstream GGACGACGACAGTATCGGCC
CmR cassette orfl-P2 TTGGCCGGAACCGCAAAGCGACGCGATTGGAGAGGGTGAGATGGGAATTAGCCATGGTCC 65
orfl-P1 GTCCATGTCATACCTCCAGAAAAATTGGAAAACGAGTTACGTGTAGGCTGGAGCTGCTTC
sHsp20-P2 GCTTGAGTAACTCGTTTTCCAATTTTTCTGGAGGTATGACATGGGAATTAGCCATGGTCC
sHsp20-P1 CTCGGGACGGGTTTTTCTTGTGACGAACGAGCCGGCGACGGTGTAGGCTGGAGCTGCTTC
clpKe-P2 GAGGTGCTGGCCCGGCGCAAGAAGAACAACCCGGTGCTGAATGGGAATTAGCCATGGTCC
clpKg-P1 GCCAGGCCCTTGGGGTCGGACACGGCAGCCTCGCCCGCCAGTGTAGGCTGGAGCTGCTTC
sHspgr-P2 GCGTCATCCAATTCGTCGGCATTGTTCAAGGAGAACCGATATGGGAATTAGCCATGGTCC
sHspgr-P1 TGGCTGTTTGATATTCATGATCTTGGGCTCCTGATTGAAGGTGTAGGCTGGAGCTGCTTC
pscA-P2 GAAATCTCAGTCAACTAACTTCAATCAGGAGCCCAAGATCATGGGAATTAGCCATGGTCC
pscA-P1 CGCGAGACTGACCGACAGAGCAGTCAGCCCCTTCATCACCGTGTAGGCTGGAGCTGCTTC
pscB-P2 GATTCGCCTATTTTCACTATCTCATACGAGGCATATCACCATGGGAATTAGCCATGGTCC
pscB-P1 AGGGGCGAGACGCGCCCCTCTTACGCCCTATCCAGCGGTTGTGTAGGCTGGAGCTGCTTC
hdeDg;-P2 GTTTGCTTTTTCACCCCATTAGATCTTTAGGAGATATAGCATGGGAATTAGCCATGGTCC
hdeDg-P1 CGAGGATGCTCATATCCATAGATTTTGGTTTGGCACGCTCGTGTAGGCTGGAGCTGCTTC
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orfl1-P2 GATTCATGCCTCCATAGAAATGACATCGAAGGAGTCATACATGGGAATTAGCCATGGTCC

orfl1-P1 GCGGTTGATGGACTGGCAGTGCGGGCAGACGAGGTGAAGAGTGTAGGCTGGAGCTGCTTC

trxgr-P2 CGAAGCGAGGCAGCCTCACTGTGGTCCAAGGAGGCGAACCATGGGAATTAGCCATGGTCC

trxgr-P1 CCAGCAGGATTAGTGTAGTGCCGAGCAAGCCCTGCATCGGGTGTAGGCTGGAGCTGCTTC

kefB-P2 CATCGTGCGCTGGACGTCGACGCAAGTGGGACGCTGACCGATGGGAATTAGCCATGGTCC

kefB-P1 TGGTCACGTAAGACCTGAAATGGGTTAAGGCGTGTTGATTGTGTAGGCTGGAGCTGCTTC

orf14-P2 GCCGTCTCGACAGCAGCCGTTTACCAGGGAGTTCATCGTCATGGGAATTAGCCATGGTCC

orf14-P1 GCGGTTGAGCCAGCGGTGTTGCAAGAGCGCCGTGCGCGGAGTGTAGGCTGGAGCTGCTTC

orfl5-P2 CTGCGCAAGCGCGGCGACCGCGCCGCCGAGACCTCTGAGCATGGGAATTAGCCATGGTCC

orfl5-P1 GGTCGAGATAGGCCATGAGACGTCTCCTGTTGATGGGCAAGTGTAGGCTGGAGCTGCTTC

degPs-P2 CGGGCTGTGGCGCTGATTGCCCATCAACAGGAGACGTCTCATGGGAATTAGCCATGGTCC

degPg-P1 CTTGGCTGCTTCGCTGTGCAGATCCATGACCCACTTTCCAGTGTAGGCTGGAGCTGCTTC
Mutants check orfl-Up-F TGCAAGGATTTCCTTGGCCG 58
(Up/Down) orfl-Down-R CCTTAGAAGGTTGAAAAGGTTGAGG

sHsp20-Up-F AATTTTTCTGGAGGTATGAC

sHsp20-Down-R TGAGATTGGCTTCCACCC

clpKe-Up-F AAAACCCGTCCCGAGACG

clpKg-Down-R CCTTGGCCTCATCCCCCCCC

sHspg-Up-F CGGCTCTGTTCAGTGCG

sHspgr-Down-R CAGAGGGTGCTGCAGCA

pscA-Up-F CAACTAACTTCAATCAGGAGCCC

pscA-Down-R GCTGCTTACCGCGGC

pscB-Up-F TCGCATTCAGCCCCAATAGA

pscB-Down-R TGGTGGGGTCATCCGC

hdeD¢-Up-F CTCTCTTGGCTCAGGAGTGTT

hdeDgr-Down-R AGCTCTCTGCCAAGGTTCAT

orf11-Up-F CTTCGCAAAACGCGCCT

orfl1-Down-R CAAGGGCTGCTGGCAGC

trxgr-Up-F AGGCGTTGATTGGTTGGC

trxgr-Down-R GGGGCCCAGTACAACGC

kefB-Up-F TCGTGCGCTGGACGT

kefB-Down-R GCAGCGTGAAGACGATGG

orf14-Up-F GACACATCAGCGCAATGCG

orf14- Down-R GGCAAACAGCGCGAGC

orf15-Up-F TACTGGCTGCTGCGCA

orfl15-Down-R ACCATGCCTCGATGGCG
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degPs-Up-F TCCGGCAACGCAAGAGC

degPg-Down-R GCTGTGCAGATCCATGACC
Mutants check orfl-check-F GGTGATTTTCACGCTCGATG 60
(absence) orfl-check-R TCGGATGACTTCTGCTGTTC

sHsp20-check-F TACAAGATTGCCCTGGAAGT

sHsp20-check-R CTTGATCGAATCCTGGTTGG

clpKgr-check-F CCATTCTTATGTCGGTCCAGAG

clpKg-check-R CCACCTTGCTGACCTGTT

sHspg-check-F TCCGGGAACTGGATGAATTG

sHspgi-check-R AGATCCAGCTTGAGGAGGAA

pscA-check-F TCGGTAAAGAAAGCGGTCAAG

pscA-check-R CATCGGAAGGTTGTCGGTTT

pscB-check-F CAAACACCGAATCCCAATGC

pscB-check-R GCCTCATCGAGGACTTGTTT

hdeDg¢/-check-F ATTGTCGGCATACTTACGGG

hdeDg¢-check-R ACAAGACGATAGCACCAAGG

orfl1-check-F GAAGCGATTGTCCGAGCTAAG

orfl1-check-R TGCTTGCCACTTCGTTATCC

trxgi-check-F ATCGGAACATCCCAACTGTG

trxg-check-R CAGCCTCGGTATTCACCTTC

kefB-check-F TTGCTGGGGTATCTCTCTGT

kefB-check-R CAGCCACATCAATAGCAGGA

orfl4-check-F GTTTTTACGAGCGCTTCGAG

orfl4-check-R GAATGCTTGAACTCCATCGC

orfl5-check-F GCTAATGAGGATCTGCGTGT

orfl5-check-R GGCGATACGGCCAATAACAA

degPg-check-F CGGAATCAATACCGCCATCT

degPg-check-R GTCACGCGCAATACGAATAC
CmR position Cm-Insert ATCCCTGGGTGAGTTTCACCAG 58
Complementation  sHsp20-Notl GCGGCCGCAGTAAATGGACATCGATTTCAAGAA 60

sHsp20-HindIII AAGCTT TCAGCCGTTGATCGGGATCG

clpK-Notl GCGGCCGCAGTAAATGGCCAGAAAACAATGCCA

clpK-HindIll AAGCTTTCAAGATGCGTCGCTCGCCG

sHspg-Notl GCGGCCGCAGTAAATGTCTGCATTGACTCCGTG

sHspcr-HindIII AAGCTTTTAGTTGACTGAGATTTCAA

pscA-Notl GCGGCCGCAGTAAATGAATATCAAACAGCCAC
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pscA-HindIII

AAGCTTTCAAAACAGCTTTTGGATGC

pscB-Notl GCGGCCGCAGTAAATGAATGAGCAAACACCGAA
pscB -HindlIII AAGCTTTCAGAACAACCTGGACAGCT
hdeDg-Notl GCGGCCGCAGTAAATGAATACAGACACCATCAC
hdeD¢-HindIIl AAGCTTTTACCCCAGGCGCGTTTTGC
kefB-Notl GCGGCCGCAGTAAATGCAGGGCTTGCTCGGCAC
kefB-HindIII AAGCTTTCATGACGATGAACTCCCTG

ddPCR tLST-F AGGTCTATTGGCCTGGTCTA 60
tLST-R AGCGGATTCCGGCAAAAA 60
tLST-probe /56-FAM/TGGCGTCCG/ZEN/TGCTGGCAAAA/3IABKFQ/ 63
WT-F CCAGGCAAAGCGCCATTC 60
WT-R CTTTATGCTTCCGGCTCGTA 60
WT-probe /SHEX/GGCCTCTTC/ZEN/GCTATTACGCC /31ABKFQ/ 63
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Supplemental Table S5.5. E. coli mutants used in Chapter 5.

Strain Plasmids used in this strain
Complementation plasmid Probe plasmid
Chloramphenicol (34 mg/L) Ampicillin (100 mg/L)
E. coli MG1655 pCC_roGFP2 Orpl
E. coli MG1655 lacZ::LHR pCA24N pCC _roGFP2 Orpl
E. coli MG1655 lacZ::LHR Aorfl pCC _roGFP2 Orpl
E. coli MG1655 lacZ::LHR AsHsp20 pCA-sHsp20 pCC _roGFP2_Orpl
E. coli MG1655 lacZ::LHR AclpKq; pCA-clpKai pCC roGFP2 Orpl
E. coli MG1655 lacZ::LHR AsHspa: pCA-sHspar pCC _roGFP2 Orpl
E. coli MG1655 lacZ::LHR ApscA pCA-pscA pCC _roGFP2 Orpl
E. coli MG1655 lacZ::LHR ApscB pCA-pscB pCC_roGFP2 Orpl
E. coli MG1655 lacZ::LHR AhdeDgr pCA-hdeDg; pCC_roGFP2 Orpl
E. coli MG1655 lacZ::LHR Aorfil pCC _roGFP2 Orpl
E. coli MG1655 lacZ::LHR Atrxg; pCC_roGFP2 Orpl
E. coli MG1655 lacZ::LHR AkefB pCA-kefB pCC roGFP2 Orpl
E. coli MG1655 lacZ::LHR Aorfi4 pCC _roGFP2 Orpl
E. coli MG1655 lacZ::LHR Aorfi5 pCC _roGFP2 Orpl
E. coli MG1655 lacZ::LHR AdegPq pCC_roGFP2 Orpl
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Supplemental Figure S5.1. Phylogenetic tree of representative genomes of type strains of the
Enterobacteriaceae (left) with indication of the number of genomes and the percent of genomes
that are positive for one of the two tLST variants. The number of genomes is indicated only for

those species that were represented by 10 or more genomes in the genome database (Table S5.2.);
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Supplemental Figure S5.1. legend (con’t)

gray shading identifies those species that are represented by more than 30 genomes and include
more than 5% tLST positive genomes; dark gray shading identifies those species that are
represented by more than 30 genomes and include more than 15% tLST positive genomes. The
core genome phylogenetic tree was constructed as described (Zheng et al., 2020). In brief, genomes
are labelled as "ncbi_type material” in the family Enterobacteriaceae were retrieved in June 2021.
Core genes were identified with Roary (Page et al., 2015) with 80% identity. Core genes (289)

were used to construct maximum likelihood (ML) phylogenetic tree (Price et al., 2010).
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Supplemental Figure S5.2. Lethality of heat and chlorine treatments to cultures of complemented
E. coli MG1655 lacZ::LHR with single deletion. The empty vector pCA24N was transformed to
E. coli MG1655 lacZ::LHR as negative control. The treatment lethality was expressed as the log-
transformed ratio of cell counts before treatment (No) over the cell counts after treatment (N).
Black bars represent cells treated after 63 °C for 5 min; white bars represent cells treated with 50
mM NaClO for 5 min at pH 7; grey bars represent cells treated with 8 mM NaClO for 5 min at pH
12. Values for different strains within a treatment are not significantly different (>0.05). Data are

shown as means =+ standard deviation of three independent experiments.
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Supplemental Figure S5.3. Quantification of the membrane potential in E. coli MG1655, E.
coli MG1655 lacZ::LHR and E. coli MG1655 lacZ::LHR AkefB. The ratio of the fluorescence
intensity at emission wavelengths of 610 and 530 nm was calculated to indicate the membrane
potential. Cells were stained with 30 uM DiOC2(3) and then were treated with 60 °C, 25 mM
NaClO at pH 7 or 4 mM NaClO at pH 11 for 5 min to cause reduction of cell counts from 0.5 to
5 logCFU/mL. Values for different strains that do not have a common superscript are
significantly different (P<0.05). Data are shown as means + standard deviation of at least three

independent experiments.
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Supplemental Figure S6.1. Information of 110 strains of Salmonella (provided as Excel file).

https://doi.org/10.7939/r3-zprf-he87

Supplemental Figure S6.2. List of genes that were differentially distributed among the 22 most

resistant strains and the 8 most sensitive strains (provided as Excel file). https://doi.org/10.7939/r3-

skag-pv26
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