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PREFACE

As | was writing this thesis, which has been years in the making,
| had to stop and take a breath, because | found myself thinking...
Of a world without oxygen, silent yet alive,

Where Clostridium’s resilience allows it to thrive.

No breezes to carry, no skies to embrace,
Yet life stirs softly in this breathless space.
Decay turns to promise, in shadows it grows,

A quiet persistence no daylight knows.

Personifying strength in the absence of air,
It whispers a truth: survival is rare.
Even in stillness, life finds its way -

A spark in the dark, defying decay.

So | paused, reflecting, amidst my own fight,
That even in struggle, there’s beauty in might.
A lesson from spores, unseen and small -

That life, against odds, can flourish through all.
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ABSTRACT

This study investigated the behaviour of Clostridium species, with a focus on Clostridium
perfringens, in agroecosystems, examining their genetic features, adaptability under
environmental pressures, and potential dissemination through agricultural practices. Using a
next-generation technologies, whole-genome sequencing of surface water-derived C.
perfringens isolates revealed 11 antibiotic resistance genes (ARGs) and 35 virulence factors,
with 79% associated with C. perfringens-specific pathogenic traits. This highlights their
adaptability and potential risks to human and environmental health. Comparative analyses
demonstrated strong genetic similarity to clinical isolates, emphasising the role of
agroecosystems as reservoirs and amplifiers of antibiotic resistance and virulence ftraits.
Transcriptome analysis using RNA-Seq revealed 166 significantly differentially expressed
genes mapped to 26 KEGG pathways, including 73 up-regulated and 93 down-regulated
genes under sublethal antibiotic exposure. Several resistance and virulence-associated genes
were up-regulated, enhancing survival and adaptability under stress conditions. Notably,
exposure to cefoxitin resulted in nine differentially expressed ARGs, the highest among the
tested antibiotic. Concurrently, genes involved in energy-intensive metabolic pathways, such
as lipid and carbohydrate metabolism, were notably down-regulated, indicating a shift in
bacterial physiology toward a survival-oriented state. These findings emphasise the ecological
risks posed by residual antibiotics in agricultural environments, which foster the persistence
and pathogenicity of resistant bacterial populations. The study also explored the survival and
transfer of C. sporogenes, a surrogate for pathogenic Clostridium species, in irrigation
systems. Contaminated irrigation water facilitated the persistence of bacteria in both soil and
the phyllosphere of lettuce, with surface irrigation primarily contaminating the soil and spray
irrigation targeting the plant phyllosphere. Surface irrigation led to a peak concentration of 5.59
log copy numbers/g in non-rhizosphere soil at day 22, while spray irrigation resulted in an
initial phyllosphere concentration of 9.09 log copy numbers/g leaves, which declined to 0.019
by day 42. Although bacterial concentrations decreased over time, trace amounts remained
detectable, presenting potential food safety risks. This research highlights the
interconnectedness of environmental reservoirs, antibiotic resistance, and agricultural
practices. It also highlights the need for integrated management strategies, including
enhanced wastewater treatment, rigorous water quality monitoring, and the adoption of
sustainable irrigation practices, to mitigate the spread of antibiotic-resistant and pathogenic

bacteria in agroecosystems and ensure food safety.

Keywords: Agroecosystems, Clostridium perfringens, Antibiotic Resistance, Pathogenicity,

Irrigation Contamination, Lettuce
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CHAPTER 1: GENERAL INTRODUCTION

1.1  Problem statement

Agroecosystems are essential for the continued survival of humanity on Earth. They play a
critical role in ensuring food security, preserving biodiversity, and supporting livelihoods
(Banerjee et al., 2021). However, in the current era of climate change and ecosystem
degradation, these agroecosystems are under significant stress, threatening their capacity to
fulfil these essential functions (Toju et al., 2018). Agroecosystems consist of environmental
compartments, ranging from animals and plants to soil and water. All these compartments are
interlinked and have their own functioning microbiome. These microorganisms play a pivotal
role in maintaining the health of agricultural environments and promoting sustainable
production systems (Liu et al., 2022). Among these microorganisms, Clostridium species are
particularly noteworthy due to their ubiquitousness and resilience. While many Clostridium
species are beneficial, aiding in processes such as nitrogen fixation and organic matter
breakdown, they are foremost known for their pathogenic nature (Palmer et al., 2019).
Therefore, the presence of Clostridium pathogens in these compartments is problematic.
Studies have shown Clostridium pathogens are introduced into surface water systems by
agricultural runoff (Rieke et al., 2018; Thurston-Enriquez et al., 2005). This is of concern since
these water systems are used to irrigate agricultural fields and could jeopardise food safety

and put consumers at risk.

Agroecosystems are also a hub for the development and spread of antibiotic resistance
bacteria (ARB) and genes (ARG) (Franklin et al., 2016). This is due to the overuse and misuse
of antibiotics in various settings, such as agriculture, animal husbandry, and human
medication, and subsequently being introduced into our soil and water environments (Franklin
et al., 2016; Manyi-Loh et al., 2018). Although the concentrations of these active antibiotic
compounds are relatively low, it has been shown to affect the functions and behaviour of
microorganisms that are present (Larsson & Flach, 2022). Additionally, it was reported that
exposure to antibiotic residue resulted in increased pathogenicity of several pathogenic
microorganisms, such as Bacillus cereus and Escherichia coli O157:H7 (Liu et al., 2020;
Villegas et al.,2015). Clostridium is not excluded from this narrative. Previous studies
demonstrated that the presence of antibiotic contaminants (ARG, ARB and antibiotic residue)
affects Clostridium species, with studies reporting the phenotypic resistance to several

antibiotic classes used to treat clostridial-related infections (Archambault & Rubin, 2020;

1



Symochko et al., 2021). However, the genetic adaptations in antibiotic-resistant Clostridium
pathogens and their possible role in the spread of antibiotic resistance in agricultural

environments have not been properly investigated.

1.2  Study justification

The vast majority of living organisms require water, nourishment, and, above all, oxygen to
survive. However, the Clostridium genus personifies life without oxygen. This anaerobic genus
encompasses over 200 different species, most of which are benign. It is noteworthy that
several Clostridium species have gained clinical recognition and have been extensively
studied due to their pathogenicity (Mainil, 2006; Sanchez Ramos & Rodloff, 2018). Even
though these anaerobic pathogens are naturally present in various environments, including
the gastrointestinal tract of mammals and other sources, such as soil, water, and aquatic
sediment, their representation has been neglected in the context of environmental research
(Samanta & Bandyopadhyay, 2020; Pahalagedara et al., 2020). Acknowledging the presence
of Clostridium species and pathogens in the various compartments of agroecosystems and
the threats they currently face, specifically the development of antibiotic resistance, the
question arises as to how these environmental compartments affect the pathogenicity of
Clostridium species and, in turn, how they may impact agroecosystems. Thanks to advances
in technology such as Next-generation Sequencing, Clostridium species from these
environments can be better studied (Motlagh & Yang, 2019). By investigating these pathogens
at a genomic level, coupled with the use of application-based approaches, this study will
provide the much-needed insight into the genetic characteristics of environmentally obtained
Clostridium species, specifically C. perfringens, and the potential impacts they may have on

agroecosystems.

1.3  Aim and objectives

1.3.1  Aim of study

This study aimed to investigate the genetic characteristics of environmentally obtained
Clostridium pathogens, as well as investigating the survival of Clostridium species in the
agricultural environment, and the potential associated health risks to humans and animals
(Figure 1.1).



1: WWTP A 1: Antibiotics

Figure 1.1: Schematic illustration of study aim. 1: Surface water systems used for irrigation are

2: Pathogenicity? 3: Survival?

contaminated with poorly treated wastewater from wastewater treatment plants (WWTP) and
antibiotics from agricultural runoff. 2: Pathogenic Clostridium isolated from these water systems
can be characterized via next generation sequencing. 3: Furthermore, using a non-pathogenic
surrogate strain of Clostridium sporogenes, the effect of irrigation on the survival of Clostridium

on fresh produce and in the surrounding soil environment can be investigated.

1.3.2 Specific objectives

l. To investigate antibiotic resistance, virulence factors, and other genomic features in

environmentally isolated Clostridium perfringens using whole-genome sequencing.

. To determine the transcriptomic response of multidrug-resistant Clostridium

perfringens to sublethal concentrations of various antibiotics using RNA-Seq.

lll.  Toinvestigate the survival of Clostridium sporogenes in ready-to-eat produce using an

experimental greenhouse pot study.

1.4 Thesis layout

In order to address the aforementioned objectives, this thesis comprises of 6 chapters and is
in line with the format prescribed by the North-West University's requirements for the fulfiiment

of the degree Doctor of Philosophy (PhD) in Microbiology.



Chapter 1 is the current chapter. It includes the problem statement, aim and objectives, thesis
outline and research publications. Chapter 2 provides an overview of Clostridium species
present in natural resources that are utilised in agriculture and related produce. Additionally,
Chapters 3 and 4 investigate multidrug-resistant Clostridium perfringens strains obtained from
surface water that are utilised for various purposes, such as irrigation. Chapter 3 provides the
genetic features of these strains with a specific focus on antibiotic resistance, virulence factors
and mobile genetic elements, whereas Chapter 4 reports on the gene expression of
C. perfringens during exposure to sublethal concentrations of several classes of antibiotics.
Chapter 5 reports on a greenhouse experiment attempting to determine the survival of
C. sporogenes, a non-pathogenic surrogate for Clostridium pathogens, in the phyllosphere,
rhizosphere and non-rhizosphere soil of lettuce (Lactuca sativa). Lastly, Chapter 6 includes a
general summary of all chapters and the relevant conclusions to address the aim and
objectives set out in this study, followed by possible recommendations for future avenues of

research in this field.

1.5 Research publications from this study

i) Title: Draft genome sequences of potentially pathogenic Clostridium perfringens

strains from environmental surface water in the North West Province of South Africa

Authors: Johannes Cornelius Jacobus Fourie, Tomasz J Sanko, Cornelius Carlos
Bezuidenhout, Charlotte Mienie, Rasheed Adegbola Adeleke

Journal: Microbiology Resource Announcements (Published in 2019, Volume 8, Issue 32,
Page 10)

Digital Object Identifier (DOI): https://doi.org/10.1128/mra.00407-19

i) Title: Inside environmental Clostridium perfringens genomes: antibiotic

resistance genes, virulence factors and genomic features

Authors: Johannes Cornelius Jacobus Fourie, Cornelius Carlos Bezuidenhout, Tomasz

Janusz Sanko, Charlotte Mienie, Rasheed Adeleke
Journal: Journal of Water and Health (Published in 2020, Volume 18, Issue 4, Page 477-493)

Digital Object Identifier (DOI): https://doi.org/10.2166/wh.2020.029
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iii) Title: Transcriptomic study on environmentally obtained Clostridium

perfringens under sub-MIC concentrations of antibiotics

Authors: Johannes Cornelius Jacobus Fourie, Cornelius Carlos Bezuidenhout, Charlotte

Mienie, Rasheed Adeleke

Target journal: Anaerobes

iv) Title: The effects of irrigation on the survival of Clostridium sporogenes in the

phyllosphere and soil environments of lettuce

Authors: Johannes Cornelius Jacobus Fourie, Cornelius Carlos Bezuidenhout, Deidre van
Wyk, Charlotte Mienie, Rasheed Adeleke

Journal: 3Biotech (Published in 2024, Volume 14, Issue 10, Page 1-9)

Digital Object Identifier (DOI): https://doi.org/10.1007/s13205-024-04069-5
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CHAPTER 2: LITERATURE REVIEW

2.1. Background on Clostridium genus

The term ‘anaerobic’ was first used in the 19" century by Louis Pasteur to describe life without
oxygen. This was owed to his discovery of a bacterium, Vibrion butyrique, that could exist and
grow in the absence of oxygen. However, V. butyrique was renamed two decades later as
Clostridium butyricum by Adam Prazmowski (Durre, 2001; Popoff & Legout, 2023). Since then,
the anaerobic genus has grown to include approximately 235 species and subspecies and is
seen as one of the most important genera within the Firmicutes phylum (Brasca et al., 2022,
Figueiredo et al., 2020).

The genus Clostridium exhibits an array of morphological characteristics that contribute to its
identity and adaptability to various environments. When stained, they present as Gram-
positive bacilli; however, some strains present as Gram-variable or even Gram-negative
(Brook, 2014; Fader, 2015; Hashmi et al., 2020). Most species are motile due to peritrichous
flagella, but some Clostridium species rely on other mechanisms for movement, if at all
(Samanta & Bandyopadhyay, 2020; Varga et al., 2006). One example of such a mechanism
can be observed in Clostridium perfringens, strain SM101. It has shown migration across
surfaces by forming filaments of cells that line up in an end-to-end conformation, resulting in
a gliding motility (Liu et al., 2014). The genus also comprises heterogeneous phenotypes,
which include psychrophiles, thermophiles and acidophiles, synthesising quinones, and
cytochromes (Hashmi et al., 2020; Wiegel et al., 2006).

One of the most distinguished features of Clostridium species is their ability to form
endospores (up to five endospores per cell) (Duda et al., 1987; Samanta & Bandyopadhyay,
2020). These spores can be spherical or oval and are highly resistant to heat, chemicals, and
desiccation. This allows them to survive in adverse environments for extended periods of time,
after which then can germinate and resume growth under favourable conditions (Brasca et al.,
2022). Subsequently, this genus is widely distributed in the natural environment, such as soil,
water, sediment, and other ecological niches (Samanta & Bandyopadhyay, 2020). They are
also present in the gastrointestinal tract (GIT) of mammals, where they form up to 40% of the
microbiota in adult humans (Nagano et al., 2012; Samanta & Bandyopadhyay, 2020).
Furthermore, some species have been found to be present in clinical settings, making
Clostridium truly ubiquitous (Moore & Lacey, 2019; Wells & Wilkins, 1996).



2.2. Taxonomy of Clostridium genus

The Clostridium genus is known to be described as a highly heterogeneous group that is
phylogenetically large (Schaumann et al., 2018). Originally, to be classified as part of this
genus, a bacteria had to meet four criteria: (i) Gram-positive strain; (ii) the ability to produce
endospores; (iii) being restricted to an anaerobic metabolism; and (iv) the absence of
dissimilatory reduction of sulphate. This led to an influx of species being assigned to this
genus. However, classifying a bacterium as a Clostridium species based on these phenotypic
characteristics has become problematic since some species consistently present as Gram-
negative (such as C. clostridiforme and C. ramosum) or only form endospores under specific
conditions (such as C. ramosum), while others have shown tolerance to atmospheric oxygen
(such as C. histolyticum and C. tertium). These discrepancies resulted in complications in the

taxonomic structure of the genus (Cruz-Morales et al., 2019; Stackebrandt & Hippe, 2001).

The (re)classification of species based on the 16S rRNA gene sequences has been the gold
standard for molecular taxonomic research for decades (Mizrahi-Man et al., 2013; Yutin &
Galperin, 2013). From this, a new taxonomic criterion based on phylogenetic analyses was
used to revise the inconsistencies in the Clostridium genus. Using the first pure culture
obtained, namely C. butyricum, which now represents the type species of the genus, 19
distinct clusters and five new genera were described (Collins et al., 1994). Most previous
members of Clostridium were assigned to Clostridium cluster | (Clostridium sensu stricto) and
are considered to be the true genus of Clostridium, while many of the formally recognized
members were assigned to new or established genera (Lawson & Rainey, 2016; Stackebrandt
& Hippe, 2001). However, even with this revision, the phylogeny of the 19 clusters in the genus
Clostridium remains diverse. This created more questions regarding the monophyly and the
prediction of functions and traits in the genus (Cruz-Morales et al., 2019). Recent studies have
questioned whether the current 16S rRNA-based classification should be retained or simplified
using genomic analyses (Chun et al., 2018; Cruz-Morales et al., 2019). Nonetheless, the
reclassification of members from the genus Clostridium continues, and further study is needed

to improve its taxonomic classification.

2.3. Pathogenicity within the Clostridium genus

Clostridia is known to produce the largest number of life-threatening toxins, including the two
most potent toxins known to date, of any bacterial class (Baldassi, 2005; Rossetto &

Montecucco, 2019). Although most Clostridium species are harmless, the genus is of great
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clinical importance, as some species may cause rapid and lethal infections in both humans
and animals (Mainil, 2006; Sanchez Ramos & Rodloff, 2018). The genus encompasses 40—
50 species that are associated with clinical conditions, where 30 are described as minor
pathogens and 15 as major pathogens that often result in species-specific diseases (Mainil,
2006). Based on their pathogenicity traits, these major pathogens can be grouped into (i)
neurotoxic clostridia, (ii) enterotoxic clostridia, and (iii) histotoxic clostridia (Figure 2.1) (Dierick
et al., 2022; Num & Useh, 2014).

~ .
/Clostridium species | Large, spore-forming,
_ Y, Gram-positive rods

- Anaerobic bacteria
’ Catalase-negative and
oxidase-negative
Majority are motile, C.
perfringens is non-motile
Enriched media required for

Over 200 species described, Iess\
than 20 are major pathogens /

growth
Pathogenic species, which produce potent
exotoxins, can be divided into 3 groups
\4 )

Histotoxic clostridia Enterotoxic clostridia Neurotoxic clostridia
C. septicum C. perfringes (Type A-G) C. tetani
C. novyi Type A& B C. colinum C. botulinum (Types A-H, X)
C. perfringens Type A C. difficile
C. spodellii C. spiroforme
C. bifermentans
C. histolytic
C. fallax
C. Ramosum

Figure 2.1: The categorisation of pathogenic Clostridium species into three major groups
(neurotoxic clostridia, enterotoxic clostridia, and histotoxic clostridia) based on their toxin
activity (Dierick et al., 2022; Num & Useh, 2014).

2.3.1. Histotoxic clostridia

Histotoxic clostridia (Figure 2.1) are responsible for various human and animal diseases,
including gas gangrene or myonecrosis (Stevens & Bryant, 2002). Clostridium perfringens

Type A is most often the causal agent (80% - 95% of cases), followed by C. novyi (10% - 40%



of cases) and C. septicum (5% to 20% of cases). However, other Clostridium species, such
as C. bifermentans, C. histolyticum, C. fallax, C. ramosum, and C. sordellii have been
implicated on rare occasions (Leiblein et al., 2020; Pasternack & Swartz. 2015). These species
target various cells, such as muscle, epithelial, erythrocytes, and lymphocytes and then
damage their intercellular junctions, actin cytoskeleton, and cell membranes (Popoff, 2016).
In the case of Clostridium perfringens, necrosis usually begins at the site of infection, where
the bacteria then migrate deep into the host tissue presumably using the previously described
gliding motility trait (Section 2.1.) (Valeriani et al., 2020). The production of C. perfringens
alpha toxin (plc/cpa) and perfringolysin O (pfo), along with the secretion of hydrolytic enzymes,
leads to the degradation and death of soft tissue. The infection then spreads quickly and,
within several hours, results in sepsis and death (Janik et al., 2019; Popoff, 2016; Valeriani et
al., 2020).

2.3.2. Enterotoxic clostridia

The GIT of mammals offers an ideal environment for Clostridium species to colonise, providing
ample nutrients and anaerobic niches (Shrestha et al., 2018). Species such as Clostridium
perfringens and Clostridium difficile (Clostridioides difficile) are particularly problematic when
in great quantity (Shrestha et al., 2018; Uzal et al., 2018). These species replicate in the GIT
and produce elaborate toxins that result in both localised and generalised tissue damage (Uzal
et al., 2018). Clostridium difficile is a major nosocomial pathogen in humans and causes
antibiotic-associated diarrheal disease and pseudomembranous colitis (McClane & Rood,
2001; Moore & Lacey, 2019). It produces two toxins, namely toxin A and B. Both are
enterotoxins, whereas toxin B has additional cytotoxic effects (Guo et al., 2020). Clostridium
perfringens can cause a variety of intestinal diseases, as well as histotoxic infections (Section
2.3.3.) (Moore & Lacey, 2019). The pathogenicity of C. perfringens is reflected in its toxin
producing proficiency. This species can produce at least 20 distinct exotoxins, many of which
have GIT activity (Dierick et al., 2022). Because the toxin-production patterns differ amongst
strains, Table 2.1 shows how C. perfringens is classified into seven types (A-G) according to
the combination of six typing toxins (alpha: plc, beta: cpd, epsilon: etx, iota: iap/ibp, CPE: cpe,
and NetB: netB) and five non-typing toxins (Moore & Lacey, 2019).



Table 2.1: The toxin typing scheme of Clostridium perfringens (Moore & Lacey, 2019).

Typing Toxins Non-typing toxins
Toxinotype —
plc/cpa cpb etx iap/ibp cpe netB | cpb2  pfo netF cpd tpelL

A + - - - - - +/- + - - -
B + + - - - +/- + - +/- -
C + - - +/- - +/- + - +/- +/-
D + - + - +/- - +/- + - - -
E + - - + +/- - +/- + - - -
F* + - - - + - +/- + + - -
G* + - - - - + +/- + - - +/-

+: Present, -: Absent, +/-: Present in some isolates, absent in others.
*Type F and G strains were formally categorised as Type A until reclassification in 2018.

This toxinotyping scheme assists with differentiating isolates associated with particular
diseases. Clostridium perfringens enterotoxin (CPE) is one of the main causes of Gl diseases.
The CPE-encoding gene (cpe) can be chromosomal or plasmid-borne and is present in about
2-5% of the global C. perfringens population (McClane & Rood, 2001; Miyamoto et al., 2011).
Clostridium perfringens Type A and F strains are the causative agents of C. perfringens food
poisoning, which is the 2" most common bacterial food-borne iliness, whereas Type B, C, D
and E strains, are associated with enteritis, enterocolitis and/or enterotoxemia in livestock
(Miyamoto et al., 2011; Shrestha et al., 2018).

2.3.3. Neurotoxic clostridia

Tetanus and botulism are two severe neurological diseases resulting from toxins produced by
Clostridium tetani and Clostridium botulinum, respectively (Peck & Duchesnes, 2006). Both
are seen as environmental bacteria, with great clinical significance (Popoff, 2022). The
neurotoxin produced by C. tetani, namely tetanus neurotoxin (TeNT), is characterised by
hyperactivity of voluntary muscles leading to rigidity and tetanic spasms in humans and other
animals (Popoff, 2022; Rossetto & Montecucco, 2019). The TeNT toxin is produced when
C. tetani replicates locally in damaged or infected tissue, exerting its effect on the synaptic
junctions (Rings, 2004). Although there are effective vaccines available for tetanus, there are
still several hundred thousand human deaths from tetanus each year (Moore & Lacey, 2019).
The botulinum neurotoxin (BoNT) is the deadliest toxin currently known and expressed by at
least four species of Clostridium (C. botulinum, C. baratii, C. butyricum, and C. argentinense)
(Peck & Duchesnes, 2006; Popoff, 2022). Clostridium botulinum is known to replicate and
produce BoNT in organic matter or in contaminated canned foods. When ingested, the toxin

is absorbed into the bloodstream from the GIT and affects the functioning of neuromuscular
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junctions. This results in flaccid paralysis with limb weakness and respiratory distress (Rings,
2004). These Clostridium species are classified into six groups (I-VI) based on the nine BoNT
toxinotypes (A-H, X) they produce (Popoff, 2022; Rossetto & Montecucco, 2019). Despite the
contrast in how TeNT and BoNT present clinically, they share a common mechanism of action
(Revitt-Mills et al., 2019).

2.4. Impact of Clostridium genus in agroecosystems

Microorganisms are essential in the entangled webs of interactions that form part of
agroecosystems. Members of the Clostridium genus partake in these interactions, both
beneficial and potentially harmful, depending on the specific species and conditions (Toju et
al.,, 2018). Even though Clostridium species are usually seen as the ‘villain’ in clinical
environments, their role as plant pathogens has also been found to impact agroecosystems.
Clostridium puniceum and other pectolytic Clostridium species are described as important
plant pathogens that cause slimy rot in root vegetables, specifically potatoes (da Silva et al.,
2019; Shabuer et al., 2015). Other species such as C. bifermentans and C. subterminale have

also been associated with kiwifruit vine decline (Spigaglia et al., 2020).

On the other hand, this genus has also shown to be a beneficial member in agroecology. They
form part of the consortium of microorganisms involved in the nutrient cycle, breaking down
complex organic material, cellulose, and lignin, thereby improving soil fertility (Palmer et al.,
2019). Some Clostridium species have been found to contribute to plant growth through their
nitrogen-fixing abilities, production of gibberellins-like substances that promote root growth,
and their capacity to effectively colonise the rhizosphere, as well as endophytic colonisation
(Doni et al., 2014; Olenska et al., 2020; Polyanskaya et al., 2002; Zeiller et al., 2015). Certain
species reportedly alleviate plant damage and enhance the salinity tolerance of the host plant
(Doni et al., 2014; Gamalero & Glick, 2011; Ye et al. 2005; Zeiller et al., 2015). Their ability to
produce various compounds, including volatile fatty acids, that suppress pathogens makes
them possible candidates for biocontrol (Mowlick et al., 2012). Strains of C. beijerinckii (strain
H110 and TB8) have been shown to be effective against Fusarium oxysporum f. sp. Spinaciae
(causal agent of spinach wilt disease) by degrading the major fungal cell wall components due
to antifungal activities (Ueki et al., 2017). Furthermore, C. beijerinckii strain Sneb518
demonstrated significant inhibition against the root-knot nematode, Meloidogyne incognita,
and a biomass enhancer in tomato plants (Lian et al., 2022). However, a better understanding
of the survival and behaviour of Clostridium species in agroecosystems is required to mitigate

disease outbreaks or their possible use in beneficial agricultural applications.
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2.4.1. Prevalence of Clostridium species in soil environments

Soil is believed to serve as the primary reservoir for numerous pathogenic species,
representing a crucial route for transmitting diseases to food products and foraging animals
(Samadda et al., 2021). Previous works have investigated the prevalence of individual
pathogenic species within the Clostridium genus, with relevant soil studies outlined in Table
2.2. According to a survey utilising 16S rDNA gene libraries, approximately 0.59% of the soil
bacteria community can be attributed to Clostridia (Janssen, 2006). Additionally, the diversity
of Clostridium species and toxinotypes can exhibit significant variations across different
locations, ranging from broad continental and regional differences (del Mar Gamboa et al.,
2005; Hang'ombe et al., 2000; Kumar et al., 2017; Luquez et al., 2005), to microscale

disparities within the same soil sample (Kirk et al., 2004).

A study by Kim et al. (2004) investigated the distribution of Clostridium species in Korean soil,
isolating 16 different species from 152 soil specimens taken from five locations. Clostridium
perfringens was the only species present across all soil samples. However, other Clostridium
pathogens, such as C. difficile, C. novyi, C. chauvoei and C. septicum were only identified in
specific locations. A similar study done by del Mar Gamboa et al. (2005) reported 54 different
species from 117 soil specimens collected across Costa Rica, of which C. perfringens and
C. sordellii were the most prevalent pathogenic species present. Additionally, other
pathogenic species, such as C. tetani, C. botulinum, C. difficile, C. septicum, C. baratii and

C. novyi, were also isolated.

Clostridium species have also shown diverse abundance in arctic soil environments, such as
Antarctica. A total of 155 strains were categorised into 11 species, which included C.
perfringens, C. bifermentans, C. sordellii, C. sporogenes, C. plagarum, C. paraperfringens, C.
septicum, C. tertium, C. cadaveris, C. butyricum, and C. felsineum. However, 38 strains
remained unidentified (Miwa, 1975). Notably, C. perfringens and C. sordellii were frequently
isolated, reinforcing their omnipresence as pathogens in various soil and agricultural

environments.

The geographical distribution of C. botulinum in soil has been extensively investigated, with a
particular focus on European and Asian countries (Creti et al.,1990; Huss, 1980; Yamakawa
& Nakamura, 1992; Serikawa et al., 1977; Smith & Milligan, 1979; Smith & Young, 1980;
Sonnabend et al., 1987; Yamakawa et al., 1988). However, limited studies are focusing on
botulism outbreaks in natural settings within subtropical and tropical climate zones (Espelund
& Klaveness, 2014). In Africa, the presence of C. botulinum in Kenyan soil has been
confirmed, including the identification of serotypes A to D (Yamakawa et al, 1990).

Furthermore, 2 009 soil samples from five different geographical regions of Argentina were
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analysed for C. botulinum resulting in a 23.5% prevalence. Notably, there was a non-uniform
distribution among the regions and a diverse range of serological types was observed, with a
higher prevalence detected in nonvirgin soil compared to virgin soil (Laquez et al.,2005).
Another neurotoxic Clostridium pathogen, namely C. tetani, has also been identified in soll
specimens from around the globe. The prevalence of C. tetani ranged from 25% to 60% in
four different studies (total of 697 soil samples) (Béland & Rossier, 1971; Bukar et al., 2008;
Sanada & Nishida, 1965; Wilkins et al., 1988). Whereas C. difficile, which is more known for
its nosocomial infections, was isolated in 60.4% of 159 soil samples in Western Australia
(Perumalsamy et al., 2019), in 36.7% of 79 soil samples collected in eastern parts of Slovenia
(Janezic et al., 2016), in 37% of 147 soil samples from rural Zimbabwean homesteads
(Simango, 2006) and 21% of 104 Welsh soil samples (Al Saif & Brazier, 1996).

These studies highlight the widespread presence of Clostridium species, specifically
pathogens, across various soil environments and why a more comprehensive understanding
of their behaviour in these environments would be of global importance. Despite the number
of studies focusing on the prevalence of Clostridium pathogens, the major factors that
influence their existence and abundance in soil remain unexplored. Additionally, the use of
different microbiological methods and techniques may impede the potential for result

integration.
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Table 2.2: Prevalence of Clostridium species in soil.

Species Sampling area Samples (n) Isolates (n) ID Method Authors

C. perfringens  Japan 30 288 PCR Hashimoto et al., 2023
Punjab province, Pakistan 970 69 Multiplex PCR Naureen et al., 2022
South Korea 45 16 PCR Park et al., 2019
Egypt 30 12 PCR Hamza et al., 2018
Egypt 100 41 Multiplex PCR Nayel et al., 2013
Greece 750 376 Biochemical Voidarou et al., 2011
USA 14 33 Biochemical, PCR Soge et al., 2009
Pittsburgh, USA 502 343 Multiplex PCR Li et al., 2007
USA 129 6 PCR Kuske et al., 2006
Japan 15 13 Biochemical Oka et al., 1989

C. difficile Western Australia 159 96 PCR Perumalsamy et al., 2019
Slovenia 79 29 PCR Janezic et al., 2016
Sweden 598 16 Biochemical, Gas-liquid chromatography Baverud et al., 2010
Zimbabwe 146 54 Biochemical Simango, 2006
South Wales, UK 104 22 Biochemical, ELISA Al Saif & Brazier, 1996

C. botulinum Argentina 2009 472 Morphology Laquez et al.,2005
Japan 113 128 Biochemical Yamakawa & Nakamura, 1992
Rome 520 7 Biochemical, Gas-liquid chromatography Creti et al.,1990
Paraguay 17 4 Biochemical Yamakawa et al., 1990
Kenya 12 3 Biochemical Yamakawa et al., 1990
Japan and Shinkiang Province, China 266 286 Biochemical Yamakawa et al., 1988
Switzerland 41 18 Biochemical, ELISA Sonnabend et al., 1987
Denmark, Faroe Islands and Iceland 684 195 Biochemical Huss, 1980
Great Britain 174 10 Trypsinization of culture filtrates Smith & Young, 1980
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Table 2.2: Prevalence of Clostridium species in soil (continue).

Species Sampling area Samples (n) Isolates (n) ID Method Authors

C. botulinum London 18 16 Trypsinization of culture filtrates Smith & Milligan, 1979
Japan 230 129 Biochemical Serikawa et al., 1977

C. tetani Nigeria 5 24 Biochemical Bukar et al., 2008
South Africa 60 15 Biochemical, Gas-liquid chromatography Wilkins et al., 1988
Quebec, Canada 328 214 Biochemical Béland & Rossier, 1971
Japan 304 87 Biochemical Sanada & Nishida, 1965

Multiple Taiwan 21 76 PCR Huang et al., 2013
South India 115 27 DNA restriction digestion analysis, SDS-PAGE  Sathish & Swaminathan, 2009
Costa Rica 117 1945 Biochemical, Gas-liquid chromatography del Mar Gamboa et al., 2005
South Korea 152 421 Biochemical, Immuno-fluorescent assay Kim et al., 2004
Zambia 46 107 Immuno-fluorescent assay Hang'ombe et al., 2000
Antarctica 31 193 Biochemical Miwa, 1975
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2.4.2. Prevalence of Clostridium species in surface water systems

The interconnected function of water within agroecosystems, and its growing demand across
various sectors is widely acknowledged (Fleiner et al., 2013). Globally, agriculture has the
highest demand for water of all human activities (Hoover et al., 2023). However, despite
water’s crucial role in this system, it is a finite resource, with the amount of fresh and readily
available water being less than 1% (Mishra, 2023). This natural resource is also facing several
threats, be it scarcity, accessibility or degradation, but also climate change, a growing
population, and changing consumption patterns (Mishra, 2023). Freshwater systems, such as
rivers, lakes, streams and aquifers, are habitats for a large portion of the world's biodiversity
(Dudgeon et al., 2006). Additionally, the Clostridium genus forms part of the indigenous
microorganisms present in these water systems, as evidenced by the studies listed in Table

2.3, and has significant impacts on soil health and agriculture processes (Saber et al., 2021).

A study done by Manafi et al. (2013) collected 139 surface water samples across 5 locations
in Vienna, Austria. Of all the samples, 131 showed the presence of several Clostridium
species, with C. perfringens being the most prevalent (96.3%). Eighteen strains, which
included other species such as C. sordellii, C. bifermentans, C. tetani, C. fallax, C. botulinum,
and C. tertium, were also isolated and identified. Additionally, a study done by Sathish &
Swaminathan (2009) investigated the genetic diversity among toxigenic Clostridium species
in 59 water samples collected from South India. A total of 71 Clostridial strains were isolated,
of which 3 strains were toxigenic and identified as C. bifermentans and C. chauvoei. Several
other studies have also investigated the prevalence of the Clostridium genus in surface water
systems across the African continent but did not identify strains at species level (Olalemi et
al., 2020; Onifadé et al., 2017; Saber et al., 2021).
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Table 2.3: Prevalence of Clostridium species in surface water.

Species Sampling area Samples (n) Isolates (n) ID Method Authors

C. perfringens Poland 19 847 Biochemical Matuszewska & Maka, 2023
Kashmir, India 45 682 PCR Hafeez et al., 2020
South Africa 3 835 Selective media Potgieter et al., 2020
Egypt 60 19 PCR Hamza et al., 2018
Tanzania 30 33 NA Mushi, 2018
South Africa 558 77 400 gPCR Abia et al., 2015
Wisconsin, USA 24 153 Biochemical, PCR Mueller-Spitz et al., 2010
Ontario, Canada 1600 301 Selective media Wilkes et al., 2009
USA 14 68 Biochemical, PCR Soge et al., 2009
Finland 139 44 Selective media Horman et al., 2004
USA 179 690 Selective media Francy et al., 2000
Greece 223 1700 Selective media Bezirtzoglou et al., 1994
Japan 5 114 Biochemical Saito, 1990
Japan 17 41 Biochemical Oka et al., 1989
South Africa 16 849 Biochemical Sartory, 1986

C. difficile Czech Republic 16 15 MALDI-TOF MS Cizek et al., 2022
Western Australia 277 70 PCR, Whole-genome sequencing Lim et al., 2018
Taiwan 29 7 Multiplex PCR Tsai et al., 2022
Slovenia 104 15 PCR Janezic et al., 2016
Slovenia 94 154 gPCR Zidaric et al., 2010
Zimbabwe 234 14 Biochemical Simango, 2006
South Wales 16 40 Enzyme immunoassay Al Saif & Brazier, 1996
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Table 2.3: Prevalence of Clostridium species in surface water (continue).

Species Sampling area Samples (n) Isolates (n) ID Method Authors

C. botulinum Finland 110 34 PCR Hielm et al., 1998
Great Britain & Ireland 554 194 Mouse bioassay Smith et al., 1978
USA 131 4 Mouse bioassay Sayler et al,. 1976
London 69 50 Mouse bioassay Smith & Moryson, 1975

Multiple Egypt 5 46 000 000 Selective media Saber et al., 2021
Nigeria 24 20 892 Selective media Olalemi et al., 2020
Bénin 48 49 300 Selective media Onifadé et al., 2017
Vienna 139 483 Biochemical Manafi et al., 2013
Malaysia 70 24 404 Biochemical Lee et al., 2012

South India 59 71 DNA restriction digestion analysis, SDS-PAGE  Sathish & Swaminathan, 2009




The distribution of C. difficile in surface water systems has been studied in various countries
(Table 2.3), most of which were situated in Europe and Asia. In recent years, hypervirulent
strains of C. difficile RT078 were identified in a river system in southern Taiwan, where four
isolates harboured multiple toxin-producing genes, namely tcdA, tcdB, cdtA and cdtB (Tsai et
al., 2022). A similar study done by Zidaric et al. (2010) reported a high diversity of C. difficile
genotypes in 25 river systems across Slovenia, with 38.1 % of the isolates being distributed
into 34 different ribotypes, of which RT014 was predominant. These findings suggest that
C. difficile may be more widely distributed in aquatic environments than previously thought
and act as potential reservoirs of genetically diverse strains (Al Saif & Brazier, 1996; Janezic
et al., 2016). Additionally, when the core genomes of several C. difficile RT014 strains from
various environmental water sources were compared to its clinical counterpart, 19.2% (5/26)
of the human-derived strains were closely related to one or more water strains (Lim et al.,
2018). This supports the growing hypothesis of an environmental transmission route for
C. difficile infections (CDI) (Lim et al., 2018; Warriner et al., 2017).

In the case of C. botulinum, it is important to note that the mechanisms responsible for a
botulism outbreak in the aquatic environment remain poorly understood (Espelund &
Klaveness, 2014). However, there are environmental characteristics that influence a botulinum
outbreak in nature. Low water levels, temperatures above 20°C and a pH between 7.5 and 9
have been linked to larger outbreaks (Espelund & Klaveness, 2014; Rocke et al., 1999). A
study done by Sayler et al. (1976) investigated its incidence in environmental water and the
adjoining sediment. The findings showed C. botulinum to be present in 12.3% of sediment
samples, however, no C. botulinum strains were detected in the water samples. Its ubiquitous
presence in aquatic sediment has also been the focus of several studies. In the United
Kingdom, several botulinum toxin serotypes, including types B, C, D and E, were identified
(Smith et al., 1978; Smith & Moryson, 1975). A study conducted by Hielm et al. (1997) on
aquatic environments in Finland reported the presence of serotypes A, B, E and F, with
serotype E being predominant in 61% of all freshwater sediment samples. Additionally, spores
of C. botulinum in sediment may be mobilised by surface water and spread throughout water

systems (Espelund & Klaveness, 2014).

Of all the Clostridium pathogens, the prevalence of C. perfringens in aquatic environments is
the most well-documented. Clostridium perfringens and its spores can survive in various
aquatic environments (Manafi et al.,, 2013). These spores are very resilient to various
physicochemical effects and other stressors, such as chlorination, radiation and heating
(Bezirtzoglou et al., 1994). A study by Oka et al. (1989) investigated the distribution of
enterotoxigenic C. perfringens in 17 water samples from three different surface water systems.

Water samples were initially heat treated at 75°C for 20 minutes and 100°C for 60 minutes
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before bacterial culturing. A total of 32 and nine C. perfringens strains were isolated following
the 75°C and 100°C treatment, respectively. Therefore, C. perfringens and especially its
spores, could serve as a useful indicator in aquatic ecosystems with stress factors
(Bezirtzoglou et al., 1994).

Sulphite-reducing clostridia (SRC), which include C. perfringens, has also shown to be a
valuable indicator organism for both point and non-point faecal pollution, as well as monitoring
water quality to control waterborne diseases, especially in developing countries (Abia et al.,
2015; Hafeez et al., 2020; Hamza et al., 2018; Lee et al., 2012; Mushi, 2018; Potgieter et al.,
2020; Sartory, 1986). A study done by Potgieter et al. (2020) assessed the water quality of 8
river systems in South Africa during the winter and summer season. The levels of
C. perfringens present in the water samples reached a high of 35 colony forming units
(CFU)/100 ml during the summer and >500 CFU/100 ml in the winter, indicating intermittent
faecal contamination in the various rivers. Water systems, such as rivers, lakes, estuaries,
and lagoons, are often utilized as receiving environments for wastes from residential areas,
manufacturing industry and wastewater treatment plants, which dump their untreated or
inadequately treated wastewater (Onifadé et al., 2017). The spores of C. perfringens present
in wastewater can survive longer in water systems than that of other vegetative faecal indicator
bacteria, such as Escherichia coli (Abia et al., 2015; Manafi et al., 2013). These spores have
also been used to monitor protozoan pathogens, such as cysts of Giardia sp., and oocysts of
Cryptosporidium sp. in surface waters associated with agricultural landscapes (Horman et al.,
2004; Wilkes et al., 2009). Ferguson et al. (1996) investigated the relationship between
indicator organisms, environmentally stable pathogens and enteric parasites in an estuarine
environment. The results showed that when compared to faecal coliforms and faecal
streptococci, C. perfringens spores were the most useful indicator of faecal pollution.
Furthermore, C. perfringens was also the only indicator that showed significant correlation

between pathogenic Giardia and the opportunistic Aeromonas sp.

All these studies highlight that surface water systems are extremely vulnerable to
microbiological contamination, particularly with Clostridium pathogens. Although certain
Clostridium species can assist with identifying faecal pollution in water systems, the potential
transmission of pathogenic species via water is problematic. These pathogens have multiple
means of transmission throughout agroecosystems and are not always prevented by

improving water quality alone.
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2.4.3. Prevalence of Clostridium species in fresh produce

There is a global increase in the consumption of fresh vegetables, with production increasing
from 682 million tons to 1.15 billion tons over the last few years, showing an approximate 69%
increase (FAO, 2024). However, alongside this, there is also an uprising of etiological agents
that cause foodborne outbreaks from these production environments, posing a major health
risk to consumers and the world at large (Balali et al., 2020). Several Clostridium species have
been associated with foodborne disease, with the most well-known being C. perfringens,
responsible for food poisoning, and C. botulinum, which causes the rare but highly fatal food-
borne botulism. However, the prevalence of clinically relevant C. difficile in fresh produce is
on the rise across the world (Han et al., 2018; Lim et al., 2018; Usui et al., 2020). Several
studies have shown strong associations between Clostridium pathogens and fresh produce
that is consumed raw (Table 2.4), particularly in countries such as Iran, South Korea, Nigeria,
Thailand, Slovenia, Australia and USA (Azimirad et al., 2021; Chukwu et al., 2016; Han et al.,
2018; Lim et al., 2018; Tango et al., 2018; Tassanaudom et al., 2017; Tkalec et al., 2019).
Furthermore, countries such as Nigeria, the USA, Mexico and Egypt are also among the
world’s leading producers of fresh vegetables, cultivating 74.62 million tons collectively in 2022
alone (FAO, 2024).

Fresh produce can be contaminated with disease-causing bacteria at any point during the
production chain, during preharvest or postharvest processes (Figure 2.2) (Gil et al., 2015).
Regarding the preharvest sources of contaminations, the direct contact between produce and
the soil they are cultivated in has shown to be a major transmission route for pathogens,
especially in root vegetables. This is evident in a study by Hashimoto et al. (2023), where 93%
of soil samples attached to the surface of 30 potatoes tested positive for C. perfringens.
Additionally, of the 613 C. perfringens isolates obtained, the majority were classified as type
A (73%), followed by type F (20%), type C (6%) and type E (0.003%). In a different study,
Tkalec et al. (2019) investigated the contamination rates of C. difficile in potatoes and leaf
vegetables grown in Slovenian soil. Of all the collected vegetables, potatoes exhibited a higher
positivity rate than the leafy vegetables, with C. difficile being detected in 60% of potato
samples, as opposed to 14.3% in lettuce samples. Another source of preharvest
contamination of produce includes contaminated water that is used for irrigation and pesticides
to be applied to crops (Balali et al., 2020). Alegbeleye & Sant'’Ana (2023) reported on the
microbiological quality of different water sources (surface water, groundwater, and municipal
water) that are utilised to irrigate 69 vegetable farms in Sao Paulo, Brazil. The results showed

elevated levels of enteric pathogens, including C. perfringens, across all irrigation sources.
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Table 2.4: Prevalence of Clostridium species in fresh produce.

Species Sampling area Samples (n) Isolates (n) ID Method Source Authors

C. perfringens  Iran 366 66 Biochemical, PCR Raw and RTE leafy vegetables Azimirad et al., 2021
Egypt 10 4 PCR Vegetables Hamza et al., 2018
South Korea 360 48 gqPCR Lettuce, Spinach, Sprouts Tango et al., 2018
Nigeria 50 28 Biochemical, PCR Water leaf, Green peppers, Pumpkin leaf, Cabbage, Carrot Chukwu et al., 2016

Biochemical, Multiplex

Thailand 100 160 PCR Dried peppers Tassanaudom et al., 2017
Mexico 300 6 gPCR Parsley Gbémez-Govea et al., 2012
Seoul, Korea 345 21 Biochemical Salad, Sprouts, Lettuce Seo et al., 2010
South Wales 300 7 Enzyme immunoassay Potato, Onion, Mushroom, Carrot, Radish, Cucumber Al Saif & Brazier, 1996

C. difficile Ireland 100 5 PCR Spinach, Lettuce, Rocket, Coleslaw Marcos et al., 2021
Japan 242 8 PCR Root vegetables Usui et al., 2020
USA 297 41 gPCR Lettuce Han et al., 2018
Slovenia 154 28 PCR, MALDI-TOF Leafy vegetables, Ginger, Potatoes Tkalec et al., 2019
Western ) ) )
Australia 300 30 Biochemical, PCR Root vegetables Lim et al., 2018
Iran 70 3 PCR Salad Rahimi et al., 2015
USA 125 3 Biochemical, PCR Lettuce, Green pepper, Eggplant Rodriguez-Palacios et al., 2014
Iran 106 6 Multiplex PCR Salad Yamoudy et al., 2015
France 104 4 Biochemical, PCR Salad Eckert et al., 2013
Canada 111 5 PCR Carrot, Ginger Metcalf et al., 2010
Scotland 40 3 PCR Salad Bakri et al., 2009

C. botulinum Florida, USA 1118 4 Enzyme immunoassay Cabbage, Green pepper, Salad Lilly et al., 1996
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When these pathogens are introduced onto fresh produce and the adjacent soil environment
via irrigation, they may internalize into the edible parts of vegetables or persist on or within
vegetables until harvest (Alegbeleye et al., 2018). Hamza et al. (2018) aimed to demonstrate
this by investigating the possible link between C. perfringens strains from livestock and
contaminated produce through water and soil transmission. The results reported a significant
correlation made between the prevalence of C. perfringens in livestock and these
environmental samples (P < 0.05), with 55.81% prevalence of C. perfringens in livestock, 40%

in soil samples, 31.7% in irrigation water samples and 40% prevalence in all produce samples.

+ Growing field and adjacent land
« Manure and soil amendments
Preharvest | » Water for primary production (Water source and
irrigation system)
« Animals and insects activity
« Equipment associated with growing and harvesting
Harvest » Production systems
« Postharvest handling (Primary preparation, storage
and transportation)
Postharvest  —— . Handiing prior processing (Storage and distibution)
» Processing (Reception and inspection, washing after
cutting, weighing and packaging
« Retail food service operation and consumer handling

Figure 2.2: Microbial contamination of fresh vegetables in the farm-to-table cycle. This graphic
depicts probable contamination occurrences at the various stages of the process.
Contamination can occur before, during, and after harvesting, resulting in a disease outbreak
(Gil et al., 2015).

Postharvest contamination of fresh produce can occur during field harvesting and field
packing, as well as during processing practices, storage, distribution, sale or consumer
handling. Although the washing of fresh produce, especially produce that is seen as ‘ready-
to-eat’ (RTE), is crucial to remove unwanted contaminants before being prepared for
consumption (Gil et al., 2015), it is not always successful in eliminating pathogens such as
Clostridium. Several studies have detected Clostridium pathogens in retail produce and RTE

raw salads, with C. perfringens and C. difficile being the most frequently isolated from leafy
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vegetables sold at market (Azimirad et al., 2021; Han et al., 2018; Rodriguez-Palacios et al.,
2014; Tango et al., 2018). Marcos et al. (2021) tested a variety of vegetables sold at retail and
detected C. difficile in five out of the 100 samples. This included spinach (2 samples), lettuce,
rocket, and coleslaw (1 sample each). Furthermore, direct counts were obtained for spinach
(5.8 log1o CFU/g) and coleslaw (4.3 logo CFU/g). According to a study conducted in South
Wales, 71% of C. difficile strains isolated from vegetables were toxigenic (Al Saif & Brazier,
1996). Toxigenic C. difficile was also present in RTE salads sold in Iran, Scotland and France,
with the ribotypes 078 and 014 being most prevalent in Iran (Rahimi et al., 2015; Yamoudy et
al., 2015), RT017 and RT001 in Scotland (Bakri et al., 2009), and RT001, RT014/020/077 and
RT015 in France (Eckert et al., 2013). Clostridium perfringens, along with Escherichia coli,
were the most frequently identified pathogens among minimally processed vegetables in
Seoul, Korea (Seo et al., 2010). It was presentin 21 of the 345 samples, which included lettuce
(3.3%), mixed salads (3.9%) and sprouts (12.5%). A study done in Tehran, Iran, assessed the
microbiological safety of raw and RTE leafy vegetables purchased from different markets
(Azimirad et al., 2021). Of the 21 foodborne pathogens tested for, C. perfringens was the third
most prevalent pathogen (66/366), after Staphylococcus aureus (134/366) and Escherichia
coli (85/366).

Foodborne botulism, brought on by botulinum neurotoxin (BoNT) produced by C. botulinum,
has been widely acknowledged as rare but severe paralytic disease (Fleck-Derderian et al.,
2017). Although botulism is mostly associated with the consumption of cooked canned
vegetables, there have been reports of outbreaks implicating fresh produce as transmission
source (Beuchat, 1996; Solomon et al., 1990). An outbreak of botulism in Florida, USA, was
linked to RTE coleslaw which was prepared from raw shredded cabbage (Solomon et al.,
1990). A study done by Lilly et al. (1996) investigated the prevalence of C. botulinum spores
in commercially packaged vegetables across Florida, USA. The results showed, however, a
low prevalence (0.36%) of C. botulinum, with only 4 of the 1118 samples tested positive. These
4 strains were isolated from shredded cabbage, green pepper and 2 salad mixes. Additionally,

all strains were identified as serotype A, except for one salad mix, which was type A and B.

The prevalence of Clostridium pathogens from the existing data indicates that they can
contaminate cultivated fresh produce, be it from pre- or postharvest practices. The presence
of these pathogens is concerning, since possible exposure to or consumption of these produce
may put humans at risk for Clostridium infections. There is also an overall need for more
efficient decontamination processes during the production chain. Furthermore, additional
information regarding the water quality of irrigation sources, as well as the hygiene procedures
used throughout processing, storage, and marketing, is warranted to identify crucial

contamination points better and define appropriate intervention measures.
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2.5. Antibiotics in agroecosystem and effects on Clostridium

The World Health Organisation has declared antibiotic resistance a global threat to humans
and animals, as well as the natural environment (WHO, 2023). Modern agroecosystems have
been shown to harbour and spread pathogenic bacteria, including but not limited to Clostridium
species, which present with antibiotic resistance (Franklin et al., 2016; Williams-Nguyen et al.,
2016). To help illustrate the pathways through which exposure to antibiotics (AB), antibiotic-
resistant bacteria (ARB), and antibiotic-resistance genes (ARGs) may occur and their
associations to expected effects, a cause model was put forth for agroecosystems (Figure 2.3)
(Williams-Nguyen et al., 2016). Embracing a One Health perspective, the causal model
delineates crucial interactions among antibiotics, ARB, and ARGs, along with their subsequent
effects within agroecosystems and focuses on three distinct endpoints: (i) human health, (ii)
ecosystem function, and (iii) agricultural system productivity. This phenomenon results from
the overuse and misuse of antibiotics in both health and agricultural sectors (Manyi-Loh et al.,
2018). Antibiotics are used to treat serious bacterial infections in humans and animals, as well
as prevent stress-related diseases and help promote faster growth in livestock (Franklin et al.,
2016). However, these antibiotics are only partly metabolised and then excreted, leaving as
much as 90% of them unchanged, i.e., still active (Kumar et al., 2005). These antibiotics are
then introduced into the natural environment through various means (Samreen et al., 2021).
Studies have found that wastewater treatment facilities are unable to remove antibiotic residue
successfully and are subsequently released into surrounding surface water systems (Baquero
et al., 2008; Kraemer et al., 2019). Antibiotics are also readily found in agricultural soil. This is
largely due to manure and sewage sludge application as fertiliser (Symochko et al., 2023).
The exposure of these antibiotics to the indigenous microbes has resulted in the resurgence
of antibiotic-resistant bacteria and genes in these environments (Kunhikannan et al., 2021).
This encourages genetic mutations and exchange between non-target species of bacteria,
whether they perform critical ecosystem functions, are pathogenic or have undefined roles in

the ecosystem (Symochko et al., 2021).
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Figure 2.3: Proposed causal model depicting effects of antibiotics, antibiotic-resistant bacteria
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(ARB), and antibiotic-resistance genes (ARGs) in agroecosystems and the environment. The
use of antibiotics results in increased levels of antibiotics, ARB, and ARGs in agroecosystems.
Residues of antibiotics cause an enrichment of ARB in the environment. ARB and ARGs,
though distinct, are intrinsically linked with unknown or mixed causal directions. Antibiotics
and ARB in agroecosystems affect human health, ecosystem function, and agricultural system
productivity. Blue represents active antibiotic compounds. Purple represents resistance

elements. Green represents the outcomes of interest (Williams-Nguyen et al., 2016).

Considering the above-mentioned information, antibiotic resistance among Clostridium
species is on the rise (Khademi & Sahebkar, 2019). Several studies have identified antibiotic-
resistant Clostridium species in agricultural environments, such as soil, surface water and
livestock (Fourie, 2017; Khan et al., 2021; Symochko et al., 2023). Resistance to several
antibiotics, such as clindamycin, erythromycin and tetracycline, have been found in major
Clostridium pathogens globally (Archambault & Rubin, 2020). A study done by Symochko et
al. (2021) isolated C. perfringens from an agroecosystem in Ukraine, that was treated with
organic fertiliser continuously for 3 years, which showed multidrug resistance against 6
different antibiotics (amoxicillin erythromycin, rifampicin, clindamycin, tetracycline, and
metronidazole). In the Czech Republic, high levels of antibiotic resistance (>256 mg/l) to
clindamycin and erythromycin have also been reported in 22 C. difficile strains isolated from
wastewater and receiving surface water systems, of which 62.6% carried the macrolide
resistance gene, ermB (Cizek et al., 2022). Additionally, C. perfringens and C. difficile have
even shown resistance to last resort antibiotics, specifically vancomycin (Eubank et al., 2022;
Osama et al., 2015; Tansuphasiri et al., 2005). Several Clostridium pathogens have also been
shown to contribute to the environmental spread of antibiotic resistance via conjugal transfer

of tetracycline (tetM) and macrolide (mefA) resistance genes (Soge et al., 2009), as well as
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plasmid mediated resistance for metronidazole (Cizek et al., 2022). Treating infections caused
by these pathogens is, therefore, more challenging, as it requires the use of more noxious and
expensive drugs (Serwecinska, 2020). Followingly, the Centre for Disease Control and
Prevention classified C. difficile under ‘Urgent Threats’ that urgently require new antibiotics to
treat (CDC, 2019). However, the spread of antibiotic-resistance bacteria and genes is currently
outpacing the discovery and development of novel antibiotics, which could suggest that the
golden era of antibiotics ending (Shim, 2023). Therefore, it is crucial to monitor susceptibility

data of Clostridium species to maintain effective treatment against infections.

2.6. Anaerobic culturing and characterisation approaches for Clostridium

species

It is important to remember that the experiments conducted today are rooted in history. In the
late 1950s, Dr Horace Barker successfully used a small flask filled to the brim with specific
substrates and nutrients and capped with a ground-glass stopper to cultivate anaerobic
bacteria. This method of cultivation became widely used to grow anaerobes (Barker, 1956;
Wolfe, 1999). However, cultivating and characterising anaerobic bacteria, such as Clostridium,

in a laboratory setting today, still comes with some challenges.

2.6.1. Cultivation methods

Although culture-based methods have been essential in increasing our understanding of
specific bacteria, they can only provide information on the 1% of bacteria that are readily
cultivated (Nocker et al., 2007). Certain Clostridium species can be identified and enumerated
from different type of samples using culture assays (Palmer et al., 2019) The most routinely
used methods include direct plate count and most probable number (MPN) (Sonnabend et al.,
1987; Vijayavel & Kashian, 2014). However, they require specific growth conditions, such as
anaerobiosis (stable anaerobic environment) and nutrition-rich media (Gajdacs et al., 2017).
Non-selective growth mediums such as reinforced clostridial agar, blood agar and brain heart
infusion agar are used to cultivate a wide variety of fastidious Clostridium species before being
used for other diagnostic purposes (Byrne et al., 2008). However, the unusual colony
morphology on plates may contribute to the misidentifying Clostridium species. The choices
of selective and differential media currently available for cultivating Clostridium species are
limited, making it challenging to differentiate closely related species in samples containing

multiple strains (Palmer et al., 2019). However, for the selective growth of sulphite-reducing
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clostridia, which includes C. perfringens, agars such as tryptose sulphite cycloserine (TSC) or
Shahidi-Ferguson Perfringens (SFP) is recommended (Barrios et al., 2013; Byrne et al., 2008).
These types of media rely on the principle that the bacteria reduce sulphites to sulphides,

resulting in the formation of black colonies that are easily recognized (Barrios et al., 2013).

An anaerobic environment can be created by several means, such as using anaerobic jars or
chambers (glove boxes) and gassing stations. Although, these types of equipment are not
always readily available in laboratories. This is due to the associated cost, maintenance, and
tedious efforts in operating them (HaniSakova et al., 2022). However, there have been several
approaches to overcome these challenges of anaerobic cultivation. One such example is the
Fung double tube (FDT) method. Developed by Fung in the 1980s, this method only requires
two glass test tubes (one screw cap and the other being small enough to fit inside the
aforementioned) to create the desired anoxic environment (Fung & Lee, 1981). Several
studies have also reported that the FDT method resulted in more effective anaerobic
enumeration than traditional anaerobic incubation using plates (Ali & Fung, 1990; Barrios et
al., 2013). In short (Figure 2.4), liquified agar (e.g. TSC), along with the sample, are mixed
and form a thin layer of agar between the two test tubes (creating anaerobiosis) for Clostridium
to grow. This method was found to be extremely efficient and cost effective in enumerating
Clostridium species from various sources, including food and water samples, delivering results
within 6 hours with no additional equipment to achieve anaerobiosis (Fourie, 2017; Riley et
al., 1999).
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Figure 2.4: Schematic of isolating Clostridium species from environmental samples using the
Fung double tube (FDT) method. A 10-fold serial dilution is made up of the samples, following
which it is mixed with liquefied agar. Sulphite-reducing clostridia, such as C. perfringens, will
appear as black colonies after incubation at 42°C for 6 hours when using tryptose sulphite

cycloserine (TSC) agar.

2.6.2. Biochemical based analysis

In microbiology, biochemical or metabolic tests have been used to isolate, identify, and
characterise diseases causing microorganisms for almost 150 years (Altheide, 2019). Over
the years, the enzymatic versatility of bacteria was harnessed and refined to where differential,
culture-based, biochemical testing became an important and effective methodology in any
diagnostic laboratory (Altheide, 2019). With the use of a multistep methodology, using diverse
growth substrates in both solid and liquid media, a distinct metabolic profile of an unknown
bacteria could be established, offering a reproducible method for identification (Franco-Duarte

et al., 2019; Palmer, 2019). Based on the British standards for microbiology investigations,
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identification of Clostridium species from Public Health England (2014), clinically relevant
Clostridium pathogens can be preliminary identified based on their growth characteristics,
colony morphology and biochemical characteristics, such as lecithinase, indole, lipase, and
urease activity (Figure 2.5). Several studies have identified Clostridium species from
environmental samples, solely based on their biochemical profiles and gas-chromatographic
analysis of fermentation products (Baverud et al., 2010; Creti et al.,1990; del Mar Gamboa et
al., 2005; Wilkins et al., 1988). However, the accurate identification of Clostridium species
based on these methods is laborious and time-consuming, posing challenges for
inexperienced users. Additionally, strictly standardized media, growth conditions and pure
cultures are required to achieve consistent results. There are several Clostridium species that
are characterized by only a single strain which could lead to misidentification due to inherent
variation among intraspecies or interspecies phenotypes (Grosse-Herrenthey et al., 2008).
Another limitation of these culture-based methods is the inability to identify non-culturable
bacteria (Franco-Duarte et al., 2019). A study done by Bagge et al. (2009), reported the
misidentification of C. chauvoei in 42.9% of samples when utilising biochemical tests, as
opposed to molecular identification methods, such as polymerase chain reaction (PCR).
Commercially available kits, such as RapID™ ANA Il and API® systems, have been developed
to identify Clostridium species (Palmer, 2019). Although these kits are faster and more
convenient, they lack both sensitivity and specificity to correctly identify some Clostridium
pathogens, such as C. difficile and C. botulinum (Lindstrém et al., 1999; Head & Ratnam,
1988). Furthermore, distinguishing between C. bifermentans and C. sordellii proves
challenging with traditional methods as their biochemical profiles are almost identical
(Sanchez Ramos & Radloff, 2018).

The use of matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS) has become a reference standard for the identification of bacteria (Palmer,
2019). MALDI-TOF MS has been described as an analytical chemistry identification method,
rather than a traditional biochemical technique (Altheide, 2019). It is a true departure from
other phenotypic approaches, since organisms are not cultivated with various substrates and
media to assess metabolic utilisation, and the detection of specific enzymes is not conducted.
MALDI-TOF MS rather establishes the protein "fingerprint" of an organism by subjecting a
single colony to a high-energy laser. This process generates individual peptide fragments of
varying sizes, resulting in a distinctive chemical spectrum (Altheide, 2019). Studies have
emphasised the advantages of MALDI-TOF MS over traditional identification methods, which
include rapidity, reproducibility, sensitivity, associated costs, and low sample volume
requirements, making it an ideal method for routine and high-throughput use (Al-Mogbel, 2015;

Chean et al., 2014). However, the high initial investment and maintenance costs of MALDI-
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TOF MS may prove too expensive for some laboratories (Palmer, 2019). Although only a few
studies have used MALDI-TOF MS to investigate anaerobic bacteria, it has shown great
potential for typing applications in Clostridium species, as well as the development of fully
automated workflows (Al-Mogbel, 2015; Grosse-Herrenthey et al., 2008; Sanchez Ramos &
Radloff, 2018).
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Figure 2.5: |dentification of Clostridium species based on their phenotypical and biochemical characteristics (Public Health England, 2014).
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2.6.3. Antibiotic susceptibility testing

Methods used for antibiotic susceptibility testing (AST) in anaerobic bacteria provide
information on the expected bacterial response to antibiotics in the form of minimum inhibitory
concentration (MIC). These standards and practices for AST are governed by organisations
such as the Clinical Laboratory Standards Institute (CLSI) and the European Committee for
Antimicrobial Susceptibility Testing (EUCAST) (Sood et al., 2022). Testing methods such as
disk diffusion (Kirby-Bauer Method), broth microdilution and gradient strips are routinely used
in practice (Gajdacs et al., 2017). However, agar dilution is considered the ‘golden standard’
for AST in anaerobic bacteria. The current problem facing AST in anaerobes is the lack of
literature, with the main issue being that many existing studies do not follow the guidelines set
out by the CLSI or EUCAST. This results in methodology and interpretive breakpoint

differences, which adds to the variation in resistance data available (Sood et al., 2022).

Although international attempts to monitor antibiotic resistance are focused on culture-based
methods, there are molecular diagnostics approaches to detect antibiotic resistance, however,
these methods have their limitations and are currently not standardised (Banerjee & Patel,
2023; Franklin et al., 2016). While both polymerase chain reaction (PCR)-based methods and
metagenomic approaches have a lot of potential for understanding the diversity and amount
of antibiotic resistance genes (ARGs) in complex environments, they are not able to confirm
the functionality of the resistance mechanisms that have been identified, or to link specific
ARGs to certain bacterial groups (Franklin et al., 2016). Studies have compared the
effectiveness of traditional culture-based methods and characterization methods with newer
techniques that focus on specific antibiotic resistance genes, rather than whole bacteria.
However, there has not yet been a single method or combination of methods proven to be the
most accurate (Campbell et al., 2011; Nordmann et al., 2012). To accurately evaluate
antibiotic resistance in the environment in the future, standardized methods that use both

culture-based and molecular techniques will be necessary (Franklin et al., 2016).

2.6.4. Molecular approaches
2.6.4.1. Polymerase chain reaction (PCR)-based techniques

Polymerase chain reaction (PCR) is an enzyme-dependent procedure based on in vitro
replication by using heat-stable DNA polymerase and highly precise oligonucleotide primers
to identify and amplify sections of the target gene. If present, this method can generate large
quantities of the targeted gene from extracted DNA (Kadri, 2019). This is achieved by a
reaction that consists of template DNA, gene-specific primers, Taq polymerase and the four

deoxyribonucleoside triphosphates (dNTPs) in a balanced buffer solution which is then
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subjected to repetitive temperature cycles of denaturation, annealing and extension (Figure
2.6) (Kadri, 2019; van Pelt-Verkuil & te Witt, 2019, Wilson, 2002). In short, during the
denaturing stage of PCR, the hydrogen bonds of double-stranded DNA (ds-DNA) are
denatured and separated into single-stranded DNA (ssDNA) by increasing the temperature to
94°C (denaturation temperature). The annealing stage is then carried out at 40-70°C (primer
hybridization temperature), where the lower temperature allows for the hydrogen bonds to
reform between the ssDNA and primers at the complementary section of the targeted gene.
The extension stage is then carried out at a temperature of 72°C (elongation temperature),
During this stage, Taq polymerase binds to the primed ssDNA and catalyzes replication by
extending the primers from the 3’ hydroxyl end and using the dNTPs (dATP, dGTP, dCTP and
dTTP) to synthesize new, complementary DNA. Thus, the synthesis of two new dsDNA is
completed after one cycle, after which the denaturation, annealing and extension are repeated
during the second cycle and so forth. A protocol of between 20 and 40 cycles is needed to
synthesize an analysable amount of DNA (~0.1 pg) (Kadri, 2019; van Pelt-Verkuil & te Witt,
2019. Wilson, 2002). The synthesised products (amplicons) can then be characterised by
various techniques such as electrophoresis, hybridization, and DNA sequencing (van Pelt-
Verkuil & te Witt, 2019).

DNA

5 3
_Target
sequence
3 5
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Denaturation @ 5
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Figure 2.6: Diagram illustrating the principles of polymerase chain reaction (PCR) (Wilson, 2002).

Several molecular techniques are based on PCR technology. Multiplex, nested, and semi-

nested PCR approaches allow for the simultaneous and selective detection of different target
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genes, species, or toxinotypes. Quantitative PCR (qPCR) uses fluorescently labelled probes
(Molecular beacons® and TagMan®) or intercalating dyes (SYBR® Green) to visualise the
fragment amplification during the entire PCR process (Rocha et al., 2015). This method allows
for the detection and quantification of target genes in real-time (relative quantification), as well
as analysing gene expression levels when combined with reverse transcription (absolute
quantification) (Garibyan & Avashia, 2014). Furthermore, many diagnostic methods are based
on gPCR techniques. Numerous studies have shown the value and sensitivity of PCR
techniques to detect Clostridium pathogens in various environmental and food samples (Table
2.2-4). However, there are challenges and limitations when using PCR on samples from
agroecosystems (Franklin et al., 2016). One such challenge is the efficacy of DNA extraction
from samples. Due to PCR being such a sensitive technique, extraction protocols should be
optimized to capture pure DNA from a consortium of bacteria and applied consistently across
all samples intended for comparison analysis (Franklin et al., 2016; Garibyan & Avashia,
2014). Any type of sample contamination, even trace quantities of DNA, can lead to inaccurate
results (Garibyan & Avashia, 2014). In addition, the design of primers for PCR can only be
done from prior DNA sequence data, resulting in the detection of only known pathogens or
genes in environmental samples (Franklin et al., 2016; Garibyan & Avashia, 2014). Primers
can also anneal non-specifically to sequences that are similar, but not identical to the target
DNA. Furthermore, while extremely rare, the DNA polymerase can insert erroneous
nucleotides into the PCR sequence (Garibyan & Avashia, 2014). Another drawback with PCR-
based diagnostics is the exceptionally large, but poorly understood microbial diversity in
agroecosystems, especially soil (Palmer, 2019). In the “black-box” of soil ecology there are
many undiscovered species that could have unknown influence on the interpretation of PCR
results (Cortois & De Deyn, 2011; Palmer, 2019). Many rare species remain undetectable,
and unidentified species with significant genetic homology that might hinder the sensitivity and
accuracy of the results (Palmer, 2019). It is, therefore, recommended that PCR products are
sequenced to verify the amplification of the targeted gene when working with environmental

samples (Franklin et al., 2016).

2.6.4.2. Sequencing

Since Watson and Crick first described the three-dimensional structure of DNA in 1953, the
science of sequencing has grown in popularity and importance. To date, sequencing
technology has experienced three generations of evolution, especially in DNA and RNA
sequencing (Mohammadi & Bavi, 2021). First-generation sequencing generally refers to
Sanger sequencing, which uses fluorescently labelled dideoxy-nucleotides and capillary

electrophoresis to produce sequencing reads of up to a few hundred nucleotides in length
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(Park & Kim, 2016). The term "Next-generation sequencing" (NGS) is used as an umbrella
term for second-generation (short-read sequencing) and third-generation (long-read
sequencing) technologies (Satam et al., 2023). These advances have increased throughput,
sequencing millions of DNA fragments at the same time, while reducing turnaround time and
associated costs. NGS has shown to be a powerful discovery tool in genomic research,
especially when investigating the whole genome (DNA sequencing) and transcriptomic

responses (RNA sequencing) in an organism (Hu et al., 2021; Satam et al., 2023).

Genotyping an organism via sequencing its whole genome can generate a detailed blueprint
of its genetic makeup which includes all the genes, regulatory regions and non-coding
elements that are present (Kockum et al., 2023). This makes it possible to detect genetic
differences, such as single-nucleotide polymorphisms (SNPs) and structural variations like
insertions, deletions, and rearrangements, even without a reference sequence (Satam et al.,
2023). Additionally, whole-genome sequencing (WGS) of clinically relevant pathogens has
transformed the understanding of antibiotic resistance and outbreak investigations (Gajdacs
etal.,2017). A study done by Wen et al. (2022) used WGS to genomically link 43.8% (110/251)
of C. difficile strains from a clinical setting to prior infection cases over a 4-year period.
Furthermore, whole-genome analysis showed the acquisition of fluoroquinolone resistance as
a key genetic change linked to the transcontinental dissemination of two lineages of epidemic
C. difficile (027/BI/NAP1) (He et al., 2013). Additionally, RNA sequencing is a widely used
method for studying the behaviour of genes under different biological conditions (Evans et al.,
2018). Sequencing the mRNA molecules in an organism can provide a comprehensive
snapshot of the expressed genes and various biological processes. The data generated can
be used to identify and quantify differential gene expression, discover novel transcripts, and
study gene expression dynamics over time (Mohammadi & Bavi, 2021; Satam et al., 2023).
This all has made investigating bacterial genome and transcriptome sequencing more

practical and convenient.

Short-read sequencing approaches are currently the most frequently used form of NGS and
are represented by technology platforms such as lllumina (sequencing by synthesis) and lon
Torrent (semiconductor sequencing) (Hu et al., 2021; Ye et al., 2015). The shared
characteristic of these technologies is the extensive sequencing of short DNA molecules (250—
800 bp) that are clonally amplified and sequenced in parallel. These approaches generally
begin with (i) library preparation, followed by (ii) sequencing, and lastly, (iii) analysis of the

data.

i.  Good library preparation is a prerequisite for DNA and RNA sequencing when using

short-read sequencing platforms. The library preparation for DNA sequencing involves
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the fragmentation of DNA, end-repair, ligation of platform-specific adapters (enables
downstream processing and sample identification), and size selection. Sample
preparation for RNA sequencing generally includes total RNA isolation, target RNA
enrichment, chemical fragmentation of remaining RNA, end-repair, adaptor-ligation
and random priming for reverse transcription of RNA into complementary DNA (cDNA)
(Hu et al., 2021).

ii. Before sequencing can commence, clonal amplification of the DNA fragments is
performed to generate strong, detectable signals during sequencing. These fragments
then bind to flow cell surfaces (lllumina) or beads (lon Torrent) and are amplified by
“bridging” PCR (lllumina) or emulsion PCR (lon Torrent) to synthesise millions of
spatially separated template fragments simultaneously. The large volumes of
sequenced fragments, referred to as reads, can then be reassembled and analysed
with various bioinformatic tools (Hu et al., 2021).

iii.  Streamlined bioinformatics analysis and management of sequence data is essential
when using DNA or RNA sequencing approaches. Therefore, the standard workflow

includes primary, secondary, and tertiary analyses.

For DNA sequencing data, the primary analyses involve quality control measures such as
filtering and trimming low-quality reads and can be done by the instrumental software after
sequencing or by tools such as FastQC and Trimmomatic (Bolger et al., 2014). The short
reads (single-end or paired-end) are then stored as FASTQ files and used for secondary
analysis, which involves read alignment and variant calling against reference genomes
(reference-based alignment) or de novo assembly of reads without any reference genomes.
Bioinformatic tools such as Bowtie2 and SPAdes are generally used for short read alignments
and de novo assembly, respectively (Bankevich et al., 2012; Langdon, 2015). These programs
use algorithms to align overlapping of reads into contigs (larger contiguous sequences) and
then arrange these contigs to form scaffolds (a framework of the sequenced genome), which
are then stored as a binary alignment/map (BAM) or sequence alignment/map (SAM) file (El-
Metwally et al., 2013; Hu et al., 2021). The quality of the genome assemblies can then be
evaluated by a variety of metrics. The N50 metric is commonly used to assess the contiguity
of assemblies and represents the length of the smallest contig or scaffold for which longer and
equal length contigs cover at least 50 % of the assembly (Alhakami et al., 2017). Tertiary
analysis involves the annotation and interpretation of assembled genomes by determining
their biological and pathological functions (Ekblom & Wolf, 2014; Hu et al., 2021). These types
of analyses consist of two steps, namely (i) structural annotation, where functional elements
such protein-coding sequences (CDS) are identified either by ab initio algorithms that are

trained on gene predicting models, or by curated non-redundant protein and transcript
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databases (NCBI, RefSeq, UniProt); and (ii) functional annotation, where biological relevant
information (biological function, biochemical function, gene ontology terms, etc.) is assigned
to the predicted CDS (Dominguez Del Angel et al., 2018; Ekblom & Wolf, 2014). Although
there are several different tools available for structural and functional annotation, most of them
run individually and do not combine results. However, there are automatic pipelines, such as
NCBI Prokaryotic Genome Annotation Pipeline and Rapid Annotation using Subsystem
Technology (RAST) that perform both structural and functional annotation (Aziz et al., 2008;
Tatusova et al., 2016).

Similar to the DNA sequencing analysis, RNA sequencing data analysis starts with base
calling (primary analysis), reads mapping and transcriptome reconstruction (secondary
analysis) and quantification and differential expression analyses (tertiary analysis). However,
analysing RNA sequencing data poses greater challenges due to the intricacies of alternative
splicing and the dynamic range of gene expression. Read mapping and alignment are crucial
for transcriptome profiling and use tools such Bowtie2 or STAR (Bankevich et al., 2012; Dobin
& Gingeras, 2015). Transcripts are then generated from mapped reads either through a
reference-guided approach, using tools such as Cufflinks, or a reference-independent
approach (de novo reconstruction) using Trinity (Goff et al., 2012; Grabherr et al., 2011). After
a dataset has been mapped or assembled, quality-checking tools such as FASTQC can be
utilised to assess the quality of the reads and the analysis. Additionally, normalisation and
counting methods can be applied to characterise coverage and gene numbers (Conesa et al.,
2016). For the functional annotation of assembled transcripts, which include transcript
quantification and differential expression analysis, tools such as edgeR, and DESeq2 are
commonly used (Liu et al., 2021). This data is usually visually presented through heatmaps
and clustering. However, for a more detailed understanding of differentially expressed genes
(DEGSs), advanced analyses such as gene ontology (GO), pathway, and network enrichment

analysis are necessary (Rosati et al., 2024).

As previously stated in section 2.2 (Taxonomy of Clostridium genus), there have been
considerable changes in the taxonomy of anaerobic bacteria such as Clostridium. The use of
NGS has provided new opportunities to revisit the taxonomy of clostridia beyond the standard
of 16S rRNA gene sequences. These approaches can enable comprehensive taxonomic and
evolutionary analysis and provide much-needed insight into whether the Clostridium genus is
truly a monophyletic group or needs to be redefined taxonomically (Cruz-Morales et al., 2019).

Although NGS approaches have become more affordable over the years, the associated cost
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may still hinder such large-scale studies. Another drawback is the requirement for additional

bioinformatics skills to analyse the sequences (Baker, 2002).

2.7 Chapter summary

The chapter thoroughly explores the Clostridium genus, a diverse and significant group of
anaerobic bacteria. It begins by outlining the genus's historical discovery, unique
characteristics, and wide distribution across environments, including soil, water, and the
gastrointestinal tracts of animals. Key traits like endospore formation, motility mechanisms,
and metabolic adaptability enable Clostridium species to thrive in diverse and often extreme
conditions. Despite their ubiquity, the genus's taxonomy has undergone extensive revisions
due to challenges in phenotypic classification, with molecular techniques like 16S rRNA

sequencing now playing a pivotal role in defining and reclassifying its phylogeny.

This review delves into the pathogenicity of Clostridium, emphasising its production of potent
toxins that cause life-threatening diseases such as tetanus, botulism, and gas gangrene.
Pathogenic species are categorised into neurotoxic, enterotoxic, and histotoxic groups based
on their toxin activity. Beyond its clinical significance, the genus's impact on agroecosystems
is examined, highlighting its beneficial roles in nutrient cycling and plant growth promotion and
its detrimental effects as a plant pathogen. The document also highlights the widespread
prevalence of Clostridium in soil, water systems, and fresh produce, illustrating its importance

in public health and agriculture.

Antibiotic resistance in Clostridium is a central concern, driven by the overuse of antibiotics in
agriculture and healthcare. Resistant strains, including multidrug-resistant C. difficile, are
increasingly challenging to treat, emphasising the urgent need for new antibiotics and
resistance monitoring. The chapter also evaluates traditional and advanced methods for
cultivating and identifying Clostridium species, from culture-based techniques to molecular
approaches like PCR and next-generation sequencing. These tools enhance understanding
of Clostridium’s genomic and ecological diversity, contributing to better management of its

risks and benefits across various domains.

39



CHAPTER 3: INSIDE ENVIRONMENTAL CLOSTRIDIUM
PERFRINGENS GENOMES: ANTIBIOTIC RESISTANCE

GENES, VIRULENCE FACTORS AND GENOMIC FEATURES

3.1 Abstract

Numerous research studies exist on Clostridium perfringens in clinical settings; however, its
pathogenicity has been greatly neglected in environmental research. Environmental genomes
were used to investigate possible antibiotic resistance, and the presence of virulence traits in
C. perfringens strains from raw surface water. In-silico assembly was conducted on the DNA
of three C. perfringens strains and generated almost complete genomes, setting their length
ranging from 3.4 - 3.6 Mbp with GC content of 28.18%. An average of 3,175 open reading
frames were identified, with the majority associated with carbohydrate and protein
metabolisms. The genomes harboured several antibiotic-resistance genes for glycopeptides,
macrolide-lincosamide-streptogramin B, B-lactam, trimethoprim, tetracycline and
aminoglycosides. Also, the presence of several genes encoding for polypeptides and
multidrug resistance efflux pumps and 35 virulence genes. Some of these genes encode for
hemolysins, sialidase, hyaluronidase, collagenase, perfringolysin O and phospholipase C. All
three genomes contained sequences indicating phage, antibiotic resistance and pathogenic
islands integration sites. Genomic comparison of these three strains confirmed high similarity
and shared core genes with clinical C. perfringens strains, highlighting their health security
risks. This study provides the much-needed genomic insight into the potential pathogenicity of
C. perfringens present in the environment and emphasises the importance of monitoring this

niche in the future.

Keywords: Antibiotic resistance genes, Clostridium perfringens, Genetic features, Virulence

genes, Water environment, Whole-genome sequencing
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3.2 Introduction

Clostridium perfringens (previously known as Bacillus welchii) is a strictly anaerobic, Gram-
positive, rod-shaped bacterial pathogen (Hassan et al., 2015). This rapid-growing bacterium
has the ability to form endospores that are extremely resilient to toxic chemical and
environmental stressors, such as heat or radiation (Paredes-Sabja et al., 2008). As a result,
C. perfringens inhabits diverse environments including soil, water, sewage, food and even the
gastrointestinal (Gl) tract of mammals (Sathish and Swaminathan, 2009). In the Gl tract,
Clostridium perfringens does not infect healthy cells directly but rather acts by producing toxins
and enzymes that cause a number of enteric and systemic diseases in the infected host (Kiu
& Hall, 2018; Gross et al., 1989).

Pathogenic C. perfringens strains have been found to produce and secrete more than 20
different extracellular toxins and/or hydrolytic enzymes (Revitt-Mills et al., 2015). They are
classified into seven groups (toxinotypes A-G) according to the combination toxin types they
produce (a-toxin, B-toxin, e-toxin and I-toxin, enterotoxin (CPE) and NetB) (Kiu & Hall, 2018).
Clinically, the toxinotype A strain is the most common disease-causing agent responsible for
gas gangrene (clostridial myonecrosis), necrotic enteritis, as well as mild diarrhoea (Brynestad
& Granum, 2002). Although these toxins and enzymes each play a specific role in the disease
process, it is the synergistic actions of both on the host that could potentially be the key

virulence factors involved in its pathophysiology (Revitt-Mills et al., 2015; Rood, 1998).

Besides virulence factors in C. perfringens, another trait, such as antibiotic resistance, poses
a danger to clinically treated patients, mainly due to their ability to render antibiotic treatment
of severe and life-threatening infections ineffective (Kiu & Hall, 2018). Therefore, extensive
research has been conducted on antibiotic resistance profiles in C. perfringens using
phenotypic methods (e.g. testing of minimal inhibitory concentration) (Akhi et al., 2015; Kock
et al., 1998). However, there are only a few studies that have used genomic methods (i.e.
WGS- whole-genome sequencing) to investigate antibiotic resistance genes (ARGs) (Kim et
al., 2017; Li et al., 2017).

Considering the clinical relevance C. perfringens holds, and its wide distribution in nature, the
current state of knowledge on the pathogenicity of C. perfringens or its non-clinical
environment is still poor when compared to other more well-known pathogens (Shimizu et al.,
2002). New technologies, such as next-generation sequencing (NGS), have become the new
golden standard in in-silico analysis. This is because it (NGS) helps to understand bacterial
pathogenesis, identify and characterise genes coding for virulence factors, toxins or antibiotic

resistance in pathogens, especially C. perfringens strains, which are hard to grow under
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laboratory conditions (Bakour et al., 2016). Thus, the aim of this study was to expand on
existing knowledge of C. perfringens through the analysis of assembled genomes from surface

water and identifying the presence of virulence and antibiotic resistance genes.

3.3 Material and methods

3.3.1 Bacterial isolation, antibiotic susceptibility testing and genomic DNA extraction

Clostridium perfringens was isolated from water of the Schoonspruit River (26° 40 '46.0"S, 26°
34'58.7"E) in the North West Province (South Africa) in March 2016. A modified Fung’s double
tube method, along with tryptose-sulphite-cycloserine agar (Oxoid, UK) was used for the
bacterial isolation from collected samples (Fourie et al., 2019). The isolates were purified
through streaking and grown under anaerobic conditions at 44 °C and subjected to antibiotic
susceptibility testing as recommended by the Clinical and Laboratory Standards Institute
(CLSI, 2016). The minimal inhibitory concentrations (MICs) of five clinically relevant antibiotics
(ampicillin, tetracycline, clindamycin, chloramphenicol and metronidazole) were determined
by the agar dilution method (Table S3.2). Thereafter, multidrug-resistant (MDR) isolates were
selected for genomic DNA extraction. gDNA extraction from overnight cultures was done using
the NucleoSpin® Tissue kit (Macherey-Nagel, Germany) according to the instructions
provided by the manufacturer. Species confirmation was done by amplifying and sequencing
the 16S rRNA gene. The 27F (5- AGA GTT TGA TCM TGG CTC AG- 3’) and 1492R (5'- GG
TTA CCT TGT TAC GAC TT- 3’) (Inqaba Biotec; SA) primers were used (Jiang et al., 2006).
The reaction started with a denaturing step of 94°C for 2 minutes, where after 35 cycles
commenced. These cycles consisted of denaturing at 94°C for 30 seconds, annealing at 54°C
for 60 seconds and extension at 72°C for 1 minute. The reaction was concluded by an
additional extension at 72°C for 5 minutes. Subsequently, three MDR C. perfringens isolates

with high DNA purity were selected for whole-genome sequencing.

3.3.2 Genome sequencing, assembly and annotation

DNA libraries were performed using the Nextera XT kit (lllumina Inc., San Diego, Ca)
according to the instructions provided by the manufacturer and sequenced using an lllumina’s
MiSeq300 in paired-end reads. All short (< 50 bp) or low-quality value (QV < 15) fragments
were removed. The quality assessment and trimming were done in Trimmomatic (v.0.36)
(Bolger et al., 2014), followed by de novo assembly in SPAdes (v.3.9.0) to generate scaffolds

and contigs (Bankevich et al., 2012). Gene prediction and annotation was conducted using
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the NCBI Prokaryotic Genome Annotation Pipeline (v.4.3) along with Rapid Annotation using
Subsystem Technology (RAST) server (Tatusova et al., 2016; Overbeek et al., 2014).
Subsequently, the obtained draft genome sequences used in this study were then deposited
into the NCBI database (Fourie et al., 2019).

3.3.3 In-silico analysis of antibiotic resistance, virulence factors, genomic islands and

prophages

Antibiotic resistance genes and virulence factors were identified within the genomes of all
three C. perfringens strains by using BLASTx comparison to the virulence factors database
(VFDB) and ARGs database in deepARG (v.2.0) (Chen et al., 2016; Arango-Argoty et al.,
2018). The presence of genomic islands (Gls) within the assembled genomes was predicted
using the VRprofile (v.2.0) (Li et al., 2018). Prophage regions were identified, characterised
and located using PHASTER (PHAge Search Tool — Enhanced Release) (Arndt et al., 2016).

Default parameters were used for all software, unless otherwise specified.

3.3.4 Genomic comparison

Average nucleotide identity (ANI) was determined by using the OrthoANI algorithm (v.1.4) to
analyse genomic relatedness between the three analysed and reference C.
perfringens strains. OrthoANI percentages were calculated and a UPGMA dendrogram was
constructed (Lee et al., 2015). Annotated protein sequences were submitted to OrthoVenn2
to identify unique and/or shared orthologous clusters among three C. perfringens genomes,
as well as three reference genomes (Xu et al., 2019). Reference strains used for comparison
were C. perfringens: ATCC 13124 (Genbank: NC_008261), Str 13 (Genbank: BA000016), and
FORC_025 (Genbank: NZ_CP013101).

3.4 Results and discussion

3.4.1 Genomic annotations

The three assembled C. perfringens strains (SC4-C13, SC4-C17 and SC4-C24) that were
originally obtained from surface water produced genome sizes of 3.6, 3.5 and 3.4 Mbp,
respectively (Table S3.1) and were organised in 205 (both SC4-C13 and SC4-C17) and 110
(SC4-C24) contigs (Fourie et al., 2019). The GC content between the three strains averaged

at around 28.1%. Annotation of the genomes indicated the presence of open reading frames
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(ORFs) ranging between 3,079 and 3,245 for all three strains (Table S3.1), consistent with
published data on this bacterium. The average genome size known for C. perfringens varies
from 3.0 — 4.1 Mbp, with a GC content ranging between 27 — 28% (Kui & Hall, 2018; Kui et al.,
2017). The number of coding sequences present in their genome averaged between 2,500
and 3,600 (Kui & Hall, 2018).
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Protein Metabolism

Amino Acids and Derivatives

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

DNA Metabolism

Nucleosides and Nucleotides

RNA Metabolism
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Stress Response

Membrane Transport
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Figure 3.1: ORFs from three analysed C. perfringens genomes (blue SC4-C13; orange SC4-
C17 and grey SC4-C24) annotated and sorted into subsystems by rapid annotation system

technology (RAST) together with counts per each category for each genome.

RAST was used to functionally annotate the open reading frames of each genome into 25
subsystem categories (Figure 3.1). Based on the categories generated, all three stains
showed similar amounts of assigned ORFs, for each category. The majority was allocated to
“carbohydrates”, thus showing the importance of carbohydrates for these pathogens, since

they play a vital role in their growth and sporulation (Sacks, 1983). This was then followed by
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“‘protein metabolism”, “amino acids and derivatives” and “cofactors, vitamins, prosthetic
groups and pigments”. The less abundant ORFs belonged to the “metabolism of aromatic

compounds” category, along with “motility and chemotaxis”, “transposable elements” and

“nitrogen metabolism”.

3.4.2 Antibiotic resistance

The deepARG tool applies a deep-learning approach to identify and annotate antibiotic
resistance genes from genomic data. It does this by creating a dissimilarity matrix based on
ARGs categories and comparing it against the three major datasets currently available,
namely Comprehensive Antibiotic Resistance Database (CARD), Antibiotic Resistance Genes
Database (ARDB) and Universal Protein Resource (UNIPROT) (Arango-Argoty et al., 2018).
This approach identified a total of 11 ARGs in the genomes of the three Clostridium
perfringens strains (Table 3.1). Strain SC4-C13 and SC4-C17 both possess genes that
encode for resistance against seven different classes of antibiotics (glycopeptide, PB-
lactamase, macrolide-lincosamide-streptogramin B (MLSB), tetracycline, trimethoprim,
kasugamycin and bacitracin), whereas strain SC4-C24 only harboured resistance genes
against 6 classes, with the absence of the B-lactam resistance gene (bla2). Furthermore, all

three strains hold two or more genes that encode for multidrug resistance.

Glycopeptides encompass a group of antibiotics that are vital in combating infections caused
by antibiotic-resistant bacteria, with vancomycin still the first choice of treatment against Gram-
positive bacteria since its introduction 50 years ago (Blaskovich et al., 2018). Vancomycin
works by binding to the D-Ala-D-Ala C-terminal of the growing pentapeptide chain during cell
wall synthesis and inhibits further elongation and cross-linking of the peptidoglycan chain
blocking through transglycosylation and transpeptidation (Sanakal & Kaliwal, 2011). However,
resistance to this antibiotic has become a common occurrence, especially in vancomycin-
resistant enterococci (VRE) and even in methicillin-resistant Staphylococcus aureus (MRSA)
(Willems et al., 2005). The resistance in these bacteria has been confirmed by the presence
of several vancomycin resistance genes (van). Our strains possessed many of these genes
(vanHD, vanTrL, vanRB, vanRG and/or vanRl), which encode for enzymes that produce
synthetic precursors that replace the D-Ala-D-Ala C-terminal, altering the vancomycin binding
site (Sanakal & Kaliwal, 2011). Quite a few studies have reported vancomycin resistance
genes in Clostridium species (Chia et al., 2017; Peltier et al., 2013). However, Clostridium
perfringens has not been one of the few to show such resistance, since they are normally
susceptible to vancomycin (Chia et al., 2017; Camacho et al., 2008; Citron et al., 2005). The
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presence of these genes could suggest a new resistance trait in these species if they are
expressed.

Table 3.1: Antibiotic resistance genes predicted in three C. perfringens strains (SC4-C13;
SC4-C17 and SC4-C23) using DeepARG. ‘+’ marks if the gene was present in the genome

while ‘=" marks the absence of the gene in the genome.

Antibiotic ) ~ S
Q Q Q
3 3 3
class name gene b3 b3 b3
glycopeptide Vancomycin vanHD - - +
vanTrL - - +
vanRB - + -
vanRG + + +
vanRlI + + +
beta-lactam Penicillin bla2 + + -
MLSB* Erythromycin ermQ + + +
tetracyclines Tetracycline tetB(P) + + +
trimethoprim Trimethoprim dfrK + + +
aminoglycosides  Kasugamycin ksgA + + +
polypeptides Bacitracin bacA + + +
multidrug System regulators arlR + + +
ATP-binding cassette vgaB + + _

transporters
efflux pump mepA + + +

* Macrolide-Lincosamide-Streptogramin B

Further study of the results presented in Table 3.1 shows that all three C. perfringens genomes
each harboured the same gene that encodes resistance for MLSB (ermQ), tetracycline
(tetB(P)), trimethoprim (dfrK), kasugamycin (KsgA) and bacitracin (bacA). MLSB antibiotics
work by inhibiting protein synthesis in both Gram-positive and Gram-negative bacteria.
Resistance to this antibiotic due to 23S rRNA methylases (encoded by erm genes) that prevent

MLSB antibiotics from binding to the ribosome. Several erm genes have been detected in
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Clostridium species, such as C. perfringens and C. difficile (Spigaglia & Mastrantonio, 2002).
However, the ermQ gene was first identified in C. perfringens and found to be a distinct class

of MLSB resistance determinant (Shoemaker et al., 2001; Berryman et al., 1994).

Tetracyclines are broad-spectrum antibiotics and the second most used antibiotics group after
B-lactams. Bacterial resistance to tetracycline is achieved by harbouring one or more of the
36 known tet genes (Sheykhsaran et al., 2019). These tet genes follow one of three resistance
mechanisms: energy-dependent efflux pumps, ribosomal protection proteins (RPPs), or drug
target alteration and enzymatic inactivation (van Hoek et al., 2011). The tetB(P) gene found in
our strains along with tetA(P) (not present), are originally two overlapping genes within the Tet
P determinant of C. perfringens (Sloan et al., 1994). However, because the Tet P determinant
has only been found in Clostridium species and is often associated with conjugative and non-
conjugative plasmids, it has shown the capacity to spread rapidly across the whole genus
(Vidor et al., 2019; Roberts, 2011).

Clostridium species are known to show endogenous resistance to trimethoprim (Huovinen et
al., 1995). However, the presence of the drfK gene in the three C. perfringens genomes
suggests it could have been acquired from an external source since it has mainly been
associated with enterococci and staphylococci species (Lépez et al., 2012). While the drfK
gene may not be vital for trimethoprim resistance in Clostridium, its presence may have
implications for further dissemination in the environment, or to other bacteria that are primarily

susceptible to trimethoprim.

Antibiotics such as kasugamycin and bacitracin are widely used in agriculture and animal
husbandry as growth promoters, with bacitracin also being used as a topical ointment for skin
infections (Charlebois et al., 2012; Duffin & Seifert, 2009). Resistance to the aminoglycoside
antibiotic kasugamycin, is due to the presence of KsgA gene, which produces a predicted
dimethyltransferase. Whereas an ATP-dependent ABC type efflux system consisting of three
BcerA, -B and -C proteins is responsible for bacitracin resistance (Duffin & Seifert, 2009; El
Ghachi et al., 2004). Studies have shown that the use of antibiotics in agriculture and growth
promoters in animal breeding have a direct correlation to the development and dissemination
of antibiotic-resistant bacteria and genes into the surrounding water sources. This happens by
means of surface runoff, where antibiotic resistance can be further intensified via horizontal
gene transfer (HGT) (Kimmerer, 2004).

Genes for efflux pumps (mepA), ATP-binding cassette transporters (vgaB) and system
regulators (ar/R), which are associated with multidrug-resistance, were found in our genomes

as well. The arlR is part of a two-component regulatory system, a transmembrane sensor and
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its associated response regulator (ar/S-ar/R). This regulator was found to increase expression
of efflux pumps associated with Staphylococcus aureus (Fournier et al., 2000). The vgaB gene
is one of the ATP transporter genes and can increase the level of resistance to pristinamycin,
a mixture of streptogramin A and streptogramin B compounds via efflux pumps (Chesneau et
al., 2005; Roberts, 2002). The mepA encodes for a multidrug resistance efflux pump in S.
aureus, which has reported low-level resistance to quaternary ammonium compounds,

chlorhexidine, pentamidine and tigecycline (Costa et al., 2013).

When comparing the genotypic characteristics with the phenotypic profiles (Table S3.2) of
these three strains, some conclusions can be drawn. All the strains showed to be susceptible
to chloramphenicol, along with the absence of any associated resistance genes to support
this. Two of the strains, SC4-C13 and SC4-C17, showed phenotypical resistance to ampicillin
(B-lactam) and possessed the bla2 gene, whereas SC4-C24 showed intermediate resistance
with no genes to confirm resistance in its genome. Mobile genetic elements such as plasmids
have been shown to carry B-lactam resistance genes (Partridge et al., 2018). If such plasmid-
mediated resistance genes were to be present in C. perfringens and expressed, it could
translate to phenotypical resistance to B-lactam antibiotics. Alternatively, this low level of
resistance might also suggest an increase in the CLSI-defined susceptibility breakpoint for
ampicillin in C. perfringens. Noticeably, all three strains also showed phenotypic resistance to
tetracycline, clindamycin and metronidazole. The presence of genes such as ermQ and
tetB(P) could explain the phenotypical resistance to clindamycin and tetracycline, respectively.
However, no genes associated with metronidazole were identified in any of the assembled
genomes. Previous studies have reported phenotypic resistance to metronidazole in C.
perfringens (Akhi et al., 2015; Tansuphasiri et al., 2005). However, the understanding of its
resistance mechanism in Clostridium species is still unclear (Lynch et al., 2013). It is also
important to add that although the assembly delivered almost near genomes, the lack of
genetic confirmation for phenotypic resistance may be due to incomplete gene reconstruction

or of the region where the gene occurs.

3.4.3 Virulence factors

The genes that are associated with virulence in C. perfringens strains were analysed using
the VFDB as reference. A total of 35 different virulence genes were successfully annotated
with this database, of which 79% are typically associated with C. perfringens strains. These
include genes that are responsible for adherence, such as fibronectin-binding protein,
chaperonin GroEL and type IV pili, as well as the two members of the double component

VirR/VirS regulon (sensor histidine kinase and DNA-binding response regulator). There are
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also 19 genes present in all three strains that are capable of producing 8 different toxins,

namely alpha-clostripain, phospholipase C, collagenase, hyaluronidase, perfringolysin O,

sialidase and hemolysin (Table 3.2). Interestingly, the remaining 21% of virulence genes are

usually associated with other Gram-positive bacteria, namely Listeria ivanovii, Streptococcus

pyogenes, Mycoplasma penetrans and Enterococcus faecium. This might imply their potential

influence or contribution to the expanding pathogenicity in these three strains as bile-

resistance and adherence factors (Table 3.2). Among the three C. perfringens strains
described in this study, SC4-C13 and SC4-C17 strains only possess 94.7% of the above-

mentioned virulence factors, while for SC4-C24, it is 100%.

Table 3.2: Virulence factors identified in C. perfringens strains based on the virulence factor

database (VFDB).

Virulence factor Reference
. Genbank
Class Name Gene species
Adherence fibronectin-binding protein fop * WP_011590967
fbpA * WP_011010006
chaperonin GroEL groEL * WP_003462314
elongation Factor Tu tuf * WP_011076858
enterococcal surface protein esp xx WP_014387145
type IV pili PilA1 * WP_011010863
pilB * WP_011010636
pilB2 * WP_011010862
pilC * WP_011010635
pilC2 * WP_01101086
pilD * WP_003462279
pilM * WP_011010859
pilN * WP_011010858
pilT * WP_003451114
streptococcal plasmin pirigapA + WP_002986042
receptor/GAPDH
Regulation  sensor histidine kinase virS * WP_011590863
DNA-binding response ViR . WP 003449818

regulator
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Table 3.2: Virulence factors identified in C. perfringens strains based on the virulence factor

database (VFDB) (continue).

Virulence factor

Refere'nce Genbank
Class Name Gene species
Toxin alpha-clostripain cloSlI * WP_011590397
phospholipase C (Alpha- plc * WP_011590041
Kabpé-toxin (collagenase) colA * YP_697499
Mu-toxin (hyaluronidase) nagH * NP_561107
nagJ * NP_562150
nagK * NP_562195
nagL * NP562439
perfringolysin O (theta-
toxin/PFO) pfoA * NP_561079
sialidase nanH * YP_695432
nanl * WP_011590331
nand * NP_561469
hemolysin hlyB * NP_561353
hlyC * WP_003454634
hlyD * NP_562734
hlyE * WP_011010677
Bile bile-salt hydrolase bsh ++ YP_004855791
resistance

*

+ Streptococcus pyogenes; ++ Listeria ivanovii subsp. lvanovii;

Clostridium perfringens; ** Mycoplasma penetrans;

*k%k

Enterococcus faecium;

Clostridium perfringens can produce a variety of more than 20 different extracellular toxins

and hydrolytic enzymes, giving it the ability to cause various histotoxic infections in humans

and animals (Kiu & Hall, 2018). However, not all strains are able to produce all these toxins.
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This is mainly due to some toxins being strain-specific (Kiu et al., 2017). The C. perfringens
strains in this study possess genes able to code a vast array of toxins and enzymes. However,
only a combination of several typing toxins is traditionally used to determine the toxinotype of
a species. All three strains were identified as toxinotype A, due to the presence of the p/c gene
which encodes for a-toxin and the absence of the other typing toxin genes. Furthermore, C.
perfringens toxinotype A strains are known to be human pathogens, causing diseases such
as gas gangrene (clostridial myonecrosis), necrotic enteritis, as well as mild diarrhoea
(Brynestad and Granum, 2002). The presence of perfringolysin O (theta-toxin) has also been
shown to have a synergistic effect with a-toxin in the pathology of gas gangrene. Even on its
own, this cholesterol-dependent cytolysin can form pores on cell membranes and lyse red
blood cells, further highlighting the significant role perfringolysin O has in disease development
(Kiu & Hall, 2018; Awad et al., 2001). However, these two toxins, along with the or k-toxin
gene (colA), are tightly regulated by specific regulatory systems in C. perfringens (Ohtani &
Shimizu, 2016). The VirS/VirR two-component system is one of the most important systems
and consists out of two genes: the response regulator (virR) and the sensor histidine
kinase (virS) (Ma et al., 2011). Still, this system assumes responsibility for coordinating the

pathogenicity of C. perfringens type A strains.

The hydrolytic enzymes produced by C. perfringens also play an important role during C.
perfringens-mediated tissue infection. Sialidase is encoded by several genes that contribute
to internal virulence by improving the adherence of C. perfringens to host cells, enhancing the
production, binding, and activity of certain toxins that are responsible for intestinal infections
and contribute to intestinal colonisation by C. perfringens (Li et al., 2016). Mu-toxin
(hyaluronidase) on the other hand, are enzymes that facilitate the breakdown of hyaluronate
substrates, improving contact between C. perfringens and the specific cell wall receptors. It
has also been found to promote the spread of a-toxin and in doing so, potentiate its cytolytic
activity (Hynes & Walton, 2000).

As in most pathogens, adherence plays an essential role in the pathogenesis of C. perfringens.
Several adherence genes were identified in the genomes of C. perfringens, each of which
encodes for a different approach to adherence and promoting colonisation. Fibronectin-
binding protein (fbpA) for instance, makes it possible for C. perfringens to bind to fibronectin
found in all human tissues and organs, including intestinal epithelial cells and in doing so,
invade the host cells (Katayama et al., 2009). Type IV pili are elongated, flexible filaments
which extend from the bacterial cell surface and implicated in attaching to and invading of host
cells, attachment to abiotic surfaces, biofilm formation, and bacteriophage susceptibility
(Rodgers et al., 2011).
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3.4.4. Genomic islands

Genomic islands (Gls) are regions of the bacterial genome that are acquired through
horizontal gene transfer (HGT) (Klein et al., 2018; Dobrindt et al., 2004). Antibiotic resistance
islands (ARIs) and pathogenicity islands (PAls) are two subgroups of Gl that aid and contribute
to the pathogenesis of an organism (Yoon et al., 2015). Figure 3.2A shows the distribution of
ARIs and PAls present in the three C. perfringens strains. All strains analysed possessed PAls
and ARIs homologous to those found in most enteropathogens. A total of 65 ARIs were
identified in all three strains that were related to genes from Staphylococcus aureus (24/65),
Acinetobacter baumannii (19/65), Pseudomonas aeruginosa (10/65), Campylobacter coli
(3/65), Shigella flexneri (3/65), Klebsiella pneumoniae (2/65), Proteus mirabilis (2/65),
Escherichia coli O157H7 (1/65) and Staphylococcus hominis (1/65) (Table S3.3). This
included genes that encode for putative enzymes, such as acyl-CoA dehydrogenase, DNA
topoisomerase Il and enoyl-CoA hydratase/isomerase, as well as regulatory proteins such as
KDP operon transcriptional regulatory protein (KdpE), propionate catabolism operon regulator
(prpR), putative transcriptional and response (ArmR) regulators, to name a few. Genes
encoding for proteins and enzymes contributing to antibiotic resistance (TetA class A,
truncated tetracycline resistant protein and streptothricin acetyltransferase) and tolerance to
heavy metals (mercuric reductase and cadmium efflux system protein B and C) were also
identified. Heavy metals such as mercury and cadmium are commonly used as antimicrobial
metal compounds in healthcare (Pal et al., 2017). However, the presence of genes encoding
for resistance to antibiotics and heavy metals might suggest possible adverse implications for
infectious cases of C. perfringens. Iron plays a key role in the growth and survival of many
pathogens in any niche. It is utilised for important biological processes such as DNA synthesis,
generating energy and protection against reactive oxygen species (Choo et al., 2016). All the
C. perfringens strains possess ARIs related to Shigella flexneri that encode for proteins
responsible for the binding and transport of ferric iron (lll) (FecC, FecD, and FecE) (Table
S3.3). Genes associated with iron acquisition have previously been linked to Gls in Clostridium

perfringens (Myers et al., 2006)
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Figure 3.2: Venn diagrams showing the ARIs (A) and PAIs (B) identified in the genomes of the

three C. perfringens strains.

The distribution of all PAls identified among the C. perfringens strains is visualised in Figure
3.2B. The various PAls shared among the three strains ranged from hypothetical or unnamed
proteins related to Yersinia pestis, Escherichia coli, Edwardsiella tarda and Streptomyces
lividans (Table S3.4). Other examples include PAls encoding for Epd, integrase, Orf17, Orf29,
Orf34, Orf41, Orf59, Pgk and TktA from Photorhabdus luminescens; dihydrofolate reductase
type Ib (plasmid-encoded), dihydropteroate synthase, GlcD protein, GspE type Il secretion
protein, hemolysin B, phosphoglycerate transport protein, putative ABC transporter ATP-
binding and membrane proteins, putative lysil-tRNA synthetase (LysU) and short-chain
dehydrogenase from Escherichia coli; ATPases with chaperone activity ATP-binding subunit,
serine/threonine protein phosphatase and transcriptional regulator from Vibrio alginolyticus
and glutamate racemase from Helicobacter pylori. Additionally, sequences similar to ones
encoding for HreN and HrpB6 in Xanthomonas species were also present. These two genes
encode for the type Il secretion system (TTSS) proteins, a requirement for the pathogenicity

of several plant pathogens (Villela et al., 2019).

Among the three C. perfringens strains, SC4-C13 and SC4-17 had the most unique PAIs and
ARIs (Table S3.3 and S3.4). Noticeably, both these strains harboured genes encoding for
putative transposase. Strain SC4-C13 possessed multiple transposases for 1S285 (Y.
pseudotuberculosis), 1SSau4-like, and 1S256/Tn4001 (Staphylococcus aureus), whereas
SC4-C17 harboured a transposase protein for IS30 (Staphylococcus aureus). Additionally, all

strains possessed two or more Gls containing integrase genes from either Photorhabdus

53



luminescens, Acinetobacter baumannii or Staphylococcus aureus. The presence of genes
associated with transposases and integrases has been shown to infer a high potential for

genetic gain or loss in C. perfringens genomes (Kiu et al., 2017).

A previous study identified over 300 Gls in the genomes of several clinical C. perfringens type
A strains, of which almost all were chromosomally encoded (Myers et al., 2006). Less is known
about the occurrence of Gls in strains isolated from environmental sources (Klein et al., 2018).
Pathogens such as C. perfringens are found in various ecological niches, which also include

diverse microbial communities that can contribute to HGT events (Kiu et al., 2017).

3.4.5 Prophages

The Phage Search Tool Enhanced Release (PHASTER) program identifies and characterises
prophage regions into 3 categories based on the completeness scores, namely intact (>90),
questionable (70-90), or incomplete (<70). All three C. perfringens strains used in this study
contained two or more prophage regions in their genome (Table 3.3). Strain SC4-C24 was
shown to harbour three prophage regions, of which one was confirmed to be intact and the
other two showed incomplete and questionable phage-related sequences. Another intact
prophage was identified in strain SC4-C17, along with an additional incomplete region. Stain
SC4-C13 showed putative fragments of two phages, one of which scored relatively high (90).
Each prophage region varies in size, number of CDS, and GC content. The two intact
prophages in SC4-C17 and SC4-C24 strains have sizes of 49.6 Kbp and 42.2 Kbp,
respectively, with both containing the second-highest number of CDS (57). Functional
annotation of the genes present in these prophage regions showed protein sequences
encoding for phage-related elements such as integrase, terminase, portal, capsid, head, tail,
and/or transposase (Table S3.5). Phages play a very important role in the evolution of bacterial
genomes (Ramisetty and Sudhakari, 2019). Their interactions with each other have impacted
both their survival and persistence. This is due to several advantages prophages have to offer
in the way of inversion, deletion and insertion via horizontal gene transfer (HGT) of genetic
material (Darmon & Leach, 2014). This is because prophages are known to be ‘hotspots’ for
carrying significant genes such as those involved in virulence, antibiotic resistance and
metabolic pathways (Ramisetty and Sudhakari, 2019). This led to further investigation into
functional protein sequences in the identified prophage regions of the three C. perfringens
genomes. However, only the presence of hypothetical proteins was discovered in these
regions and could suggest that these genes encode for unknown functions from remote

sources.
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Table 3.3: Prophages regions identified in C. perfringens strains using PHASTER.

. GC Phage
size Complete-
Strain CDS content score
(Kb) ness name Genbank
(%)
SC4-C13 544 53 27.75 +/- 90 Clostr vB CpeS _CP51 NC 021325
6.1 14  33.54 - 30  Clostr_c_st NC 007581
SC4-C17 436 40  28.10 - 50  Clostr_PhiS63 NC 017978
496 57  28.10 + 100 Clostr_vB_CpeS_CP51 NC 021325
SC4-C24 406 59  28.41 +/— 90  Clostr vB CpeS_CP51 NC 021325
422 57  28.26 + 104 Clostr_phiSM101 NC 008265
76 9  30.11 - 40 Sphing_PAU NC 019521

+ complete; — incomplete; +/- questionable

3.4.6 Genomic comparisons

The average nucleotide identity for all C. perfringens genomes was successfully calculated
using OrthoANI (Figure 3.3). ANI analyses of the three strains revealed them to be almost
identical to each other as indicated by the ANI of >99% between the strains. Although the
differences between the three strains appear negligible, based on the dendrogram, strains
SC4-13 and SC4-C17 share relatively more similarities between them, as opposed to strain
SC4-24 (Figure 3). When comparing the three C. perfringens genomes to that of the reference
genomes (ATCC 13124, Str 13, and FORC_025), another high similarity was observed
amongst the genomes, with our genomes sharing ANI values of between 98.49% to 98.63%
with the reference genomes. The dendrogram also showed the three strains were clustered
more closely to FORC_025, followed by the ATCC 13124 strain, which weas derived from
clinical environments (Kiu et al., 2017; Myers et al., 2006), whereas only strain 13 was

originally isolated from a natural environment (soil) (Shimizu et al., 2002).
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Figure 3.3: Dendrogram of C. perfringens strains relatedness calculated with the OrthoANI
algorithm, clustered using UPGMA, and shown with the corresponding pairwise identity heat

map.

Orthologous genes originate from a single gene present in the last common ancestor through
a series of speciation events and usually still have the same biological function in the present-
day organism (Xu et al., 2019). Therefore, for further analysis of the three C. perfringens
strains, a multi-species comparison of the shared core orthologous gene clusters was
performed without (Figure 3.4A) and with reference genomes (Figure 3.4B). Results show a
large number of (2,779) core orthologous genes shared between the three C. perfringens
strains (Figure 3.4A). These clusters were all revealed to be associated with biological
processes, molecular functions and cellular components within their core genomes (Table
S3.6). The orthologous analysis also supported the higher similarity between SC4-C13 and
SC4-C17 based on them sharing over 130 orthologous clusters, while SC4-C24 has the
highest number of unique orthologous clusters of the three strains. When comparing the core
orthologous clusters of the three strains with those of the reference strains, they showed to
share 2,300 clusters (Figure 3.4B). Altogether, only 8 orthologous clusters were identified to
be unique amongst all the genomes. Interestingly, these clusters were found in strains SC4-
C13 and SC4-C24. Strain SC4-C13 had 2 of the 8 unique clusters, one of which was
responsible for glycosyltransferase and the other for the biological response (movement,
secretion, enzyme production or gene expression) to external cold stimuli of the cell. Strain
SC4-C24 possessed the other 6 unique clusters; three clusters were responsible for the
initiation of DNA-template transcription, hydrogen peroxide catabolic, and antigen biosynthetic
processes, while the other 3 clusters did not have assigned functions. Although only two of

the three C. perfringens strains showed unique orthologous clusters when compared to the

56



reference genomes, this may be attributed to the possibility of isolate niche adaptation (Braga
etal., 2016).
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Figure 3.4: Venn diagram showing the core genome of A) the three C. perfringens strains
(SC4-C13, SC4-C17 and SC4-C24), B) the three C. perfringens strains and reference strains
(ATCC 13124, FORC_025 and Str.3). The numbers represent the orthologous protein clusters

shared by corresponding genomes.

3.5 Conclusion

The current study has shown that C. perfringens strains from a water environment possess
similar genomic features as published clinical C. perfringens. The in-silico analysis of the three
genomes revealed putative genes encoding for virulence factors normally responsible for
pathogen adherence to host cells, production of toxins and extracellular enzymes and the
presence of key systems regulators managing the pathogenicity of C. perfringens. The strains
were also classified as toxinotype A, which commonly consists of human pathogens only.

Furthermore, the presence of antibiotic resistance genes encoding for several classes of
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antibiotics and multidrug resistance efflux-pumps could contribute to the emergence of
pathogenic multidrug-resistant C. perfringens strains in this environment. Interestingly, the
presence of several genes normally associated with other pathogenic genera, as well as a few
intact prophages and genomic islands (ARIs and PAIls) might suggest the transfer of genetic
material between bacteria through HGT within the water reservoir, thus indirectly implicating
the presence of toxic substances in the water (cadmium, copper, mercury etc.) which are
associated with HGT in bacteria. Moreover, expression analyses should be the next step of
investigation. Furthermore, comparative genomics showed great similarities between the
environmental C. perfringens strains with those of clinical origin, highlighting the importance
of monitoring these bacteria for effective epidemiological surveillance. Genomic studies on C.

perfringens in natural environments are currently very limited and should be explored further.
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CHAPTER 4: EFFECT OF SUB-INHIBITORY
CONCENTRATION OF ANTIBIOTICS ON THE
TRANSCRIPTOMIC RESPONSE OF ENVIRONMENTALLY

OBTAINED CLOSTRIDIUM PERFRINGENS

4.1 Abstract

This study investigates the transcriptomic responses of an environmentally derived
Clostridium perfringens strain to sub-inhibitory concentrations of five antibiotics: clindamycin,
sulfamethoxazole, erythromycin, chloramphenicol, and cefoxitin. RNA sequencing was used
to investigate gene expression changes. Cefoxitin induced the most extensive transcriptomic
alterations, affecting genes associated with antibiotic resistance, stress adaptation, and
virulence. Key findings include the up-regulation of resistance genes such as mprF and vmIR
under clindamycin stress, demonstrating adaptive mechanisms like membrane remodelling
and ribosomal protection. The tetW gene, typically linked to tetracycline resistance, was also
up-regulated in response to other antibiotics, suggesting a generalised stress response. Sub-
inhibitory antibiotic exposure modulated virulence-related genes, including those involved in
toxin production, adherence, and environmental adaptation, potentially enhancing
pathogenicity. Metabolic pathway analysis revealed suppression of energy-intensive
processes, such as lipid and carbohydrate metabolism, alongside the up-regulation of DNA
replication and repair pathways, emphasising a survival-oriented response to stress. These
findings highlight the ecological and clinical risks of low-dose antibiotic exposure, which fosters
the persistence and adaptability of resistant and virulent bacterial populations. The study
highlights the necessity of responsible antibiotic usage to mitigate selective pressures that

enable such adaptive bacterial responses.

Keywords: Transcriptomics, Clostridium perfringens, Sublethal Antibiotic Concentrations,

Antibiotic Resistance, Virulence Modulation
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4.2 Introduction

Antibiotic resistance among anaerobic pathogens, such as C. perfringens, is increasing
worldwide (Khademi & Sahebkar, 2019). This is due to the widespread use of antibiotics as a
therapeutic agent in both clinical and agricultural settings. This poses a serious health risk to
humans and by extension, the natural environment (Ben et al., 2019). Antibiotics are not fully
metabolized and are then introduced into water and land environments through various
pathways (Chow et al. 2021; Ashbolt et al., 2013). Anthropogenic sources such as the
discharge of sewage effluent, agricultural run-off from the use of livestock manure fertilizer,
and aquaculture contribute to the presence of antibiotics in the natural environment (Fouz et
al., 2020; Andersson & Hughes, 2014; Ashbolt et al., 2013). Even though the half-life of most
antibiotics is relatively short, ranging from a couple of hours to hundreds of days, it can still
accumulate in the environment and have significant biological effects on native bacteria (Chow
etal. 2021; Cycon et al., 2019). This is of concern since research has shown that the presence
of antibiotics, even at subinhibitory concentrations (sub-MICs), can still exert their impact on
the microbial community in different ways: as selectors of resistance (enrichment for pre-
existing and de novo resistance in bacteria), as generators of genetic and phenotypic
variability (increasing the rate of mutations, recombination, and horizontal gene transfer) and
as signalling molecules (inducing physiological responses that affect the fitness, virulence,
and gene expression of bacteria) (Andersson & Hughes, 2014). Recently, several studies have
provided insight into the physiological effects of sub-inhibitory concentrations of various
antibiotics in major Clostridium pathogens such as C. difficile and C. botulinum (Yutani et al.,
2021; Mehr et al., 2019; Zarandi et al., 2017), while only a few have focused on C. perfringens
(Charlebois et al., 2014; Sakurai & Oda, 2011). The described responses induced by the
different antibiotics were highly diverse among the species. However, all the strains were
solely from clinical origins, leaving the effects on environmental strains unexplored. It is
important to understand how antibiotic residues in the environment affect microbial
communities, particularly regarding how they drive resistance and influence bacterial
behaviour. This is especially true for environmental strains of anaerobic pathogens such as C.
perfringens, where studies on their responses to subinhibitory antibiotic concentrations remain

limited.

Although sequencing technologies have made significant advancements that have allowed for
the thorough analysis of complete genomes, the understanding of complex molecular
interactions that drive physiological processes in bacteria under antibiotic stress remains
incomplete (Glass et al., 2006). However, the development of high-throughput next-generation

sequencing (NGS) technology and methods, such as RNA sequencing (RNA-seq), has made
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meticulous transcriptome analysis possible by simultaneously expressing and analysing all
genes within bacteria under various conditions (Westermann & Vogel, 2021). The
advancements made in this technology have addressed numerous challenges that were
previously encountered with hybridization-based microarrays and Sanger sequencing
approaches, which were formerly employed to assess gene expression (Kukurba &
Montgomery, 2015). Therefore, this study aimed to examine the effects of sub-inhibitory
concentrations of various antibiotic treatments on a highly resistant C. perfringens strain

obtained for the environment.

4.3 Materials and methods

4.3.1 Bacterial strain, growth conditions and minimum inhibitory concentrations (MIC)

Clostridium perfringens used in this study was isolated from a surface water system in the
North West province of South Africa by utilising a modified Fung’s double tube method (Fourie,
2017). The isolate was then routinely cultured on tryptose sulfite cycloserine agar (Oxoid, UK)
and incubated anaerobically at 44 °C. The identity of the isolate was confirmed by Sanger
sequencing of the 16S rRNA and plc gene following amplification. Antibiotic susceptibility
testing was performed on the C. perfringens isolate. The minimum inhibitory concentration
(MIC) of 9 different antibiotics was determined through agar dilution, as recommended by the
Clinical and Laboratory Standards Institute (CLSI, 2016). The strain showed to be highly
resistant to 5 antibiotics and able to grow at sub-MIC (%2 x MIC) values of: Clindamycin: 512
pg/ml, Sulfamethoxazole: 256 pg/ml, Erythromycin: 128 ug/ml, Chloramphenicol: 64 pg/ml and
Cefoxitin: 64 pg/ml.

4.3.2. Growth curve

Clostridium perfringens cells were initially grown in Robertson’s Cooked Meat Medium (Oxoid,
UK) for 18 h at 37°C. For each antibiotic exposure assay, a sterile 96-microwell culture plate
was used, where 20 pl of culture was inoculated into 180 pl medium (1:9 ratio) supplemented
with the appropriate antibiotic to achieve a final concentration of 72 x MIC. A control treatment
without any antibiotics was prepared alongside each exposure assay. To achieve
anaerobioses, 50 pl sterile mineral oil was added to each well, covering the inoculum mixture.
Bacterial growth was then accessed by measuring the optical density (ODsoo) every 15 min for
12 h at 37°C by using a BioTek PowerWave HT Microplate Spectrophotometer instrument

(Agilent Technologies, US). The microwell plate was automatically shaken for 1 min before
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each measurement. Each assay was performed in replicates of 5, on separate days. Growth
curves were then constructed from the data of each antibiotic exposure assay and fitted to the
modified Gompertz equation (Zwietering et al., 1990) to obtain significant biological growth
parameters (lag time: A, maximum growth rate: pmax, and doubling time: tp), of C. perfringens

under the different stress conditions.

4.3.3. Treatment of C. perfringens with sub-MIC of antibiotics

Fresh overnight culture of C. perfringens was added to six McCartney glass bottles containing
25 ml Robertson’s Cooked Meat Medium (Oxoid, UK), each supplemented with an antibiotic
to reach a final concentration of 2 x MIC and a control without any antibiotic. All treatments
were then incubated anaerobically at 37°C with an ODggo of 0.3. This process was repeated
to achieve three technical replicates for each antibiotic treatment. Based on the data gathered
from the different growth curves, each treatment and control were removed from the incubator
and immediately placed on ice when it reached the late-exponential phase of growth. Samples

were then processed for RNA extraction.

4.3.4. Transcriptome analysis by RNA-seq

Total RNA from treated C. perfringens was extracted and purified using Quick-RNA Miniprep
Kit (Zymo research, US), according to the manufacturer’s instructions. The quality and integrity
of the extracted RNA were evaluated by NanoDrop Microvolume UV-Vis Spectrophotometer
(Thermo Fisher Scientific, US) and Bioanalyzer 2100 (Agilent Technologies, US) systems. A
total of 18 RNA samples were sent to NovoGene Corporation Inc. (China) for mRNA isolation
and library preparation using the NEBNext® Ultra Directional RNA Library Prep Kit (New
England Biolabs, US). Sequencing was then performed on the lllumina NovaSeq platform with
150 bp paired-end chemistry. Subsequently, the raw sequencing reads used in this study were
then deposited into the NCBI database (SRR29819246, SRR29819250, SRR29819247,
SRR29819251, SRR29819249, SRR29819248).

In silico analysis of RNA-seq data was performed. The quality of reads obtained from
sequencing was evaluated using FastQC (v.0.11.9;
http://www.bioinformatics.babraham.ac.uk/projects /fastqc/) and MultiQC (v.1.15; Ewels et al.,
2016). This was followed by de novo assembled using Trinity (v.2.15.0; Grabherr et al., 2011)
with normalisations (default cut off: 200 transcripts per site). The reads were trimmed using
Timmomatic (v.0.36; Bolger et al., 2014). Functional annotation of transcripts was done using

Trinotate v4.0.2 and TransDecoder v5.7.1. Each transcript’'s predominant open reading frame
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(ORF) was selected for further analysis. The nucleotide and protein sequences were
compared against the NCBI Nr database (a comprehensive collection of protein sequences)
and the UniProtKB/SwissProt repository (a curated protein sequence database) using the
BLASTx and BLASTp algorithms with an e-value cut-off of 1e-05. Functional domains were
detected using HMMER v3.4 in and compared with the Pfam domain database. The transcript
abundance was estimated using Salmon v1.10.3 (Patro et al. 2017). Differentially expressed
genes (DEGs) analysis was performed in R (v3.3.3) using the DESeq2 package. Transcripts
with FDR<0.05 and log2(FC)= £1.5 were designated as DEGs. Gene Ontology (GO)
functions for the differentially expressed transcripts, whether up-regulated or down-regulated,
were annotated via WEGO 2.0 (Ye et al., 2018). Analysis of protein Clusters of Orthologous
Groups (COGs) was conducted utilising eggNOG, a database dedicated to orthologous gene
groups (http://eggnogdb.embl.de/). Each transcript was assigned to various pathways by
utilising the KEGG Automatic Annotation Server to search the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database. KEGG pathways were reconstructed using KEGG mapper
(Kanehisa et al., 2022). DEGs were annotated in the Comprehensive Antibiotic Resistance
Database (CARD; https://card.mcmaster.ca/) and the Virulence Factor Database (VFDB;
https://www.mgc.ac.cn/VFs/) to determine antibiotic resistance and virulence genes,

respectively.

4.3.5. Statistical analysis

Biological parameters obtained from modified Gompertz equation were determined via non-
linear regression on growth data using QurvE (Wirth et al., 2023). Analysis of variance
(ANOVA) and Tukey's HSD (honestly significant difference) (p < 0.05) test analysis were
performed. The STATISTICA 13 (StatSoft, US) software was used.

4.4 Results

4.4.1. Growth curves of C. perfringens during antibiotic-induced stress

In this study, Clostridium perfringens was subjected to subinhibitory concentrations of 5
antibiotics to ascertain its growth kinetics response. In particular, the antibiotics used included
Clindamycin (Lincosamides): 512 pg/ml, Sulfamethoxazole (Sulfonamides): 256 pg/ml,
Erythromycin (Macrolides): 128 pg/ml, Chloramphenicol (Phenicols): 64 pyg/ml and Cefoxitin
(Cephalosporins): 64 ug/ml. The effects of these antibiotics on the growth of C. perfringens

over 12 h can be seen in Figure 4.1. Based on the growth curves, untreated C. perfringens
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(control) clearly showed to enter the exponential phase of growth by 0.5 h and OD values
stabilising at 1.75 h indicating the start of the stationary phase. This trend was also observed
with cells treated with sulfamethoxazole. Additionally, the addition of clindamycin,
erythromycin and cefoxitin showed similar initial starting points of the exponential phase,
approximately at the 0.75 h mark, then diverged to reach the stationary phase by 2.75 h, 3 h
and 3.75 h, respectively. Compared to the other treatments, chloramphenicol resulted in a
prolonged exponential phase, with C. perfringens only reaching the stationary phase after 6.75
h.
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Figure 4.1: Growth curves of C. perfringens generated under different antibiotics stress. OD
values were measured at 600 nm over 12 h. Values represent means of five replicates grown
on different occasions. Sub-MIC of Clindamycin: 512 pg/ml, Sulfamethoxazole: 256 ug/ml,
Erythromycin: 128 pg/ml, Chloramphenicol: 64 pg/ml and Cefoxitin: 64 pg/ml. Control

contained no antibiotics.

Variable antibiotics exposure also affected the growth kinetics of C. perfringens (Table 4.1),
which reports the growth parameters obtained from using the Gompertz equation.
Chloramphenicol at sublethal concentration had the greatest effect on the growth of C.
perfringens. When compared to the control, it showed a 3.5-fold reduction in the growth rate,
a 4.6-fold increase in lag time and a 3.5-fold increase in doubling time, whereas

sulfamethoxazole showed to have no significant effect on its growth. Furthermore, all the
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antibiotics, apart from sulfamethoxazole, induced an extension of the lag phase duration (A),

a decrease in the maximum growth rate (Umax), and an increase in doubling time (tp).

Table 4.1: Mean values and standard deviation of the duration of the maximum specific growth
rate (Mmax), lag phase (A), and doubling time (tp) of C. perfringens exposed to %2 x MIC of
antibiotics; a, b, ¢, d: homogeneous groups according to statistical analysis.

Mimax A to
Antibiotic
Mean SD Mean SD Mean SD
Control 0,63 0,30 c 0,76 0,01 a 1,11 0,03 a
Clindamycin 0,48 0,10 d 1,52 0,01 c 1,46 0,02 a
Erythromycin 0,27 0,10 b 1,35 0,02 b,c 2,57 0,05 b
Chloramphenicol 0,18 0,20 a 3,48 0,10 d 3,88 0,27 c
Sulfamethoxazole 0,57 0,80 c 0,70 0,02 a 1,23 0,08 a
Cefoxitin 0,22 0,20 a,b 1,22 0,04 b,c 3,16 0,13 b

4.4.2. Transcriptome analysis of antibiotics treated Clostridium perfringens

Structural annotation (de novo transcriptome assembly)

To obtain a comprehensive analysis of the effects of the 5 antibiotics on C. perfringens, 18
cDNA libraries (5 treatments and 1 control, each in triplicate) were constructed and
sequenced. All the libraries were sequenced successfully, except for one of the three
erythromycin replicates. Table 4.2 shows the summary RNA-Seq data and de novo
assemblies of C. perfringens. The quality of the raw reads was confirmed using FastQC. RNA-
Seq generated on average between 7 770 876 and 11 769 078 raw reads for the different
treatments and control (a total of 157 218 170 reads from 17 libraries). Trimmomatic was used
to remove adaptors and low-quality sequences and generated on average between 7 677 214
and 11 712 670 clean reads from the five treatments and control. The GC content varied
between 31% and 35% among the treatments and control. De novo assembly was performed
using Trinity, and a total of 58 430 transcripts were constructed from all the replicates, with
the highest average number of transcripts generated from the cefoxitin treatment (5 001) and

the lowest from sulfamethoxazole (1 728).
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Table 4.2: Summary of RNA-Seq and de novo assembly of C. perfringens for each antibiotic

treatment results.

Treatment Replicates Raw reads? Trimmed reads N50 (bp) GC (%) fotal
transcripts
K1 8079615 7 990 207 2374 35,0 3939
Control K2 7 895717 7 812293 2701 35,0 3822
K3 8221150 8113 524 2443 35,0 4 205
Average 8 065 494 7972008 2506 35,0 3989
CH1 10 090 878 10 070 664 3430 34,0 2889
Chloramphenicol  CH2 8294 801 8199 909 2796 35,0 3218
CH3 8327 736 8 197 083 2681 35,0 3271
Average 8904 472 8 822 552 2969 34,7 3126
C1 8912 155 8817 375 2250 35,0 3928
Clindamycin Cc2 6 793 000 6 694 989 2271 35,0 3649
C3 7 607 472 7519 279 2248 35,0 4010
Average 7 770 876 7 677 214 2 256 35,0 3 862
OX1 10 890 680 10 859 271 2 067 35,0 5163
Cefoxitin OXx2 10 185 834 10 114 607 2265 35,0 4792
OX3 9 308 466 9281312 2013 35,0 5048
Average 10 128 327 10 085 063 2115 35,0 5001
S1 10 654 026 10 569 209 16 648 31,0 1741
Sulfamethoxazole S2 8 879 444 8 834 382 16 242 31,0 1633
S3 9 539 041 9479108 15610 31,0 1811
Average 9 690 837 9 627 566 16 167 31,0 1728
E1 14 839778 14 817 055 15 052 30,0 2916
Erythromycin
E2 8698 377 8 608 285 13 340 30,0 2395
Average 11769 078 11712 670 14 196 30,0 2 656

?Reads =read 1 + read 2
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PCA analysis was performed with the normalised expression counts (based on the Trinity
output) to investigate if the replicates from each treatment cluster together (Figure 4.2). As a
result, the first two principal components (PCs) explained more than 88% of the variability
among the different treatments. Four antibiotic treatments (chloramphenicol, cefoxitin,
erythromycin and sulfamethoxazole) were grouped in distinct clusters, indicating clear
differences among their expression levels. However, the three control and clindamycin

treatment replicates showed similar transcriptome profiles by clustering close together.
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Figure 4.2: PCA scatter plot of normalised expression counts for C. perfringens during
exposure to sublethal concentrations of five antibiotics. K: Control, C: Clindamycin, CH:
Chloramphenicol, OX: Cefoxitin, E: Erythromycin and S: Sulfamethoxazole. The PCA plot
shows the variance of the three replicates of each antibiotic treatment, except for erythromycin
(two replicates). The percentages on each axis represent the percentages of variation

explained by the principal components and determine 88.52 % of the total variance.
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4.4.3. Functional annotations of transcripts

Since most of the antibiotics used in this study had an effect on the growth of C. perfringens
at sublethal concentrations (Figure 4.1), the gene expression profiles of C. perfringens grown
in media supplemented with %2 x MIC antibiotics were compared with a control without any
antibiotic by RNA-seq. As shown in Figure 4.3, a total of 2 002 transcripts showed significantly
different expression when subjected to five antibiotic treatments (FC of log2 > 1.5, FDR-
corrected p-value < 0.05, Figure 4.3: A-E). Differentially expressed transcripts showed distinct
response patterns in response to the five different antibiotics (Figure S4.1). Variance analysis
revealed distinct differential expression patterns for cefoxitin, sulfamethoxazole, and
erythromycin. In contrast, in the presence of clindamycin and chloramphenicol, the
transcriptional patterns of C. perfringens displayed profiles with the lowest variance compared
to those of the control sample (without antibiotic). Exposure to sublethal concentration of
cefoxitin had the greatest effect on the expression profile of C. perfringens, with 343 transcripts
shown to be wup-regulated and 383 transcripts down-regulated (Figure 4.3A).
Sulfamethoxazole had the second-highest expression profile with 265 and 189 transcripts
being up- and down-regulated, respectively (Figure 4.3B). This was followed by erythromycin
with 222 up-regulated and 175 down-regulated transcripts (Figure 4.3C) and then
chloramphenicol with 36 and 190 transcripts up- and down-regulated, respectively (Figure
4.3D). Although clindamycin had the highest sublethal concentration of all the antibiotic
treatments (512 ug/ml), the stress response it induced in C. perfringens showed the lowest
effect, with only 38 transcripts shown to be up-regulated and 60 transcripts down-regulated
(Figure 4.3E).
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Figure 4.3: Volcano plots of the differentially expressed transcripts in the C. perfringens under A: cefoxitin (64
pg/ml), B: sulfamethoxazole (256 pg/ml), C: erythromycin (128 ug/ml), D: chloramphenicol (64 pg/ml) and E:
clindamycin (512 upg/ml) stresses. The x-axis represents the fold change in gene expression between two

samples, calculated as the ratio of the expression level in the treated sample to that in the control sample. The

y-axis represents the P value, which measures the statistical significance of the gene expression difference. A

higher P value indicates a more significant difference in expression. Each point on the graph corresponds to a

specific transcript. Red points indicate significantly up-regulated transcripts, blue points represent significantly 69
down-regulated transcripts, and grey points signify transcripts with no significant differences.



4.4.3.1. Cluster of orthologous groups (COG)

A cluster of orthologous groups of proteins analysis was done to evaluate the functional
categorisation of C. perfringens transcripts. The results in Figure 4.4 show the number of
differently expressed transcripts from the five antibiotic treatments that were grouped into the
different COG categories. Transcripts from chloramphenicol, clindamycin and
sulfamethoxazole treatments were classified into 17 COG categories, whereas the transcripts
for cefoxitin and erythromycin were grouped into 18 COG categories (Figure S4.1). The
relative abundance of transcripts assigned to the “Function unknown” group was observed
across all five antibiotic treatments. Clindamycin and erythromycin treatments shared similar
annotations, as did sulfamethoxazole and chloramphenicol (Figure 4.4). Most of the
transcripts from these four antibiotic treatments were assigned to three functional categories,
namely “Cell wall/membrane/envelope biogenesis”, “Carbohydrate transport and metabolism”
and “Replication, recombination and repair’. Additionally, these treatments also showed the
lowest counts of differentially expressed transcripts involved in “Coenzyme transport and

metabolism”, “Cell motility” and “Intracellular trafficking, secretion, and vesicular transport”.
Exposure to cefoxitin showed the most deviation in COGs associated with biological
processes, with an increased number of transcripts assigned to most of the COG categories,
specifically to “Amino acid transport and metabolism”, “Coenzyme transport and metabolism”,
“‘Energy production and conversion”, “Translation, ribosomal structure and biogenesis”,
“‘Replication, recombination and repair”, “Cell wall/membrane/envelope biogenesis” and
“Inorganic ion transport and metabolism”. Additionally, cefoxitin and erythromycin were the
only two treatments that grouped transcripts to the “Post-translational modification, protein
turnover, chaperones” category. Based on the COG analysis of the differently expressed
transcripts, “Signal transduction mechanisms”, “Cell wall/membrane/envelope biogenesis”,
“Transcription” and “Defence mechanisms” might play key roles in antibiotic-resistance

mechanisms in C. perfringens.
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Figure 4.4: Clusters of Orthologous Groups (COG) classification of differentially expressed
transcripts from C. perfringens exposed to five antibiotics. The vertical axis represents the
number of transcripts assigned to the different COG categories, whereas the horizontal axis

represents the different antibiotic treatments.
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4.4.3.2. Gene Ontology (GO) Functional Enrichment Analysis

GO enrichment analysis was performed (Figure S4.2-6) to further understand the function of
the differentially expressed transcripts underlying the effect of sublethal concentrations of 5
antibiotics on C. perfringens. Based on sequence homology, transcripts were assigned to one
or more GO terms and categorised into the three main function categories (biological process,
molecular function, and cellular component). Upon GO functional enrichment of all up-
regulated transcripts, a total of 519, 432, 643 specific GO terms in biological process, cellular
component and molecular function were identified, respectively (Table S4.2). For all down-
regulated transcripts, 613, 526 and 737 GO terms were assigned to biological process, cellular
component and molecular function, respectively. Cefoxitin had the greatest number of
assigned GO terms (615 up-regulated and 796 down-regulated), and clindamycin had the

lowest (73 up-regulated and 108 down-regulated).

In the detailed functional analysis of up-regulated GO terms (Figure 4.5A), the most
represented functional categories at the transcriptional level in all antibiotic treatments were
related to binding [referring to the binding of heterocyclic compounds (GO:1901363), organic
cyclic compounds (GO:0097159) and carbohydrate derivatives (GO:0097367)], catalytic
activities [involving activities such as hydrolase (GO:0016787), transferase (G0:0016740) and
catalase on DNA (GO0:0140097), RNA (G0:0140098) and proteins (G0O:0140096)], and
metabolic processes [involving functions related to cellular processes (G0O:0044237),
biosynthesis of cellular components (G0O:0009058), nitrogen metabolism (GO:0006807),
organic substance metabolic processes (G0O:0071704) and small molecule metabolic
processes (G0:0044281)]. Although the GO categories of down-regulated transcripts (Figure
4.5B) were similar to those which were up-regulated, cellular components of cell parts,
including cell periphery (GO:0071944) and plasma membrane (G0O:0005886), were shown to

be significant.
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4.4.3.3. KEGG (Kyoto Encyclopaedia of Genes and Genomes) pathways

The analysis of differently expressed transcripts in the KEGG database allowed for the
identification of active biological pathways in C. perfringens. KEGG analysis classified 166
transcripts (73 up-regulated and 93 down-regulated) to 26 different pathways (Figure 4.6,
Table S4.3-6). Both up and down-regulated pathways predominantly involve broad metabolic
functions, such as “Metabolic pathways”, “Carbohydrate metabolism”, “Biosynthesis of
secondary metabolites”, “Energy metabolism”, “Nucleotide metabolism” and “Glycan
biosynthesis and metabolism”. Interestingly, a high number of down-regulated transcripts were
assigned to the “Lipid metabolism” pathway. This pathway, along with other down-regulated
metabolic pathways, such as “Carbohydrate metabolism”, could indicate a suppression of
energy-intensive processes in C. perfringens when exposed to antibiotics. The results also
showed three metabolic pathways which were only associated with down-regulated
transcripts, namely “Fatty acid metabolism”, “Biosynthesis of nucleotide sugars” and

“Biosynthesis of other secondary metabolites”.

Focusing on the environmental information processing category, the same number of up-and
down-regulated transcripts were mapped to the “Membrane transport” pathway. This could
possibly indicate a dual role in nutrient uptake and resistance mechanisms in C. perfringens.
However, the “Signal transduction” pathway was shown to be more associated with down-
regulated transcripts, suggesting a decrease in cellular communication in favour of immediate
survival strategies. The results also showed both up-and down-regulated transcripts mapped
to pathways affect genetic information processing, however, their functional focus differs.
Down-regulated pathways exhibit reductions in transcription, translation, and protein folding
processes, signifying a general decrease in cellular biosynthetic systems. However, pathways
such as “Replication and repair” which were more up-regulated could highlight a prioritised
response to mitigate potential antibiotic-induced genetic damage. Pathways linked to bacterial
infectious diseases and antimicrobial resistance are modulated in both up- and down-
transcripts. While these pathways are moderately down-regulated in some respects, their up-
regulation suggests an adaptive response to antibiotic stress, thereby allowing bacteria to

survive better under these stress conditions.
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Figure 4.6: KEGG pathways associated with transcripts that were significantly differentially
expressed (P value of 0.05) in Clostridium perfringens exposed to sublethal concentrations of
five antibiotics. Bar graph (A) depicts the up-regulated pathways (73 genes) and (B) the down-
regulated pathways (93 genes) assigned to the five main pathways categories: metabolism,
genetic information processes, environment information processes, cellular processes and
human diseases, are summarized. The x-axis presents the number of genes in the categories
pathway, and the y-axis presents the categories pathways. Weakly modulated components

(not significant) within the pathways are not displayed.
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4.4.3.4. Effects of antibiotics on antibiotic resistance genes and virulence factors

Of the 25 antibiotic-resistance genes identified in C. perfringens, only 11 genes were
expressed differently during the five antibiotic treatments (Table 4.3). The cefoxitin treatment
showed the highest number of DE transcripts related to antibiotic resistance, with nine
resistance genes being down-regulated and two up-regulated. Antibiotic treatments such as
sulfamethoxazole and clindamycin only showed three DE transcripts. Chloramphenicol and
erythromycin treatments showed the lowest number of DE transcripts (only two), all of which
were down-regulated. The genes encoding for phosphatidylglycerol lysyltransferase (mprf)
and ABC-F subfamily ATP-binding cassette ribosomal protection proteins (VmIR) were both
up-regulated during exposure to clindamycin, whereas both genes were down-regulated
during cefoxitin exposure. The penicillin-binding protein 1A (PBP1) showed to be up-regulated
during cefoxitin and sulfamethoxazole treatments and down-regulation during
chloramphenicol and erythromycin treatments. However, the gene encoding for the
tetracycline resistance protein (tefW) was up-regulated during cefoxitin and sulfamethoxazole

treatments, but down-regulation during exposure to erythromycin.

Table 4.6: Effects of sub-MIC of antibiotics on antibiotic resistance genes identified in C.

perfringens.
Antibiotic treatment
Class and
Gene Gene annotation OX S CH E C
Aminoglycoside
aph(3')-la Aminoglycoside 3'-phosphotransferase 1 6.218 1 10.615 ns ns ns
gyrB Aminocoumarin resistant ns ns ns ns ns
ant(6) Aminoglycoside nucleotidyltransferase ns ns ns ns ns
Amphenicol
catA1 Chloramphenicol acetyltransferase (CAT ns ns ns ns ns
cfr(C) 23S rRNA methylase ns ns ns ns ns
Beta-lactam
blaC Beta-lactamase | 5.1367 ns ns ns ns
blaz BlaZ beta-lactamase ns ns ns ns ns
PBP1 Penicillin-binding protein 1A 1 4.405 1 55.3072 1 5.6779 | 8.6952 ns
PBP2 Penicillin-binding protein 2A 1 1.2322 ns ns ns ns
blaTEM-181  TEM beta-lactamase ns ns ns ns ns
Diaminopyrimidine
dfrC Trimethoprim resistant dihydrofolate reductase ns ns ns ns ns
Fluoroquinolone
Major facilitator superfamily (MFS) antibiotic efflux
norA pump | 3.0256 ns ns ns ns
Major facilitator superfamily (MFS) antibiotic efflux
norC pump ns ns ns ns ns
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Table 4.6: Effects of sub-MIC of antibiotics on antibiotic resistance genes identified in C. perfringens

(continue).
Antibiotic treatment
Class and
Gene Gene annotation OX S CH E C
MLSB
ABC-F subfamily ATP-binding cassette ribosomal
cplR protection proteins ns ns ns ns ns
ermQ Erm 23S ribosomal RNA methyltransferase ns ns ns ns ns
InuC Lincosamide nucleotidyltransferase (LNU) ns ns ns ns ns
ABC-F subfamily ATP-binding cassette ribosomal
vmiR protection proteins | 1.4031 ns ns ns 11.2718
Multidrug
Multidrug resistance ABC transporter ATP-
bmrA binding/permease protein | 3.1129 ns ns ns ns
Penicillin
femA Aminoacyltransferase 1 2.9068 ns ns ns ns
femB Aminoacyltransferase | 1.607 ns | 5.2704 ns | 1.1385
Peptide
mprF Phosphatidylglycerol lysyltransferase | 1.7807 ns ns ns 1 3.1385

Pseudomonic acid

Antibiotic-resistant isoleucyl-tRNA synthetase
mupA (ileS) ns ns ns ns ns

Tetracycline

tet(44) Tetracycline-resistant ribosomal protection protein ns ns ns ns ns
tetA(P) Tetracycline efflux protein ns ns ns ns ns
tet\W Tetracycline resistance protein 1 2.1801 1 36.9195 ns | 15.193 ns

1: Significantly up-regulated, |: Significaly down-regulated, ns: No significant change
OX: Cefoxetin, S: Sulfamethoxazol, CH: Chloramphenicol, E: Erythromycin, C: Clindamycin

Using the Virulence Factor Database (VFDB), a total of 37 genes related to virulence in
Clostridium perfringens were identified. Of the 37 identified genes, 15 genes showed to be
differentially expressed during the five antibiotic treatments (Table 4.4). These included genes
associated with virulence classification such as adherence, toxin production, acid resistance,
intracellular survival, antiphagocytosis, immune evasion, iron uptake, secretion system, and
stress adaptation. Sulfamethoxazole showed 10 virulence genes that were differentially
expressed, of which eight were up-regulated and two were down-regulated. Cefoxitin and
erythromycin showed ten genes (5 down-regulated, 5 up-regulated) and 9 genes (7 down-
regulated, 2 up-regulated) that were differentially expressed, respectively. All 6 virulence
genes that were differentially expressed during chloramphenicol exposure were down-
regulated. Clindamycin showed the lowest number of differentially expressed virulence genes,

with only 3 down-regulated and 2 up-regulated.
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Table 4.4: Effects of sub-MIC of antibiotics on virulence factors identified in C. perfringens.

Antibiotic treatment

Virulence class and factors Gene
OX S CH E Cc

Adherence
Fibronectin-binding protein fbpA ns ns ns ns ns
Chaperonin GroEL groEL 1 1.8917 1 6.0661 1 6.722 1 2.6102 1 1.53
Bifunctional autolysin alte ns 15.2238 | 5.382 ns ns
Elastin binding protein (Staphylococcus) ebp ns ns ns ns ns
Elongation Factor Tu tuf 1 3.453 ns ns | 16.8545 ns
Regulation
Sensor histidine kinase virS ns ns ns ns ns
DNA-binding response regulator VirR ns ns ns ns ns
Toxin
Alpha-clostripain cloSI/ ns | 1.0176 na 11.5828 1 2.4037
Phospholipase C (Alpha-toxin) plc ns ns ns ns ns
Hemolysin ns ns ns ns ns
Kappa-toxin (collagenase) colA ns 16.7345 ns | 7.4625 11.7574
Mu-toxin (hyaluronidase) Z:ZT ¥ 1;2; 1 1:33641 :2 ! 1:13551 22
Perfringolysin O (theta-toxin/PFO) pfoA ns ns ns ns ns
Sialidase nanH 1 3.3465 1 14.5242 ns 115.2912 ns
Acid resistance
Urease subunit alpha ureA | 3.0487 16.5974 | 5.3819 | 2.5709 1 1.9368
Intracellular survival
Lipoate protein ligase A1(Listeria) IplA1 ns 17.1911 | 5.9765 ns ns
Anaerobic respiration
Nitrate reductase (Mycobacterium) narH ns ns ns ns ns
Antiphagocytosis
Capsule (Klebsiella) gnd | 2.5857 ns ns ns ns
Enzyme

geh ns ns ns ns ns
Lipase (Staphylococcus)

lip ns ns ns ns ns
Serine V8 protease (Staphylococcus) SSpA ns ns ns ns ns
Streptococcal enolase (Streptococcus) eno ns ns ns ns ns
Thermonuclease (Staphylococcus) nuc ns ns ns ns ns
Fimbrial adherence determinants
Fim (Salmonella) fimZ ns ns ns ns ns
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Table 4.4: Effects of sub-MIC of antibiotics on virulence factors identified in C. perfringens

(continue).
Antibiotic treatment

Virulence class and factors Gene OoX S CH E C
Immune evasion

capM ns ns ns ns ns
Capsule (Staphylococcus)

capP ns ns ns ns ns

galu ns ns ns ns ns
Polysaccharide capsule (Bacillus)

1 3.6977 ns ns ns ns

Invasion
Lipoprotein promoting entry protein (Listeria) IpeA ns ns ns ns ns
Iron uptake
ABC transporter (Corynebacterium) fagC ns ns ns ns ns
Heme biosynthesis (Haemophilus) hemL | 1.2664 15.1754 | 6.4137 | 1.7457 ns
Phagosome arresting
Nucleoside diphosphate kinase
(Mycobacterium) ndk ns ns ns ns ns
Secretion system
T6SS-lI(Klebsiella) clpB ns 111.223 | 10.0077 | 2.5064 | 2. 0597
Serum resistance and immune evastion
LPS(Francisella) wbtE ns ns ns ns ns
Stress adaptation
Catalase (Neisseria) katA | 2.6622 ns ns ns ns

Surface protein anchoring

Lipoprotein diacylglyceryl transferase (Listeria) Igt

ns

ns

ns

ns

ns

1: Significantly up-regulated, |: Significaly down-regulated, ns: No significant change

OX: Cefoxetin, S: Sulfamethoxazol, CH: Chloramphenicol, E: Erythromycin, C: Clindamycin

4.5. Discussion

In this study, the transcriptomic response of a water-borne Clostridium perfringens strain

exposed to 5 different antibiotics was investigated. Although antibiotic resistance in C.

perfringens has been the focus of several studies (Charlebois et al., 2014; Khademi &

79



Sahebkar, 2019; Sakurai & Oda, 2011), the effects elicited by various antibiotics at sublethal
concentrations remain poorly reported on. The results of the RNA-seq data showcased the
up- and down-regulated genes involved in antibiotic resistance, virulence factors, as well as
alterations in metabolic and stress-related pathways. These responses shed light on how C.

perfringens is able to survive under antibiotic stress.

The results showed that at a sublethal concentration, chloramphenicol had the greatest effect
on the growth kinetics of C. perfringens. Chloramphenicol is a broad-spectrum antibiotic that
inhibits bacterial growth by targeting the 50S ribosomal subunit and preventing peptide bond
formation during protein synthesis (Brook, 2016). This bacteriostatic mode of action disrupts
essential protein production, resulting in a slower growth rate and replication of C. perfringens.
Although antibiotics such as clindamycin and erythromycin also target the 50S ribosomal
subunit (Wilson & Cockerill, 1987), they showed a lesser effect on the growth kinetics of C.
perfringens than chloramphenicol. The bacterial growth was also affected by cefoxitin, a
second-generation cephalosporin (B-lactam antibiotic). This effect is due to its ability to inhibit
cell wall synthesis by binding to penicillin-binding proteins (PBPs). Of all the antibiotic
treatments used in this study, sulfamethoxazole affected the growth of C. perfringens the least.
This class of antibiotic (sulfonamide) limits bacterial growth by preventing the synthesis of

dihydrofolic acid, which is essential for the production of DNA and proteins (Tacic et al., 2017).

Several resistance genes were identified in C. perfringens that encode for beta-lactamase
resistance (blaC, blaZ, TEM-181, mrcA and mecA). Among these genes, the mrcA gene
encoding for penicillin-binding protein 1A (PBP1) exhibited significant up-regulation in cells
treated with cefoxitin and sulfamethoxazole. PBP1 plays an important role in C. perfringens
resistance to cefoxitin and sulfamethoxazole, highlighting its significance in maintaining cell
wall integrity under antibiotic stress. Cefoxitin, a B-lactam cephalosporin, targets PBPs by
inhibiting their transpeptidation and transglycosylation activities, both of which are essential
for the biosynthesis of peptidoglycan (Sauvage & Terrak, 2016). This inhibition compromises
the bacterial cell wall, leading to lysis of the cell (Livermore, 1995). In response, C. perfringens
up-regulates mrcA, increasing PBP1 expression to mitigate the effects of cefoxitin. Similarly,
sulfamethoxazole, a sulfonamide that targets the folate biosynthesis pathway, indirectly
impacts the precursors of peptidoglycan synthesis by inhibiting folate metabolism, which is
critical for nucleotide and cell wall component biosynthesis (Yaeger et al., 2023). Thus, the
up-regulation of mrcA under sulfamethoxazole treatment suggests a compensatory

mechanism to sustain cell wall synthesis.
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(Kanehisa et al., 2022).
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The overexpression of PBP1 acts as a primary resistance mechanism by allowing sufficient
enzymatic activity for peptidoglycan biosynthesis even in the presence of antibiotics (Figure
4.7). In cefoxitin-treated cells, this target overproduction reduces the antibiotic’s inhibitory
efficiency by increasing the availability of PBPs that are not bound to the drug. This adaptation
aligns with mechanisms previously observed in other bacterial species, such as Escherichia
coli and Staphylococcus aureus, which utilise increased PBP expression to resist p-lactam
antibiotics (Gardete et al., 2004; Hugonnet et al., 2016). Additionally, PBP1 may also
contribute to the resistance by altering peptidoglycan structure or composition, thereby
reducing antibiotic-binding affinity. Although structural changes were not examined in this
study, such adaptations are well-documented in resistant strains (Sethuvel et al., 2023; Van
Heijenoort, 2001). The mrcA up-regulation may also reflect the activation of cell envelope
stress responses, such as two-component regulatory systems, which coordinate the
expression of cell wall synthesis and repair genes in response to antibiotic-induced damage
(Wilson, 2014). This interconnected regulatory network highlights the role of PBP1 as a central

mediator of cell wall adaptation under antibiotic stress.

During the annotation process, multiple genes encoding for resistance against tetracycline
were identified (tet(44), tetA(P) and tetW). Although tetracycline was not one of the antibiotic
treatments used in this study, the tetW resistance gene was expressed differentially in C.
perfringens when exposed to cefoxitin, sulfamethoxazole and clindamycin. This could indicate
a complex adaptive response that extends beyond its traditional association with tetracycline
resistance. The tetW gene encodes for a ribosomal protection protein that mitigates the effects
of tetracyclines by dislodging them from the ribosome (Sionov & Steinberg, 2022). However,
its increased expression in response to cefoxitin, a B-lactam antibiotic, and sulfamethoxazole,
a sulfonamide, suggests a broader role in bacterial stress responses. The activation of tetW
under these conditions likely reflects a generalised transcriptional response to antibiotic-
induced stress, mediated by global regulatory networks such as cell envelope and metabolic
stress responses (Piddock, 2006). The up-regulation of tetW may also contribute to cross-
resistance, wherein exposure to one antibiotic induces pathways that enhance survival against
others. Its expression under cefoxitin and sulfamethoxazole exposure suggests a potential
role in stabilising ribosomal activity or supporting translation under stress, resulting in
enhanced bacterial resilience (Baym et al., 2016). This phenomenon emphasises the risks of
sublethal antibiotic exposure, which can select for the expression of resistance genes even in

the absence of their corresponding antibiotic target.

Of all the antibiotic treatments, clindamycin was shown to affect gene expression the least.
Although several resistance genes were identified in C. perfringens, the up-regulation of the

mprF and vmIR genes shows the adaptive mechanisms that enhance the survival of C.
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perfringens under this antibiotic stress. Clindamycin is a lincosamide antibiotic that inhibits
bacterial protein synthesis by binding to the 50S ribosomal subunit, disrupting peptide
elongation and leading to bacteriostatic effects (Wilson, 2014). However, the up-regulation of
these genes suggests that C. perfringens employs both membrane remodelling and ribosomal

protection strategies to counteract clindamycin-induced stress.

The mprF gene encodes for phosphatidylglycerol lysyltransferase, an enzyme that modifies
membrane phospholipids by adding lysine to phosphatidylglycerol, resulting in lysyl-
phosphatidylglycerol (L-PG) (Figure 4.8). This modification reduces the negative charge of the
bacterial membrane, decreasing the binding affinity of cationic antimicrobial peptides and
other positively charged molecules such as antibiotics (Ernst & Peschel, 2011). The up-
regulation of mprF in response to clindamycin suggests that membrane remodelling is a key
defence mechanism in C. perfringens. By altering the membrane charge, the bacteria may
reduce the interaction of clindamycin with the cell membrane, indirectly limiting its access to
intracellular targets. Furthermore, membrane modifications can enhance resistance to
immune defences, contributing to bacterial survival during host-pathogen interactions (Hurdle
etal., 2011).
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Figure 4.8: KEGG pathway associated with cationic antimicrobial peptides (CAMP) resistance
in Clostridium perfringens exposed to clindamycin. Up-regulated genes are highlighted in
green and represent pathway-related precursor proteins in C. perfringens. Pathways were
reconstructed using KEGG mapper (Kanehisa et al., 2022).

The vmIR gene encodes for a ribosomal protection protein that belongs to the ABC-F
subfamily of ATP-binding cassette transporters. These proteins protect the ribosome by
dislodging antibiotics from their binding sites or altering ribosomal conformation to prevent
antibiotic binding, thus preserving translational activity (Sharkey et al., 2016). The up-
regulation of vmIR in clindamycin-treated cells directly counteracts the antibiotic’s primary

mode of action. By maintaining protein synthesis, C. perfringens can sustain vital cellular
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functions and repair damage caused by antibiotic stress. Similar ribosomal protection
mechanisms have been documented in other pathogens, including Staphylococcus aureus,
highlighting the widespread importance of the ABC-F subfamily in antibiotic resistance
(Brdova et al., 2024). The simultaneous up-regulation of mprF and vmIR could also suggest a
coordinated adaptive response that combines membrane remodelling with ribosomal
protection, resulting in a dual defence strategy. This synergistic response likely provides a

significant survival advantage to C. perfringens under clindamycin pressure.

Sublethal concentrations of antibiotics significantly influence the expression of virulence genes
in C. perfringens, showcasing its ability to adapt to environmental stressors while potentially
altering its pathogenic profile. The antibiotics tested elicited distinct transcriptional responses
among virulence-related genes. For adherence-related genes, fibronectin-binding protein
(fbpA) showed no significant changes across treatments, suggesting that adherence
mechanisms crucial for host colonisation are maintained under antibiotic stress. This stability
aligns with previous studies indicating that C. perfringens preserves its adhesion capacity even
under adverse conditions (Llanco et al., 2017). Stress-response genes essential for protein
folding, such as groEL, displayed variable expression depending on the antibiotic used.
Cefoxitin and chloramphenicol significantly down-regulated groEL, indicating suppressed
stress response activation. Conversely, sulfamethoxazole induced up-regulation, likely
reflecting increased protein-folding demands caused by metabolic disruptions from inhibited
folate biosynthesis (Lin et al., 2008). This observation aligns with studies on C. perfringens
demonstrating that metabolic inhibitors often up-regulate stress response pathways to
counteract intracellular damage (Abo-Remela & Shimizu, 2012; Camargo et al., 2024). Cell
wall-related genes, including altE (encoding bifunctional autolysin), showed contrasting
responses. Sublethal cefoxitin and chloramphenicol exposure significantly down-regulated
altE, suggesting a reduced need for autolysin activity when peptidoglycan synthesis is
inhibited. Conversely, sulfamethoxazole up-regulated altE, possibly due to metabolic stress
driving cell wall remodelling to adapt to environmental challenges. Previous research on
Staphylococcus aureus has shown that autolysin activity is tightly regulated and influenced by
environmental stresses, including antibiotic exposure (Memmi et al., 2012). Toxin-related
genes exhibited notable responses under ribosome-targeting antibiotics. Clindamycin
exposure up-regulated toxin-associated genes, potentially through stress-induced pathways
that enhance toxin production, a phenomenon similarly reported in studies of C. perfringens
where stress conditions increased toxin gene expression (Gohari et al., 2021; Stevens et al.,
1987). Erythromycin elicited a similar but less pronounced effect, suggesting a conserved

response mechanism to ribosomal inhibition.
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These findings are consistent with broader studies on C. perfringens that illustrate how
environmental stressors, including antibiotics, influence its transcriptional landscape. For
example, Shojadoost et al. (2012) demonstrated that antibiotic-induced stress alters virulence
factor regulation, enabling C. perfringens to maintain its pathogenicity. The differential
modulation of virulence genes observed in this study highlights the dual role of antibiotics in
selecting for resistance and reshaping bacteria’s pathogenic potential. Sublethal antibiotic
concentrations, frequently present in agricultural or environmental settings, can promote
survival and potentially enhance virulence through up-regulation of genes such as altE and
groEL (Andersson & Hughes, 2014; Cycon et al., 2019). These conditions may also facilitate
horizontal gene transfer, further disseminating resistance and virulence determinants
(Blazquez et al., 2012). Understanding these transcriptional adaptations is crucial for
assessing the risks posed by low-dose antibiotic exposure in both clinical and environmental

contexts.

4.6. Conclusion

This study investigated the transcriptomic response of an environmentally obtained
Clostridium perfringens strain to sub-inhibitory concentrations of antibiotics. The findings
revealed that antibiotics at these concentrations induce significant physiological and molecular
changes in C. perfringens, including alterations in growth kinetics, resistance mechanisms,
and virulence factor expression. Chloramphenicol was found to have the greatest impact on
growth, extending the lag phase and reducing growth rates, while sulfamethoxazole showed
minimal effects. Cefoxitin elicited the most pronounced transcriptomic changes, including up-
regulation of stress and resistance-associated pathways. The study also identified key
resistance mechanisms such as the up-regulation of mprF and vmIR under clindamycin stress,
indicating membrane remodelling and ribosomal protection strategies. Interestingly, the tetW
gene, associated with tetracycline resistance, was up-regulated in response to other
antibiotics, highlighting a generalized adaptive response. Sub-lethal antibiotic exposure also
modulated virulence-related genes, including those involved in toxin production and stress
adaptation, potentially enhancing bacterial pathogenicity. Metabolic pathway analysis
indicated that energy-intensive processes were suppressed, while DNA replication and repair
pathways were up-regulated, suggesting a survival-focused adaptive strategy. These findings
highlight the risks associated with sub-inhibitory antibiotic concentrations in environmental

settings, which not only promote resistance but may also enhance bacterial virulence. This
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study highlights the need for careful management of antibiotic use to prevent the evolution

and spread of resistant, highly adaptable bacterial strains.
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CHAPTER 5: THE EFFECTS OF IRRIGATION ON THE

SURVIVAL OF CLOSTRIDIUM SPOROGENES IN THE

PHYLLOSPHERE AND SOIL ENVIRONMENTS OF LETTUCE

5.1 Abstract

This study aimed to address the gap in knowledge regarding the fate of foodborne pathogens
within agroecosystems. It specifically focused on the surrogate microorganism Clostridium
sporogenes, which was introduced into lettuce-producing environments via surface and spray
irrigation methods, respectively. The concentration of C. sporogenes in the rhizosphere,
phyllosphere, and non-rhizosphere soil was quantified by quantitative polymerase chain
reaction (QPCR) over a 42-day trial. The surface irrigation method exhibited a more noticeable
contamination effect on the soil environments, compared to the phyllosphere. The results
indicated a noticeable increase in C. sporogenes concentrations during the initial 22 days, with
a 10.4-fold rise (0.39 to 4.05 log copy numbers/g soil) in the rhizosphere and 1.9-fold increase
(2.97 to 5.59 log copy numbers/g soil) in the non-rhizosphere. However, concentrations in both
soil environments subsequently decreased, falling below the initial inoculum concentration by
the end of the frial. In contrast, the spray irrigation method resulted in most of the
contamination being localised on the lettuce phyllosphere, with a high C. sporogenes
concentration of 9.09 log copy numbers/g leaves on day zero. This concentration exponentially
decreased to a minimal 0.019 log copy numbers/g leaves by day 32. Although concentrations
in both soil environments decreased over time, trace concentrations of C. sporogenes were
detectable at the end of the trial, posing a potential hazard to the microbiological safety of
post-harvest produce. These findings shed light on the dynamics of C. sporogenes in
agroecosystems and highlights the importance of irrigation practices that ensure the safety of

those who consume fresh produce.

Keywords: Clostridium sporogenes, irrigation, phyllosphere, soil environments, gPCR
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5.2 Introduction

The consumption of fresh produce has increased over the past few decades due to its
accompanying health and nutritional benefits (Alam et al., 2014; Machado-Moreira et al.,
2019). This has led to the need for mass distribution within the shortest amount of time to meet
this growing demand and, as a result, consumers are increasingly exposed to foodborne
diseases (Balali et al., 2020). Fresh, ready-to-eat (RTE) produce is likely to be contaminated
with disease-causing bacteria through direct contact with soil or animal manure, or irrigation
with contaminated water (Gurtler & Gibson, 2022). Wastewater or sewage-polluted surface
water is used to irrigate about 10% of the world's crops (Manshadi et al., 2013). This is of
concern, since most foodborne pathogens originate from the intestinal tract and faecal material
of mammals (Hamza et al., 2018). The anaerobic pathogens Clostridium botulinum and
Clostridium perfringens are examples of bacterial hazards; they have environmental and
intestinal origins (Rai & Tripathi, 2007). These pathogens impact public health and the
economy through their ability to produce several deadly toxins and spores that are highly
resistant to environmental stressors, which contributes to their survival, pathogenicity, and
transmission (Alegbeleye et al., 2018; Hoffmann et al., 2015; Li et al., 2016; Palmer et al.,
2019).

Since approximately 70% of the world's freshwater is used for irrigation, the quality of these
water sources is of great importance (Scanlon et al., 2007). In South Africa, routine testing for
Clostridium pathogens in water sources used for irrigation is not an established practice. A
previous study conducted by the authors reported high levels of Clostridium pathogens in
several surface water systems used for irrigation in the North West Province (Fourie, 2017).
Investigation of the genomic features of the pathogenic C. perfringens found in these systems
showed multidrug resistance, enhanced virulence factors, and environmental adaptation
through mobile genetic elements (Fourie et al., 2020). Based on these hazards, the present
study focuses on the potential spread of Clostridium in the food chain. It is hypothesised that
when plants are irrigated with contaminated water, Clostridium species can establish and
survive in RTE vegetables, such as lettuce, and are able to become endophytic. However,
field studies that involve pathogenic Clostridium are very restricted due to environmental
health and safety concerns (Park et al., 2018). Therefore, to assess how irrigation water
transmits Clostridium in the preharvest environment of lettuce, a surrogate species, namely
Clostridium sporogenes, was used in a greenhouse setting. To investigate its survival in the
rhizosphere, phyllosphere, and non-rhizosphere soil of lettuce, the concentrations of C.

sporogenes were determined by using a qPCR assay.
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5.3 Materials and methods

5.3.1 Experimental layout

A design plan (Figure S5.1) for the greenhouse trial was followed, which comprised three
different treatments. Lettuce seedlings were transplanted into pots containing sterilised soil.
Treatment 1 and 2 inoculated C. sporogenes into the lettuce-producing environment through
simulating surface and spray irrigation, respectively. Treatment 3 served as a control
treatment, with no C. sporogenes present in irrigation water. Twenty-five replicate pots were
used for each treatment. Pots were grouped by treatments to avoid cross-contamination. The
trial was conducted at Eco-Rehab in Potchefstroom, South Africa. The biosafety level 1 (BSL-
1) greenhouse is equipped with temperature control, LED grow lights, and HEPA filters (Figure
S5.2). The greenhouse maintained an average temperature of 26 °C, with a 16:8 h light—dark

cycle for the duration of the experiment.

5.3.2 Bacterial strain, growth conditions, and inoculum preparation

For this study, the C. sporogenes ATCC 3584 strain was purchased from Microbiologics
(Minnesota, USA). The inoculum was firstly grown anaerobically on cooked meat medium
(Oxoid, UK) at 37 °C for 24 h to confirm culture purity. Spores of C. sporogenes were used as
inoculum and were harvested through a modified method described by Rabi et al (2017). In
short, a single colony was used to inoculate brain heart infusion (BHI) broth (Oxoid, UK) and
incubated using a rotary shaker at 100 rpm at 35 °C under anaerobic atmosphere conditions
for 48 h. Endospore staining was then performed to determine spore maturation. The spores
that were released from the mother cells were collected by centrifugation (4 000 rpm, 15 min);
after that, they were washed three times with 50 mM phosphate-buffered saline (PBS, pH 7.3).
After each wash, vegetative cells and other cellular debris were removed from the top of the
spore pellet to obtain a pure spore suspension. The concentration of spores was estimated by
spore staining, followed by direct microscopic count (DMC) (~ 3 x 10" CFU/ml) and then

stored at 4 °C until they were used for inoculation.

5.3.3 Sail collection, lettuce preparation, and sterilisation

Agricultural soil was collected from the Agricultural Research Council: Grain and Crop Institute
in Potchefstroom, South Africa. The soil composition was determined by the particle size
distribution of the soil, as described by Gerber et al. (2015); the results showed that the soil

consisted of 39% sand, 30.4% silt, and 29% clay. Based on its composition, the soil was
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classified as loamy clay soil (Figure S5.2). The soil was then sterilised through autoclaving it
twice (121 °C, 30 min). Seedlings of ‘Great Lakes’ lettuce (Lactuca sativa ‘Great Lakes’) were
purchased from a local nursery in Potchefstroom, South Africa. The soil surrounding the roots
of the seedlings was removed, washed with sodium hypochlorite (NaOCI 10%; v/v), and rinsed
twice with distilled H20. The sterilised soil, as well as the leaves and roots of the lettuce, were

then assessed by conventional PCR methods to ensure the absence of C. sporogenes.

5.3.4 Irrigation of soil and lettuce with C. sporogenes

Each lettuce seedling was transplanted into a separate pot (23 cm diameter) that contained 2
kg of sterilised soil. Three different treatments followed, each in separate areas to prevent any
cross-contamination. Treatment 1 simulated surface irrigation: the soil was carefully covered
with 100 ml of distilled water containing C. sporogenes, limiting any contact between the water
and the leaves of the lettuce seedling. Treatment 2 simulated spray irrigation: the leaves were
sprayed with a hand-held spray bottle containing 100 ml of distilled water and C. sporogenes.
Treatment 3 served as the negative control group: 100 ml of distilled water was used to irrigate
the soil containing the seedling. The bacterial suspension in irrigation water used for
treatments 1 and 2 was measured by using spore staining, followed by DMC and was
approximately 9 x 10° CFU/ml for both treatments (Girardin et al., 2005). Each pot used
throughout the trail was placed onto a plastic tray and was given bottom watering with distilled
water to ensure the soil and lettuce plants were not disturbed during the trial. Distilled water
was collected from the laboratory; the pots were watered daily for the first 7 days; thereafter,
they were watered every 3 days or when the soil surfaces began to dry. A half-strength

Hoagland’s solution was also given weekly via bottom watering (Hoagland & Arnon, 1950).

5.3.5 Sample collection

Rhizosphere, non-rhizosphere soil, and phyllosphere samples were aseptically collected from
each treatment on days 0, 9, 22, 31, and 42. In order to collect phyllosphere samples, the
edible leaves of lettuce were removed by cutting off the whole head of the lettuce with a sterile
blade and placing them in sterile plastic bags. Rhizosphere soil was collected by removing the
lettuce plant from the soil, gently shaking it, and collecting the soil from the roots. Non-
rhizosphere soil was obtained with a sterile spoon. The samples were collected at 7 cm away
from the lettuce and 5 cm below the soil surface. All soil samples were collected in separate
50 ml sterile falcon tubes. All samples were immediately transported to the laboratory for

further processing and analysis.
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5.3.6 Sample preparation, DNA extraction, and gPCR

For the phyllosphere samples, the outermost leaves of each lettuce head were removed and
discarded. Five leaves were then chosen at random from the remaining lettuce head layers.
These were aseptically ground with a pestle and mortar to ensure more uniform leaf samples
across all treatments. Total DNA was then extracted from 1 g of the leaf homogenate by using
the DNeasy Plant Pro Kit (Qiagen, DE) and following the manufacturer’s instructions. For the
soil samples, each collected sample was aseptically sieved (3 mm) to ensure thorough
homogenisation before the DNA extraction. The total DNA was then extracted from 1 g of sail
using the NucleoSpin® Soil kit (Macherey-Nagel, GE), also following the manufacturer’s
instructions. A NanoDrop spectrophotometer and a 1% agarose gel electrophoresis were used
to evaluate the concentrations and integrity of the DNA extracted from both leaf and soil
samples (Thermo Scientific, USA). All DNA samples were stored at -20 °C for downstream

analysis.

Absolute quantifications were done by gPCR assay, using the QuantStudio 5 Real-Time PCR
System (Applied Biosystems, USA) with SYBR® Green fluorescence reagent. Previously
described C. sporogenes primers were chosen for the detection and quantification of a 96 bp
fragment of the gerAA gene (Morandi et al., 2015). The primer sequences are as follows:
gerAA-F CCG CAG GAA TAA ACA ATG TTC TAA and gerAA-R CAG CAT AAG CAG CCC
CTA AAA. All reactions were performed in a final volume of 25 pl and consisted of 10 ul of 2
x PowerUp™ SYBR Green Master Mix (Applied Biosystems, USA), 1 ul of each primer (0.4
MM each), 11 ul of Nuclease-Free Water and 2 ul of gDNA. The Green Master Mix comprised
SYBR Green | dye Dual-Lock Tag DNA Polymerase, dNTPs mix with dUTP/dTTP, heat-labile
UDG, passive reference dye ROX, and buffer components. The reactions were carried out in
96-well plates sealed with film. The thermal cycling conditions that were used are as follows:
initial denaturation at 95 °C for 3 min, followed by 40 cycles at 95 °C for 15 s, and 60 °C for
60 s. All runs included a non-template negative control and C. sporogenes ATCC 3584 as the

positive control.

5.3.7 Standard curve construction

To construct the standard curve, genomic DNA from a pure culture of C. sporogenes (37 °C,
24 h) was extracted using the Quick-DNA Fungal/Bacterial Miniprep Kit (Zymo Research,
USA). This was followed by qPCR amplification of 10-fold serial dilutions of the pure gDNA,
with concentrations ranging from 10 ng to 1 x 10-° ng of gDNA. The data was initially analysed
with QuantStudio™ Design and Analysis Software (Version 1.3.1) at a threshold determination

of 0.03. Threshold cycle (Ct) values were plotted against the corresponding concentration of
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each DNA dilution in order to assess the linear range of detection and reliability of the gPCR
assay. The standard curve was calculated as y = —ax + b (a refers to the standard curve slope
and b refers to the y-intercept). The amplification efficiency of the reaction (E) was calculated
as E = (107"2), and the percent efficiency was evaluated as (E — 1) x 100%. According to Pfaffl
and Bustin (2004) and Rutledge and Cété (2003), amplification efficiencies of standard curves
between 90% and 110%, which correspond to a slope between —-3.1 and —-3.6, and coefficient
of determination (R?) > 0.98 are considered to be reliable comparison trend lines for the
quantification of unknown samples. For all the analyses, three technical replicates of each

sample were performed.

5.3.8 Data analysis

All gPCR data was initially analysed with QuantStudio™ Design and Analysis Software
(Version 1.3.1), where the Ct values were exported into Microsoft Excel Worksheet for further
statistical analysis. An Analysis of variance (ANOVA) was conducted to determine statistically
significant differences within and between the two irrigation methods (surface and spray
irrigation) on C. sporogenes copy numbers/g of soil or leaves. A p-value of 0.05 for the ANOVA

analysis was considered as significant.

5.4 Results

5.4.1 Sensitivity, standard curve, and amplification efficiency of gPCR assay

To detect and quantify C. sporogenes in environmental samples, a gPCR assay was utilised.
The performance and sensitivity of the assay (Figure S5.4) were evaluated by amplifying the
gerAA gene in a 10-fold serial dilution of pure gDNA at known concentrations (10 ng — 1 x 10
5 ng). The amplification curve showed good reproducibility, and the fluorescence intensity
changed consistently with the serial dilution of the gDNA concentration. The results of the
constructed standard curve showed a strong linear relationship between the Ct values and the
known DNA concentrations over 7 orders of magnitude. The coefficient of determination (R?)
was high at 0.996, indicating a good fit of the data points on the standard curve. The slope of
the log-linear phase was —-3.51. The Y-intercept was 25.706, and the amplification efficiency
(E) was estimated to be 93.1%. According to the melting curve, the 96 bp amplicons that were

generated were unimodal and showed a single dissociation peak at 72.1 + 0.09 °C, indicating
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that the primers used in this study exhibited adequate specificity. Additionally, no melting curve

was detected in the negative controls.

5.4.2 Survival of C. sporogenes in the soil, rhizosphere, and phyllosphere of lettuce

Based on the constructed standard curve (Figure S5.4), the gPCR assay was able to detect
and quantify C. sporogenes in the non-rhizosphere soil, rhizosphere, and phyllosphere of
lettuce after being contaminated with surface (T1) and spray (T2) irrigation over the 42-day
duration of this study. Clostridium sporogenes was immediately detectable in leaves and soil
samples at various concentrations after the inoculated water was applied. The initial
concentrations of 2.97 and 0.6 log copy numbers/g soil were reported in non-rhizosphere soil
(Figure 5.1A), 0.39 and 0.03 log copy numbers/g soil in rhizosphere soil (Figure 5.1B), and
0.02 and 9.09 log copy numbers/g leaves (Figure 5.1C) after surface and spray irrigation,
respectively. However, the DNA extracted from the soil and leaf samples from the control
treatment (T3) showed no amplification of the gerAA gene at any of the sampling days, which

was expected.
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Figure 5.1: Survival of C. sporogenes ATCC 3584 in non-rhizosphere soil (A), rhizosphere (B), and
phyllosphere (C) of lettuce over 42 days following two different irrigation treatments. Treatment 1 introduced
C. sporogenes into the lettuce-producing environments via surface irrigation (Green); whereas Treatment 2
did so by spray irrigation (Blue). Both treatment methods administered a single 100 ml dose of C. sporogenes
(9 x 10° CFU/ml) on day 0. Afterwards, Clostridium sporogenes concentrations were determined in each of
the three lettuce environments on different days (0, 9, 22, 31, and 42 days) by means of gPCR; these are

reported as log copy humbers/g sample. The results are the means and standard deviation of five replicates.
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The detectable amount of C. sporogenes in the non-rhizosphere over the 42 days using gPCR
(Figure 5.1A) was significantly different between the two irrigation treatments (Table 5.1). For
treatment 1, the concentration of C. sporogenes showed an increase, reaching a peak of 5.59
log copy numbers/g soil on day 22. However, the concentration gradually decreased to below
the initial concentration (2,98 log copy numbers/g soil) at day 42 (0.34 log copy numbers/g
soil). The opposite trend was observed for treatment 2, where, over the first 9 days, the
concentration decreased from 0.6 to 0.08 log copy numbers/g soil. Following this, the C.
sporogenes concentrations remained relatively consistent, only showing a 7.25-fold increase

from day 31 (0.32 log copy numbers/g soil) to day 42 (2.32 log copy numbers/g soil).

When compared, the survival of C. sporogenes in the rhizosphere soil (Figure 5.1B) followed
a similar pattern to that of the above-mentioned non-rhizosphere soil (Figure 5.1A). Different
trends were observed in the rhizosphere soil of the two irrigation methods. The concentration
of C. sporogenes in the rhizosphere soil of lettuce following treatment 1 showed an initial 10.4-
fold increase from day 0 to 22 (0.39 to 4.05 log copy numbers/g soil) and then a decrease in
concentration at day 31 and 42 (2.75 and 0.18 log copy numbers/g soil, respectively). The
prevalence of C. sporogenes following treatment 2 remained consistently low in the
rhizosphere soil for the first 3 weeks of the study, with concentrations of 0.03 to 0.06 log copy
numbers/g soil for days 0 to 22, respectively. However, the concentration increased 10-fold

during the last 2 weeks of the study, reaching a high of 1.2 log copy numbers/g soil at day 42.

The initial concentration of C. sporogenes in the phyllosphere samples (Figure 5.3C) varied
greatly between the two irrigation methods: the spray irrigation method used in treatment 2
resulted in a much higher detectable amount on the leaves (9,09 log copy numbers/g leaves)
than that of the surface irrigation used in treatment 1 (0,018 log copy numbers/g leaves).
However, in treatment 2, the concentrations drastically changed from 9.09 to 1.45 log copy
numbers/g leaves during the first 9 days, resulting in a 6.3-fold decrease. The concentration
of C. sporogenes then continued to gradually decrease until day 42, where only 0.019 log copy
numbers/g leaves remained. Additionally, low concentrations of C. sporogenes were also
detected on the phyllosphere of lettuce following surface irrigation, ranging between 0.012 and

0.02 log copy numbers/g leaves throughout the 42-day trial.
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Table 5.1 shows the statistically significant differences between the treatments and lettuce
environments. Treatment 1 was significantly different from treatment 2 in both soil
environments over the 42-day trial. However, when comparing treatments 1 and 2, the
phyllosphere showed initial significant differences up to day 31; whereas there was no
significant difference between the two treatments, as both concentrations reduced to 0,01 log
copy numbers/g leaves at day 42. Furthermore, statistical differences were observed over the
entire duration of the trial among all three lettuce environments from treatment 1. Similar
observations were made within treatment 2, except for day 31, with no statistical differences
among the concentrations in the non-rhizosphere soil, rhizosphere, and phyllosphere. A two-
way ANOVA found that the concentrations in all three environments for both treatments were
statistically significant throughout the trial. This means that the method of irrigation (surface or
spray irrigation) influenced the transport and survival of C. sporogenes in the non-rhizosphere

soil, rhizosphere soil, and phyllosphere of lettuce.

Table 5.1: Significant differences between and within treatments 1 and 2 for Clostridium
sporogenes concentration (log copy numbers /g) in the soil environments and phyllosphere of

lettuce over a 42-day trial period.

One-way ANOVA Day

Between treatments 0 9 22 31 42
T1-P vs T2-P <0.001* 0.005* 0.019* 0.009* 0.976
T1-Rvs T2-R <0.001* <0.001* <0.001* <0.001* <0.001*
T1-Svs T2-S <0.001* <0.001* <0.001* <0.001* <0.001*
Within treatment 1

T1-Pvs T1-S <0.001* <0.001* <0.001* <0.001* <0.001*
T1-Pvs T1-R <0.001* <0.001* <0.001* <0.001* <0.001*
T1-Rvs T1-S <0.001* <0.001* 0.025* 0.021* <0.001*
Within treatment 2

T2-P vs T2-S <0.001* 0.006* 0.041* 0.970 <0.001*
T2-Pvs T2-R <0.001* 0.005* 0.035* 0.109 <0.001*
T2-R vs T2-S <0.001* 0.066 0.009* 0.184 <0.001*
Two-way ANOVA

T1-T2-P vs T1-T2-S <0.001* <0.001* <0.001* <0.001* <0.001*
T1-T2-P vs T1-T2-R <0.001* <0.001* <0.001* <0.001* <0.001*
T1-T2-R vs T1-T2-S <0.001* <0.001* 0.015* 0.074 <0.001*
T1-P-S-R vs T2-P-S-R <0.001* <0.001* <0.001* <0.001* <0.001*

* Means they are significantly different from each other (p < 0.05).
T1: Treatment 1 (Surface irrigation), T2: Treatment 2 (Spray irrigation). P: Phyllosphere of lettuce. S: Non-

rhizosphere soil, R: Rhizosphere soil.
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5.5 Discussion

Many of the studies that investigated the microbial contamination of vegetable crops adopted
a spiking approach to illustrate the potential hazard associated with the consumption of raw
vegetables. In such instance, harvested vegetables are spiked with a known concentration of
microbial contaminants. This approach does not yield evidence of the potential endophytic
attributes of such contaminants, which may confirm their abilities to colonise and form
symbiotic partnerships with the host plant. Therefore, for this study, the researchers irrigated
the lettuce plants with contaminated water; this method allowed the researchers to monitor
the development of the plant—-microbe interaction over a period of time and establish the
colonisation of the lettuce by the surrogate indicator organism C. sporogenes. Furthermore,
the researchers were able to investigate the fate of the Clostridium in the rhizosphere,
phyllosphere, and non-rhizosphere soil, following surface and spray irrigation in a greenhouse
setting. A culture-independent approach, using gqPCR, was used to determine the survival of
C. sporogenes in these three environments. Furthermore, the gPCR technique enabled the
detection and quantification of the gerAA gene present in C. sporogenes in all three of the
investigation areas. The use of gPCR has been shown to successfully quantify Clostridium
species in processed vegetables, milk, and dairy products (Chon et al., 2012; Morandi et al.,
2015; Sahiner et al., 2022), with great sensitivity and accuracy (MacDougall et al., 2018). The
current study successfully achieved a comprehensive quantification of C. sporogenes by
exclusively using DNA extracted from agriculturally intricate niches, which are recognised for
their complexity and susceptibility to diverse biotic and abiotic influences (Wydro, 2022). This
methodology facilitated an in-depth exploration into the fate of Clostridium within these three

environments subsequent to a simulated contamination event induced by irrigation.

Different irrigation methods can greatly affect the degree of microbial contamination on
receiving produce. Several studies report that the probability of contaminating the foliage of
produce is increased by using overhead sprinkler irrigation (Ganeshan, 2015; lwu & Okoh,
2019; Kisluk & Yaron, 2012). These studies also suggest that the use of irrigation methods
that limit the contact between the water and the produce phyllosphere may decrease the risk
of contamination, examples include surface irrigation. A possible explanation for the C.
sporogenes on the phyllosphere samples that received surface irrigation in this study could
be the backsplash of contaminated water or contact with soil during the initial irrigation
treatment (Ibekwe et al., 2009). Alternatively, endophytic colonisation of fodder plants with
other Clostridium species, such as C. botulinum, has been reported. However, further
research is needed regarding this occurrence. Clostridium proliferates in environments such

as soil, but little is known about its role as endophytic or plant-associated bacteria (Zeiller et
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al., 2015). The results of the current study also show an initial high level of C. sporogenes
detected on the phyllosphere of lettuce after spray irrigation. However, these levels show a
drastic decrease over time. A similar study by Ercolani (1997) also report a decline in levels
of C. pasteurianum, C. perfringens, and C. sporogenes in the leaves of tomato and basil plants
after spray inoculation. This is because spray irrigation covers the crop and the soil with water.
The majority of the water that contained C. sporogenes was retained in the phyllosphere,

resulting in a lesser count of bacteria being introduced directly into the soil through droplets.

It is important to state that the aerial portion of a plant is a harsh and unstable environment for
most microorganisms (Chaudhry et al., 2021), especially for obligate anaerobes, such as
Clostridium species. It is, therefore, expected that C. sporogenes on leaves would have a
higher death than growth rate. The survival and, subsequently, the colonisation of
microorganisms on produce are influenced by direct exposure to multiple environmental
factors, such as oxygen, temperature, water availability, and UV radiation, as is the case with
endophytes (Alegbeleye et al., 2022; Chaudhry et al., 2021). The nutrient sources on leaves
are also sparse in comparison to other environments, such as the rhizosphere soil or the
enteric environment of mammals (Chaudhry et al., 2021; Leveau & Lindow, 2001). Although
the spores produced by C. sporogenes are tolerant to many of these environmental stressors,
studies have shown that the presence of oxygen and the lack of essential nutrients, such as
L-alanine, greatly affect the germination success of Clostridium spores (Fujioka & Frank, 1966;
Wang et al., 2017). Although C. sporogenes was unable to colonise the phyllosphere of lettuce
successfully through the two irrigation methods in this study, it was still detected in low levels
after 42 days. If Clostridium species and their spores are present on produce during
preharvest, it could jeopardise the post-harvest quality and pose a safety hazard for
consumers. This is evident in studies that evaluated the microbiological safety of minimally
processed RTE vegetables and salads, including spinach, mixed leaf salad, and lettuce that

have shown the presence of pathogenic Clostridium (Bakri et al., 2009; Eckert et al., 2013).

Regarding the subterranean survival of C. sporogenes, it is important to note that even though
Clostridium species are ubiquitously distributed in soil, it does not imply that they can survive
in any soil. Soil structures and soil types greatly affect the prevalence, survival, and movement
of bacteria in soil (Palmer et al., 2019). Fine-grained soil, such as the clay loam soil used in
this study, has high nutrient values and water-retaining properties that could aid the survival
of some enteric pathogens (Jamieson et al., 2002). This is likely the case with Clostridium
species as well. When pathogens are introduced via water to the topsoil horizon, the water
translocates downward through the pore structures of the soil; this disperses bacteria to lower

soil horizons, such as the rhizosphere and non-rhizosphere soil (Gessler & Bohnel, 2006). In
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the current study, after the water was translocated, the concentrations of C. sporogenes in
rhizosphere and non-rhizosphere soil showed similar trends in both irrigation treatments. This
indicates that the rhizosphere soil environment does not provide better or worse conditions for
the proliferation of C. sporogenes in comparison with non-rhizosphere soil. Based on the
physiology of Clostridium species, particularly their nutrient and anaerobic requirements, the
soil environments are comparatively less hostile than that of the phyllosphere (Palmer et al.,
2019). There is greater availability of organic substrates and lower oxygen levels in the
rhizosphere soil than in the phyllosphere, which could account for the survival of C.
sporogenes in the rhizosphere and surrounding soil. Plant roots modulate anaerobic
respiration in soil by consuming the oxygen that is present, thereby, increasing the anaerobic
volume in soil and establishing oxygen-free zones (Lecomte et al., 2018). Roots also release
more than 25% of their organic matter and exude nutrients, such as carbon sources, at the
tips and junction of lateral roots, creating energy-rich micro-pockets/environments where
anaerobic bacteria can grow and multiply (Brandl et al., 2004; Jaeger et al., 1999). The
aforementioned may be a result of the delayed germination of C. sporogenes spores during
treatment 2 of this study, which resulted in an increase in the concentration after day 31 of the
trial. The Clostridium spores initiate germination when they sense the presence of germinants.
These germinants are small molecules and may be nutrient signals from the plant roots or the
surrounding soil. This enables a signalling cascade that causes the spore membrane and

cortex to become degraded, which results in germination (Shen et al., 2019).

When C. sporogenes was introduced into the soil through surface irrigation, it resulted in
higher concentrations than that of spray irrigation. Surface irrigation causes the water to cover
the soil surface completely; the water then siphons through the soil matrix to reach the roots
of the plant (Pachepsky et al., 2011). In this study, C. sporogenes was detectable in both
rhizosphere and non-rhizosphere soil after surface irrigation with contaminated water.
Although the concentration of C. sporogenes showed an initial increase over the first 22 days
in both soil environments, the concentration decreased to below the original inoculation
concentration at day 42. The observed trend may be attributed to the use of sterilised
agricultural soil. A study done by Garcia and McKay (1969) found a similar growth and survival
pattern of C. septicum in sterilised soil over 32 days. According to Li et al. (2019), the use of
sterilised soil results in the recolonisation of a healthier soil microbiome after 6 weeks. Their
results suggest that the destruction of the native microbial population brought about by soil
sterilisation can rapidly recover due to the microbial activities associated with a plant. In this
study, the lack of microbial competition could explain the initial increase of C. sporogenes in

the soil. However, C. sporogenes could not compete with the development of a new, healthier
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microbiome seeded by the lettuce endophytes over the weeks and started to decrease in

concentration.

5.6 Conclusion

The use of a surrogate microorganism, namely C. sporogenes, showed that irrigation water is
an important transmission route for Clostridium, which enables pathogens to proliferate in
neighbouring soil environments. Clostridium sporogenes was detectable in the rhizosphere,
phyllosphere, and non-rhizosphere soil at every sampling interval over the 42 days,
demonstrating the likelihood and persistence of bacterial contamination from irrigation water
in these three environments over time. However, the introduction of C. sporogenes into the
agricultural environment through surface and spray irrigation yielded significantly different
results. The application of surface irrigation resulted in much higher C. sporogenes
contamination in soil environments, whereas contamination from spray irrigation was
predominately on the phyllosphere of lettuce. Although C. sporogenes was not able to
successfully colonise the various soil and plant environments, rhizosphere and non-
rhizosphere soil did provide a more favourable environment for it to survive and proliferate.
Because this study was conducted in a controlled greenhouse setting, the simulated
conditions are not a complete representation of the complex agroecosystem found in open
fields. The fate of Clostridium can be influenced by external factors, such as weather, UV
exposure, and temperature, as well as competition from other microorganisms that are present
in these environments. However, the fact that C. sporogenes persisted in these three
environments highlights the impact that agricultural practices, such as irrigation methods, can
have on the spread of foodborne pathogens during preharvest cultivation. Additionally, gPCR
has proven to be a useful method for monitoring C. sporogenes in various agricultural sources
and should be considered for similar future studies. More attention should be given to

pathogenic spore-forming bacteria, such as Clostridium in agroecosystems.
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

This study comprehensively explores Clostridium species, with particular emphasis on C.
perfringens, within agroecosystems. It investigated their genetic attributes, adaptive
responses to environmental pressures, and potential dissemination through agricultural
practices. The findings highlight the critical role of water systems as reservoirs and conduits
for these pathogens, posing significant environmental and public health threats. The aim of
the study was to investigate the genetic characteristics of environmentally obtained
Clostridium pathogens, their survival in agricultural environments, and the potential associated
health risks to humans and animals. These goals were achieved through specific objectives,

each addressed by a study chapter.

Objective 1: To investigate antibiotic resistance, virulence factors, and other genomic

features in environmentally isolated C. perfringens using whole-genome sequencing.

This objective was achieved in Chapter 3, which explores the genomic characteristics of C.
perfringens isolates from surface water systems. Whole-genome sequencing revealed a rich
genetic repertoire, including multiple antibiotic resistance genes (ARGs), virulence factors,
and mobile genetic elements. Identified ARGs spanned key antibiotic classes, such as -
lactams, macrolides, and glycopeptides, highlighting the adaptability of these environmental
strains and the impact of anthropogenic antibiotic use. Virulence genes encoding toxins like
perfringolysin O and phospholipase C emphasised the pathogenic potential of these isolates.
The discovery of genomic islands and prophages further suggests active horizontal gene
transfer mechanisms that facilitate the dissemination of resistance and virulence traits. These
findings demonstrate the dual role of agroecosystems as reservoirs and amplifiers of
pathogenic traits and highlight the urgent need for enhanced monitoring and mitigation

strategies to curb the spread of these potentially dangerous strains.
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Objective 2: To determine the transcriptomic response of multidrug-resistant C.

perfringens to sublethal concentrations of various antibiotics using RNA-Seq.

This objective was addressed in Chapter 4, which investigated the transcriptomic responses
of C. perfringens to sublethal antibiotic concentrations, simulating environmental exposure
scenarios. The study reveals that even low concentrations of antibiotics, often found in
contaminated water systems, can profoundly influence bacterial physiology. Resistance-
associated genes were up-regulated, enabling the bacterium to adapt and maintain resilience
under stress. Additionally, virulence-related genes involved in toxin production, adhesion, and
stress adaptation were modulated, potentially enhancing pathogenicity. The study also
observed the down-regulation of energy-intensive metabolic pathways, reflecting a shift
toward a survival-oriented physiological state. These findings highlight the ecological risks
posed by residual antibiotics in agricultural environments, where sub-MIC exposure fosters

resistance, virulence, and adaptability in bacterial populations.

Objective 3: To investigate the survival of C. sporogenes in ready-to-eat produce using

an experimental greenhouse pot study.

This objective was explored in Chapter 5, which examined the survival and transfer dynamics
of C. sporogenes, a surrogate for pathogenic Clostridium species, in irrigation practices.
Contaminated irrigation water was shown to facilitate bacterial persistence in both soil and
plant environments. Surface irrigation resulted in significant soil contamination, while spray
irrigation primarily impacted the lettuce phyllosphere. Although bacterial concentrations in both
environments declined over time, trace amounts persisted, particularly in soil samples, posing
potential risks to food safety. These findings highlight the importance of effective irrigation
practices and rigorous water quality monitoring to minimise contamination risks and safeguard

public health.

Collectively, these findings illustrate the intricate interaction between environmental
reservoirs, microbial adaptability, and public health risks. Surface water systems, often
contaminated by agricultural runoff and anthropogenic waste, act as reservoirs for antibiotic-
resistant and virulent C. perfringens strains. Residual antibiotics exacerbate these challenges
by promoting bacterial resilience and enhancing pathogenic traits. The use of contaminated
water for irrigation facilitates the transfer of these pathogens to crops and soil, creating a direct
pathway for human exposure through the food chain. The implications of this research extend

beyond agricultural practices, addressing broader ecological and public health concerns.
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Strategies such as improved wastewater treatment, stricter regulations on agricultural
antibiotic use, and enhanced surveillance systems are essential to mitigate these risks.
Furthermore, understanding the long-term ecological impacts of these interactions is critical
for developing sustainable agricultural practices that ensure food safety while preserving

environmental health.

By combining genomic, transcriptomic, and ecological perspectives, this study provides
foundational insights into the behaviour of Clostridium species in agroecosystems. It highlights
the urgent need for interdisciplinary approaches to address antibiotic resistance and
foodborne pathogens. Future research should aim to bridge gaps in knowledge regarding
persistence, adaptability, and mitigation of Clostridium species in diverse agricultural contexts.
These efforts are vital for safeguarding public health, enhancing food security, and promoting

sustainable environmental stewardship.

6.2 Recommendations for future studies

Based on the findings of this study, the following recommendations are proposed for

advancing research in this field:

e The ecological and physiological effects of sublethal antibiotic residues in agricultural
settings require further exploration. Research should focus on how these residues
influence bacterial fitness, pathogenicity, and resistance development. Quantifying
antibiotic levels in agroecosystems and correlating them with microbial community
dynamics will help identify key drivers of resistance.

o Future studies should investigate how Clostridium species enter the food chain,
focusing on pre- and post-harvest contamination routes. Predictive models should be
developed to assess risks associated with contaminated irrigation systems and to
design evidence-based mitigation strategies that enhance the safety of fresh produce.

o Research is needed to investigate the effects of climate change, such as increased
rainfall variability and temperature shifts, on the prevalence, survival, and behaviour of
Clostridium species in agroecosystems. Understanding these dynamics will help
predict future risks and inform adaptive agricultural practices.

e Collaborative efforts with public health researchers should focus on evaluating the
health impacts of Clostridium species in agricultural settings, particularly antibiotic-

resistant infections linked to foodborne exposure. Multidisciplinary studies can further
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elucidate the societal and economic consequences of foodborne illnesses and

contribute to comprehensive risk management strategies.

104



References

Abia, A. L. K., Ubomba-Jaswa, E., du Preez, M., & Momba, M. N. B. (2015). Riverbed
sediments in the Apies River, South Africa: recommending the use of both Clostridium
perfringens and Escherichia coli as indicators of faecal pollution. Journal of Soils and
Sediments, 15(12), 2412-2424. https://doi.org/10.1007/s11368-015-1209-0.

Abo-Remela, E., & Shimizu, T. (2012). Effects of stressors on the expression of virulence
factors and cell survival in Clostridium perfringens (Doctoral dissertation, Kanazawa

University).

Akhi, M. T., Asl, S. B., Pirzadeh, T., Naghili, B., Yeganeh, F., Memar, Y., & Mohammadzadeh,
Y. (2015). Antibiotic sensitivity of Clostridium perfringens isolated from faeces in Tabriz, Iran.
Jundishapur Journal of Microbiology, 8(7), 6-9. https://doi.org/10.5812/jjm.20863v2.

Al Saif, N., & Brazier, J. S. (1996). The distribution of Clostridium difficile in the environment
of  South  Wales. Journal of medical  microbiology, 45(2), 133-137.
https://doi.org/10.1099/00222615-45-2-133.

Alam, M., Ahlstrom, C., Burleigh, S., Olsson, C., Ahrné, S., EI-Mogy, M., ... & Alsanius, B. W.
(2014). Prevalence of Escherichia coli O157: H7 on spinach and rocket as affected by

inoculum and time to harvest. Scientia Horticulturae, 165, 235-241.

Alegbeleye, O. O., Singleton, |., & Sant'Ana, A. S. (2018). Sources and contamination routes
of microbial pathogens to fresh produce during field cultivation: A review. Food Microbiology,
73, 177-208. https://doi.org/10.1016/j.fm.2018.01.003.

Alegbeleye, O., & Sant'Ana, A. S. (2023). Microbiological quality of irrigation water collected
from vegetable farms in Sao Paulo, Brazil during the dry and rainy season. Agricultural Water
Management, 279. https://doi.org/10.1016/j.agwat.2023.108190.

Alegbeleye, O., Odeyemi, O. A., Strateva, M., & Stratev, D. (2022). Microbial spoilage of
vegetables, fruits and cereals. Applied Food
Research, 2(1). https://doi.org/10.1016/j.afres.2022.100122.

Alhakami, H., Mirebrahim, H., & Lonardi, S. (2017). A comparative evaluation of genome
assembly reconciliation tools. Genome biology, 18(1), 93. https://doi.org/10.1186/s13059-
017-1213-3.

Ali, M.S. and Fung, D.Y.C. (1990), Occurrence of Clostridium perfringens in ground beef and
ground turkey evaluated by three methods. Journal of Food Safety, 11. 197-203.
https://doi.org/10.1111/j.1745-4565.1990.tb00051 .x.

105


https://doi.org/10.1007/s11368-015-1209-0
https://doi.org/10.5812/jjm.20863v2
https://doi.org/10.1099/00222615-45-2-133
https://doi.org/10.1016/j.fm.2018.01.003
https://doi.org/10.1016/j.agwat.2023.108190
https://doi.org/10.1016/j.afres.2022.100122
https://doi.org/10.1186/s13059-017-1213-3
https://doi.org/10.1186/s13059-017-1213-3
https://doi.org/10.1111/j.1745-4565.1990.tb00051.x

Al-Mogbel, M. S. (2015). Matrix assisted laser desorption/ionization time of flight mass
spectrometry for identification of Clostridium species isolated from Saudi Arabia. Brazilian
Journal of microbiology, 47, 410-413. https://doi.org/10.1016/j.bjm.2016.01.027.

Altheide, S. T. (2019). Biochemical and Culture-based Approaches to Identification in the
Diagnostic Microbiology Laboratory. American Society for Clinical Laboratory Science, 32(4),
166-175. https://doi.org/10.29074/ascls.119.001875.

Andersson, D. I, & Hughes, D. (2014). Microbiological effects of sublethal levels of
antibiotics. Nature Reviews Microbiology, 12(7), 465-478.
https://doi.org/10.1038/nrmicro3270.

Arango-Argoty, G., Garner, E., Pruden, A., Heath, L. S., Vikesland, P., & Zhang, L. (2018).
DeepARG: A deep learning approach for predicting antibiotic resistance genes from
metagenomic data. Microbiome, 6(1), 1-15. https://doi.org/10.1186/s40168-018-0401-z.

Archambault, M., & Rubin, J. E. (2020). Antimicrobial Resistance in Clostridium and
Brachyspira  spp. and Other  Anaerobes. Microbiology  spectrum, 8(1),
10.1128/microbiolspec.arba-0020-2017. https://doi.org/10.1128/microbiolspec. ARBA-0020-
2017.

Arndt, D., Grant, J. R., Marcu, A., Sajed, T., Pon, A, Liang, Y., & Wishart, D. S. (2016).
PHASTER: a better, faster version of the PHAST phage search tool. Nucleic Acids Research,
44(W1), W16-W21. https://doi.org/10.1093/nar/gkw387.

Ashbolt, N. J., Amézquita, A., Backhaus, T., Borriello, P., Brandt, K. K., Collignon, P., Coors,
A., Finley, R., Gaze, W. H., Heberer, T., Lawrence, J. R., Larsson, D. G., McEwen, S. A.,
Ryan, J. J., Schonfeld, J., Silley, P., Snape, J. R., Van den Eede, C., & Topp, E. (2013).
Human Health Risk Assessment (HHRA) for environmental development and transfer of
antibiotic resistance. Environmental health perspectives, 121(9), 993-1001.
https://doi.org/10.1289/ehp.1206316.

Awad, M. M., Ellemor, D. M., Boyd, R. L., Emmins, J. J., & Rood, J. I. (2001). Synergistic
effects of alpha-toxin and perfringolysin O in Clostridium perfringens-mediated gas gangrene.
Infection and Immunity, 69(12), 7904-7910. https://doi.org/10.1128/IAl.69.12.7904-
7910.2001.

Azimirad, M., Nadalian, B., Alavifard, H., Negahdar Panirani, S., Mahdigholi Vand Bonab, S.,
Azimirad, F., Gholami, F., Jabbari, P., Yadegar, A., Busani, L., Asadzadeh Aghdaei, H., & Zali,

M. R. (2021). Microbiological survey and occurrence of bacterial foodborne pathogens in raw

106


https://doi.org/10.1016/j.bjm.2016.01.027
https://doi.org/10.29074/ascls.119.001875
https://doi.org/10.1038/nrmicro3270
https://doi.org/10.1186/s40168-018-0401-z
https://doi.org/10.1128/microbiolspec.ARBA-0020-2017
https://doi.org/10.1128/microbiolspec.ARBA-0020-2017
https://doi.org/10.1093/nar/gkw387
https://doi.org/10.1289/ehp.1206316
https://doi.org/10.1128/IAI.69.12.7904-7910.2001
https://doi.org/10.1128/IAI.69.12.7904-7910.2001

and ready-to-eat green leafy vegetables marketed in Tehran, Iran. International Jornal of
Hygiene and Environmental Health, 237. https://doi.org/10.1016/j.ijheh.2021.113824.

Aziz, R. K., Bartels, D., Best, A. A., Dedongh, M., Disz, T., Edwards, R. A,, ... & Zagnitko, O.
(2008). The RAST Server: rapid annotations using subsystems technology. BMC genomics,
9, 1-15. https://doi.org/10.1186/1471-2164-9-75.

Bagge, E., Lewerin, S. S., & Johansson, K. E. (2009). Detection and identification by PCR of
Clostridium chauvoei in clinical isolates, bovine faeces and substrates from biogas plant. Acta
Veterinaria Scandinavica, 51(1), 8. https://doi.org/10.1186/1751-0147-51-8.

Baker, M. (2002). De novo genome assembly: what every biologist should know. Nature
Methods 9, 333—337. https://doi.org/10.1038/nmeth.1935.

Bakour, S., Sankar, S. A., Rathored, J., Biagini, P., Raoult, D., & Fournier, P. E. (2016).
Identification of virulence factors and antibiotic resistance markers using bacterial genomics.
Future Microbiology, 11(3), 455—-466. https://doi.org/10.2217/fmb.15.149.

Bakri, M. M., Brown, D. J., Butcher, J. P., & Sutherland, A. D. (2009). Clostridium difficile in
ready-to-eat salads, Scotland. Emerging Infectious Diseases, 15(5), 817-818.
https://doi.org/10.3201/eid1505.081186.

Balali, G. I, Yar, D. D., Afua Dela, V. G., & Adjei-Kusi, P. (2020). Microbial Contamination, an
Increasing Threat to the Consumption of Fresh Fruits and Vegetables in Today's
World. International Journal of Microbiology, 2020,
3029295. https://doi.org/10.1155/2020/3029295.

Baldassi, L. (2005). Clostridial toxins: potent poisons, potent medicines. Journal of Venomous
Animals and Toxins including Tropical Diseases, 11, 391-411. https://doi.org/10.1590/S1678-
91992005000400002.

Banerjee, A., Jhariya, M.K., Meena, R.S., Yadav, D.K. (2021). Ecological Footprints in
Agroecosystem: An Overview. In: Banerjee, A., Meena, R.S., Jhariya, M.K., Yadav, D.K. (eds)
Agroecological Footprints Management for Sustainable Food System. Springer, Singapore.
https://doi.org/10.1007/978-981-15-9496-0_1.

Banerjee, R., & Patel, R. (2023). Molecular diagnostics for genotypic detection of antibiotic
resistance: current landscape and future directions. JAC-Antimicrobial Resistance, 5(1).
https://doi.org/10.1093/jacamr/dlad018.

Bankevich, A., Nurk, S., Antipov, D., Gurevich, A. A., Dvorkin, M., Kulikov, A. S., Lesin, V. M.,
Nikolenko, S. I., Pham, S., Prjibelski, A. D., Pyshkin, A. V., Sirotkin, A. V., Vyahhi, N., Tesler,

107


https://doi.org/10.1016/j.ijheh.2021.113824
https://doi.org/10.1186/1471-2164-9-75
https://doi.org/10.1186/1751-0147-51-8
https://doi.org/10.1038/nmeth.1935
https://doi.org/10.2217/fmb.15.149
https://doi.org/10.3201/eid1505.081186
https://doi.org/10.1155/2020/3029295
https://doi.org/10.1590/S1678-91992005000400002
https://doi.org/10.1590/S1678-91992005000400002
https://doi.org/10.1007/978-981-15-9496-0_1
https://doi.org/10.1093/jacamr/dlad018

G., Alekseyev, M. A., & Pevzner, P.A.. (2012). SPAdes: a new genome assembly algorithm
and its applications to single-cell sequencing. Journal of Computational Biology, 19:455-477.
https://doi:10.1089/cmb.2012.0021.

Baquero, F., Martinez, J. L., & Cantén, R. (2008). Antibiotics and antibiotic resistance in water
environments. Current opinion in biotechnology, 19(3), 260-265.
https://doi.org/10.1016/j.copbio.2008.05.006.

Barker, H. A. (1956). Bacterial fermentations. Ciba lectures in microbial biochemistry, 1956.

Barrios, M. A., Saini, J. K., Rude, C. M., Beyer, R. S., Fung, D. Y., & Crozier-Dodson, B. A.
(2013). Comparison of 3 agar media in Fung double tubes and Petri plates to detect and
enumerate Clostridium spp. in broiler chicken intestines. Poultry Science, 92(6), 1498-1504.
https://doi.org/10.3382/ps.2012-02677.

Baverud, V., Gustafsson, A., Franklin, A., Aspan, A., & Gunnarsson, A. (2010). Clostridium
difficile: prevalence in horses and environment, and antimicrobial susceptibility. Equine
veterinary journal, 35(5), 465-471. https://doi.org/10.2746/042516403775600505.

Baym, M., Stone, L. K., & Kishony, R. (2016). Multidrug evolutionary strategies to reverse
antibiotic resistance. Science (New York, N.Y.), 351(6268), aad3292.
https://doi.org/10.1126/science.aad3292.

Béland, S., & Rossier, E. (1971). Clostridium Tetani in Soil: Geographical distribution of
“Clostridium tetani” in the eastern townships of the province of Quebec: preliminary results.
Canadian Journal of Public Health / Revue Canadienne de Sante’e Publique, 62(6), 521-525.
http://www.jstor.org/stable/41987029.

Ben, Y., Fu, C., Hu, M., Liu, L., Wong, M. H., & Zheng, C. (2019). Human health risk
assessment of antibiotic resistance associated with antibiotic residues in the environment: A
review. Environmental research, 169, 483—-493. https://doi.org/10.1016/j.envres.2018.11.040

Berryman, D. I., Lyristis, M., & Rood, J. I. (1994). Cloning and sequence analysis of ermQ, the
predominant macrolide- lincosamide-streptogramin B resistance gene in Clostridium
perfringens.  Antimicrobial =~ Agents and  Chemotherapy,  38(5), 1041-1046.
https://doi.org/10.1128/AAC.38.5.1041.

Beuchat, L. R. (1996). Pathogenic microorganisms associated with fresh produce. Journal of
food protection, 59(2), 204-216. https://doi.org/10.4315/0362-028X-59.2.204.

108


about:blank
https://doi.org/10.1016/j.copbio.2008.05.006
https://doi.org/10.3382/ps.2012-02677
https://doi.org/10.2746/042516403775600505
https://doi.org/10.1126/science.aad3292
http://www.jstor.org/stable/41987029
https://doi.org/10.1016/j.envres.2018.11.040
https://doi.org/10.1128/AAC.38.5.1041
https://doi.org/10.4315/0362-028X-59.2.204

Bezirtzoglou, E., Dimitriou, D., Panagiou, A., Kagalou, I., & Demoliates, Y. (1994). Distribution
of Clostridium perfringens in different aquatic environments in Greece. Microbiological
Research, 149(2), 129-134. https://doi.org/10.1016/S0944-5013(11)80107-2.

Blaskovich, M. A. T., Hansford, K. A., Butler, M. S, Jia, Z., Mark, A. E., & Cooper, M. A. (2018).
Developments in Glycopeptide Antibiotics [Review-article]. ACS Infectious Diseases, 4(5),
715-735. https://doi.org/10.1021/acsinfecdis.7b00258.

Bolger, A. M., Lohse, M., & Usadel, B. (2014). Trimmomatic: a flexible trimmer for Illumina
sequence data. Bioinformatics, 30, 2114-2120. https://doi:10.1093/biocinformatics/btu170.

Braga, R. M., Dourado, M. N., & Araujo, W. L. (2016). Microbial interactions: ecology in a
molecular perspective. Brazilian Journal ~ of  Microbiology, 47, 86-98.
https://doi.org/10.1016/j.bjm.2016.10.005.

Brandl, M. T., Haxo, A. F., Bates, A. H., & Mandrell, R. E. (2004). Comparison of survival of
Campylobacter jejuni in the phyllosphere with that in the rhizosphere of spinach and radish
plants. Applied and Environmental Microbiology, 70(2), 1182-
1189. https://doi.org/10.1128/AEM.70.2.1182-1189.2004.

Brasca, M., Morandi, S., & Silvetti, T. (2022). Clostridium spp. In Encyclopedia of Dairy
Sciences (pp. 431-438). https://doi.org/10.1016/b978-0-08-100596-5.22989-2.

Brdova, D., Ruml, T., & Viktorova, J. (2024). Mechanism of staphylococcal resistance to
clinically relevant antibiotics. Drug Resistance Updates, 101147.
https://doi.org/10.1016/j.drup.2024.101147.

Brook I. (2016). Antimicrobials therapy of anaerobic infections. Journal of chemotherapy
(Florence, ltaly), 28(3), 143—150. https://doi.org/10.1179/1973947815Y.0000000068.

Brook, I. (2014). Clostridium species (Clostridium perfringens, C. butyricum, C.
clostridioforme, C. innocuum, C. ramosum, C. septicum, C. sordellii, C. tertium).

http://www.antimicrobe.org/b90.asp#top. Date of access: 22 June 2023.

Brynestad, S., & Granum, P. E. (2002). Clostridium perfringens and foodborne infections.
International Journal of Food Microbiology, 74(3), 195-202. https://doi.org/10.1016/S0168-
1605(01)00680-8.

Bukar, A., Mukhtar, M. D., & Adam, S. A. (2008). Current trend in antimicrobial susceptibility
pattern of Clostridium tetani isolated from soil samples in Kano. Bayero Journal of Pure and
Applied Sciences, 112-115. https://doi.org/10.4314/bajopas.v1i1.57539.

109


https://doi.org/10.1016/S0944-5013(11)80107-2
https://doi.org/10.1021/acsinfecdis.7b00258
about:blank
https://doi.org/10.1016/j.bjm.2016.10.005
https://doi.org/10.1128/AEM.70.2.1182-1189.2004
https://doi.org/10.1016/b978-0-08-100596-5.22989-2
https://doi.org/10.1016/j.drup.2024.101147
https://doi.org/10.1179/1973947815Y.0000000068
https://doi.org/10.1016/S0168-1605(01)00680-8
https://doi.org/10.1016/S0168-1605(01)00680-8
https://doi.org/10.4314/bajopas.v1i1.57539

Bush, K., & Bradford, P. A. (2016). b -Lactams and b -Lactamase Inhibitors: An Overview.
Cold  Spring  Harbor  Perspectives in  Medicine, 6, a025247. https://doi:
10.1101/cshperspect.a025247.

Byrne, B., Scannell, A. G. M., Lyng, J., & Bolton, D. J. (2008). An evaluation of Clostridium
perfringens media. Food Control, 19(11), 1091-1095.
https://doi.org/10.1016/j.foodcont.2007.11.001.

Camacho, N., Espinoza, C., Rodriguez, C., & Rodriguez, E. (2008). Isolates of Clostridium
perfringens recovered from Costa Rican patients with antibiotic-associated diarrhoea are
mostly enterotoxin-negative and susceptible to first-choice antimicrobials. Journal of Medical
Microbiology, 57(3), 343—-347. https://doi.org/10.1099/jmm.0.47505-0.

Camargo, A., Ramirez, J. D., Kiu, R., Hall, L. J., & Mufioz, M. (2024). Unveiling the pathogenic
mechanisms of Clostridium perfringens toxins and virulence factors. Emerging microbes &
infections, 13(1), 2341968. hitps://doi.org/10.1080/22221751.2024.2341968

Campbell, P. J., Morlock, G. P., Sikes, R. D., Dalton, T. L., Metchock, B., Starks, A. M., ... &
Posey, J. E. (2011). Molecular detection of mutations associated with first-and second-line
drug resistance compared with conventional drug susceptibility testing of Mycobacterium
tuberculosis.  Antimicrobial ~ agents  and  chemotherapy, 55(5), 2032-2041.
https://doi.org/10.1128/AAC.01550-10.

CDC, Centers for Disease Control and Prevention. (2019). Antibiotic Resistance Threats in
the United States, 2019. Atlanta, GA: U.S. Department of Health and Human Services.

https://www.cdc.gov/antimicrobial-resistance/data-research/threats/index.html. Date of

access: 4 June 2024.

Charlebois, A., Jacques, M., & Archambault, M. (2014). Biofilm formation of Clostridium
perfringens and its exposure to low-dose antimicrobials. Frontiers in Microbiology, 5, 183.
https://doi.org/10.3389/fmicb.2014.00183.

Charlebois, A., Jalbert, L. A., Harel, J.,, Masson, L., & Archambault, M. (2012).
Characterization of Genes Encoding for Acquired Bacitracin Resistance in Clostridium
perfringens. PLoS ONE, 7(9). https://doi.org/10.1371/journal.pone.0044449.

Chaudhry, V., Runge, P., Sengupta, P., Doehlemann, G., Parker, J. E., & Kemen, E. (2021).
Shaping the leaf microbiota: plant-microbe-microbe interactions. Journal of Experimental
Botany, 72(1), 36-56. https://doi.org/10.1093/jxb/eraa417.

Chean, R., Kotsanas, D., Francis, M. J., Palombo, E. A., Jadhav, S. R., Awad, M. M., ... &
Jenkin, G. A. (2014). Comparing the identification of Clostridium spp. by two matrix-assisted

110


https://doi.org/10.1016/j.foodcont.2007.11.001
https://doi.org/10.1099/jmm.0.47505-0
https://doi.org/10.1128/AAC.01550-10
https://www.cdc.gov/antimicrobial-resistance/data-research/threats/index.html
https://doi.org/10.3389/fmicb.2014.00183
https://doi.org/10.1371/journal.pone.0044449
https://doi.org/10.1093/jxb/eraa417

laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry platforms to 16S
rRNA PCR sequencing as a reference standard: a detailed analysis of age of culture and
sample preparation. Anaerobe, 30, 85-89. https://doi.org/10.1016/j.anaerobe.2014.09.007.

Chen, L., Zheng, D., Liu, B., Yang, J., & Jin, Q. (2016). VFDB 2016: hierarchical and refined
dataset for big data analysis—10 years on. Nucleic Acids Research, 44,694-697.
https://doi:10.1093/nar/gkv1239.

Chesneau, O., Ligeret, H., Hosan-Aghaie, N., Morvan, A., & Dassa, E. (2005). Molecular
analysis of resistance to streptogramin A compounds conferred by the Vga proteins of
staphylococci.  Antimicrobial ~ Agents and  Chemotherapy, 49(3), 973-980.
https://doi.org/10.1128/AAC.49.3.973-980.2005.

Chia, J. H., Su, L. H., Wu, T. L., Chia, J. H., Su, L. H., Wu, T. L., ... Chiu, C. H. (2017).
Clostridium innocuum is a significant vancomycin-resistant pathogen for extraintestinal
clostridial infection. Clinical ~ Microbiology = and  Infection, 23(8), 560-566.
https://doi.org/10.1016/j.cmi.2017.02.025.

Chon, J. W, Park, J. S., Hyeon, J. Y., Park, C., Song, K. Y., Hong, K. W., Hwang, |. G., Kwak,
H. S., & Seo, K. H. (2012). Development of real-time PCR for the detection of Clostridium
perfringens in meats and vegetables. Journal of Microbiology and Biotechnology, 22(4), 530-
534. https://doi.org/10.4014/imb.1107.07064.

Choo J. M., Cheung, J. K., Wisniewski, J.A., Steer, D. L., Bulach, D. M., Hiscox, T. J,,
Chakravorty, A., Smith, A. I., Gell, D.A., Rood, J.I & Awad, M.M. (2016). The NEAT Domain-
Containing Proteins of Clostridium perfringens Bind Heme. PLoS ONE 11(9), e0162981.
https://doi.org/10.1371/journal.pone.0162981.

Chow, L. K. M., Ghaly, T. M., & Gillings, M. R. (2021). A survey of sub-inhibitory concentrations
of antibiotics in the environment. Journal of environmental sciences (China), 99, 21-27.
https://doi.org/10.1016/j.jes.2020.05.030.

Chukwu, E. E., Nwaokorie, F. O., Coker, A. O., Avila-Campos, M. J., Solis, R. L., Llanco, L.
A., & Ogunsola, F. T. (2016). Detection of toxigenic Clostridium perfringens and Clostridium
botulinum from food sold in Lagos, Nigeria. Anaerobe, 42, 176-181.
https://doi.org/10.1016/j.anaerobe.2016.10.009.

Chun, J., Oren, A., Ventosa, A., Christensen, H., Arahal, D. R., da Costa, M. S., Rooney, A.
P., Yi, H., Xu, X. W., De Meyer, S., & Trujillo, M. E. (2018). Proposed minimal standards for
the use of genome data for the taxonomy of prokaryotes. International Journal of Systematic
and Evolutionary Microbiology, 68(1), 461-466. https://doi.org/10.1099/ijsem.0.002516.

111


https://doi.org/10.1016/j.anaerobe.2014.09.007
about:blank
https://doi.org/10.1128/AAC.49.3.973-980.2005
https://doi.org/10.1016/j.cmi.2017.02.025
https://doi.org/10.4014/jmb.1107.07064
https://doi.org/10.1371/journal.pone.0162981
https://doi.org/10.1016/j.jes.2020.05.030
https://doi.org/10.1016/j.anaerobe.2016.10.009
https://doi.org/10.1099/ijsem.0.002516

Citron, D. M., Kwok, Y. Y., & Appleman, M. D. (2005). In vitro activity of oritavancin
(LY333328), vancomycin, clindamycin, and metronidazole against Clostridium perfringens,
Propionibacterium acnes, and anaerobic Gram-positive cocci. Anaerobe, 11(1-2), 93-95.
https://doi.org/10.1016/j.anaerobe.2004.10.005.

Cizek, A., Masarikova, M., Mares, J., Brajerova, M., & Krutova, M. (2022). Detection of
plasmid-mediated resistance to metronidazole in Clostridioides difficile from river water.
Microbiology spectrum, 10(4), e00806-22. https://doi.org/10.1128/spectrum.00806-22.

Clinical and Laboratory Standards Institute (CLSI) (2016). Performance Standards for
Antimicrobial Susceptibility Testing, 26th ed. CLSI supplement M100S. Clinical and
Laboratory Standards Institute, Wayne, PA.

Collins, M. D., Lawson, P. A., Willems, A., Cordoba, J. J., Fernandez-Garayzabal, J., Garcia,
P., ... & Farrow, J. A. E. (1994). The phylogeny of the genus Clostridium: proposal of five new
genera and eleven new species combinations. International Journal of Systematic and
Evolutionary Microbiology, 44(4), 812-826. https://doi.org/10.1099/00207713-44-4-812.

Conesa, A., Madrigal, P., Tarazona, S., Gomez-Cabrero, D., Cervera, A., McPherson, A,, ...
& Mortazavi, A. (2016). A survey of best practices for RNA-seq data analysis. Genome biology,
17, 1-19. https://doi.org/10.1186/s13059-016-0881-8.

Cortois, R., & De Deyn, G. B. (2011). The curse of the black box. Plant and Soil, 350(1-2), 27-
33. https://doi.org/10.1007/s11104-011-0963-z.

Costa, S. S., Viveiros, M., Amaral, L., & Couto, I. (2013). Multidrug Efflux Pumps in
Staphylococcus aureus: an Update. The open microbiology journal, 7, 59-71.
https://doi:10.2174/1874285801307010059.

Creti, R., Fenicia, L., & Aureli, P. (1990). Occurrence of Clostridium botulinum in the soil of the
vicinity of Rome. Current Microbiology, 20, 317-321. https://doi.org/10.1007/BF02091912.

Cruz-Morales, P., Orellana, C. A., Moutafis, G., Moonen, G., Rincon, G., Nielsen, L. K., &
Marcellin, E. (2019). Revisiting the Evolution and Taxonomy of Clostridia, a Phylogenomic
Update. Genome Biology and Evolution, 11(7), 2035-2044.
https://doi.org/10.1093/gbe/evz096.

Cycon, M., Mrozik, A., & Piotrowska-Seget, Z. (2019). Antibiotics in the soil environment—
degradation and their impact on microbial activity and diversity. Frontiers in Microbiology, 10,
338. https://doi.org/10.3389/fmicb.2019.00338.

112


https://doi.org/10.1016/j.anaerobe.2004.10.005
https://doi.org/10.1128/spectrum.00806-22
https://doi.org/10.1099/00207713-44-4-812
https://doi.org/10.1186/s13059-016-0881-8
https://doi.org/10.1007/s11104-011-0963-z
about:blank
https://doi.org/10.1007/BF02091912
https://doi.org/10.1093/gbe/evz096
https://doi.org/10.3389/fmicb.2019.00338

da Silva, W. L., Yang, K. T., Pettis, G. S., Soares, N. R., Giorno, R., & Clark, C. A. (2019).
Flooding-Associated Soft Rot of Sweet potato Storage Roots Caused by Distinct Clostridium
Isolates. Plant Diseases, 103(12), 3050-3056. https://doi.org/10.1094/PDIS-03-19-0548-RE.

Darmon, E., & Leach, D. R. F. (2014). Bacterial Genome Instability. Microbiology and
Molecular Biology Reviews, 78(1), 1-39. https://doi.org/10.1128/mmbr.00035-13.

del Mar Gamboa, M., Rodriguez, E., & Vargas, P. (2005). Diversity of mesophilic clostridia in
Costa Rican soils. Anaerobe, 11(6), 322-326. https://doi.org/10.1016/j.anaerobe.2005.04.006.

Dierick, E., Goossens, E., Prescott, J. F., Ducatelle, R., & Van Immerseel, F. (2022). Enteric
Clostridia. In Pathogenesis of Bacterial Infections in Animals (pp. 607-634).
https://doi.org/https://doi.org/10.1002/9781119754862.ch28.

Dobin, A., & Gingeras, T. R. (2015). Mapping RNA-seq reads with STAR. Current protocols in
bioinformatics, 51(1), 11-14. https://doi.org/10.1002/0471250953.bi1114s51.

Dobrindt, U., Hochhut, B., Hentschel, U., & Hacker, J. (2004). Genomic islands in pathogenic
and environmental microorganisms. Nature Reviews Microbiology, 2(5), 414-424.
https://doi.org/10.1038/nrmicro884.

Dominguez Del Angel, V., Hjerde, E., Sterck, L., Capella-Gutierrez, S., Notredame, C.,
Vinnere Pettersson, O., Amselem, J., Bouri, L., Bocs, S., Klopp, C., Gibrat, J. F., Vlasova, A.,
Leskosek, B. L., Soler, L., Binzer-Panchal, M., & Lantz, H. (2018). Ten steps to get started in
Genome Assembly and Annotation. F1000Research, 7, ELIXIR-148.
https://doi.org/10.12688/f1000research.13598.1.

Doni, F., Anizan, I., Radziah, C. M. Z. C., Ahmed, W. N. W., Ashari, A., Suryadi, E., & Yusoff,
W. M. W. (2014). Enhanced Rice Seedling Growth by Clostridium and Pseudomonas.
Biotechnology (Faisalabad), 13(4), 186-189. https://doi.org/10.3923/biotech.2014.186.189.

Duda, V. ., Lebedinsky, A. V., Mushegjan, M. S., & Mitjushina, L. L. (1987). A new anaerobic
bacterium, forming up to five endospores per cell—Anaerobacter polyendosporus gen. et
spec. nov. Archives of microbiology, 148, 121-127. https://doi.org/10.1007/BF00425359.

Dudgeon, D., Arthington, A. H., Gessner, M. O., Kawabata, Z., Knowler, D. J., Leveque, C.,
Naiman, R. J., Prieur-Richard, A. H., Soto, D., Stiassny, M. L., & Sullivan, C. A. (2006).
Freshwater biodiversity: importance, threats, status and conservation challenges. Biological
reviews of the Cambridge Philosophical Society, 81(2), 163-182.
https://doi.org/10.1017/S1464793105006950.

113


https://doi.org/10.1094/PDIS-03-19-0548-RE
https://doi.org/10.1128/mmbr.00035-13
https://doi.org/10.1016/j.anaerobe.2005.04.006
https://doi.org/https:/doi.org/10.1002/9781119754862.ch28
https://doi.org/10.1002/0471250953.bi1114s51
https://doi.org/10.1038/nrmicro884
https://doi.org/10.12688/f1000research.13598.1
https://doi.org/10.3923/biotech.2014.186.189
https://doi.org/10.1007/BF00425359
https://doi.org/10.1017/S1464793105006950

Duffin, P. M., & Seifert, H. S. (2009). ksgA mutations confer resistance to kasugamycin in
Neisseria gonorrhoeae. International Journal of Antimicrobial Agents, 33(4), 321-327.
https://doi.org/10.1016/j.ijantimicag.2008.08.030.

Diirre, P. (2001). From Pandora's Box to Cornucopia: Clostridia — A Historical Perspective. In
Clostridia (pp. 1-17). https://doi.org/https://doi.org/10.1002/3527600108.ch1.

Eckert, C., Burghoffer, B., & Barbut, F. (2013). Contamination of ready-to-eat raw vegetables
with Clostridium difficile in France. Journal of Medical Microbiology, 62(Pt 9), 1435-1438.
https://doi.org/10.1099/ijmm.0.056358-0.

Ekblom, R. & Wolf, J.B.W. (2014). A field guide to whole-genome sequencing, assembly and
annotation. Evolutionary Applications, 7: 1026-1042. https://doi.org/10.1111/eva.12178.

El Ghachi, M., Bouhss, A., Blanot, D., & Mengin-Lecreulx, D. (2004). The bacA gene of
Escherichia coli encodes an undecaprenyl pyrophosphate phosphatase activity. Journal of
Biological Chemistry, 279(29), 30106-30113. https://doi.org/10.1074/jbc.M401701200.

El-Metwally, S., Hamza, T., Zakaria, M., & Helmy, M. (2013). Next-generation sequence
assembly: four stages of data processing and computational challenges. PLoS computational
biology, 9(12), e1003345. https://doi.org/10.1371/journal.pcbi.1003345.

Ercolani, G.L. (1997). Note: Occurrence and persistence of culturable clostridial spores on the
leaves of horticultural plants. Journal of Applied Microbiology, 82: 137-
140. https://doi.org/10.1111/j.1365-2672.1997.tb03308.x.

Ernst, C. M., & Peschel, A. (2011). Broad-spectrum antimicrobial peptide resistance by MprF-
mediated aminoacylation and flipping of phospholipids. Molecular microbiology, 80(2), 290-
299. https://doi.org/10.1111/j.1365-2958.2011.07576.x.

Espelund, M., & Klaveness, D. (2014). Botulism outbreaks in natural environments - an
update. Frontiers in Microbiology, 5, 287. https://doi.org/10.3389/fmicb.2014.00287.

Eubank, T. A., Gonzales-Luna, A. J., Hurdle, J. G., & Garey, K. W. (2022). Genetic
Mechanisms of Vancomycin Resistance in Clostridioides difficile: A Systematic Review.
Antibiotics (Basel, Switzerland), 11(2), 258. https://doi.org/10.3390/antibiotics11020258.

Evans, C., Hardin, J., & Stoebel, D. M. (2018). Selecting between-sample RNA-Seq
normalization methods from the perspective of their assumptions. Briefings in bioinformatics,
19(5), 776-792. https://doi.org/10.1093/bib/bbx008.

114


https://doi.org/10.1016/j.ijantimicag.2008.08.030
https://doi.org/https:/doi.org/10.1002/3527600108.ch1
https://doi.org/10.1099/jmm.0.056358-0
https://doi.org/10.1111/eva.12178
https://doi.org/10.1074/jbc.M401701200
https://doi.org/10.1371/journal.pcbi.1003345
https://doi.org/10.1111/j.1365-2672.1997.tb03308.x
https://doi.org/10.1111/j.1365-2958.2011.07576.x
https://doi.org/10.3389/fmicb.2014.00287
https://doi.org/10.3390/antibiotics11020258
https://doi.org/10.1093/bib/bbx008

Ewels, P., Magnusson, M., Lundin, S., & Kaller, M. (2016). MultiQC: summarize analysis
results for multiple tools and samples in a single report. Bioinformatics, 32(19), 3047-3048.
https://doi.org/10.1093/bicinformatics/btw354.

Fader, R.C. (2015). Anaerobes of clinical importance. In Mahon, C.R., Lehman, D.C. and
Manuselis, G., ed. Textbook of Diagnostic Microbiology. Missouri: Elsevier. p. 495-523.

FAO, Food and Agriculture Organization of the UN. (2024). Leading producers of fresh
vegetables worldwide in 2022, FAO, Rome, Italy,

https://www.statista.com/statistics/264662/top-producers-of-fresh-vegetables-worldwide/.

Date of access: 4 January 2024.

Ferguson, C. M., Coote, B. G., Ashbolt, N. J., & Stevenson, I. M. (1996). Relationships
between indicators, pathogens and water quality in an estuarine system. Water Research,
30(9), 2045-2054. https://doi.org/10.1016/0043-1354(96)00079-6.

Figueiredo, G. G. O., Lopes, V. R., Romano, T., & Camara, M. C. (2020). Clostridium. In
Beneficial Microbes in Agro-Ecology (pp. 477-491). https://doi.org/10.1016/b978-0-12-
823414-3.00022-8.

Finegold, S. M., Song, Y., Liu, C., Hecht, D. W., Summanen, P., Kénénen, E., & Allen, S. D.
(2005). Clostridium clostridioforme: A mixture of three clinically important species. European
Journal of Clinical Microbiology and Infectious Diseases, 24(5), 319-324.
https://doi.org/10.1007/s10096-005-1334-6.

Fleck-Derderian, S., Shankar, M., Rao, A. K., Chatham-Stephens, K., Adjei, S., Sobel, J.,
Meltzer, M. I., Meaney-Delman, D., & Pillai, S. K. (2017). The Epidemiology of Foodborne
Botulism Outbreaks: A Systematic Review. Clinical Infectious Diseases, 66(suppl_1), S73-
S81. https://doi.org/10.1093/cid/cix846.

Fleiner, R., Grace, D., Pert, P. L., Bindraban, P., Tharme, R. E., Boelee, E., ... & Molden, D.
(2013). Water use in agroecosystems. In Managing water and agroecosystems for food
security (pp. 53-67). Wallingford UK: CABI. https://doi.org/10.1079/9781780640884.0053.

Florence, L. C. H., Hakim, S. L., Kamaluddin, M. A., & Thong, K. L. (2012). Clostridium
perfringens and sulphite reducing clostridia densities in selected tropical Malaysian rivers. The
Southeast Asian Journal of Tropical Medicine and Public Health, 43(1), 129-135.

Fourie JCJ. 2017. Characterization of Clostridium spp. isolated from selected surface water
systems and aquatic sediment. MSc thesis. North-West University, Potchefstroom, South

Africa.

115


https://doi.org/10.1093/bioinformatics/btw354
https://www.statista.com/statistics/264662/top-producers-of-fresh-vegetables-worldwide/
https://doi.org/10.1016/0043-1354(96)00079-6
https://doi.org/10.1016/b978-0-12-823414-3.00022-8
https://doi.org/10.1016/b978-0-12-823414-3.00022-8
https://doi.org/10.1007/s10096-005-1334-6
https://doi.org/10.1093/cid/cix846
https://doi.org/10.1079/9781780640884.0053

Fourie, J. C. J., Sanko, T. J., Bezuidenhout, C. C., Mienie, C., & Adeleke, R. A. (2019). Draft
Genome Sequences of Potentially Pathogenic Clostridium perfringens Strains from
Environmental Surface Water in the North West Province of South Africa. Microbiology
Resource Announcements, 8(32), 18-20. https://doi.org/10.1128/mra.00407-19.

Fourie, J.C.J., Bezuidenhout, C.C., Sanko, T.J., Mienie, C., Adeleke, R. (2020). Inside
environmental Clostridium perfringens genomes: antibiotic resistance genes, virulence factors
and genomic  features. Journal of Water &  Health, 18(4), 477-493.
https://doi.org/10.2166/wh.2020.029.

Fournier, B., Aras, R., & Hooper, D. C. (2000). Expression of the multidrug resistance
transporter NorA from Staphylococcus aureus is modified by a two-component regulatory
system. Journal of Bacteriology, 182(3), 664—671. https://doi.org/10.1128/JB.182.3.664-
671.2000.

Fouz, N., Pangesti, K. N. A., Yasir, M., Al-Malki, A. L., Azhar, E. I., Hill-Cawthorne, G. A., &
Abd El Ghany, M. (2020). The Contribution of Wastewater to the Transmission of Antimicrobial
Resistance in the Environment: Implications of Mass Gathering Settings. Tropical medicine
and infectious disease, 5(1), 33. https://doi.org/10.3390/tropicalmed5010033.

Franco-Duarte, R., Cernakova, L., Kadam, S., Kaushik, K. S., Salehi, B., Bevilacqua, A.,
Corbo, M. R., Antolak, H., Dybka-Stepien, K., Leszczewicz, M., Relison Tintino, S.,
Alexandrino de Souza, V. C., Sharifi-Rad, J., Coutinho, H. D. M., Martins, N., & Rodrigues, C.
F. (2019). Advances in Chemical and Biological Methods to Identify Microorganisms-From

Past to Present. Microorganisms, 7(5), 130. https://doi.org/10.3390/microorganisms7050130.

Francy, D. S., Helsel, D. R.,, & Nally, R. A. (2000). Occurrence and Distribution of
Microbiological Indicators in Groundwater and Stream Water. Water Environment Research,
72(2), 152-161. https://doi.org/10.2175/106143000x137220.

Franklin, A. M., Aga, D. S., Cytryn, E., Durso, L. M., McLain, J. E., Pruden, A., Roberts, M. C.,
Rothrock, M. J., Snow, D. D., Watson, J. E., & Dungan, R. S. (2016). Antibiotics in
Agroecosystems: Introduction to the Special Section. Journal of environmental quality, 45(2),
377-393. https://doi.org/10.2134/jeq2016.01.0023.

Fujioka, R. S., & Frank, H. A. (1966). Nutritional requirements for germination, outgrowth, and
vegetative growth of putrefactive anaerobe 3679 in a chemically defined medium. Journal of
bacteriology, 92(5), 1515—-1520. https://doi.org/10.1128/ib.92.5.1515-1520.1966.

Fung, D.Y.C., & Lee, C. M. (1981). Double-tube anaerobic bacterial cultivation system. Food
Science, 7, 209-213.

116


https://doi.org/10.1128/mra.00407-19
https://doi.org/10.2166/wh.2020.029
https://doi.org/10.1128/JB.182.3.664-671.2000
https://doi.org/10.1128/JB.182.3.664-671.2000
https://doi.org/10.3390/tropicalmed5010033
https://doi.org/10.3390/microorganisms7050130
https://doi.org/10.2175/106143000x137220
https://doi.org/10.2134/jeq2016.01.0023
https://doi.org/10.1128/jb.92.5.1515-1520.1966

Gajdacs, M., Spengler, G., & Urban, E. (2017). Identification and antimicrobial susceptibility
testing of anaerobic bacteria: Rubik’s cube of clinical microbiology?. Antibiotics, 6(4), 25.
https://doi.org/10.3390/antibiotics6040025.

Gamalero, E., & Glick, B. R. (2011). Mechanisms Used by Plant Growth-Promoting Bacteria.
In  Bacteria in  Agrobiology:  Plant  Nutrient  Management  (pp. 17-46).
https://doi.org/10.1007/978-3-642-21061-7_2.

Ganeshan, S. (2015). Pre-harvest Microbial Contamination of Tomato and Pepper Plants:
Understanding the Pre-harvest Contamination Pathways of Mature Tomato and Bell Pepper
Plants Using Bacterial Pathogen Surrogates. Advances in Crop Science and
Technology, 04(01). https://doi.org/10.4172/2329-8863.1000204.

Garcia, M. M. & McKay, K. A. (1969). On the Growth and Survival of Clostridium septicum in
Soil, Journal of Applied Bacteriology, 32(3): 362-370. https://doi.org/10.1111/j.1365-
2672.1969.tb00985..x.

Gardete, S., Ludovice, A.M., Sobral, R.G., Filipe, S.R., de Lencastre, H., Tomasz, A. (2004).
Role of murE in the Expression of B-Lactam Antibiotic Resistance in Staphylococcus aureus.
Journal of Bacteriology, 186. https://doi.org/10.1128/jb.186.6.1705-1713.2004.

Garibyan, L., & Avashia, N. (2014). Polymerase chain reaction. The Journal of investigative
dermatology, 133(3), 1-4. https://doi.org/10.1038/jid.2013.1.

Gerber, R., Smit, N. J., van Vuren, J. H., Nakayama, S. M., Yohannes, Y. B., lkenaka, Y.,
Ishizuka, M., & Wepener, V. (2015). Application of a Sediment Quality Index for the
assessment and monitoring of metals and organochlorines in a premier conservation area.
Environmental science and pollution research international, 22(24), 19971-19989.
https://doi.org/10.1007/s11356-015-5206-z.

Gessler, F., & Bohnel, H. (2006). Persistence and mobility of a Clostridium botulinum spore
population introduced to soil with spiked compost. FEMS Microbiology Ecology, 58(3), 384-
393. https://doi.org/10.1111/j.1574-6941.2006.00183.x.

Gil, M. I., Selma, M. V., Suslow, T., Jacxsens, L., Uyttendaele, M., & Allende, A. (2015). Pre-
and postharvest preventive measures and intervention strategies to control microbial food
safety hazards of fresh leafy vegetables. Critical Reviews in Food Science and Nutrition, 55(4),
453-468. https://doi.org/10.1080/10408398.2012.657808.

Girardin, H., Morris, C. E., Albagnac, C., Dreux, N., Glaux, C., & Nguyen-The, C. (2005).

Behaviour of the pathogen surrogates Listeria innocua and Clostridium sporogenes during

117


https://doi.org/10.3390/antibiotics6040025
https://doi.org/10.1007/978-3-642-21061-7_2
https://doi.org/10.4172/2329-8863.1000204
https://doi.org/10.1111/j.1365-2672.1969.tb00985.x
https://doi.org/10.1111/j.1365-2672.1969.tb00985.x
https://doi.org/10.1128/jb.186.6.1705-1713.2004
https://doi.org/10.1038/jid.2013.1
https://doi.org/10.1007/s11356-015-5206-z
https://doi.org/10.1111/j.1574-6941.2006.00183.x
https://doi.org/10.1080/10408398.2012.657808

production of parsley in fields fertilized with contaminated amendments. FEMS Microbiology
Ecology, 54(2), 287-295. https://doi.org/10.1016/j.femsec.2005.04.003.

Glass, J. |., Assad-Garcia, N., Alperovich, N., Yooseph, S., Lewis, M. R., Maruf, M., ... &
Venter, J. C. (2006). Essential genes of a minimal bacterium. Proceedings of the National
Academy of Sciences, 103(2), 425-430. https://doi.org/10.1073/pnas.0510013103.

Goff, L. A., Trapnell, C., & Kelley, D. (2012). CummeRbund: visualization and exploration of
Cufflinks high-throughput sequencing data. R package version, 2(0).

Gohari, .M., A Navarro, M., Li, J., Shrestha, A., Uzal, F., & A McClane, B. (2021).
Pathogenicity and virulence of Clostridium perfringens. Virulence, 12(1), 723-753.
https://doi.org/10.1080/21505594.2021.1886777.

Gbémez-Govea, M., Solis-Soto, L., Heredia, N., Garcia, S., Moreno, G., Tovar, O., & Isunza,
G. (2012). Analysis of microbial contamination levels of fruits and vegetables at retail in

Monterrey, Mexico. Journal of Food, Agriculture and Environment, 10(1), 152-156.

Grabherr, M. G., Haas, B. J., Yassour, M., Levin, J. Z., Thompson, D. A., Amit, |., Adiconis,
X., Fan, L., Raychowdhury, R., Zeng, Q., Chen, Z., Mauceli, E., Hacohen, N., Gnirke, A.,
Rhind, N., di Palma, F., Birren, B. W., Nusbaum, C., Lindblad-Toh, K., . . . Regev, A. (2011).
Full-length transcriptome assembly from RNA-Seq data without a reference genome. Nature
Biotechnology, 29(7), 644-652. https://doi.org/10.1038/nbt.1883.

Grenda, T., Grabczak, M., Kwiatek, K., & Bober, A. (2017). Prevalence of C. Botulinum and
C. Perfringens Spores in Food Products Available on Polish Market. Journal of Veterinary
Research, 61(3), 287-291. https://doi.org/10.1515/jvetres-2017-0038.

Gross, T. P., Kamara, L. B., Hatheway, C. L., Powers, P., Libonati, J. P., Harmon, S. M., &
Israel, E. (1989). Clostridium perfringens food poisoning: Use of Serotyping in an outbreak
setting. Journal of Clinical Microbiology, 27(4), 660—663.

Grosse-Herrenthey, A., Maier, T., Gessler, F., Schaumann, R., Béhnel, H., Kostrzewa, M., &
Kruger, M. (2008). Challenging the problem of clostridial identification with matrix-assisted
laser desorption and ionization—time-of-fight mass spectrometry (MALDI-TOF MS).
Anaerobe, 14(4), 242-249. htips://doi.org/10.1016/j.anaerobe.2008.06.002.

Guo, P., Zhang, K., Ma, X., & He, P. (2020). Clostridium species as probiotics: potentials and
challenges. Journal of animal science and biotechnology, 11, 1-10.
https://doi.org/10.1186/s40104-019-0402-1.

118


https://doi.org/10.1016/j.femsec.2005.04.003
https://doi.org/10.1073/pnas.0510013103
https://doi.org/10.1080/21505594.2021.1886777
https://doi.org/10.1038/nbt.1883
https://doi.org/10.1515/jvetres-2017-0038
https://doi.org/10.1016/j.anaerobe.2008.06.002
https://doi.org/10.1186/s40104-019-0402-1

Gurtler, J.B. & Gibson, K.E. (2022). Irrigation water and contamination of fresh produce with
bacterial foodborne pathogens. Current Opinion in Food Science. 47. https://doi.
org/10.1016/j.cofs.2022.100889.

Hafeez, M., Ahmad, |., Qureshi, S., & Kashoo, Z. (2020). Bacterial load of Clostridium
perfringens in the aquatic environment of Dal Lake, Kashmir. Acta Scientific Microbiology, 3,
01-06. https://doi.org/10.31080/ASMI.2020.03.0512.

Hamza, D., Dorgham, S. M., Elhariri, M., Elhelw, R., & Ismael, E. (2018). New Insight of
Apparently Healthy Animals as a Potential Reservoir for Clostridium Perfringens: A Public
Health Implication. Journal of Veterinary Research, 62(4), 457-462.
https://doi.org/10.2478/jvetres-2018-0073.

Han, Y., King, J., & Janes, M. E. (2018). Detection of antibiotic resistance toxigenic Clostridium
difficile in processed retail lettuce. Food Quality and Safety, 2(1), 37-41.
https://doi.org/10.1093/fgsafe/fyx032.

Hang’'ombe, B. M., Isogai, E., Lungu, J., Mubita, C., Nambota, A., Kirisawa, R., ... & Isogai, H.
(2000). Detection and characterization of Clostridium species in soil of Zambia. Comparative
immunology, microbiology and infectious diseases, 23(4), 277-284.
https://doi.org/10.1016/S0147-9571(99)00078-8.

Hanisakova, N., Vitézova, M., & Rittmann, S. K. R. (2022). The Historical Development of
Cultivation Techniques for Methanogens and Other Strict Anaerobes and Their Application in
Modern Microbiology. Microorganisms, 10(2), 412.
https://doi.org/10.3390/microorganisms10020412.

Hashimoto, A., Suzuki, H., & Oonaka, K. (2023). Prevalence of cpe-positive Clostridium
perfringens in surface-attached soil of commercially available potatoes and its significance as
a potential source of food poisoning. Anaerobe, 79, 102687.
https://doi.org/10.1016/j.anaerobe.2022.102687.

Hashmi, I., Bindschedler, S., & Junier, P. (2020). Firmicutes. In Beneficial Microbes in Agro-
Ecology (pp. 363-396). https://doi.org/10.1016/b978-0-12-823414-3.00018-6.

Hassan, K. A., Elbourne, L. D. H., Tetu, S. G., Melville, S. B., Rood, J. I., & Paulsen, I. T.
(2015). Genomic analyses of Clostridium perfringens isolates from five toxinotypes. Research
in Microbiology, 166(4), 255—-263. https://doi.org/10.1016/j.resmic.2014.10.003.

He, M., Miyajima, F., Roberts, P., Ellison, L., Pickard, D. J., Martin, M. J., Connor, T. R., Harris,
S. R., Fairley, D., Bamford, K. B., D'Arc, S., Brazier, J., Brown, D., Coia, J. E., Douce, G.,
Gerding, D., Kim, H. J., Koh, T. H., Kato, H., . . . Lawley, T. D. (2013). Emergence and global

119


https://doi.org/10.31080/ASMI.2020.03.0512
https://doi.org/10.2478/jvetres-2018-0073
https://doi.org/10.1093/fqsafe/fyx032
https://doi.org/10.1016/S0147-9571(99)00078-8
https://doi.org/10.3390/microorganisms10020412
https://doi.org/10.1016/j.anaerobe.2022.102687
https://doi.org/10.1016/b978-0-12-823414-3.00018-6
https://doi.org/10.1016/j.resmic.2014.10.003

spread of epidemic healthcare-associated Clostridium difficile. Nature Genetics, 45(1), 109-
113. https://doi.org/10.1038/nq.2478.

Head, C. B., & Ratnam, S. (1988). Comparison of APl ZYM system with APl AN-Ident, API
20A, Minitek Anaerobe II, and RapID-ANA systems for identification of Clostridium difficile.
Journal of clinical microbiology, 26(1), 144-146. https://doi.org/10.1128/jcm.26.1.144-
146.1988.

Hielm, S., Hyytia, E., Andersin, A. B., & Korkeala, H. (1998). A high prevalence of Clostridium
botulinum type E in Finnish freshwater and Baltic Sea sediment samples. Journal of Applied
Microbiology, 84(1), 133-137. https://doi.org/10.1046/].1365-2672.1997.00331 .x.

Hoagland, D. R., & Arnon, D. I. (1950). The water-culture method for growing plants without

soil. Circular. California agricultural experiment station, 347(2), 32.

Hoffman, S, Maculloch, B & Batz, M. (2015). Economic Burden of Major Foodborne llinesses
Acquired in the United States, No 205081, Economic Information Bulletin, United States

Department of Agriculture, Economic Research Service,

Hoover, D. L., Abendroth, L. J., Browning, D. M., Saha, A., Snyder, K., Wagle, P., ... & Scott,
R. L. (2023). Indicators of water use efficiency across diverse agroecosystems and
spatiotemporal scales. Science of the Total Environment, 864, 160992.
https://doi.org/10.1016/j.scitotenv.2022.160992.

Horman, A., Rimhanen-Finne, R., Maunula, L., von Bonsdorff, C. H., Torvela, N., Heikinheimo,
A., & Hanninen, M. L. (2004). Campylobacter spp., Giardia spp., Cryptosporidium spp.,
noroviruses, and indicator organisms in surface water in southwestern Finland, 2000-2001.
Applied and Environmental Microbiology, 70(1), 87-95. https://doi.org/10.1128/AEM.70.1.87-
95.2004.

Hu, T., Chitnis, N., Monos, D., & Dinh, A. (2021). Next-generation sequencing technologies:
An overview. Human Immunology, 82(11), 801-811.
https://doi.org/10.1016/;.humimm.2021.02.012.

Huang, S. W., Chan, J. P., Shia, W. Y., Shyu, C. L., Tung, K. C., & Wang, C. Y. (2013). The
utilization of a commercial soil nucleic acid extraction kit and PCR for the detection of
Clostridium tetanus and Clostridium chauvoei on farms after flooding in Taiwan. The Journal
of Veterinary Medical Science, 75(4), 489-495. https://doi.org/10.1292/jvms.12-0271.

Hugonnet, J. E., Mengin-Lecreulx, D., Monton, A., den Blaauwen, T., Carbonnelle, E.,

Veckerle, C., ... & Arthur, M. (2016). Factors essential for L, D-transpeptidase-mediated

120


https://doi.org/10.1038/ng.2478
https://doi.org/10.1128/jcm.26.1.144-146.1988
https://doi.org/10.1128/jcm.26.1.144-146.1988
https://doi.org/10.1046/j.1365-2672.1997.00331.x
https://econpapers.repec.org/RePEc:ags:uersib:205081
https://doi.org/10.1016/j.scitotenv.2022.160992
https://doi.org/10.1128/AEM.70.1.87-95.2004
https://doi.org/10.1128/AEM.70.1.87-95.2004
https://doi.org/10.1016/j.humimm.2021.02.012
https://doi.org/10.1292/jvms.12-0271

peptidoglycan cross-linking and (-lactam resistance in Escherichia coli. Elife, 5,
€19469. https://doi.org/10.7554/eL ife.19469.

Huovinen, P., Sundstrom, L., Swedberg, G., & Skold, O. (1995). Trimethoprim and
sulfonamide resistance. Antimicrobial Agents and Chemotherapy, 39(2), 279-289.
https://doi.org/10.1128/aac.39.2.279.

Hurdle, J. G., O'Neill, A. J., Chopra, I., & Lee, R. E. (2011). Targeting bacterial membrane
function: an underexploited mechanism for treating persistent infections. Nature reviews.
Microbiology, 9(1), 62—75. https://doi.org/10.1038/nrmicro2474.

Huss, H. H. (1980). Distribution of Clostridium botulinum. Applied and environmental
microbiology, 39(4), 764-769. https://doi.org/10.1128/aem.39.4.764-769.1980.

Hynes, W. L., & Walton, S. L. (2000). Hyaluronidases of Gram-positive bacteria. FEMS
Microbiology Letters, 183(2), 201-207. https://doi.org/10.1016/S0378-1097(99)00669-2.

Ibekwe, M. A., Grieve, C. M., Papiernik, S. K., & Yang, C. H. (2009). Persistence of Escherichia
coli O157:H7 on the rhizosphere and phyllosphere of lettuce. Letters in applied
microbiology, 49(6), 784—790. https://doi.org/10.1111/j.1472-765X.2009.02745 .x.

Iwu, C. D., & Okoh, A. I. (2019). Preharvest Transmission Routes of Fresh Produce Associated
Bacterial Pathogens with Outbreak Potentials: A Review. International Journal of
Environmental Research and Public Health, 16(22). https://doi.org/10.3390/ijerph16224407.

Jaeger, C. H., 3rd, Lindow, S. E., Miller, W., Clark, E., & Firestone, M. K. (1999). Mapping of
sugar and amino acid availability in soil around roots with bacterial sensors of sucrose and
tryptophan. Applied and environmental microbiology, 65(6), 2685-2690.
https://doi.org/10.1128/AEM.65.6.2685-2690.1999.

Jamieson, R. C., Gordon, R. J., Sharples, K. E., Stratton, G. W., & Madani, A. (2002).
Movement and persistence of fecal bacteria in agricultural soils and subsurface drainage

water: A review. Canadian Biosystems Engineering, 44, 1-9.

Janezic, S., Potocnik, M., Zidaric, V., & Rupnik, M. (2016). Highly Divergent Clostridium
difficile Strains Isolated from the Environment. PLoS One, 11(11), e0167101.
https://doi.org/10.1371/journal.pone.0167101.

Janik, E., Ceremuga, M., Saluk-Bijak, J., & Bijak, M. (2019). Biological Toxins as the Potential
Tools for Bioterrorism. International Journal of Molecular Sciences, 20(5).
https://doi.org/10.3390/ijms20051181.

121


https://doi.org/10.7554/eLife.19469
https://doi.org/10.1128/aac.39.2.279
https://doi.org/10.1038/nrmicro2474
https://doi.org/10.1128/aem.39.4.764-769.1980
https://doi.org/10.1016/S0378-1097(99)00669-2
https://doi.org/10.1111/j.1472-765X.2009.02745.x
https://doi.org/10.3390/ijerph16224407
https://doi.org/10.1128/AEM.65.6.2685-2690.1999
https://doi.org/10.1371/journal.pone.0167101
https://doi.org/10.3390/ijms20051181

Janssen P. H. (2006). Identifying the dominant soil bacterial taxa in libraries of 16S rRNA and
16S rRNA genes. Applied and environmental microbiology, 72(3), 1719-1728.
https://doi.org/10.1128/AEM.72.3.1719-1728.2006.

Jiang, H., Dong, H., Zhang, G., Yu, B., Chapman, L.R. and Fields, M.W. (2006). Microbial
diversity in water and sediment of Lake Chaka, an Athalassohaline lake in Northwestern
China. Applied Environmental Microbiology, 72(6), 3832-45.
https://doi.org/10.1128/AEM.02869-05.

Kadri, K. (2019). Polymerase chain reaction (PCR): Principle and applications. Synthetic
Biology-New Interdisciplinary Science, 1-17. https://doi.org/10.5772/intechopen.86491.

Kanehisa, M., Sato, Y., & Kawashima, M. (2022). KEGG mapping tools for uncovering hidden
features in biological data. Protein science : a publication of the Protein Society, 31(1), 47-53.
https://doi.org/10.1002/pro.4172.

Katayama, S., Nozu, N., Okuda, M., Hirota, S., Yamasaki, T., & Hitsumoto, Y. (2009).
Characterization of two putative fibronectin-binding proteins of Clostridium perfringens.
Anaerobe, 15(4), 155-159. https://doi.org/10.1016/j.anaerobe.2009.03.001.

Khademi, F., & Sahebkar, A. (2019). The prevalence of antibiotic-resistant Clostridium species
in Iran: a meta-analysis. Pathogens and Global Health, 113(2), 58-66.
https://doi.org/10.1080/20477724.2019.1603003.

Khan, M. U. Z., Humza, M., Yang, S., Igbal, M. Z., Xu, X., & Cai, J. (2021). Evaluation and
optimization of antibiotics resistance profile against Clostridium perfringens from buffalo and
cattle in Pakistan. Antibiotics, 10(1), 59. https://doi.org/10.3390/antibiotics10010059.

Kim, J. D., Lee, D. W., Lee, K. S., Choi, C. H., & Kang, K. H. (2004). Distribution and
antimicrobial susceptibility of Clostridium species in soil contaminated with domestic livestock

feces of Korea. Journal of microbiology and biotechnology, 14(2), 401-410.

Kim,Y.B., Kim,J. Y., Song, H. S, Lee, C., Kwon, J., Kang, J., ... Roh, S. W. (2017). Complete
genome sequence of Clostridium perfringens CBA7123 isolated from a faecal sample from
Korea. Gut Pathogens, 9(1), 1-6. https://doi.org/10.1186/s13099-017-0181-1.

Kirk, J. L., Beaudette, L. A., Hart, M., Moutoglis, P., Klironomos, J. N., Lee, H., & Trevors, J.
T. (2004). Methods of studying soil microbial diversity. Journal of microbiological methods,
58(2), 169-188. htips://doi.org/10.1016/j.mimet.2004.04.006.

122


https://doi.org/10.1128/AEM.72.3.1719-1728.2006
https://doi.org/10.1128/AEM.02869-05
https://doi.org/10.5772/intechopen.86491
https://doi.org/10.1002/pro.4172
https://doi.org/10.1016/j.anaerobe.2009.03.001
https://doi.org/10.1080/20477724.2019.1603003
https://doi.org/10.3390/antibiotics10010059
https://doi.org/10.1186/s13099-017-0181-1
https://doi.org/10.1016/j.mimet.2004.04.006

Kisluk, G., & Yaron, S. (2012). Presence and persistence of Salmonella enterica serotype
typhimurium in the phyllosphere and rhizosphere of spray-irrigated parsley. Applied and
Environmental Microbiology, 78(11), 4030-4036. https://doi.org/10.1128/AEM.00087-12.

Kiu, R., & Hall, L. J. (2018). An update on the human and animal enteric pathogen Clostridium
perfringens. Emerging Microbes and Infections, 7(1). https://doi.org/10.1038/s41426-018-
0144-8.

Kiu, R., Caim, S., Alexander, S., Pachori, P., & Hall, L. J. (2017). Probing genomic aspects of
the multi-host pathogen Clostridium perfringens reveals significant pangenome diversity, and
a diverse array of virulence factors. Frontiers in  Microbiology, 8(DEC).
https://doi.org/10.3389/fmicb.2017.02485.

Klein, S., Pipes, S. & Lovell, C.R. (2018). Occurrence and significance of pathogenicity and
fitness islands in environmental Vibrios. AMB Expr 8, 177 https://doi.org/10.1186/s13568-
018-0704-2

Koch, C. (1998). In-vitro antibiotic susceptibility and molecular analysis of anaerobic bacteria
isolated in Cape Town, South Africa. Journal of Antimicrobial Chemotherapy, 42(2), 245—-248.
https://doi.org/10.1093/jac/42.2.245.

Kockum, I., Huang, J., & Stridh, P. (2023). Overview of genotyping technologies and methods.
Current Protocols, 3(4), e727. https://doi.org/10.1002/cpz1.727.

Kraemer, S. A., Ramachandran, A., & Perron, G. G. (2019). Antibiotic Pollution in the
Environment: From Microbial Ecology to Public Policy. Microorganisms, 7(6), 180.
https://doi.org/10.3390/microorganisms7060180.

Kukurba, K. R., & Montgomery, S. B. (2015). RNA Sequencing and Analysis. Cold Spring
Harbor Protocols, 2015(11), 951-969. https://doi.org/10.1101/pdb.top084970.

Kumar, K., Gupta, S. C., Chander, Y., & Singh, A. K. (2005). Antibiotic use in agriculture and
its impact on the terrestrial environment. Advances in agronomy, 87, 1-54.
https://doi.org/10.1016/S0065-2113(05)87001-4.

Kumar, M., van Elsas, J. D., & Nissinen, R. (2017). Strong regionality and dominance of
anaerobic bacterial taxa characterize diazotrophic bacterial communities of the arcto-alpine
plant species Oxyria digyna and Saxifraga oppositifolia. Frontiers in Microbiology, 8, 285032.
https://doi.org/10.3389/fmicb.2017.01972.

Kimmerer, K. (2004). Resistance in the environment. Journal of Antimicrobial Chemotherapy,
54(2), 311-320. https://doi.org/10.1093/jac/dkh325.

123


https://doi.org/10.1128/AEM.00087-12
https://doi.org/10.1038/s41426-018-0144-8
https://doi.org/10.1038/s41426-018-0144-8
https://doi.org/10.3389/fmicb.2017.02485
https://doi.org/10.1186/s13568-018-0704-2
https://doi.org/10.1186/s13568-018-0704-2
https://doi.org/10.1093/jac/42.2.245
https://doi.org/10.1002/cpz1.727
https://doi.org/10.3390/microorganisms7060180
https://doi.org/10.1101/pdb.top084970
https://doi.org/10.1016/S0065-2113(05)87001-4
https://doi.org/10.3389/fmicb.2017.01972
https://doi.org/10.1093/jac/dkh325

Kunhikannan, S., Thomas, C. J., Franks, A. E., Mahadevaiah, S., Kumar, S., & Petrovski, S.
(2021). Environmental hotspots for antibiotic resistance genes. Microbiologyopen, 10(3),
e1197. https://doi.org/10.1002/mbo3.1197.

Kuske, C. R., Barns, S. M., Grow, C. C., Merrill, L., & Dunbar, J. (2006). Environmental survey
for four pathogenic bacteria and closely related species using phylogenetic and functional
genes. Journal of Forensic Science, 51(3), 548-558. https://doi.org/10.1111/].1556-
4029.2006.00131.x.

Langdon, W. B. (2015). Performance of genetic programming optimised Bowtie2 on genome
comparison and analytic testing (GCAT) benchmarks. BioData mining, 8, 1-7.
https://doi.org/10.1186/s13040-014-0034-0.

Larsson, D. G., & Flach, C. F. (2022). Antibiotic resistance in the environment. Nature Reviews
Microbiology, 20(5), 257-269. https://doi.org/10.1038/s41579-021-00649-x.

Lawson, P. A, & Rainey, F. A. (2016). Proposal to restrict the genus Clostridium Prazmowski
to Clostridium butyricum and related species. International Journal of Systematic and
Evolutionary Microbiology, 66(2), 1009-1016. https://doi.org/10.1099/ijsem.0.000824.

Lecomte, S. M., Achouak, W., Abrouk, D., Heulin, T., Nesme, X., & Haichar, F. e. Z. (2018).
Diversifying Anaerobic Respiration Strategies to Compete in the Rhizosphere. Frontiers in
Environmental Science, 6. https://doi.org/10.3389/fenvs.2018.00139.

Lee, F.C., Hakim, S.L., Kamaluddin, M.A., Thong, K.L. (2012). Clostridium perfringens and
sulphite reducing clostridia densities in selected tropical Malaysian rivers. Southeast Asian
Jornal of Tropical Medicine and Public Health 43:129-135.

Lee, I, Kim, Y. O., Park, S. C., & Chun, J. (2015). OrthoANI: An improved algorithm and
software for calculating average nucleotide identity. International Journal of Systematic and
Evolutionary Microbiology, 66, 1100-1103. https://doi.org/10.1099/ijsem.0.000760.

Leiblein, M., Wagner, N., Adam, E. H., Frank, J., Marzi, |., & Nau, C. (2020). Clostridial Gas
Gangrene - A Rare but Deadly Infection: Case series and Comparison to Other Necrotizing
Soft Tissue Infections. Orthopaedic Surgery, 12(6), 1733-1747.
https://doi.org/10.1111/0s.12804.

Leveau, J. H., & Lindow, S. E. (2001). Appetite of an epiphyte: quantitative monitoring of
bacterial sugar consumption in the phyllosphere. Proceedings of the National Academy of
Sciences of the United States of America, 98(6), 3446-3453.
https://doi.org/10.1073/pnas.061629598.

124


https://doi.org/10.1002/mbo3.1197
https://doi.org/10.1111/j.1556-4029.2006.00131.x
https://doi.org/10.1111/j.1556-4029.2006.00131.x
https://doi.org/10.1186/s13040-014-0034-0
https://doi.org/10.1038/s41579-021-00649-x
https://doi.org/10.1099/ijsem.0.000824
https://doi.org/10.3389/fenvs.2018.00139
https://doi.org/10.1099/ijsem.0.000760
https://doi.org/10.1111/os.12804
https://doi.org/10.1073/pnas.061629598

Li, C., Yan, X., & Lillehoj, H. S. (2017). Complete genome sequences of Clostridium
perfringens Del1 strain isolated from chickens affected by necrotic enteritis. Gut Pathogens,
9(1), 1-7. https://doi.org/10.1186/s13099-017-0217-6

Li, J., Paredes-Sabja, D., Sarker, M. R., & McClane, B. A. (2016a). Clostridium perfringens
Sporulation and Sporulation-Associated Toxin Production. Microbiology
Spectrum, 4(3). htips://doi.org/10.1128/microbiolspec. TBS-0022-2015.

Li, J., Sayeed, S., & McClane, B. A. (2007). Prevalence of enterotoxigenic Clostridium
perfringens Isolates in Pittsburgh (Pennsylvania) area soils and home kitchens. Applied and
Environmental Microbiology, 73(22), 7218-7224. https://doi.org/10.1128/AEM.01075-07.

Li, J., Tai, C., Deng, Z., Zhong, W., He, Y., & Ou, H. Y. (2018). VRprofile: gene-cluster-
detection-based profiling of virulence and antibiotic resistance traits encoded within genome
sequences of pathogenic bacteria. Briefings in Bioinformatics, 19(4), 566-574.
https://doi.org/10.1093/bib/bbw141.

Li, J., Uzal, F. A., & McClane, B. A. (2016b). Clostridium perfringens sialidases: Potential
contributors to intestinal pathogenesis and therapeutic targets. Toxins, 8(11).
https://doi.org/10.3390/toxins8110341.

Li, K., DiLegge, M. J., Minas, I. S., Hamm, A., Manter, D., & Vivanco, J. M. (2019). Sail
sterilization leads to re-colonization of a healthier rhizosphere microbiome. Rhizosphere, 12,
100176.

Lian, X., Liu, S., Jiang, L., Bai, X., & Wang, Y. (2022). Isolation and characterization of novel
biological control agent Clostridium beijerinckii against Meloidogyne incognita. Biology,
11(12), 1724. https://doi.org/10.3390/biology11121724.

Lilly Jr, T., Solomon, H. M., & Rhodehamel, E. J. (1996). Incidence of Clostridium botulinum
in vegetables packaged under vacuum or modified atmosphere. Journal of food protection,
59(1), 59-61. https://doi.org/10.4315/0362-028X-59.1.59.

Lim, S. C., Foster, N. F., Elliott, B., & Riley, T. V. (2018). High prevalence of Clostridium difficile
on retail root vegetables, Western Australia. Journal of Applied Microbiology, 124(2), 585-590.
https://doi.org/10.1111/jam.13653.

Lin, Z., Madan, D., & Rye, H. S. (2008). GroEL stimulates protein folding through forced
unfolding. Nature structural & molecular biology, 15(3), 303-311.
https://doi.org/10.1038/nsmb.1394.

125


https://doi.org/10.1186/s13099-017-0217-6
https://doi.org/10.1128/microbiolspec.TBS-0022-2015
https://doi.org/10.1128/AEM.01075-07
https://doi.org/10.1093/bib/bbw141
https://doi.org/10.3390/toxins8110341
https://doi.org/10.3390/biology11121724
https://doi.org/10.4315/0362-028X-59.1.59
https://doi.org/10.1111/jam.13653
https://doi.org/10.1038/nsmb.1394

Lindstrom, M. K., Jankola, H. M., Hielm, S., Hyytia, E. K., & Korkeala, H. J. (1999).
Identification of Clostridium botulinum with APl 20 A, Rapid ID 32 A and RapID ANA IIl. FEMS
Immunology & Medical Microbiology, 24(3), 267-274. https://doi.org/10.1111/].1574-
695X.1999.tb01293.x.

Liu, H., McCord, K. D., Howarth, J., Popham, D. L., Jensen, R. V., & Melville, S. B. (2014).
Hypermotility in Clostridium perfringens strain SM101 is due to spontaneous mutations in
genes linked to cell division. Journal of Bacteriology, 196(13), 2405-2412.
https://doi.org/10.1128/JB.01614-14.

Liu, S., Wang, Z., Zhu, R., Wang, F., Cheng, Y., & Liu, Y. (2021). Three differential expression
analysis methods for RNA sequencing: limma, EdgeR, DESeq2. JoVE (Journal of Visualized
Experiments), (175), €62528. https://doi.org/10.3791/62528.

Liu, X., Le Roux, X., & Salles, J. F. (2022). The legacy of microbial inoculants in
agroecosystems and potential for tackling climate change challenges. Iscience, 25(3).
https://doi.org/10.1016/j.isci.2022.103821.

Liu, X., Liu, F., Ding, S., Shen, J., & Zhu, K. (2020). Sublethal levels of antibiotics promote
bacterial persistence in epithelial cells. Advanced Science, 7(18), 1900840.
https://doi.org/10.1002/advs.201900840.

Livermore D. M. (1995). beta-Lactamases in laboratory and clinical resistance. Clinical
microbiology reviews, 8(4), 557-584. https://doi.org/10.1128/CMR.8.4.557.

Llanco, L. A., Nakano, V., Moraes, C. T. P., Piazza, R. M. F., & Avila-Campos, M. J. (2017).
Adhesion and invasion of Clostridium perfringens type A into epithelial cells. Brazilian journal
of microbiology: [publication of the Brazilian Society for Microbiology], 48(4), 764—768.
https://doi.org/10.1016/j.bjm.2017.06.002.

Lopez, M., Kadlec, K., Schwarz, S., & Torres, C. (2012). First detection of the staphylococcal
trimethoprim resistance gene dfrK and the dfrK-carrying transposon Tn559 in enterococci.
Microbial Drug Resistance, 18(1), 13—18. https://doi.org/10.1089/mdr.2011.0073.

Luquez, C., Bianco, M. |, de Jong, L. I., Sagua, M. D., Arenas, G. N., Ciccarelli, A. S., &
Fernandez, R. A. (2005). Distribution of botulinum toxin-producing clostridia in soils of
Argentina. Applied and Environmental Microbiology, 71(7), 4137-41309.
https://doi.org/10.1128/AEM.71.7.4137-4139.2005.

Lynch, T., Chong, P., Zhang, J., Hizon, R., Du, T., Graham, M. R., ... Mulvey, M. R. (2013).
Characterization of a Stable, Metronidazole-Resistant Clostridium difficile Clinical Isolate.
PLoS ONE, 8(1). https://doi.org/10.1371/journal.pone.0053757.

126


https://doi.org/10.1111/j.1574-695X.1999.tb01293.x
https://doi.org/10.1111/j.1574-695X.1999.tb01293.x
https://doi.org/10.1128/JB.01614-14
https://dx.doi.org/10.3791/62528
https://doi.org/10.1016/j.isci.2022.103821
https://doi.org/10.1002/advs.201900840
https://doi.org/10.1128/CMR.8.4.557
https://doi.org/10.1016/j.bjm.2017.06.002
https://doi.org/10.1089/mdr.2011.0073
https://doi.org/10.1128/AEM.71.7.4137-4139.2005
https://doi.org/10.1371/journal.pone.0053757

Ma, M., Vidal, J., Saputo, J., McClane, B. A., & Uzal, F. (2011). The VirS / VirR Two-
Component System regulates the anaerobic cytotoxicity, intestinal pathogenicity, and
enterotoxemic lethality of Clostridium perfringens Type C isolate CN3685. Health (San
Francisco), 2(1), 1-9. https://doi.org/10.1128/mBi0.00338-10.

MacDougall, L. K., Broukhanski, G., Simor, A., Johnstone, J., Mubareka, S., McGeer, A.,
Daneman, N., Garber, G., & Brown, K. A. (2018). Comparison of gPCR versus culture for the
detection and quantification of Clostridium difficile environmental contamination. PLoS
One, 13(8), e0201569. htips://doi.org/10.1371/journal.pone.0201569.

Machado-Moreira, B., Richards, K., Brennan, F., Abram, F., & Burgess, C. M. (2019). Microbial
Contamination of Fresh Produce: What, Where, and How? Comprehensive Reviews in Food
Science and Food Safety, 18(6), 1727-1750. https://doi.org/10.1111/1541-4337.12487

Mainil, J. (2006). Genus Clostridium: Clostridia in Medical, Veterinary and Food Microbiology
: Diagnosis and Typing. Luxembourg: European Concerted Action Project, European

Commission. Directorate General for Research, pp. 136.

Manafi, M., Waldherr, K., & Kundi, M. (2013). Evaluation of CP Chromo Select Agar for the
enumeration of Clostridium perfringens from water. International Journal of Food Microbiology,
167(1), 92-95. https://doi.org/10.1016/j.iffoodmicro.2013.06.012.

Manshadi, F. D. Gerba, C. P. & Karpiscak, M. (2013). Enteric bacterial contamination and
survival on produce during irrigation with dairy wastewater in the field. Journal of Water Reuse
and Desalination, 3(2), 102-110. https://doi.org/10.2166/wrd.2013.161.

Manyi-Loh, C., Mamphweli, S., Meyer, E., & Okoh, A. (2018). Antibiotic use in agriculture and
its consequential resistance in environmental sources: potential public health implications.
Molecules, 23(4), 795. https://doi.org/10.3390/molecules23040795.

arcos, P., Whyte, P., Rogers, T., McElroy, M., Fanning, S., Frias, J., & Bolton, D. (2021). The
prevalence of Clostridioides difficile on farms, in abattoirs and in retail foods in Ireland. Food
Microbiology, 98, 103781. https://doi.org/10.1016/j.fm.2021.103781.

Matuszewska, R., & Maka, L. (2023). Comparison of mCP and TSC Media to Enumerate
Clostridium perfringens in Surface Water Samples. Polish Journal of Microbiology, 72(4), 413-
419. https://doi.org/10.33073/pjm-2023-039.

McClane, B. A., & Rood, J. I. (2001). Clostridial Toxins Involved in Human Enteric and
Histotoxic Infections. In Clostridia (pp- 169-209).
https://doi.org/https://doi.org/10.1002/3527600108.ch6.

127


https://doi.org/10.1128/mBio.00338-10
https://doi.org/10.1371/journal.pone.0201569
https://doi.org/10.1111/1541-4337.12487
https://doi.org/10.1016/j.ijfoodmicro.2013.06.012
https://doi.org/10.2166/wrd.2013.161
https://doi.org/10.3390/molecules23040795
https://doi.org/10.1016/j.fm.2021.103781
https://doi.org/10.33073/pjm-2023-039
https://doi.org/https:/doi.org/10.1002/3527600108.ch6

Memmi, G., Nair, D. R., & Cheung, A. (2012). Role of ArIRS in autolysis in methicillin-sensitive
and methicillin-resistant Staphylococcus aureus strains. Journal of bacteriology, 194(4), 759—
767. https://doi.org/10.1128/JB.06261-11.

Metcalf, D. S., Costa, M. C., Dew, W. M., & Weese, J. S. (2010). Clostridium difficile in
vegetables,  Canada. Letters in  Applied  Microbiology, 51(5), 600-602.
https://doi.org/10.1111/j.1472-765x.2010.02933.x.

Mishra, R. K. (2023). Fresh water availability and its global challenge. British Journal of
Multidisciplinary and Advanced Studies, 4(3), 1-78.
https://doi.org/10.37745/bjmas.2022.0208.

Mishra, R., Sinha, N., & Duncalf, R. (2016). B Lactamase Producing Clostridium perfringens
Bacteremia in an Elderly Man with Acute Pancreatitis. Case Reports in Critical Care, 2016, 1—
4. https://doi.org/10.1155/2016/7078180.

Miwa, T. (1975). Clostridia in soil of the Antarctica. Japanese Journal of Medical Science and
Biology, 28(4), 201-213. https://doi.org/10.7883/yoken1952.28.201.

Miyamoto, K., Yumine, N., Mimura, K., Nagahama, M., Li, J., McClane, B. A., & Akimoto, S.
(2011). Identification of novel Clostridium perfringens type E strains that carry an iota toxin
plasmid with a functional enterotoxin gene. PL0oS One, 6(5), €20376.
https://doi.org/10.1371/journal.pone.0020376.

Mizrahi-Man, O., Davenport, E. R., & Gilad, Y. (2013). Taxonomic classification of bacterial
16S rRNA genes using short sequencing reads: evaluation of effective study designs. PLoS
One, 8(1), €53608. https://doi.org/10.1371/journal.pone.0053608.

Mohammadi, M. M., & Bavi, O. (2021). DNA sequencing: an overview of solid-state and
biological nanopore-based methods. Biophysical  reviews, 14(1), 99-110.
https://doi.org/10.1007/s12551-021-00857-y.

Moore, R. J., & Lacey, J. A. (2019). Genomics of the Pathogenic Clostridia. Microbiology
Spectrum, 7(3). https://doi.org/10.1128/microbiolspec. GPP3-0033-2018.

Morandi, S., Cremonesi, P., Silvetti, T., Castiglioni, B., & Brasca, M. (2015). Development of
a triplex real-time PCR assay for the simultaneous detection of Clostridium beijerinckii,
Clostridium sporogenes and Clostridium tyrobutyricum in milk. Anaerobe, 34, 44-
49, https://doi.org/10.1016/j.anaerobe.2015.04.005.

128


https://doi.org/10.1128/JB.06261-11
https://doi.org/10.1111/j.1472-765x.2010.02933.x
https://doi.org/10.37745/bjmas.2022.0208
https://doi.org/10.1155/2016/7078180
https://doi.org/10.7883/yoken1952.28.201
https://doi.org/10.1371/journal.pone.0020376
https://doi.org/10.1371/journal.pone.0053608
https://doi.org/10.1007/s12551-021-00857-y
https://doi.org/10.1128/microbiolspec.GPP3-0033-2018
https://doi.org/10.1016/j.anaerobe.2015.04.005

Motlagh, A. M., & Yang, Z. (2019). Detection and occurrence of indicator organisms and
pathogens. Water Environment Research, 91(10), 1402-1408.
https://doi.org/10.1002/wer.1238.

Mowlick, S., Hirota, K., Takehara, T., Kaku, N., Ueki, K., & Ueki, A. (2012). Development of
anaerobic bacterial community consisted of diverse clostridial species during biological sail
disinfestation amended with plant biomass. Soil Science and Plant Nutrition, 58(3), 273-287.
https://doi.org/10.1080/00380768.2012.682045.

Mueller-Spitz, S. R., Stewart, L. B., Klump, J. V., & McLellan, S. L. (2010). Freshwater
suspended sediments and sewage are reservoirs for enterotoxin-positive Clostridium
perfringens.  Applied and  Environmental = Microbiology, 76(16), 5556-5562.
https://doi.org/10.1128/AEM.01702-09.

Mushi, D. (2018). Clostridium perfringens identifies source of pollution and reference streams
in a tropical highland environment. Journal of Water Health, 16(4), 501-507.
https://doi.org/10.2166/wh.2018.192.

Myers, G. S. A., Rasko, D. A., Cheung, J. K., Ravel, J., Seshadri, R., DeBoy, R. T., ... Paulsen,
I. T. (2006). Skewed genomic variability in strains of the toxigenic bacterial pathogen,
Clostridium perfringens. Genome Research, 16(8), 1031-1040.
https://doi.org/10.1101/gr.5238106.

Nagano, Y., Itoh, K., & Honda, K. (2012). The induction of Treg cells by gut-indigenous
Clostridium. Current Opinions on Immunology, 24(4), 392-397.
https://doi.org/10.1016/j.c0i.2012.05.007.

Naureen, S., Rabbani, M., Sheikh, A. A., Hashmi, A. S., & Jayaro, B. M. (2022). Prevalence
and risk factors analysis of soil-borne Clostridium perfringens in selected districts of Punjab
province, Pakistan. JAPS: Journal of Animal & Plant Sciences, 32(2).
https://doi.org/10.36899/japs.2022.2.0433.

Nayel, M., EI-Sify, A., Akram, S., Allaam, M., Abdeen, E., & Hassan, H. (2013). Molecular
typing of Clostridium perfringens isolates from soil, healthy, and diseased sheep in Egypt by
multiplex PCR. Journal of Veterinary  Medical Research, 22(1), 53-57.
https://doi.org/10.21608/JVMR.2013.77680.

Nocker, A., Burr, M., & Camper, A. K. (2007). Genotypic microbial community profiling: a
critical technical review. Microbiology Ecology, 54(2), 276-289.
https://doi.org/10.1007/s00248-006-9199-5.

129


https://doi.org/10.1002/wer.1238
https://doi.org/10.1080/00380768.2012.682045
https://doi.org/10.1128/AEM.01702-09
https://doi.org/10.2166/wh.2018.192
https://doi.org/10.1101/gr.5238106
https://doi.org/10.1016/j.coi.2012.05.007
https://doi.org/10.36899/japs.2022.2.0433
https://doi.org/10.21608/jvmr.2013.77680
https://doi.org/10.1007/s00248-006-9199-5

Nordmann, P., Poirel, L., & Dortet, L. (2012). Rapid detection of carbapenemase-producing
Enterobacteriaceae. Emerging infectious diseases, 18(9), 1503.
https://doi.org/10.3201/eid1809.120355.

Num, S. M., & Useh, N. M. (2014). Clostridium: Pathogenic Roles, Industrial Uses and
Medicinal Prospects of Natural Products as Ameliorative Agents against Pathogenic

Species. Jordan Journal of Biological Sciences, 7(2).

Ohtani, K., & Shimizu, T. (2016). Regulation of toxin production in Clostridium perfringens.
Toxins, 8(7), 1-14. https://doi.org/10.3390/toxins8070207.

Oka, S., Ando, Y., & Qishi, K. (1989). Distribution of enterotoxigenic Clostridium perfringens
in water and soil in the southern part of Hokkaido. Nippon Suisan Gakkaishi, 55(1), 71-78.

Olalemi, A. O., Ige, O. M., Oladejo, O. T., Yusuf, O. R., & Akinmolayan, B. (2020). Comparative
hazard evaluation of enteric bacteria in two surface water sources in Akure, Nigeria. Water
Practice and Technology, 15(3), 826-839. https://doi.org/10.2166/wpt.2020.067.

Olenska, E., Malek, W., Wojcik, M., Swiecicka, I., Thijs, S., & Vangronsveld, J. (2020).
Beneficial features of plant growth-promoting rhizobacteria for improving plant growth and
health in challenging conditions: A methodical review. Science of The Total Environment, 743,
140682. https://doi.org/10.1016/|.scitotenv.2020.140682.

Onifadé, S., Baba-Moussa, F., Aina, M., Noumavo, P. A., & Toukourou, F. (2017). Physico-
chemical and bacteriological characterization of surface waters (well, pond and lagoon) and
industrial wastewater in Cotonou City (Benin). International Journal of Science, Environment
and Technology, 6(2), 1001-1018.

Osama, R., Khalifa, M., Al-Toukhy, M., & Al-Ashmawy, M. (2015). Prevalence and
antimicrobial resistance of Clostridium perfringens in milk and dairy products. World Journal
of Dairy & Food Sciences, 10(2), 141-146.
https://doi.org/10.5829/idosi.wjdfs.2015.10.2.96263.

Overbeek, R., Olson, R., Pusch, G. D., Olsen, G. J., Davis, J. J., Disz, T., ... Stevens, R.
(2014). The SEED and the Rapid Annotation of microbial genomes using Subsystems
Technology (RAST). Nucleic Acids Research, 42, 206—214. https://doi:10.1093/nar/gkt1226.

Pachepsky, Y., Shelton, D. R., McLain, J. E., Patel, J., & Mandrell, R. E. (2011). Irrigation
waters as a source of pathogenic microorganisms in produce: a review. Advances in

agronomy, 113, 75-141.

130


https://doi.org/10.3201/eid1809.120355
https://doi.org/10.3390/toxins8070207
https://doi.org/10.2166/wpt.2020.067
https://doi.org/10.1016/j.scitotenv.2020.140682
https://doi.org/10.5829/idosi.wjdfs.2015.10.2.96263
about:blank

Pahalagedara, A. S. N. W., Flint, S., Palmer, J., Brightwell, G., & Gupta, T. B. (2020).
Antimicrobial production by strictly anaerobic Clostridium spp.. International journal of
antimicrobial agents, 55(5), 105910. https://doi.org/10.1016/].ijantimicag.2020.105910.

Pal, C., Asiani, K., Arya, S., Rensing, C., Stekel, D. J., Larsson, D. G. J., & Hobman, J. L.
(2017). Metal Resistance and Its Association With Antibiotic Resistance. Advances in
Microbial Physiology, 70(April 2018), 261-313.
https://doi.org/10.1016/bs.ampbs.2017.02.001.

Palmer, J. S., Hough, R. L., West, H. M., & Avery, L. M. (2019). A review of the abundance,
behaviour and detection of clostridial pathogens in agricultural soils. European Journal of Soil
Science, 70(4), 911-929. https://doi.org/10.1111/ejss.12847.

Paredes-Sabja, D., Torres, J. A., Setlow, P., & Sarker, M. R. (2008). Clostridium perfringens
spore germination: Characterization of germinants and their receptors. Journal of
Bacteriology, 190(4), 1190-1201. https://doi.org/10.1128/JB.01748-07.

Park, C. S., Hwang, J. Y., & Cho, G. J. (2019). The First Identification and Antibiogram of
Clostridium perfringens Type C lIsolated from Soil and The Feces of Dead Foals in South
Korea. Animals (Basel), 9(8). https://doi.org/10.3390/ani9080579.

Park, S. T., & Kim, J. (2016). Trends in Next-Generation Sequencing and a New Era for Whole
Genome Sequencing. International neurourology journal, 20(Suppl 2), S76-S83.
https://doi.org/10.5213/in}.1632742.371.

Park, S., Kim, C. H., Jeong, S. T., & Lee, S. Y. (2018). Surrogate strains of human pathogens
for field release. Bioengineered, 9(1), 17-24.
https://doi.org/10.1080/21655979.2017.1349044.

Partridge, S. R., Kwong, S. M., Firth, N. & Jensen, S. O. (2018). Mobile Genetic Elements
Associated with Antimicrobial Resistance. Clinical Microbiology Reviews, 31(4), e00088-17.
https://doi.org/10.1128/CMR.00088-17.

Pasternack, M. S., & Swartz, M. N. (2015). Myositis and Myonecrosis. Mandell, Douglas, and
Bennett's  Principles and  Practice of Infectious Diseases, 1216-1225.e2.
https://doi.org/10.1016/B978-1-4557-4801-3.00096-5.

Patro, R., Duggal, G., Love, M. I., Irizarry, R. A., & Kingsford, C. (2017). Salmon provides fast
and bias-aware quantification of transcript expression. Nature methods, 14(4), 417—-419.
https://doi.org/10.1038/nmeth.4197.

131


https://doi.org/10.1016/j.ijantimicag.2020.105910
https://doi.org/10.1016/bs.ampbs.2017.02.001
https://doi.org/10.1111/ejss.12847
https://doi.org/10.1128/JB.01748-07
https://doi.org/10.3390/ani9080579
https://doi.org/10.5213/inj.1632742.371
https://doi.org/10.1080/21655979.2017.1349044
https://doi.org/10.1128/CMR.00088-17
https://doi.org/10.1016/B978-1-4557-4801-3.00096-5
https://doi.org/10.1038/nmeth.4197

Peck, M. W., Duchesnes, C. (2006). Tetanus and botulism in animals. In: Genus Clostridium.
Clostridia in Medical, Veterinary and Food Microbiology. Diagnosis and Typing. Edited by J.
Mainil, C. Duchesnes, P. E. Granum, M. G. Menozzi, M. Peck, S. Pelkonen, M. Popoff, E.
Stackebrandt, R. Titball. European Concerted Action, UK pp. 19-26.

Peltier, J., Courtin, P., El Meouche, I., Catel-Ferreira, M., Chapot-Chartier, M. P., Lemée, L.,
& Pons, J. L. (2013). Genomic and expression analysis of the vanG-like gene cluster of
Clostridium  difficile. ~ Microbiology  (United  Kingdom), 159(PART7), 1510-1520.
https://doi.org/10.1099/mic.0.065060-0.

Perumalsamy, S., Putsathit, P., & Riley, T. V. (2019). High prevalence of Clostridium difficile
in soil, mulch and lawn samples from the grounds of Western Australian hospitals. Anaerobe,
60, 102065. https://doi.org/10.1016/j.anaerobe.2019.06.018.

Pfaffl, M. W., & Bustin, S. A. (2004). AZ of quantitative PCR. Quantification strategies in real-
time PCR, 1, 87-112.

Piddock L. J. (2006). Multidrug-resistance efflux pumps - not just for resistance. Nature
reviews. Microbiology, 4(8), 629—636. https://doi.org/10.1038/nrmicro1464

Polyanskaya, L. M., Vedina, O. T., Lysak, L. V., & Zvyagintsev, D. G. (2002). The growth-
promoting effect of Beijerinckia mobilis and Clostridium sp. cultures on some agricultural
crops. Microbiology, 71, 109-115. https://doi.org/10.1023/A:1017914803544.

Popoff, M. R. (2016). Toxins of Histotoxic Clostridia: Clostridium chauvoei, Clostridium
septicum, Clostridium novyi, and Clostridium sordellii. In Clostridial Diseases of Animals (eds
F.A. Uzal, J.G. Songer, JF. Prescott and M.R. Popoff), 18, 21-43.
https://doi.org/10.1002/9781118728291.ch4.

Popoff, M. R. (2022). Neurotoxic Clostridia. In Pathogenesis of Bacterial Infections in Animals
(pp. 648-666). https://doi.org/https://doi.org/10.1002/9781119754862.ch30.

Popoff, M. R., & Legout, S. (2023). Anaerobes and Toxins, a Tradition of the Institute Pasteur.
Toxins (Basel), 15(1). https://doi.org/10.3390/toxins15010043.

Potgieter, N., Karambwe, S., Mudau, L. S., Barnard, T., & Traore, A. (2020). Human Enteric
Pathogens in Eight Rivers Used as Rural Household Drinking Water Sources in the Northern
Region of South Africa. International Journal of Environmental Research and Public Health,
17(6). https://doi.org/10.3390/ijerph17062079.

Price, N. P. J., Jackson, M. A, Singh, V., Hartman, T. M., Blackburn, J. A., & Dowd, P. F.

(2019). Synergistic enhancement of (-lactam antibiotics by modified tunicamycin analogs

132


https://doi.org/10.1099/mic.0.065060-0
https://doi.org/10.1016/j.anaerobe.2019.06.018
https://doi.org/10.1038/nrmicro1464
https://doi.org/10.1023/A:1017914803544
https://doi.org/10.1002/9781118728291.ch4
https://doi.org/https:/doi.org/10.1002/9781119754862.ch30
https://doi.org/10.3390/toxins15010043
https://doi.org/10.3390/ijerph17062079

TunR1 and TunR2. Journal of Antibiotics, 72(11), 807—815. https://doi.org/10.1038/s41429-
019-0220-x.

Public Health England. 2014. UK standards for microbiology investigations: Identification of
Clostridium species.

https://www.gov.uk/government/uploads/system/uploads/attachment data/file/504183/ID 8i4

.1.pdf. Date of access: 29 December 2023.

Rabi, R., Turnbull, L., Whitchurch, C. B., Awad, M., & Lyras, D. (2017). Structural
Characterization of Clostridium sordellii Spores of Diverse Human, Animal, and Environmental
Origin and Comparison to Clostridium difficile Spores. mSphere, 2(5), €00343-17.
https://doi.org/10.1128/mSphere.00343-17.

Rahimi, E., Afzali, Z. S., & Baghbadorani, Z. T. (2015). Clostridium difficile in ready-to-eat
foods in Isfahan and Shahrekord, Iran. Asian Pacific Journal of Tropical Biomedicine, 5(2),
128-131. https://doi.org/10.1016/s2221-1691(15)30156-8.

Rai, P. K., & Tripathi, B. D. (2007). Microbial contamination in vegetables due to irrigation with
partially treated municipal wastewater in a tropical city. International Journal of Environmental
Health Research, 17(5), 389-395. https://doi.org/10.1080/09603120701628743.

Ramisetty, B. C. M., & Sudhakari, P. A. (2019). Bacterial ‘Grounded’ Prophages: Hotspots for
genetic renovation and innovation. Frontiers in Genetic, 10(65).
https://doi.org/10.3389/fgene.2019.00065.

Revitt-Mills, S. A., Rood, J. |., & Adams, V. (2015). Clostridium perfringens extracellular toxins
and enzymes: 20 and counting. Microbiology Australia, 9-12.
https://doi.org/10.1071/ma15039.

Revitt-Mills, S. A., Vidor, C. J., Watts, T. D., Lyras, D., Rood, J. I., & Adams, V. (2019).
Virulence Plasmids of the Pathogenic Clostridia. Microbiology Spectrum, 7(3).
https://doi.org/10.1128/microbiolspec. GPP3-0034-2018.

Rieke, E. L., Moorman, T. B., Soupir, M. L., Yang, F., & Howe, A. (2018). Assessing pathogen
presence in an intensively tile drained, agricultural watershed. Journal of environmental
quality, 47(5), 1033-1042. https://doi.org/10.2134/jeq2017.12.0500.

Riley, A., Kang, D. H., & Fung, D. Y. (1999). Comparison of five anaerobic incubation methods
for enumeration of Clostridium perfringens from foods. Journal of food protection, 62(9), 1041-
1044. https://doi.org/10.4315/0362-028X-62.9.1041.

133


https://doi.org/10.1038/s41429-019-0220-x
https://doi.org/10.1038/s41429-019-0220-x
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/504183/ID_8i4.1.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/504183/ID_8i4.1.pdf
https://doi.org/10.1128/mSphere.00343-17
https://doi.org/10.1016/s2221-1691(15)30156-8
https://doi.org/10.1080/09603120701628743
https://doi.org/10.3389/fgene.2019.00065
https://doi.org/10.1071/ma15039
https://doi.org/10.1128/microbiolspec.GPP3-0034-2018
https://doi.org/10.2134/jeq2017.12.0500
https://doi.org/10.4315/0362-028X-62.9.1041

Rings, D. M. (2004). Clostridial disease associated with neurologic signs: tetanus, botulism,
and enterotoxemia. Veterinary  Clinics: Food Animal Practice, 20(2), 379-391.
https://doi.org/10.1016/j.cvfa.2004.02.006.

Roberts, M. C. (2002). Resistance to tetracycline, macrolide-lincosamide-streptogramin,
trimethoprim, and sulfonamide drug classes. Applied Biochemistry and Biotechnology - Part
B Molecular Biotechnology, 20(3), 261-283. https://doi.org/10.1385/MB:20:3:261.

Roberts, M. C. (2011). Mechanisms of bacterial antibiotic resistance and lessons learned from
environmental tetracycline-resistant bacteria. In Antimicrobial Resistance in the Environment
(pp- 93—121). https://doi.org/10.1002/9781118156247.ch7.

Rocha, A. J., Monteiro-Junior, J. E., Freire, J. E. C., Sousa, A. J. S., & Fonteles, C. S. R.
(2015). Real Time PCR: the Use of Reference Genes and Essential Rules Required to Obtain
Normalisation Data Reliable to Quantitative Gene Expression. Journal of Molecular Biology
Research, 5(1). https://doi.org/10.5539/jmbr.v5n1p45.

Rocke, T. E., Euliss Jr, N. H., & Samuel, M. D. (1999). Environmental characteristics
associated with the occurrence of avian botulism in wetlands of a northern California refuge.
The Journal of Wildlife Management, 358-368. https://doi.org/10.2307/3802520.

Rodgers, K., Arvidson, C. G., & Melville, S. (2011). Expression of a Clostridium perfringens
type IV pilin by Neisseria gonorrhoeae mediates adherence to muscle cells. Infection and
Immunity, 79(8), 3096-3105. https://doi.org/10.1128/I1A1.00909-10.

Rodriguez-Palacios, A., llic, S., & Ledeune, J. T. (2014). Clostridium difficile with
Moxifloxacin/Clindamycin Resistance in Vegetables in Ohio, USA, and Prevalence Meta-
Analysis. Journal of Pathogens, 158601. https://doi.org/10.1155/2014/158601.

Rood, J. 1. (1998). Virulence genes of Clostridial Myonecrosis or Gas Gangrene. Annual
Review of Microbiology, 52, 333—-360.

Rosati, D., Palmieri, M., Brunelli, G., Morrione, A., lannelli, F., Frullanti, E., & Giordano, A.
(2024). Differential gene expression analysis pipelines and bioinformatic tools for the
identification of specific biomarkers: A review. Computational and structural biotechnology
journal, 23, 1154—-1168. https://doi.org/10.1016/j.csbj.2024.02.018.

Rossetto, O., & Montecucco, C. (2019). Tables of Toxicity of Botulinum and Tetanus
Neurotoxins. Toxins (Basel), 11(12). https://doi.org/10.3390/toxins11120686.

Rutledge, R. G., & Cote, C. (2003). Mathematics of quantitative kinetic PCR and the

application of standard curves. Nucleic acids research, 31(16), €93-e93.

134


https://doi.org/10.1016/j.cvfa.2004.02.006
https://doi.org/10.1385/MB:20:3:261
https://doi.org/10.1002/9781118156247.ch7
https://doi.org/10.5539/jmbr.v5n1p45
https://doi.org/10.2307/3802520.
https://doi.org/10.1128/IAI.00909-10
https://doi.org/10.1155/2014/158601
https://doi.org/10.1016/j.csbj.2024.02.018
https://doi.org/10.3390/toxins11120686

Saber, M., Kabary, H., Helmi, F., Abd-El-Mowla, D., & Zaghloul, A. (2021). Indigenous
microorganisms in agriculture drains. Egyptian Journal of Aquatic Biology and Fisheries,
25(2), 1081-1091. https://doi.org/10.21608/ejabf.2021.171673.

Sacks, L. E. (1983). Influence of carbohydrates on growth and sporulation of Clostridium
perfringens in a defined medium with or without guanosine. Applied and Environmental
Microbiology, 46(5), 1169-1175.

Sahiner, A., Caligkan, S., & Halat, E. (2022). Development of a new multiplex quantitative real-
time polymerase chain reaction method for Clostridium butyricum, Clostridium sporogenes
and Clostridium tyrobutyricum detection in
cheese. Lwt, 1565. https://doi.org/10.1016/j.lwt.2021.112914.

Saito, M. (1990). Production of enterotoxin by Clostridium perfringens derived from humans,
animals, foods, and the natural environment in Japan. Journal of food protection, 53(2), 115-
118. https://doi.org/10.4315/0362-028X-53.2.115.

Sakurai, J., & O, M. (2011). Effect of Macrolide Antibiotics on Biological Activities Induced by
Clostridium perfringens Alpha-Toxin. InTech. https://doi.org/10.5772/22404.

Samaddar, S., Karp, D. S., Schmidt, R., Devarajan, N., McGarvey, J. A., Pires, A. F. A, &
Scow, K. (2021). Role of soil in the regulation of human and plant pathogens: soils'
contributions to people. Philosophical transactions of the Royal Society of London. Series B,
Biological sciences, 376(1834), 20200179. https://doi.org/10.1098/rstb.2020.0179.

Samanta, |., & Bandyopadhyay, S. (2020). Chapter 20 - Clostridium. In . Samanta & S.
Bandyopadhyay (Eds.), Antimicrobial Resistance in Agriculture (pp. 253-262). Academic
Press. https://doi.org/https://doi.org/10.1016/B978-0-12-815770-1.00020-1.

Samreen, Ahmad |., Malak H. A., Abulreesh H. H. (2021). Environmental antimicrobial
resistance and its drivers: a potential threat to public health. Journal of Global Antimicrobial
Resistance. 27, 101-111. htitps://doi.org/10.1016/j.jgar.2021.08.001.

Sanada, |, & Nishida, S. (1965). Isolation of Clostridium tetani from soil. Journal of
bacteriology, 89(3), 626-629. https://doi.org/10.1128/ib.89.3.626-629.1965.

Sanakal, R.D and Kaliwal, B. B. (2011). Vancomycin resistance genes in various organisms-

an insilico study. International Journal of Biometric and Bioinformatics, 5(2), 111-129.

Sanchez Ramos, L., & Rodloff, A. C. (2018). Identification of Clostridium species using the
VITEK® MS. Anaerobe, 54, 217-223. https://doi.org/10.1016/j.anaerobe.2018.01.007.

135


https://dx.doi.org/10.21608/ejabf.2021.171673
https://doi.org/10.1016/j.lwt.2021.112914
https://doi.org/10.4315/0362-028X-53.2.115
https://doi.org/10.5772/22404
https://doi.org/10.1098/rstb.2020.0179
https://doi.org/https:/doi.org/10.1016/B978-0-12-815770-1.00020-1
https://doi.org/10.1016/j.jgar.2021.08.001
https://doi.org/10.1128/jb.89.3.626-629.1965
https://doi.org/10.1016/j.anaerobe.2018.01.007

Sartory, D. P. (1986). Membrane filtration enumeration of faecal clostridia and Clostridium
perfringens in water. Water Research, 20(10), 1255-1260. https://doi.org/10.1016/0043-
1354(86)90155-7.

Satam H, Joshi K, Mangrolia U, Waghoo S, Zaidi G, Rawool S, Thakare RP, Banday S, Mishra
AK, Das G, et al. (2023). Next-Generation Sequencing Technology: Current Trends and
Advancements. Biology. 12(7):997. https://doi.org/10.3390/biology12070997.

Sathish, S., & Swaminathan, K. (2009). Genetic diversity among toxigenic clostridia isolated
from soil, water, meat and associated polluted sites in South India. Indian Journal of Medical
Microbiology, 27(4), 311-320. https://doi.org/10.4103/0255-0857.55443.

Sauvage, E., & Terrak, M. (2016). Glycosyltransferases and Transpeptidases/Penicillin-
Binding Proteins: Valuable Targets for New Antibacterials. Antibiotics, 5(1), 12.
https://doi.org/10.3390/antibiotics5010012.

Sayler, G. S., Nelson Jr, J. D., Justice, A., & Colwell, R. R. (1976). Incidence of Salmonella
spp., Clostridium botulinum, and Vibrio parahaemolyticus in an estuary. Applied and
environmental microbiology, 31(5), 723-730. https://doi.org/10.1128/aem.31.5.723-730.1976.

Scanlon, B. R., Jolly, I., Sophocleous, M., & Zhang, L. (2007). Global impacts of conversions
from natural to agricultural ecosystems on water resources: Quantity versus quality. Water
resources research, 43(3). https://doi.org/10.1029/2006VWR005486.

Schaumann, R., Dallacker-Losensky, K., Rosenkranz, C., Genzel, G. H., Stingu, C. S,
Schellenberger, W., ... & Eschrich, K. (2018). Discrimination of human pathogen Clostridium
species especially of the heterogeneous C. sporogenes and C. botulinum by MALDI-TOF
mass spectrometry. Current microbiology, 75, 1506-1515. https://doi.org/10.1007/s00284-
018-1552-7.

Seo, Y.-H., Jang, J.-H., & Moon, K.-D. (2010). Microbial evaluation of minimally processed
vegetables and sprouts produced in Seoul, Korea. Food Science and Biotechnology, 19(5),
1283-1288. https://doi.org/10.1007/s10068-010-0183-y.

Serikawa, T., Nakamura, S., & Nishida, S. (1977). Distribution of Clostridium botulinum type
C in Ishikawa Prefecture, and applicability of agglutination to identification of nontoxigenic

isolates of C. botulinum type C. Microbiology and immunology, 21(3), 127-136.

Serwecinska, L. (2020). Antimicrobials and antibiotic-resistant bacteria: a risk to the
environment and to public health. Water, 12(12), 3313. https://doi.org/10.3390/w12123313.

136


https://doi.org/10.1016/0043-1354(86)90155-7
https://doi.org/10.1016/0043-1354(86)90155-7
https://doi.org/10.3390/biology12070997
https://doi.org/10.4103/0255-0857.55443
https://doi.org/10.3390/antibiotics5010012
https://doi.org/10.1128/aem.31.5.723-730.1976
https://doi.org/10.1029/2006WR005486
https://doi.org/10.1007/s00284-018-1552-7
https://doi.org/10.1007/s00284-018-1552-7
https://doi.org/10.1007/s10068-010-0183-y
https://doi.org/10.3390/w12123313

Sethuvel, D. P. M., Bakthavatchalam, Y. D., Karthik, M., Irulappan, M., Shrivastava, R.,
Periasamy, H., & Veeraraghavan, B. (2023). B-Lactam Resistance in ESKAPE Pathogens
Mediated Through Modifications in Penicillin-Binding Proteins: An Overview. Infectious
diseases and therapy, 12(3), 829-841. https://doi.org/10.1007/s40121-023-00771-8.

Shabuer, G, Ishida, K., Pidot, S. J., Roth, M., Dahse, H. M., & Hertweck, C. (2015). Plant
pathogenic anaerobic bacteria use aromatic polyketides to access aerobic territory. Science,
350(6261), 670-674. https://doi.org/10.1126/science.aac999.

Sharkey, L. K., Edwards, T. A., & O'Neill, A. J. (2016). ABC-F Proteins Mediate Antibiotic
Resistance through Ribosomal Protection. mBio, 7(2), e01975.
https://doi.org/10.1128/mBi0.01975-15.

Shayegan Mehr, F. S., Azimirad, M., Mansouri Gilani, S. N., Ghafurian, A., & Yadegar, A.
(2019). Effect of sub-MIC values of metronidazole, ciprofloxacin, and imipenem on the growth
and toxin production in Clostridioides difficile. Gastroenterology and hepatology from bed to
bench, 12(Suppl1), S163-S168.

Shen, A., Edwards, A. N., Sarker, M. R., & Paredes-Sabja, D. (2019). Sporulation and
Germination in Clostridial Pathogens. Microbiology spectrum, 7(6),
10.1128/microbiolspec.gpp3-0017-2018. https://doi.org/10.1128/microbiolspec. GPP3-0017-
2018.

Sheykhsaran, E., Baghi, H. B., Soroush, M. H., & Ghotaslou, R. (2019). An overview of
tetracyclines and related resistance mechanisms. Reviews in Medical Microbiology, 30(1), 69—
75. https://doi.org/10.1097/mrm.0000000000000154.

Shim H. (2023). Three Innovations of Next-Generation Antibiotics: Evolvability, Specificity, and
Non-Immunogenicity. Antibiotics (Basel, Switzerland), 12(2), 204.
https://doi.org/10.3390/antibiotics12020204.

Shimizu, T., Ohtani, K., Hirakawa, H., Ohshima, K., Yamashita, A., Shiba, T., ... Hayashi, H.
(2002). Complete genome sequence of Clostridium perfringens, an anaerobic flesh-eater.
Proceedings of the National Academy of Sciences of the United States of America, 99(2),
996-1001. https://doi.org/10.1073/pnas.022493799.

Shoemaker, N. B., Vlamakis, H., Hayes, K., Salyers, A. A., Jensen, L. B., Hammerum, A. M.,
& Westh, H. (2001). Evidence for Extensive Resistance Gene Transfer among. Applied and
Environmental Microbiology, 67(2), 561-568. https://doi.org/10.1128/AEM.67.2.561.

137


https://doi.org/10.1007/s40121-023-00771-8
https://doi.org/10.1126/science.aac999
https://doi.org/10.1128/mBio.01975-15
https://doi.org/10.1128/microbiolspec.GPP3-0017-2018
https://doi.org/10.1128/microbiolspec.GPP3-0017-2018
https://doi.org/10.1097/mrm.0000000000000154
https://doi.org/10.3390/antibiotics12020204
https://doi.org/10.1073/pnas.022493799
https://doi.org/10.1128/AEM.67.2.561

Shojadoost, B., Vince, A. R., & Prescott, J. F. (2012). The successful experimental induction
of necrotic enteritis in chickens by Clostridium perfringens: a critical review. Veterinary
research, 43(1), 74. https://doi.org/10.1186/1297-9716-43-74.

Shrestha, A., Uzal, F. A., & McClane, B. A. (2018). Enterotoxic clostridia: Clostridium
perfringens enteric diseases. Microbiology Spectrum, 6(5), 10-1128.
https://doi.org/10.1128/microbiolspec.gpp3-0003-2017.

Simango, C. (2006). Prevalence of Clostridium difficile in the environment in a rural community
in Zimbabwe. Transactions of the Royal Society of Tropical Medicine and Hygiene, 100(12),
1146-1150. https://doi.org/10.1016/j.trstmh.2006.01.009.

Sionov, R. V., & Steinberg, D. (2022). Targeting the Holy Triangle of Quorum Sensing, Biofilm
Formation, and Antibiotic Resistance in Pathogenic Bacteria. Microorganisms, 10(6), 1239.
https://doi.org/10.3390/microorganisms10061239.

Sloan, J., McMurry, L. M., Lyras, D., Levy, S. B., & Rood, J. I. (1994). The Clostridium
perfringens Tet P determinant comprises two overlapping genes: tetA(P), which mediates
active tetracycline efflux, and tetB(P), which is related to the ribosomal protection family of
tetracycline-resistance  determinants.  Molecular ~ Microbiology,  11(2), 403-415.
https://doi.org/10.1111/j.1365-2958.1994.tb00320.x.

Smith, G. R., & Milligan, R. A. (1979). Clostridium botulinum in soil on the site of the former
Metropolitan (Caledonian) Cattle Market, London. Epidemiology & Infection, 83(2), 237-241.
https://doi.org/10.1017/S0022172400026024.

Smith, G. R., & Moryson, C. J. (1975). Clostridium botulinum in the lakes and waterways of
London. Epidemiology & Infection, 75(3), 371-379.
https://doi.org/10.1017/S0022172400024438.

Smith, G. R., & Young, A. M. (1980). Clostridium botulinum in British soil. Epidemiology &
Infection, 85(2), 271-274. https://doi.org/10.1017/S0022172400063300.

Smith, G. R., Milligan, R. A., & Moryson, J. C. (1978). Clostridium botulinum in aquatic
environments in Great Britain and Ireland. The Journal of Hygiene, 80(3), 431-438.
https://doi.org/10.1017/s0022172400024906.

Soge, O. O, Tivoli, L. D., Meschke, J. S., & Roberts, M. C. (2009). A conjugative macrolide
resistance gene, mef(A), in environmental Clostridium perfringens carrying multiple macrolide
and/or tetracycline resistance genes. Journal of Applied Microbiology, 106(1), 34-40.
https://doi.org/10.1111/j.1365-2672.2008.03960.x.

138


https://doi.org/10.1186/1297-9716-43-74
https://doi.org/10.1128/microbiolspec.gpp3-0003-2017
https://doi.org/10.1016/j.trstmh.2006.01.009
https://doi.org/10.3390/microorganisms10061239
https://doi.org/10.1111/j.1365-2958.1994.tb00320.x
https://doi.org/10.1017/S0022172400026024
https://doi.org/10.1017/S0022172400024438
https://doi.org/10.1017/S0022172400063300
https://doi.org/10.1017/s0022172400024906
https://doi.org/10.1111/j.1365-2672.2008.03960.x

Solomon, H. M., Kautter, D. A, Lilly, T., & Rhodehamel, E. J. (1990). Outgrowth of Clostridium
botulinum in shredded cabbage at room temperature under a modified atmosphere. Journal
of food protection, 53(10), 831-834. https://doi.org/10.4315/0362-028X-53.10.831.

Sonnabend, W. F., Sonnabend, U. P., & Krech, T. (1987). Isolation of Clostridium botulinum
type G from Swiss soil specimens by using sequential steps in an identification scheme.
Applied and environmental microbiology, 53(8), 1880-1884.
https://doi.org/10.1128/aem.53.8.1880-1884.1987.

Sood, A., Ray, P., & Angrup, A. (2021). Phenotypic and genotypic antimicrobial resistance in
clinical anaerobic isolates from India. JAC-antimicrobial resistance, 3(2).
https://doi.org/10.1093/jacamr/dlab044.

Spigaglia, P., & Mastrantonio, P. (2002). Analysis of macrolide-lincosamide-streptogramin B
(MLSB) resistance determinant in strains of Clostridium difficile. Microbial Drug Resistance,
8(1), 45-53. https://doi.org/10.1089/10766290252913755.

Spigaglia, P., Barbanti, F., Marocchi, F., Mastroleo, M., Baretta, M., Ferrante, P., Caboni, E.,
Lucioli, S., & Scortichini, M. (2020). Clostridium bifermentans and C. subterminale are
associated with kiwifruit vine decline, known as moria, in ltaly. Plant Pathology, 69(4), 765-
774. https://doi.org/10.1111/ppa.13161.

Stackebrandt, E., & Hippe, H. (2001). Taxonomy and Systematics. In Clostridia (pp. 19-48).
https://doi.org/https://doi.org/10.1002/3527600108.ch2.

Stevens, D. L., & Bryant, A. E. (2002). The role of clostridial toxins in the pathogenesis of gas
gangrene. Clinical infectious diseases: an official publication of the Infectious Diseases
Society of America, 35(Suppl 1), S93—-S100. https://doi.org/10.1086/341928.

Stevens, D. L., Maier, K. A., & Mitten, J. E. (1987). Effect of antibiotics on toxin production and
viability of Clostridium perfringens. Antimicrobial agents and chemotherapy, 31(2), 213-218.
https://doi.org/10.1128/AAC.31.2.213.

Symochko, L., Bugyna, L., & Hafiiyak, O. (2021). Ecological aspects of biosecurity in modern
agroecosystems. International Journal of Ecosystems and Ecology Science (IJEES), 11(1),
181-186. https://doi.org/10.31407/ijlees11.124.

Symochko, L., Demyanyuk, O., Symochko, V., Grulova, D., Fejer, J., & Mariychuk, R. (2023).
The spreading of antibiotic-resistant bacteria in terrestrial ecosystems and the formation of
soil resistome. Land, 12(4), 769. https://doi.org/10.3390/land12040769.

139


https://doi.org/10.4315/0362-028X-53.10.831
https://doi.org/10.1128/aem.53.8.1880-1884.1987
https://doi.org/10.1093/jacamr/dlab044
https://doi.org/10.1089/10766290252913755
https://doi.org/10.1111/ppa.13161
https://doi.org/https:/doi.org/10.1002/3527600108.ch2
https://doi.org/10.1086/341928
https://doi.org/10.1128/AAC.31.2.213
https://doi.org/10.31407/ijees11.124
https://doi.org/10.3390/land12040769

Taci¢, A., Nikoli¢, V., Nikoli¢, L., & Savi¢, I. (2017). Antimicrobial sulfonamide drugs. Advanced
Technologies, 6(1), 58-71.

Tango, C. N., Wei, S., Khan, |, Hussain, M. S., Kounkeu, P. N., Park, J. H., Kim, S. H., & Oh,
D. H. (2018). Microbiological Quality and Safety of Fresh Fruits and Vegetables at Retail
Levels in Korea. Journal of Food Science, 83(2), 386-392. https://doi.org/10.1111/1750-
3841.13992.

Tansuphasiri, U., Matra, W., & Sangsuk, L. (2005). Antimicrobial resistance among
Clostridium perfringens isolated from various sources in Thailand. Southeast Asian Journal of
Tropical Medicine and Public Health, 36(4), 954-961.

Tansuphasiri, U., Matra, W., & Sangsuk, L. (2005). Antimicrobial resistance among
Clostridium perfringens isolated from various sources in Thailand. Southeast Asian J Trop
Med Public Health, 36(4), 954-961.

Tassanaudom, U., Toorisut, Y., Tuitemwong, K., Jittaprasartsin, C., Wangroongsarb, P., &
Mahakarnchanakul, W. (2017). Prevalence of toxigenic Clostridium perfringens strains
isolated from dried spur pepper in Thailand. /nternational Food Research Journal, 24(3), 955-
962.

Tatusova, T., DiCuccio, M., Badretdin, A., Chetvernin, V., Nawrocki, E. P., Zaslavsky, L., ... &
Ostell, J. (2016). NCBI prokaryotic genome annotation pipeline. Nucleic acids research,
44(14), 6614-6624. https://doi.org/10.1093/nar/gkw569.

Thurston-Enriquez, J. A., Gilley, J. E., & Eghball, B. (2005). Microbial quality of runoff following
land application of cattle manure and swine slurry. Journal of water and health, 3(2), 157-171.
https://doi.org/10.2166/wh.2005.0015.

Tkalec, V., Janezic, S., Skok, B., Simonic, T., Mesaric, S., Vrabic, T., & Rupnik, M. (2019).
High Clostridium difficile contamination rates of domestic and imported potatoes compared to
some other vegetables in Slovenia. Food  Microbiology, 78, 194-200.
https://doi.org/10.1016/j.fm.2018.10.017.

Toju, H., Peay, K. G., Yamamichi, M., Narisawa, K., Hiruma, K., Naito, K., Fukuda, S., Ushio,
M., Nakaoka, S., Onoda, Y., Yoshida, K., Schlaeppi, K., Bai, Y., Sugiura, R., Ichihashi, Y.,
Minamisawa, K., & Kiers, E. T. (2018). Core microbiomes for sustainable
agroecosystems. Nature plants, 4(5), 247-257. hitps://doi.org/10.1038/s41477-018-0139-4.

Tsai, C.S., Cheng, Y. L., Chen, J. S., Tsai, P. J., Tsai, B. Y., Hsu, B. M., & Huang, I. H. (2022).

Hypervirulent Clostridioides difficile RTO78 lineage isolates from the river: A potential reservoir

140


https://doi.org/10.1111/1750-3841.13992
https://doi.org/10.1111/1750-3841.13992
https://doi.org/10.1093/nar/gkw569
https://doi.org/10.2166/wh.2005.0015
https://doi.org/10.1016/j.fm.2018.10.017
https://doi.org/10.1038/s41477-018-0139-4

for environmental transmission. Journal of Microbiology, Immunology and Infection, 55(5),
977-981. https://doi.org/10.1016/j.jmii.2022.05.002.

Ueki, A., Takehara, T., Ishioka, G., Kaku, N., & Ueki, K. (2017). Degradation of the fungal cell
wall by clostridial strains isolated from soil subjected to biological soil disinfestation and
biocontrol of Fusarium wilt disease of spinach. Applied Microbiology and Biotechnology,
101(22), 8267-8277. https://doi.org/10.1007/s00253-017-8543-7.

Usui, M., Maruko, A., Harada, M., Kawabata, F., Sudo, T., Noto, S., Sato, T., Shinagawa, M.,
Takahashi, S., & Tamura, Y. (2020). Prevalence and characterization of Clostridioides difficile
isolates from retail food products (vegetables and meats) in Japan. Anaerobe, 61, 102132.
https://doi.org/10.1016/j.anaerobe.2019.102132.

Uzal, F. A., Navarro, M. A., Li, J., Freedman, J. C., Shrestha, A., & McClane, B. A. (2018).
Comparative pathogenesis of enteric clostridial infections in humans and animals. Anaerobe,
53, 11-20. https://doi.org/10.1016/j.anaerobe.2018.06.002Get rights and content.

Valeriani, R. G., Beard, L. L., Moller, A., Ohtani, K., & Vidal, J. E. (2020). Gas gangrene-
associated gliding motility is regulated by the Clostridium perfringens CpAL/VirSR
system. Anaerobe, 66, 102287. https://doi.org/10.1016/j.anaerobe.2020.102287.

van Heijenoort J. (2001). Formation of the glycan chains in the synthesis of bacterial
peptidoglycan. Glycobiology, 11(3), 25R—-36R. https://doi.org/10.1093/glycob/11.3.25r

Van Hoek, A. H. A. M., Mevius, D., Guerra, B., Mullany, P., Roberts, A. P., & Aarts, H. J. M.
(2011). Acquired antibiotic resistance genes: An overview. Frontiers in Microbiology, 2(SEP),
1-27. https://doi.org/10.3389/fmicb.2011.00203.

van Pelt-Verkuil, E., te Witt, R. (2019). Principles of PCR. In: van Pelt-Verkuil, E., van
Leeuwen, W., te Witt, R. (eds) Molecular Diagnostics. Springer, Singapore.
https://doi.org/10.1007/978-981-13-1604-3 5.

Varga, J. J., Nguyen, V., O'Brien, D. K., Rodgers, K., Walker, R. A., & Melville, S. B. (2006).
Type IV pili-dependent gliding motility in the Gram-positive pathogen Clostridium perfringens
and other Clostridia. Molecular Microbiology, 62(3), 680-694. https://doi.org/10.1111/].1365-
2958.2006.05414 .x.

Vidor, C. J., Bulach, D., Awad, M., & Lyras, D. (2019). Paeniclostridium sordellii and
Clostridioides difficile encode similar and clinically relevant tetracycline resistance loci in
diverse genomic locations. BMC Microbiology, 19(1), 1-12. https://doi.org/10.1186/s12866-
019-1427-5.

141


https://doi.org/10.1016/j.jmii.2022.05.002
https://doi.org/10.1007/s00253-017-8543-7
https://doi.org/10.1016/j.anaerobe.2019.102132
https://doi.org/10.1016/j.anaerobe.2018.06.002
https://s100.copyright.com/AppDispatchServlet?publisherName=ELS&contentID=S1075996418301057&orderBeanReset=true
https://doi.org/10.1016/j.anaerobe.2020.102287
https://doi.org/10.1093/glycob/11.3.25r
https://doi.org/10.3389/fmicb.2011.00203
https://doi.org/10.1007/978-981-13-1604-3_5
https://doi.org/10.1111/j.1365-2958.2006.05414.x
https://doi.org/10.1111/j.1365-2958.2006.05414.x
https://doi.org/10.1186/s12866-019-1427-5
https://doi.org/10.1186/s12866-019-1427-5

Vijayavel, K., & Kashian, D. R. (2014). Evaluation of Clostridium perfringens as a tracer of
sewage contamination in sediments by two enumeration methods. Environmental monitoring
and assessment, 186, 5617-5624. https://doi.org/10.1007/s10661-014-3807-5.

Villegas, N. A., Baronetti, J., Albesa, I., Etcheverria, A., Becerra, M. C., Padola, N. L., & Paraje,
M. G. (2015). Effect of antibiotics on cellular stress generated in Shiga toxin-producing
Escherichia coli O157: H7 and non-O157 biofilms. Toxicology in Vitro, 29(7), 1692-1700.
https://doi.org/10.1016/j.tiv.2015.06.025.

Villela, J. G. A., Ritschel, P., Barbosa, M. A. G., Baccin, K. M. S., Rossato, M., Maia, J. D. G.,
& Ferreira, M. A. S. V. (2019). Detection of Xanthomonas citri pv. viticola on grapevine by real-
time PCR and BIO-PCR using primers designed from pathogenicity and xanthomonadin gene
sequences. European Journal of  Plant Pathology, 1565(2), 445-459.
https://doi.org/10.1007/s10658-019-01779-y.

Voidarou, C., Bezirtzoglou, E., Alexopoulos, A., Plessas, S., Stefanis, C., Papadopoulos, I.,
Vavias, S., Stavropoulou, E., Fotou, K., Tzora, A., & Skoufos, I. (2011). Occurrence of
Clostridium perfringens from different cultivated soils. Anaerobe, 17(6), 320-324.
https://doi.org/10.1016/j.anaerobe.2011.05.004.

Wang, S., Brunt, J., Peck, M. W., Setlow, P., & Li, Y. Q. (2017). Analysis of the Germination
of Individual Clostridium sporogenes Spores with and without Germinant Receptors and
Cortex-Lytic Enzymes. Frontiers Microbiology, 8,
2047. https://doi.org/10.3389/fmicb.2017.02047.

Warriner, K., Xu, C., Habash, M., Sultan, S., & Weese, S. J. (2017). Dissemination of
Clostridium difficile in food and the environment: Significant sources of C. difficile community-
acquired  infection?  Journal of  Applied  Microbiology, 122(3), 542-553.
https://doi.org/10.1111/jam.13338.

Wells, C. L., & Wilkins, T. D. (1996). Clostridia: sporeforming anaerobic bacilli. Medical
Microbiology. 4th edition.

Wen, X., Shen, C., Xia, J., Zhong, L. L., Wu, Z., Ahmed, M., ... & Tian, G. B. (2022). Whole-
genome sequencing reveals the high nosocomial transmission and antimicrobial resistance of
Clostridioides difficile in a single center in China, a four-year retrospective study. Microbiology
Spectrum, 10(1), e01322-21. https://doi.org/10.1128/spectrum.01322-21.

Westermann, A. J., & Vogel, J. (2021). Cross-species RNA-seq for deciphering host-microbe
interactions. Nature reviews. Genetics, 22(6), 361-378. https://doi.org/10.1038/s41576-021-

00326-y.

142


https://doi.org/10.1007/s10661-014-3807-5
https://doi.org/10.1016/j.tiv.2015.06.025
https://doi.org/10.1007/s10658-019-01779-y
https://doi.org/10.1016/j.anaerobe.2011.05.004
https://doi.org/10.3389/fmicb.2017.02047
https://doi.org/10.1111/jam.13338
https://doi.org/10.1128/spectrum.01322-21
https://doi.org/10.1038/s41576-021-00326-y
https://doi.org/10.1038/s41576-021-00326-y

WHO, World Health Organization. (2023). Antimicrobial resistance. https://www.who.int/news-

room/fact-sheets/detail/antimicrobial-resistance. Date of access: 11 December 2023.

Wiegel, J., Tanner, R., & Rainey, F. A. (2006). An Introduction to the Family Clostridiaceae. In
The Prokaryotes (pp. 654-678). hitps://doi.org/10.1007/0-387-30744-3 20.

Wilkes, G., Edge, T., Gannon, V., Jokinen, C., Lyautey, E., Medeiros, D., Neumann, N.,
Ruecker, N., Topp, E., & Lapen, D. R. (2009). Seasonal relationships among indicator
bacteria, pathogenic bacteria, Cryptosporidium oocysts, Giardia cysts, and hydrological
indices for surface waters within an agricultural landscape. Water Research, 43(8), 2209-
2223. https://doi.org/10.1016/j.watres.2009.01.033.

Wilkins, C. A., Richter, M. B., Hobbs, W. B., Whitcomb, M., Bergh, N., & Carstens, J. (1988).
Occurrence of Clostridium tetani in soil and horses. South African Medical Journal, 73(12),
718-720.

Willems, R. J. L., Top, J., Van Santen, M., Robinson, D. A., Coque, T. M., Baquero, F., Bonten,
M. J. M. (2005). Global spread of vancomycin-resistant Enterococcus faecium from distinct
nosocomial genetic complex. Emerging Infectious Diseases, 11(6), 821-828.
https://doi.org/10.3201/1106.041204.

Williams-Nguyen, J., Sallach, J. B., Bartelt-Hunt, S., Boxall, A. B., Durso, L. M., McLain, J. E.,
Singer, R. S., Snow, D. D., & Zilles, J. L. (2016). Antibiotics and Antibiotic Resistance in
Agroecosystems: State of the Science. Journal of environmental quality, 45(2), 394—406.
https://doi.org/10.2134/jeq2015.07.0336.

Wilson D. N. (2014). Ribosome-targeting antibiotics and mechanisms of bacterial

resistance. Nature reviews. Microbiology, 12(1), 35—48. https://doi.org/10.1038/nrmicro3155.

Wilson, A.k. (2002). Polymerase Chain Reaction. In Encyclopedia of Molecular Biology, (Ed.).
https://doi.org/10.1002/047120918X.emb1167.

Wilson, W. R., & Cockerill lll, F. R. (1987). Tetracyclines, chloramphenicol, erythromycin, and
clindamycin. In Mayo Clinic Proceedings (Vol. 62, No. 10, pp. 906-915). Elsevier.

Wirth, N. T., Funk, J., Donati, S., & Nikel, P. I. (2023). QurvE: user-friendly software for the
analysis of biological growth and fluorescence data. Nature Protocols, 18(8), 2401-2403.
https://doi.org/10.1038/s41596-023-00850-7.

Wolfe, R. S. (1999). Anaerobic life—a centennial view. Journal of bacteriology, 181(11), 3317-
3320. https://doi.org/10.1128/jb.181.11.3317-3320.1999.

143


https://www.who.int/news-room/fact-sheets/detail/antimicrobial-resistance
https://www.who.int/news-room/fact-sheets/detail/antimicrobial-resistance
https://doi.org/10.1007/0-387-30744-3_20
https://doi.org/10.1016/j.watres.2009.01.033
https://doi.org/10.3201/1106.041204
https://doi.org/10.2134/jeq2015.07.0336
https://doi.org/10.1038/nrmicro3155
https://doi.org/10.1002/047120918X.emb1167
https://doi.org/10.1038/s41596-023-00850-7
https://doi.org/10.1128/jb.181.11.3317-3320.1999

Wydro, U. (2022). Soil Microbiome Study Based on DNA Extraction: A
Review. Water, 14(24). https://doi.org/10.3390/w14243999.

Xu, L., Dong, Z., Fang, L., Luo, Y., Wei, Z., Guo, H., ... Wang, Y. (2019). OrthoVenn2: a web
server for whole-genome comparison and annotation of orthologous clusters across multiple
species. Nucleic Acids Research, 47(W1), W52-W58. https://doi.org/10.1093/nar/gkz333.

Yaeger, L. N., Sychantha, D., Luong, P., Shekarriz, S., Goncalves, O., Dobrin, A., ... &
Burrows, L. L. (2023). Metabolic connections between folate and peptidoglycan pathways in
Pseudomonas aeruginosa inform rational design of a dual-action inhibitor. bioRxiv, 2023-11.
https://doi.org/10.1101/2023.11.22.568328.

Yamakawa, K., & Nakamura, S. (1992). Prevalence of Clostridium botulinum type E and
coexistence of C. botulinum nonproteolytic type B in the river soil of Japan. Microbiology and
Immunology, 36(6), 583-591. https://doi.org/10.1111/j.1348-0421.1992.tb02058 ..

Yamakawa, K., Hayashi, T., Kamiya, S., Yoshimura, K., & Nakamura, S. (1990). Clostridium
botulinum in the soil of Paraguay. Japanese Journal of Medical Science and Biology, 43(1),
19-21. https://doi.org/10.7883/yoken1952.43.19.

Yamakawa, K., Kamiya, S., Nishida, S., Yoshimura, K., Yu, H., Lu, D., & Nakamura, S. (1988).
Distribution of Clostridium botulinum in Japan and in Shinkiang district of China. Microbiology
and immunology, 32(6), 579-587. https://doi.org/10.1111/j.1348-0421.1988.tb01419.x.

Yamoudy, M., Mirlohi, M., Isfahani, B. N., Jalali, M., Esfandiari, Z., & Hosseini, N. S. (2015).
Isolation of toxigenic Clostridium difficile from ready-to-eat salads by multiplex polymerase
chain reaction in Isfahan, Iran. Advanced Biomedical Research, 4, 87.
https://doi.org/10.4103/2277-9175.156650.

Ye, B., Saito, A., & Minamisawa, K. (2005). Effect of Inoculation with Anaerobic Nitrogen-
Fixing Consortium on Salt Tolerance of Miscanthus sinensis. Soil Science and Plant Nutrition,
51(2), 243-249. https://doi.org/10.1111/j.1747-0765.2005.tb00028..x.

Ye, H., Meehan, J., Tong, W., & Hong, H. (2015). Alignment of Short Reads: A Crucial Step
for Application of Next-Generation Sequencing Data in Precision Medicine. Pharmaceutics,
7(4), 523-541. https://doi.org/10.3390/pharmaceutics7040523.

Ye, J., Zhang, Y., Cui, H., Liu, J., Wu, Y., Cheng, Y., Xu, H., Huang, X., Li, S., Zhou, A., Zhang,
X., Bolund, L., Chen, Q., Wang, J., Yang, H., Fang, L., & Shi, C. (2018). WEGO 2.0: a web
tool for analyzing and plotting GO annotations, 2018 update. Nucleic acids research, 46(\W1),
W71-W75. https://doi.org/10.1093/nar/gky400.

144


https://doi.org/10.3390/w14243999
https://doi.org/10.1093/nar/gkz333
https://doi.org/10.1101/2023.11.22.568328
https://doi.org/10.1111/j.1348-0421.1992.tb02058.x
https://doi.org/10.7883/yoken1952.43.19
https://doi.org/10.1111/j.1348-0421.1988.tb01419.x
https://doi.org/10.4103/2277-9175.156650
https://doi.org/10.1111/j.1747-0765.2005.tb00028.x
https://doi.org/10.3390/pharmaceutics7040523
https://doi.org/10.1093/nar/gky400

Yoon, S. H., Park, Y. K., & Kim, J. F. (2015). PAIDB v2.0: Exploration and analysis of
pathogenicity and resistance islands. Nucleic Acids Research, 43(D1), D624-D630.
https://doi.org/10.1093/nar/gku985.

Yutani, M., Matsumura, T., & Fujinaga, Y. (2021). Effects of antibiotics on the viability of and
toxin production by Clostridium botulinum. Microbiology and Immunology, 65(10), 432-437.
https://doi.org/10.1111/1348-0421.12928.

Yutin, N., & Galperin, M. Y. (2013). A genomic update on clostridial phylogeny: Gram-negative
spore formers and other misplaced clostridia. Environmental Microbiology, 15(10), 2631-2641.
https://doi.org/10.1111/1462-2920.12173.

Zarandi, E. R., Mansouri, S., Nakhaee, N., Sarafzadeh, F., & Moradi, M. (2017). Toxin
production of Clostridium difficile in sub-MIC of vancomycin and clindamycin alone and in
combination with ceftazidime. Microbial Pathogenesis, 107, 249-253.
https://doi.org/10.1016/j.micpath.2017.03.002.

Zeiller, M., Rothballer, M., lwobi, A. N., Béhnel, H., Gessler, F., Hartmann, A., & Schmid, M.
(2015). Systemic colonization of clover (Trifolium repens) by Clostridium botulinum strain
2301. Frontiers in microbiology, 6, 1207. https://doi.org/10.3389/fmicb.2015.01207.

Zidaric, V., Beigot, S., Lapajne, S., & Rupnik, M. (2010). The occurrence and high diversity of
Clostridium difficile genotypes in rivers. Anaerobe, 16(4), 371-375.
https://doi.org/10.1016/j.anaerobe.2010.06.001.

Zwietering, M. H., Jongenburger, |., Rombouts, F. M., & Van't Riet, K. J. A. E. M. (1990).
Modeling of the bacterial growth curve. Applied and environmental microbiology, 56(6), 1875-
1881.

145


https://doi.org/10.1093/nar/gku985
https://doi.org/10.1111/1348-0421.12928
https://doi.org/10.1111/1462-2920.12173
https://doi.org/10.1016/j.micpath.2017.03.002
https://doi.org/10.3389/fmicb.2015.01207
https://doi.org/10.1016/j.anaerobe.2010.06.001

Appendix |

CHAPTER 3: INSIDE ENVIRONMENTAL CLOSTRIDIUM PERFRINGENS GENOMES:
ANTIBIOTIC RESISTANCE GENES, VIRULENCE FACTORS AND GENOMIC FEATURES

Table S3.1: General genome features count for three isolated C. perfringens strains

SHET SC4-C13 SC4-C17 SC4-C24
Genome size (bp) 3,604,770 3,514,948 3,437,837
GC content (%) 28.19 28.14 28,21
Nso length (bp) 454,71 461,812 356,343
No. of contigs 205 205 110
No. of ORFs 3,245 3,201 3,079
No. of total RNAs 125 124 130
No. of total rRNAs 29 29 34
No. of total tRNAs 92 91 92
No. of pseudogenes 55 66 55
GenBank accession no. RQNP00000000 RQNQO00000000 RQNR00000000

Table S3.2: MIC ranges and SIR interpretation of 5 clinically relevant antibiotics for three C.
perfringens strains (SC4-C13, SC4-C17 and SC4-C24)

CLSI range (pg/ml) SC4-C13 SC4-C17 SC4-C24
Antibiotic
Beta-lactam Ampicillin R R
Tetracyclines Tetracycline <4 8 216 256 R 256 R 256 R
MLSB Clindamycin <2 4 28 64 R 64 R 16 R
Phenicols Chloramphenicol <8 16 232 8 S 4 S 4 S
Nitroimidazoles Metronidazole <8 16 =32 32 R 32 R 32 R

* 8= Susceptible; I= Intermediate resistance; R= Resistant
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Table S3.3: Summary of antibiotic resistance islands (ARIs) in C.perfringens strains as predicted by VRprofile.

Strains Length ARI Origin Ha-value Accesion no.

SC4_C13,SC4_C17, propionate catabolism operon regulator prpR Pseudomonas aeruginosa 0.354 12698381

Sc_c24 378 putative acyl-CoA dehydrogenase Pseudomonas aeruginosa 0.254 12698384
283 2-deoxy-D-gluconate 3-dehydrogenase Pseudomonas aeruginosa 0.208 12698385
489 putative amino acid/amine transport protein Pseudomonas aeruginosa 0.194 12698393
384 1,3-propanediol dehydrogenase Pseudomonas aeruginosa 0.367 12698394
578 potassium-transporting ATPase (A chain) Staphylococcus aureus 0.427 13785455
889 cadmium resistance protein B Staphylococcus aureus 0.314 14020985
89 hypothetical protein Staphylococcus aureus 0.326 14020990
109 hypothetical protein Staphylococcus aureus 0.284 14020994
413 mercuric reductase Staphylococcus aureus 0.140 14021018
230 orf4 Staphylococcus aureus 0.252 14021020
259 ATP-binding protein FecE Shigella flexneri 2a 0.375 15808722
328 FecD Shigella flexneri 2a 0.299 15808723
337 FecC Shigella flexneri 2a 0.285 15808724
408 unknown Staphylococcus aureus 0.304 16579875
206 unnamed protein product Staphylococcus hominis 0.254 18148888
161 dihydrofolate reductase (plasmid) Klebsiella pneumoniae 0.267 192822647
244 resolvase (plasmid) Klebsiella pneumoniae 0.262 192822658
515 type | restriction-modification system DNA methylase Staphylococcus aureus PM1  0.618 229002235
160 hypothetical protein Staphylococcus aureus PM1 0.287 229002245
326 conserved hypothetical protein orfYpartial Staphylococcus aureus PM1 0.258 229002247
232 putative response-regulator ArmR Pseudomonas aeruginosa 0.289 24461541
258 putative enoyl-CoA hydratase/isomerase Pseudomonas aeruginosa 0.264 24461556
294 putative transcriptional regulator Pseudomonas aeruginosa 0.246 24461567
728 putative DNA topoisomerase || Pseudomonas aeruginosa 0.298 24461623
204 TnpR Pseudomonas aeruginosa 0.328 265509450
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257 rRNA methylase Staphylococcus aureus 0.342 28465856
245 glycerophosphoryl diester phosphodiesterase homolog Staphylococcus aureus 0.257 28465859
295 xylose repressor Staphylococcus aureus 0.247 28465863
119 Cadmium efflux system accessory protein homologcadmium Staphylococcus aureus 0.420 28465871
resistance protein C
159 hypothetical protein Staphylococcus aureus 0.560 28465880
98 hypothetical protein Staphylococcus aureus 0.450 29539367
269 dihydropteroate synthase Escherichia coli O157H7 0.279 327185038
140 streptothricin acetyltransferase Campylobacter coli 0.257 387778851
652 truncated tetracycline resistant protein Campylobacter coli 0.279 387778859
1169 pyruvate ferredoxin Campylobacter coli 0.587 387778860
551 sulphate premease Sup Acinetobacter baumannii 0.247 409973527
290 integrase Acinetobacter baumannii 0.241 409973533
408 TetA(A) Proteus mirabilis 0.311 481190476
150 membrane proteinpartial Proteus mirabilis 0.333 481190508
380 PsaB Acinetobacter baumannii 0.326 484356514
220 ItrA2 Acinetobacter baumannii 0.395 484356525
448 Pgm Acinetobacter baumannii 0.289 484356530
507 LIdP Acinetobacter baumannii 0.319 484356531
501 AspS Acinetobacter baumannii 0.152 484356532
205 ItrA3 Acinetobacter baumannii 0.556 484359534
232 type 1 capsule synthesis gene Staphylococcus aureus 0.272 506697
217 type 1 capsule synthesis gene Staphylococcus aureus 0.362 506698
257 type 1 capsule synthesis gene Staphylococcus aureus 0.311 506699
637 type 1 capsule synthesis gene Staphylococcus aureus 0.372 506700
190 type 1 capsule synthesis gene Staphylococcus aureus 0.284 506703
688 potassium-transporting ATPase (B chain) Staphylococcus aureus 0.548 5360811
231 KDP operon transcriptional regulatory protein KdpE Staphylococcus aureus 0.355 5360818
275 Gne2 Acinetobacter baumannii 0.262 587656393
212 QhbA Acinetobacter baumannii 0.317 587656400
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312 TrxB Acinetobacter baumannii 0.394 672940407
132 ArsC Acinetobacter baumannii 0.263 672940410
700 ArsC Acinetobacter baumannii 0.343 672940418
150 orf Acinetobacter baumannii 0.247 672940419
319 1trB3 Acinetobacter baumannii 0.263 697403905
306 Galu Acinetobacter baumannii 0.418 697403908
338 Gne1 Acinetobacter baumannii 0.509 697403911
384 WecB Acinetobacter baumannii 0.461 697403916
90 hypothetical protein Staphylococcus aureus 0.289 7592617
690 ATP-dependent DNA helicase Acinetobacter baumannii 0.322 90265357
SC4_C13,SC4_C17 889 Probable cadmium-transporting ATPase (Cadmium efflux ATPase) Staphylococcus aureus 0.313 28465870
448 Ugd Acinetobacter baumannii 0.263 484359536
397 site-specific recombinase Staphylococcus aureus 0.446 5360826
SC4_C17,SC4_C24 1087 type | restriction-modification system endonuclease homologue Staphylococcus aureus PM1  0.503 229002233
SC4_C24,SC4_C13 412 hypothetical protein Staphylococcus aureus PM1 0.343 229002234
SC4_C13 150 polypeptide B Staphylococcus aureus 0.200 14021010
196 resolvase (plasmid) Klebsiella pneumoniae 0.321 192822645
45 hypothetical protein Staphylococcus 0.667 221148490
pseudintermedius
136 transposase for ISSau4-like Staphylococcus aureus PM1 0.375 229002231
406 transposase for insertion sequence element I1S256 in transposon Staphylococcus aureus 0.249 29539378
56 ;;sgt?wl;tical protein Pseudomonas aeruginosa 0.500 46092537
237 type 1 capsule synthesis gene Staphylococcus aureus 0.266 506709
251 GtrOC9 Acinetobacter baumannii 0.323 697403915
SC4_C17 533 cassette chromosome recombinase B3 Staphylococcus aureus 0.285 14020973
149 putative transposase for IS30 Staphylococcus aureus 0.411 29539354
133 Wzc Acinetobacter baumannii 0.248 484359519
232 LgaB Acinetobacter baumannii 0.369 697403887
66 transcription regulator Acinetobacter baumannii 0.258 90265339
SC4_24 189 resolvase Proteus mirabilis 0.333 481190461
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105 Gne2 Acinetobacter baumannii 0.367 484359523
132 Galu Acinetobacter baumannii 0.264 484359535
500 HsdM protein Staphylococcus aureus 0.313 49257053
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Table S3.4: Summary of pathogenicity islands (PAIs) in C.perfringens strains as predicted by VRprofile.

Strains Length PAI Origin Ha-value Accesion
(CE))] no.

SC4_C13,SC4_C17, 839 DNA gyrase A subunit Delftia tsuruhatensis 0.509 149774749

Sc_c24 214 phosphoglycolate phosphatase Delftia acidovorans 0.300 151500321
979 DNA gyrase A subunit Delftia acidovorans 0.298 151500324
269 dihydropteroate synthase Escherichia coli 0.349 331029100
275 short chain dehydrogenase Escherichia coli 0.255 331029102
161 dihydrofolate reductase Proteus mirabilis 0.261 429138628
90 dihydrofolate reductase type Ib (plasmid) Escherichia coli 0.300 950041
150 single-strand binding protein Salmonella enterica 0.193 AAC26638
341 QueA Pseudomonas syringae pv. tomato 0.470 AAF71483
172 unknown Staphylococcus aureus subsp. aureus 0.244 AALO4144
259 ATP-binding protein FecE gggella flexneri 2a 0.375 AAL08451
328 FecD Shigella flexneri 2a 0.299 AAL08452
337 FecC Shigella flexneri 2a 0.285 AAL08453
290 Int Photorhabdus luminescens 0.250 AAN64203
482 Orf17 Photorhabdus luminescens 0.320 AAO17183
283 Orf29 Photorhabdus luminescens 0.269 AAO17195
285 Orf59 Photorhabdus luminescens 0.270 AAO17213
397 Pgk Photorhabdus luminescens 0.438 AAO17214
332 Epd Photorhabdus luminescens 0.422 AAO17215
314 TktA Photorhabdus luminescens 0.245 AAO17218
334 Orf34 Photorhabdus luminescens 0.246 AAO18059
217 Orf41 Photorhabdus luminescens 0.332 AAO18066
69 unknown Photorhabdus luminescens 0.522 AAO18076
465 HrcN Xanthomonas citri pv. glycines 0.262 AAP34339
260 glutamate racemase Helicobacter pylori 0.265 AAR03910
62 putative ferredoxin transketolase Streptomyces turgidiscabies Car8 0.419 AAW49307
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445 phosphoglycerate transport protein Escherichia coli 0.366 AAZ04434
455 VasH Aeromonas hydrophila 0.244 ABG57145
381 conserved hypothetical protein Streptomyces lividans 0.333 ABP49156
357 hypothetical protein Edwardsiella tarda 0.378 ABW69089
160 transcriptional regulator Vibrio alginolyticus 0.194 ACN89292
814 ATPases with chaperone activity ATP-binding subunit Vibrio alginolyticus 0.342 ACNB89306
239 serine/threonine protein phosphatase Vibrio alginolyticus 0.314 ACN89319
866 ClpB Acinetobacter baumannii 0.373 AGM48629
460 HrpB6 Xanthomonas oryzae pv. oryzae 0.265 BABO07852
MAFF 311018
256 unnamed protein product Yersinia pestis 0.336 CAA21355
307 unnamed protein product Yersinia pestis 0.352 CAA21362
248 unnamed protein product Yersinia pestis 0.306 CAA21363
489 ansP Yersinia pestis 0.280 CAA21364
191 unnamed protein product Yersinia pestis 0.403 CAA21366
294 unnamed protein product Yersinia pestis 0.204 CAA21367
296 unnamed protein product Yersinia pestis 0.321 CAA21373
182 unnamed protein product Yersinia pestis 0.275 CAA21405
293 unnamed protein product Yersinia pestis 0.253 CAA21406
301 unnamed protein product Yersinia pestis 0.252 CAA21407
577 ABC transport protein Escherichia coli 0.248 CAC43427
222 putative ABC transporter ATP-binding protein Escherichia coli 0.333 CAD33755
269 putative ABC transporter membrane protein Escherichia coli 0.253 CAD33756
575 hemolysin B Escherichia coli 0.259 CAD33760
501 putative lysil-tRNA synthetase LysU Escherichia coli 0.443 CAD66193
444 hypothetical protein Escherichia coli 0.279 CAE85172
310 hypothetical protein Escherichia coli 0.323 CAE85173
401 GspF hypothetical type Il secretion protein Escherichia coli 0.300 CAE85232
563 GspE hypothetical type Il secretion protein Escherichia coli 0.361 CAE85233
466 GlcD protein Escherichia coli 0.315 CAE85245
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444 putative DNA binding protein with DNA-dependent ATPase  Yersinia pseudotuberculosis 0.392 CAF28476
activity
413 putative oxidoreductase Yersinia pseudotuberculosis 0.306 CAF28571
413 3-oxoacyl-acyl carrier protein synthase I Pseudomonas savastanoi pv. 0.430 CAI36078
phaseolicola
728 Topoisomerase |IA Pseudomonas savastanoi pv. 0.319 CAI36097
phaseolicola
SC4_C13,SC4_C17 303 conserved hypothetical protein Delftia tsuruhatensis 0.267 149774732
SC_C13 136 hypothetical protein Providencia stuartii 0.279 108861485
150 putative transmembrane transport protein Streptomyces turgidiscabies Car8 0.273 AAW49311
245 putative ATPase Yersinia pseudotuberculosis 0.257 CAF28475
406 1S285 transposase Yersinia pseudotuberculosis 0.480 CAF28515
198 superfamily || DNA/RNA helicase Pseudomonas savastanoi pv. 0.263 CAI36056
Phaseolicola
SC4_C17 158 chloramphenicol acetyltransferase Proteus vulgaris 0.177 331029084
286 DNA topoisomerase Il (plasmid) Klebsiella pneumoniae subsp. 0.245 569550113
pneumoniae Kp13
53 Integrase Staphylococcus aureus 0.358 AAC28969
155 terminase Staphylococcus aureus 0.355 AALG7611
119 unnamed protein product Yersinia pestis 0.244 CAA21342
143 unnamed protein product Yersinia pestis 0.250 CAA21343
147 ybtQ Yersinia pestis 0.240 CAA21387
373 hsdr-like Type | restriction enzyme Yersinia pseudotuberculosis 0.254 CAF28526
133 ParA-like chromosome partitioning protein Pseudomonas savastanoi pv. 0.309 CAI36042
phaseolicola
SC4_C24 177 HrcN Pseudomonas syringae pv. tomato 0.260 AAG33879
175 ClpB protein Aeromonas hydrophila 0.400 ABG57144
147 putative CIpA/B-type chaperone Vibrio alginolyticus 0.245 ACNB89328
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Table S3.5: Phages present in the genomes of C. perfringens strains

Strain Region Completeness (score) Specific keyword Total protein Phage hit protein Hypothetical protein Att site
SC4-C13 questionable(90) integrase,terminase,portal,capsid,head

2 incomplete(30) transposase,capsid 14 6 8 No
SC4-C17 1 incomplete(50) head,integrase 40 22 16 Yes

2 intact(100) head,capsid,portal,terminase,integrase 57 46 11 Yes
SC4-C24 1 questionable(90) head,capsid,portal,terminase 59 43 16 No

2 intact(104) tail,head,capsid,portal,terminase 57 47 10 No

3 incomplete(40) transposase, tail 9 7 2 No
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Table S3.6: Orthologous cluster associated with biological processes, molecular functions and

cellular components within the core genomes of C. perfringens strains (SC4-C13, SC4-C17,

SC4-C24).

Biological processes

GO Function name Protein count
annotation

G0:0008150 biological_process 635
G0:0008152 metabolic process 604
GO0:0044237 cellular metabolic process 471
GO0:0009987 cellular process 372
GO0:0006807 nitrogen compound metabolic process 370
GO0:0044238 primary metabolic process 281
G0:0046483 heterocycle metabolic process 256
GO0:0043170 macromolecule metabolic process 245
GO0:0006725 cellular aromatic compound metabolic process 237
GO0:0006139 nucleobase-containing compound metabolic process 187
GO0:0016070 RNA metabolic process 146
G0:0006082 organic acid metabolic process 144
GO0:0006793 phosphorus metabolic process 125
GO0:0065007 biological regulation 116
G0:0006810 transport 104
G0:0051234 establishment of localization 104
GO0:0005975 carbohydrate metabolic process 94
G0:0006412 translation 93
G0:0050896 response to stimulus 89
G0:0032502 developmental process 79
GO0:0051186 cofactor metabolic process 77
GO0:0009117 nucleotide metabolic process 76
GO0:0006396 RNA processing 57
G0:0009116 nucleoside metabolic process 54
GO0:0006811 ion transport 50
G0:0051179 localization 47
GO0:0019538 protein metabolic process 45
G0:0016043 cellular component organization 44
G0:0006629 lipid metabolic process 42
GO0:0044255 cellular lipid metabolic process 42
GO0:0006518 peptide metabolic process 36
G0:0043412 macromolecule modification 36
GO0:0006259 DNA metabolic process 35
G0:0043603 cellular amide metabolic process 33
GO0:0042254 ribosome biogenesis 31
GO0:0005976 polysaccharide metabolic process 30
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G0:0007154 cell communication 28
G0:0008643 carbohydrate transport 28
G0:0006260 DNA replication 26
GO0:0006766 vitamin metabolic process 24
GO0:0006066 alcohol metabolic process 23
G0:0006281 DNA repair 22
GO0:0032989 cellular component morphogenesis 20
GO0:0006464 cellular protein modification process 19
GO0:0015031 protein transport 19
GO0:0006818 hydrogen transport 14
GO0:0009308 amine metabolic process 14
G0:0006091 generation of precursor metabolites and energy 12
G0:0006457 protein folding 11
GO0:0006865 amino acid transport 11
GO0:0051704 multi-organism process 11
GO0:0042440 pigment metabolic process 10
G0:0051301 cell division 9
GO0:0006508 proteolysis 8
G0:0007049 cell cycle 8
G0:0022607 cellular component assembly 8
G0:0065003 macromolecular complex assembly 8
GO0:0071555 cell wall organization 8
GO0:0006112 energy reserve metabolic process 7
GO0:0006996 organelle organization 7
GO0:0043094 cellular metabolic compound salvage 7
GO0:0051276 chromosome organization 7
GO0:0051641 cellular localization 7
GO0:0006081 cellular aldehyde metabolic process 6
G0:0022411 cellular component disassembly 6
G0:0043101 purine-containing compound salvage 6
GO0:0000003 reproduction 5
GO0:0006304 DNA modification 5
GO0:0009225 nucleotide-sugar metabolic process 5
G0:0009292 genetic transfer 5
GO0:0051189 prosthetic group metabolic process 5
GO0:0006730 one-carbon metabolic process 4
G0:0007059 chromosome segregation 4
GO0:0008655 pyrimidine-containing compound salvage 4
G0:0046903 secretion 4
GO0:0051604 protein maturation 4
G0:0009372 quorum sensing 3
G0:0015931 nucleobase-containing compound transport 3
GO0:0032196 transposition 3
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GO0:0032392 DNA geometric change 3
GO0:0032501 multicellular organismal process 3
G0:0045229 external encapsulating structure organization 3
GO0:0001906 cell killing 2
GO0:0006354 DNA-templated transcription, elongation 2
GO0:0015074 DNA integration 2
GO0:0015849 organic acid transport 2
G0:0015976 carbon utilization 2
GO0:0016032 viral process 2
GO0:0031640 killing of cells of other organism 2
G0:0040011 locomotion 2
G0:0042710 biofilm formation 2
G0:0045230 capsule organization 2
GO0:0045333 cellular respiration 2
G0:0006113 fermentation 1
GO0:0006276 plasmid maintenance 1
G0:0006323 DNA packaging 1
G0:0006662 glycerol ether metabolic process 1
GO0:0006805 xenobiotic metabolic process 1
G0:0006928 movement of cell or subcellular component 1
G0:0007005 mitochondrion organization 1
GO0:0008283 cell proliferation 1
GO0:0015833 peptide transport 1
GO0:0015949 nucleobase-containing small molecule interconversion 1
GO0:0015979 photosynthesis 1
G0:0019748 secondary metabolic process 1
GO0:0034622 cellular macromolecular complex assembly 1
GO0:0042180 cellular ketone metabolic process 1
G0:0043446 cellular alkane metabolic process 1
G0:0044419 interspecies interaction between organisms 1
GO0:0050877 neurological system process 1
GO0:0051181 cofactor transport 1
G0:0051258 protein polymerization 1

Molecular functions

GO annotation

Function name

Protein count

G0:0003674 molecular function 72
GO0:0016787 hydrolase activity 69
G0:0005215 transporter activity 61
G0:0043167 ion binding 55
GO0:0016740 transferase activity 50
GO0:0003676 nucleic acid binding 47
GO0:0008233 peptidase activity 36
GO0:0016491 oxidoreductase activity 28
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GO0:0000166 nucleotide binding 18
G0:0005488 binding 14
G0:0004871 signal transducer activity 12
G0:0048037 cofactor binding 11
G0:0001882 nucleoside binding 8
GO0:0008289 lipid binding 4
GO0:0003824 catalytic activity 2
G0:0004497 monooxygenase activity 2
G0:0009055 electron carrier activity 2
GO0:0016829 lyase activity 2
GO0:0016874 ligase activity 2
GO0:0001871 pattern binding 1
G0:0004386 helicase activity 1
GO0:0005198 structural molecule activity 1
G0:0005515 protein binding 1
G0:0016209 antioxidant activity 1
G0:0019239 deaminase activity 1
GO0:0030246 carbohydrate binding 1
G0:0043021 ribonucleoprotein complex binding 1
GO0:0051213 dioxygenase activity 1

Cellular components ‘

GO annotation

Function name

Protein count

G0:0016020 membrane 57
GO0:0044464 cell part 56
G0:0005575 cellular component 4
G0:0005622 intracellular 2
G0:0005739 mitochondrion 1
G0:0030312 external encapsulating structure 1
GO0:0030313 cell envelope 1
G0:0031469 polyhedral organelle 1
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Appendix Il

CHAPTER 4: EFFECT OF SUB-INHIBATORY CONCENTRATION OF ANTIBIOTICS ON
THE TRANSCRIPTOMIC RESPONSE OF ENVIRONMENTALLY OBTAINED
CLOSTRIDIUM PERFRINGENS

Color Key

samples vs. features
-_J diffExpr.P1e-3_CZmatrix.log2.centered

o ok |
A

> I
)

Figure S4.1: Hierarchical clustering of differentially expressed transcripts of Clostridium
perfringens treated with sublethal concentration of 5 different antibiotics. Heatmap showing
the relative expression levels of each transcript (rows) in each sample (columns). Rows and
columns are hierarchically clustered. Expression values (FPKM) are log2 —transformed and
then median-cantered by transcript. These ate based on the three replicates from each
antibiotic treatment. Antibiotics used: cefoxitin (64 pg/ml, replicates: OX1, OXR2, OX3):
sulfamethoxazole (256 ug/ml, replicates: S1, S2, S3), erythromycin (128 pg/ml, replicates:
ER1, E2), chloramphenicol (64 pg/ml, replicates: CH1, CH2, CH3) and clindamycin (512
pg/ml, replicates: C1, C2, C3).
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Table S4.1: Clusters of Orthologous Groups (COG) classification of differentially expressed

transcripts from C. perfringens exposed to 5 antibiotics.

Antibiotic treatment

COGs Erythromycin Cefoxitin Chloramphenicol Clindamycin Sulfamethoxazole
n % n % n % n % n %

Cc 5 5.952381 10 7.1428571 4 5.128205 5 5.882353 5 6.410256
D 4 4.761905 4 2.8571429 4 5.128205 4 4.705882 4 5.128205
E 3 3.571429 9 6.4285714 3 3.846154 3 3.529412 3 3.846154
F 4 4.761905 5 3.5714286 4 5.128205 4 4.705882 3 3.846154
G 9 10.714286 10 7.1428571 9 11.538462 9 10.588235 9 11.538462
H 1 1.190476 6 4.2857143 1 1.282051 2 2.352941 1 1.282051
1 2 2.380952 2 1.4285714 2 2.564103 2 2.352941 1 1.282051
J 5 5.952381 9 6.4285714 5 6.410256 5 5.882353 5 6.410256
K 6 7.142857 9 6.4285714 5 6.410256 6 7.058824 5 6.410256
L 8 9.523810 13 9.2857143 8 10.256410 8 9.411765 8 10.256410
M 9 10.714286 15 10.7142857 9 11.538462 9 10.588235 9 11.538462
N 1 1.190476 1 0.7142857 1 1.282051 1 1.176471 1 1.282051
(o} 1 1.190476 3 2.1428571 0 0 0 0 0 0

P 5 5.952381 8 5.7142857 4 5.128205 5 5.882353 4 5.128205
S 11 13.095238 24 17.1428571 10 12.820513 12 14.117647 11 14.102564
T 5 5.952381 6 4.2857143 5 6.410256 6 7.058824 5 6.410256
U 1 1.190476 2 1.4285714 1 1.282051 1 1.176471 1 1.282051
Vv 4 4.761905 4 2.8571429 3 3.846154 3 3.529412 3 3.846154
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Table S4.2: Summary of Gene ontology (GO) analysis of differentially expressed transcripts from C. perfringens exposed to 5 antibiotics.

GO Analysis Chloramphenicol Clindamycin Erythromycin Cefoxitin Sulfamethoxazole Total

Gene 36 190 38 60 222 175 343 384 265 189 904 998

Annotated Genes 28 158 32 47 144 136 263 338 211 119 678 798

GO Biological 21 123 24 31 108 104 201 264 165 91 519 613

Terms Cellular 17 109 22 33 91 89 157 222 145 73 432 526
Function 27 142 27 44 138 127 257 310 194 114 643 737

Total 65 374 73 108 337 320 615 796 504 278 1,594 1,876
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Figure S4.2: Gene Ontology (GO) analysis of differentially expressed transcripts identified in Clostridium perfringens when exposed to sublethal

concentrations of Chloramphenicol. The graphs show the GO terms in the three main categories: cellular component, molecular function and

biological process. RED: up-regulated transcripts GREY: down-regulated transcripts.
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Figure S4.3: Gene Ontology (GO) analysis of differentially expressed transcripts identified in Clostridium perfringens when exposed to sublethal
concentrations of Erythromycin. The graphs show the GO terms in the three main categories: cellular component, molecular function and

biological process. RED: up-regulated transcripts GREY: down-regulated transcripts.
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Figure S4.4: Gene Ontology (GO) analysis of differentially expressed transcripts identified in Clostridium perfringens when exposed to sublethal
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Figure S4.5: Gene Ontology (GO) analysis of differentially expressed transcripts identified in Clostridium perfringens when exposed to sublethal

concentrations of Sulfamethoxazole. The graphs show the GO terms in the three main categories: cellular component, molecular function and

biological process. RED: up-regulated transcripts GREY: down-regulated transcripts.
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Figure S4.6: Gene Ontology (GO) analysis of differentially expressed transcripts identified in Clostridium perfringens when exposed to sublethal

concentrations of Clindamycin. The graphs show the GO terms in the three main categories: cellular component, molecular function and biological

process. RED: up-regulated transcripts GREY: down-regulated transcripts.
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Table S4.3: The KEGG pathways of the differentially expressed transcripts in Clostridium perfringens treated with Erythromycin.

Query e-value Score Description Preferred name KEGG
TRINITY_DNO_c0_g1_i3 0.0 1459.0 DNA-dependent ATPase and ATP-dependent 5'-3' DNA helicase. Has no activity on blunt DNA or DNA with 3'-overhangs, recD2 ko:K03581
requires at least 10 bases of 5'-ssDNA for helicase activity
TRINITY_DN10_c0_g1_i1 3.05e-297 812.0 The central subunit of the protein translocation channel SecYEG. Consists of two halves formed by TMs 1-5 and 6-10.  secY ko:K03076
These two domains form a lateral gate at the front which open onto the bilayer between TMs 2 and 7, and are clamped
together by SecE at the back. The channel is closed by both a pore ring composed of hydrophobic SecY resides and a
short helix (helix 2A) on the extracellular side of the membrane which forms a plug. The plug probably moves laterally to
allow the channel to open. The ring and the pore may move independently
TRINITY_DN122_c0_g2_i1 1.39%-81 241.0 Domain of Unknown Function (DUF1540) - -
TRINITY_DN236_c0_g1_i1 0.0 1036.0 the rest of the oligosaccharide is released intact. Cleaves the peptidoglycan connecting the daughter cells at the end of the atl ko:K13714
cell division cycle, resulting in the separation of the two newly divided cells. Acts as an autolysin in penicillin-induced lysis
(By similarity)
TRINITY_DN28_c0_g3_i1 0.0 1425.0 ABC transporter - ko:K06147
TRINITY_DN29_c0_g1_i1 0.0 969.0 Produces ATP from ADP in the presence of a proton gradient across the membrane. The alpha chain is a regulatory subunit atpA ko:K02111
TRINITY_DN31_c0_g1_i1 2.85e-154 454.0 cellulose binding - ko:K01179,ko:K07318
TRINITY_DN33_c0_g1_i3 0.0 1161.0 helicase - ko:K17675
TRINITY_DN33_c0_g3_i1 1.44e-259 716.0 Domain of unknown function (DUF3502) - ko:K17318
TRINITY_DN35_c0_g1_i6 0.0 1024.0 PAS domain - -
TRINITY_DN42_c0_g1_i1 0.0 1529.0 penicillin-binding protein 1A mrcB ko:K05366
TRINITY_DN47_c0_g3_i1 0.0 1324.0 In eubacteria ppGpp (guanosine 3'-diphosphate 5-' diphosphate) is a mediator of the stringent response that coordinates a relA ko:K00951
variety of cellular activities in response to changes in nutritional abundance
TRINITY_DN51_c0_g1_i2 0.0 1926.0 Peptidase M16 - ko:K06972
TRINITY_DN55_c0_g1_i8 1.01e-133 390.0 Amino acid permease - -
TRINITY_DN63_c0_g1_i1 0.0 880.0 Involved in cell wall formation. Catalyzes the final step in the synthesis of UDP-N-acetylmuramoyl-pentapeptide, the murF ko:K01929
precursor of murein
TRINITY_DN65_c0_g1_i1 0.0 922.0 Catalyzes the reduction of hydroxylamine to form NH(3) and H(2)O hcp ko:K05601
TRINITY_DN76_c0_g1_i3 0.0 1353.0 elongation factor G fusA2 ko:K02355
TRINITY_DN89_c0_g1_i1 0.0 893.0 Catalyzes the reversible phosphatidyl group transfer from one phosphatidylglycerol molecule to another to form cardiolipin  cls ko:K06131
(CL) (diphosphatidylglycerol) and glycerol
TRINITY_DN55_c0_g2_i1 0.0 1257.0 transporter of a GTP-driven Fe(2 ) uptake system feoB ko:K04759
TRINITY_DN35_c0_g1_i2 3.41e-79 255.0 PAS domain - -
TRINITY_DN18_c0_g1_i3 0.0 937.0 Domain of unknown function (DUF3502) - ko:K17318
TRINITY_DN33_c0_g2_i2 0.0 967.0 import. Responsible for energy coupling to the transport system rbsA ko:K10441,ko:K10542
TRINITY_DN43_c0_g2_i1 1.54e-29 111.0 YSIRK type signal peptide - ko:K13733,ko:K14201
TRINITY_DN70_c0_g1_i1 1.34e-130 379.0 Helix-turn-helix domain - ko:K07496
TRINITY_DN183_c0_g1_i2 0.0 1017.0 Prevents misfolding and promotes the refolding and proper assembly of unfolded polypeptides generated under stress groL ko:K04077

conditions

167




TRINITY_DN28_c0_g3_i4 0.0 1425.0 ABC transporter - ko:K06147
TRINITY_DN44_c0_g1_i10 0.0 873.0 UPF0210 protein - ko:K09157
TRINITY_DN51_c0_g1_i1 0.0 2327.0 Oxidoreductase required for the transfer of electrons from pyruvate to flavodoxin nifJ ko:K03737
TRINITY_DN113_c0_g1_i1 1.22e-72 235.0 One of the essential components for the initiation of protein synthesis. Protects formylmethionyl-tRNA from spontaneous infB ko:K02519

hydrolysis and promotes its binding to the 30S ribosomal subunits. Also involved in the hydrolysis of GTP during the

formation of the 70S ribosomal complex
TRINITY_DN14744_c0_g1_i1 4.56e-128 382.0 COG3209 Rhs family protein - -
TRINITY_DN14_c0_g1_i1 0.0 998.0 E domain - ko:K13732,ko:K13733,ko:K14195
TRINITY_DN34_c0_g1_i1 0.0 1182.0 Required for accurate and efficient protein synthesis under certain stress conditions. May act as a fidelity factor of the lepA ko:K03596

translation reaction, by catalyzing a one-codon backward translocation of tRNAs on improperly translocated ribosomes.

Back- translocation proceeds from a post-translocation (POST) complex to a pre-translocation (PRE) complex, thus giving

elongation factor G a second chance to translocate the tRNAs correctly. Binds to ribosomes in a GTP-dependent manner
TRINITY_DN35_c0_g1_i4 6.41e-286 794.0 PAS domain - -
TRINITY_DN55_c0_g1_i2 0.0 1774.0 Permease - ko:K02004
TRINITY_DN56_c0_g1_i8 0.0 941.0 amino acid ABC transporter - ko:K16961,ko:K16962
TRINITY_DN84_c0_g1_i3 0.0 940.0 Amino acid permease family protein - -
TRINITY_DN113_c0_g2_i1 8.88e-124 372.0 One of the essential components for the initiation of protein synthesis. Protects formylmethionyl-tRNA from spontaneous  infB ko:K02519

hydrolysis and promotes its binding to the 30S ribosomal subunits. Also involved in the hydrolysis of GTP during the

formation of the 70S ribosomal complex
TRINITY_DN1_c0_g1_i11 0.0 2130.0 DNA-dependent RNA polymerase catalyzes the transcription of DNA into RNA using the four ribonucleoside triphosphates rpoC ko:K03046

as substrates
TRINITY_DN55_c0_g3_i2 0.0 984.0 CotH protein - -
TRINITY_DN12385_c0_g1_i1 3.7e-237 654.0 Sulphur transport yeeE ko:K07112
TRINITY_DN104_c0_g1_i2 0.0 1108.0 iron hydrogenase, small subunit hydA ko:K00532,ko:K18332
TRINITY_DN12403_c0_g1_i1  2.64e-41 146.0 Belongs to the UPF0753 family ybcC ko:K09822
TRINITY_DN274_c0_g1_i1 1.5e-314 856.0 Glutamate-1-semialdehyde aminotransferase hemL ko:K01845
TRINITY_DN69_c0_g2_i1 1.97e-214 595.0 Relaxase/Mobilisation nuclease domain - -
TRINITY_DN73_c0_g1_i1 1.79e-83 248.0 IF-3 binds to the 30S ribosomal subunit and shifts the equilibrum between 70S ribosomes and their 50S and 30S subunits infC ko:K02520

in favor of the free subunits, thus enhancing the availability of 30S subunits on which protein synthesis initiation begins
TRINITY_DN91_c0_g1_i1 0.0 963.0 Resolvase, N terminal domain - -
TRINITY_DN97_c0_g1_i1 0.0 2967.0 Psort location Cytoplasmic, score 7.50 - ko:K15923
TRINITY_DN131_c0_g1_i3 4.46e-258 710.0 ABC-type antimicrobial peptide transport system, permease component - ko:K02004
TRINITY_DN100_c1_g1_i1 5.33e-124 369.0 Regulatory protein BlaR1 blaR1-1 ko:K02172,ko:K02547
TRINITY_DN119_c0_g1_i1 3.32e-185 528.0 Catalyzes the reversible conversion of 2- phosphoglycerate into phosphoenolpyruvate. It is essential for the degradation of ~ eno ko:K01689

carbohydrates via glycolysis
TRINITY_DN122_c0_g1_i1 0.0 1773.0 DNA polymerase dnaE ko:K02337,ko:K14162
TRINITY_DN12_c0_g1_i1 0.0 1918.0 Polysaccharide lyase family 8, C-terminal beta-sandwich domain - ko:K01727
TRINITY_DN14_c0_g2_i1 3.37e-108 335.0 E domain - ko:K13732,ko:K13733,ko:K14195
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TRINITY_DN15_c0_g1_i4 0.0 1288.0 helicase - -
TRINITY_DN17_c0_g1_i1 0.0 5038.0 Belongs to the glycosyl hydrolase 13 family pulA ko:K01200
TRINITY_DN181_c0_g1_i2 0.0 902.0 Biotin carboxylase accC ko:K01961
TRINITY_DN18_c0_g1_i2 0.0 1791.0 amino acids such as threonine, to avoid such errors, it has a posttransfer editing activity that hydrolyzes mischarged Thr-  valS ko:K01873

tRNA(Val) in a tRNA-dependent manner
TRINITY_DN19_c0_g1_i1 1.07e-254 716.0 ABC transporter - ko:K18231
TRINITY_DN38_c0_g1_i1 5.89e-272 744.0 Belongs to the glycosyl hydrolase 8 (cellulase D) family - -
TRINITY_DN41_c0_g1_i6 0.0 1315.0 - - -
TRINITY_DN55_c0_g1_i4 0.0 984.0 CotH protein - -
TRINITY_DN5_c0_g1_i1 0.0 3411.0 Endo-alpha-N-acetylgalactosaminidase - ko:K17624
TRINITY_DN5_c0_g2_i1 0.0 2738.0 domain protein - -
TRINITY_DN66_c0_g1_i1 2.23e-99 297.0 - - -
TRINITY_DN72_c0_g1_i4 0.0 1429.0 beta-galactosidase pbg ko:K12308
TRINITY_DN74_c0_g1_i1 2.37e-105 306.0 - - -
TRINITY_DN75_c0_g1_i1 0.0 1436.0 Ribonucleoside-triphosphate reductase nrdD ko:K21636
TRINITY_DN7_c0_g2_i1 0.0 916.0 Histidine kinase - -
TRINITY_DN7_c0_g2_i2 0.0 1913.0 repeat protein - -
TRINITY_DN7_c1_g1_i1 0.0 974.0 Produces ATP from ADP in the presence of a proton gradient across the membrane. The alpha chain is a regulatory subunit atpA ko:K02111
TRINITY_DN8_c0_g1_i1 5.61e-186 522.0 Transposase - ko:K07496
TRINITY_DN10696_c0_g1_i1 1.86e-75 250.0 peptidoglycan catabolic process - -
TRINITY_DN15884_c0_g1_i1  2.47e-272 747.0 Nucleoside nupC ko:K03317 ko:K11535
TRINITY_DN233_c0_g1_i1 1.44e-159 448.0 Poly-gamma-glutamate hydrolase ymaC -
TRINITY_DN9186_c0_g1_i1 5.66e-168 469.0 Purine nucleoside phosphorylase deoD ko:K03784
TRINITY_DN28_c0_g3_i3 3.09e-97 283.0 PFAM regulatory protein, MarR - -
TRINITY_DN9305_c0_g1_i1 9.49e-117 341.0 Belongs to the bacterial solute-binding protein 9 family adcA ko:K09815,ko:K09818
TRINITY_DN13960_c0_g1_i1 6.88e-110 322.0 Ornithine cyclodeaminase rapL ko:K01750
TRINITY_DN13976_c0_g1_i1 0.0 1550.0 the rest of the oligosaccharide is released intact. Cleaves the peptidoglycan connecting the daughter cells at the end of the atl ko:K13714

cell division cycle, resulting in the separation of the two newly divided cells. Acts as an autolysin in penicillin-induced lysis

(By similarity)
TRINITY_DN15830_c0_g1_i1 0.0 947.0 Polyphosphate kinase 2 (PPK2) - -
TRINITY_DN15906_c0_g1_i1 1.93e-141 421.0 Lysin motif ebpS -
TRINITY_DN18_c0_g1_i5 0.0 885.0 Domain of unknown function (DUF3502) - ko:K17318
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TRINITY_DN241_c0_g1_i1 2.28e-71 228.0 DNA-dependent RNA polymerase catalyzes the transcription of DNA into RNA using the four ribonucleoside triphosphates  rpoC ko:K03046
TRINITY_DN81_c0_g1_i1 0.0 892.0 ilsas;il-)cs:t?etl:'z.porter Il-like protein - ko:K03324
TRINITY_DN9221_c0_g1_i1 0.0 1372.0 accessory protein tex ko:K06959
TRINITY_DN109_c0_g1_i1 8.35e-267 735.0 signal transduction protein with a C-terminal ATPase domain comD ko:K07706,ko:K12294
TRINITY_DN23_c0_g1_i1 0.0 1373.0 exonuclease sbcC ko:K03546
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Table S4.4: The KEGG pathways of the differentially expressed transcripts in Clostridium perfringens treated with Chloramphenicol.

Query e-value Score Description Preferred name KEGG
TRINITY_DN18_c0_g1_i3 0.0 937.0 Domain of unknown function (DUF3502) - ko:K17318
TRINITY_DN33_c0_g2_i2 0.0 967.0 import. Responsible for energy coupling to the transport system rbsA ko:K10441,ko:K10542
TRINITY_DN43_c0_g2_i1 1.54e-29 111.0 YSIRK type signal peptide - ko:K13733,ko:K14201
TRINITY_DN70_c0_g1_i1 1.34e-130 379.0 Helix-turn-helix domain - ko:K07496
TRINITY_DN104_c0_g1_i2 0.0 1108.0 iron hydrogenase, small subunit hydA ko:K00532,ko:K18332
TRINITY_DN10696_c0_g1_i1 1.86e-75 250.0 peptidoglycan catabolic process - -
TRINITY_DN109_c0_g1_i1 8.35e-267 735.0 signal transduction protein with a C-terminal ATPase domain comD ko:K07706,ko:K12294
TRINITY_DN12385_c0_g1_i1 3.7e-237 654.0 Sulphur transport yeeE ko:K07112
TRINITY_DN12403_c0_g1_i1 2.64e-41 146.0 Belongs to the UPF0753 family ybcC ko:K09822
TRINITY_DN13960_c0_g1_i1 6.88e-110 322.0 Ornithine cyclodeaminase rapL ko:K01750
TRINITY_DN13976_c0_g1_i1 0.0 1550.0 the rest of the oligosaccharide is released intact. Cleaves the peptidoglycan connecting the daughter cells at the end atl ko:K13714

of the cell division cycle, resulting in the separation of the two newly divided cells. Acts as an autolysin in penicillin-
induced lysis (By similarity)

TRINITY_DN15830_c0_g1_i1 0.0 947.0 Polyphosphate kinase 2 (PPK2) - -
TRINITY_DN15884_c0_g1_i1 2.47e-272 747.0 Nucleoside nupC ko:K03317,ko:K11535
TRINITY_DN15906_c0_g1_i1 1.93e-141 421.0 Lysin motif ebpS -
TRINITY_DN18_c0_g1_i5 0.0 885.0 Domain of unknown function (DUF3502) - ko:K17318
TRINITY_DN1_c0_g1_i11 0.0 2130.0 DNA-dependent RNA polymerase catalyzes the transcription of DNA into RNA using the four ribonucleoside rpoC ko:K03046
triphosphates as substrates
TRINITY_DN233_c0_g1_i1 1.44e-159 448.0 Poly-gamma-glutamate hydrolase ymaC -
TRINITY_DN23_c0_g1_i1 0.0 1373.0 exonuclease sbcC ko:K03546
TRINITY_DN241_c0_g1_i1 2.28e-71 228.0 DNA-dependent RNA polymerase catalyzes the transcription of DNA into RNA using the four ribonucleoside rpoC ko:K03046
triphosphates as substrates
TRINITY_DN274_c0_g1_i1 1.5e-314 856.0 Glutamate-1-semialdehyde aminotransferase hemL ko:K01845
TRINITY_DN35_c0_g1_i2 3.41e-79 255.0 PAS domain - -
TRINITY_DN55_c0_g3_i2 0.0 984.0 CotH protein - -
TRINITY_DN69_c0_g2_i1 1.97e-214 595.0 Relaxase/Mobilisation nuclease domain - -
TRINITY_DN73_c0_g1_i1 1.79e-83 248.0 IF-3 binds to the 30S ribosomal subunit and shifts the equilibrum between 70S ribosomes and their 50S and 30S infC ko:K02520

subunits in favor of the free subunits, thus enhancing the availability of 30S subunits on which protein synthesis
initiation begins
TRINITY_DN81_c0_g1_i1 0.0 892.0 Na Pi-cotransporter lI-like protein - ko:K03324

TRINITY_DN9186_c0_g1_i1 5.66e-168 469.0 Purine nucleoside phosphorylase deoD ko:K03784
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TRINITY_DN91_c0_g1_i1 0.0 963.0 Resolvase, N terminal domain - -
TRINITY_DN9221_c0_g1_i1 0.0 1372.0 accessory protein tex ko:K06959
TRINITY_DN97_c0_g1_i1 0.0 2967.0 Psort location Cytoplasmic, score 7.50 - ko:K15923
TRINITY_DN131_c0_g1_i3 4.46e-258 710.0 ABC-type antimicrobial peptide transport system, permease component - ko:K02004
TRINITY_DNO_c0_g1_i3 0.0 1459.0 DNA-dependent ATPase and ATP-dependent 5'-3' DNA helicase. Has no activity on blunt DNA or DNA with 3'- recD2 ko:K03581

overhangs, requires at least 10 bases of 5'-ssDNA for helicase activity
TRINITY_DN100_c1_g1_i1 5.33e-124 369.0 Regulatory protein BlaR1 blaR1-1 ko:K02172,ko:K02547
TRINITY_DN10_c0_g1_i1 3.05e-297 812.0 The central subunit of the protein translocation channel SecYEG. Consists of two halves formed by TMs 1-5 and 6- secY ko:K03076

10. These two domains form a lateral gate at the front which open onto the bilayer between TMs 2 and 7, and are

clamped together by SecE at the back. The channel is closed by both a pore ring composed of hydrophobic SecY

resides and a short helix (helix 2A) on the extracellular side of the membrane which forms a plug. The plug probably

moves laterally to allow the channel to open. The ring and the pore may move independently
TRINITY_DN113_c0_g1_i1 1.22e-72 235.0 One of the essential components for the initiation of protein synthesis. Protects formylmethionyl-tRNA from infB ko:K02519

spontaneous hydrolysis and promotes its binding to the 30S ribosomal subunits. Also involved in the hydrolysis of

GTP during the formation of the 70S ribosomal complex
TRINITY_DN119_c0_g1_i1 3.32e-185 528.0 Catalyzes the reversible conversion of 2- phosphoglycerate into phosphoenolpyruvate. It is essential for the eno ko:K01689

degradation of carbohydrates via glycolysis
TRINITY_DN122_c0_g1_i1 0.0 1773.0 DNA polymerase dnakE ko:K02337,ko:K14162
TRINITY_DN122_c0_g2_i1 1.39e-81 241.0 Domain of Unknown Function (DUF1540) - -
TRINITY_DN12_c0_g1_i1 0.0 1918.0 Polysaccharide lyase family 8, C-terminal beta-sandwich domain - ko:K01727
TRINITY_DN14744_c0_g1_i1 4.56e-128 382.0 COG3209 Rhs family protein - -
TRINITY_DN14_c0_g1_i1 0.0 998.0 E domain - ko:K13732,ko:K13733,ko:K14195
TRINITY_DN14_c0_g2_i1 3.37e-108 335.0 E domain - ko:K13732,ko:K13733,ko:K14195
TRINITY_DN15_c0_g1_i4 0.0 1288.0 helicase - -
TRINITY_DN17_c0_g1_i1 0.0 5038.0 Belongs to the glycosyl hydrolase 13 family pulA ko:K01200
TRINITY_DN181_c0_g1_i2 0.0 902.0 Biotin carboxylase accC ko:K01961
TRINITY_DN18_c0_g1_i2 0.0 1791.0 amino acids such as threonine, to avoid such errors, it has a posttransfer editing activity that hydrolyzes mischarged valS ko:K01873

Thr-tRNA(Val) in a tRNA-dependent manner
TRINITY_DN19_c0_g1_i1 1.07e-254 716.0 ABC transporter - ko:K18231
TRINITY_DN236_c0_g1_i1 0.0 1036.0 the rest of the oligosaccharide is released intact. Cleaves the peptidoglycan connecting the daughter cells at the end atl ko:K13714

of the cell division cycle, resulting in the separation of the two newly divided cells. Acts as an autolysin in penicillin-

induced lysis (By similarity)
TRINITY_DN28_c0_g3_i1 0.0 1425.0 ABC transporter - ko:K06147
TRINITY_DN29_c0_g1_i1 0.0 969.0 Produces ATP from ADP in the presence of a proton gradient across the membrane. The alpha chain is a regulatory atpA ko:K02111

subunit
TRINITY_DN31_c0_g1_i1 2.85e-154 454.0 cellulose binding - ko:K01179,ko:K07318
TRINITY_DN33_c0_g1_i3 0.0 1161.0 helicase - ko:K17675
TRINITY_DN33_c0_g3_i1 1.44e-259 716.0 Domain of unknown function (DUF3502) - ko:K17318
TRINITY_DN34_c0_g1_i1 0.0 1182.0 Required for accurate and efficient protein synthesis under certain stress conditions. May act as a fidelity factor of the lepA ko:K03596

translation reaction, by catalyzing a one-codon backward translocation of tRNAs on improperly translocated
ribosomes. Back- translocation proceeds from a post-translocation (POST) complex to a pre-translocation (PRE)
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complex, thus giving elongation factor G a second chance to translocate the tRNAs correctly. Binds to ribosomes in a
GTP-dependent manner

TRINITY_DN35_c0_g1_i4 6.41e-286 794.0 PAS domain - -
TRINITY_DN35_c0_g1_i6 0.0 1024.0 PAS domain - -
TRINITY_DN38_c0_g1_i1 5.89e-272 744.0 Belongs to the glycosyl hydrolase 8 (cellulase D) family - -
TRINITY_DN41_c0_g1_i6 0.0 1315.0 - - -
TRINITY_DN42_c0_g1_i1 0.0 1529.0 penicillin-binding protein 1A mrcB ko:K05366
TRINITY_DN47_c0_g3_i1 0.0 1324.0 In eubacteria ppGpp (guanosine 3'-diphosphate 5-' diphosphate) is a mediator of the stringent response that relA ko:K00951
coordinates a variety of cellular activities in response to changes in nutritional abundance
TRINITY_DN51_c0_g1_i2 0.0 1926.0 Peptidase M16 - ko:K06972
TRINITY_DN55_c0_g1_i2 0.0 1774.0 Permease - ko:K02004
TRINITY_DN55_c0_g1_i4 0.0 984.0 CotH protein - -
TRINITY_DN55_c0_g1_i8 1.01e-133 390.0 Amino acid permease - -
TRINITY_DN56_c0_g1_i8 0.0 941.0 amino acid ABC transporter - ko:K16961,ko:K16962
TRINITY_DN5_c0_g1_i1 0.0 3411.0 Endo-alpha-N-acetylgalactosaminidase - ko:K17624
TRINITY_DN5_c0_g2_i1 0.0 2738.0 domain protein - -
TRINITY_DN63_c0_g1_i1 0.0 880.0 Involved in cell wall formation. Catalyzes the final step in the synthesis of UDP-N-acetylmuramoyl-pentapeptide, the murF ko:K01929
precursor of murein
TRINITY_DN65_c0_g1_i1 0.0 922.0 Catalyzes the reduction of hydroxylamine to form NH(3) and H(2)O hcp ko:K05601
TRINITY_DN66_c0_g1_i1 2.23e-99 297.0 - - -
TRINITY_DN72_c0_g1_i4 0.0 1429.0 beta-galactosidase pbg ko:K12308
TRINITY_DN74_c0_g1_i1 2.37e-105 306.0 - - -
TRINITY_DN75_c0_g1_i1 0.0 1436.0 Ribonucleoside-triphosphate reductase nrdD ko:K21636
TRINITY_DN76_c0_g1_i3 0.0 1353.0 elongation factor G fusA2 ko:K02355
TRINITY_DN7_c0_g2_i1 0.0 916.0 Histidine kinase - -
TRINITY_DN7_c0_g2_i2 0.0 1913.0 repeat protein - -
TRINITY_DN7_c1_g1_i1 0.0 974.0 Produces ATP from ADP in the presence of a proton gradient across the membrane. The alpha chain is a regulatory atpA ko:K02111
subunit
TRINITY_DN84_c0_g1_i3 0.0 940.0 Amino acid permease family protein - -
TRINITY_DN89_c0_g1_i1 0.0 893.0 Catalyzes the reversible phosphatidyl group transfer from one phosphatidylglycerol molecule to another to form cls ko:K06131
cardiolipin (CL) (diphosphatidylglycerol) and glycerol
TRINITY_DN8_c0_g1_i1 5.61e-186 522.0 Transposase - ko:K07496
TRINITY_DN113_c0_g2_i1 8.88e-124 372.0 One of the essential components for the initiation of protein synthesis. Protects formylmethionyl-tRNA from infB ko:K02519
spontaneous hydrolysis and promotes its binding to the 30S ribosomal subunits. Also involved in the hydrolysis of
GTP during the formation of the 70S ribosomal complex
TRINITY_DN55_c0_g2_i1 0.0 1257.0 transporter of a GTP-driven Fe(2 ) uptake system feoB ko:K04759




Table S4.5: The KEGG pathways of the differentially expressed transcripts in Clostridium perfringens treated with Clindamycin.

Query e-value Score Description Preferred name KEGG
TRINITY_DN109_c0_g1_i1 8.35e-267 735.0 signal transduction protein with a C-terminal ATPase domain comD ko:K07706,ko:K12294
TRINITY_DN23_c0_g1_i1 0.0 1373.0 exonuclease sbcC ko:K03546
TRINITY_DN55_c0_g2_i1 0.0 1257.0 transporter of a GTP-driven Fe(2 ) uptake system feoB ko:K04759
TRINITY_DN12385_c0_g1_i1 3.7e-237 654.0 Sulphur transport yeeE ko:K07112
TRINITY_DN113_c0_g2_i1 8.88e-124 372.0 One of the essential components for the initiation of protein synthesis. Protects formylmethionyl-tRNA from infB ko:K02519
spontaneous hydrolysis and promotes its binding to the 30S ribosomal subunits. Also involved in the
hydrolysis of GTP during the formation of the 70S ribosomal complex
TRINITY_DN104_c0_g1_i2 0.0 1108.0 iron hydrogenase, small subunit hydA ko:K00532,ko:K18332
TRINITY_DN10696_c0_g1_i1 1.86e-75 250.0 peptidoglycan catabolic process - -
TRINITY_DN12403_c0_g1_i1 2.64e-41 146.0 Belongs to the UPF0753 family ybcC ko:K09822
TRINITY_DN13960_c0_g1_i1 6.88e-110 322.0 Ornithine cyclodeaminase rapL ko:K01750
TRINITY_DN13976_c0_g1_i1 0.0 1550.0 the rest of the oligosaccharide is released intact. Cleaves the peptidoglycan connecting the daughter cells at atl ko:K13714
the end of the cell division cycle, resulting in the separation of the two newly divided cells. Acts as an
autolysin in penicillin-induced lysis (By similarity)
TRINITY_DN15830_c0_g1_i1 0.0 947.0 Polyphosphate kinase 2 (PPK2) - -
TRINITY_DN15884_c0_g1_i1 2.47e-272 747.0 Nucleoside nupC ko:K03317,ko:K11535
TRINITY_DN15906_c0_g1_i1 1.93e-141 421.0 Lysin motif ebpS -
TRINITY_DN18_c0_g1_i5 0.0 885.0 Domain of unknown function (DUF3502) - ko:K17318
TRINITY_DN1_c0_g1_i11 0.0 2130.0 DNA-dependent RNA polymerase catalyzes the transcription of DNA into RNA using the four ribonucleoside rpoC ko:K03046
triphosphates as substrates
TRINITY_DN233_c0_g1_i1 1.44e-159 448.0 Poly-gamma-glutamate hydrolase ymaC -
TRINITY_DN241_c0_g1_i1 2.28e-71 228.0 DNA-dependent RNA polymerase catalyzes the transcription of DNA into RNA using the four ribonucleoside rpoC ko:K03046
triphosphates as substrates
TRINITY_DN274_c0_g1_i1 1.5e-314 856.0 Glutamate-1-semialdehyde aminotransferase hemL ko:K01845
TRINITY_DN35_c0_g1_i2 3.41e-79 255.0 PAS domain - -
TRINITY_DN55_c0_g3_i2 0.0 984.0 CotH protein - -
TRINITY_DN69_c0_g2_i1 1.97e-214 595.0 Relaxase/Mobilisation nuclease domain - -
TRINITY_DN73_c0_g1_i1 1.79e-83 248.0 IF-3 binds to the 308 ribosomal subunit and shifts the equiliborum between 70S ribosomes and their 50S and infC ko:K02520
308 subunits in favor of the free subunits, thus enhancing the availability of 30S subunits on which protein
synthesis initiation begins
TRINITY_DN81_c0_g1_i1 0.0 892.0 Na Pi-cotransporter Il-like protein - ko:K03324
TRINITY_DN9186_c0_g1_i1 5.66e-168 469.0 Purine nucleoside phosphorylase deoD ko:K03784
TRINITY_DN91_c0_g1_i1 0.0 963.0 Resolvase, N terminal domain - -
TRINITY_DN9221_c0_g1_i1 0.0 1372.0 accessory protein tex ko:K06959
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TRINITY_DN97_c0_g1_i1 0.0 2967.0 Psort location Cytoplasmic, score 7.50 - ko:K15923
TRINITY_DN18_c0_g1_i3 0.0 937.0 Domain of unknown function (DUF3502) - ko:K17318
TRINITY_DN33_c0_g2_i2 0.0 967.0 import. Responsible for energy coupling to the transport system rbsA ko:K10441,ko:K10542
TRINITY_DN43_c0_g2_i1 1.54e-29 111.0 YSIRK type signal peptide - ko:K13733,ko:K14201
TRINITY_DN70_c0_g1_i1 1.34e-130 379.0 Helix-turn-helix domain - ko:K07496
TRINITY_DNO_c0_g1_i3 0.0 1459.0 DNA-dependent ATPase and ATP-dependent 5'-3' DNA helicase. Has no activity on blunt DNA or DNA with recD2 ko:K03581

3'-overhangs, requires at least 10 bases of 5'-ssDNA for helicase activity
TRINITY_DN100_c1_g1_i1 5.33e-124 369.0 Regulatory protein BlaR1 blaR1-1 ko:K02172,ko:K02547
TRINITY_DN10_c0_g1_i1 3.05e-297 812.0 The central subunit of the protein translocation channel SecYEG. Consists of two halves formed by TMs 1-5 secY ko:K03076

and 6-10. These two domains form a lateral gate at the front which open onto the bilayer between TMs 2

and 7, and are clamped together by SecE at the back. The channel is closed by both a pore ring composed

of hydrophobic SecY resides and a short helix (helix 2A) on the extracellular side of the membrane which

forms a plug. The plug probably moves laterally to allow the channel to open. The ring and the pore may

move independently
TRINITY_DN113_c0_g1_i1 1.22e-72 235.0 One of the essential components for the initiation of protein synthesis. Protects formylmethionyl-tRNA from infB ko:K02519

spontaneous hydrolysis and promotes its binding to the 30S ribosomal subunits. Also involved in the

hydrolysis of GTP during the formation of the 70S ribosomal complex
TRINITY_DN119_c0_g1_i1 3.32e-185 528.0 Catalyzes the reversible conversion of 2- phosphoglycerate into phosphoenolpyruvate. It is essential for the eno ko:K01689

degradation of carbohydrates via glycolysis
TRINITY_DN121_c0_g3_i1 1.94e-231 640.0 alcohol dehydrogenase 4hbD ko:K18120
TRINITY_DN122_c0_g1_i1 0.0 1773.0 DNA polymerase dnaE ko:K02337 ko:K14162
TRINITY_DN122_c0_g2_i1 1.39%e-81 241.0 Domain of Unknown Function (DUF1540) - -
TRINITY_DN12_c0_g1_i1 0.0 1918.0 Polysaccharide lyase family 8, C-terminal beta-sandwich domain - ko:K01727
TRINITY_DN131_c0_g1_i3 4.46e-258 710.0 ABC-type antimicrobial peptide transport system, permease component - ko:K02004
TRINITY_DN14396_c0_g1_i1 1.12e-169 487.0 Histidine kinase phoR ko:K07636
TRINITY_DN14744_c0_g1_i1 4.56e-128 382.0 COG3209 Rhs family protein - -
TRINITY_DN14_c0_g1_i1 0.0 998.0 E domain - ko:K13732,ko:K13733,ko:K14195
TRINITY_DN14_c0_g2_i1 3.37e-108 335.0 E domain - ko:K13732,ko:K13733,ko:K14195
TRINITY_DN15618_c0_g1_i1 1.07e-72 221.0 acetyltransferase, isoleucine patch superfamily vioB ko:K21379
TRINITY_DN15_c0_g1_i4 0.0 1288.0 helicase - -
TRINITY_DN17_c0_g1_i1 0.0 5038.0 Belongs to the glycosyl hydrolase 13 family pulA ko:K01200
TRINITY_DN181_c0_g1_i2 0.0 902.0 Biotin carboxylase accC ko:K01961
TRINITY_DN18_c0_g1_i2 0.0 1791.0 amino acids such as threonine, to avoid such errors, it has a posttransfer editing activity that hydrolyzes valS ko:K01873

mischarged Thr-tRNA(Val) in a tRNA-dependent manner
TRINITY_DN19_c0_g1_i1 1.07e-254 716.0 ABC transporter - ko:K18231
TRINITY_DN234_c0_g1_i1 0.0 2156.0 Dynamin family - -
TRINITY_DN236_c0_g1_i1 0.0 1036.0 the rest of the oligosaccharide is released intact. Cleaves the peptidoglycan connecting the daughter cells at atl ko:K13714

the end of the cell division cycle, resulting in the separation of the two newly divided cells. Acts as an
autolysin in penicillin-induced lysis (By similarity)
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TRINITY_DN254_c0_g1_i1 1.06e-114 339.0 Belongs to the folylpolyglutamate synthase family folC ko:K11754
TRINITY_DN28_c0_g3_i1 0.0 1425.0 ABC transporter - ko:K06147
TRINITY_DN28_c0_g3_i3 3.09e-97 283.0 PFAM regulatory protein, MarR - -
TRINITY_DN29_c0_g1_i1 0.0 969.0 Produces ATP from ADP in the presence of a proton gradient across the membrane. The alpha chain is a atpA ko:K02111

regulatory subunit
TRINITY_DN31_c0_g1_i1 2.85e-154 454.0 cellulose binding - ko:K01179,ko:K07318
TRINITY_DN33_c0_g1_i3 0.0 1161.0 helicase - ko:K17675
TRINITY_DN33_c0_g3_i1 1.44e-259 716.0 Domain of unknown function (DUF3502) - ko:K17318
TRINITY_DN34_c0_g1_i1 0.0 1182.0 Required for accurate and efficient protein synthesis under certain stress conditions. May act as a fidelity lepA ko:K03596

factor of the translation reaction, by catalyzing a one-codon backward translocation of tRNAs on improperly

translocated ribosomes. Back- translocation proceeds from a post-translocation (POST) complex to a pre-

translocation (PRE) complex, thus giving elongation factor G a second chance to translocate the tRNAs

correctly. Binds to ribosomes in a GTP-dependent manner
TRINITY_DN35_c0_g1_i4 6.41e-286 794.0 PAS domain - -
TRINITY_DN35_c0_g1_i6 0.0 1024.0 PAS domain - -
TRINITY_DN38_c0_g1_i1 5.89e-272 744.0 Belongs to the glycosyl hydrolase 8 (cellulase D) family - -
TRINITY_DN41_c0_g1_i6 0.0 1315.0 - - -
TRINITY_DN42_c0_g1_i1 0.0 1529.0 penicillin-binding protein 1A mrcB ko:K05366
TRINITY_DN47_c0_g3_i1 0.0 1324.0 In eubacteria ppGpp (guanosine 3'-diphosphate 5-' diphosphate) is a mediator of the stringent response that relA ko:K00951

coordinates a variety of cellular activities in response to changes in nutritional abundance
TRINITY_DN51_c0_g1_i2 0.0 1926.0 Peptidase M16 - ko:K06972
TRINITY_DN55_c0_g1_i2 0.0 1774.0 Permease - ko:K02004
TRINITY_DN55_c0_g1_i4 0.0 984.0 CotH protein - -
TRINITY_DN55_c0_g1_i8 1.01e-133 390.0 Amino acid permease - -
TRINITY_DN56_c0_g1_i8 0.0 941.0 amino acid ABC transporter - ko:K16961,ko:K16962
TRINITY_DN5_c0_g1_i1 0.0 3411.0 Endo-alpha-N-acetylgalactosaminidase - ko:K17624
TRINITY_DN5_c0_g2_i1 0.0 2738.0 domain protein - -
TRINITY_DN63_c0_g1_i1 0.0 880.0 Involved in cell wall formation. Catalyzes the final step in the synthesis of UDP-N-acetylmuramoyl- murF ko:K01929

pentapeptide, the precursor of murein
TRINITY_DN65_c0_g1_i1 0.0 922.0 Catalyzes the reduction of hydroxylamine to form NH(3) and H(2)O hcp ko:K05601
TRINITY_DN66_c0_g1_i1 2.23e-99 297.0 - - -
TRINITY_DN72_c0_g1_i4 0.0 1429.0 beta-galactosidase pbg ko:K12308
TRINITY_DN74_c0_g1_i1 2.37e-105 306.0 - - -
TRINITY_DN75_c0_g1_i1 0.0 1436.0 Ribonucleoside-triphosphate reductase nrdD ko:K21636
TRINITY_DN76_c0_g1_i3 0.0 1353.0 elongation factor G fusA2 ko:K02355
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TRINITY_DN7_c0_g2_i1 0.0 916.0 Histidine kinase - -
TRINITY_DN7_c0_g2_i2 0.0 1913.0 repeat protein - -
TRINITY_DN7_c1_g1_i1 0.0 974.0 Produces ATP from ADP in the presence of a proton gradient across the membrane. The alpha chain is a atpA ko:K02111

regulatory subunit
TRINITY_DN84_c0_g1_i3 0.0 940.0 Amino acid permease family protein - -
TRINITY_DN89_c0_g1_i1 0.0 893.0 Catalyzes the reversible phosphatidyl group transfer from one phosphatidylglycerol molecule to another to cls ko:K06131

form cardiolipin (CL) (diphosphatidylglycerol) and glycerol
TRINITY_DN8_c0_g1_i1 5.61e-186 522.0 Transposase - ko:K07496
TRINITY_DN9305_c0_g1_i1 9.49e-117 341.0 Belongs to the bacterial solute-binding protein 9 family adcA ko:K09815,ko:K09818

177



Table S4.5: The KEGG pathways of the differentially expressed transcripts in Clostridium perfringens treated with Sulfamethoxazole.

Query e-value Score Description Preferred name KEGG
TRINITY_DN131_c0_g1_i3 4.46e-258 710.0 ABC-type antimicrobial peptide transport system, permease component - ko:K02004
TRINITY_DN122_c0_g1_i1 0.0 1773.0 DNA polymerase dnaE ko:K02337,ko:K14162
TRINITY_DN55_c0_g1_i4 0.0 984.0 CotH protein - -
TRINITY_DN7_c0_g2_i2 0.0 1913.0 repeat protein - -
TRINITY_DN10696_c0_g1_i1 1.86e-75 250.0 peptidoglycan catabolic process - -
TRINITY_DN15884_c0_g1_i1 2.47e-272 747.0 Nucleoside nupC ko:K03317 ko:K11535
TRINITY_DN233_c0_g1_i1 1.44e-159 448.0 Poly-gamma-glutamate hydrolase ymaC -
TRINITY_DN9186_c0_g1_i1 5.66e-168 469.0 Purine nucleoside phosphorylase deoD ko:K03784
TRINITY_DN13960_c0_g1_i1 6.88e-110 322.0 Ornithine cyclodeaminase rapL ko:K01750
TRINITY_DN13976_c0_g1_i1 0.0 1550.0 the rest of the oligosaccharide is released intact. Cleaves the peptidoglycan connecting the daughter cells at the atl ko:K13714

end of the cell division cycle, resulting in the separation of the two newly divided cells. Acts as an autolysin in

penicillin-induced lysis (By similarity)
TRINITY_DN15830_c0_g1_i1 0.0 947.0 Polyphosphate kinase 2 (PPK2) - -
TRINITY_DN15906_c0_g1_i1 1.93e-141 421.0 Lysin motif ebpS -
TRINITY_DN241_c0_g1_i1 2.28e-71 228.0 DNA-dependent RNA polymerase catalyzes the transcription of DNA into RNA using the four ribonucleoside rpoC ko:K03046

triphosphates as substrates
TRINITY_DN81_c0_g1_i1 0.0 892.0 Na Pi-cotransporter ll-like protein - ko:K03324
TRINITY_DN9221_c0_g1_i1 0.0 1372.0 accessory protein tex ko:K06959
TRINITY_DN109_c0_g1_i1 8.35e-267 735.0 signal transduction protein with a C-terminal ATPase domain comD ko:K07706,ko:K12294
TRINITY_DN23_c0_g1_i1 0.0 1373.0 exonuclease sbcC ko:K03546
TRINITY_DN113_c0_g1_i1 1.22e-72 235.0 One of the essential components for the initiation of protein synthesis. Protects formylmethionyl-tRNA from infB ko:K02519

spontaneous hydrolysis and promotes its binding to the 30S ribosomal subunits. Also involved in the hydrolysis of

GTP during the formation of the 70S ribosomal complex
TRINITY_DN14744_c0_g1_i1 4.56e-128 382.0 COG3209 Rhs family protein - -
TRINITY_DN14_c0_g1_i1 0.0 998.0 E domain - ko:K13732,ko:K13733,ko:K14195
TRINITY_DN34_c0_g1_i1 0.0 1182.0 Required for accurate and efficient protein synthesis under certain stress conditions. May act as a fidelity factor of  lepA ko:K03596

the translation reaction, by catalyzing a one-codon backward translocation of tRNAs on improperly translocated

ribosomes. Back- translocation proceeds from a post-translocation (POST) complex to a pre-translocation (PRE)

complex, thus giving elongation factor G a second chance to translocate the tRNAs correctly. Binds to ribosomes

in a GTP-dependent manner
TRINITY_DN35_c0_g1_i4 6.41e-286 794.0 PAS domain - -
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TRINITY_DN55_c0_g1_i2 0.0 1774.0 Permease - ko:K02004
TRINITY_DN56_c0_g1_i8 0.0 941.0 amino acid ABC transporter - ko:K16961,ko:K16962
TRINITY_DN84_c0_g1_i3 0.0 940.0 Amino acid permease family protein - -
TRINITY_DN113_c0_g2_i1 8.88e-124 372.0 One of the essential components for the initiation of protein synthesis. Protects formylmethionyl-tRNA from infB ko:K02519
spontaneous hydrolysis and promotes its binding to the 30S ribosomal subunits. Also involved in the hydrolysis of
GTP during the formation of the 70S ribosomal complex
TRINITY_DN1_c0_g1_i11 0.0 2130.0 DNA-dependent RNA polymerase catalyzes the transcription of DNA into RNA using the four ribonucleoside rpoC ko:K03046
triphosphates as substrates
TRINITY_DN55_c0_g3_i2 0.0 984.0 CotH protein - -
TRINITY_DN12385_c0_g1_i1 3.7e-237 654.0 Sulphur transport yeeE ko:K07112
TRINITY_DN104_c0_g1_i2 0.0 1108.0 iron hydrogenase, small subunit hydA ko:K00532,ko:K18332
TRINITY_DN12403_c0_g1_i1 2.64e-41 146.0 Belongs to the UPF0753 family ybcC ko:K09822
TRINITY_DN274_c0_g1_i1 1.5e-314 856.0 Glutamate-1-semialdehyde aminotransferase hemL ko:K01845
TRINITY_DN69_c0_g2_i1 1.97e-214 595.0 Relaxase/Mobilisation nuclease domain - -
TRINITY_DN73_c0_g1_i1 1.79e-83 248.0 IF-3 binds to the 30S ribosomal subunit and shifts the equilibrum between 70S ribosomes and their 50S and 30S infC ko:K02520
subunits in favor of the free subunits, thus enhancing the availability of 30S subunits on which protein synthesis
initiation begins
TRINITY_DN91_c0_g1_i1 0.0 963.0 Resolvase, N terminal domain - -
TRINITY_DN97_c0_g1_i1 0.0 2967.0 Psort location Cytoplasmic, score 7.50 - ko:K15923
TRINITY_DN18_c0_g1_i2 0.0 1791.0 amino acids such as threonine, to avoid such errors, it has a posttransfer editing activity that hydrolyzes valS ko:K01873
mischarged Thr-tRNA(Val) in a tRNA-dependent manner
TRINITY_DNO_c0_g1_i3 0.0 1459.0 DNA-dependent ATPase and ATP-dependent 5'-3' DNA helicase. Has no activity on blunt DNA or DNA with 3'- recD2 ko:K03581
overhangs, requires at least 10 bases of 5'-ssDNA for helicase activity
TRINITY_DN10_c0_g1_i1 3.05e-297 812.0 The central subunit of the protein translocation channel SecYEG. Consists of two halves formed by TMs 1-5 and secY ko:K03076
6-10. These two domains form a lateral gate at the front which open onto the bilayer between TMs 2 and 7, and
are clamped together by SecE at the back. The channel is closed by both a pore ring composed of hydrophobic
SecY resides and a short helix (helix 2A) on the extracellular side of the membrane which forms a plug. The plug
probably moves laterally to allow the channel to open. The ring and the pore may move independently
TRINITY_DN122_c0_g2_i1 1.39%-81 241.0 Domain of Unknown Function (DUF1540) - -
TRINITY_DN236_c0_g1_i1 0.0 1036.0 the rest of the oligosaccharide is released intact. Cleaves the peptidoglycan connecting the daughter cells at the atl ko:K13714
end of the cell division cycle, resulting in the separation of the two newly divided cells. Acts as an autolysin in
penicillin-induced lysis (By similarity)
TRINITY_DN29_c0_g1_i1 0.0 969.0 Produces ATP from ADP in the presence of a proton gradient across the membrane. The alpha chain is a atpA ko:K02111
regulatory subunit
TRINITY_DN31_c0_g1_i1 2.85e-154 454.0 cellulose binding - ko:K01179,ko:K07318
TRINITY_DN33_c0_g1_i3 0.0 1161.0 helicase - ko:K17675
TRINITY_DN33_c0_g3_i1 1.44e-259 716.0 Domain of unknown function (DUF3502) - ko:K17318
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TRINITY_DN47_c0_g3_i1 0.0 1324.0 In eubacteria ppGpp (guanosine 3'-diphosphate 5-' diphosphate) is a mediator of the stringent response that relA ko:K00951

coordinates a variety of cellular activities in response to changes in nutritional abundance
TRINITY_DN63_c0_g1_i1 0.0 880.0 Involved in cell wall formation. Catalyzes the final step in the synthesis of UDP-N-acetylmuramoyl-pentapeptide, murF ko:K01929

the precursor of murein
TRINITY_DN76_c0_g1_i3 0.0 1353.0 elongation factor G fusA2 ko:K02355
TRINITY_DN55_c0_g2_i1 0.0 1257.0 transporter of a GTP-driven Fe(2 ) uptake system feoB ko:K04759
TRINITY_DN35_c0_g1_i2 3.41e-79 255.0 PAS domain - -
TRINITY_DN43_c0_g2_i1 1.54e-29 111.0 YSIRK type signal peptide - ko:K13733,ko:K14201
TRINITY_DN70_c0_g1_i1 1.34e-130 379.0 Helix-turn-helix domain - ko:K07496
TRINITY_DN44_c0_g1_i10 0.0 873.0 UPF0210 protein - ko:K09157
TRINITY_DN51_c0_g1_i1 0.0 2327.0 Oxidoreductase required for the transfer of electrons from pyruvate to flavodoxin nifJ ko:K03737
TRINITY_DN100_c1_g1_i1 5.33e-124 369.0 Regulatory protein BlaR1 blaR1-1 ko:K02172,ko:K02547
TRINITY_DN12_c0_g1_i1 0.0 1918.0 Polysaccharide lyase family 8, C-terminal beta-sandwich domain - ko:K01727
TRINITY_DN14_c0_g2_i1 3.37e-108 335.0 E domain - ko:K13732,ko:K13733,ko:K14195
TRINITY_DN15_c0_g1_i4 0.0 1288.0 helicase - -
TRINITY_DN17_c0_g1_i1 0.0 5038.0 Belongs to the glycosyl hydrolase 13 family pulA ko:K01200
TRINITY_DN181_c0_g1_i2 0.0 902.0 Biotin carboxylase accC ko:K01961
TRINITY_DN19_c0_g1_i1 1.07e-254 716.0 ABC transporter - ko:K18231
TRINITY_DN38_c0_g1_i1 5.89e-272 744.0 Belongs to the glycosyl hydrolase 8 (cellulase D) family - -
TRINITY_DN41_c0_g1_i6 0.0 1315.0 - - -
TRINITY_DN5_c0_g1_i1 0.0 3411.0 Endo-alpha-N-acetylgalactosaminidase - ko:K17624
TRINITY_DN5_c0_g2_i1 0.0 2738.0 domain protein - -
TRINITY_DN66_c0_g1_i1 2.23e-99 297.0 - - -
TRINITY_DN72_c0_g1_i4 0.0 1429.0 beta-galactosidase pbg ko:K12308
TRINITY_DN74_c0_g1_i1 2.37e-105 306.0 - - -
TRINITY_DN75_c0_g1_i1 0.0 1436.0 Ribonucleoside-triphosphate reductase nrdD ko:K21636
TRINITY_DN7_c0_g2_i1 0.0 916.0 Histidine kinase - -
TRINITY_DN7_c1_g1_i1 0.0 974.0 Produces ATP from ADP in the presence of a proton gradient across the membrane. The alpha chain is a atpA ko:K02111

regulatory subunit
TRINITY_DN8_c0_g1_i1 5.61e-186 522.0 Transposase - ko:K07496
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TRINITY_DN18_c0_g1_i5 0.0 885.0 Domain of unknown function (DUF3502) - ko:K17318
TRINITY_DN28_c0_g3_if 0.0 1425.0 ABC transporter - ko:K06147
TRINITY_DN35_c0_g1_i6 0.0 1024.0 PAS domain - -
TRINITY_DN42_c0_g1_i1 0.0 1529.0 penicillin-binding protein 1A mrcB ko:K05366
TRINITY_DN51_c0_g1_i2 0.0 1926.0 Peptidase M16 - ko:K06972
TRINITY_DN55_c0_g1_i8 1.01e-133 390.0 Amino acid permease - -
TRINITY_DN65_c0_g1_i1 0.0 922.0 Catalyzes the reduction of hydroxylamine to form NH(3) and H(2)O hcp ko:K05601
TRINITY_DN18_c0_g1_i3 0.0 937.0 Domain of unknown function (DUF3502) - ko:K17318
TRINITY_DN33_c0_g2_i2 0.0 967.0 import. Responsible for energy coupling to the transport system rbsA ko:K10441,ko:K10542
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Table S4.6: The KEGG pathways of the differentially expressed transcripts in Clostridium perfringens treated with Cefoxitin.

Query e-value Score Description Preferred name KEGG
TRINITY_DN104_c0_g1_i2 0.0 1108.0 iron hydrogenase, small subunit hydA ko:K00532,ko:K18332
TRINITY_DN121_c0_g3_i1 1.94e-231 640.0 alcohol dehydrogenase 4hbD ko:K18120
TRINITY_DN341_c0_g1_i1 4.88e-155 452.0 Belongs to the heme-copper respiratory oxidase family qoxB ko:K02827
TRINITY_DN7786_c0_g1_i1 9.46e-260 712.0 Iron-containing alcohol dehydrogenase gldA ko:K00005
TRINITY_DN69_c0_g2_i1 1.97e-214 595.0 Relaxase/Mobilisation nuclease domain - -
TRINITY_DN13960_c0_g1_i1 6.88e-110 322.0 Ornithine cyclodeaminase rapL ko:K01750
TRINITY_DN9131_c0_g1_i1 3.89e-305 831.0 COG2309 Leucyl aminopeptidase (aminopeptidase T) pepS ko:K19689
TRINITY_DN2205_c0_g2_i1 4.02e-185 513.0 Belongs to the PAPS reductase family. CysH subfamily cysH ko:K00390
TRINITY_DN7778_c0_g1_i1 5.11e-302 825.0 phosphorylase deoA ko:K00756
TRINITY_DN97_c0_g1_i1 0.0 2967.0 Psort location Cytoplasmic, score 7.50 - ko:K15923
TRINITY_DN274_c0_g1_i1 1.5e-314 856.0 Glutamate-1-semialdehyde aminotransferase hemL ko:K01845
TRINITY_DN128_c0_g1_i2 0.0 1732.0 cyanophycin synthetase cphA ko:K03802
TRINITY_DN12489_c0_g1_i1 1.55e-175 490.0 Enoyl- acyl-carrier-protein reductase fabl ko:K00208
TRINITY_DN147_c0_g1_i1 3.33e-192 534.0 Lipid kinase dagK ko:K07029
TRINITY_DN130_c0_g1_i1 6.48e-152 434.0 Catalyzes the conversion of 1-hydroxy-2-methyl-2-(E)- butenyl 4-diphosphate (HMBPP) into ispH ko:K02945,ko:K03527

a mixture of isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP). Acts in

the terminal step of the DOXP MEP pathway for isoprenoid precursor biosynthesis
TRINITY_DN166_c0_g1_i1 4.25e-139 411.0 Catalyzes the GTP-dependent ribosomal translocation step during translation elongation. fusA ko:K02355

During this step, the ribosome changes from the pre-translocational (PRE) to the post-

translocational (POST) state as the newly formed A-site-bound peptidyl-tRNA and P-site-

bound deacylated tRNA move to the P and E sites, respectively. Catalyzes the coordinated

movement of the two tRNA molecules, the mRNA and conformational changes in the

ribosome
TRINITY_DN73_c0_g1_i1 1.79e-83 248.0 IF-3 binds to the 30S ribosomal subunit and shifts the equilibrum between 70S ribosomes infC ko:K02520

and their 50S and 30S subunits in favor of the free subunits, thus enhancing the availability

of 30S subunits on which protein synthesis initiation begins
TRINITY_DN241_c0_g1_i1 2.28e-71 228.0 DNA-dependent RNA polymerase catalyzes the transcription of DNA into RNA using the four rpoC ko:K03046

ribonucleoside triphosphates as substrates
TRINITY_DN9221_c0_g1_i1 0.0 1372.0 accessory protein tex ko:K06959
TRINITY_DN823_c0_g1_i1 0.0 1135.0 Serine threonine protein kinase prkC ko:K08884 ,ko:K12132
TRINITY_DN141_c0_g1_i1 6.44e-128 378.0 Probable transposase - ko:K07496
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TRINITY_DN23_c0_g1_i1 0.0 1373.0 exonuclease sbcC ko:K03546
TRINITY_DN91_c0_g1_i1 0.0 963.0 Resolvase, N terminal domain - -
TRINITY_DN13954_c0_g1_i1 6.45e-209 578.0 penicillin-binding protein pbp1B ko:K03693,ko:K12551
TRINITY_DN13976_c0_g1_i1 0.0 1550.0 the rest of the oligosaccharide is released intact. Cleaves the peptidoglycan connecting the atl ko:K13714

daughter cells at the end of the cell division cycle, resulting in the separation of the two

newly divided cells. Acts as an autolysin in penicillin-induced lysis (By similarity)
TRINITY_DN14014_c0_g1_i1 5.22e-124 361.0 Cysteine protease able to cleave elastin, insulin, myoglobin, fibronectin, fibrinogen, HMW- - ko:K08258

kininogen, alpha-1- protease inhibitor and alpha-1-antitrypsin. Along with other extracellular

proteases may contribute to the colonization and infection of human tissues (By similarity)
TRINITY_DN15906_c0_g1_i1 1.93e-141 421.0 Lysin motif ebpS -
TRINITY_DN216_c0_g1_i1 4.16e-78 244.0 Catalyzes the last two sequential reactions in the de novo biosynthetic pathway for UDP-N- glmu ko:K04042

acetylglucosamine (UDP- GIcNAc). The C-terminal domain catalyzes the transfer of acetyl

group from acetyl coenzyme A to glucosamine-1-phosphate (GlcN-1-P) to produce N-

acetylglucosamine-1-phosphate (GIcNAc-1-P), which is converted into UDP-GIcNAc by the

transfer of uridine 5- monophosphate (from uridine 5-triphosphate), a reaction catalyzed by

the N-terminal domain
TRINITY_DN9401_c0_g1_i1 1.11e-191 532.0 Glycosyl hydrolases family 25 - ko:K07273
TRINITY_DN183_c0_g1_i2 0.0 1017.0 Prevents misfolding and promotes the refolding and proper assembly of unfolded groL ko:K04077

polypeptides generated under stress conditions
TRINITY_DN10764_c0_g1_i1 9.09e-62 195.0 ABC transporter permease metl ko:K02072
TRINITY_DN529_c0_g1_i1 2.32e-201 558.0 ATP-binding (A) component of a common energy-coupling factor (ECF) ABC-transporter ecfA2 ko:K16787

complex. Unlike classic ABC transporters this ECF transporter provides the energy

necessary to transport a number of different substrates
TRINITY_DN81_c0_g1_i1 0.0 892.0 Na Pi-cotransporter |I-like protein - ko:K03324
TRINITY_DN12403_c0_g1_i1 2.64e-41 146.0 Belongs to the UPF0753 family ybcC ko:K09822
TRINITY_DN14016_c0_g1_i1 9.47e-70 211.0 Domain of unknown function (DUF4889) - -
TRINITY_DN14294_c0_g1_i1 9.03e-108 310.0 COG3942 Surface antigen p40 ko:K21471
TRINITY_DN15830_c0_g1_i1 0.0 947.0 Polyphosphate kinase 2 (PPK2) - -
TRINITY_DN234_c0_g1_i1 0.0 2156.0 Dynamin family - -
TRINITY_DN87_c0_g1_i1 0.0 888.0 DUF1237 - ko:K09704
TRINITY_DN9194_c0_g1_i1 0.0 1503.0 Catalyzes the transfer of a lysyl group from L-lysyl- tRNA(Lys) to membrane-bound mprF ko:K14205

phosphatidylglycerol (PG), which produces lysylphosphatidylglycerol (LPG), a major

component of the bacterial membrane with a positive net charge. LPG synthesis contributes

to bacterial virulence as it is involved in the resistance mechanism against cationic

antimicrobial peptides (CAMP) produces by the host's immune system (defensins,

cathelicidins) and by the competing microorganisms
TRINITY_DN9247_c0_g1_i1 5.47e-196 543.0 NAD synthase larE ko:K06864
TRINITY_DN9366_c0_g1_i1 2.99e-162 456.0 CAAX amino terminal protease family protein ydiL ko:K07052
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TRINITY_DN109_c0_g1_i1 8.35e-267 735.0 signal transduction protein with a C-terminal ATPase domain comD ko:K07706,ko:K12294
TRINITY_DN14396_c0_g1_i1 1.12e-169 487.0 Histidine kinase phoR ko:K07636
TRINITY_DN35_c0_g1_i2 3.41e-79 255.0 PAS domain - -
TRINITY_DN124_c0_g1_i1 0.0 913.0 type | restriction-modification system hsdM ko:K03427
TRINITY_DN29_c0_g1_i1 0.0 969.0 Produces ATP from ADP in the presence of a proton gradient across the membrane. The atpA ko:K02111

alpha chain is a regulatory subunit
TRINITY_DN65_c0_g1_i1 0.0 922.0 Catalyzes the reduction of hydroxylamine to form NH(3) and H(2)O hcp ko:K05601
TRINITY_DN7_c1_g1_i1 0.0 974.0 Produces ATP from ADP in the presence of a proton gradient across the membrane. The atpA ko:K02111

alpha chain is a regulatory subunit
TRINITY_DN43_c0_g2_i1 1.54e-29 111.0 YSIRK type signal peptide - ko:K13733,ko:K14201
TRINITY_DN14_c0_g1_i1 0.0 998.0 E domain - ko:K13732,ko:K13733,ko:K14195
TRINITY_DN14_c0_g2_i1 3.37e-108 335.0 E domain - ko:K13732,ko:K13733,ko:K14195
TRINITY_DN55_c0_g1_i8 1.01e-133 390.0 Amino acid permease - -
TRINITY_DN84_c0_g1_i3 0.0 940.0 Amino acid permease family protein - -
TRINITY_DN75_c0_g1_i1 0.0 1436.0 Ribonucleoside-triphosphate reductase nrdD ko:K21636
TRINITY_DN17_c0_g1_i1 0.0 5038.0 Belongs to the glycosyl hydrolase 13 family pulA ko:K01200
TRINITY_DN18_c0_g1_i3 0.0 937.0 Domain of unknown function (DUF3502) - ko:K17318
TRINITY_DN18_c0_g1_i5 0.0 885.0 Domain of unknown function (DUF3502) - ko:K17318
TRINITY_DN33_c0_g3_i1 1.44e-259 716.0 Domain of unknown function (DUF3502) - ko:K17318
TRINITY_DN38_c0_g1_i1 5.89e-272 744.0 Belongs to the glycosyl hydrolase 8 (cellulase D) family - -
TRINITY_DN5_c0_g1_i1 0.0 3411.0 Endo-alpha-N-acetylgalactosaminidase - ko:K17624
TRINITY_DN5_c0_g2_i1 0.0 2738.0 domain protein - -
TRINITY_DN72_c0_g1_i4 0.0 1429.0 beta-galactosidase pbg ko:K12308
TRINITY_DN113_c0_g1_i1 1.22e-72 235.0 One of the essential components for the initiation of protein synthesis. Protects infB ko:K02519

formylmethionyl-tRNA from spontaneous hydrolysis and promotes its binding to the 30S

ribosomal subunits. Also involved in the hydrolysis of GTP during the formation of the 70S

ribosomal complex
TRINITY_DN113_c0_g2_i1 8.88e-124 372.0 One of the essential components for the initiation of protein synthesis. Protects infB ko:K02519

formylmethionyl-tRNA from spontaneous hydrolysis and promotes its binding to the 30S

ribosomal subunits. Also involved in the hydrolysis of GTP during the formation of the 70S

ribosomal complex
TRINITY_DN18_c0_g1_i2 0.0 1791.0 amino acids such as threonine, to avoid such errors, it has a posttransfer editing activity that valS ko:K01873

hydrolyzes mischarged Thr-tRNA(Val) in a tRNA-dependent manner
TRINITY_DN76_c0_g1_i3 0.0 1353.0 elongation factor G fusA2 ko:K02355
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TRINITY_DN47_c0_g3_i1 0.0 1324.0 In eubacteria ppGpp (guanosine 3'-diphosphate 5-' diphosphate) is a mediator of the relA ko:K00951

stringent response that coordinates a variety of cellular activities in response to changes in

nutritional abundance
TRINITY_DN100_c1_g1_i1 5.33e-124 369.0 Regulatory protein BlaR1 blaR1-1 ko:K02172,ko:K02547
TRINITY_DNO_c0_g1_i3 0.0 1459.0 DNA-dependent ATPase and ATP-dependent 5'-3' DNA helicase. Has no activity on blunt recD2 ko:K03581

DNA or DNA with 3'-overhangs, requires at least 10 bases of 5'-ssDNA for helicase activity
TRINITY_DN122_c0_g1_i1 0.0 1773.0 DNA polymerase dnak ko:K02337,ko:K14162
TRINITY_DN15_c0_g1_i4 0.0 1288.0 helicase - -
TRINITY_DN33_c0_g1_i3 0.0 1161.0 helicase - ko:K17675
TRINITY_DN70_c0_g1_i1 1.34e-130 379.0 Helix-turn-helix domain - ko:K07496
TRINITY_DN8_c0_g1_i1 5.61e-186 522.0 Transposase - ko:K07496
TRINITY_DN14744_c0_g1_i1 4.56e-128 382.0 COG3209 Rhs family protein - -
TRINITY_DN236_c0_g1_i1 0.0 1036.0 the rest of the oligosaccharide is released intact. Cleaves the peptidoglycan connecting the atl ko:K13714

daughter cells at the end of the cell division cycle, resulting in the separation of the two

newly divided cells. Acts as an autolysin in penicillin-induced lysis (By similarity)
TRINITY_DN34_c0_g1_i1 0.0 1182.0 Required for accurate and efficient protein synthesis under certain stress conditions. May lepA ko:K03596

act as a fidelity factor of the translation reaction, by catalyzing a one-codon backward

translocation of tRNAs on improperly translocated ribosomes. Back- translocation proceeds

from a post-translocation (POST) complex to a pre-translocation (PRE) complex, thus giving

elongation factor G a second chance to translocate the tRNAs correctly. Binds to ribosomes

in a GTP-dependent manner
TRINITY_DN42_c0_g1_i1 0.0 1529.0 penicillin-binding protein 1A mrcB ko:K05366
TRINITY_DN55_c0_g1_i4 0.0 984.0 CotH protein - -
TRINITY_DN63_c0_g1_i1 0.0 880.0 Involved in cell wall formation. Catalyzes the final step in the synthesis of UDP-N- murfF ko:K01929

acetylmuramoyl-pentapeptide, the precursor of murein
TRINITY_DN12_c0_g1_i1 0.0 1918.0 Polysaccharide lyase family 8, C-terminal beta-sandwich domain - ko:K01727
TRINITY_DN33_c0_g2_i2 0.0 967.0 import. Responsible for energy coupling to the transport system rbsA ko:K10441,ko:K10542
TRINITY_DN55_c0_g2_i1 0.0 1257.0 transporter of a GTP-driven Fe(2 ) uptake system feoB ko:K04759
TRINITY_DN56_c0_g1_i8 0.0 941.0 amino acid ABC transporter - ko:K16961,ko:K16962
TRINITY_DN122_c0_g2_i1 1.39e-81 241.0 Domain of Unknown Function (DUF1540) - -
TRINITY_DN19_c0_g1_i1 1.07e-254 716.0 ABC transporter - ko:K18231
TRINITY_DN31_c0_g1_i1 2.85e-154 454.0 cellulose binding - ko:K01179,ko:K07318
TRINITY_DN51_c0_g1_i2 0.0 1926.0 Peptidase M16 - ko:K06972
TRINITY_DN7_c0_g2_i2 0.0 1913.0 repeat protein - -
TRINITY_DN35_c0_g1_i4 6.41e-286 794.0 PAS domain - -
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TRINITY_DN35_c0_g1_i6 0.0 1024.0 PAS domain - -
TRINITY_DN7_c0_g2_i1 0.0 916.0 Histidine kinase - -
TRINITY_DN10_c0_g1_i1 3.05e-297 812.0 The central subunit of the protein translocation channel SecYEG. Consists of two halves secY ko:K03076

formed by TMs 1-5 and 6-10. These two domains form a lateral gate at the front which open

onto the bilayer between TMs 2 and 7, and are clamped together by SecE at the back. The

channel is closed by both a pore ring composed of hydrophobic SecY resides and a short

helix (helix 2A) on the extracellular side of the membrane which forms a plug. The plug

probably moves laterally to allow the channel to open. The ring and the pore may move

independently
TRINITY_DN28_c0_g3_i1 0.0 1425.0 ABC transporter - ko:K06147
TRINITY_DN55_c0_g1_i2 0.0 1774.0 Permease - ko:K02004
TRINITY_DN10820_c0_g1_i1 7.92e-88 265.0 Dehydrogenase E1 component acoA ko:K21416
TRINITY_DN169_c0_g1_i3 0.0 1123.0 alcohol dehydrogenase adhE ko:K04072
TRINITY_DN7377_c0_g1_i1 1.03e-48 157.0 Pyruvate flavodoxin/ferredoxin oxidoreductase, thiamine diP-bdg - -
TRINITY_DN14009_c0_g1_i1 1.99e-128 367.0 Prolyl oligopeptidase family ytmA -
TRINITY_DN661_c0_g1_i1 3.12e-135 395.0 Gamma-glutamyltranspeptidase - ko:K00681
TRINITY_DN7910_c0_g1_i1 9.6e-66 209.0 COG0626 Cystathionine beta-lyases cystathionine gamma-synthases metB ko:K01739
TRINITY_DN86_c0_g1_i1 0.0 1138.0 Psort location Cytoplasmic, score - -
TRINITY_DN15884_c0_g1_i1 2.47e-272 747.0 Nucleoside nupC ko:K03317,ko:K11535
TRINITY_DN9186_c0_g1_i1 5.66e-168 469.0 Purine nucleoside phosphorylase deoD ko:K03784
TRINITY_DN14096_c0_g1_i1 3.02e-220 607.0 Catalyzes the ATP-dependent phosphorylation of L- homoserine to L-homoserine phosphate  thrB ko:K00872
TRINITY_DN175_c0_g1_i1 0.0 1020.0 Catalyzes the interconversion of 2-phosphoglycerate and 3-phosphoglycerate gpml ko:K15633
TRINITY_DN254_c0_g1_i1 1.06e-114 339.0 Belongs to the folylpolyglutamate synthase family folC ko:K11754
TRINITY_DN138_c0_g1_i1 0.0 1275.0 Catalyzes the ATP-dependent amidation of deamido-NAD to form NAD. Uses L-glutamine nadE ko:K01950

as a nitrogen source
TRINITY_DN7906_c0_g1_i1 2.83e-74 223.0 Involved in the synthesis of autoinducer 2 (Al-2) which is secreted by bacteria and is used to luxS ko:K07173

communicate both the cell density and the metabolic potential of the environment. The

regulation of gene expression in response to changes in cell density is called quorum

sensing. Catalyzes the transformation of S-ribosylhomocysteine (RHC) to homocysteine

(HC) and 4,5- dihydroxy-2,3-pentadione (DPD)
TRINITY_DN9144_c0_g1_i1 3.25e-109 324.0 Glutamate-1-semialdehyde aminotransferase hemL ko:K01845
TRINITY_DN243_c0_g1_i1 1.04e-75 229.0 One of the primary rRNA binding proteins, it binds directly to 16S rRNA where it nucleates rpsD ko:K02986

assembly of the body of the 30S subunit
TRINITY_DN823_c0_g2_i1 0.0 872.0 Specifically methylates the cytosine at position 967 (m5C967) of 16S rRNA sun ko:K03500
TRINITY_DN1_c0_g1_i11 0.0 2130.0 DNA-dependent RNA polymerase catalyzes the transcription of DNA into RNA using the four ~ rpoC ko:K03046

ribonucleoside triphosphates as substrates
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TRINITY_DN28_c0_g3_i3 3.09e-97 283.0 PFAM regulatory protein, MarR - -
TRINITY_DN1_c0_g1_i1 0.0 2426.0 DNA-dependent RNA polymerase catalyzes the transcription of DNA into RNA using the four rpoB ko:K03043
ribonucleoside triphosphates as substrates
TRINITY_DN7804_c0_g1_i1 1.17e-140 400.0 Represses a number of genes involved in the response to DNA damage (SOS response), lexA ko:K01356
including recA and lexA. In the presence of single-stranded DNA, RecA interacts with LexA
causing an autocatalytic cleavage which disrupts the DNA-binding part of LexA, leading to
derepression of the SOS regulon and eventually DNA repair
TRINITY_DN10740_c0_g1_i1 2.07e-173 511.0 Transposase Tn3 family protein - -
TRINITY_DN136_c0_g1_i1 0.0 2248.0 Couples transcription and DNA repair by recognizing RNA polymerase (RNAP) stalled at mfd ko:K03723
DNA lesions. Mediates ATP-dependent release of RNAP and its truncated transcript from
the DNA, and recruitment of nucleotide excision repair machinery to the damaged site
TRINITY_DN199_c0_g1_i1 0.0 962.0 RNA polymerase that catalyzes the synthesis of short RNA molecules used as primers for dnaG ko:K02316
DNA polymerase during DNA replication
TRINITY_DN662_c0_g2_i1 0.0 1680.0 A type Il topoisomerase that negatively supercoils closed circular double-stranded (ds) DNA gyrA ko:K02469
in an ATP-dependent manner to modulate DNA topology and maintain chromosomes in an
underwound state. Negative supercoiling favors strand separation, and DNA replication,
transcription, recombination and repair, all of which involve strand separation. Also able to
catalyze the interconversion of other topological isomers of dsDNA rings, including
catenanes and knotted rings. Type Il topoisomerases break and join 2 DNA strands
simultaneously in an ATP-dependent manner
TRINITY_DN55_c0_g3_i2 0.0 984.0 CotH protein - -
TRINITY_DN137_c0_g1_i1 0.0 1443.0 penicillin-binding protein pbpX ko:K08724 ,ko:K12552,ko:K12556
TRINITY_DN9404_c0_g1_i1 1.2e-201 558.0 Belongs to the peptidase S1B family sspA ko:K01318
TRINITY_DN157_c0_g1_i1 0.0 1569.0 ATP-dependent Clp protease, ATP-binding subunit CIpC clpC ko:K03696
TRINITY_DN179_c0_g1_i1 0.0 1484.0 ATP-dependent serine protease that mediates the selective degradation of mutant and lon ko:K01338
abnormal proteins as well as certain short-lived regulatory proteins. Required for cellular
homeostasis and for survival from DNA damage and developmental changes induced by
stress. Degrades polypeptides processively to yield small peptide fragments that are 5 to 10
amino acids long. Binds to DNA in a double-stranded, site-specific manner
TRINITY_DN9305_c0_g1_i1 9.49e-117 341.0 Belongs to the bacterial solute-binding protein 9 family adcA ko:K09815,ko:K09818
TRINITY_DN1796_c0_g1_i1 3.52e-93 276.0 Part of the ABC transporter complex PhnCDE involved in phosphonates import. phnC ko:K02041
Responsible for energy coupling to the transport system
TRINITY_DN10696_c0_g1_i1 1.86e-75 250.0 peptidoglycan catabolic process - -
TRINITY_DN233_c0_g1_i1 1.44e-159 448.0 Poly-gamma-glutamate hydrolase ymaC -
TRINITY_DN15618_c0_g1_i1 1.07e-72 221.0 acetyltransferase, isoleucine patch superfamily vioB ko:K21379
TRINITY_DN12385_c0_g1_i1 3.7e-237 654.0 Sulphur transport yeeE ko:K07112
TRINITY_DN111_c0_g1_i1 2.05e-260 727.0 hmm pf06207 - -
TRINITY_DN12529_c0_g1_i1 2.83e-112 322.0 DinB family - -
TRINITY_DN15822_c0_g1_i1 2.46e-156 453.0 MCRA family mycA ko:K10254
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TRINITY_DN15908_c0_g1_i1 2.24e-183 510.0 Metal-dependent hydrolases of the beta-lactamase superfamily | vicX ko:K00784
TRINITY_DN176_c0_g1_i1 0.0 1111.0 Fusaric acid resistance protein-like - -

TRINITY_DN191_c0_g2_i1 4.56e-104 300.0 Belongs to the UPF0178 family - ko:K09768
TRINITY_DN15994_c0_g1_i1 1.55e-307 841.0 Belongs to the dicarboxylate amino acid cation symporter (DAACS) (TC 2.A.23) family tcyP ko:K06956
TRINITY_DN131_c0_g1_i3 4.46e-258 710.0 ABC-type antimicrobial peptide transport system, permease component - ko:K02004
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Appendix Il

CHAPTER 5: THE EFFECTS OF IRRIGATION ON THE SURVIVAL OF
CLOSTRIDIUM SPOROGENES IN THE PHYLLOSPHERE AND SOIL
ENVIRONMENTS OF LETTUCE

*Please see next page
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Figure S5.1: Layout of experimental design with different treatments (T1, T2 and T3) at Eco-Rehab greenhouse, where T1: surface irrigation, T2: spray irrigation,

v

T3: control. Trail ran for 42 days, where sampling of rhizosphere, non-rhizosphere soil, and phyllosphere of lettuce was done on days 0, 9, 22, 31 and 42. Each

sampling run consisted of 5 replicates for each lettuce environment.
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Figure S5.2: A: Layout of greenhouse design before lettuce transplant and inoculation via irrigation. B: Lettuce seedlings after inoculation with C. sporogenes
via irrigation. C: Bottom watering of lettuce seedings. D: The biosafety level 1 (BSL-1) greenhouse that is equipped with temperature control and HEPA filters.
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Table S5.1: Particle size measurements of soil used in this study via sieves with different mesh diameters.

Total

SR mass

before t % Silt

- | Sieve2,0 Sieve 853'M Sieve 707'M Sieve 250 Sieve 50 Bottom ahelr(_ el

(9) M (9) (9) (9) um (g) um(g)  (9) f‘g)a ihg
Rep 1 100,32 13,04 20,57 3,80 28,74 29,58 2,42 98,15 2,17 33,61 32,54 32,00
Rep 2 100,09 25,66 14,99 3,18 27,18 26,19 1,49 98,69 1,40 40,65 30,36 27,68
Rep 3 100,07 24,97 18,05 3,45 24,81 25,01 2,22 98,51 1,56 43,02 28,26 27,23
Mean 100,16 21,22 17,87 3,48 26,91 26,93 2,04 98,45 1,71 39,09 30,39 28,97

Soil Textural Triangle

100

\Q \ Figure S5.3: Graph illustrating soil texture and composition used in this study. Soil
m AN
composition was determined by particle size distribution of three replicates: clay

\clay loal

S
: (28.97%), sand (39.09%) and silt (30.39%).
silt loam S
silt S
2 % % 3 B B B B B b

<—— Sand Separate, %
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Figure S5.4: Performance and sensitivity of the qPCR assay. (A) Amplification
curves, (B) standard curve, and (C) melting curves of the assay used for the
detection and quantification of C. sporogenes based on the gerAA gene. (A)
Standard amplification plot for the 10-fold serial dilution of gDNA, ranging from 10
ng to 1 x 10° ng. (B) Standard curve obtained by plotting the log quantity of pure
C. sporogenes ATCC 3584 DNA (ng) against the Ct values detected by absolute
gPCR. Ct values are the mean of three replicates. (C) Melting curves using SYBR

Green fluorescence showing a single dissociation peak at 72.1°C.
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