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Abstract

The pathogen Clostridium botulinum has gained significant infamy as the causative
agent of botulism, a rare but potentially fatal paralytic condition. Unfortunately,
research on these dangerous pathogens is limited due to the necessary high
containment facilities and their associated costs. Therefore, the initial aim of this
project was to develop a strategy, applicable to all members of the highly diverse C.
botulinum family, to efficiently generate non-toxigenic strains, which would allow the
expansion of the C. botulinum research scope. These highly desired surrogate strains

are anticipated to find wide application in both industrial and research settings.

In this context, ‘safe’ C. botulinum ATCC 3502 strains were created by deleting the
neurotoxin gene using various technologies. However, the project took an unexpected
turn when the unstable nature of this widely studied C. botulinum model strain was
discovered. The cause of the ATCC 3502 mutator phenotype was pinned down via
whole genome comparisons and was experimentally confirmed to be due to a partial,
in-frame deletion of the mutL gene. Interestingly, several other group I strains bearing
a similar genetic background were identified, which are, probably, also mutators. It is
quite surprising that this is the first study revealing the rapid degeneration of strains
of this organism, despite them being extensively investigated by different research
groups. Evidently, these findings might have a significant impact on our current
understanding of C. botulinum, affecting both the industrial and scientific community.
In view of this finding, previously published results with this organism should

henceforth be considered with caution.

To pursue the initial aim of this thesis, similar C. botulinum family members were
acquired and characterised. Various strategies to circumvent their restriction barriers,
which hindered reliable and efficient DNA transfer, were successfully employed.
Additionally, the effectiveness of a comprehensive donor customisation pipeline for
improving DNA transfer efficiencies in previously ‘untouched’ strains is exemplified.
Subsequently, empowered by CRISPR/Cas9 technology, different non-toxigenic
strains were created and phenotypically assessed. Overall, the advancements presented
here constitute a solid basis for the future generation of any desired safe C. botulinum

strain.
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CHAPTER 1

General Introduction



1.1 Clostridium botulinum

At the beginning of the 19" century a medical officer, named Kerner, was the first to
publish an accurate description of the symptoms of a severe paralytic condition,
referred to as botulism. He based his clinical description on some well-documented
outbreaks of “sausage poisoning” that occurred southwest of the German region
Warttemberg. However, he could not identify the origin of this so-called “sausage
poison”.! It took another 80 years before the responsible pathogen, initially named
Bacillus botulinus, was discovered, following a large outbreak of botulism caused by
pickled ham served at a funeral in a small Belgian village.? Since then, many more
neurotoxin producing bacterial strains and neurotoxin variants have been identified all

over the world.3

The Clostridium botulinum family comprises a wide variety of anaerobic bacteria with
the shared ability to produce botulinum neurotoxins (BoNTs).” The various C.
botulinum species have distinct metabolic and physiological characteristics which led
to the classification of C. botulinum into four different groups (I, 11, 111 and IV; Table
1.1).8%2 Group | strains are mesophilic, proteolytic and form highly heat resistant
spores. They primarily cause human botulism and are occasionally associated with
botulism cases in animals.*®* Group Il strains are psychrotrophic, non-proteolytic,
produce moderately thermoresistant spores and cause human botulism. Group Il
strains are generally non-proteolytic mesophiles, form spores of moderate heat
resistance and are mainly responsible for animal botulism. Group IV strains are also
mesophilic and produce moderately heat resistant spores. It is a genetically distinct
group and although Group IV strains have been isolated from human and animal

specimens that displayed botulism symptoms, there is currently no definitive evidence



to confirm their association. It should be noted that within each group there are various

levels of genetic diversity and hence phenotypic variability.

Table 1.1 Characteristics of the four distinct C. botulinum groups.****

Neurotoxigenic C. botulinum C. botulinum C. botulinum  C. botulinum

Clostridia Group | Group Il (non- Group 11 Group IV (C.
(proteolytic) proteolytic) argentinense)

Neurotoxins formed A B, F B,EF C,D G

Non-neurotoxigenic C. sporogenes No species C. novyi C. subterminale

equivalent clostridia name given

Optimum growth 37°C 30°C 40 °C 37°C

temperature

Minimum growth 10-12 °C 3.0°C 15°C

temperature

Minimum pH for growth 4.6 5.0 51

NaCL concentration 10% 5% 6.5%

preventing growth

Minimum water activity 0.94/0.93 0.97/0.94

for growth with

NaCl/glycerol

Spore heat resistance Di21c =0.21 Dgrpoc=2.4 Dioaoc =0.1- Digac=0.8-1.1

min min 0.9 min min

Seven distinct neurotoxin serotypes (A to G) of this deadly toxin are currently

recognised, with some toxin serotypes being identified in various bacterial strains that

belong to different species groups (Table 1.1).** ¢ The toxins can cause botulism in

humans, animals or both and differ in their toxicity level, depending on the organism

affected. The classification has been based on functionality studies and sequencing

data, with amino acid differences between the serotypes ranging from 37.2% to

69.6%.17-18 Additionally, sequencing has revealed the existence of chimeric/hybrid

toxins and that there is considerable genetic variability within each serotype.'® This

explains the observed differences in catalytic activity among serotype family members



and why in some cases antibodies did not neutralise all toxin variants of a specific
serotype.'® 2026 Recently, it has been proposed that a toxin variant should be
considered a subtype when its amino acid sequence differs from all designated
subtypes by at least 2.6%.°> This to provide a level of clarity in the currently very
complex C. botulinum nomenclature maze. However, whether the distinct bacterial
species, now represented by the common name C. botulinum, should all get their own
species name or if the current group classification should be maintained remains a

topic of debate.® 27

1.2 The toxin: expression and mode of action

To date, the molecular mechanisms behind botulism are well understood, particularly
for type A toxins.® 2 It’s a highly sophisticated process, targeting the neuroexocytosis
machinery, which results in the powerful blockage of acetylcholine transmission
between neurons and muscle cells, inevitably leading to muscle paralysis. It all starts
with the expression of the neurotoxin and its associated, non-toxic, proteins, in the
bacterial cell. Together they form an exceptionally stable protein complex that is
resistant to, for example, proteolytic degradation and acidic pH.1% 2% The non-toxic
proteins play an important role in the protection and possibly absorption of the toxin,

allowing the toxin to arrive at its destination safely and effectively.31-%?

The genes that encode the neurotoxins and accessory proteins are always situated
together, and are referred to as the botulinum locus or neurotoxin gene cluster (CI/A-
G). The cluster consists of two transcriptional units; the first encodes the universal
non-toxic-non-haemagglutinin (NTNH) protein, conferring stability to BONT when
associated, and the neurotoxin; the second, located upstream of the boNT and ntnh

genes, can either be the ha or the orf-X operon, which are associated with different



toxin serotypes.t’ 2% 33-3 The three proteins (haemagglutinin components) encoded by
the ha operon form a complex directly with NTNH-BoNT. The alternative sigma
factor BotR, encoded by the botR gene located within the toxin gene cluster, positively
regulates the expression of BoNT, NTNH and HA proteins.®>-% Currently, little is
known about the orf-X operon, which encodes three proteins of unknown function.
Several studies have found that these proteins form slightly fragile neurotoxin
complexes, but further research is required to elucidate their purpose.?” *
Additionally, neurotoxin gene clusters with the orf-X operon contain gene p47, whose
function is yet unknown.3® Interestingly, some C. botulinum strains (only from group
I) with the orf-X operon contain both the p47 gene and the botR gene, normally
associated with the ha operon.® Probably these ‘mixed’ clusters result from past DNA
recombination events. Furthermore, some strains contain multiple toxin gene clusters
of different serotypes.®**? The high diversity of bacterial strains expressing BoNTs
has been attributed to the toxin gene clusters being flanked by insertion sequences and,
although in some strains the botulinum locus is located on the chromosome, it is often
found on plasmids, transposable elements and in phage genomes which aid horizontal

gene transfer.1® 43-50

The neurotoxin and associated proteins are released by the cell via an unknown
mechanism and subsequently the 150 kDa toxin is cleaved by proteases into a light
chain (~50 kDa) and a heavy chain (~100 kDa), which remain connected via a
disulphide bridge until they enter the neuronal cytosol, where they encounter reducing
conditions.®* This ‘nicking’ of the neurotoxin into its di-chain form increases
toxicity substantially.>* Proteolytic Group | C. botulinum strains express proteases
which cleave the single 150-kDa polypeptide to fully activate the toxin. The

proteolytic enzyme(s) responsible for the post-expression modification of the toxin



have not yet been identified. The non-proteolytic C. botulinum Group II, Il and IV
strains lack these enzymes, and therefore neurotoxin activation depends on host

proteases.

Next, the neurotoxin enters the host’s system by crossing the intestinal barrier or
endothelial barrier and subsequently disseminates through the body via the
bloodstream and lymph system, to reach its final destination; neurons.>-® The action
of BoNT at the neuron can be roughly divided into four steps (Figure 1.1): (i) the heavy
chain C-terminal domain binds to surface receptors on the presynaptic membrane of
nerve cells; (ii) neurotoxin uptake occurs via receptor-mediated trapping of BONT into
recycling vesicles (transcytosis); (iii) conformational changes in the neurotoxin are
triggered by acidification of the vesicle lumen and the disulphide bridge linking the
light chain to the heavy chain is reduced, allowing the translocation of the unfolded
light chain into the neuron’s cytosol, and; (iv) in the pH neutral cytosol the neurotoxin
light chain refolds and cleaves components of the synaptic vesicle docking/fusion
complex (soluble N-ethylmaleimide sensitive factor attachment protein receptors;
SNARES), preventing the fusion of acetylcholine-containing vesicles with the synaptic
membrane (exocytosis).** 562 The light chain of the various toxin serotypes (A-G)
recognize different binding sites and cleave at specific SNARE protein sites.'® 8 One
of the reasons why BoNTs are so incredibly lethal is their long duration of activity.®
64 They can persist inside a neuron for several weeks up to months, with type A being
the longest-acting one.®” Hence, the inhibition of exocytosis can persist for months,

despite the regeneration of SNARES.



Neuromuscular Junction

Axon terminal

Normal Action of Botulinum Toxin A
Transmitter Release

Nauron

Muscle cell

Lignt chaln :

1.3

13.1
Botulism refers to the rare paralytic condition caused by botulinum neurotoxin. The
symptoms that characterize botulism are descending, symmetrical paralysis which
usually starts in the head and neck muscles, blurred vision, difficulty speaking, dry
mouth and generalized weakness. If the condition progresses into a severe form, the

muscle paralysis leads to respiratory problems and mechanical ventilation becomes
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Figure 1.1 Overview of normal neurotransmitter release and blockage of
neurotransmitter release by botulinum neurotoxin. In healthy neurons
acetylcholine release from vesicles into the synaptic cleft is facilitated by SNARE
proteins. The released neurotransmitter subsequently bind to ion-channel
receptors embedded in the muscle cell membrane, initiating a sequence of steps
that ultimately leads to muscle contraction. C. botulinum neurotoxin inhibits the
release of acetylcholine, thereby causing muscle paralysis. First, the toxin’s heavy
chain binds to presynaptic membrane receptors of the neuron. During the
reformation of synaptic vesicles from the cellular membrane receptor bound toxin
gets internalised. Subsequently, the toxin light chain exits the vesicle into the
cytosol, where it cleaves the SNARE proteins, which results in the inhibition of
acetylcholine release into the synaptic cleft. Figure adapted from Rowland
(2002).%2

Botulinum neurotoxin: the good and the bad

The bad: botulism

7




vital.®8%° Depending on the route of entry and toxin dose, the incubation period is
usually 12 to 72 hours for symptoms to present themselves.!* BoNTs are the most
potent natural toxins currently known; it has been estimated that approximately 0.2-
0.3 ng/kg in mice and 1 ng/kg in human of BoNT/A is a lethal parental dose, with 30
ng being sufficient to cause botulism in an adult human when ingested.”®"* The World
Health Organisation (WHO) has estimated that 15% of the severe botulism cases is

fatal.”

C. botulinum strains are ubiquitous in the environment and are prevalent in soil,
sediments, waters, cadavers and are occasionally found in the intestinal tract of healthy
animals, such as pigs, birds and fish.3® 687 They can grow and produce neurotoxin in
anaerobic environments, such as canned foods and animal cadavers. Fortunately,
botulism is rare, but due to the high strain diversity and them being widespread in the
environment, there is always a chance C. botulinum will grow when favourable
anaerobic conditions arise. There are several clinical forms of botulism, where
classification is based on the toxin’s route of entry into the body, and can be caused
by an infection (colonisation of C. botulinum) or an intoxication (e.g., ingestion of
toxin). The Centres of Disease Control and Prevention (CDC) lists five types of
botulism: (i) foodborne botulism; (ii) iatrogenic botulism; (iii) wound botulism; (iv)
infant botulism, and; v) adult intestinal botulism (extremely rare).® For all types the
neurological symptoms and disease progression are similar, however, the presence of
potential secondary symptoms, such as constipation, nausea and vomiting, depends on

the botulism type.

C. botulinum infections are quite rare and occur when C. botulinum spores are able to
colonize anaerobic wound tissue (necrotic abscess) or the human gastrointestinal tract.

In necrotizing wounds occasionally favourable anaerobic conditions arise for spores



to germinate and outgrow into toxin-producing cells. Wound infections are primarily
associated with intravenous drug abusers using needles or drugs contaminated with C.
botulinum spores but can also occur after a traumatic injury.8 Usually symptoms

appear several days after injection but it can even take a couple of weeks.

Adult and infant intestinal botulism might occur after C. botulinum spores have been
ingested by humans (or other animals), usually with highly disrupted gut microbiota
where competitive bacterial flora is absent.®® C. botulinum is unable to colonise the
intestines of healthy adults, even though the intestinal content is anaerobic, and it is
therefore referred to as an opportunistic pathogen. Medical treatments, such as
extensive antibiotic usage, gastrointestinal surgery and bowel anomalies (e.g., Crohn’s
disease), can lead to a severely disrupted gut microbiota, and thus create an
opportunity for C. botulinum to colonise the intestines and produce toxin in situ.
Infants are more susceptible to C. botulinum colonisation of the intestine because new-
borns still have to develop their gut microflora.®*? In addition to the common
symptoms described above, signs of intestinal botulism in infants might include
constipation, poor feeding and a weak cry. Luckily, infants usually make a full
recovery. Adult intestinal botulism is extremely rare, is generally difficult to diagnose
and the clinical presentation is similar to other types of botulism, but may also include

gastrointestinal symptoms, distended abdomen, abdominal pain and constipation.®°

In contrast to C. botulinum infections, where spores are ingested or contaminate a
wound, foodborne botulism is caused by the uptake of preformed toxin. The issue of
food spoilage by C. botulinum arises when food or feed, contaminated with spores, is
sealed into anaerobic packaging.’? 8% Subsequently, spores can germinate into toxin-
secreting vegetative cells. If there is no need to heat the food product to boiling point

before consumption, the toxin will remain in its active form. After toxin ingestion, it



passes through the digestive track and epithelial wall, to eventually enter the
bloodstream. Outbreaks of foodborne botulism in humans are typically related to home
canned foods and linked to group I C. botulinum strains.”? In addition to the general
symptoms listed above, signs of foodborne botulism might also include vomiting,
nausea, stomach pain and diarrhoea. Unfortunately, due to the condition being so rare,
it is often misdiagnosed; the most commonly listed differential diagnosis were
myasthenia gravis, stroke, psychiatric disorders, Guillain-Barré syndrome,
poliomyelitis and other poisonings/intoxications.2® The severity of the symptoms

depends on the toxin type and dose.”

latrogenic botulism is a relatively new form of intoxication caused by inappropriate
administration of the neurotoxin for cosmetic and therapeutic purposes.® %49 BoNT
injections gained popularity in the second half of the previous century, and although
it is generally safe, it can occasionally lead to serious local or systemic
complications.®® Usually the paralytic effects outside of the target muscle are limited
to adjacent muscles and the adverse effects are generally mild to moderate. The more
severe systemic complications are referred to as iatrogenic botulism and it usually
presents itself with the common symptoms, such as general muscle weakness, slurred

speech, blurred vision and in severe cases difficulty breathing.

The extreme lethal potency of BoNTs unfortunately also caught the eye of people
intending to do harm. Several cases have been reported where BoNTs have been
trialled as a biological weapon for warfare and bioterrorism.-1°* A deliberate release
via, for example, aerosols or the contamination of food and beverages (water systems),
could lead to a large number of fatalities and flooding of the health care system.%® 7%
102 Therefore, BoNTS are considered a great biosecurity threat and are classified as a

Category A threat agent by the Centers for Disease Control and Prevention Select
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Agent Program.®® 1% To prevent strains from falling into the wrong hands, records are
kept of the laboratories which have C. botulinum in their strain collection and the
transfer of strains between laboratories is heavily restricted. However, with C.
botulinum strains being ubiquitous in nature, there is always the possibility to isolate

BoNT-producing strains from the environment.

1.3.2 Treatment and prevention

The treatment of botulism is mainly supportive (e.g., mechanical ventilation, fluid and
nutritional support) and may include the immediate administration of antitoxins to
prevent further progression of the disease.®® Ideally, antitoxin is given within 24 hours
after the onset of symptoms, because it can only neutralise circulating toxin; after
neurotoxins are internalised by the neuron they can no longer be neutralised.'%
However, the intravenous infusion of the antitoxin should be done with caution due to
the risk of an immediate hypersensitivity reaction (usually in less than 2 hours) and
potentially anaphylaxis.'® In severe botulism cases mechanically-assisted respiration
and other supportive care is generally required for 2 to 3 months but can last for
extended periods of time.%® Furthermore, for patients with botulism resulting from an
infection, additional surgery and treatment with antibacterial agents might be required.
The use of antibiotics is not recommended, as lysis of C. botulinum cells could
increase the amount of free toxin, thereby aggravating the symptoms. Theoretically a
complete recovery is possible because BoNTs are not cytotoxic and do not cause
axonal degeneration. The BoNT concentration in neurons will gradually decrease over
time, while SNAREs are cautiously regenerated which will eventually lead to the
restoration of neuromuscular connections. Nonetheless, recovery is usually a slow

process; paralysis and muscle weakness can last for several months or even years,
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depending on the type of BoNT, dose, route of entry, type of neuromuscular junction

(skeletal muscles or autonomic nerves) and animal affected.%

In the past, people at high risk of being exposed to botulinum neurotoxin, such as
laboratory workers and military personnel, were vaccinated. The vaccination program
was ended however, as the vaccine production was discontinued due to declining
potency and efficiency.9”-1% Nowadays, actual use of vaccinations is scarce since its
effectiveness is disputed. Widespread vaccination of the population is not proportional
to the threat; not only because the disease is extremely rare, but also because it could
interfere with the expanding therapeutic applications of BoNTs.19911° Even the value
of vaccinating high risk workers, such as laboratory staff, is debatable, as laboratory
accidents are rare due to high safety standards.*'! Additionally, the large diversity in
toxin serotypes complicates vaccine development; preferably a vaccine provides high
levels of efficacy against all types. Nevertheless, there have been ongoing efforts to
develop next generation vaccines against botulism.'% After all, it might not be such a
bad idea to have an effective vaccine stored on the shelves, just in case its use as a

bioweapon suddenly takes off.

Despite new vaccine variants showing promising efficacy against botulism, the most
obvious way to reduce the risk of getting botulism is by taking preventative measures
and creating awareness. The CDC states that most naturally occurring cases of
botulism are preventable. Wound botulism, and wound infections in general, can be
prevented by keeping lesions clean. The risk of getting botulism from intravenous drug
abuse can be minimised by using clean needles and by avoiding drug injection into
muscles or necrotic tissue. The cause of infant botulism is often unknown and
therefore difficult to prevent.®? For now, honey remains the only identified avoidable

risk factor; honey is known to contain C. botulinum spores and has been linked to
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various infant botulism cases. It is therefore recommended to not feed honey to babies
(less than 12 months old). Many cases of foodborne botulism, however, are
preventable by practicing good food hygiene, applying adequate storage conditions
(refrigerating) and sufficiently heating high risk food products. Most cases result from
contaminated home-canned, preserved or fermented foods. Foodborne botulism can
be prevented by inactivating the spores before food is anaerobically packed, inhibiting
spore germination or by destroying the toxin during cooking through sufficient heating
at 80°C. In the food industry a heat treatment of 121°C for 3 minutes has become the
minimum standard to ensure the inactivation of C. botulinum spores in canned foods

and is referred to as the ‘botulinum cook’.”?

1.3.3  The good: cosmetic and therapeutic applications

The interesting observation that BoNTs mainly inhibit neurotransmitter release in
peripheral cholinergic nerve terminals of the skeletal and autonomic nervous system,
while mental functions and sensory signals are unaffected, inspired medical
professionals to investigate its potential to treat human syndromes characterized by
hyper function of such nerve terminals.> ® Initially, it was trialled as a drug to relieve
hypercontraction of small eyelid muscles (blepharospasm), other facial spams and
cervical dystonia (repetitive involuntary contractions of neck muscles).’®® BoNT
injections for the treatment of blepharospasm was first approved by the Food and Drug
Administration (FDA) in 1989 and its usage for therapeutic applications has been
growing ever since. Today, BoNTs are used as a therapeutic agent to treat a variety of
medical indications, including limb spasticity, essential tremor, cerebral palsy,
dystonia, migraines, urologic and gastrointestinal disorders, excessive sweating and
chronic pain.'2113 Additionally, the use of BoNTs for the treatment of various
conditions in animals is being explored.!**®> All currently licensed BoNT
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preparations for clinical use by the FDA use BONT/A1 or BONT/BL1. The three biggest
brands on the market today are Botox/Vistabel (Allergan Inc.), Dysport/Azzalure

(Ipsen) and Xeomin/Bocouture (Merz Pharmaceutical Gmbh).

The great success of BoNTSs for therapeutic purposes can be attributed to a unique
combination of favourable pharmacological properties; their remarkable selectivity,
extreme potency, limited diffusion when injected locally and the complete
reversibility of the neuroparalysis caused by the BoNTs.% Recovery of function after
toxin-induced paralysis usually takes 3 to 5 months and can be repeated countless
times extended over many years, without sustaining permanent neuronal damage.!®-
118 The toxin has to be injected carefully though, to avoid iatrogenic botulism,
especially because there is currently no drug available that can reverse or neutralise its
effects once it has reached the interior of neurons. Patients who have accidentally been
injected with a BONT ‘overdose’ will have to wait until its effects naturally cease.'%’
Despite their high level of toxicity, over the years it has become evident that the use

of BONT based therapeutics is very safe and efficacious when administered by trained

personnel 112, 119-120

The many therapeutic applications of BoNTs, however, is not what they are most
famous for; botulinum neurotoxin is better known by the general public under the
brand name BOTOX®: ‘this stuff that can magically make wrinkles disappear’.
Interestingly, its remarkable effectiveness in smoothening facial lines was a rather
serendipitous discovery that was noticed when used therapeutically.*?*122 The use of
BoNTs for aesthetic medicine was first approved by the FDA in 2002 and is now a
billion dollar global industry.1% It is estimated that approximately half of the produced

BoNT/A1 doses are used for cosmetic applications.
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Given that when administered locally effects only last for approximately 4 to 5
months, it has to be injected frequently. Despite BoONT therapy often being continued
over many years, they very rarely elicit an immunogenic response, leading to
secondary treatment failure.?® Various treatment and product-related factors can
influence the development of neutralising antibodies, including toxin dose, the
presence of toxoids (inactive or denatured toxin), the injection site (lymph node rich
regions are more likely to produce immunogenic response) and injection frequency.%
To minimise the chance of developing an adaptive immune response it is

recommended to administer the lowest effective dose and maximise injection

intervals.1

1.4 The current status of C. botulinum research

The complex mechanism of action of BoNTSs inside the host has been studied quite
extensively, however, relatively little is known about the organisms that produce
them.® Research efforts have been limited because of the need for expensive
specialised lab facilities and C. botulinum being listed as a schedule 5 agent further
hampers C. botulinum research across disciplines. Nonetheless, there is quite some
interest in this intriguing organism, evident from the large number (324) of genomes
sequenced to date, which is more than for any other Clostridium spp., besides
Clostridium difficile. The current status of C. botulinum research in the food industry,
pharmaceutical industry and academia will be discussed briefly in the next three

sections.

1.41  C.botulinum in the food industry
Food products contaminated with botulinum neurotoxin due to C. botulinum spores

germinating inside the packaging is one of food companies’ worst nightmares. An
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outbreak can have major medical and economic consequences due to the potential
severity of the condition and the high fatality risk.”® 2 Improving food safety is thus
very important for both customers and industry. The food industry has remained
extremely aware of possible C. botulinum food contamination and both novel and

established intervention strategies are routinely tested for efficacy and efficiency.!?®

C. botulinum spores are ubiquitous in the environment and can thus easily enter the
food chain.’?’'® Fortunately, outbreaks involving commercially produced food
products are extremely rare due to significant efforts by the food industry to prevent
spore outgrowth.”? 131132 C_hotulinum spores, especially the extremely heat resistant
ones produced by group | strains, are particularly challenging to eliminate from food
products, as they can survive harsh conditions, such as extreme temperatures and
radiation.!® Therefore, low acid canned foods are always treated with the botulinum
cook (121°C for 3 min) just to ensure that any potential C. botulinum spores are

inactivated.

A second challenge for the food industry are the psychrotrophic group Il strains, which
can grow in low oxygen packages at refrigerating temperatures.® ** Group Il strains
are particularly a concern in the context of minimally heated, chilled foods like
smoked or dried meat and fish products. With the recent increase in popularity of such
foods and most spores being able to survive the mild heat treatment, the food industry
is exploring other possibilities to control the outgrowth of spores, such as artificial

food additives, biopreservation, active packaging and hurdle technology. %14

To determine the efficacy and efficiency of new preservation technologies food is
inoculated with the pathogenic organism and subsequently its growth is monitored

under the new preservation regime. However, to avoid the hazards and restrictions
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associated with C. botulinum, surrogate organisms or non-toxic variants are used
instead.** For example, non-toxic Clostridium sporogenes strains are biochemically
and morphologically very similar to group | strains and are commonly used as a
surrogate for C. botulinum in food challenging tests.}*? Currently, few surrogate
organisms are available for Group Il C. botulinum strains, hence food challenging
studies have to be performed with the toxigenic strains.'3" 143 Additionally, the broad
diversity in botulinum toxin producing strains, even within groups, further complicates
the assessment of preservation techniques. Therefore, challenge tests are usually

carried out using a mixture of strains to account for this variability.

Modelling of microbiological processes is becoming more popular and could be used
to minimize the need for challenge tests with C. botulinum. Very few predictive
models addressing the effects of certain preservatives on growth, thermal death and
neurotoxin production have been published to date.** 14414" By definition, a model is
a simplified representation of reality but nonetheless they can be very informative.
Potentially, the large scale analysis of the genetic diversity amongst C. botulinum
strains combined with systems biology modelling and omics approaches will lead to a
better understanding of what determines the survival and growth of these bacteria in

food and may aid the identification of novel intervention strategies.*®

1.4.2  C. botulinum in the pharmaceutical industry

Contrary to the food industry, where C. botulinum is associated with costs, the
pharmaceutical industry makes billions of dollars each year by selling the purified
neurotoxin for therapeutic and cosmetic applications. To drive market growth, BONT
producing companies are always looking for ways to improve their products and

discover new applications. A growing field of research is focussing on changing toxin
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specificity, toxicity and duration of action by modifying the BoONT protein in order to
expand their current range of use and create optimised therapeutic agents. %1% The
modulation of BoNT activity and specificity can be achieved by mutating protein
domains at strategic positions. These recombinant proteins are usually expressed in
Escherichia coli because of their easy genetic manipulation, short culturing times and
the availability of optimised expressions strains, capable of producing a wide variety
of different types of proteins. 615" Nonetheless, obtaining high yields of active BoONT
derivatives in E. coli can be challenging due to solubility issues, protein associated
toxicity, the formation of inclusion bodies and incorrect folding. Moreover, they do
not express the yet to be identified proteases that ‘activate’ the toxin. Ideally,
recombinant BoNTs would be expressed in their native host. Unfortunately, the
development of non-sporulating C. botulinum expression host strains has been
hindered by the limited number of tools available to manipulate their DNA.**" It is
however anticipated that this will change rapidly over the next few years with the
development of efficient CRISPR/Cas9-based editing technologies for clostridial

species (see section 1.5.3).1%

Product quality and safety are paramount to pharmaceutical BONT manufacturers, and
therefore drug potency and stability is monitored continuously. For the past decades
the mouse bioassay has been considered the best assay to detect BoNTs, determine
their potency and assess their stability in both medical settings and in the cosmetics
industry.*® Despite the costs and ethical concerns of using live animals, it is still the
most widely used detection method, and for good reasons; it is sensitive, can be
guantitative, reliable (detecting all known types of BoONT) and detects only

biologically active BoNTs. However, driven by the ethical concerns, there has been a
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large push towards the development and improvement of alternative assays, such as

the use of cultured neurons, to reduce and ultimately replace the animal-based assay.°

It should be noted that the current neuronal cell-based assays do not replicate the
complexity of the in vivo intoxication pathway; there is no dilution by circulating
fluids and various components of the neuromuscular junction are missing, such as
muscle and gland cells.! Yet, they can detect only biologically active botulinum
neurotoxin and are easily standardised. Although there can be striking differences
between BoNT toxicity in vivo and cultured neurons, neuronal cell-based assays could
potentially replace the mouse bioassay for potency and stability determinations
performed on pharmaceutical BoNT products.'®® 16183 |n 2011, one of the major
BoNT manufacturers (Allergan) obtained FDA approval to substitute the animal-
based assay with a cell-based potency assay for quality control testing and according
to their website this is now the only assay they use to perform BOTOX® drug product

release and stability testing.'%

1.43 C. botulinum in academia

C. botulinum research at universities has been quite diverse, albeit limited due to the
small number of laboratories with the appropriate facilities. Hence, a large portion of
the studies published during the past decade are primarily based on bioinformatics.> "
27,33,42,164 It has been one of the forces driving the large on-going genome sequencing
effort; as mentioned previously, C. botulinum is the second most sequenced
Clostridium spp. to date. Another major factor contributing to this vastly growing
dataset, besides the reduced costs of sequencing, is the species’ diversity. The
fascinating question ‘why such a diverse group of bacteria evolved to produce this

incredibly potent toxin’ is still unanswered.® Possibly, evolution theories derived from
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genomics based studies combined with experimental data will one day provide an

answer to this intriguing question,4-4% 165

A majority of the current ‘wet-lab’ research focusses on the toxin rather than the
organism and can be roughly divided into three groups: (i) the study of recombinant
protein (discussed in section 1.4.2); (ii) the functional analysis of BoNTs and their
non-toxic accessory proteins; and (iii) the characterisation of BoNT neutralising
antibodies and vaccines 108 110. 149, 157,166 The handful of studies published
characterising the organism in a ‘wet-lab’ setting pales in comparison to the number
of toxin-oriented studies published. Hence, many fundamental questions are yet
unanswered, including how and what regulates toxin production, which native
protease(s) cleave the toxin and via what route is the toxin secreted.6”-*"! Most of the
organism based research has focussed on cell processes relevant to the food industry,
such as sporulation and resilience under specific growth conditions.’>17® Progress
however has been frustrated by the lack of efficient tools to manipulate its DNA.
Fortunately, the highly anticipated tools have recently become available (discussed in
more detail in section 1.5) and should aid future research projects which aim to
elucidated more fundamental cell processes that define this unique group of bacteria

and its toxin.1%8 177

1.5 Methods to genetically engineer and control gene expression

in clostridia

Synthetic biology is a relatively new field of research that aims to harness the power
of living things for the benefit of the planet by engineering cell processes. Central to
synthetic biology is the development of tools to modify the genetic code and alter

protein expression levels in order to create cell systems with useful applications.t’
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Such tools first appeared for the model organisms E. coli and Bacillus subtilis,
however for non-model organisms the available methods were fairly limited until the
discovery of the revolutionising CRISPR/Cas9 (Clustered Regularly Interspaced
Palindromic Repeats/ CRISPR-associated) based technologies, which will be
discussed in more detail in section 1.5.3. The more fundamental molecular research
fields have significantly benefitted from the synthetic biology advancements. For
example, the availability of tools to manipulate bacterial DNA in vivo and control

protein expression has accelerated the study of gene and protein function.

1.5.1 ClosTron-mediated mutagenesis

Engineering Clostridium spp., including C. botulinum, has been notoriously difficult
for many years and only in 2007 the first easy to use method for knocking out genes
in clostridia was published: the ClosTron.1%6 179180 |n current literature, it is still the
most widely used tool to study gene functionality in C. botulinum,170-171,176.181-185 Thg
basic principle behind ClosTron mediated mutagenesis is the insertion of a DNA
fragment into a specific DNA target to disrupt the coding sequence, thereby preventing
the translation of a functional protein. It is based on a mobile group Il intron, whose
insertion is mediated by base-pairing between the excised intron RNA and the target
site DNA. The intron excision is facilitated by an Intron Encoded Protein (IEP) which
also possesses reverse transcriptase activity. This IEP is provided on the ClosTron
expression plasmid and can be removed from the strain by plasmid loss to ensure that
the insertional mutant is stable. To facilitate the identification and isolation of
successful insertional mutants, the group Il intron contains a Retrotransposition-
Activated Marker (RAM), which comprises an erythromycin resistance gene (ermB)
interrupted by a self-splicing group | intron. During transposition the group | intron
loops out of the ermB gene, ‘activating’ erythromycin resistance upon successful
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genomic integration of the group Il intron. Hence, successful mutants can be selected

based on the acquisition of erythromycin resistance.

The specificity of the group Il intron is easily re-programmed by changing the DNA
sequence of the intron that recognizes the target DNA. Despite the intron design being
restricted by certain ‘rules’, using a computer algorithm it is possible to design an
intron for almost every gene.!8 However, integration efficiency and target specificity
vary depending on the target. Additionally, the intron occasionally inserts into a
secondary location rather than or alongside the intended target, and therefore, single
copy insertion should always be confirmed via western blotting or by sequencing the
entire genome. Moreover, the ClosTron insertion can affect the expression of

downstream genes or operons, which is referred to as polar effects.

1.5.2  Allele-coupled exchange

Shortly after the ClosTron insertional mutagenesis tool was published, a second, more
versatile, homologous recombination-based DNA manipulation method was
developed.t®"-1% |t is a multistep strategy which relies on counter selection markers
(i.e., pyrE or codA) and splitting homologous recombination events (Figure 1.2).1%
First a counter-selectable gene is inactivated via two recombination events, referred to
as allele-coupled exchange (ACE). The order of the two events is directed by
homology arms of asymmetric length, with recombination occurring first at the longer
homology arm. This results in the integration of the entire plasmid, which carries an
antibiotic resistance gene, and is referred to as a single-crossover mutant. The single-
crossover mutants will grow faster on media supplemented with antibiotics compared
to cells where the plasmid is still an independent entity that is readily lost during the

cell division process. In the second step, the plasmid is excised, mediated by the
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smaller homology arm, and results in the truncation of the selection marker, yielding
a selectable phenotype (double-crossover mutant). For example, truncation of the pyrE
gene vyields cells that can no longer metabolise 5-fluoroorotic acid (5-FOA) into the
toxic metabolite 5-fluorouracil. Hence, acquisition of 5-FOA ‘resistance’ can be used
to phenotypically select successful mutants. Simultaneously, a desired insert can be

integrated into the genome when placed between the two asymmetric homology arms.

A

Genome —I | pE )—I |_

LHA I LacZe H RHA
Plasmid
catP
B Genome
single-crossover —l I rE >—| RHA I— catP
mutant NS
[—l LHA I Lacze H RHA —

C

Genome

double-crossover —I I LacZa H I—

pyrE- mutant

Figure 1.2 Schematic overview of allele-coupled exchange (ACE). (A) The
insert of interest, here lacZa, if applicable, is placed between the two ‘arms’
homologous to the genomic DNA. The first recombination event is facilitated by
the long right homology arm (RHA) downstream of the pyrE gene and results in
the integration of the entire plasmid into the chromosome (B). If the second
crossover event occurs at the short left homology arm (LHA) it leads to the
truncation of the pyrE gene, while the plasmid is excised, and yields cells that are
5-FOA resistant (C). After a successful recombination event the sequence of
interest is stably integrated into the chromosome.
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Next, genetic material can be deleted or inserted at any desired target site via classical
allelic exchange by placing a non-native, functional copy of the inactivated selection
marker and an antibiotic resistance cassette on an unstable plasmid that is easily lost
by the cell.8” Subsequently, double-crossover mutants, which have lost the plasmid,
can be selected based on the acquisition of the selectable phenotype due to loss of the
counter-selectable gene. Although this method allows precise genome modifications,
it is reliant on the availability of a counter selection marker, which is not equally
effective in all Clostridium spp., and involves several time-consuming steps (personal

communications; N. Minton).

15.3 CRISPR/Cas9-mediated genome editing

In bacteria CRISPRs and their associated Cas proteins provide adaptive immunity
against invading exogenous DNA or RNA; they recognise and degrade these
molecules. Over the past decade this system has been repurposed by scientists for
genome editing applications, regulating gene expression and much more, with
unprecedented success in both eukaryotes and prokaryotes. %1% In particular, the type
Il CRISPR/Cas9 system from Streptococcus pyogenes has found widespread use due
to its simplicity.1%-1% |t only requires one RNA-guided endonuclease (Cas9), which
generates double-stranded breaks in the desired DNA targets via base-pairing with a
corresponding guide RNA.Y In most bacteria, if no repair template is provided,
double-stranded DNA breaks are lethal, as they lack the capacity to repair such breaks
via Non-Homologous End Joining (NHEJ).'*® Currently, few bacterial strains are
known that can perform NHEJ to repair double-stranded breaks and can thus,
theoretically, survive Cas9 DNA cleavage events.*®® However, if in bacterial strains
deficient in NHEJ machinery a repair/editing template, homologous to sequences
flanking the target site, is provided, cells can eliminate the Cas9 target site by
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exchanging the site for the ‘new’ DNA sequence, thereby avoiding cleavage.'%* 1%

Thus only cells, who have successfully swapped the target site for donor DNA via
homologous recombination will survive in the presence of Cas9. Basically, Cas9 is
just acting as a negative selection marker, enabling the identification of mutants,
without requiring antibiotic resistance markers. Importantly, concomitantly with Cas9
target site removal, entire genes or operons can be removed, as well as cargo

inserted.2%

As mentioned, Cas9 requires a dual guide, consisting of a precursor CRISPR RNA
(crRNA) and a trans-activating CRISPR RNA (tracrRNA), for target recognition. To
simplify the overall system the two RNAs have been ‘fused’ into a synthetic single-
guide RNA (sgRNA).?°! To direct Cas9 to the desired locus, a specific 20 bp sequence
within the sgRNA should be complementary to the genomic site of interest.?? This
region can be modified to match almost any genomic location of interest, providing
that the sequence is upstream of the short sequence motif 5°-NGG-3’, known as the
protospacer adjacent motif (PAM).?% If the target sequence is not adjacent to a PAM

motif, Cas9 will not cleave the DNA sequence.

Initially, CRISPR/Cas based technologies were mainly employed in eukaryotes, while
use in prokaryotes was hampered due to its inherent lethality, resulting in low
transformation efficiencies for cas9-carrying plasmids.® 204205 This is especially
problematic when attempting to employ the system to engineer clostridial genomes,
as Clostridium spp. usually already suffer from poor transformation efficiencies in the
absence of a lethal cargo.?°®2" Nevertheless, several CRISPR/Cas9-based systems
have been successfully used in a few Clostridium spp. that have reasonable DNA
transfer efficiencies, albeit with mixed effectiveness.t’” 199204208213 T gyercome the

above limitations, a very efficient inducible CRISPR/Cas9 system, named RiboCas,
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was developed.®® Controlling the expression of Cas9 provides time for homologous
recombination to occur before Cas9 is expressed, thus enabling uncompromised
plasmid transfer, while there is an adequate level of nuclease expression after
induction, allowing strong selection. It seems however, that although there are ongoing
effort to optimise the S. pyogenes CRISPR/Cas9 system for other bacterial species,
interest has been shifting towards reprogramming endogenous CRISPR/Cas systems

to edit a strain’s genome. %% 214-216

1.5.4  Inducible systems to control gene expression

Several inducible systems have been developed for clostridia in order to control gene
expression, including the well-known isopropyl-p-d-thiogalactoside (IPTG)/lactose-
inducible system (IPTG system) and anhydrotetracycline-inducible system (tet-
system).?t"218 In poth the IPTG and tet-inducible system, a repressor binds to an
operator sequence (lacOl/tetO) which is placed in between or next to the -10 and -35
boxes of a promoter, thereby inhibiting the binding of RNA polymerases to the
promoter sequence and thus prevents the start of transcription. Addition of the inducer
(Lactose/anhydrotetracycline) will release the repressor from the DNA and

consequently expression is activated.

In addition to these ‘famous’ inducible systems, a lactose-inducible system,
discovered in Clostridium perfringens, has been tested and characterised.?*-220 The
system consists of a transcriptional regulator, bgaR and the divergent promoter Ppgal.
Although the exact mechanism of the system is unknown, experimental results suggest
that bgaR acts as an activator that binds to the promoter region of Pygar in the presence

of lactose.??! In general, high expression levels can be obtained after induction,
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however background expression levels are relatively high compared to, for example,

the tet-system.

In search for systems which tightly control expression in order to express very toxic
proteins, such as cas9, the interest in riboswitches has recently increased.???
Riboswitches are RNA aptamers formed upstream of the 5’ untranslated region (UTR)
of MRNA molecules which undergo conformational changes upon interaction with a
ligand, like theophylline, neomycin and tetracycline.?? They can function as a switch
to control translation when the ribosome binding site (RBS) upstream of a gene is
included in the aptamer structure. In the absence of the ligand the RBS is included in
the aptamer structure, preventing the ribosome to bind and initiate translation. In the
presence of the ligand the aptamer structure will change, exposing the RBS and thus
allowing expression of the protein. The theophylline responsive riboswitches are the
best available system published so far and have been successfully implemented in C.
sporogenes recently.??* They tightly controlled gene expression, albeit the level of
induction is limited. Coupling the riboswitches to the lactose-inducible system of C.
perfringens (named RiboLac) significantly increased the systems dynamic range.

Depending on the application different inducible systems might be appropriate.
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1.6 Project aim and thesis overview

The overall aim of this thesis was to develop a strategy, applicable to all the members
of the highly diverse C. botulinum family, to efficiently generate genetically stable
non-toxigenic strains, eliminating biosafety requirements and reducing associated

laboratory costs. The road towards achieving this goal is presented herein:

Chapter 3 explores various tactics for outwitting host restriction barriers in order to
establish reliable and efficient DNA transfer in previously genetically inaccessible or
poorly accessible strains. Additionally, the effectiveness of a comprehensive roadmap
for improving DNA transfer efficiency in previously ‘untouched’ strains is

exemplified using type A strains.

Chapter 4 embarks on a campaign to elucidate and circumvent the genomic instability
of model strain ATCC 3502 which has to date hampered C. botulinum research at the
Synthetic Biology Research Centre (SBRC). In the process, widespread occurrence of
mutator genotypes amongst type A strains was discovered and evolutionary concepts

are being discussed in an attempt to explicate this interesting phenomenon.

Chapter 5 describes the characterisation of various C. botulinum type A strains and
engineered non-toxigenic versions thereof. Concomitantly, a highly efficient one-step
CRSIPR/Cas9-based DNA editing system was developed and tested, thus improving

upon the previously available engineering toolkit for C. botulinum.

Chapter 2 provides detailed information regarding the materials and methods used

that enabled the research presented in this thesis.

Chapter 6 outlines the strategy developed to create C. botulinum safe strains and

discusses various exciting future research opportunities.
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Short statement concerning strain nomenclature. The work presented in this thesis
revolves around five different type A C. botulinum strains referred to as: ATCC 3502,
ATCC 19397 (NCTC 7272), 62A (NCTC 3805), Loch Maree (NCTC 2012) and
NCTC 2916. The rationale behind selecting these specific strains can be found in
Chapter 5. For more general information regarding the strains please see Table 5.1 and
Appendix 1. Specifically, ATCC 3502 refers to the mutator/non-mutator mixture,
ATCC 35027 refers to the non-mutator strain and ATCC 3502" refers to its mutator
variant. Chapter 4 discusses the ATCC 3502 variants in detail. It should be noted that
various stocks of these strains can be found in laboratories across the world,

occasionally under a different name, and their origin is not always clear.
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CHAPTER 2

Materials and Methods
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2.1 Bacterial strains

All bacterial strains used and generated in this study are listed in Appendix I.

2.2 Growth media, buffers and supplements

All media and buffers were prepared using dH>O and autoclaved for 20 minutes at
121°C. To prepare solid media 1.5% (w/v) No. 1 Bacteriological Agar (Oxoid) was
added to the media prior to autoclaving. All media and buffers used in this study are

listed in Table 2.1.

Supplements were autoclaved or filter sterilised using a 0.2 pm pore size filter
(Minisart®) before use and added to the autoclaved media. All supplements used in

this study are listed in Table 2.2.

Table 2.1 Growth media and buffers used in this study

Medium/Buffer Composition Amount pH
Luria-Bertani (LB) Tryptone 10 g/L 7.2
Yeast Extract 5¢g/L
NaCl 10 g/L
Defined media Glucose 50% (w/v) 8 ml/L 7.2
9M Salt solution 100 ml/L
Biotin 1 mg/L
CaCl; (1 M)* 0.3 ml/L
MgSO; (1 M)* 1ml/L
Thiamine™ 1 mg/L
Glycine 100 mg/L
Alanine 100 mg/L
Serine 100 mg/L
Threonine 100 mg/L
Cysteine 100 mg/L
Valine 100 mg/L
Isoleucine 100 mg/L
Phenylalanine 100 mg/L
Aspartic acid 100 mg/L
Glutamic acid 100 mg/L
Asparagine 100 mg/L
Histidine 100 mg/L
Lysine 100 mg/L
Arginine 100 mg/L
Leucine 100 mg/L
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Defined media 1.1

Defined media 1.2

Tryptone-Yeast
Extract-Sodium
Thioglycolate medium
(TYG)

Campdem Sporulating
Agar (CSA)

Phosphate-Buffered
Saline (PBS)

9M Salt solution

MOPS solution

Defined media +
Methionine
Tryptophan
Defined media +
Proline

Tryptone
Yeast Extract
Sodium thioglycolate

Tryptone
Bacterial peptone

Lab Lemco meat
extract

Yeast extract
CaCl;
MnS0O4-H,0
Glucose
CaCl; (1 M)”
MgSO4 (1 M)*
NaCl

KCI

Na,HPO4
KH2PO4
Na,HPO,4-7H,0
KH2PO4

NaCl

NH4CI

MOPS
Glycerol

100 mg/L
100 mg/L

100 mg/L
30 g/L
20 g/L
1g/L

5g/L
59/L
1g/L

2¢g/L

56 mg/L
62 mg/L
lg/L
1ml/L
1m/L

8 g/L
0.2g/L
1.44 g/L
0.24 g/lL
70 g/L
30 g/L
59/L

10 g/L
209 mg/L
100 ml/L

7.2

74

* Filter sterilised and added to the media after the media was autoclaved.
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Table 2.2 Supplements used in this study

Stock Working Working
Supplement . Solvent concentration: concentration:
concentration . -
E. coli Clostridium
D-Cycloserine 50 mg/ml dH,0 - 250 pg/ml
Chloramphenicol 25 mg/ml 100% ethanol ~ 12.5 pg/ml (broth) -
(Cm) 25 pg/ml (agar)
Thiamphenicol 15 mg/ml 50% ethanol - 15 pg/ml
(Tm)
Kanamycin 50 mg/ml dH-0 50 pg/ml -
(Kan)
Apramycin 50 mg/ml dH.0 100 pg/ml -
(Apr)
Erythromycin 50 mg/ml 100% ethanol 300 ug/ml (broth) 30 ug/ml (broth)
(Erm) 500 pg/ml (agar) 50 pg/ml (agar)
Rifampicin 50 mg/ml DMSO - 25 pg/ml
(Rif)
Glucose 50% (wiv) dH.0 - 0.05% (w/v)
Lactose 100 mM dH>0 - 10 mM
5-Fluorootic acid 100 mg/ml DMSO - 5-5.5mM
(5-FOA)
L-arabinose M dH:0 10 mM -
Theophylline 266 mM DMSO - 2 mM (broth)
5 mM (agar)
2.3 Growth and storage conditions

E. coli strains were cultured aerobically at 30°C or 37°C (depending on cargo toxicity)
on LB agar plates or in LB liquid media while shaking at 200 rpm. Supplements were
added to the media as required (i.e., plasmid selection or induction). E. coli strains
were stored at -80°C using the Microbank™ Long Term Bacterial and Fungal Storage
System (Pro-lab Diagnostics). Cells for storage were harvested from LB agar plates

and subsequently re-suspended in Microbank™ vials. Strains were stored in triplicates

(green, yellow and red stock).
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C. botulinum strains were cultured anaerobically at 37°C on TYG agar plates or in
TYG liquid media without shaking. Supplements were added to the media as required.
An anaerobic environment was created within a MG1000 Mark Il Anaerobic Work
Station (Don Whitley Scientific Ltd) with an atmosphere consisting of 80% N2, 10%
CO2 and 10% H.. Before use, all media was pre-reduced for approximately 4 hours in
the anaerobic work station. C. botulinum strains were stored at -80°C in TYG
supplemented with 20% v/v glycerol. Cells for storage were harvested from TYG agar
plates and subsequently re-suspended in TYG-20% glycerol or x ul of glycerol was
added to a liquid overnight culture to get a final concentration of 20%. Strains were

stored in triplicates (green, blue and red stock).

2.4  Preparation of electrocompetent E. coli cells

To prepare competent E. coli cells 5 ml of LB broth was inoculated with cells from a
-80°C stock and incubated overnight at 37°C while shaking (200 rpm). The following
day, 1 ml of overnight cell culture was used to inoculate 200 ml of sterile, pre-warmed
LB broth in a 500 ml conical flask and incubated at 37°C while shaking (200 rpm)
until an ODeoo of 0.5-0.7 was reached. Subsequently, cells were harvested by
centrifugation at 6000 xg for 10 minutes at 4°C in 40 ml Falcon tubes. Next, the cell
pellet were washed three times by gently re-suspending the cells in 20 ml sterile, ice-
cold distilled H2O (dH20) followed by centrifugation at the same conditions. After
each wash step two re-suspended cell pellets were combined into one Falcon tube.
After washing the cells thoroughly but gently, the final cell pellet was re-suspended in
1 ml of 1 mM MOPS solution with 10% (v/v) glycerol, split into 50 pl aliquots and

stored at -80°C until future use.
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2.5  Transformation of E. coli cells by electroporation

For each E. coli transformation by electroporation a 50 pl aliquot of electrocompetent
cells was taken from the -80°C freezer and thawed on ice for 20 minutes. Next, purified
plasmid DNA (2 ul or 200-500 ng) or 10-20 pl of dialysed ligation mixture (0.025-
um MF-Millipore™ dialysis discs over dH.O for = 20 minutes) was added to the
competent cells before transferring the cells to a chilled electroporation cuvette (Bio-
Rad 0.2 cm electrode). Electroporation was performed using the Bio-Rad
MicroPulser™, as per manufacturer’s instructions. The applied conditions for the
pulse were set to 2250 V (22.5 kV/cm, 200 Q, 25 uF). Immediately after pulsation the
cells were re-suspended in 400 pl SOC medium (Invitrogen™), transferred to a clean
1.5 ml tube and incubated for 1 hour at 37°C (or for 2 hours at 30°C) while shaking
(200 rpm). Cell were subsequently plated onto selective LB agar plates (20 ul, 100 pl

and rest) and incubated as required until growth was visible.

2.6 Conjugation of R702 from E. coli donor into E. coli recipient

Conjugative DNA transfer was used to move the engineered R702 plasmids from
InterStellar, via LE392, to other E. coli strains (i.e., HB101 and CA434). Selection
was based on amino acids deficiencies; InterStellar, HB101 and CA434 require proline
supplementation for growth, while for LE392 methionine and tryptophan
supplementation is essential for growth. Overnight cultures were diluted to a starting
ODsgs of 0.02 in fresh LB broth with the necessary supplements and the ODsgs was
monitored for + 4 hours at 37°C while shaking. Next, the cells were mixed ina 1:1
ODsgs ratio in triplicates and incubated for 2 hours at 30°C without shaking. The cells
were harvested by centrifugation for 1 minute at 5000 xg and washed twice by re-

suspending the pellets in 1 ml PBS followed by centrifugation. The final pellet was re-
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suspended in 200 ul PBS and plated on defined media 1.1 agar (Met*/Trp*/Pro’)
supplemented with Km and Apr. Successful transfer of the recombinant R702 plasmid
was confirmed by PCR in three biological replicates from three independent
conjugations per recipient strain using primers RE_F and RE_R, annealing to the
recombineering cassette, and re-streaked to purity on defined media 1.1 agar.
Similarly, plasmid R702 was transferred from LE392 to HB101 and CA434, however,
after washing the conjugal mixture, cells were serially diluted in PBS as required and
subsequently plated on defined media 1.2 agar (Met/Trp/Pro*) supplemented with
Km and Apr. Successful plasmid transfer was confirmed by PCR in three biological
replicates from three independent conjugations per recipient strain using primers

RE_F and RE_F and restreaked to purity on defined media 1.2 agar.

2.7 Conjugation of plasmid DNA from E. coli donor into C.

botulinum

Conjugative transfer of plasmid DNA was used to introduce new DNA into C.
botulinum. For each independent conjugation, 5 ml of LB broth with appropriate
supplements (e.g., antibiotics and/or inducer) was inoculated with E. coli donor cells
(harbouring a shuttle plasmid) from a -80°C stock and incubated overnight at 37°C
while shaking (200 rpm). Similarly, 5 ml of TYG broth was inoculated with C.
botulinum recipient cells and incubated overnight in the anaerobic work station. To
harvest the donor cells, 1 ml of overnight culture was centrifuged for 1 minute at 5000
xg. Subsequently, the cell pellet was washed carefully with 1 ml of PBS, harvested as
before (1 minute at 5000 xg) and transferred to the anaerobic work station. The
resulting cell pellet was gently re-suspended in 200 pl of the C. botulinum recipient
overnight culture and the mixture was carefully spotted (5 spots) onto a TYG-0.5%

glucose plate. The plate was incubated for at least 6 hours (and at least 7 hours for
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ATCC 19397) in the anaerobic work station. After incubation cells were harvested
from the mating plate by re-suspending the cells in 500 pl of reduced PBS. Finally,
the conjugal mixture was serial diluted in PBS (up to 1072 and 50 pl of the different
dilutions was plated onto selective TYG/D-cycloserine plates to counter-select for E.
coli. The plates were incubated at 37°C in the anaerobic work station until growth was
visible (24-48 hours). Presence of the plasmid of interest in the recipient cells was

confirmed by PCR (see Appendix V).

2.8 Plasmid loss

To achieve plasmid loss in successful C. botulinum mutants that no longer required
the conjugated plasmid, cells were cultured in non-selective TYG broth for 24-48
hours. Subsequently the cell cultures were serially diluted in PBS as required and the
appropriate dilutions plated on TYG agar to obtain single colonies. After 24-48 hours
of incubation, single colonies were replica-plated on selective and non-selective TYG
agar. Colonies that exclusively grew on non-selective TYG agar were assumed
plasmid free and plasmid loss was confirmed via PCR with plasmid-specific primers

(see Appendix 1V).

2.9 Phenotypic analysis

2.9.1  Optical density measurements

The optical density (ODsgs) was measured at 595 nm using a Bio-Rad iMark
microplate reader and flat bottomed 96-well plates (Costar, Corning®). Samples were
diluted with TYG broth as required. Measurements were taken against a blank of

sterile medium.
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2.9.2  Growth curves
To establish the growth profiles of C. botulinum strains, overnight cultures were
diluted to a stating ODsgs of 0.01 in fresh TYG broth with the necessary supplements.

Samples were taken every 1-2 hours and growth was monitored for 24 hours.

2.9.3  Conjugation efficiency assay

Conjugation efficiency assays were performed in a similar fashion as standard
conjugations described in section 2.7. Conjugations were performed in triplicates,
using three independent E. coli and C. botulinum overnight cultures. For each replicate
an additional 1 ml of the E. coli donor overnight culture was washed with BPS as
described in section 2.7., and the resulting cell pellet was re-suspended in 1 ml PBS.
Subsequently, the sample was serially diluted in PBS as required and 20-ul aliquots
from the appropriate dilutions were spotted in triplicates on LB agar with the necessary
supplements. Furthermore, to determine the total C. botulinum CFU present in the
conjugal mixture, the cells harvested from the mating plates were diluted as required
and subsequently 20-ul aliquots from the appropriate dilutions were spotted in
triplicates on both selective and non-selective TYG/D-cycloserine agar. To ensure that
the total CFU at the end of each conjugation was similar between strains, mating plates
with ATCC 3502 were incubated for 6 hours; mating plates with 62A, NCTC 2916
and Loch Maree were incubated for £7 hours; and mating plates with ATCC 19397
were incubated for £8 hours. Both E. coli and C. botulinum colonies were enumerated
after 24-48 hours of incubation. The conjugation efficiency was calculated as the total

number of transconjugants per E. coli donor.

38



2.9.4  Sporulation assay

To quantify heat resistant spores, overnight cultures were diluted to a stating ODsgs of
0.01 in fresh TYG broth with the necessary supplements and incubated for 120 hours.
Samples were taken at 0, 24, 48, 72, 96 and 120 hours and split into two. One of the
two samples was centrifuged for 30 seconds at 5000 xg and subsequently heat treated
for 15 minutes at 80°C. The heat-treated samples were serially diluted in reduced PBS
as required and 20-pl aliquots from the appropriate dilutions were spotted in triplicates
on TYG agar. To determine the total viable cell count the non-heat treated samples
were serially diluted and spotted on agar in a similar fashion as the heat-treated
samples. Colonies were counted after incubating the plates for 24-48 hours in the

anaerobic work station (spots with CFUs between 5 < x > 50 were enumerated).

2.9.5  Spore survival curves

To establish spore heat resistance, 100 pl overnight culture (TYG broth) was plated
on CSA agar and subsequently incubated for 2 weeks in the anaerobic work station at
37°C.2%* Spores were harvested by adding 1-2 ml cold dHO to the plates, scraping the
plate with a plate spreader, transferring the spore suspension to a tube (this was
repeated twice) and centrifugation at 6000 xg for 2 minutes. Next, the spores were
washed three times by re-suspending the spores in 1 ml sterile, cold dH20 followed
by centrifugation at the same conditions. Finally, the spores were re-suspended in 1
ml dH20. To confirm that the spore concentration was sufficiently high to determine
the spores heat resistance (10°), a standard sporulation assay was performed, as
described in section 2.9.4. The remainder of the spore suspension was stored at 4°C

for + 1 week.
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The spore suspension was split into 50 ul aliquots in 0.5 ml PCR tubes and subjected
to heat treatment at 99°C in a PCR machine. Samples were removed from the PCR
machine after 0, 1, 2, 3, 4, 5, 10, 13, 15, 30, 45, 60 or 90 minutes of heat treatment as
required. The heat-treated samples were serially diluted in reduced PBS as required
and 20-ul aliquots from the appropriate dilutions were spotted in triplicates on TYG
agar. Colonies were counted after incubating the plates for 24-48 hours in the

anaerobic work station (spots with CFUs between 5 < x > 50 were enumerated).

The D-values were calculated by dividing -1 by the slope of N/No. Where N stands for
the number of viable spores at a specific time point and No stands for the number of

viable spores before any heat treatment was applied.

2.9.6  Fluctuation assay

To determine the mutation frequency, three independent overnight cultures were
serially diluted in PBS as required and 100 pul from the appropriate dilution was plated
onto TYG agar. After 24 hours of incubation random single colonies were harvested,
re-suspended in TYG-20% glycerol and stored at -80°C. A total of 10 colonies were
stored; three colonies from replicate culture 1, three colonies from replicate culture 2

and four colonies from replicate culture 3.

One overnight culture per single colony was prepared in TYG broth. The following
day the cultures were serially diluted up to 10”7 in PBS and 20-ul aliquots from the
appropriate dilutions were spotted in triplicates on TYG agar to confirm that the assay
starting inoculum was + 100 cells. Fresh 3 ml TYG broth was inoculated with 30 pul
of the 10”° overnight culture dilution. The ‘assay’ cultures were split into three 1 ml
cultures and incubated in the anaerobic work station at 37°C for 24 hours. The cultures

were subsequently serially diluted up to 107 in PBS and 20-pl aliquots from the
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appropriate dilutions were spotted in triplicates on TYG agar without antibiotics to
determine the total number of viable cells. Colonies were enumerated after 24 hours
of incubation. The remainder of the 1 ml cultures was plated on TYG/Rif agar (4x 200
pl and 1x 50 pl) and colonies were enumerated after 48 hours of incubation. The
mutation frequency was calculated by dividing the total number of Rif resistant

colonies by the total CFU.

2.9.7  Competitive fitness assay

To assess the relative fitness of the ATCC 3502" and ATCC 3502 strain the mixed
Unilever meat stock (C. botulinum ATCC 3502*" Unilever, 2011; by C. Meaney) was
serially diluted in PBS as required in triplicate and 100-ul aliquots from the
appropriate dilution were used to inoculate fresh TYG broth; two cultures per
independent serial dilution series. The six fresh cultures (TO) were mixed thoroughly
and 20-ul aliquots were serially diluted in PBS as required. Subsequently, 100-ul
aliquots from the appropriate dilution were plated on TYG agar. The following day 32
colonies per replica were PCR screened using primers mutL_F_scr and mutL_R_scr

to determine the starting ratio of non-mutator vs mutator.

After the first 24 hours of incubation three cultures from independent serial dilution
series were used to inoculate fresh TYG broth (1:100; S1). The cultures were sub-
cultured for 6 days in a row (S6) and the non-mutator:mutator ratio was determined
for each sub-culture after 24 hours of growth, as described previously. Cells in the
three static cultures were cultured for 168 hours in TYG broth and the non-
mutator:mutator ratio was determined after 24, 48, 72 and 168 hours of incubation, as

described previously.
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2.9.8 SDS-PAGE and Western blotting

2.9.8.1 Preparation of cell-free culture supernatants and protein precipitation

C. botulinum overnight cultures were diluted to a starting ODsgs of 0.01 in fresh TYG
broth and incubated for 24-48 hours. Supernatants were collected by centrifugation at
full speed for 10 minutes, filtered through a through a 0.22-pm membrane (Minisart®)
filter and subsequently transferred to a clean tube. The supernatants were stored

at -80°C until further processing.

To precipitate protein from the cell-free supernatants sodium deoxycholate (DOC)
(0.03% final w/v) was added to the samples and incubated for 10 minutes at room
temperature. Next, trichloroacetic acid (TCA) was added to a final concentration of
10% wi/v and the samples were stored at -20°C overnight. The following day, the
samples were thawed on ice, subsequently centrifuged at full speed for 20 minutes and
the supernatants discarded. The pellets were washed by re-suspending them in 1 ml
ice-cold ethanol and acetone consecutively. In between wash steps, the samples were
centrifuged at full speed for 10 minutes and the ethanol/acetone discarded. After the

final wash step, the pellets were air-dried for 1 hour in the microbiology safety cabinet.

2.9.8.2 SDS-PAGE

The protein content of the supernatants was analysed by SDS-PAGE using the XCell
SureLock™ Mini-Cell Electrophoresis System (Thermo Fisher Scientific) and 1.0 mm
precast Bolt™ 4-12% Bis-Tris Protein Gels (Invitrogen). The protein pellets (from
section 2.9.8.1) were combined in a 3:1 volume ratio with 4x NUPAGE® LDS Sample
Buffer (Novex™), premixed with 400 mM dithiothreitol (DTT) and 0.1 M NaOH
(resulting in 10x concentrated supernatants). The proteins were denatured by
incubating the samples for 5 minutes at 100°C. Next, the samples were briefly

vortexed and loaded in equal volumes onto the gels. The Precision Plus Protein™
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Kaleidoscope™ Prestained Protein Standard (Bio-Rad) was used as a reference for the
molecular weight. Electrophoresis was carried out at 180 V for 60 minutes in 1x
NUuPAGE® MES SDS running buffer (Novex™) and subsequently the gels were

rinsed with dH0.

2.9.8.3 Western blotting

For protein transfer the BioRad Trans-Blot Turbo Transfer System and Trans-Blot
Turbo Transfer Packs (PVDF membrane; cat # 170-4156) were used according to the
manufacturer’s instructions. To block the membranes, they were briefly washed in
PBS-T buffer (PBS-0.05% Tween 20), moved to a plastic container with 30 ml PBS-
T-M buffer (5% w/v Marvel milk powder in PBS-T) and incubated for 1 hour at room
temperature while gently agitating. Next, the PBS-T-M buffer was removed and
primary antibody (polyclonal sheep 1gG BoNT-A primary antibody; R&D systems;
AF4489), dissolved in 30 mL cold PBS-T-M buffer, was added to the membrane. The
membranes were incubated overnight at 4°C while gently agitating. Subsequently, the
membranes were washed in PBS-T buffer 6x for 10 minutes while agitating at room
temperature. The secondary antibody (sheep IgG HRP-conjugated secondary
antibody; R&D systems; HAF016), dissolved in 30 mL cold PBS-T-M buffer, was
added to the membranes and incubated at room temperature for 1 hour while gently
agitating. The labelled membranes were washed as described previously and
subsequently 1 ml 3,3',5,5’-Tetramethylbenzidine (TMB; Sigma-Aldrich) was added.
The membranes were incubated for 1-2 minutes (until bands appeared) at room

temperate while slowly moving the container.
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2.10  General molecular biology techniques

2.10.1 Plasmid DNA extraction
Plasmid DNA was extracted from 1-2 ml overnight E. coli cultures using the
Monarch® Plasmid Miniprep Kit (New England Biolabs; NEB) according to the

manufacturer’s instructions, eluted in dH20 and stored at -20°C.

2.10.2 Genomic DNA extraction

Genomic DNA from C. botulinum was extracted according to S. Cartman’s
‘Phenol:Chloroform:Isoamyl Alcohol (25:24:1) DNA extraction’ protocol.??® 1 ml of
overnight cell cultures were centrifuged at full speed for 3 minutes, the supernatants
were removed using a pipette and the bacterial pellets were re-suspended in 180 pl
lysis buffer (PBS with 10 mg/ml lysozyme). The samples were incubated for 30
minutes at 37°C while occasionally gently agitating the samples. Subsequently, 25 pl
proteinase K solution (QIAGEN), 85 pl dH20 and 110 pl 10% w/v SDS solution were
added and mixed by inversion. Samples were incubated for 30 minutes at 65°C while
occasionally gently agitating the samples, followed by the addition of 4 pul RNase
solution (Sigma-Aldrich). Samples were mixed by inversion and incubated for an
additional 15 minutes at room temperature. 2 ml Phase-Lock Gel Tubes Heavy (5
PRIME) were centrifuged at full speed for 1 minute, followed by pre-filling the Phase-
Lock Tubes with 400 pl Phenol:Chloroform:lsoamyl Alcohol (25:24:1) (Sigma-
Aldrich). Samples were added to the pre-filled Phase-Lock Tubes and the solutions
were mixed thoroughly by inversion, followed by centrifugation at full speed for 3
minutes. After centrifugation, the top layer was transferred into a fresh Phase-Lock
Tube. This process of mixing the sample solution with Phenol:Chloroform:lsoamyl

Alcohol by inversion and subsequent separation of the two layers by centrifugation
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was repeated a further two times. The final top layer was transferred into a clean 1.5
ml tube containing 40 pl 3 M NaAc and 800 pl ice cold 100% ethanol. Samples were
mixed gently but thoroughly by inversion and incubated at -80°C for 30 minutes. Next,
the samples were centrifuged at full speed for 15 minutes and the supernatant was
removed quickly using a pipette to prevent re-suspension. The DNA pellets were
washed by adding 1 ml of 70% ethanol and centrifugation at full speed for 3 minutes.
After washing the DNA, the supernatant was removed carefully using a pipette and
centrifuged again at full speed for 3 minutes to remove any remaining supernatant with
a pipette. Finally, the DNA pellets were air dried for 45 minutes, followed by re-

dissolving the DNA in 50 pl dH2O. The samples were stored at -20°C.

2.10.3 DNA amplification

2.10.3.1  Polymerase chain reactions with purified DNA

Purified DNA was amplified using KOD Hot Start Master Mix (Novagen®).
Polymerase chain reactions (PCRs) contained 0.8 pl forward primer (10 uM), 0.8 pl
reverse primer (10 uM), 12.5 pl KOD Hot Start Master Mix, 9.9 pl H20 and 1 pl of
template DNA (1-50 ng). All PCRs were performed according to the manufacturer’s
instructions using a thermal cycler block (Applied Biosystems Gene Amp PCR system
2400). Difficult PCRs were performed using a touchdown cycling program; during the
first 10 cycles, the annealing temperature decreased 1°C per cycle, and amplification

is continued using the predicted primer annealing temperature.

2.10.3.2  Colony PCR

To rapidly screen for transformants and mutants, 1 pl of a bacterial cell suspension in

dH20 was used as template in PCRs using the DreamTaqg Green PCR Master Mix Kit.
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Colony PCRs were assembled and performed according to the manufacturer’s

instructions.

2.10.3.3  Quick C. botulinum ‘colony’ PCR

Before colony PCR screening became available in the C. botulinum laboratory, cells
were pre-treated with TE buffer (10 mM Tris pH 7.5, 1 mM EDTA pH 8.0) prior to
the PCR. Colony material was re-suspended in 1 ml TE buffer, incubated at 37°C for
1 hour and subsequently centrifuged for 1 minute at full speed. The pellet was re-
suspended in 500 pl dH20 and 3 pl of this cell suspension was added to a PCR mix

with KOD Hot Start Master Mix.

2.10.3.4  Splicing by overlap extension PCR

Knockout cassettes were generated by splicing by overlap extension (SOE) PCR. This
approach relies on the design of oligonucleotides with overlapping sections, and is

described by Horton, R.M.?%

2.10.35  Primers

Primers were designed using SnapGene® version 3.2.1 (GSL Biotech LLC),
synthesized by Eurofins Genomics or Sigma-Aldrich (salt-free, lyophilised) and were
reconstituted in dH2O as per the manufacturer’s instruction. The concentrated stocks
were diluted to a working stock of 100 pmol/ul. Stocks were stored at -20°C. All

primers used in this study are listed in Appendix IV.

2.10.4 Agarose gel electrophoresis

DNA fragments were separated and visualised by performing gel electrophoresis. The
agarose gels consisted of 1% (w/v) agarose (MP Biomedicals) in 1x TAE buffer (40
mM Tris, 1 mM EDTA, 0.1% Glacial Acetic Acid; VWR International Ltd) and

SYBR® Safe DNA Gel Stain (Invitrogen). Prior to loading DNA on the gel, NEB
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loading buffer (6x) was added to the sample. Gels were run at 90-120 V for 40-60
minutes in 1x TAE buffer and subsequently the DNA was visualised in a Gel Doc™
XR+ imaging system (Bio-Rad). When required, agarose gel slices containing the

DNA fragment of interest were cut using a clean scalpel.

2.10.5 DNA purification

Amplified DNA fragments were purified using the Monarch® PCR & DNA Cleanup
kit, according to the manufacturer’s instructions. DNA was extracted from agarose gel
slices using the Monarch® DNA Gel Extraction kit, following the manufacturer’s

instruction. DNA fragments were eluted from the columns in dH2O.

2.10.6 DNA quantification

DNA concentrations were measured using a NanoDrop Lite Spectrophotometer
(Thermo Fisher Scientific), using dH.O as a blank. For NGS purposes the
concentration of genomic DNA was determined using a Qubit 4 Fluorometer

(Invitrogen), as per manufacturer’s instruction.

2.10.7 DNA restriction by endonuclease digestion

DNA digestion reactions were performed using enzymes and buffers from NEB. The
reaction mixtures consisted of + 1 pg of short DNA fragments or plasmid DNA, 1 pl
of the required restriction enzyme(s), 5 ul of the appropriate buffer (NEB) and x pl
distilled water, making up the total reaction volume to 50 ul. Digestion reactions were

incubated for at least 1 hour at 37°C.

2.10.8 DNA ligation
Plasmids were constructed and DNA fragments assembled using T4 DNA ligase and

buffer (Promega), as per manufacturer’s instruction. Digested DNA fragments were
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mixed together at a molar ratio of 1:1, 1:3 or 1:5 (backbone:insert). Ligation reaction
mixtures were incubated for 3 hours at room temperature or overnight in melting ice.
Prior to electroporation, the 10 or 20 ul ligation reaction mixtures were dialysed using
a 0.025-pum MF-Millipore™ dialysis discs floating on dH.O in a petri dish for + 20

minutes.

2.10.9 Sanger sequencing
DNA constructs and mutations in bacterial strains were verified by Sanger sequencing
using the Eurofins Genomics' plasmid DNA and purified PCR products TubeSeq

services. Samples were provided in accordance with the companies requirements.

2.10.10 Hlumina genome sequencing
Genome sequencing was provided by DeepSeq (NGS platform of the University of
Nottingham) using their Illumina-based MiSeq Standard and MiSeq v3 300PE

(600cycle kit) Whole-Genome Service.

2.11 Plasmid construction

All the plasmids used and constructed in this study are listed in Appendix II.

2.11.1 Construction of plasmids used in Chapter 3

2.11.1.1  Conjugative plasmids with type | recognition sites

To create the plasmids with the type | recognition sites, recognition site one (R1) was
created by mixing primers TI-R1_Cas9 F/TI-R1_Cas9 R (no PCR-step required),
recognition site two (R2) was created by mixing primers TI-R2 cas9_F/TI-R2_Cas9_R
(no PCR-step required), and the two recognition sites together were amplified using
primers TI-R1+2_Cas9 Ndel F/TI-R1+2_Cas9_ Notl_R using pRECas1l-MSC as a

template. The primers used to create DNA fragments R1 and R2 have overhangs on
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each 57 and 3’ end that match a Notl and Ndel restriction site, respectively. The three
inserts were cloned into the pMTL83151 plasmid via Notl/Ndel digestion, generating
plasmids pMTL83151-R1, pMTL83151-R2 and pMTL83151-R1+R2. Insertion of the

recognition sites was confirmed by Sanger sequencing with primer M13F.

2.11.1.2  Expression plasmids for MTases

To create the pM plasmids carrying the ATCC 19397 MTases eight fragments were
amplified: terminator BO014 was amplified with primers T-B0014 _F/T-B0014 R (no
template required; primer dimer reaction), terminator B0O010 was amplified with
primers T-B0010_F/T-B0010_R (no template required; primer dimer reaction), low
copy replicon pBBR1 was amplified with primers pBBR1 _F_Ascl/pBBR1_R_Fsel
using a pMTL80000 series plasmid as a template, the apramycin resistance gene was
amplified with primers Apr_F_Fsel/Apr_R_Sbfl using RBV1 as a template, the type
I genes hsdM and hsdS with their native RBS (TI) were amplified with primers CLB-
RS03505_F Bsal2/CLB-RS03510_R_Notl using genomic DNA as a template, the
type Il MTase with its native RBS (TII) was amplified using primers CLB-
RS13900_F Bsal/CLB-RS13900_R_Notl using genomic DNA as a template, insert
TI+TIl was amplified using primers CLB-RS13900_F_Bsal/ CLB-RS03510_R_Notl
using RBV1-BTI+TlII as a template, the inducible promoter Pgap-araC was amplified
with primers araC_R_Xbal/PBAD_R_Bsal using RBV1 as a template and weak
promoter Pj23105 was amplified with primers PJ23105 F Xbal/PJ23105 R_Bsal (no

template required; primer dimer reaction).

Subsequently, all fragments were digested with the appropriate restriction enzyme:
B0014 was digested with Notl/Ascl, B0010 was digested with Sbfl/Xbal, pPBBR1 was
digested with Ascl/Fsel, the apr gene was digested with Fsel/Sbfl, insert Tl was

digested with Bsal/Notl, insert TIl was digested with Bsal/Notl, Pgap-araC was
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digested with Xbal/Bsal and Pj23105 was digested with Xbal/Bsal. Subsequently, the
plasmids were assembled by mixing the appropriate fragments in one ligation mixture,
generating plasmids pM-JTI, pM-JTII, pMJTI+TII, pM-BTI and pM-BTII (see Table
2.3). Two representative plasmid maps are depicted in Appendix Ill. The presence of
all fragments in each plasmid was verified by Sanger sequencing using primers
CLB_RS03505 S1 R, CLB RS03510 S1 R, CLB_RS03510 S2 R and the primers

used for cloning.

Table 2.3 Ligation mixtures to create pM plasmids

Ligation B0014 B0010 pBBR1 apr TI TII  TI+TH Peap-araC PJ23105
mix

1 X X X X X X
2 X X X X X X
3 X X X X X X
4 X X X X X X
5 X X X X X X

2.11.1.3 Insertion of recombineering cassette into R702 plasmid in E. coli

The R702 plasmid carrying the ATCC 19397 MTases was created in two steps. First
plasmid RBV1-BTI+TIl was created and in the second step the recombineering

cassette, amplified from RBV1-BTI+TII, was integrated into R701 in vivo.

For plasmid RBV1-BTI+TII, the inserts T (type | genes hsdM and hsdS with native
RBS) and TII (type | MTase gene CLB_RS13900 with native RBS) were amplified
using primers  CLB-RS03505 F Bsal/CLB-RS03510 R Bsal and CLB-
RS13900 F Bsal/CLB-RS13900 R _Bsal, respectively, using genomic DNA as a
template. The inserts were cloned into RBV1 (Appendix Il1) via Bsal digestion and
successful plasmid assembly was confirmed by PCR with primers pl5a+tra-F1/M13R.

To confirm that all three genes were free of mutations the RBV1-BTI+TII plasmid
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was sequenced using primers CLB_RS03505 S1 R, CLB_RS03510 S1 R,

CLB_RS03510_S2 R, RE_F and the primers used to amplify the inserts.

Once the sequences were confirmed, the entire recombineering cassette, comprised of
LHA, Peap-araC, TI+TIl, apr and RHA, was amplified with primers RE_LHA_F and
RE_RHA _R. The cassette was electroporated into E. coli strains RE-CA434 and RE-
InterStellar and the cells were plated onto LB/Km/Apr agar. Correct recombinants
were confirmed by PCR in three biological replicates using primers RE_F and RE_R,
annealing to the cassette and the R702 plasmid, respectively. The presence of the
cassette in the final InterStellar R702TI+TIl mutants was subsequently verified by

Sanger sequencing.

2.11.2 Construction of plasmids used in Chapter 4

2.11.2.1  Plasmid to generate ATCC 3502 boNT/A1 deletion strains

CRISPR/Cas9-mediated mutagenesis was carried out using the pMTL431511 plasmid
backbone with a cas9 gene containing a proximal frameshift mutation (fscas9).2%” The
sgRNA SEED sequence was selected based on the on- and off- target scores calculated
by the Benchling platform and generated via a primer dimer PCR with primers
sgRNA1 boNT/Al _F_Sall and sgRNA_R_AsiSI. The boNT/Al deletion cassette left
homology arm (LHA) was amplified with primers boNT/Al_LHA_AsiSI_F and
boNT/Al_LHA_R; and the right homology arm (RHA) was amplified with primers
boNT/A1_RHA F and boNT/A1_RHA_R_Ascl, using genomic DNA as a template.
The two homology arms were fused via SOEing PCR. The sgRNA was digested with
Sall/AsiSI and the boNT/A1 deletion cassette with AsiSI/Ascl, and all fragments were
ligated into a Sall/Ascl digested pMTL431511 plasmid backbone in one step,

generating plasmid pMTL431511 boNT/A1-GL1.
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2.11.2.2  Plasmids to generate ATCC 19397 mutL variants

CRISPR/Cas9-mediated mutagenesis was carried out using the pRECas2-MSC
plasmid backbone.'®® The sgRNA SEED sequences were selected based on the on-
and off- target scores calculated by the Benchling platform, generated via primer dimer
PCRs and digested with Spel/Aatll (Appendix IV). The LHAs and RHAs of the
deletion and insertion cassettes were amplified using primers listed in Appendix IV
using genomic DNA as a template and digested with Aatll/Bsal and Bsal/Ascl,
respectively. The digested sgRNA, LHA and RHA fragments were ligated into a
Spel/Ascl digested pRECas2-MSC plasmid backbone in one step, generating plasmids
pRECas2-mutL-G1d, pRECas2-mutL231-G1d, pRECas2-mutL_comp-G2c¢ and

pRECas2-mutL_comp-Glc.

2.11.3 Construction of plasmids used in Chapter 5

CRISPR/Cas9-mediated mutagenesis was carried out using the pRECasl-MSC
plasmid backbone.*®® The sgRNA SEED sequences were selected based on the on-
and off- target scores calculated by the Benchling platform, generated via primer dimer
PCRs and digested with Sall/Aatll (Appendix 1V). The LHAs and RHAs of the
deletion and toxoid cassettes were amplified using primers listed in Appendix IV using
genomic DNA or plasmids DNA as a template and digested with Aatll/Bsal and
Bsal/Ascl, respectively. The toxoid cassettes were assembled via SOEing PCR. The
digested sgRNA, LHA and RHA fragments were ligated into a Sall/Ascl digested
pRECas1-MSC plasmid backbone in one step, generating the plasmids listed in

Appendix II.
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2.12 Targeted genome mutagenesis

2.12.1 ClosTron mutagenesis

The ClosTron system was used to inactivate target genes via intron insertion, as
described by Heap et al.}’® 22® Re-targeted group Il introns were designed using a
freely available tool based on the Perutka algorithm (www.clostron.com). Standard
ClosTron plasmid pMTLO07C-E2 carrying the newly designed introns were supplied
by ATUM and eluted from the membrane using dH-0, according to the manufacturer’s
instruction. Plasmids were electroporated into CA434 and subsequently conjugated
into C. botulinum, as described in section 2.5 and 2.7, respectively. Conjugal mixtures
were plated on TYG/Tm/D-cycloserine agar and incubated for 24-48 hours.
Successful transconjugants (Tm resistant) were streaked to purity on TYG/Tm/D-
cycloserine agar. Next, all transconjugants were harvested, pooled by scraping,
serially diluted in BPS as required and plated on TYG/Erm/D-cycloserine agar to
select for intron insertion. Group Il intron insertion was confirmed by PCR using
primers flanking the target site and subsequently the plasmid was lost as described in

section 2.8.

2.12.2 Allele-Coupled Exchange

The allele-coupled exchange (ACE) method was used to generate pyrE negative
(pyrE") C. botulinum strains.'® Plasmid pMTL-CH12 was transferred from CA434 to
C. botulinum via conjugation and the conjugal mixture was plated onto TYG/Tm/D-
cycloserine agar, as described in section 2.7. After 24-48 hours of incubation
morphologically larger colonies were screened via PCR with a plasmid-specific and
chromosomal-specific primer to identify single-crossover mutants. The single-

crossover mutants were plated on TYG agar containing 5.5 mg/ml 5-FOA to isolate
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double-crossover pyrE~ mutants, resistant to 5-FOA. Plates were incubated under
anaerobic conditions for 48-72 hours and the colonies resistant to 5-FOA were
screened via PCR using a primer annealing to the chromosome and a primer annealing
to the lacZa insert. Double-crossover mutans were streaked to purity on TYG agar

containing 5.5 mg/ml 5-FOA and the plasmid was lost as described in section 2.8.

2.12.3 CRISPR/Cas9-mediated mutagenesis

CRISPR/Cas9-mediated mutagenesis was carried out using two different systems: (i)
with constitutive Cas9 expression (pMTL40000 series); and (ii) with inducible Cas9
expression (RiboCas).®® 22" The CRISPR/Cas9 plasmids were transferred from E. coli
to C. botulinum by conjugation as described in section 2.7. Conjugal mixtures were
plated onto TYG/Tm/D-cycloserine agar and incubated for 24-48 hours.
Transconjugants harbouring pMTL431511 were directly screened via PCR, using the
appropriate screening primers, to confirm the desired genomic modification, and
subsequently the plasmid was lost as described in section 2.8. Transconjugants
harbouring the RiboCas plasmid were restreaked onto TYG/Tm/ D-cycloserine agar
containing 5 mM theophylline and incubated for 24-48 hours. Colonies were screened
via PCR, using the appropriate primers, to confirm the desired genomic modification

and subsequently the plasmid was lost as described in section 2.8.
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2.13 List of bioinformatics tools

Tool

Description

SnapGene® version 3.2.1 (GSL
Biotech LLC)

Plasmid map visualisation, primer design, cloning
simulations and Sanger sequencing alignments

Blastn & Blastp algorithms
(NCBI)

Sequence alignments and database searches

Benchling

Design of sgRNAs

NCBI conserved domain database

Identification of protein domains

CLC Genomics Workbench v10
(Qiagen)

Whole genome assembly, R-factor assembly, resequencing
analysis and variant detection

Mauve Multiple Genome
Alignment

Alignment of C. botulinum genomes

RAST server (Rapid Annotation
using Subsystems Technology)?®

Annotation of assembled sequences

GraphPad Prism 9.1.2 for
windows

Data visualisation and statistical analysis
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CHAPTER 3

Development of a donor
customisation pipeline to improve

DNA transfer efficiencies
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3.1 Introduction

3.1.1  Horizontal gene transfer

Horizontal gene transfer refers to the movement of genetic material between
organisms other than by the passing of genetic material from parent to offspring.?°
The ability of bacteria to acquire genetic material from their environment (e.g., directly
or indirectly from other organisms) plays a major role in bacterial evolution and
enables bacterial populations to overcome challenging environmental changes. The
uptake of new (foreign) genetic material can serve three purposes: (i) generate genetic
diversity; (ii) function as a template for DNA repair, and; (iii) provision of
nutrients.®12%2 A good example of the impact of horizontal gene transfer is the fast
increase of multidrug resistant bacteria worldwide, which is due to the transfer of
resistance genes between bacterial species.?3*-23* Another common phenomenon is the
adaptation of bacteria to a pathogenic lifestyle, which usually involves the acquisition
of new genetic material, e.g., a large cluster of virulence genes, through horizontal
gene transfer.®® The boNT gene cluster, responsible for the pathogenic phenotype of

C. botulinum, is a good example of toxin genes that have moved between different

species, although its exact evolutionary benefit is still unknown, 2 44 46-47. 165,235

In order to gain new abilities through horizontal gene transfer, donor DNA has to find
its way into the recipient cell and subsequently must be maintained within the cell,
which can either be via integration into the cell’s genome or via autonomous
replication.?*® Additionally, for long term stable maintenance, the DNA should be
beneficial to the recipient cell. In bacteria, this process of horizontal gene transfer may
occur via three different mechanisms: transformation, transduction and conjugation

(Figure 3.1).2%%-23% Each mechanism will be discussed in more detail below.
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Figure 3.1 Overview of horizontal gene transfer mechanisms. a)
Transformation: the uptake of free genetic material from the environment; b)
Transduction: the accidental transfer of DNA from one bacterium to another by a
bacteriophage; ¢) Conjugation: the transfer of genetic material between bacteria
by physical contact. Genetic material that has entered the cell is subsequently (i)
integrated into the host chromosome; (ii) degraded by nucleases, or; (iii)
recircularised to become a self-replicating entity.

3.1.2  Transformation
Transformation was the first mechanism of horizontal gene transfer to be discovered
and involves the uptake of free exogenous genetic material by the cell from its

environment through the cell membrane(s). In 1928 Griffith was the first to describe

the ability of bacteria to transform by acquiring a transforming principle from the
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environment and a few years later, in 1944, Avery et al. demonstrated that the
transforming factor was exogenous genetic material.24%-24! This phenomenon, that they
termed bacterial transformation, can only occur if the recipient cells enter a specialised
physiological state, known as ‘competence’. Various bacteria can naturally develop
competence whereas in other strains an artificial state of competence can be induced

using laboratory procedures.

Natural transformation involves a physiological state transition of the recipient cell,
triggered by environmental stimuli (e.g., population dynamics, DNA damaging
conditions and starvation) and depends on the tightly regulated expression of genes
connected to the DNA uptake process.?®” Naturally competent Gram-positive and
Gram-negative bacteria have a related competence system, which involves the
assembly of a structure that partially spans the cell membrane and includes
components that share homology with proteins from the type IV pili and type II
secretion systems.?*? The formed structure is coupled to a DNA translocation complex
and together they transport single-stranded DNA into the cytoplasm. Once in the
cytoplasm, single-stranded DNA gets a) recircularised (plasmids), b) integrated into
the genome via homologues recombination or ¢) degraded by nucleases (Figure

3.1).243

Artificial competence is based on making cells passively permeable to DNA using
laboratory procedures. The cells are exposed to conditions that cause the formation of
small holes in the cell membrane and/or the opening of membrane pores through which
DNA can enter the cell. The two most common methods to induce competence for
transformation are chemical induction and electroshock treatment (electroporation).
To chemically induce competence, cells are treated with ice-cold solutions containing

divalent cations (commonly Ca?*) and are subsequently subjected to a heat-shock
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treatment to make the membrane permeable.?* Electroshock treatment is currently the
most efficient artificial transformation method available and involves thoroughly
washing bacterial cells to remove excess salts (ions) before subjecting the cells to a
high-voltage pulse, which elicits the uptake of macromolecules.?*>2% Since the
discovery of these methods to induce an artificial state of competence in bacteria that
are not naturally competent, they have become commonly used tools to genetically

modify bacteria, rapidly advancing the fields of molecular biology and biotechnology.

3.1.3  Transduction

The second mechanism of horizontal gene transfer, termed transduction, involves the
accidental transfer of DNA from one cell to another by a bacteriophage. When a
bacteriophage infects a cell it can enter either the lytic or the lysogenic lifecycle.
During the lytic cycle phages harness the host machinery to assemble new phage
particles, which are released to the environment upon lysis of the host. The second
route for bacteriophage reproduction, lysogeny, is characterised by coexistence of the
phage with the host, as a so called prophage.?*”2*8 In most cases, the genetic material
of a prophage is integrated into the host-cell chromosome, where it can remain
dormant for extended periods of time and passively replicate from bacterial parent to
offspring for many generations. Nonetheless, upon induction, the prophage can exit
the bacterial chromosome, switching from the lysogenic to the lytic cycle. Prophage
induction initiates the excision of its DNA and the subsequent hijacking of the host

machinery to assemble new phage particles, which eventually results in cell lysis.

Normally, exact copies of the original genetic material is packaged into the new
bacteriophage particles. However, occasionally erroneous packaging of the genetic

material occurs and host DNA is included. When such a bacteriophage infects another
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bacterium, this genetic material is released, resulting in horizontal gene transfer. The
infecting bacteriophage could have packaged random DNA fragments from the
previous host (generalised transduction) or packaged DNA flanking the prophage
integration site due to imprecise excision of the prophage DNA (specialised
transduction).”® Generalised transduction can occur through the lytic and the
lysogenic lifecycle whereas specialised transduction can only occur via the lysogenic

lifecycle.

Like transformation, transduction does not require direct contact between the donor
and recipient cell, the only attribute they must share is a common sensitivity for the
transducing bacteriophage. Although host range of a bacteriophage is usually quite
limited, making horizontal gene transfer via transduction highly specific, it is an
important vehicle for DNA transfer, owing to their abundance in the environment and
their ability to promote DNA integration into the host’s chromosome, protecting the

genetic material from degradation by restriction endonucleases (REases).

3.1.4  Conjugation

The third mechanism of horizontal gene transfer, known as bacterial conjugation, is
the transfer of genetic material, usually plasmids or transposons, by cell-to-cell
contact. When a donor and recipient cell come into contact a mating junction is formed
through which DNA is exchanged. This junction can be formed between cells of
different species, phyla and even major domains.?*® Despite the availability of quite a
substantial amount of molecular data regarding the conjugative apparatus, the exact
mechanism of conjugal DNA transfer remains to be elucidated. Currently, the
available data suggests that a conjugative pilus produced by the donor cell extends

from the cell surface, which facilitates attachment to the recipient and induces the
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formation of a mating junction. However, these pili probably do not play a direct role
in the transfer of the genetic material .>>® The formation of the actual junction requires
the assembly of a cell membrane spanning translocation channel, which involves
extensive remodelling of the donor and recipient cell membranes. Both distributed and
polar patterns of localisation have been observed for the pili and channel components

of the conjugation apparatus.?®

The genes that encode the required components for the conjugation apparatus are
usually located on a plasmid, but occasionally get integrated into the chromosome of
a donor cell. Such strains, with the plasmid integrated, transfer chromosomal genes
with a high efficiency and are therefore referred to as High frequency of recombination
(Hfr) strains. The most common functional components constituting these plasmids,
known as fertility factors (F factors), are the origin of transfer (oriT), origin of
vegetative replication (oriV) and conjugal transfer (tra) genes.?®* Upon initiation of
conjugation a relaxase (or relaxosome) binds at the oriT locus and cleaves one of the
DNA strands.?? Subsequently, the nicked strand is translocated into the recipient cell,
while the remaining strand is replicated inside the donor cell.?®® As a result, after a
successful conjugation event, both the donor and recipient have a copy of the F factor.
Some conjugal plasmids have a very limited host range, whereas others are less host

specific.

The host range of these conjugal plasmids is not only determined by the successful
formation of a mating junction, but also depends on how well the transferred plasmid
is maintained within the recipient cell. Moreover, the frequency of plasmid transfer is
indirectly influenced by environmental factors, due to their effect on bacterial activity
and population density. For example, the high bacterial density and metabolic activity

in biofilms seems to increase the total number of DNA-transfer events.?*
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Furthermore, transfer efficiencies are affected by restriction barriers within the

recipient, which will be discussed in more detail in section 3.1.6.

Just like transformation and transduction, conjugation is often utilised by researchers
to transfer DNA from one organism to another for engineering purposes; its main
advantage being that relatively large DNA molecules can be transferred. Conjugative
plasmid transfer is a common method to genetically modify various clostridia,
including the toxicogenic species C. difficile and C. botulinum.?® For these two
species the majority of methods rely on an E. coli donor harbouring a shuttle plasmid
and the R702 factor, which is a resistance transfer factor (R factor). R factors encode
all the required components for conjugation apparatus formation, allowing them to
readily spread through populations. They are characterised by the multiple resistance
genes they carry and are closely related to F factors. The shuttle plasmid carries an
oriT, a selectable marker, cargo, a Gram-negative E. coli replicon and a Gram-positive
Clostridium replicon to allow its successful transfer.*®® The exact composition of the
shuttle vector can influence its final transfer efficiency; for example, plasmids with a
stable Gram-positive replicon transfer with a higher frequency compared to plasmids

with an unstable Gram-positive replicon.

3.1.5 Bacterial defence mechanisms against parasites: barriers to horizontal

gene transfer
Engineering bacterial strains with the aforementioned DNA transfer methods is not
always straightforward because, as so often in biology, it is not an easy ‘one size fits
all’ case. It is not uncommon that with a specific transformation protocol high numbers
of transformants (cells into which foreign DNA has been introduced) can be achieved
for one strain whereas for another strain, of the same species, significantly less

transformants are obtained.?** This is not only due to the many physiological
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differences between bacterial species, like cell membrane composition, ability to
become naturally competent or form a conjugation apparatus, but is also influenced
by the various defence mechanisms a cell might have developed and/or acquired to

protect itself from potentially harmful foreign genetic material, such as viral DNA.

For bacteria there is a fine balance between acquiring beneficial genes and protection
against bacteriophages and invasive plasmids. Especially between phages and bacteria
an evolutionary arms race has been going on for ages, with both sides continuously
evolving to overcome the defence mechanisms of the other.?*® This has led bacteria to
develop multiple lines of defence, some very specific (e.g., CRISPR-Cas systems) and
others more broad-range (e.g., restriction-modification (RM) systems), that are
collectively referred to as the prokaryotic immune system.?>* The acquisition and
evolution of these different immune strategies is driven by several key ecological
factors, such as the frequency of phage attacks, parasite diversity, the genetic diversity
in a phage population and the bacterial population density. Although the benefits of
sustaining a diverse defence arsenal are evident, investing in and maintaining a
multitude of defence mechanisms comes at a cost. The systems can impose a metabolic
burden but more importantly can lead to autoimmunity; for example, defence
mechanism that should attack foreign DNA can accidentally cleave the chromosome,
resulting in cell death.?> Moreover, permitting a low level of horizontal gene transfer
can benefit the fight against harmful genetic material, since it can be employed to

access defence systems encoded by other bacteria in the environment.?*

Challenged by the abundance and diversity of bacteriophages and given the fitness
costs associated with maintaining various defence mechanisms, bacteria have evolved
in such a way that they can adapt quickly to the ever changing environment by gaining

and losing these mechanisms at a relatively high rate.?®* To do so, the various defence
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systems are usually clustered together at specific chromosomal regions, referred to as
defence islands and oftentimes these islands also encode transposases, recombinases,

7 1t has been

conjugation genes or other typical mobile genetic elements.
hypothesized that a bacterial immune system is not just the defence mechanisms
within a single cell, but rather should be viewed as the sum of all immune systems
available within a population (pan-genome), shared via horizontal gene transfer.?®
Additionally, diversifying the defence arsenal amongst cells within a population could
be seen as a bet-hedging survival technique to combat the continuously evolving

parasites.

In recent years, it has become evident that the bacterial immune system is much more
diverse and complex than previously appreciated. Here, the focus is on how these
systems can interfere with various horizontal gene transfer processes, limiting the

successful uptake of foreign DNA.

In nature, bacterial transformation relies on the availability of DNA in the environment
and hence, the major barriers to horizontal gene transfer via this route are related to
the extracellular DNA (eDNA) stability, eDNA degradation by nucleases and other
environmental factors that affect eDNA concentrations.?®® In addition, the specificity
of the host DNA uptake system, limited bacterial competence and the lack of
homology between foreign DNA and the host chromosome influence the

transformation efficiency.

Horizontal gene transfer via transduction is hindered by the vast number of anti-phage
defence systems bacteria have at their disposal.?®® These systems can roughly be
divided into three categories: (i) systems that target viral nucleic acids; (ii) Abortive

infection (Abi) systems which result in bacterial suicide upon infection, and; (iii) other
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(Figure 3.2).2° The various groups interfere with different stages of the phage
lifecycle and most of the known systems have been studied extensively. Briefly, a very
effective and widespread method employed by bacteria to fight phages is the
degradation of the genetic material they inject into the cell. These defence mechanisms
(e.g., RM and CRISPR-Cas systems) also form a major barrier to the uptake of foreign
DNA via the other two horizontal gene transfer routes and hence, cells that harbour
many of such systems are often genetically inaccessible to researchers. Both RM-
systems and the CRISPR-Cas system will be discussed in more detail in section 3.1.6.
Abi is quite a drastic stress response by the cell that leads to a general metabolism
arrest to prevent the completion of the phage life cycle and can result in cell death,
thus preventing the release of new phage particles. Essentially, Abi is an altruistic
suicide response that limits the phage spread to protect the rest of the population.
Furthermore, bacteria can modify their surface to prevent phage adsorption by
masking, mutating or losing receptor proteins. Lastly, phages that are already inside a
bacterial host, such as a prophages, can block the injection of foreign genetic material
or the replication process of newly infecting phage.?* This phenomenon is referred to
as superinfection exclusion (Sie) and could be viewed as a collaboration between the
prophage and its bacterial host. The almost infinite diversity of bacteriophages has
resulted in a remarkable diversity of anti-phage defence mechanisms and new systems,
such as phage-inducible chromosomal islands (PICIs), bacteriophage exclusion
(BREX) and DISARM, are still being discovered. It could well be that the currently

known defence mechanisms are just be the tip of the iceberg.

Conjugal immunity systems, encoded by conjugative elements, such as plasmids and
transposons, can prevent the successful transfer of DNA, which is known as exclusion.

Various distinct exclusion mechanisms encoded by conjugative elements have been
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found in both Gram-positive and Gram-negative bacteria.?®>2%> For example, the tra
operon located on F factors encodes two exclusion genes, traS and traT. TraS is an
inner membrane bound protein and inhibits DNA entry. TraT is an outer membrane
lipoprotein and is thought to either reduce receptiveness of the recipient cell to
conjugative pili or destabilize mating junctions (Figure 3.2). Initially the consensus
view was that these exclusion mechanisms prevent recipient cells from acquiring other
identical or closely related conjugative elements. However, more recently it has been

hypothesized that the surface exclusion systems, such as traT, promote the breakage

of a mating junction after a successful transfer event.?*3
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3.1.6  Bacterial immune systems that target nucleic acids

Bacteria have developed various ingenious mechanisms to attack invading genetic
material. Prokaryotic Argonaute (pAgo) proteins, CRISPR-Cas systems and
restriction-modification (RM) systems can all interfere with foreign genetic elements
that are potentially harmful to the cell (Figure 3.3). Usually, these systems do not
inhibit one specific method of horizontal gene transfer, but rather interfere with all

genetic material that fit their requirements.

The Argonaute protein family is a diverse group of guide-dependent enzymes that
target nucleic acids and members of this family can be found in all three domains of
life.2%6 pAgo proteins can be divided into long and short pAgos; Long pAgos consist
of the amino-terminal (N), middle (MID) and two PIWI-Ago-Zwille (PAZ) domains.
The MID and PAZ domains usually bind to the guide oligonucleotide and upon target
binding the PIWI domain facilitates target cleavage. Short pAgo are basically
incomplete pAgo proteins that lack nuclease activity. They consist of only a MID and
a PIWI domain that is catalytically inactive. The primary function of short pAgos
might be target binding, which on its own could interfere with RNA/DNA expression
(silencing), or recruit additional nucleases to mediate target cleavage. The genes
encoding pAgos often co-locate with other host defence mechanisms and short pAgo
genes, lacking the cleavage domain, are typically associated with genes that encode
putative nucleases. Most of the studied pAgos use small DNA guides to cleave DNA,
however there are also examples of RNA-guided Argonaute nucleases that cleave
RNA and DNA.2%6-2688 Both DNA- and RNA-guided pAgos seem to protect the cell
against invading DNA by interfering with multicopy genetic elements, such as
plasmids and phage DNA.2%° However, the function of pAgos might be more versatile;

Jolly et al. demonstrated that the Ago of Thermus thermophilus is involved in the
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unlinking of replicating chromosomes and Fu et al. report that an Ago of
Natronobacterium gregoryi promotes homologous recombination.?’%2"1 Although in
recent years various studies have led to a better understanding of the pAgos function
in bacteria, their exact role, how they discriminate self from non-self and other

mechanistic details remain to be elucidated.

The discovery of prokaryotic CRISPR-Cas immune systems has probably been the
most significant revelation of the past decades. Not only because it is a very
sophisticated adaptive immune system that memorizes previous infections but also
because these programmable CRISPR-Cas systems have been repurposed for editing
eukaryotic and prokaryotic genomes, DNA imaging, base editing and much more,

revolutionizing many research fields.?’#%"3

The CRISPR loci together with the Cas genes constitute the ubiquitous immune
system found in approximately half of the sequenced bacteria and in a majority of
archaea.1®11%2 273274 The cas genes encode the protein machinery that drives the
immune response, which can be divided into three phases: (i) adaptation; (ii) crRNA
biogenesis, and; (iii) interference.!® 275276 Dyring adaptation, an immunological
memory is formed through the acquisition of invader-derived sequences (spacers) that
are incorporated into the CRISPR loci on the host chromosome. This memory is
retrieved when the CRISPR loci is transcribed and the resulting transcripts are
processed to yield small crRNA guides. Subsequently, the crRNAs direct the
interference machinery, consisting of one or more Cas proteins, to cleave
complementary invading genetic material, which results in host immunity.?’-?’® To
prevent autoimmune targeting of the CRISPR loci, the interference machinery only
targets sequences next to a specific short recognition sequence, called PAM, which is

not included in the CRISPR array by the adaptation machinery.
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CRISPR-Cas immune systems are highly diverse and are currently divided into two
classes based on the composition of cas genes.’® Class | systems accomplish
interference using a multi-Cas protein complex, whereas class Il systems employ a
single effector protein. Although it has been well established that the various systems
can provide protection against invading mobile DNA or RNA elements, such as
phages and plasmids, the effect of CRISPR-Cas systems on horizontal gene transfer is
debated.?’®-28° On the one hand, lineages have been identified with strong horizontal
gene transfer signatures that are depleted of CRISPR-Cas systems. On the other hand,
studies suggest that the presence of CRISPR-Cas systems can enhance generalised
transduction because they target the genetic material of a phage, but do not recognize

bacterial DNA that was encapsulated accidentally.

RM systems provide innate immunity against invading DNA by recognising and
cleaving foreign DNA that contains a specific sequence motif or DNA modification.
They are present in over three quarters of the sequenced prokaryotic genomes and a
bacterial genome harbours on average two RM systems.?8! There are roughly two
kinds of RM systems: those that cleave DNA lacking appropriate methylation of
adenosyl or cytosyl residues within the recognition motif and those that target
modified DNA.?®2 The RM systems belonging to the first group are typically
comprised of enzymes with opposing activities: a restriction endonuclease (REase)
that recognizes and cleaves unmethylated motifs and a methyltransferase (M Tase) that
modifies the REase recognition sequence in the host chromosome to prevent self-
targeting.?®® Foreign DNA usually lacks the characteristic methylation of the REase
recognition site and will therefore be degraded. To further minimize autoimmunity in

bacterial cells expressing functional RM systems the cognate restriction site is
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generally underrepresented in the genome, which is referred to as recognition site

avoidance.?84-28

In addition, emerging studies indicate that RM-systems might play a role in various
other processes, beyond host defence.?8® RM-systems can restrict the acquisition of
foreign (new) DNA by horizontal gene transfer, thus maintaining the genetic integrity
of the population.?®” To date, many studies have shown that RM systems affect
horizontal gene transfer and form a barrier to both natural DNA transfer as well as
artificial transfer methods.?%8-20 However, it has also been hypothesised that the
REase generated fragments could promote homologous recombination with the host’s
genome.?®® Furthermore, the site specific methylation by RM systems might act on

gene expression.

RM systems are classified into four different types based on their subunit composition
and biochemical characteristics, such as substrate specificity, cleavage position and

cofactor requirements.?%1-2%2

Type | systems are comprised of two REase subunits (R) for cleavage, two MTase
subunits (M) that catalyse the DNA modification reaction and one specificity subunit
(S), which recognises specific bipartite target sequences (e.g., AACNNNNNNGTGC
of EcoKI?%) and are encoded by the hsdR, hsdM and hsdS genes, respectively.?®* The
DNA methylation status determines if the complex functions as a REase or as an
MTase; fully methylated DNA is protected against restriction, the non-methylated
strand of hemimethylated DNA is targeted for methylation and unmethylated
molecules are susceptible to restriction. When the complex binds an unmethylated
recognition site, the R subunit starts the ATP-dependent DNA translocation process,

reeling in the DNA base pairs while the REases remain bound to the recognition
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sequence, which results in the formation of DNA loops.?®2% Stalling of the
translocation (e.g., due to DNA topology or the collision of two translocating enzyme
complexes) initiates cleavage of both strands within the formed DNA loop, and thus

restriction occurs at a random distant site from the recognition site.?%’

Type 11 systems are a heterologous collection of hundreds of different REases with
unique biochemical properties and their associated MTases.?®® Generally, the MTase
and REase are separate and independently acting enzymes that recognise with extreme
accuracy the same DNA sequence. This sequence is typically a 4-8 base pair
palindrome and the type Il REase cleaves at a fixed position within or adjacent to this
specific recognition site. Type Il REases can be active as homodimers, monomers or
tetramers whereas MTases usually act as monomers to modify both DNA strands at a
specific recognition site. In modern molecular biology type Il enzymes are much more
than just a prokaryotic immune system; in laboratories they have become daily used
‘work horses’ for the analysis of DNA and gene cloning, playing a key role in many

developments within the life sciences.?®

Type 111 systems share many features with type | systems but are less complex.3® They
are comprised of a REase (‘res’ subunit), which is only active when associated to the
complex and of a MTase (‘mod’ subunit), which is responsible for site recognition and
modification. The ratio of the different subunits within the final complex is debated,
studies suggest that the complex either consisting of one or two ‘res’ and two ‘mod’
subunits.®® Type 111 complexes bind to two inversely oriented copies of its non-
symmetrical 5-6 base pair recognition site and as with type I systems, translocate DNA
while the complex remains bound to the recognition site and loop formation precedes
cleavage.>®> However, unlike type | systems, stalled DNA translocation initiates

restriction at a defined point, which is usually 25-27 bases away from the recognition
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site. In contrast to the res subunits, the mod subunits can act independently,
methylating just one strand of a DNA duplex, which results in hemimethylated DNA.
This DNA is protected against cleavage because type Il systems only cleave
completely unmethylated DNA molecules. In addition, there is competition between
the res and mod activities of the complex. Hence, foreign DNA occasionally gets
methylated before restriction could occur, making type Ill systems a less efficient

defence mechanism.

Type 1V systems are a relatively new class of restriction enzymes that is modification-
dependent (e.g., bases that have been methylated, hydroxymethylated, or glucosyl-
hydroxymethylated), in contrast to the conventional modification-blocked type I-111
systems.3%33%4 Many of the known enzymes described have been discovered during
the past three decades and if the hypothesis is true that for each type of protective
modification there are enzymes that only cleave DNA with this specific modification,
there are still many undiscovered type IV systems. The currently described type IV
enzymes are highly diverse and sequence analysis suggest that they have emerged
independently at least six times during evolution. The currently known systems are
basically a nuclease domain fused (covalently or via non-covalent polypeptide
interactions) to domains that exhibit DNA binding and regulatory functions. Typically,
they recognize modified DNA substrates with little sequence specificity. To date, the
consensus view is that these modification-dependent systems have evolved to protect
the host against attacking parasites with foreign methylation patterns and as suicidal
defence strategy against the expression of foreign MTases.®® In addition, self-
cleavage of the chromosome has been observed when cells are exposed to stressful

conditions, which suggests that these systems also play a role in the bacterial stress

physiology.3%
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Figure 3.3 Overview of bacterial defence mechanisms that target foreign
DNA. From left to right: transfer and maintenance of invading DNA halted by
prokaryotic Argonautes, CRISPR-Cas systems and RM-systems. Invading DNA
(phage or plasmid): dark blue; Bacterial chromosome: grey; Phage receptors: dark
green; Enzyme (complex) with nuclease activity: red; Enzyme (complex) with

methyltransferase activity: green; “Non-self” DNA modification pattern: orange
and red dots; “Self” modification pattern: green dots.?*

3.1.7  Strategies to overcome restriction barriers

The genetic manipulation of bacteria is a powerful approach for elucidating
fundamental aspects of bacterial behaviour and for harnessing bacterial capabilities
for biotechnology applications. However, the full power of the quickly expanding
genetic toolkit can only be applied to a few ‘domesticated’ bacterial strains that readily
accept exogenous genetic material 3" At present, there are still many organisms with
potentially interesting characteristics that are genetically inaccessible, and hence
cannot be genetically engineered, due to the many barriers to DNA/RNA transfer
described previously. Overcoming these barriers is challenging, mostly because of the
large biological diversity and strain-level variations in defence mechanisms, even
within species.?®% 3% As a result, projects with a new bacterial isolate usually start with
the time consuming task of establishing efficient and reliable DNA transfer. This step

can be a true bottleneck, sometimes delaying projects by several years.
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Initial attempts to establish and increase DNA uptake in an ‘untouched’ bacterial strain
are normally based on previously developed methods for closely related strains.
Optimization of these artificial (or natural) transformation and conjugation protocols
generally involves testing different media compositions, growth phases, incubation
times, electroporation settings and other, less conventional, alterations®°" 3%°: for
example, a heat shock treatment prior to conjugation can significantly increase DNA
transfer efficiency in specific species or strains, including C. difficile.310-31
Nevertheless, the cumulative effect of tweaking all these different parameters is often
insufficient to establish successful DNA uptake in strains with a variety of efficient
nucleic acid targeting systems. From the three systems described in section 3.1.6,
especially RM systems hinder DNA transfer and are the most common underlying

cause of genetic inaccessibility.

Most of the currently available strategies to overcome RM systems have been inspired
by the anti-restriction mechanisms employed by bacteriophages to avoid degradation.
The three most common strategies are: (i) subversion of RM systems; (ii) recognition

site avoidance, and; (iii) methylation mimicry.206 291, 313314

Phages have evolved several mechanisms to subvert RM systems, such as blocking
recognition sequences by encoding DNA binding proteins, destroying cofactors
essential for REase activity and directly interacting with RM systems to prevent for
example the assembly of type | systems.?®® All these strategies essentially aim to
inactivate the host REases. Researchers have followed a similar approach by deleting
or mutating cell REases to increase DNA transfer efficiencies.3>3?! Although the
inactivation of host RM systems via directed engineering can be very effective in some
cases, this approach is unsuitable for a wide range of bacteria because of the need for

an initial, albeit low, level of DNA uptake.
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Recognition site avoidance is very common amongst phage genomes and conjugative
elements as it is a simple but effective strategy to prevent cleavage by host RM
systems: no recognition sites, no DNA restriction.®?>32® Additionally, it has been
demonstrated that even a reduction in the number of recognition sites can increase the
probability of overcoming this type of host defence.?8® 324 However, a recent study by
Rusinov et al. suggests that although the avoidance strategy is widespread, it is not
universal; this phenomenon is predominantly associated with type 11 systems and non-
temperate phages with a DNA genome.®?? Nevertheless, it has been shown that
removing RM system recognition sequences of any type from DNA templates is an
effective approach to circumvent genetic inaccessibility.?®% 313 Unfortunately, it is not
always possible to remove a recognition site; for example, a site within an origin of

replication cannot easily be altered without affecting its function.

Methylation mimicry by bacteriophages involves matching the phage genome
modifications to the methylation pattern of the host, so that upon infection the host
cannot distinguish the exogenous DNA from endogenous DNA to prevent hijacking
of the cell. This is also a very effective and common approach taken by researchers
who aim to make the inaccessible accessible.3®® There are two frequently used
methylation mimicry methods: (i) the in vitro methylation of DNA fragments using
commercially available enzymes that target the site of interest, or; (ii) in vivo
methylation of plasmids by passing the DNA through a surrogate strain which has
been engineered to match the methylation pattern of the strain of interest.3263%9
However, these two strategies also have their limitations. For many REases identified
in genetically inaccessible strains there is no commercial enzyme available that
modifies the specific recognition sequence due to the high diversity of RM systems.

If this is the case, in vivo methylation could offer a solution, although expression of
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the host’s cognate MTases can be challenging due to toxicity effects to the surrogate
strain. Placing the MTases downstream of an inducible or weak promoter can mitigate
toxicity effects without compromising plasmid methylation, though finding the right

balance between MTase toxicity and conferred protection can be tricky.

Generally, when a strain of interest is genetically inaccessible, the full genome is
sequenced using SMRT PacBio sequencing technology and RM systems with their
recognition sequences are identified.?® Next, several of the above strategies are
attempted to establish efficient DNA transfer, which is time consuming and often
results in a method that is specific for just one strain; the whole cycle needs to be
repeated for the next strain. Hence, there is a desire for more widely applicable and
systematic approaches to circumvent RM systems. For example, a roadmap which
dictates subsequent steps depending on previous findings could speed up the whole

process and increase the success rate.

3.2  Objectives

Establish and increase the efficiency of conjugative plasmid transfer from E. coli into

C. botulinum type A strains via three different methods:
i.  Inactivation of the recipient’s REases,
ii.  Expression of the recipient’s MTases in the E. coli donor,

iii.  Testing various conjugal E. coli donor strains with different native

methylation profiles.
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3.3 Results and discussion

3.3.1 Identification of restriction modification systems

Reliable and efficient DNA transfer is crucial for achieving the overall aim of this
work, generating a library of C. botulinum safe strains. Based upon literature research
the 62A strain should accept foreign DNA, however for the ATCC 19397, Loch Maree
and NCTC 2916 strain this information could not be found.*?® Therefore, as a starting
point the amenability of each strain to accepting foreign DNA was assessed following
the standard conjugation protocol developed for ATCC 3502, as described in section
2.9.3. To calculate the conjugation efficiency the total number of transconjugants per
mating was divided by the total number of E. coli donor added to the conjugal mixture.
Additionally, the recipient CFU was enumerated at the end of each mating, in order to
rule out that any potential differences observed in DNA transfer efficiencies resulted

from variations in the total number of recipients per conjugal mixture.

It should be noted that the above method to determine the plasmid-transfer efficiency
is imperfect because it does not discriminate between an increased number of transfer
events and post-transfer division of the recipient cell. Ideally, the transfer efficiency
is calculated based on the number of conjugation events per donor-recipient
interaction.?*® To obtain data in this form single-cell analysis would be required,
however the necessary equipment to study single cells was not available in the C.
botulinum laboratory. Additionally, single-cell analysis is much more laborious.
Moreover, the different donors and plasmids used are unlikely to have significantly
different impacts on the post-transfer growth of recipient cells. Therefore, it was

concluded that discrimination between the number of transfer events and growth of
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the recipient population was not essential for this study and the simple, commonly

used, transconjugant to donor ratio would be sufficient.

Surprisingly, although the strains are quite closely related, the conjugation efficiencies
achieved under these conditions varied greatly (Figure 3.4). Strains ATCC 3502 and
62A were most susceptible to plasmid pMTL83151, yielding approximately 70000
and 30000 transconjugants per conjugal mixture, respectively. The NCTC 2916 strain
was the next most efficient in terms of transformation, with on average 13000
transconjugants per mating plate, followed by Loch Maree with a consistent but low
number of approximately 500 transconjugants per conjugal mixture. Despite the
genomic similarity of strain ATCC 19397 to both ATCC 3502 and 62A, very few
colonies appeared on the selection plates (on average 1.5 colony per conjugal mixture).
Several of the putative transconjugants were subjected to a PCR screen using primers
specific to the transferred plasmid (M13R and 83XXX_LR). Not a single colony
screened came back positive, suggesting that probably the majority, if not all, of the

CFUs were false positives.
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Figure 3.4 Conjugation efficiency into ATCC 3502, ATCC 19397, 62A, Loch
Maree and NCTC 2916. Transfer efficiency of plasmid pMTL83151 from
conjugal donor CA434 into different WT C. botulinum recipient strains. Error
bars represent the standard deviation of three or more independent experiments.
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For the ATCC 3502, 62A and NCTC 2916 strains, the frequency of transfer obtained
under the current conditions should be sufficient to introduce the requisite gene tools
to engineer their genome. Only for suicide plasmid based methods or high-throughput
studies like TraDIS higher transfer efficiencies would be required.®* However, the
relatively low conjugation efficiency of the Loch Maree strain might prove to be
problematic when conjugating unstable plasmids (for ACE) or plasmids with toxic

cargo (e.g., Cas9, due to its lethality caused by accidental off-target cuts).

Host specific RM systems are a prominent barrier to DNA transfer, as described in
section 3.1.6, and could provide an explanation for the observed variation in
conjugation efficiency amongst the strains. To identify putative RM systems in each
strain the REBASE database, a restriction enzyme database, was consulted and the
predicted methylation, restriction and identification genes are highlighted in Figure
3.5.3% Only the RM systems with a restriction component were considered relevant as
potential barriers to successful conjugation. Strains ATCC 3502, ATCC 19397, 62A
and Loch Maree are predicted to encode one type | system. The REBASE profile of
ATCC 19397 also includes one complete type Il system. In strains 62A, Loch Maree
and NCTC 2916 a type 1V system has been detected. Specific to Loch Maree is a gene

predicted to encode a methyltransferase restriction-endonuclease fusion.
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Figure 3.5 Restriction modification systems of ATCC 3502, ATCC 19397,
62A, Loch Maree and NCTC 2916. Schematic representation of C. botulinum
genomes with predicted RM systems highlighted. Due to the assembly level of
the NCTC 2916 genome (49 contigs) the schematic representation of its genome
is linear instead of circular. Data was obtained from the New England Biolabs
REBASE database.*®
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To further compare the RM system profiles of the strains, sequences were subjected
to BLASTN/p searches and alignments using SnapGene. The type | systems in ATCC
3502, ATCC 19397 and 62A were 100% homologous, with identical recognition
sequences predicted for ATCC 1937 and 62A (Table 3.1). Itis therefore safe to assume
that CTANNNNNNRTGAA is also the recognition sequence in ATCC 3502. This
motif is not present in plasmid pMTL83151, which was used to establish the DNA
transfer efficiency into all strains, and hence should not have been a barrier to plasmid

transfer.

In the genome sequence of NCTC 2916 two type | RM systems were identified, which
were not predicted by REBASE. The first system, comprised of genes CBN_0725,
CBN_0726 and CBN_0728, is most similar to the type I genes found in ATCC 3502,
ATCC 19397 and 62A. The other system, consisting of CBN_2138, CBN_2137 and
CNB_2139, is more homologues to the type I system in Loch Maree. In both systems
the specificity subunit has a low % of identity to sequences of the other strains, 35%
and 38%, respectively, which could indicate that they recognise different sequence
motifs. Currently the methylome of NCTC 2916 and Loch Maree is unknown. To
determine the type | recognition sequences the methylation patterns of both strains

will have to be identified using PacBio SMRT sequencing.

The type Il system was unique to ATCC 19397 and its putative recognition sequence
GCWGC, predicted by the REBASE database, is present nine times in pMTL83151
(Table 3.1). Therefore, it was assumed that this system is the strain’s main barrier to

DNA transfer, resulting in (almost) no transconjugants.

82



In both ATCC 3502 and ATCC 19397 a protein 100% homologous to the predicted
type IV in 62A was identified. This eliminated the possibility that the reduced

conjugation efficiency of 62A compared to ATCC 3502 was due to its type IV system.

It should be noted that the genome of 62A was published in the final year of this
study.®3! Therefore, this system was not taken into consideration when designing and
performing the experiments in sections 3.3.2, 3.3.3 and 3.3.4. At the time, the genome
sequence of 62A (NCTC 3805) was determined using lllumina MiSeq sequencing.
The short lllumina reads were assembled into 99 contigs using the CLC genomic
workbench and annotated automatically with the RAST server.>¥2 Subsequently, the
putative RM system genes detected by REBASE in ATCC 3502 and ATCC 19397
were aligned to the 62A contigs. As a result of this approach only the type I system

was identified but no unknown systems were detected.

Table 3.1 Type | and type |1 restriction modification systems and associated methylation
patterns detected by REBASE

Strain Gene(s) Type Recognition sequence
ATCC 3502 hsdM, hsdS, hsdR | unknown
ATCC 19397 CLB_RS03505, CLB_RS03510, | CTANNNNNNRTGAA

CLB_RS03525

CLB_RS13900, CLB_RS13895 1 GCWGC

62A DBN47_03780, DBN47_03785, | CTANNNNNNRTGAA

CFSANO064329  DBN47_03800

Loch Maree CLK_1539, CLK 1538, | Unknown
CLK_1537
CLK_A0118 I Unknown
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Although the ATCC 19397 type | recognition sequence was absent from pMTL83151,
the type | system is a restriction threat to the pRECasl plasmid, carrying the most
efficient clostridial engineering tool available to date, with two restriction sites present
in the Cas9 sequence. Additionally, motif CTANNNNNNRTGAA is present in the
left homology arm of the editing template to delete the boNT/A1 gene in ATCC 3502,

ATCC 19397 and 62A.

To establish if the predicted type | recognition sequence is correct, the sequence motifs
CTAAATACGATGAA (R1) and CTAGTCATTATGAA (R2), present in the Cas9
gene, were cloned into plasmid pMTL83151, as described in section 2.11.1.1. The
resulting plasmids pMTL83151-R1, pMTL83151-R2 and pMTL83151-R1+R2 were
conjugated into ATCC 3502 via donor strain CA434, as detailed in section 2.9.3.
Utilisation of ATCC 3502 for this assay was preferred over ATCC 19397 or 62A
because of the relatively high transfer efficiencies obtained with pMTL83151 (at the
time the genome sequence of 62A was yet to be determined). It was hypothesised that
if the type | system is active and targets the CTANNNNNNRTGAA motif, the

presence of R1/R2 would have a negative impact on the conjugation efficiency.

Insertion of R1 and/or R2 into plasmid pMTL83151 resulted in a significant reduction
of the DNA transfer efficiency, relative to pMTL83151 (Figure 3.6). The total number
of transconjugants was reduced by approximately 100-fold in the presence of either
R1 or R2 and both together. Still, on average 280 transconjugants were obtained per
conjugal mixture; in these cells the plasmid was able to escape the type I system. One
explanation for these ‘escapers’ could be that mutations occurred either in the
recognition sequence or in the recipient’s type I system, but given the number of
transconjugants, which is higher than one would normally expect based on normal

mutation rates (see Chapter 5), this seems very unlikely. The survival of these plasmids
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in some cells is more likely due to variations in the type | subunit concentrations
between cells; in cells with a low concentration of the restriction subunit relative to
the concentration of methyltransferase, accidental methylation of the recognition site

could occur before digestion.
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Figure 3.6 Conjugation efficiency of various plasmids containing a type | RM
system recognition site into ATCC 3502*. Transfer efficiency of plasmids
pMTL83151, pMTL83151-R1, pMTL83151-R2 and pMTL83151-R1+R2 from
conjugal donor CA434 into recipient strain ATCC 3502*. Error bars represent the
standard deviation of three independent experiments. ns<0.1234, *p<0.0332,
**p<0.0021, ***p<0.0002, ****p<0.0001, two-tailed unpaired t-test.

Surprisingly, the addition of a second recognition site did not increase the
effectiveness of the system, contrary to what has been observed for type Il systems;
additional restriction recognition sites on plasmids reduced the frequency of
transfer.28% 323 possibly, this unexpected difference can be attributed to a difference in
how the two systems interact with and cleave DNA (see 3.1.6). Type | systems reel in
plasmid DNA at a rate of 1 kb per second and when it gets to the “end” it stalls,

effectively destroying the plasmid or it just carries on looping the DNA. This looping
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could make the DNA inaccessible to replicative machinery, but could also prevent
binding of another type | complex to the second recognition site. Hence, the addition
of a second recognition site did not result in a further decrease of the conjugation

efficiency.

To confirm that the plasmids are cleaved at the CTANNNNNNRTGAA site, pure
plasmid extract from a standard E. coli donor (using the plasmid with two recognition
sequences) could be incubated with C. botulinum cell lysate. Subsequently, the
reaction mixtures can be analysed by agarose gel electrophoresis to visualise plasmid
digestion. If REases in the lysate cleave at the CTANNNNNNRTGAA site a specific

band pattern is expected to show.

The drop in conjugation efficiency in the presence of recognition sequence
CTANNNNNNRTGAA could prove troublesome when trying to engineer the strain
with a Cas9 based tool, especially when its expression is constitutive, due to off-target

effects.

3.3.2  Engineering the recipient: inactivation of type I nuclease in ATCC 3502
As previously mentioned, the type | complex consists of a restriction, modification
and specificity subunits, encoded by the hsdR, hsdM and hsdS genes, respectively. If
the type | system targets the predicted recognition sequence inactivation of hsdR
should abolish cleavage at the CTANNNNNNRTGAA site and thus result in a strain

with improved properties for genome editing purposes.

To inactivate the HsdR subunit in ATCC 3502 ClosTron mutagenesis was carried out
as described in section 2.12.1, using plasmid pMTLO007C-E2-hsdR-1600s. The intron
insertion was confirmed by PCR in three biological replicates from three independent

conjugations using primers annealing to the chromosome, flanking the insertion site
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(Figure 3.7). The plasmid was lost from the selected ATCC 3502 hsdR1600s::CT
mutants, as described in section 2.8, and presence of the intron in the final mutants
was subsequently verified by Sanger sequencing. To confirm the intron inserted only
at the desired target gene the entire genome was sequenced. No additional intron

insertions were detected.

A hsdR1600s::CT
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Figure 3.7 ClosTron-mediated inactivation of hsdR in strain ATCC 3502. (A)
PCR for three biological replicates of ATCC 3502 hsdR1600s::CT mutants
alongside WT. Products were amplified using flanking primers Cbot_T1R_F and
Cbot_T1R_R. Lane L: NEB 1 kb Plus DNA Ladder. (B) Schematic diagram of
the targeted chromosomal region showing the primer binding sites in the WT and
mutant strains.
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The conjugation efficiency of plasmid pMTL83151 with and without the type one
recognition site(s) into the hsdR1600s::CT mutants was determined as described in
section 2.9.3 (Figure 3.8). As expected, the transfer efficiency of pMTL83151 into
wildtype (WT) and hsdR1600s::CT was similar, whereas there was a clear difference
in efficiency using the plasmids containing R1 and/or R2. Inactivation of the
restriction subunit resulted in a strain readily accepting plasmid DNA with the
recognition sequence, implying that the putative type | system is responsible for
cleavage at the CTANNNNNNRTGAA site. Inactivation of the HsdR subunit
increased the conjugation efficiency of plasmids with the recognition sequence by
approximately 100-fold compared to WT. Nevertheless, although the type I system in
C. botulinum ATCC 3502 compromised DNA uptake, it is not a major barrier to DNA
transfer, which is in line with outcomes of former studies.?®® This work was not
repeated in strains ATCC 19397 and 62A because the type | system is identical across

all three strains and no differences are anticipated.

Despite the fact that inactivating hsdR in ATCC 3502 was a success, this approach
was not pursued in the other strains because of its limited potential. An initial, albeit
low, level of DNA transfer is required, therefore this strategy is unsuitable for strains
like ATCC 19397. In addition, the conjugation efficiency is improved to facilitate
future projects and ideally the strain of interest is modified as little as possible.
Methods resulting in a clean deletion of hsdR which require a minimal number of
single colony stages to isolate mutants would be preferred over ClosTron mutagenesis

to avoid polar effects and minimise the accumulation of random mutations.
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Figure 3.8 Conjugation efficiency of various plasmids containing a type | RM
system recognition site into hsdR1600s::CT. Transfer efficiency of plasmids
pMTL83151, pMTL83151-R1, pMTL83151-R2 and pMTL83151-R1+R2 from
conjugal donor CA434 into recipient strains hsdR1600s::CT and ATCC 3502*
(data from Figure 3.6). Error bars represent the standard deviation of three
biological replicates for hsdR1600s::CT from two independent experiments.

3.3.3  Engineering the donor 1: customised methylation of donor DNA

The second strategy to protect transferred plasmid DNA from restriction is based on
the principle that if ‘new’ DNA has the same methylation pattern as the host’s genome,
it will not be recognised as foreign by its RM systems. To achieve this, the donor strain
was engineered to express the MTases associated with the type | and type || RM

systems in ATCC 19397 (ATCC 3502 and 62A).

Initially, the effect of expressing the MTases in E. coli on the conjugation efficiency
was assed using five plasmid-based configurations with: a) the weak constitutive
promoter Pj23105 upstream of hsdM-hsdS (type 1), RS13900 (type I1) and both together

and b) the inducible Pgap promoter upstream of hsdM-hsdS and RS13900. The
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MTases were placed under the control of a weak constitutive or inducible promoter to
minimize the potential toxic effects to E. coli, often associated with the expression of
non-native MTases. Additionally, adequate methylation can be attained with low

levels of expression (R. Mansfield, personal communication).

The plasmids, whose construction is outlined in section 2.11.1.2, were transformed
into the E. coli donor CA434. Conjugation efficiency assays were performed as
described in section 2.9.3, using pMTL83151 with and without the type | recognition
site(s). The E. coli cells harbouring plasmid pM-BTI or pM-BTIlI were grown

overnight in the presence of 100 mM arabinose to induce expression of the MTase.

The transfer efficiencies of pMTL83151 into ATCC 3502 from the various donors did
not differ significantly (Figure 3.9A). However, although not statistically significant,
conjugation efficiencies were consistently slightly lower in the presence of the type 11
MTase. This suggests that methylation at the putative GCWGC recognition site, which

IS not part of its methylome, occasionally triggers plasmid degradation.

Conjugation efficiencies of plasmids with the type | recognition site significantly
improved if hsdM and hsdS were expressed in the donor strain (Figure 3.9B). The
correctly methylated plasmids transferred with the same efficiency as pMTL83151,
suggesting that expression of these two proteins provides full protection against
degradation by the type | RM system. Presence of both the type | and type Il MTases
in the donor strain again resulted in slightly lower plasmid transfer efficiencies

compared to donor cells harbouring only the type I genes (Figure 3.9C).
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Figure 3.9 Comparison of conjugation efficiency into ATCC 3502* using E.
coli donors expressing different methyltransferases. (A) Transfer efficiency of
plasmid pMTL83151 from CA434 conjugal donors carrying plasmids with
different methyltransferase expression systems. (B) Transfer efficiency of
plasmids pMTL83151, pMTL83151-R1, pMTL83151-R2 and pMTL83151-
R1+R2 from conjugal donor CA434 carrying pM-JTI in comparison to transfer
efficiencies obtained using CA434. (C) Transfer efficiency of plasmid
pMTL83151 R1+R2 from conjugal donors CA434, CA434 pM-JT1 and CA434
pM-JTI+TIIl. Error bars represent the standard deviation of three independent
conjugations. ns<0.1234, *p<0.0332, **p<0.0021, ***p<0.0002, ****p<0.0001,
two-tailed unpaired t-test.
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For ATCC 19397, the transfer efficiency of pMTL83151 increased by 10000-fold
from almost zero to more than 15000 transconjugants per conjugal mixture in the
presence of the type Il MTase (Figure 3.10A). The achieved conjugation efficiency
now equals the maximum level reached with ATCC 3502, which lacks the type Il
system, indicating that expression of the RS13900 MTase is a very effective way to
circumvent the host’s type II RM system. No differences were observed in the
conjugation efficiency of pMTL83151 with RS13900 under the control of Pj23105 Vs
Peap. As expected, expression of hsdM and hsdS had no positive effect on the

conjugation efficiency because pMTL83151 is not recognised by this type | system.

Conjugation efficiency assays with pMTL83151-R1+R2 from the various donors into
ATCC 19397 clearly showed the effect of both RM systems on plasmid transfer.
(Figure 3.10B). Expression of the type Il MTase in the donor is essential for successful
DNA transfer and additional expression of the type | methylation and specificity

subunits further increases the transfer efficiency.

To confirm that the MTases prevent cleavage by methylating the plasmid DNA, pure
plasmid extract from a standard E. coli donor and pure plasmid extract from the
engineered donors could be incubated with cell lysate. Subsequently, the reaction
mixtures can be analysed by agarose gel electrophoresis to visualise plasmid digestion.
If the MTases protect against cleavage at the identified recognition sequences there

should be a clear difference in gel profiles.
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Figure 3.10 Comparison of conjugation efficiency into ATCC 19397 using E.
coli donors expressing different methyltransferases. (A) Transfer efficiency of
plasmid pMTL83151 from CA434 conjugal donors carrying plasmids with
different methyltransferase expression systems. (B) Transfer efficiency of
plasmid pMTL83151-R1+R2 from conjugal donor CA434 carrying no plasmid,
pM-JTI, pM-JTII or pM-JTI+TII in comparison to transfer efficiencies obtained
with pMTL83151. Error bars represent the standard deviation of three
independent conjugations.

93



3.3.4 Engineering the donor 2: creating an all in one package by

recombineering the methyltransferases into conjugal plasmid R702
In the conjugal donors optimised for DNA transfer into ATCC 3502 and ATCC 19397
the MTases are expressed from a plasmid, which is suboptimal; to maintain this
plasmid, the plasmid to be transferred and the conjugal R factor R702 three different
antibiotics have to be added to the growth medium. To reduce the number of plasmids
in the donor strain a strategy was developed in the Clostridial Research Group whereby
the MTases are expressed from R702 (R. Mansfield, unpublished data), resulting in a
stable ‘personalised’ donor strain. Briefly, the relevant genes to circumvent to host’s
RM system(s) are identified and inserted into the aadAl spectinomycin resistance
locus, located on R702, under the control of the arabinose inducible promoter Pgap,

using the lambda red recombineering system.333

To create the recombinant donor strains a recombineering cassette was constructed, as
described in section 2.11.1.3. This cassette carried the RS13900, hsdM and hsdS genes
combined in one operon, so that the resulting donor strain could be used for ATCC
3502, ATCC 19397 and 62A. Previous experiments showed that expression of
RS13900 had no significant adverse effect on the transfer efficiency of plasmids into
ATCC 3502 (section 3.3.3). The Psap promoter was placed upstream of the operon
for consistency reasons within the group. Initially it was attempted to transform the
recombineering cassette into RE-CA434 (harbouring the pKD46 lambda red
recombineering plasmid), as detailed in section 2.11.1.3. Unfortunately, no

recombinants were obtained in CA434 for unknown reasons.

Therefore, the RE-InterStellar strain was selected as an alternative based on previous
work by other group members which showed successful insertion of recombineering

cassettes into the R702 plasmid using RE-InterStellar as a host. This E. coli strain was
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created by transforming the conjugal R factor R702 and plasmid pKD46 into Stellar
Competent Cells (Clontech; J. Millard, unpublished data). There are numerous genetic
differences between InterStellar and CA434, including their methylation profiles;
CA434 contains dam and dcm genes (dam*/decm®), encoding adenosine and cytosine
MTases, respectively, whereas InterStellar is dam7/dcm.33 It has been shown that the
methylation status of the donor can affect DNA transfer efficiencies into various
bacterial species, including clostridia.?’” 220 33338 The jmportance of Dam/Dcm
methylation depends on the recipient’s type IV restriction systems, its Dam/Dcem
methylation status and its ability to replicate hemimethylated DNA. At this stage the
existence of the type IV REase in ATCC 3502 and ATCC 19397 was still unknown
but no homologues to the Dam and Dcm MTases in E. coli were detected. Hence, no

or a positive effect on the conjugation efficiency was anticipated.

It is worth nothing that one downside of using dam" strains is their increased mutation
rate due to the disruption of post-replicative mismatch repair caused by the absence of
adenine-methylation.®*® This could be a problem, especially when the plasmid’s cargo
has a metabolic burden or is (slightly) toxic to the E. coli donor (e.g., Cas9 and
MTases). Cells harbouring plasmids with accidental random detrimental mutations in
the cargo potentially have a growth advantage and could become a substantial part of

the population used for conjugations.

The recombineering cassette was transformed into RE-InterStellar and correct
recombinants were confirmed by PCR in three biological replicates using primers
RE_F and RE_R annealing to the cassette and the R702 plasmid, respectively. The
plasmid was lost from the selected recombinants, as described in section 2.8, and
presence of the cassette in the final InterStellar R702TI+TII mutants was subsequently

verified by Sanger sequencing.
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Conjugation efficiency assays were performed as described in section 2.9.3, alongside
donor strains Stellar, InterStellar and InterStellar R702apr as controls. In InterStellar
R702apr the empty recombineering cassette is inserted into the aadAl gene of the R
factor. For ATCC 3502 the DNA transfer efficiencies achieved with InterStellar and
InterStellar R702apr did not differ significantly compared to CA434, suggesting that
Dam/Dcm methylation of the shuttle plasmid is not a major barrier to transfer. In line
with previous results, the plasmid with the type | recognition sequences was
transferred less efficiently (Figure 3.11A). As expected, no ATCC 19397
transconjugants were obtained using InterStellar and InterStellar R702apr as a donor
(Figure 3.12A). Additionally, conjugal mixtures with Stellar vyielded zero
transconjugants for both strains; Stellar lacks the required functional elements for

conjugation.
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Figure 3.11 Comparison of conjugal donors InterStellar and CA434 with and
without methyltransferases in combination with ATCC 3502%. (A)
Conjugation efficiency of plasmids pMTL83151 and pMTL83151-R1+R2 from
conjugal donors Stellar, InterStellar, InterStellar R702apr and InterStellar
R702TI+TIl into ATCC 3502*. (B) Total number of transconjugants carrying
pMTL83151 per conjugal mixture. (C) Total number of transconjugants carrying
pMTL83151-R1+R2 per conjugal mixture. (D) Conjugal donor CFUs carrying
pMTL83151 at the start of the conjugation. (E) Recipient CFUs after harvesting
the conjugal mixture (with the donor strains carrying pMTL83151). Error bars
represent the standard deviation of three independent conjugations. ns<0.1234,
*p<0.0332, **p<0.0021, ***p<0.0002, ****p<0.0001, two-tailed unpaired t-test.
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Figure 3.12 Comparison of conjugal donors InterStellar and CA434 with and
without methyltransferases in combination with ATCC 19397. (A)
Conjugation efficiency of plasmids pMTL83151 and pMTL83151-R1+R2 from
conjugal donors Stellar, InterStellar, InterStellar R702apr and InterStellar
R702TI+TIl into ATCC 19397. (B) Total number of transconjugants carrying
pMTL83151-R1+R2 per conjugal mixture. (C) Conjugal donor CFUs carrying
pMTL83151-R1+R2 at the start of the conjugation. (D) Recipient CFUs after
harvesting the conjugal mixture (with the donor strains carrying pMTL83151-
R1+R2). Error bars represent the standard deviation of three independent
conjugations. ns<0.1234, *p<0.0332, **p<0.0021, ***p<0.0002, ****p<0.0001,
two-tailed unpaired t-test.

Surprisingly, ATCC 3502 mating mixtures with InterStellar R702TI+TIl yielded
significantly less transconjugants compared to InterStellar (Figure 3.11A).
Furthermore, expression of the type |1 hsdM and hsdS genes did not result in the

anticipated transfer efficiency increase for pMTL83151-R1+R2. Previous conjugation

assays with pMTL83151/pMTL83151-R1+R2 and CA434 pJTI+TIl yielded
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approximately 17000 transconjugants, whereas with InterStellar R702TI+TIl on
average only 270 transconjugants were counted per conjugal mixture (Figure
3.11B/C). The total number of donor and recipient cells per mating mixture was
similar for each experiment, eliminating the possibility that the lower yields were
caused by unequal numbers of either donor or recipient (Figure 3.11D/E). It should be
noted that the ODeoo Of InterStellar R702TI+T1I overnight cultures was always slightly
lower compared to the other donors (data not shown). To ensure that the
donor/recipient ratio was equal across all assays cells were harvested from a larger

volume.

Similar results were obtained for ATCC 19397, where conjugations using CA434
pJTI+TII yielded on average 16000 transconjugants compared to 75 using InterStellar
R702TI+TIl (Figure 3.12B). Additionally, InterStellar R702TI+TIl transferred
pMTL83151-R1+R2 with a significantly lower efficiency relative to pMTL83151
(Figure 3.12A). Again, there was no significant difference in the total number of donor

and recipient present in each conjugal mixture (Figure 3.12C/D).

This could partially be due to lower expression levels of the MTases in the E. coli
donor, now located on a single copy plasmid instead of the multicopy plasmids tested
in Figure 3.9 and Figure 3.10, resulting in incomplete methylation of the shuttle
plasmids. Nevertheless, this does not offer an explanation for the low number of
ATCC 3502 transconjugants obtained from conjugal mixtures with InterStellar
R702TI1+TII harbouring pMTL83151. Expression of the MTases should be irrelevant
for the success of this transfer. While in conjugation assays with CA434 expression of
the type Il MTase consistently lowered the efficiency of plasmid transfer into ATCC
3502, differences were always statistically insignificant unlike what has been observed

for InterStellar R702TI+TIl. Taken together, the incomplete and/or incorrect

99



methylation of the plasmids by InterStellar R702TI+TII are probably just minor
contributors to the poor transfer efficiencies and other, yet unknown, factors also

compromise its donating capacity.

Based on the data presented here and the increased rate of mutation exhibited by dam"
E. coli strains, the following hypotheses were formulated: (i) the lack of self-
methylation combined with the expression of foreign MTases is toxic to the cells,
causing the strain to struggle in general, which indirectly effects the strain’s transfer
abilities, or; (ii) one/several detrimental random mutations occurred in genes located
on the R702TI+TIl plasmid important for successful formation of the conjugation

apparatus and subsequent DNA transfer.

To further explore both options, conjugal plasmid R702TI+TIl was moved from
InterStellar into HB101 and CA434 (essentially HB101 harbouring R702) via LE392,
as described in section 2.6. In addition, strain HB101 R702 was created by
transforming the conjugal R factor R702 from CA434 into HB101 via electroporation,
as outlined in section 2.5, and was assayed alongside the other strains as a positive

control.

The DNA transfer efficiency was established using pMTL83151, as detailed in section
2.9.3; using pMTL83151 instead of pMTL83151-R1+R2 eliminates the type | RM-
system from the equation, simplifying the analysis. The frequency of plasmid transfer
into ATCC 3502 with HB101 and CA434 harbouring R702TI+TIl was similar to the
DNA transfer frequency determined for InterStellar R702TI1+TII, while conjugation
assays with HB101 or CA434 carrying the standard R702 yielded significantly more

transconjugants (Figure 3.13A). This strongly suggest that the poor conjugation
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efficiencies are linked to R702TI+TII (theory two), rather than being due to donor

specific characteristics.

Interestingly, moving the R702TI+TIl plasmid from InterStellar to HB101 and CA434
had a positive impact on the conjugation efficiency into ATCC 19397, albeit yielding
half the number of transconjugants obtained with CA434 pTI+TIl. Moreover, it should
be noted that plasmid transfer from InterStellar R702TI+TII into ATCC 19397 was
particularly poor (10-fold less vs ATCC 3502), while there was no pronounced
difference between ATCC 3502 and ATCC 19397 for donors HB101 and CA434
carrying R702TI+TII. Overall, although not as clear-cut as for ATCC 3502, it appears

that R702TI+TII is a worse conjugal R factor than the original R702 plasmid.

Transconjugants/donor (arb)
Transconjugants/donor (arb)

Figure 3.13 Comparison of the conjugation efficiency achieved with different
conjugal donors carrying the recombinant R702 plasmid with both MTases.
Transfer efficiency of plasmid pMTL83151 from various conjugal donors into
recipient strains (A) ATCC 3502* and (B) ATCC 19397. Error bars represent the
standard deviation of three independent experiments. ns<0.1234, *p<0.0332,
**p<0.0021, ***p<0.0002, ****p<0.0001, two-tailed unpaired t-test.
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The full genome of Stellar, InterStellar, InterStellar R702, HB101, CA434 and the
three InterStellar R702TI+TIl replicates was determined using Illlumina MiSeq
sequencing. Genomes were assembled by mapping MiSeq paired end reads to
reference genomes E. coli HST104 and RR1 using the CLC Workbench.
Subsequently, the unmapped reads were used for the de-novo assembly of R702. The
resulting contigs were annotated using the RAST pipeline. Although the quality of the
final genomes was quite poor, for all strains harbouring an R factor one or several
contigs could be identified, constituting the 76588 bp long R702 plasmid or the 80762
bp long R702TI+TII plasmid (data not shown). The Peap and araC sequences were
not included in the de-novo assembly of all three plasmids due to incorrect mapping
of these reads to another region by the software, therefore its presence was verified by

PCR using primers M13R and CLB-RS13900_R_Notl (data not shown).

Alignment of the different R702 sequences using SnapGene revealed that no
additional mutations had been acquired outside the inserted cassette, except for a base
substation in the LHA, which overlaps with the integron integrase IntlPac coding
sequence (Figure 3.14). Moreover, the assembly and annotation of R702 revealed that
the LHA was homologues to a region in the middle of the IntlPac coding sequence.
This design error results in the truncation and thus inactivation of the IntIPac gene
when the recombineering cassette is inserted into R702. However, there is no literature
to support a link between this intergron intergrase and conjugative plasmid transfer.
In addition, the transfer efficiencies of InterStellar R702 and InterStellar R702apr were
equal, indicating that truncation of the IntlPac gene does not affect conjugative

plasmid transfer (Figure 3.11A).

The three other mutations detected were all inside the recombineering cassette; two in

non-coding regions (Figure 3.14B; 2 and 4) and one in the apr gene (Figure 3.14B; 4).
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It is highly unlikely that these mutations altered the DNA donating capacity. Hence, it
was concluded that the poor conjugation efficiencies observed for strains harbouring

R702TI+TII could not be attributed to mutations in the conjugal R factor.

With the above data suggesting that the poor conjugation efficiencies obtained with
donor strains carrying R702TI+TIl cannot be assigned to a specific donor nor

mutations in the R factor, it remains a mystery what causes this peculiar defect.

A
Streptomycin 3"-0-adenylyltransferase (Ethidium bromide-methyl viologen resistance pro)
InterStellar
R702
R702TI+TII a
R702TI+TII b
R702TI+TI ¢
CA434 R702 g
see Integron Integrase IntIPac -— cee
LHA RHA [ |

B
R702TI+TIL 1 2 34

2 —

b —

C —

34,0007 36,0001 38,0007 40,0007
GRS BT TSl | CLB_RS13900 CLB_RS03505 CLB_RS03510 | [Apramycin > [ RHA |
PBAD FRT

CDO0164 terminator FRT

Figure 3.14 Acquired mutations in the recombineering cassette. Schematic
representation showing sequence alignments of conjugal R factors from CA434,
InterStellar R702 and three InterStellar R702TI+TII replicates using SnapGene.
R factor sequences were determined by de-novo assembly using lllumina MiSeq
sequencing reads. (A) Alignment of various InterStellar strains to reference R702
sequence from CA434. Gap in reads a, b and ¢ indicates that this region could not
be aligned; in these strains the aadAl gene (lavender) is replaced by the
recombineering cassette. (B) Alignment of three replicates of R702TI+TII to
reference R702TI+TII sequence assembled in silico. 1: C>A mutation in LHA, 2:
G>A mutation non-coding region, 3: C>A (L241M) mutation in apramycin gene,
4: deletion (G) in non-coding region.
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3.3.5 Engineering the donor 3: evading type IV restriction systems

Recently a novel conjugal E. coli donor strain was published, named sExpress, lacking
Dcm methylation. 3% This strain offered a significant improvement in plasmid transfer
efficiency compared to the standard CA434 donor for various clostridial strains,
including C. sporogenes. This effect was attributed to the absence of methylated
cytosine nucleotides from incoming DNA, which results in the circumvention of the

recipient’s type IV system(s).

As previously mentioned, initially the type IV REase in ATCC 3502 and ATCC 19397
went undetected and only came to light when the full genome of the 62A strain
(CFSANO064329) was published. Unintentionally, the dcm™ donor strain InterStellar
had already been tested in combination with ATCC 3502 and ATCC 19397, which did
not offer a significant increase in conjugation efficiency over CA434 (Figure 3.11 and
Figure 3.12). Therefore, to further explore the potential benefit of using the dem’
conjugal donor sExpress was tested in combination with the three other C. botulinum

strains.

The standard pMTL83151 plasmid was transformed into sExpress and conjugation
assays were performed as described in section 2.9.3, using strains 62A, Loch Maree
and NCTC 2916. Plasmid transfer efficiencies significantly increased for all three C.
botulinum strains using sExpress compared to CA434 (Figure 3.15). A 100-fold
change was observed for the Loch Maree strain and a 5-fold increase for 62A and

NCTC 2916.
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Figure 3.15 Comparison of conjugative plasmid transfer from donor strains
CA434 and sExpress into 62A, Loch Maree and NCTC 2916. Transfer
efficiency of plasmid pMTL83151 from conjugal donors CA434 and sExpress
into recipient strains (A) 62A, (B) Loch Maree and (C) NCTC 2916. Error bars
represent the standard deviation of three independent conjugations. ns<0.1234,
*p<0.0332, **p<0.0021, ***p<0.0002, ****p<0.0001, two-tailed unpaired t-test.

Interestingly, the total number of transconjugants per conjugal mixture with sExpress
was within a range of 15000-50000, which is similar to what has been previously
observed for strains ATCC 3502 and ATCC 19397 combined with their best donor.
This suggests that some sort of plateau has been reached, where restriction systems
are no longer the limiting factor, which could also explain why InterStellar did not
offer a significant increase in efficiency over CA434 in the assays with NCTC 3502
and ATCC 19397. Possibly, the procedure itself (media composition, incubation time,
growth rate etc.) has now become the limiting factor and to further increase

efficiencies changes to the experimental set-up should be considered.340-342

However, the above theory does not offer an explanation for the difference in
conjugation efficiency observed between ATCC 3502 and 62A. Their restriction
profiles are identical and therefore similar conjugation efficiencies were anticipated.
Alignment of the type 1V CB0O2086 gene from ATCC 3502, including a 1 kb region

upstream and downstream of the gene, to the ATCC 19397 and 62A genome showed
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that these regions are 100% identical, excluding the possibility that the observed
dissimilarity can be attributed to differences between the type IV genes. To elucidate
why 62A less readily accepts foreign DNA a more in-depth genomic analysis will be
required combined with additional experiments, which is beyond the scope of this

project.

Furthermore, InterStellar and sExpress are two distinct E. coli strains, with different
methylation patterns; dam/dcm™ and dam*/dcm’, respectively. To further investigate
the differences observed between the various strains and donors, conjugation assays
using sExpress with ATCC 3502 and ATCC 19397 will be required. Additionally, the
transfer efficiency of pMTL83151 from InterStellar into strains 62A, Loch Maree and
NCTC 2916 should be determined. This will provide more insight into whether the
differences are donor and/or recipient related or if the assay conditions are the limiting

factor.

3.4 Key outcomes

e Inactivation of the type | REase in C. botulinum ATCC 3502 improves the
conjugation efficiency for plasmids harbouring the type | specific recognition

sitt CTANNNNNNRTGAA.

e The efficiency of conjugative plasmid transfer into C. botulinum type A strains
is significantly increased through circumvention of the restriction barriers by

expressing the associated MTases in the conjugal E. coli donor.

e Utilisation of the dcm™ conjugal donor strain sExpress improves conjugation

efficiencies for strains 62A, Loch Maree and NCTC 2916.
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Optimised conjugal donor strains for DNA transfer into C. botulinum strains
can be created using the following customisation pipeline: (i) whole genome
sequencing of the recipient (using PacBio SMRT); (ii) identification of its
restriction systems (using REBASE); (iii) selection of an appropriate conjugal
donor strain (Dam/Dcm methylation profile), and; (iv) expression of relevant

MTases in donor.
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CHAPTER 4

Hypermutability and the role of

mutL
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4.1 Introduction

4.1.1  Bacterial genome evolution

“Survival of the fittest” is one of the most famous quotes used to describe evolution.
The phrase aims to describe the mechanism of natural selection, a concept that
originated from the Darwinian evolution theory, in a simple, yet effective, way.** In
modern evolutionary biology, fitness is still viewed as the most important property of
any organism and is defined as "survival of the form that will leave the most copies of
itself in successive generations”.** Reproductive success is generally linked to being
better adapted to the current local environment.3* Although this theory in essence
seems straightforward, the actual dynamics of this evolutionary process are far more
complex; who is the fittest, and possibly even more important, how does one become

the fittest?

Evolution is happening continuously, not only in fast changing environments but also
under stable conditions, with the aim to optimise fitness. According to Darwinian
evolution theory, there is a constant selection on many mutations of small effect and
the resulting marginal gains lead to gradual adaptation.3*® However, experimental
research has shown that in some lineages there are alternating periods of rapid
phenotypic evolution and stasis.3*¢3*" Occasionally, rare genetic ‘revolutions’ occur
that result in a fast sudden change in fitness; a single small change initiates a cascade
of other changes in a population that was previously in a long near stasis state. For
example, during the early phase of evolution for large populations in a new
environment, where there are plenty of adaptive mutations available, the most
beneficial mutations should dominate. Gradually, the adaptation rate should decrease

with less adaptive mutations of large effect being available. Based on the empirical
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evidence, an alternative model was proposed, describing the irregular fitness
landscape of adaptive evolution, though controversy remains regarding the probably

diverse underlying causes of adaptation rate changes.34

Typically, microorganisms, such as bacteria, live in a large community of varying
degrees of complexity; with populations that originated from a single cell via clonal
expansion and groups that include organisms from all three domains of life on opposite
ends of the spectrum.®*® The characteristics of these communities, such as
reproductive success and resilience to external disturbance, depend on internal genetic
diversity, which is shaped by selective pressure.®*® Additionally, diversification and
adaptive evolution in the community is determined by: (i) environmental changes (and
bottlenecks); (ii) random genetic drift (stochasticity in mutation frequency), and; (iii)
chance events, also referred to as historical accidents.®132 For example, although
mutations arise spontaneously by chance, analysis of large populations in identical
environments has revealed that the order at which these mutations occur is
important.®>? Certain mutations, despite being beneficial, can lead to evolutionary
dead-ends. Furthermore, adaptive mutations might have negative side effects, which
creates opportunities for new beneficial mutations to compensate them.3%
Disentangling the intricate roles of "chance and necessity" in diversification and
adaptive evolution is complicated. Nevertheless, thanks to technical advancements
(e.g., sequencing technology), analysis of similarities between adaptive solutions
achieved by replicate populations is starting to increase the general understanding of
the different factors and dynamics contributing to the evolution of successful

phenotypes.3%3

Genetic diversity plays a central role in adaptive evolution, however, the availability

of beneficial mutations is not the only determinant of fitness landscapes. Phenotypic
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heterogeneity (functional phenotypic variation between genetically identical
individuals in the same environment) also influences the reproductive success and
overall resilience of a population.®**3%® The modifying effect of phenotypic
heterogeneity on evolutionary dynamics, together with genetic diversity, shape the
adaptive landscape. A potential function of phenotypic heterogeneity is to ensure the
production of offspring in variable conditions; some individuals suffer from reduced
fitness in their environment in exchange for increased fitness in temporally fluctuating
conditions.®*® In bacterial populations this risk-spreading (bet-hedging) strategy to
diversify phenotypes, allows genotypes to persist in variable conditions, maximising
survival. Variations in phenotype between genetically identical individuals is the
result of random fluctuations in the biochemical reactions within cells. Stochastic
variations in gene expression, so called ‘noise’, is a key determinant of phenotypic
heterogeneity.>®” The effect of non-genetic phenotypic variation on adaptive evolution
might be stronger than currently appreciated. Nevertheless, its potential contribution
will not be included in further discussions. The primary focus of this chapter will be

on genetic variation driving adaptive evolution.

In bacterial populations various mechanisms are important for generating the genetic
variation among cells essential for adaptive evolution. Bacterial genomes can evolve
via different routes, either by endogenous DNA changes or through the acquisition of
exogenous DNA, such as plasmids and other mobile genetic elements (see Chapter 3
for more information about horizontal gene transfer).>*® Endogenous DNA changes,
generally referred to as mutations, are considered the ultimate source of heritable
variation and can emerge from coordinated cell processes or external stresses.35°-36
Mutations come in a variety of shapes and sizes and encompass sequence deletions,

duplications, insertions, inversions and translocations. One base pair changes in the
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DNA sequence, also known as point mutations or single nucleotide polymorphisms
(SNPs), can be single nucleotide variants (SNVs) or single nucleotide
insertions/deletions and they arise due to a variety of reasons, such as, erroneous DNA
replication and a decreased efficacy of DNA repair. Genetic recombination events can
lead to larger genomic insertions, deletions (also known as InDels) and
rearrangements, and can occur due to DNA sequence repeats or mobile genetic
elements (transposons).®®! Transposable elements are small mobile genetic sequences
that encode enzymes which facilitate the movement of DNA within or between
genomes.®®? The rate at which these mutations occur can vary widely between

organisms and even within a clonal bacterial population, affecting genome stability.36%-

361

During the last two decades, next generation sequencing (NGS) technologies have
revolutionised genetic studies and accelerated the analysis of genome evolution by
making large scale whole genome sequencing (WGS) widely accessible.®%3-%4 The
most significant factor fuelling this revolution was the vast cost reduction of
sequencing, resulting from technical advancements. Large scale sequencing of many
different bacteria revealed that the genetic diversity among bacterial genomes, even
from the same species, is far greater than what was previously suspected. Two closely
related bacterial genomes may contain quite a few different insertions and deletions
due to recombination events, possibly as a result of constantly combating viral
infections. Furthermore, WGS aided the understanding of genome evolution
dynamics; a good example of this is the Long-Term Evolution Experiment (LTEE)
with E. coli.3# 352-353.365 One of their surprising findings was that in their populations
genomic evolution follows a near-linear trajectory whereas the fitness trajectory

(adaptation) was strongly nonlinear. Although several theories have been proposed,
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the reason for this divergence is yet unknown. Moreover, WGS has become an
essential tool for the surveillance and diagnostics of infectious diseases and is how
part of most infectious disease programs at the European Centre of Disease Prevention

and Control (ECDC) and the US CDC.%6-3¢7

4.1.2  The balance between maintaining genome integrity and evolution

With mutations being the raw material on which natural selection can act, the rate at
which they are being supplied affects evolution. Although it might seem logical that a
higher mutation rate always benefits adaptive evolution, there is also a cost associated
with an increased supply of beneficial mutations.®*% 368-3%° Most of the mutations a cell
acquires are harmful or neutral rather than beneficial .3'%3"2 Therefore, cells have to
balance the need for mutations to adapt and the costs associated with an increase in
deleterious mutations (genetic load). High mutation rates and the concomitant increase
in genetic load are presumed to be a potent selective disadvantage, which has resulted
in the low mutation rates typically observed for bacterial genomes.3"*7* Usually, the
genomic mutation rate of bacteria is around 0.001 per generation, however, based on
the known mechanisms responsible for maintaining genetic integrity, cells with a 10

to >10,000-fold higher mutation rate could, in theory, occur.37>-36

Varying mutation rates within a species have been observed in laboratory and natural
bacterial populations.%® 37738 This suggests that bacteria can ‘tune’ the rate at which
they acquire new mutations by, for example, changing the fidelity of DNA
replication. % 389-3% Thjs tuning of mutation rates is probably a response to changes

in selective pressure and is one of the many factors affecting adaptive evolution.3%

Cells exploit various mechanisms to control their mutation rate, which will be

discussed in more detail in section 4.1.3.3%-3% Mutations in these systems often alter
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the type or rate of future mutations and are, therefore, also known as mutation rate
modifiers. When the inactivation of a gene elevates the mutation rate, it is referred to
as a mutator gene. Opposite to this are genes which often contain mutations that

decrease the mutation rate and are so called anti-mutator genes,%% 3%4-3%

Several different factors, such as environmental constancy and complexity, genome
size and population size, could, theoretically, determine the optimal mutation rate.3’*
A well-adapted population growing under constant conditions typically exhibits a low
mutation rate, as the cost of deleterious mutations is relatively high compared to the
potential fitness gain from the few beneficial mutations of low effect still available.
Genomic mutation rates, however, cannot decrease indefinitely because the rate
reduction is believed to be restricted by the costs associated with increasing and

maintaining DNA integrity. 39039

Bacterial populations living in constantly changing conditions need to rapidly adapt
and can, therefore, benefit from greater genome flexibility.*%%-41 Furthermore, in
bacterial populations that experience a sudden environmental shock (e.g., a natural
isolate now grown under laboratory conditions) higher mutation rates could confer a
selectable advantage. Here, greater mutation rates can speed up the adaptation process,
as mutators (cells with an elevated mutation rate relative to the original WT) are more
likely to acquire beneficial alleles compared to the non-mutator WT. In addition, new
environments provide a fresh pool of adaptive mutations of large effect. This can shift

the balance between the potential fitness increase and the concomitant genetic load.

Unexpected flexibility in bacterial mutation rates has been observed when populations
were exposed to a near-lethal stress (e.g., alcohol or antibiotics) to avoid complete

extinction. 38 401-404 Moreover, viral pressure or frequent periods of strong selection
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caused by other stresses, might result in long-term selection for elevated mutation

rates, and thus lead to fixation of mutator alleles in bacterial populations.4%>-407

The dynamics of mutator evolution in spatially growing populations (cells attached to
fixed surface) is slightly different, as the growth abilities of mutator strains decrease
significantly over time compared to non-mutator strains.®® This fitness decrease is
less pronounced in bacterial populations without spatial fixation. During the range
expansion, cells probably accumulate deleterious mutations affecting the growth rate
but continue to persist because there is no direct selection (competition) against the
decline in growth rate.%% 4% Theory predicts that the fitness of individuals on the front
of the expansion will continue to decline over time and space, which, especially in
mutators, can ultimately lead to extinction depending on the population size.40%-4!
Nevertheless, mutator alleles and other deleterious load can still persist when linked

to beneficial mutations (also known as allele surfing).#2-413

Although increased mutation rates indirectly confer a fitness advantage in certain
situations, extremely high mutations rates (hypermutation) can also hinder
adaptation.3®® 414 In the long term, an hypermutators fitness can rapidly decline due to
the increasing genetic load; the majority of mutations a cell can acquire are deleterious,
and the resulting fitness decrease cannot be compensated by the relatively few

available beneficial mutations.®"* 415

Mutator genotypes, which are normally a selective burden, can ‘hitchhike’ to a high
frequency together with beneficial alleles and over short time scales even rise to
fixation in bacterial populations.3? 3%4 416-417 The muytation rate of these mutators,
which reached fixation during short-term selection, is probably higher than what is

optimal for long-term evolution.3*® Mutation-evolution models and experimental data
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show that mutation rates should rapidly decline once a population is well adapted to
the environment, 35 389-390, 394-3% Thgre js no evidence that fixed mutator alleles confer
a fitness advantage in the long-term.*® Yet, mutator phenotypes can persist for
thousands of generations in bacterial populations, despite the selective penalty
incurred.*® Shaver et al. proposed four possible reasons that could account for this
phenomenon: (i) the mutator genotype is not revertible (e.g., a large deletion in a
coding region); (ii) accumulated additional mutations prevent the mutator population
to revert to WT; (iii) the rate of adaptation remains high enough for the mutator
phenotype to still have a selective advantage over the WT, or; (iv) the fitness gain
resulting from reverting to WT is marginal and, therefore, has no effect over the
studied time scale. Although this question was raised quite a while ago (2003) and lots
of new data has become available since then, the answer still remains unknown. The
continuous efforts of many different researchers, studying evolution across the tree of
life, will keep adding little pieces of information to this complex puzzle with the aim
to further elucidate what drives mutation rate changes and ultimately adaptive

evolution.

4.1.3  Bacterial systems to maintain genome integrity

All organisms, across the tree of life, exploit a series of mechanisms to control their
genomic mutation rate in order to maintain genome integrity, while allowing enough
genetic variation to occur for adaptive evolution. Cells have evolved a number of stress
response and DNA repair pathways to recognize and fix the multitude of DNA
mutations and modifications that can occur throughout a cell’s life.33% 420422 The
damage and errors can be caused by exogenous sources or by normal cellular
metabolism.*>-*24 The genome maintenance toolbox available to a cell can roughly be
divided into two: systems for faithful genome duplication and systems that repair DNA

116



damage. Most systems are highly conserved across organisms, ranging from bacteria
to mammals.*?1: 425426 Below a brief overview of the best known pathways in bacteria

to control genome stability, specifically in Gram-positive bacteria, is provided.

The SOS response has been studied extensively over the past decades, which has
revealed that its function varies between bacterial species and is not exclusively a
DNA damage response pathway but is also involved in a variety of other stress
response mechanisms.*?” The DNA damage response coordinates various cellular
processes, such as DNA repair and translesion DNA synthesis (the bypassing or
repairing of DNA lesions at stalled DNA replication sites using specialised, often low-
fidelity, polymerases), to protect the cell against all sorts of stresses that affect DNA

integrity.#27-42°

Upon DNA damage, the multifunctional protein RecA (also known as RecE) is
activated. RecA is required for homologous recombination but also facilitates the self-
cleavage of the transcriptional repressor LexA, inactivating LexA and preventing it
from repressing the transcription of genes.**%32 LexA represses the expression of
multiple SOS genes by binding to their promoters, thus negatively regulating the SOS
response.*334%* To date, there is some evidence that LexA is not solely a repressor (as

in E. coli), but can also positively regulate gene expression.*?’

Thus far, LexA is consistently found to regulate the SOS response. The genes under
its control, however, vary considerably from organism to organism.*3% 435-440 Often, in
addition to the various DNA maintenance systems, LexA controls the expression of
genes with a different function, including toxin expression, antibiotic resistance or
sporulation.*** In B. subtilis activation of the SOS response upregulated a variety of

genes involved in different DNA maintenance processes, including uvrA and uvrB
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(nucleotide excision repair, discussed in more detail below).*?® Furthermore, it seems
that in B. subtilis the SOS response is not necessarily the main DNA damage response
pathway, but in addition to this is able to repair damaged DNA and tolerate replication

fork disturbance using SOS-Independent DNA Damage Responses.*?": 442

High-fidelity DNA replication is essential for accurate genome replication and thus
genome stability.**3%** In low-GC Gram-positive bacteria DNA polymerase 111 PolC
and DnaE (Mutl) are both present in most species. In B. subtilis both PolC and DnaE
are essential, however, if PolC and DnaE are generally essential across low-GC Gram-
positive bacteria is currently unknown. 20 445446 po|C consist of two domains, an
exonuclease domain (for proofreading) and a polymerase domain, whereas DnaE only
contains a polymerase domain (in E. coli the proofreading functionality is fulfilled by
DnaQ).**” Accordingly, characterisation of DnaE confirmed that it is an error-prone
polymerase.*&44° Moreover, it has been hypothesized that DnaE is not only essential
for DNA replication but also has a function in mutagenesis and translesion

synthesis.*?°

DNA mismatch repair (MMR) pathways work closely together with the DNA
replication machinery to further increase replication fidelity.3"> 422450 451 MytS and
MutL are the core MMR proteins, and depending on the organisms a variety of other
proteins are involved.*%45% Although the current understanding of MMR in Gram-
positive bacteria in vivo is limited compared to E. coli and eukaryotes, a potential
mechanism has been proposed by Lenhart et al.*** DNA replication and MMR are
coupled through DnaN (the g-clamp of the DNA replication complex), which recruits
MutS. Following DNA mismatch identification by MutS, the endonuclease MutL is
recruited to mismatch-proximal DNA and subsequently creates a DNA incision.*>4%

Next, the WalJ (YycJ) exonuclease loads to the nicked site and degrades the mismatch-
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containing DNA strand.*®° It is thought that in the final steps, strand resynthesis and

backbone ligation, is completed by PolC or DnaE and a DNA ligase.***

Interestingly, some bacteria possess a MutS paralog, named MutS2. Despite their
similarity there is no clear evidence confirming MutS2 is part of the MMR pathway
in Gram-positives.*?® 41 Analysis of MutS2 in B. subtilis and the Gram-negative
bacteria Helicobacter pylori and Thermus thermophilus has revealed that MutS2 is an

endonuclease, linked to homologous recombination.462-464

Furthermore, the mutator genes MutY and MutM are part of the base excision repair
(BER) pathway, dedicated to the removal of damaged bases.*>%® |t specifically
targets oxidative damage, such as the most common 8-0xo-G-A mismatch. MutM
selectively removes 8-0xo0-G, while MutY removes the mismatched adenine,*67-46°
The site is subsequently closed by a repair polymerase (e.g., Pol 1) and ligase.
Inactivation of each protein significantly increases the mutation rate, albeit the impact
of a mutM deletion on the mutation rate (approx. 5-fold) is not nearly as strong as the
effect of a mutY-deficiency (approx. 100-fold).3** 47 In addition, two anti-mutator
proteins have been identified, YtkD and MutT, protecting growing B. subtilis cells

against oxidizing agents.*-4"3

The more bulky DNA lesions caused by reactive oxygen species, drugs or UV are
repaired via the Nucleotide Excision Repair (NER) pathway.*’* The conserved
UVrABC nuclease complex recognises and excises the damaged bases of such lesions.
In C. difficile the NER pathway seems to be controlled by sigB whereas in B. subtilis
data suggests it is part of the SOS response.*3® 47> Furthermore, activation of the NER
pathway has been linked to mutation frequency decline protein Mfd, which is involved

in transcription coupled DNA repair.*’¢-4® Mfd removes stalled RNA polymerases
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from the DNA template when it encounters damaged DNA and its disruption affects
cells’ capacity to perform homologous recombination and decreases sporulation

efficiency in B. subtilis.*’9-4%

Moreover, in B. subtilis the sporulation process is delayed when damaged DNA is
detected by DNA integrity scanning protein DisA.*! DisA scans the chromosome for
DNA repair intermediates, such as Holliday junctions, to prevent cells with damaged
genomes to progress into the spore formation process, which would inevitably lead to

non-viable spores.

Homologous recombination is another key system for both DNA repair as well as
adaptive evolution. This pathway is critical for cell survival; via this pathway bacteria
can repair double-strand DNA breaks, which, if left unpaired, are lethal 23 482483 The
restoration of double-strand breaks via homologous recombination is a complex
multistep process that requires the participation of a multitude of different proteins.
Briefly, upon recognition of a double-strand break, a recombinase, usually RecA, is
loaded onto the single-stranded DNA. Subsequently, the single-strand DNA is paired
with intact homologous DNA, forming a crossover junction (also known as Holliday
junction), followed by DNA synthesis on the invading strand to restore the DNA

strand that was displaced during the invasion.*3

RecA, which acts as an activator for the SOS response, as mentioned previously, also
catalyses strand exchange during the recombinational process, hence the name, and
when bound to single-stranded DNA searches for similar sequences along the double-
stranded DNA.*+48 |n conjunction with RecA, RuvA and RuvB bind to Holliday
junctions and subsequently direct branch migration.*®4® To resolve the Holliday

junction RecU is recruited, which catalyses DNA strand cleavage and regulates RecA
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activities.*®-*% The inactivation of any of these three proteins substantially increases

the cell’s sensitivity to DNA damage and reduces transformation efficiency.

Other key components of this pathway are RecN, involved in the early stages of
homologous recombination; AddA and AddB, required for double-stranded end
processing; SsbA, involved in strand exchange and RecO, required for the repair of
single-strand gaps.*82 4914% |n addition, PriA, DnaD, DnaB, and Dnal are important
for replication restarts after DNA damage repairs in B. subtilis.**®*%" Furthermore,
many other proteins have been linked to the homologous recombination pathway and
DNA break repair but their exact role is currently unknown (e.g., RecQ, RecS, RecJ,
RecF, RecM, RecV, RecG, RecD2, ShcC, ShcD, ScpA, ScpB, RadA, RadB and YhaN

(now known as ShcE).*20. 4%

Although most DNA modifying pathways in the cell serve to minimise genetic
alterations, there are also cellular pathways that increase the mutation rate upon
activation.*?” This temporary increase in mutation rate is part of the coordinated
defence responses bacteria have evolved to survive environmental shocks.*° To adapt
cells can upregulate the expression of error-prone DNA polymerases 1V (also known
as DinB or PolY1 and PolY2) and V by approximately 10-fold.*?% °® These low-
fidelity DNA polymerases lack the intrinsic proofreading activity and they can both
act on DNA damage by performing translesion synthesis at stalled replication fork
sites as well as undamaged DNA. These more promiscuous polymerases allow cells

to survive sudden increases in DNA damage.

Furthermore, repeat sequences seem to be overrepresented in stress response genes
compared to the rest of the genome.*'® 5% It has been hypothesized these repeats

evolved to promote survival under stressful conditions. Spontaneous duplications or
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deletions occur more frequently at repetitive DNA sites, increasing the chance that,
for example, a mutator phenotype emerges within the population. Under normal
conditions this mutator, which suffer from a mutational burden, will disappear from
the population quickly, however, as described previously, can aid adaptation in

changing environments and survival during stress.389: 406, 502

414 ATCC 3502, a strain with high population heterogeneity

Genetic variability and mutation rate changes in bacterial populations might be very
interesting from an evolutionary standpoint, but when bacteria are being repurposed
for the production of useful compounds or engineered to study fundamental cell
processes, this variation can be highly problematic. Strain degeneration is frequently
observed during the industrial and lab-scale fermentation of bacterial strains,
especially in continues culture.®® The degenerates are usually compromised in their
capacity to produce the compound or enzyme of interest (e.g., decreased growth rate
or loss of the production trait). Additionally, SNVs might occur in the gene encoding
the final enzyme product, which might result in (subtle) activity changes.
Degeneration is usually due to mutation rate increases caused by mutations in the DNA
replication, DNA mismatch repair or DNA damage repair systems, but can also be the
result of a single recombineering event, the transposition of a mobile genetic element

or non-chromosomal DNA loss.>%

Furthermore, population heterogeneity and genome instability complicate
fundamental research, especially when experiments require single colony stages.
Discrete colonies are derived from a single cell and thus the genetic variation within
the population is lost. Additionally, single cell bottlenecks often lead to the fixation of

arbitrary mutations, which might cause phenotypic changes.>* Therefore, minimising
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single cell passages or other population bottlenecks is generally preferred. However,
to study protein function the most powerful strategies require DNA modifications
(e.g., gene knock-outs or protein fusions). To isolate individuals with the desired
mutation single colony stages are necessary. Thus, a very homogeneous starting

population and a stable genome are desirable when engineering bacterial strains.

Since the WGS revolution the awareness of secondary mutations and their potential
impact has significantly increased. The study of the C. botulinum type A model strain
ATCC 3502 is a perfect example where WGS data revealed that quite a significant
issue had been hiding beneath the surface. In the SBRC C. botulinum laboratory
several researchers struggled with generating phenotypically identical gene knock-out
strains. For example, the sporulation capacity was often compromised in some, but not
all, mutants. Maintaining a high yield of viable spores proved to be particularly

difficult when generating non-toxicogenic strains via ACE (Figure 4.1).22°

Sequencing the whole genome of a few mutants revealed that the first mutant (pyrE)
carried 59 SNPs compared to the WT ATCC 3502 (IFR). During the second step,
deletion of the boNT/A1 gene in the pyrE" strain, and the third step, restoring the pyrE
allele in the AboNT/AL pyrE~ strain, an additional 13 SNPs and 15 SNPs were acquired,
respectively. At the time, many clostridial genomes were sequenced by the
Clostridium research group (e.g., Clostridium beijerinckii, C. sporogenes and C.
difficile) and usually only one or two secondary mutations were identified in the
genetically modified strains (personal communication; N. Minton). The unexpected
high number of secondary mutations in the C. botulinum AboNT/Al strains and the

concomitant phenotypic changes render it unsuitable for future studies.
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Figure 4.1 Sporulation capacity of ATCC 3502 (IFR) pyrE", AboNT/AL pyrE
, AboNT/A1 and ACIA pyrE” mutants. Sporulation/germination capacity of pyrE
, AbONT/AL pyrE’, AboNT/A1 and ACIA pyrE™ mutants compared to WT created
by Christopher Humphreys. Strains were cultured in TYG broth and samples were
taken after 72 hours. Total CFU corresponds to the total cell count (hon-heat
treated) and the spore CFU is the number of viable spores withstanding a 15 min,
80°C heat treatment. Error bars represent the standard deviation of three
independent cultures for WT and of three biological replicates for the mutants.
The dotted line at 50 CFU/ml represents the detection limit.

The sequencing data suggests that the ATCC 3502 (IFR) population kept at the SBRC
has an unstable genome. This finding raised many questions, such as what causes the
genome instability (e.g., stress, disruption of the DNA mismatch repair system or is it
just an inherent strain characteristic that evolved to survive in the wild) and is only the
ATCC 3502 (IFR) stock in Nottingham affected or are other ATCC 3502 populations
also prone to accumulating mutations? If the latter is true, this might have far-reaching
consequences, as ATCC 3502 is currently the most studied type A strain,168-169, 181, 505-
51|t is possible that these studies have employed degenerated strains whose associated
phenotypes may differ compared to those of naturally occurring WT strains.

Moreover, the majority of the more recently published work involved the study of
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genetically modified strains; this leaves one contemplating if some of the observed
phenotypic changes linked to a specific genotypic modification is genuine or if they

should be attributed to, as yet unidentified, secondary mutations,170-173 176, 181-184, 512-

515

4.2  Objectives

I.  Find agenetically stable C. botulinum ATCC 3502 population or isolate

in order to create safe strains,

ii.  Identify the cause of the observed genome instability in C. botulinum

ATCC 3502.
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4.3 Results and discussion

4.3.1 A fresh start: engineering a ‘new’ ATCC 3502 strain using ACE and

ClosTron mutagenesis
At the beginning of this project all available information suggested that the observed
genomic instability of strain ATCC 3502 was merely affecting research performed at
the SBRC in Nottingham (personal communication; N. Minton). Initially all
Nottingham based students were working with the same C. botulinum WT stock,
which was acquired from the Institute for Food Research (IFR; nowadays known as
the Quadram Institute Bioscience) in 2006. Interestingly, researchers at IFR stated
they had no indications that supported a similar genetic instability in their stock. This
suggested that either the strain had undergone some sort of unfortunate change when
cultured for storage in Nottingham or that standard culturing methods in Nottingham
somehow induced higher mutation frequencies. The latter was considered unlikely
because in 2011 a different ATCC 3502 spore stock (provided by Unilever) came to
Nottingham and since then both strains have been cultured under the exact same
conditions. In the Unilever strain, however, no unaccountable discrepancies between
biological replicates were ever observed (personal communication; C. Meaney).
Based on the above information, in combination with no other cases of instability
being described in literature, it was assumed that only the IFR SBRC WT stock
suffered from an unusually high mutation rate. Although the behaviour of this
particular ATCC 3502 WT stock raised plenty of interesting questions, they all
strongly deviated from the initial aim of this project, the creation of safe C. botulinum
strains. Therefore, it was decided to abandon the IFR WT strain without any further

investigation and continue all work with the ATCC 3502 Unilever stock.
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Initially, two genes were knocked out individually in the ATCC 3502 Unilever strain,
using two different genome editing tools. In the first set of mutants the hsdR gene was
inactivated via ClosTron mutagenesis with the aim to improve DNA transfer
efficiencies, as described in section 2.12.1 and section 3.3.2. The three biological
replicates of strain hsdR1600s::CT were isolated from independent conjugal mixtures.
In the second set of mutants the pyrE gene was truncated using ACE as described in
section 2.12.2. The deletion was confirmed by PCR using a primer annealing to the
inserted lacZa fragment and a primer annealing to the chromosome in three biological
replicates isolated from a single conjugal mixture (Figure 4.2). The plasmid was lost
from the selected pyrE- mutants, as described in section 2.8, and the truncation of the
pyrE- gene was subsequently verified by Sanger sequencing. Creation of these pyrE
negative (pyrE") strains was part of a multi-step process to ultimately generate non-
toxigenic C. botulinum. As previously described (section 1.5.2), the inactivation of the
pyrE gene results in uracil auxotrophic cells, which allows the in-frame deletion of the
neurotoxin gene(s) via standard allelic exchange using a plasmid based non-native

pyrE gene for counter selection.®

Given the high mutation rate of the ATCC 3502 IFR strain and that the reason for this
was still unknown, the Unilever WT stock as well as the hsdR1600s::CT and pyrE-
mutants were handled with extra care to minimize their exposure to potential stresses
that could induce mutagenesis, such as reactive oxygen species and temperature
shocks.#?% 516517 Additionally, during the generation/isolation of the mutants
subculturing steps and single colony stages were kept to an absolute minimum to

further decrease the risk of picking up undesired genetic changes.
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Figure 4.2 Truncation of pyrE gene in strain ATCC 3502. (A) PCR for three
biological replicates of ATCC 3502 pyrE- mutants alongside WT. Products were
amplified using flanking primers cbopyrE/Fd and M13F. Lane L: NEB 1 kb Plus
DNA Ladder. (B) Schematic diagram of the targeted chromosomal region
showing the primer binding sites in the WT and mutant strain.

Before continuing the different projects for which the mutants were generated, they
were subjected to a basic phenotypic characterisation to confirm the presumed stability
of the ATCC 3502 Unilever strain. The rational was that no significant differences
between the original WT phenotype and its engineered variants beyond the expected
effects of the intended genetic modifications should be observed if the Unilever strain
is not susceptible to the accumulation of random SNPs and InDels. The ability to form
viable spores was considered the most appropriate phenotype to verify stability
because: (i) spore formation is a non-essential functionality in laboratory conditions

and can thus be readily lost; (ii) sporulation efficiencies can be determined with an



easy phenotypic screen, and; (iii) the high number of genes involved increases the
probability of the process being affected by mutations, hence there is a higher chance
of observing a phenotypic change. Furthermore, neither the hsdR nor the pyrE gene
have been linked to sporulation and therefore their inactivation should normally not
impact viable spore counts.??® The growth and sporulation/germination capacity of the

mutants was assessed as described in sections 2.9.2 and 2.9.4, respectively.

Five out of the six mutants were able to attain similar total cell density levels as WT
and grew at a comparable rate (Figure 4.3A). However, one mutant (hsdR1600s::CT
3) had a considerably longer lag phase and was not capable of reaching the same total
cell density as WT. Furthermore, during the ‘death’ phase the growth profiles of all
mutants started to deviate slightly from the WT profile, with strains pyrE™ 2 and 3
showing a clear drop in cell density after a relatively short stationary phase not

observed in WT.

Surprisingly, all six mutants were compromised in their ability to form viable spores
compared to WT (Figure 4.3B). For two out of the three hsdR1600s::CT mutants a 10-
fold reduction in sporulation/germination efficiency was observed. The viable spore
count of pyrE™ 2 and pyrE- 3 was approximately 560000- and 130-fold lower than WT,
respectively. The third biological replicate of each mutant (hsdR1600s::CT 3 and pyrE
1) did not generate any viable spores. These inexplicable viable spore count reductions
strongly resemble what has been previously observed for the genetically unstable
ATCC 3502 IFR strain. Possibly the ATCC 3502 Unilever strain also suffers from an
unusually high mutation rate, contrary to what was anticipated based on previous work

from other researchers using this strain.
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Figure 4.3 Phenotypic characterisation of ATCC 3502 Unilever
hsdR1600s::CT and pyrE” mutants. (A) Growth profiles of mutants compared
to WT. Strains were cultured in TYG broth and the ODsgs was monitored for 24
hours. Error bars represent the standard deviation of three independent cultures
from one representative experiment out of two repeats. (B)
Sporulation/germination capacity of mutants compared to WT after 120 hours of
incubation in TYG broth. Total CFU corresponds to the total cell count (non-heat
treated) and the spore CFU is the number of viable spores withstanding a 15 min,
80°C heat treatment. Error bars represent the standard deviation of three
independent cultures from three separate assays. The dotted line at 50 CFU/ml
represents the detection limit. ns<0.1234, *p<0.0332, **p<0.0021, ***p<0.0002,
**4%*p<0.0001, two-tailed unpaired t-test.

To confirm this suspicion, the genome sequence of all six mutants was determined
using Illumina MiSeq sequencing. The MiSeq paired end reads were mapped to the
WT ATCC 3502 genome sequence deposited at the NCBI database (accession
number: NC_009495) and variations identified using the CLC genomics workbench.

In addition, the full genome of the ATCC 3502 WT Unilever stock (green), from
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which the mutants were generated, was sequenced. It is common practice within the
Clostridial research group that all strains are stored in triplicates (in a green, yellow
and red tube), which is referred to as the ‘traffic light’ system. The green stock is the
working stock, used for all ordinary laboratory experiments such as measuring growth
or creating mutants. The yellow stock is only used to grow a bacterial strain to create
a fresh green stock whenever a green stock runs out. The red stock serves as the
ultimate back-up in case something happens with the other two stocks. The SNPs and
InDels detected in the WT and mutant strains are listed in Appendix VI. SNPs and
InDels detected in a region with low coverage (>50 reads) or with a low frequency
(>75%) were manually checked to confirm the SNP or InDel is not an artefact resulting
from alignment errors by the software. ‘False’ SNPs and InDels were removed from

the mutation lists in Appendix VI.

In the WT Unilever stock nine variations were detected compared to the published
NCBI genome (accession number: NC_009495) and all but one of the mutant strains
had a significant number of additional mutations compared to WT. Surprisingly, not
all single nucleotide variations between the NCBI ATCC 3502 genome and the WT
Unilever genome were detected in every mutant strain. Only two point mutations, at
positions 130004 (a silent SNP in the isoleucyl-tRNA synthetase) and 3724684 (a
silent SNP in elongation factor Tu), were present in all strains. This suggests that there
is considerable genetic cell-to-cell variation in the WT stock. When such a
heterologous population is sequenced with a coverage ranging from 50 to 100 reads
per base, only the most prevalent SNPs will show. Additionally, the relatively low
frequency values (% of reads with the SNPs out of the total number of reads) for most
of the mutations detected in the WT stock further supports this theory. The frequency

of a point mutation in WT is often below 80%, whereas in mutant strains, which have
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been through several single colony stages and are thus less likely to be a mixture, this
value is generally above 95%. Overall, the sequencing data effectively confirmed that
the genome instability previously observed in the ATCC 3502 IFR strain is also

present in the ATCC 3502 Unilever strain.

A total of 124 unique mutations were identified, with 56 of these occurring in two or
more strains. However, 49 of the 56 non-unique mutations were present in strains
pyrE™ 2 and pyrE- 3, with 38 SNPs only shared between these two strains. Given that
the three pyrE” mutants were isolated from a single conjugal mixture and the pyrE™ 2
and pyrE" 3 strains have many mutations in common, it is plausible that both mutants
originated from the same transconjugant. Despite the high level of similarity between
their SNP profiles, both strains have a distinctly different sporulation/germination
capacity (a 3700-fold reduction for pyrE" 2 strain and ‘only’ a 130-fold reduction for
the pyrE™ 3 strain compared to the WT) (Figure 4.3B). The pyrE™ 2 strain has four
unique point mutations; one of them is a frameshift mutation in the gerAB1 gene,
which results in a premature stop codon in the mRNA of the encoded protein, a
germinant receptor that responds to r-alanine.>*8-°2! The truncated receptor is probably
inactive and is most likely causing the observed reduction in sporulation/germination
capacity. In the pyrE" 3 strain only two unique mutations were identified. There is,
however, no obvious connection between the affected genes and spore formation or
germination processes that could explain the observed reduction in viable spore count
compared to WT. Furthermore, none of the other 46 mutations were in genes that
encode proteins which are known to be directly involved in spore formation or
germination. Perhaps the reduction in viable spores is an indirect effect, resulting from

the disruption of other cell processes by one or several point mutations.
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The pyrE™ 1 strain did not produce any detectable number of spores. This is probably
due to a SNV in a gene annotated as spolV, which creates a premature stop codon at
position 21 of the normally 386 amino acid long polypeptide. The spolV gene encodes
a stage IV sporulation protein controlled by of, known as YqfD, and disruption of this
protein in B. subtilis results in a strain only producing phase-dark spores that fail to

turn into fully mature phase-bright spores.>??

Although the 10-fold reduction in viable spore count for strains hsdR1600s::CT 1 and
2 was not statistically significant, spore counts were consistently lower compared to
WT. Analysis of the mutations detected in both strains did not provide any clues as to
what could be responsible for this decrease. Moreover, only 4 additional SNPs were
identified in hsdR1600s::CT 2, which is very little compared to the other mutants. It
was hypothesized that if the WT stock is truly a heterogeneous mixture of cells due to
elevated mutation rates, there might be a subpopulation within the stock with a higher
sporulation or germination frequency. This would result in an overestimation of the
sporulation/germination capacity of the WT strain and consequently leads to the
incorrect assumption that strains hsdR1600s::CT 1 and 2 have a reduced viable spore
count due to genetic alterations. To establish if such a subpopulation exists within the
WT stock further analysis, for example, by determining the sporulation and

germination capacity of single cells, would be required.

Finally, in cultures of strain hsdR1600s::CT 3 no viable spores were detected and
analysis of its genome sequence revealed that two sporulation associated genes contain
a mutation: lonB (" regulation) and spollP (peptidoglycan degradation). The
mutation within the lonB gene is silent, changing leucine codon TTA into TTG.
Usually a single silent mutation in a gene has no consequences, though there are

occasionally cases where a silent SNV causes an alteration in protein expression and
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activity, especially when there is a strong codon usage bias (the difference in
frequency of occurrence of codons that encode the same amino acid in a genome).>?®
It is thought that codon usage influences protein expression and structure through its
effect on translation speeds, mRNA stability, secondary DNA structures, translation
accuracy and co-translational protein folding.>?* In this case the difference in codon
frequency is quite large (TTA 53.3 vs TTG 8.3), but given that in a previous study, by
Serrano et al., the inactivation and overexpression of lonB did not affect spore
formation in B. subtilis, it seems very unlikely that this mutation has contributed to the

asporogeneous phenotype.>25-526

The second affected sporulation gene, spollP, contains a 1-bp insertion which shifts
the open reading frame (ORF) and results in a premature stop codon, halving the
normally 363 amino acid polypeptide. This truncated version of SpolIP is probably
inactive. SpollP is part of a peptidoglycan degradation complex, together with SpollD
and SpollM, which function is critical for successful engulfment of the forespore.>?¢-
527 |_oss of function in any of the above proteins prevents engulfment completion and

hence, no heat resistant spores are formed.

For three out of the six genetically modified strains random mutations have disrupted
genes that encode proteins involved in the process of either sporulation or germination.
Nevertheless, a potential contribution of the other SNPs to the reduced viable spore
counts or asporogeneous phenotypes cannot be excluded, despite the lack of an
apparent connection between the mutations and sporulation or germination. Future
examination of the spores under a microscope could provide more information
concerning the stage at which spore formation or outgrowth has been disrupted and if
this resembles the phenotype of strains with an inactivated gerAB1, ygfD or spollP

gene.
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These above findings led to the conclusion that creating a safe ATCC 3502 strain using
ACE would not yield a worthy WT surrogate. By the time that the three sequential
genetic modification steps required to generate a safe strain have been completed
(pyrE, pyrE- AboNT/Al and finally pyrE* AboNT/Al), the strain will have

accumulated many SNPs, which will undoubtedly affect its phenotype to some extent.

4.3.2  Deletion of the neurotoxin in the genetically unstable ATCC 3502 strain
using CRISPR/Cas9-based technology

Based on the above findings, it appears that it is virtually impossible to create a non-
toxicogenic version of ATCC 3502 without compromising other properties, making
them less appropriate WT surrogates. However, the severity of its genetic instability
is possibly amplified by the used engineering tools. ClosTron mutagenesis involves
three single colony stages and several additional culturing steps. In other clostridial
species this lengthy procedure does not results in a high number of additional random
mutations, nevertheless in a strain like ATCC 3502, which appears to have a relatively
high basal mutation rate, the high number of steps required to isolate a mutant can be
detrimental to maintaining genome integrity (personal communication; N. Minton).
The same applies to ACE, where the multitude of steps and single colony stages
required increases the likelihood of picking up unwanted random mutations.
Additionally, to isolate mutants the cells are grown on solid media supplemented with
5-FOA (see section 1.5.2), which is slightly toxic to the cells, depending on its
concentration. The exposure of cells to toxic compounds can induce a general stress
response that leads to elevated spontaneous mutation rates.*”® An unusually high
number of additional random mutations has not been observed in other clostridial
species after 5-FOA exposure, however, the concentration of 5-FOA required to select

for pyrE negative cells varies between clostridial species; for example, for C.
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beijerinckii a concentration of 800 pg/ml is sufficient, whereas for C. sporogones a
concentration of 3.5 mg/ml is required.?®® To select for pyrE negative ATCC 3502
cells an exceptionally high concentrations of 5-FOA is required (5.5 mg/ml), but
concentrations above 6 mg/ml are lethal to ATCC 3502 pyrE™ mutants. WT ATCC
3502 tolerates 5-FOA concentrations as high as 5 mg/ml but colony morphology and
growth rate are clearly affected, suggesting that the cells are experiencing some level

of stress.

At the start of this project, ClosTron mutagenesis and marker-free engineering via
ACE were the only available genetic tools for clostridia. Halfway through this project,
however, a CRISPR/Cas9-based genome editing tool became available, which
involves only 2 single colony stages, less culturing steps and no exposure to toxic
compounds that are potentially mutagenic.?% 22" 528 Additionally, with the
CRISPR/Cas9 tool the boNT/AL gene can be deleted directly (one step), contrary to
the indirect, three step-based ACE strategy. These advantages together with the
knowledge that one of the hsdR1600s::CT mutants had just four additional SNPs led
to the idea that adequate non-toxicogenic strains could be created using the

CRISPR/Cas9 tool.

To test this hypothesis the boONT/Al gene was deleted, starting from the ‘red’ culture
collection stock using CRISPR/Cas9, as described in section 2.12.3, and plasmid
pMTL431511 boNT/A1-G1, whose construction is outlined in section 2.11.2.1. The
deletion was confirmed by PCR in three biological replicates from three independent
conjugations for each strain using primers annealing to the chromosome, flanking the
editing template (Figure 4.4). The plasmid was lost from the selected mutants, as
described in section 2.8 and the deletion in the final mutants was subsequently verified
by sequencing.
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Figure 4.4 Deletion of boNT/A1 gene in strain ATCC 3502. (A) PCR for three
biological replicates of ATCC 3502 pyrE™ mutants alongside WT. Products were
amplified using flanking primers boNT/A1_scr_F and boNT/A1_scr_R. Lane L:
NEB 1 kb Plus DNA Ladder. (B) Schematic diagram of the targeted chromosomal
region showing the primer binding sites in the WT and mutant strain.

To establish if phenotypic characteristics of the WT strain had not been compromised
by additional random mutations, the growth and sporulation/germination capacity of
the AboNT/Al strains was assessed as described in sections 2.9.2 and 2.9.4,
respectively. The growth profiles of all three mutants were similar to WT (Figure
4.5A). The sporulation/germination capacity however, varied among the safe strains
(Figure 4.5B); mutants AboNT/Al 1 and 2 yielded approximately 130- and 36,000-
fold less viable spores than WT, while the third mutant was not compromised in its
ability to form heat resistant spores. Deletion of the neurotoxin in other C. botulinum
strains did not have a negative impact on the total number of viable spores; presumably

the reduction in sporulation/germination capacity of the mutants is again caused by



additional random mutations, even though culturing steps and single colony stages

were kept to an absolute minimum. 2652
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Figure 4.5 Phenotypic characterisation of ATCC 3502 Unilever AboNT/Al
mutants. (A) Growth profiles of mutants compared to WT. Strains were cultured
in TYG broth and the ODsgs was monitored for 24 hours. Error bars represent the
standard deviation of three independent cultures from one representative
experiment out of two repeats. (B) Sporulation/germination capacity of mutants
compared to WT after 120 hours of incubation in TYG broth. Total CFU
corresponds to the total cell count (non-heat treated) and the spore CFU is the
number of viable spores withstanding a 15 min, 80°C heat treatment. Error bars
represent the standard deviation of three independent cultures from three separate
assays. The dotted line at 50 CFU/ml represents the detection limit. ns<0.1234,
*p<0.0332, **p<0.0021, ***p<0.0002, ****p<0.0001, two-tailed unpaired t-test.

To confirm that the reduction in viable spores was caused by point mutations, the full
genome of each AboNT/AL replicate was sequenced, as described in section 2.10.10.
In addition, the full genome of the ATCC 3502 WT Unilever ‘red’ stock, from which
the mutants were generated, was sequenced. Genetic variations were identified using

the CLC genomics workbench and are listed in Appendix VI Table A 6.

Nine additional point mutations were detected in the WT genome compared to the
published reference genome (accession number: NC_009495); the red and green stock

have eight mutations in common and both contain one unique mutation, albeit their
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frequency was rather low. Not all the SNPs detected in the WT genome were present

in each mutant, as previously observed for the hsdR1600s::CT and pyrE- mutants.

The two mutants with a reduced viable spore count both contained 33 additional SNPs,
yet none of the mutations were in ORFs annotated as sporulation or germination genes.
Nevertheless, several candidates were identified based on their (functional) homology
to genes found in genome-wide studies of the sporulation and germination pathway in
C. difficile and C. sporogenes (Unpublished data; R. Rodriques).>*°3! Homologues
of the mutated genes serS, CBO1361 (manganese/zinc/iron chelate uptake ABC
transporter permease) and ppdK in strain AboNT/A1 1 appeared to be essential for
sporulation or germination in the C. sporogenes TraDIS library. Additionally,
functional homologues of genes serS, CBO0719 (methyl-accepting chemotaxis
protein), chiA and CBO1414 (ATP-dependent DNA helicase) occurred in the TraDIS
and RNA-Seq libraries of C. difficile. For strain AboNT/Al 2 only gene CB0O1580
(Pyridine nucleotide-disulfide oxidoreductase) was homologous to a C. sporogenes
TraDIS library germination gene and genes CBO0465 (NUDIX family: hydrolase),
opuD, CB0O1991 (PTS system fructose family transporter subunit IIBC) had a similar
description to genes identified in the various C. difficile studies. Furthermore, the
mutated kinases CBO0906 (AboNT/Al 1), CBO0780 and CBO1967 (AboNT/Al 2)
were listed as potential candidates. Most of the above have not been described in
literature in relation to sporulation or germination, though there are some indications
that genes such as the methyl-accepting chemotaxis protein and manganese/zinc/iron
chelate uptake ABC transporter permease might affect sporulation and
germination.>¥-°% To establish which mutations actually contribute to the reduction
in viable spores, they will have to be re-created in the WT strain; first independently

and then, depending on the results, in various combinations.
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The third replicate (AboNT/A1 3), which was not compromised in its ability to form
viable spores, only contained 5 additional SNPs. Interestingly, the SNP profile of
AboNT/AL 3 was identical to hsdR1600s::CT 2, except for mutation 3641879. Given
that the chance both strains acquired four identical mutations independently is low, it
was assumed that they have a common ancestor. At the time, the odd lack of additional
mutations was not given much thought and was attributed to mere coincidence,

however, at a later stage this turned out to be far more interesting (see section 4.3.3).

The above results show that despite the advantages the CRISPR/Cas9 based method
offers over the other two tools, using this technology does not reduce the number of
random SNPs accumulated. In conclusion, the observed genomic instability seems to
be inherent to the strain and its predisposition for the acquisition of mutations is not
aggravated by the used tool, as evidenced by the similar number of SNPs identified in
the mutant strains generated using ClosTron, ACE and CRISPIR/Cas9 mediated
mutagenesis. It might be worth contemplating if continuing research with a safe strain
such as AboNT/A1 3 or even the WT strain is justifiable, knowing that few culturing
steps already generates a hodgepodge of genetic variation within the population and
any further downstream processing might result in significant phenotypic changes.
This is however not a question that can be answered in a single PhD thesis, and will

be a separate, more resource intensive investigation.

4.3.3  First attempt to establish the mutation frequency of ATCC 3502

Whole genome sequencing methods are rarely used to quantify a bacterial strain’s
genetic stability and establish its mutation rate. Despite recent advancements within
the field, such as Maximum-Depth Sequencing (MDS) and the visualisation of

emerging mutations using single cell analysis coupled to high-throughput sequencing,
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the detection of random low frequency mutations in bacteria remains notoriously
difficult and data might be skewed by mutational ‘hot’ or ‘cold’ spots.>**°% In
addition, the sequencing based methods are expensive and especially the single-cell

based strategies require state-of-the-art technologies and are very laborious.

Instead, the ‘old fashioned’ relatively rapid and inexpensive fluctuation assay, which
is based on the loss of sensitivity to a selective marker (e.g., antibiotic resistance), is
still the most common method to estimate spontaneous mutation rates.>*">% A large
number of parallel cultures are grown in the absence of the selective marker and after
many generations the cultures are plated onto non-selective and selective agar. The
CFUs from the non-selective agar is used to estimate the total number of cells that
could potentially acquire a mutation (Nt). The distribution of the observed number of
resistant mutants per culture (r) is used to estimate the mean number of mutational
events per culture (m) by applying the appropriate mathematical model. Subsequently,
the mutation rate (u) is usually calculated by dividing m (the mean number of

mutations per culture) by some measure of N (the final number of cells per culture).

However, calculating the mutation rate can be problematic and the accuracy of the
estimated rate is highly dependent on the experimental set-up (e.g., starting CFU,
number of mutants per culture (r) and number of parallel cultures) as well as the
mathematical models used to calculate m and p. Therefore, many researchers opt for
reporting the average mutation frequency (f), which is simply the number of resistant
mutants (r) divided by the final number of cells (N:) per parallel culture. Based on this
value strains can be classified as hypomutators (f <8 x 10—9), normomutators (8 x 10°
< f < 4 x 10%), weak mutators (4 x 10® < f < 4 x 107), and strong mutators (f > 4 x
107).384-386 | [iterature these ranges can vary, depending on the organism studied and

references used. Additionally, sometimes the term hypermutator is used, which can
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refer to weak mutators and strong mutators together or only refer to strong mutators.

Here the term hypermutator is used to refer to strong mutators only.

The fluctuation assay, as described in section 2.9.6, using rifampicin as a selection
marker (rifampicin resistance occurs due to mutations in the RNA polymerase 3
subunit gene rpoB), was designed based on results of preliminary experiments to
establish the required number of parallel cultures, culture volume and inoculum.>®
These initial experiments were conducted with both ATCC 3502 and ATCC 19397.
While the number of observed resistant mutants per culture (r) was consistent amongst
the ATCC 19397 colonies (data not shown) — independent of the experimental set-up
— for ATCC 3502 r varied strongly between the different colonies (Figure 4.6A). It
should be noted that not all colonies were treated equally and thus a direct comparison
between the three different groups (1-5, 6-10, 11-13) should be undertaken with
caution. Nonetheless, there is a clear-cut difference between the six colonies which
are within the hypomutator range and the remainder of the colonies, which can be
classified as weak or even strong mutators. This strong variation suggests that the
ATCC 3502 population is mixed and possibly contaminated with a non-mutator strain,
such as ATCC 19397. To establish if all thirteen colonies are ATCC 3502 or if the
stock is contaminated with ATCC 19397, 62A, Loch Maree or NCTC 2916 (all strains
that had been cultured in the same anaerobic cabinet), strain specific PCRs were
performed using the primers listed in Appendix IV. The strain specific PCRs

confirmed that all colonies were strain ATCC 3502 (data not shown).
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Figure 4.6 Preliminary fluctuation assay with ATCC 3502. (A) Results from
preliminary fluctuation assay experiments using thirteen different “‘WT’ colonies
to inoculate the parallel cultures. Note: experimental set-up varied between
colonies 1-5, 6-10 and 11-13. (B) PCR for the thirteen ATCC 3502 “WT’ colonies.
Products were amplified using flanking primers mutL_F_scr and mutL_R_scr.
Lane L: NEB 100 bp DNA Ladder. (C) Schematic diagram of the targeted
chromosomal region showing the primer binding sites in the WT and the
AmutL321 mutant strain.

Intrigued by the variation in genomic stability of ATCC 3502 isolates, its published

genome sequence (accession number: NC_009495) was compared to the genome

sequence of the genetically stable and highly similar ATCC 19397 strain (accession

number: NC_009697), with the aim to identify possible clues towards elucidating the

underlying cause of this strange behaviour (see Chapter 5 for a more detailed
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comparison of the two strains). Usually strong mutator phenotypes are a consequence
of defects in DNA repair or replication systems.3”® *¥ Prior to the alignment, genes
potentially important for maintaining the genome integrity in ATCC 3502 were
identified based on the available literature. The full genome comparison was carried

out manually using Mauve software (data not shown).

Two interesting variations were detected; the first being a SNP in recO, a gene that
encodes a recombination mediator protein.>* The SNP in recO results in an amino
acid change (E200A). Among the type A strains in the Nottingham culture collection
this glutamic acid at position 200 is conserved, however, a quick BLASTp analysis
revealed that this amino acid is not conserved across different species. Predicting the
effect of such a single amino acid change on protein functionality is difficult and
therefore to establish its impact the mutation would have to be recreated in a
genetically stable type A strain. Further analysis of the recO mutation was not pursued,
mainly because the second mutation, discussed in more detail below, was considered

to be the more likely cause of the genetic instability of strain ATCC 3502.

The second mutation is a 231 bp deletion in mutL, which encodes a DNA mismatch
repair protein.>*? The mutation results in an in-frame deletion of 77 amino acids in the
normally 666 amino acid long protein. This large deletion most likely has a negative
effect the protein’s functionality. Previous studies have shown that reduced MutL
activity levels lead to elevated mutation rates.*!® 422 42 Interestingly, alignment of the
ATCC 3502 Unilever WT stock Illumina whole genome sequencing reads against the
ATCC 19397 WT sequence (NCBI accession number: NC_009697) revealed that
some reads map to this 231 bp region whereas other reads are cut-off (Figure 4.7).
This suggest that the stock is a mixed population, consisting of cells carrying the full

mutL gene and cells carrying the mutated mutL gene.
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Figure 4.7 Visualisation of the AmutL231 deletion identified in ATCC 3502.
Visualisation of individual ATCC 3502*- NGS reads mapped to the ATCC 19397
mutL genome region using CLC Genomics Workbench. The deletion was
identified by comparing the published ATCC 3502 genome sequence to the
published ATCC 19397 genome sequence using Mauve. Coverage track: total
number of reads for a specific nucleotide position. Individual reads: individual
paired and non-paired sequencing reads aligning to the depicted genomic region
of ATCC 19397. Within the red box is the 231 bp deletion region overlapping
with mutL; some aligned reads reach into the deletion region whereas other reads
abruptly stop (dark reads that turn transparent — the lighter coloured section of the
read does not align to the reference).

To assess if there is a correlation between the mutated mutL gene and hypermutability
in strain ATCC 3502, all thirteen colonies included in the initial fluctuation assays
described previously were screened for the presence of the 231 bp deletion using
primers flanking the deletion site (Figure 4.6B/C). There was a perfect match between
the presence of the mutL deletion (AmutL231) and the mutator phenotype. All colonies

with a full WT mutL gene were non-mutators.

Finally, the genome sequences of the ATCC 3502 mutants described in sections 4.3.1
and 4.3.2 were reanalysed using the ATCC 19397 genome as a reference. This

revealed that the mutant strains where viable spore counts were strongly compromised
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(hsdR1600s::CT 3, pyrE™ 1, pyrE™ 2, pyrE™ 3, AboNT/AL 1 and AboNT/A1 2) all carried
the mutL gene with the 231 bp deletion, whereas all other strains (hsdR1600s::CT 2
and AboNT/A1 3), except strain hsdR1600s::CT 2, carried the full mutL gene. This
variation in mutL went unnoticed because the used reference genome of ATCC 3502
(accession number: NC_009495) contains the 231 bp deletion and therefore no clear
disruption is visible in the read mapping track displayed by CLC Genomics
Workbench. Up until this point the re-sequenced genomes were never checked for
large insertions or deletions using the InDels variant detection functionality available

on CLC Genomics Workbench, which in hindsight was a mistake.

Furthermore, the mutant strains with the disrupted mutL gene carried 29 or more
random SNPs compared to only 12 and 13 mutations in hsdR1600s::CT 2 and
AboONT/AL 3, respectively (see Appendix VI). Moreover, the SNP profiles of
hsdR1600s::CT 2 and AboNT/Al 3 were almost identical; strain AboNT/A1 3 carried
one additional mutation compared to hsdR1600s::CT 2, while the other 12 SNPs
detected were the same in both strains. The two mutants were isolated from
independent experiments and it is highly unlikely that both strains acquired exactly
the same mutations independently. Probably both mutants originated from the same
ancestor. This genetically stable ancestor with a full mutL gene could be considered
the ‘true’ WT genome, instead of the published ATCC 3502 genome (accession
number: NC_009495), which is likely comprised of the most common nucleotide
sequences for each locus in the mixed population at the time of sequencing. In section

4.3.8 the mutator and non-mutator WT genomes will be discussed in more detail.

The data presented here were the first results that provided a logical explanation for
the mysterious reliability issues and unusual genetic instability that had been haunting

the lab for many years.
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To distinguish between the different ATCC 3502 WT genotypes and stock

compositions the following names were given to the strains:

e ATCC 3502" — The genomically stable portion of the population or isolates

that carry a full mutL gene.

e ATCC 3502 AmutL231 (or ATCC 3502) — The mutator portion of the
population or isolates that carry the mutated mutL gene with the 231 bp

deletion.

e ATCC 3502 (or ATCC 3502*") — The mixed ATCC 3502 population

consisting of both mutator and non-mutator ATCC 3502 cells.

The above naming system has been implemented consistently across all chapters in

this thesis.

4.3.4 Investigating the role of DNA mismatch repair protein MutL

The mutL deletion was recreated in ATCC 19397 as a means of establishing that the
observed hypermutability in the ATCC 3502 AmutL231 strains is solely due to this
mutation and not due to a set of different additional mutations. Additionally, the full
mutL gene was deleted in ATCC 19397 and the resulting mutation frequency
compared to the AmutL231 ATCC 19397 strain to assess if the truncated MutL protein

in ATCC 3502 might have any residual activity.

To generate the AmutL and AmutL231 ATCC 19397 strains CRISPR/Cas9-mediated
mutagenesis was carried out as described in section 2.12.3, using plasmids pRECas2-
mutL-G1d and pRECas2-mutL231-G1d, respectively.'® Construction of the two
plasmids used to create these strains is outlined in section 2.11.2.2. The deletions were

confirmed by PCR in three biological replicates from three independent conjugations
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using primers annealing to the chromosome, flanking the insertion site (Figure 4.8).
The plasmid was lost from the selected ATCC 19397 mutants, as described in section
2.8, and presence of the deletion in the final mutants was subsequently verified by

Sanger sequencing.

In order to confirm that the phenotype observed in the mutant strain is directly
attributable to the different mutL deletions, mutL complemented strains AmutL*°™ and
AmutL231°™ were generated via CRISPR/Cas9-mediated genome editing,
incorporating mutL at its original chromosomal position. Plasmids pRECas2-
mutL_comp-G2c and pRECas2-mutL_comp-Glc were used to create the
complemented strains, whose construction is outlined in section 2.11.2.2. The
chromosomal Cas9 target site, just downstream of mutL and inside a coding region
(miaA gene), is also present in one of the homology arms that facilitates the insertion
of mutL. To prevent self-cleavage of the editing template silent mutations were
introduced in the PAM and SEED sequence present in the homology arm. The codon
changes might affect the rate of translation, RNA stability and protein folding, which
could cause changes in the protein’s expression and/or activity levels.>?® Therefore,
only nucleotide changes resulting in a codon with a similar frequency of occurrence

were incorporated.

To screen for successful insertion events PCRs were performed using primers
annealing to the chromosome, flanking the insertion site (Figure 4.8). The three
biological replicates for each mutation were isolated from three independent
conjugations. The plasmid was lost from the selected mutants, as described in section
2.8, and the genomic modifications in the final mutants were subsequently verified by

Sanger sequencing.
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To establish if growth under standard culturing conditions had not been compromised
in the mutL mutant strains, the growth of the mutants was assessed as described in
sections 2.9.2. The growth profiles of all mutants were quite similar to WT during the
exponential phase, however, during the stationary and death phase the growth profiles
of all mutants started to slightly deviate from the WT profile (Figure 4.9). Overall, the
mutL mutants were able to reach a higher maximum ODsgs than WT which was
followed by a more abrupt death phase. After 24 hours all strains, including WT, had
settled at a similar ODsgs. The ability of the mutL mutants to reach a higher maximum
ODsgs could affect the results of the fluctuation assay; a higher maximum cell density
allows for more generations in the bacterial population within the same timeframe,
thus increasing the chances of acquiring a random mutation that provides resistance to
the antibiotic rifampicin. Especially for the complemented strains, where rifampicin
resistant CFUs are expected to be low, this could have a significant impact on the
calculated mutation frequency and should therefore be taken into consideration when

analysing the fluctuation assay data discussed below.
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Figure 4.9 Growth profiles of ATCC 19397 mutL mutants. Growth profiles of

ATCC 19397 AmutL231, AmutL231%°™ AmutL and AmutL®™ compared to WT.

Strains were cultured in TYG broth and the ODsgs was monitored for 24 hours.

Error bars represent the standard deviation of three independent cultures of each

biological replicate.
To assess the effect of the various mutL mutations on the genomic stability of ATCC
19397 the mutant strains mutation frequency was established using the previously
designed fluctuation assay, as described in section 2.9.6. The WT ATCC 3502" and
ATCC 3502 AmutL231 strains were assayed alongside as a reference. As expected,
mutation frequencies significantly increased in the ATCC 19397 mutL mutants
compared to WT, confirming that a deficiency in MutL activity elevates the mutation
rate (Figure 4.10). Complementation of the mutL gene essentially returned the
mutation frequency back to WT levels. Furthermore, the mutation frequency of strain
ATCC 19397 AmutL231 was similar to strain ATCC 3502 AmutL231, which supports
the hypothesis that the hypermutator phenotype within the WT ATCC 3502 population
is caused by this specific deletion within mutL. Finally, there was no clear difference
between the mutation frequency of the AmutL231 strains and the ATCC 19397 strains

with the full mutL deletion, suggesting that the 231 bp deletion in mutL results in a

non-functional protein.
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Figure 4.10 Mutation frequency of ATCC 3502 and ATCC 19397 mutL
mutants. Frequency of spontaneous Rif? mutants in strains ATCC 3502 WT and
AmutL231 (black) and ATCC 19397 WT, AmutL231, AmutL231°°™, AmutL and
AmutL™ (blue). Cells were cultured for 24 hours in TYG broth and subsequently
plated onto TYG (total CFU) and TYG supplemented with 25 pg/ml rifampicin
(Rif® CFU). Mutation frequencies were calculated by dividing the Rif® CFU by
the total CFU. The dotted lines indicate the mutator strength categories. Error bars
represent the standard error of the mean of 10 single colonies, cultured in
triplicates. ns<0.1234, *p<0.0332, **p<0.0021, ***p<0.0002, ****p<0.0001,
nonparametric Mann-Whitney test.

4.3.5 Competitive fitness: ATCC 3502 mutator vs ATCC 3502*

In evolutionary biology, random variation and fitness play a central role; fitter
individuals in a certain environment are likely to produce more progeny compared to
their less-fit competitors. Consequently, the frequency of these genotypes with higher
fitness will increase over time in a given population and can eventually become the
dominant type. This effect of fitness variations might have played a pivotal role in the
evolutionary trajectory of the AmutL231 genotype in the ATCC 3502 population. The
fitness of the evolved mutator has possibly increased relative to the ancestral

competitor, allowing it to become a substantial part of the population.

152



Although mutator strains experience an increased load of deleterious mutations and
are more prone to lethal mutations, it is not uncommon for mutators to reach fixation
in a bacterial population.®®® 371 383 They are regularly identified in laboratory
populations and clinical settings, especially in fluctuating and high stress
environments,377-382, 384, 387-389, 393, 405-406, 543-544 \jytator mutations can spontaneously
arise and spread in bacterial populations, although, on their own they do not
necessarily provide sufficient adaptive advantage to reach high frequencies due to the
majority of mutations being deleterious or neutral, thus being an effective fitness
cost, 359 376, 417,545 Cyrrent understanding is that in order for hypermutator variants to
become established in a bacterial population the mutator genotype has to “hitchhike”
along with genetically linked beneficial mutations.3% 416 546547 The hypermutator’s
elevated mutation rate increases its chances of acquiring (rare) adaptive mutations
when exposed to new environments compared to non-mutators. In addition, specific
mutator mutations exhibit their own mutational spectrum, which might influence their

fixation probability by yielding mutants with different fitness levels.3"> 4

Various strategies have been devised to determine the fitness of a mutator compared
to their ancestor.*® The fastest and easiest method to quantify bacterial fitness is by
tracking the growth of a strain in a culture on its own over time, and subsequently
calculate the maximum growth rate (Vmax). This method however takes maximum
growth rate as the only component of fitness, ignoring other potential forces that effect
the fitness of an evolved mutant relative to its ancestor. A second approach revolves
around studying how well bacteria can cope and adapt to stressful compounds, such
as antibiotics, by quantifying the Minimum Inhibitory Concentration (MIC) of the
compound. The same limitations from the first approach apply to this strategy, and

thus only provides a proxy for fitness.
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The third method to quantify fitness is based on a competition assay, whereby one
strain or population directly competes against the other for the same resources. The
relative, rather than absolute, fitness is determined by measuring their relative
contributions to future generations across the full culture cycle. Now, not only
maximum growth rate, but also lag times and stationary phase dynamics, are
incorporated in defining strain or population fitness. A notable example of where this
assay method has been used extensively to study fitness and evolutionary dynamics is
the Long-Term Evolution Experiment (LTEE) with E. coli.352-3%3 400, 550 \\/hen
studying the evolutionary fate of a particular genotype, like in the LTEE, relative
fitness provides a more meaningful insight than absolute fitness. Nonetheless, the
absolute fitness should remain high enough to prevent extinction.®*! The competition
assay was considered the most appropriated method to establish whether the ATCC
3502 AmutL231 genotype provides a fitness advantage over the ancestral strain under

the standard culturing conditions.

Usually competitive fitness assays are started by mixing the two strains or populations
of interest in a specific ratio (often an equal volumetric ratio) in fresh broth. Here,
however, the two competitors, ATCC 3502" and ATCC 3502 AmutL231, are already
mixed together in a yet to be defined ratio. It was proposed that single colonies of each
genotype could be isolated and subsequently used for the assay. The drawback of this
approach is that these single colonies might have acquired secondary mutations,
especially the mutator ones, which could have a positive or negative effect on the
overall fitness of the strain. This would lead to a distorted view of what is actually
happening within the ATCC 3502 population. Therefore, to get a genuine impression
of the relative fitness of both strains, following this strategy would require many

replicate assays, all starting from different single colonies. This was considered not
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feasible due to time constraints and C. botulinum laboratory related practical

limitations (e.g., limited PCR capacity).

Likewise, quantifying if there is a potential fitness advantage associated with the mutL
deletion using the ATCC 19397 AmutL231 strains would be meaningless. As
mentioned before, mutator genotypes are known to co-evolve (or hitchhike) to higher
frequencies together with beneficial mutations. The hypermutable background of the
ATCC 19397 mutants did not naturally evolve but was created by directed
mutagenesis. The three biological replicates probably differ in their relative fitness to
WT, due to secondary mutations that have most likely arisen during the construction

of the strain.

Instead, the competitive fitness assays were started from the ATCC 3502 Unilever
meat stock (discussed in more detail in section 4.3.6). Starting from the already mixed
population meat stock had two advantages: one, there would be no bottlenecks, thus
no risk of accidentally selecting an unlucky, less fit, individual for the assay and
second, it is the most true representation of what is actually happening within the

original population, rather than it being an orchestrated artificial situation.

Unfortunately, there was no easily selectable phenotypic difference (e.g., colony
morphology or antibiotic resistance) to distinguish the mutator from the non-mutator.
Hence, the only way to discriminate between the two populations was by performing
PCR. Ideally, a large number of colonies of at least five replicate assays would have
been screened to properly quantify the relative fitness, but as mentioned previously,
performing more than three replicate experiments was not feasible due to the limited
PCR capacity of the C. botulinum laboratory and the labour intensive nature of this

screening method. The competitive fitness assay was performed as described in
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section 2.9.7, and included three replicates of the static cultures and three replicates of
the sub-cultured populations. Cultures were inoculated with cells directly from the
meat stock (time 0). The static cultures were incubated for a total of 168 hours and the
non-static cultures were sub-cultured every 24 hours for six days. At each time point
32 colonies were screened per culture. Estimating the relative fitness of the two ATCC
3502 populations using such a small dataset would probably be highly inaccurate.
Therefore, only the percentage of mutator in the population was calculated for each
time point instead of calculating the relative fitness using the estimated final and initial

population size of each competitor.>*

During the first 48 hours of incubation the #mutL231 genotype slightly increased from
roughly 3% at time point 0 to approximately 10% in the static cultures (Figure 4.11).
Interestingly, in the following 24 hour the number of mutators in the population started
to decline again, returning to a level similar to time point 0. It should be noted that
these values are highly inaccurate due to the small number of mutator genotypes (0-3)
detected for each static culture at each time point. Nevertheless, these results show
that in a static culture there is no obvious net fitness advantage for the mutator
genotype in the first 168 hours. Possibly, the inherent degenerative effect of high
mutation rates decreased the number of mutators in the population that could form
viable spores. After approximately 24 hours of incubation C. botulinum cells start to
form spores, see section 5.3.2. As discussed in section 4.3.1, spore formation is a
complex process which requires the expression of many different genes, and hence,
there is a high probability of it being disrupted by random mutations, especially in
strains with a high mutation rate. Consequently, the genetically stable WT strain could
regain some ground, as probably a larger part of this population produced viable spores

compared to the mutator population.
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When the mixed ATCC 3502 population was sub-cultured every 24 hours the
AmutL231 genotype increased to on average 50% of the total population by the end of
the second sub-culture (72 hours) (Figure 4.11). The population then settled at an
approximately 50:50 ratio of mutator and non-mutator. Some variation was observed
between the three replicate cultures; in R1 and R2 the mutator settled around 45%,
whereas in R2 the mutator became the dominant genotype (70% of the total
population). Furthermore, in R3 the AmutL231 genotype increase was a little slower
compared to R1 and R2. This might be caused by evolution taking a slightly different
route in each culture due to different mutations emerging in each population by

chance 382, 394

Static

c 100~
o e RI1
IS
E 80+ u m R2
o ] ]
8_ . v RS
E M Sub-cultured
= v
2 v R
5 E R2
e
Y— ‘ v R3
o v °
g ¥ I I | .

0 24 48 72 96 120 144 168

Time (hrs)

Figure 4.11 Competitive fitness assay of ATCC 3502* vs ATCC 3502
AmutL231. Strains ATCC 3502* and ATCC AmutL231 were co-cultured in TYG
broth and allowed to compete for the same resources, starting from the ATCC
3502*" (Unilever) meat stock. Cells in the static cultures were cultured for 168
hours in TYG broth and subsequently plated onto TYG. The first sub-cultures
(S1) were inoculated (1:100) with cells from the SO cultures after the first 24 hours
of incubation. Subsequently, the S1 cultures were sub-cultured (1:100) after the
next 24 hours (S2). This was repeated six times (S6). At time 0 and after every 24
hours 32 colonies per culture were screened by PCR using primers mutL_F_scr
and mutL_R_scr to determine the ratio of non-mutator:mutator.
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Overall, these results support the hypothesis that under the standard growth conditions,
the AmutL231 genotype has a fitness advantage relative to the non-mutator genotype
over the course of a growth cycle, though this advantage seems to diminish when its
frequency in the population increases. The simplest explanation for the observed
fitness advantage would be that the accidental mutL mutator mutation led to the
appearance of (rare) beneficial mutations and subsequent hitchhiking of the mutator
genotype to a high frequency.®®% %2 Analysis of all the sequenced ATCC 3502
genomes revealed the presence of only one secondary mutation linked to the
AmutL231 genotype (Appendix VII1). Interestingly, this SNP at position 1585597 is a
T deletion in an intergenic region (in a series of eight Ts), in between gene CBO1451,
encoding a GTP-binding and nucleic acid-binding protein (YchF) and gene mraZz,

encoding a cell division protein (MraZ).

The exact function of YchF is currently unknown; some studies suggest it might
negatively regulate the oxidative stress responds, while others show that it interacts
with the 70S ribosome and is involved in protein synthesis after translation initiation
or late stage ribosome biogenesis.>>*-*% In addition, YchF is known to interact with
the proteasome, which led to the speculation that it might connect the ribosome and

proteasome, facilitating the degradation of proteins damaged during synthesis.

The second protein, MraZ, is a highly conserved transcriptional regulator, regulating
the expression of the dew (division and cell wall) cluster.>® It is thought to repress its
own promoter by binding to its operator sites as well as down regulating cell wall
synthesis and cell division genes. Overexpression of this regulator gives a clear
phenotypic change but in mraZ deletion strains no obvious changes have been

observed.
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Although it seems possible that changes in the expression level of either protein could
yield a fitness advantage based on the currently limited understanding of their cellular
function, it seems unlikely that such a small genetic change upstream of these proteins,
albeit possibly in a regulator binding site, would result in such a significant fitness
gain. To establish if SNP 1585597 confers an adaptive advantage, the mutation has to
be re-created in the genetically stable ancestor and its effect on fitness determined via

a competitive fitness assay.

The lack of an ‘obvious’ beneficial mutation linked to the AmutL231 genotype is
surprising, as hitchhiking is regarded a prerequisite for mutator genotypes to achieve
fixation.3® Numerous studies have analysed the occurrence of cell lineages with
higher mutation rates in populations, whereby the mutation rate modifiers coevolved
with adaptive mutations to a high frequency.3*8: 392 394,502, 545, 557559 The cyrrently
available theoretical frameworks described in literature do not provide an alternative
route for fixation of the AmutL231 mutation. The most likely, although seemingly
improbable, explanation is that a beneficial mutation was first acquired by the mutator,
due to the higher supply rate of (beneficial) mutations, allowing it to avoid extinction
by genetic drift in the early stages, but at a later stage the same mutation was also
picked up by the WT subpopulation. Subsequently, the frequency of both
subpopulations increased over time, up to a point where the original locus became so
rare, it can no longer be detected by sequencing. The effect of multiple lineages
carrying beneficial mutations in a population, competing for the same resources, is
referred to as clonal interference and is thought to play an important role in the
adaptive process driving mutations to fixation.®%® 3! In a recent study, where

researchers tried to explain how beneficial and deleterious mutations influence the
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fates of mutator genotypes using a model, showed that under specific conditions clonal

interference can even enhance the fixation probability of mutators.>°

Moreover, evolution experiments have provided compelling evidence that clonal
interference facilitates the coexistence of multiple adaptive lineages, even if they have
different mutation rates.®* °! Clonal interference could be one of the factors that led
to the AmutL231 genotype frequency to plateau by the third sub-culture in all three
replicate populations after its rapid selective sweep (Figure 4.11). Many studies have
reported cases where mutators co-existed alongside non-mutators, for both short and

long periods of time, with neither of them being eliminated by the other, 388 394-39, 560,

562

The data available to analyse potential clonal interference in the ATCC 3502
population is limited. Only six single colonies of the mutator and ten single colonies
of the non-mutator genotype have been sequenced, originating from different
experiments (note: none are from the competitive fitness assay). The mixed ATCC
3502 population has been sequenced twice (ATCC 3502 Unilever culture collection
stock 70), but both times the average coverage was too low (approximately 60) to
detect ‘rare’ mutations and subpopulations (see Appendix VI Table A 5 and Table A
6). Nine different SNPs were detected in the mixed populations. Six of these were also
the most common mutations in the ten mutator isolates sequenced (1078297, 1667030,
1736091, 3234007, 3267818, 3629557), which suggests that these mutations are the
most common and could represent several larger subpopulations. Furthermore, the
high frequency of these mutations indicates early occurrence and supports the

hypothesis that the AmutL231 subpopulation evolved from a single deletion event.
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Ten mutations were detected in some but not all non-mutator isolates and were not
detected in any of the mutator isolates (4174, 393048, 1244400, 2108268, 2111712,
2466355, 2622601, 2651226, 2961144, 3641879; for more details about the individual
mutations see appendix VI). These mutations could be in just this specific isolate,
acquired by random chance or might actually represent a non-mutator subpopulation.
In particular, the few mutations found in various isolates, isolated from different
experiments, could represent a non-mutator subpopulation (clade). If they do represent
a distinct lineage, it’s still difficult to know if these mutations are ‘new’ (appeared
after the emergence of AmutL231) or ‘old’ (appeared before the emergence of
AmutL231) and if a specific mutation confers a fitness advantage, is neutral or is

slightly deleterious.

Only one mutation occurs in some non-mutators and some mutators (209980/150 bp
deletion 209831-209980 upstream prfB), and therefore must have evolved
independently in both lineages. The mutation overlaps with repetitive sequences
present at both ends of the deletion. Such repetitive sequences are known to increases
the probability that a specific deletion, like this one, can occur spontaneously multiple
times. 361 365-366 Ysually, the independent evolution of the same mutation is used as an
argument to support presumed fitness gains, however, this mutation has not affected a
coding sequence, so if it provides an adaptive advantage remains up for debate.
Another option would be that the mutL deletion evolved independently in both
lineages. There are, however, no obvious repeat regions upstream and downstream of
the mutL deletion site, indicating that the independent evolution of the exact same

mutL deletion was unlikely.

Within the mutator population there appear to be at least three subpopulations (clades)

based on the few mutator genomes sequences so far (Appendix V1I1). Several colonies
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isolated from different experiments carry quite a few identical mutations. Two sets of
mutations occurring together have been identified. The probability that the different
isolates acquired such a large number of identical mutations independently is very low.
Mutator isolates from the same experiment (e.g., the pyrE” and hsdR1600s::CT
mutants) have more SNPs in common, which makes sense because they were created

from the same overnight culture.

Although the majority of SNPs identified in each isolate are unique, a few mutations
occur in isolates of different clades. This could either suggest that they: (i) confer a
fitness advantage, thus are more likely to survive genetic drift; (ii), evolve
independently to a high frequency and are subsequently detected in the population, or;
(iii) they might have been in a common ancestor but were lost by parts of the

population (e.g., because of genetic drift or a negative selection load).

The evolutionary dynamics leading to the fixation and coexistence of mutators with
their normomutable ancestor are not fully understood yet. In addition, the long-term
fate of mutators in such mixed populations is still unknown.®* It is, therefore, difficult
to predict the evolutionary fate of the AmutL231 genotype in this ATCC 3502
population. Several theories have been postulated in an attempt to comprehend and
described the factors that possibly affect the trajectory of mutators in an evolving
population, such as a shifting balance between the advantages of hitchhiking and the
burden suffered by a deleterious load, or the effect of clonal interference,72 391 393,562
Additionally, a high supply rate of adaptive mutations could be susceptible to
diminishing-returns epistasis, as the marginal gain from a beneficial genetic
modification decreases with surging fitness.*!® It is worth noting that mutator
phenotypes are not necessarily a negative selection load, depending on the mutator

417

strength.3'® Moreover, the stability of environmental conditions (large
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environmental fluctuations favour a mutator phenotype), anti-mutator mutations,
population size, availability of beneficial mutations, clonal interference, genetic drift,
genetic draft (co-evolution of beneficial mutations with neutral or slightly deleterious
mutations), rate of recombination, horizontal gene transfer and the severity of
bottlenecks shape the fate of mutators, 3’4 391 405406, 560 Qyerall, there appears to be a
complex pool of factors that can influence the fate of mutators. Nonetheless, it is a
well-accepted tenet that eventually, when a population becomes will adapted, there
will be a negative selection against mutators and lower mutation rates will re-evolve,

providing appropriate alleles are available.®"?

Although it is tricky to assert how the mutL deletion became fixed in the population
using the limited genome sequencing dataset available, it does provide a sneak peek
at what might be going on. The SNP profiles suggest that there are at least several
different subpopulations in the mutator population. It is unclear whether this is also
the case for the non-mutator population. To obtain a better understanding of the
evolutionary dynamics that have driven fixation of the AmutL231 genotype and its
future fate, the competitive fitness assay should be repeated. The experiment should
include more replicate cultures, a larger number of colonies should be screened per
replicate, the duration of the experiment could be extended and the population could
be sequenced at different time points using whole-population ‘metagenomic’
sequencing.>®® Screening a large number of colonies by PCR for the mutL deletion is
frankly impossible. As an alternative, the full population could be analysed at each
time point via ‘deep sequencing’ of the mutL locus, using NGS technology.>®* Deep
sequencing of the mutL locus will yield thousands of reads for just this specific region
and will thus provide a very accurate picture of the mutator non-mutator ratio.

Moreover, analysis of older ATCC 3502 populations could provide useful information
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about the ‘origin’ of the mutL deletion and how it might have hitchhiked to a high
frequency, although getting hold of older mixed ATCC 3502 populations could be

challenging.

4.3.6  Going back in time: the origin of mutator ATCC 3502 AmutL231

One of the first questions which arose after discovering the mutL deletion, was when
and where did the mutator first emerge. Did it all start at the SBRC or is it more
widespread among the C. botulinum research community studying ATCC 3502. The
latter was considered most likely as the mutator phenotype was present in two
independent SBRC stocks which were acquired from different sources (Quadram
Institue/IFR and Unilever). Moreover, the deletion was already present in the first
published genome of ATCC 3502, which was sent to the Wellcome Trust Sanger
Institute for sequencing around the year 2000 and deposited to the NCBI database in
2007.%% This was long before any of the C. botulinum ATCC 3502 stocks were added

to the SBRC strain collection.

In an attempt to trace back the mutator’s origin all the meat stocks of ATCC 3502 in
the SBRC culture collection were checked for presence of the mutL deletion or the full
mutL using flanking primers mutL_F_scr and mutL_R_scr. For the screening process
the meat stocks were serial diluted and various dilutions were plated onto TYG agar
(the whole process did not include any additional culturing steps, such as an overnight
incubation in TYG broth). Subsequently, at least 20 single colonies were screened per

stock.

In the meat stocks that were sent to the SBRC in 2006 and 2007 by Quadram Institute
only the mutator allele was detected (Figure 4.12A/B). In the Unilever meat stock both

the mutator as well as the non-mutator allele were detected in an almost equal ratio. It
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should be noted that on all the plates various colony morphologies appeared and that
a similar number of each colony morphology was screened, regardless of their

frequency. Therefore, the mutator non-mutator ratio is probably inaccurate.

Interestingly, Unilever acquired its ATCC 3502 stock from the NCTC (PHE), but the
corresponding genome, published in 2007, carries the mutator mutL allele. It is
plausible that the stock sequenced was a mixture of both alleles, with the mutator allele
being more frequent. Hence, software decided to incorporate the mutator mutL

sequence instead of the full mutL gene.

To verify if the NCTC is in possession of a mixed C. botulinum ATCC 3502 (NCTC
13319) population, a new ATCC 3502 stock was acquired directly from the NCTC.
Upon arrival, the freeze dried cells were re-suspended in TYG broth plus 10% glycerol
and frozen at -80 °C directly, to avoid any possible effects one growth cycle could
have on the mutator non-mutator balance. In addition, a fraction of this cell suspension
was serial diluted and plated on TYG agar for screening purposes. Surprisingly, all

colonies screened had the mutator genotype (Figure 4.12C).

To confirm that the ATCC 3502 populations received from the Quadram Institute and
the NCTC exclusively consist of mutator cells, a mutator specific and a WT specific
PCR screening were performed on the full population using primer pairs
mutL_F2_scr/mutL_del-sp_scr and mutL_F2_scr/mutL_full-sp_scr, respectively
(Figure 4.13B). The mutL_del-sp_scr primer anneals to the mutL deletion site, with
the 3’ end annealing to the 14 bp upstream of the deletion site and the 5’ end annealing
to the 14 bp downstream of the deletion site. No band corresponding to the non-
mutator mutL allele could be detected in the Quadram Institute meat stocks, the SBRC

culture collection stock CB047 (made from the Quadram Institute meat stocks) and
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the NCTC 13319 freezer stock (Figure 4.13A). The mutator allele was detected in all
samples except culture collection stock CB072 (probably a single colony isolate from

the Unilever stock) and the negative control (data not shown).
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Figure 4.12 PCR screening of ATCC 3502 stocks for AmutL231. Screening for
mutL deletion in published mutants (A) ATCC 3502 meat stock (Quadram
Institute); (B) ATCC 3502 meat stock (Unilever); (C) NCTC 13319 (ATCC
3502). Products were amplified using flanking primers mutL_F_scr and
mutL_R_scr. Lane L: NEB 100 bp DNA Ladder.
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Figure 4.13 PCR screening of ATCC 3502 SBRC stocks for AmutL231. (A)
PCR on full population of SBRC ATCC 3502 stocks alongside two single colony
controls (AmutL231 and full mutL. Products were amplified using primers
specific for the non-mutator genotype; mutL_F2_scr and mutL_full-sp_scr. Lane
L: NEB 100 bp DNA Ladder. (B) Schematic diagram of the targeted genomic
region showing the primer binding sites in the non-mutator and mutator strain.

Furthermore, the NCTC recently re-sequenced part of their culture collection,
including ATCC 3502 (NCTC 13319; NCBI accession number NZ_CP046450). As
expected, this genome contains the mutated mutL gene. The NCTC’s policies
regarding storage, stock replenishment and which vials get shipped or sequenced are
unknown, though it is probably safe to assume that they keep a ‘master’ stock, which
they use to inoculate fresh growth medium in order to generate new stocks for
shipment. How they make their stocks (e.g., how many sub-culturing steps,
bottlenecks, etc.) could have significantly influenced the stock composition, given that
within just one growth cycle the mutator population can increase by approximately 3-
to 7-fold. Possibly, the NCTC stock Unilever received in 2010 is from an older, less
sub-cultured, batch than the ‘new” NCTC stock received by the SBRC in 2018. Further

analysis of the NCTC ATCC 3502 culture collection stocks is necessary to understand
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why one stock consists of a mixed population whereas the other seems to be solely

mutator.

Based on the above information a strain provenance was constructed (Figure 4.14),
albeit lacking complete information regarding the AmutL231 genotype occurrence.
Researchers at various institutes, such as Mike Peck (Quadram Institute), Miia
Lindstrom (University of Helsinki) and Marite Bradshaw (University of Wisconsin-
Madison) were contacted in an attempt to fill in some of the gaps. Unfortunately, the
information received was not sufficient to complete the provenance due to various
reasons (e.g., due to lack of sequencing data or unknown source of sequencing data;

single colony or population).

No reads from the raw sequencing data of two samples received from the Helsinki
laboratory mapped to the full mutL gene. Unfortunately, the type of material
sequenced (e.g., ‘master’ stock or single colony) is unknown, therefore the potential

presence of the non-mutator genotype cannot be excluded.

The University of Wisconsin-Madison hold a substantial C. botulinum strain
collection, which includes strains ATCC 3502, 62A and Hall A-Hyper, all acquired
from the ATCC. Genomic DNA from several different culture stocks were screened
for the presence of the mutL deletion using primers mutL_F _scr and mutL_R_scr. All

gave the 458 bp band, corresponding to the non-mutator mutL allele.

In large asexual populations it takes a long time for a new beneficial mutation or
hitchhiking mutator mutation to increase from one individual to a detectable
frequency.®®® Lenski et al. calculated that it takes approximately the same time for a
favoured new genotype to increase from a frequency of 1077 to 10 as it takes this

genotype to increase from 10% to 90%, assuming constant selection.®? If this true, it
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can be logically assumed that the AmutL231 genotype was already present in the

stock(s) at Porton Down.

Porton Down was the first to acquire the ATCC 3502 strain in Europe from the
American ATCC in 1987 and subsequently distributed it (indirectly) across Europe
(Figure 4.14).°% Therefore, most likely all laboratories in Europe have been working
with a mixed or mutator only. Those pharmaceutical companies that are producing
BONT/A as a therapeutic/cosmetic product from C. botulinum strain may need to be
aware of the potential occurrence of the mut mutations if they are using a type A strain

such as ATCC 3502.

To investigate whether the mutator genotype has only spread across Europe or if it is
occurring globally, potentially affecting academic research and pharmaceutical
companies, ideally the ‘oldest’ stocks at Porton Down and ATCC are analysed. To
date, according to the ATCC website, they have a very limited collection of C.
botulinum strains and strain ATCC 3502 is missing from this list. The institute was
contacted twice but was unfortunately unable to clarify if they still hold ATCC 3502
in their collection. The odd disappearance of the strain might be related to a change in
policy regarding C. botulinum strains, as they are currently listed as a Schedule 5
pathogen, under the Anti-terrorism, Crime and Security Act 2001.2°2-102 1t will be very
challenging, if not impossible, to get information regarding the ATCC 3502 stocks
from both institutions. An easier route might be to ask laboratories across the world to
check if they have ATCC 3502 in their culture collection and if so, to sequence the

mutL locus in their oldest populations via deep sequencing technology.

169



0.7

Date acquired/deposited 1940 Date unknown
qlns titute P ATCC by L.C. Hall Botulinum Toxins Laboratory
Stock composition listed as Hall Strain 174 University of Wisconsin-Madison
P ATCC 35027 ATCC 3502* (most likely)
1987 Date unknown
Porton down Ipsen Biopharm Limited
(formerly the Center for Applied Microbiology, CAMR) P AT (},) C 35027
ATCC 35027 Batch MED-38 (1981) B
Date unknown Date unknown +2000 2007
Food Hygiene and Environmental Health Quadram Institute Sanger sequencing (NCBI, Public Health England (PHE) NCTC
University of Helsinki (formerly the Institute of Food Research, IFR) published 2007) Under the name NCTC 13319
ATCC 35027 ATCC 35027 ATCC 3502~ ATCC 3502+~
l //// \\‘\‘\;\;
a T
2006/2007 2010 2018
Meat stocks SBRC (IFR) Unilever UK Limited CB125 SBRC (NCTC 13319)
ATCC 3502- ATCC 35027 ATCC 3502~
2011
CB047 (IFR? Meat stocks SBRC (Unilever)
ATCC 3502 ATCC 3502+~
=
l A// \‘
Publications . .
Cooksley, C.M. er al., 2010. Appl Environ Microbiol. CB070 (Unilever) CB072 (Unilever)
Research ATCC 3502+ ATCC 35027
Christopher Humphreys —
/ \\
v .
Research Publications
Daphne E. Groothuis Meaney, C.A. eral., 2015. Anaerobe.
Meaney, C.A. ef al., 2016. Int J Food Microbiol.

Figure 4.14 ATCC 3502 strain provenance. Flowchart visualising how strain ATCC 3502 was distributed across Europe. Box top:
the date a laboratory acquired or deposited a stock of ATCC 3502. Box middle: the institute or company that received the strain on the
above date. Box bottom: ATCC 3502 stock composition, determined by PCR screening or NGS; ATCC 3502*: mix of non-mutator
and mutator; ATCC 3502*: only non-mutator detected; ATCC 3502": only mutator detected; ATCC 3502°: composition unknown.



4.3.7  Published ATCC 3502 research

The established connection between the AmutL231 genotype, elevated mutation rate
and the phenotypic changes resulting from these spontaneous mutations observed
previously in ATCC 3502 sheds new light on precursory data. To date, ATCC 3502 is
one of the most, if not the most, researched C. botulinum type A strain. Its readily
genetic accessibility made it the go to organism for engineering based research
projects, such as studying the sporulation process or toxin production and its
regulation by deleting or inserting genetic material 170-173 176, 181-185, 512514, 565 Thg
question that arises is, did secondary mutations influence the phenotypic
characteristics of the mutants described in literature. Is it possible that some of the
observed changes have been attributed to specific genetic modifications erroneously,

because the phenotypic alternation was actually due to secondary mutations.

The above does not necessarily have to be the case though, if researchers have been
following good scientific practices, which includes the use of independent biological
replicates, complementation and performed experimental repeats to verify results.
However, these standards are not always adhered to, accidentally or intentionally; for
example, sometimes the number of experimental repeats is limited due to laboratory
limitations or several biological replicates of a mutant strain are isolated from a single
mating experiment instead of setting-up independent matings for each replicate.
Mutants isolated from the same mating experiment might have originated from a
single conjugation event. These isolates are technically clones and not independent

biological replicates, thus giving a false sense of consistency/reproducibility.

The mutL allele variant in all mutant strains published by the SBRC was determined

via PCR screening using primers mutL_F_scr and mutL_R_scr (Figure 4.15). As
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expected, the ClosTron mutants studied by Cooksley et al., which were generated from
the ATCC 3502 (IFR) strain, all carried the mutator allele.!* It is unknown whether
the three biological replicates of each mutant were isolated from a single mating
culture or from independent experiments. Despite the mutator background the reported
results are probably quite accurate, mainly because similar phenotypic changes were
observed for agrD1 and agrD2 repression/inactivation in the genetically stable C.
sporogenes ATCC 15579 strain and C. botulinum ATCC 3502. Nonetheless, the
published information should be interpreted with caution, especially the reported
neurotoxin levels, as the connection between the agrD genes and toxin production

could not be verified in the non-toxigenic C. sporogenes strain.

Surprisingly, all the mutants published by Meaney et al., carried the non-mutator mutL
allele, whereas her WT stock consisted of the mixed ATCC 3502 (Unilever)
population. The only logical explanation for this puzzling ‘luck’ is that all mutants
were generated from the pure non-mutator CB072 stock. If this is true, all mutants
were generated from a single WT clone. Little variation has been detected between the
WT genomes analysed thus far, therefore all mutants having a single clone ancestor is
probably irrelevant. Nevertheless, it might be worth to take details like this into
consideration when setting up future experiments; even one SNP can have a significant

impact on cell processes.
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Figure 4.15 PCR screening of published ATCC 3502 mutants for AmutL231.
Screening for mutL deletion in published mutants (A) agrD1::CT and agrD2::CT;
(B) SleB::CT, CwlJ::CT and YpeB::CT; (C) CBO1789::CT, CBO1790::CT,
CB03048::CT and CBO3145::CT.1"% 182 181 products were amplified using
flanking primers mutL_F_scr and mutL_R_scr. Lane L: NEB 100 bp DNA
Ladder.

4.3.8  What is a wild type genome?

In biology the term wild type refers to a phenotype, genotype or gene that is the
standard/norm in a population. However, with the ever increasing understanding of
population genetics, researchers are starting to appreciate that for most organisms a
single WT does not exists. In a population a variety of allelic forms exists for most if
not all loci, which vary in frequency. The most frequent alleles are deemed WT and
non-standard/mutant alleles can become the WT if a genetic shifts occurs within the
population, for example due to sudden environmental changes. According to this
‘new’ definition of WT, both the mutator and non-mutator genotype of ATCC 3502

could be considered WT.
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To date however, in molecular microbiology WT usually still refers to a single
(published) genome sequence. This WT sequence comprises the most frequent alleles
for each locus in a population at a given time. The ‘old fashioned’ concept of a uniform
WT is still being used today mainly for practical reasons; in genetic manipulation
experiments, where standard is compared to non-standard, it is very useful for a global
research community to know what is referred to as standard and what is considered a

mutation that produces a distinctive phenotype.

From a practical standpoint, using the published ATCC 3502 genome sequences
(NC_009495 and NZ_CP046450) which were based on a (partial) mutator population
as the WT sequence is suboptimal. Therefore, here a new WT genome sequence is
proposed, based on the non-mutator whole genome sequences from this study. In
Table 4.1 the proposed changes to the published ATCC 3502 (NC_009495) genome
sequence are listed.°® A few mutations were identified in some, but not all, non-
mutator genome sequences, which are listed in Table 4.2. More sequencing data is
required in order to establish the frequency of these mutations and determine if they
should be included in the WT genome sequence. The same applies to the mutations
that were detected in only one of the WT isolates (4174, 393048, 2108268, 2111712,

2622601, 2961144 and 3641879).
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Table 4.1 List of mutations identified in all non-mutator genome sequences

NC_009495 NC_009495  Proposed WT . i

Reference position  Allele AT Overlapping annotation Comments

130004 C A Gene: ileS (Isoleucyl-tRNA synthetase) Silent mutation

1078297 - T Gene: CBO0977 (AraC-type DNA-binding domain) T insertion restores ORF
1585597 - T

1667030 G A Gene: CBO1533 (AraC family transcriptional regulator) Silent mutation
1736091 C Gene: glcK (Glucokinase) Leu71Ser

3234007 - A Misc. feature: possible remnant of an integrated prophage

3267818 - A Gene: hpt (Hypoxanthine phosphoribosyltransferase) Asnl2 fs

3629557 - T Gene: CB03388 (PDZ domain of trypsin-like serine proteases) T insertion restores ORF
3724684 C T Gene: tufB (Elongation factor Tu) Silent mutation
191486271914863 - For inserted Gene: mutL (DNA mismatch repair protein) 231 bp inframe insertion

sequence see (1)

(1) TTTTTTATTTCTTCTTCTTTTAAGTTGTCATTAGCTTTAACTGCGGATTTGCATGCCAGTGTAGCAATGGCATTATATTTTATTGTAGAAGTTTCTTTAG
ACTTCATATTTTTTAAATTATAAAGTATATCCATAAAGAGATTTTCTACATTGGGTTTACCTAGAATTAAAGGTACTTCTTTTATATTTATAGTGTATT
CTCCAAAAGTTTCCACTGAAAAACCTGAATTC



9.1

Table 4.2 List of mutations identified in at least two, but not all non-mutator genome sequences

NC_009495 NC_009495 Proposed WT . .

. Overlapping annotation Comments
Reference position  Allele Allele
209980 G -
1244400 C Gene: CB0O1130 (CoA-substrate-specific enzyme activase) Prol066Leu
2466355 T C Misc. feature
2651226 G Gene: CB0O2514 (hypothetical protein) Pro25GIn

150 bp deletion linked to SNP position 209980

For sequence o )
209831..209980 - Duplication/repeat region

see (1)
(ATCC 19397 matches NC_009495)

357 bp deletion linked to SNP position 2651226

For sequence . . . . L .
1966492..1966848 ? - Partial overlap with gene CB0O1845 (hypothetical protein) Duplication/repeat region
see
(ATCC 19397 matches NC_009495)

(1) TAAATAACAAGTCAGTATGACAGTCTATTTTGCGTCATACTGCGTCAGCAGAATCCTCCGATAGCACTACTAGCGACGGAACCTGCTTCCTTGGCTG
ACACAAAATATACTGCCATCTTTGACTTGTTATTTATTTTCATGTGCCTAAAG

(2) TTAGCTGTATATTTATCATACCTTTTATGTCTATTCCTAAAGTAATTTCTTTAGTATATTCAATTCTTTTGATTTATTAATATTTAATATATCTTGCATT
GTTAAAAATTTGTTTATTTTTTAATTTATACCTATACGAATTGGTAAAATTATGTTATACTATAAAAGTAAAAAAATTCAAATTCCGTAGAAATGGAT
GGCTACGGTGGTTGTACGTTTTCCGCCTTGGGCTATGGATGATTTTTCATTATAGCTTAAGGGGGTGGTATTGGATATGCTAGAACTTTTAATAAAAG
GAGTTTTTGTGGTTTGTATTATTACTTTAATATTAAAACACAATCTTTTTATTTCCACTAT




4.3.9  Are there other mutators out there?

Mutations that modify the genomic mutation rate of bacteria can occur spontaneously,
just like any other beneficial, neutral or deleterious mutation. It is generally assumed
that in large bacterial population mutators are constantly being produced from non-
mutators, but quickly disappear again due to genetic drift and their associated fitness
burden.®®® However, in bacterial populations adapting to fast changing or novel
environments, mutators can quickly increase in frequency and even sweep to fixation
through genetic hitchhiking with one or several of the many beneficial mutations
available 377388 391,566 Thjs indirect selection is what might have happened here, where
C. botulinum ATCC 3502, an environmental isolate, had to suddenly adapt to

laboratory conditions, which favoured the mutL mutator genotype.

This prompts one to wonder whether environmental C. botulinum type A strain
isolates are generally prone to these genetic changes and, primarily, what is the reason
behind such a propensity. To investigate this, the two common mutator genes mutS
and mutL were analysed and compared to the non-mutator sequence of ATCC 19397.
In two type A strains, Hall (NC_009698) and CFSAN064329 (NZ_CP028859, 62A),
mutator mutations were identified (Figure 3.14). In the Hall strain the mutS gene is
truncated due to a SNP resulting in a premature stop codon (Glu87*) and in strain
CFSANO064329 (62A) a 152 bp deletion disrupts the mutS ORF. Both mutations
probably strongly decrease, if not completely abolish, mutS activity, and thus elevate

the mutation rate.

Parallel evolution is considered a hallmark of adaptation. In addition, the competitive
fitness assay showed that the ATCC 3502 mutator had a relative fitness advantage

over the non-mutator in laboratory conditions. Overall, based on the findings
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presented in this chapter, it is reasonable to assume that the mutators in the three type

A populations achieved fixation because they conferred an advantage, either directly

or indirectly, to the adapting population.®*°

A
ATCC 3502
NCTC 13319
Hall
CFSAN064329
ATCC 19397 CLB_RS08595 CLB_RS08590 (mutS CLB_RS08585 (mutL] CLB_RS08580
B
Hall s ST T > = muts S muti 2 maA [
TTAGTAAGTGCAGGCTATAAAATAGCTATTTGTGAACAATTAGAAGATCCTTCTGCTTCTAAAGG
ATCC 19397 +# + + + + ¥ + + + + t + +
AATCATTCACGTCCGATATTTTATCGATAAACACTTGTTAATCTTCTAGGAAGACGAAGATTTCC
Leu Val Ser Ala Gly Tyr Lys Ile Ala Ile Cys Glu GIn Leu Glu Asp Pro Ser Ala Ser Lys Gh
TTAGTAAGTGCAGGCTATAAAATAGCTATTTGT TAACAATTAGAAGATCCTTCTGCTTCTAAAGG
Hall t + t + t t t t t + t t t
AATCATTCACGTCCGATATTTTATCGATAAACAATTGTTAATCTTCTAGGAAGACGAAGATTTCC
Leu Val Ser Ala Gly Tyr Lys lle Ala Ile Cys B
C
CFSAN064329 miaB DBN47_RS09335 (muts) mutL DBN47_RS09325

Figure 4.16 Mutations in mutator genes mutS and mutL in published type A
genome sequences. Schematic representations of genomic region containing the
mutator genes mutS and mutL. The depicted sequence alignments were performed
using SnapGene. Orange arrows: ORF (A) Alignment of ATCC 3502
(NC_009495), NCTC 13319 (NZ_CP046450), Hall (NC_009698) and
CFSANO064329 (NZ_CP028859, 62A) to reference ATCC 19397 () sequence.
Gaps in reads indicate that this region could not be aligned; deletion or SNP. (B)
Top: schematic representation of genomic region Hall strain containing mutS and
mutL; bottom: mutation in mutS Hall strain which disrupts the ORF (Glu87%*). (C)
Schematic representation of genomic region CFSANO064329 (62A) strain
containing mutS and mutL.

4.4  Key outcomes

e There is no significant difference in the number of secondary (random)
mutations acquired in mutant strains generated using ACE, ClosTron

mutagenesis or CRISPR/Cas9 mediated genome engineering.

e Two C. botulinum ATCC 3502 subpopulations exist; one with a hypermutator

phenotype and one with a normomutator phenotype.
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The hypermutator phenotype of ATCC 3502 is caused by a 231 bp deletion in
the mutL gene, which encodes a DNA mismatch repair protein and the deletion

inactivates MutL.

The ATCC 3502 AmutL231 genotype has a relative fitness advantage over the

non-mutator ATCC 3502 genotype.

The C. botulinum ATCC 3502 mutator phenotype originated before the strain
came to the SBRC, Nottingham. The mutator has spread across European

laboratories and possibly occurs in laboratory populations across the world.

C. botulinum type A strains Hall and CFSAN064329 (62A) carry mutator mutS

alleles.

A new C. botulinum ATCC 3502 WT genome has been assembled to replace

the published ATCC 3502 mutator genome.
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CHAPTER 5

Generation and characterisation of

safe C. botulinum strains
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5.1 Introduction

5.1.1 The potential applications for non-toxigenic C. botulinum strains

The stringent regulations required for the handling of select-agents has severely
limited research on C. botulinum, which requires certified high containment facilities
and highly trained personnel.”> ®® The use of genetically stable non-toxigenic C.
botulinum strains that are identical to the WT except for the loss of toxicity would
circumvent the current restrictive measures, eliminating biosafety requirements and
reduce associated laboratory costs. Hence, such C. botulinum ‘safe’ strains should find

wide application in both industrial and research settings.

The food industry is continuously developing their packaging procedures to meet
customers’ demands, such as less salt or sugars and the use of biodegradable plastics,
while ensuring food safety.’? 1*° Despite the enforcement of strict rules to ensure food
safety, there is always a potential risk of food poisoning. Toxin producing
microorganisms, including C. botulinum, are widely distributed in the environment
and can easily enter the food chain by, for example, contaminated soil or animal
products.’?® Luckily, with the current industry practices the risk of getting foodborne
botulism from commercially produced foods is very low. Nonetheless, an outbreak
can have devastating effects for both the customers and the company.!3! Moreover,
consumers do not always follow the manufacturer’s storage recommendations (e.g.,
temperature abuse). As a consequence, there is continuous pressure on the food
industry to develop new intervention and preservation systems in order to make sure

that all potentially harmful microorganisms are eliminated.

To confirm the efficacy of new intervention and preservation systems, food challenge

tests are performed using the relevant food spoilers.}*® %772 performing such tests
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with C. botulinum strains is complicated and costly due to the previously mentioned
restrictions and are therefore kept to a bare minimum. Additionally, not all thermal
food-processing procedures can be replicated in the laboratory, but introducing C.
botulinum into food-processing facilities is hazardous. Therefore, the industry
commonly uses C. sporogenes, which is closely related to the proteolytic Group |
strains, as a non-toxic surrogate for testing how effectively food-sterilisation methods
prevent C. botulinum outgrowth in canned food products.®”*%* Although C.
sporogenes is very similar to C. botulinum type A strains, the two species differ in
certain key characteristics, most notably spore heat resistance.>” Furthermore, some
of the widely used techniques, such as the botulinum cook, that have been established
a long time ago, are still adhered to, in order to minimise process validations with C.
botulinum. Consequently, there is probably room for improvement and/or optimisation

of current intervention and preservation systems that is currently not being explored.

Non-toxigenic C. botulinum strains that retain all other characteristics
except catalytically active neurotoxin could be used as a surrogate in food challenge
studies to avoid the use of the original toxic parent strain.'? 5 Foodborne botulism
in humans can be caused by Group | and Group Il strains, which represent
physiologically distinct C. botulinum species. Even within the groups there is a large
diversity in basic characteristics, such as spore heat resistance, growth temperatures
and tolerance to additives.® Hence, just making one safe strain to represent the whole
group would be insufficient. Ideally a library of safe strains is created, comprised of

strains that represent the extremes of each group.

In the pharmaceutical industry, safe strains could be used for a variety of applications,
including the development of vaccines, as production platforms or can be simply used

as a negative control.'*® 15 Generally, pharmaceutical companies are more focused on

182



the toxin protein and lack the knowhow to engineer C. botulinum. Hence, readily
available off-the-shelf safe strains would be preferred. For example, non-sporulating
non-toxigenic strains can be used as an expression platform for recombinant BoNTS.
Furthermore, strains expressing a toxoid could be used for the optimisation of

production processes, such as fermentation conditions, at a lower cost.

The number of academic research groups studying C. botulinum is very small due to
the stringent regulations and the associated costs, hampering research progress. The
use of C. botulinum safe strains would eliminate the need for high containment
facilities, allowing other research groups, without these specialised facilities, to study
this intriguing organism. Additionally, a larger variety of research equipment and
technologies, such as fluorescence microscopes, will be at researchers’ disposal to
study the organism when it can be handled in ‘normal’ laboratory settings. The
availability of non-toxigenic C. botulinum strains will undoubtedly aid future research

activities and accelerate data acquisition.

5.1.2  Currently available safe strains

The first non-toxigenic C. botulinum strain was already created in 1997, albeit with a
completely different goal; investigating if the neurotoxin gene cluster is located on a
mobile genetic element which would aid its transfer across different Clostridium
spp.>’® The mutants were created using the tetracycline-resistant transposon Tn916,
which inserted into the genome randomly, and approximately 7,000 colonies had to
be screened to find four toxin negative strains. Clearly, this was a very ineffective way
to create a specific mutant and it took more than 10 years before the next specific and

intentional C. botulinum mutant was published; a non-toxigenic type A strain.1%
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The second non-toxigenic C. botulinum type A strain was created using ClosTron
mutagenesis. The mutants’ basic physiological characteristics, including sporulation
and growth properties, were similar to the WT strain in laboratory conditions.*?® This
strain however, was never re-classified as less hazardous or used for the food challenge
studies it was originally created for. The ClosTron disrupts the neurotoxin ORF, but
all the genetic material encoding the toxin is technically still present within the cell.
Although ClosTron mutants are known to be very stable, there is the potential risk that
the mobile genetic elements gets excised, which would restore the ORF and thus yield

a toxigenic strain.??®

The final safe strain currently published was created by Clauwers et al. in 2016 using
two different techniques; ClosTron-mediated mutagenesis and an ACE-based
approach.>?® The non-toxigenic group 11 NCTC 12219 mutants behaved in a similar
way as WT under various conditions and were used in future studies looking at
germinant receptors and outgrowth in food matrices.*! For the ClosTron mutant the
same concerns apply as described for the type A safe strain by Bradshaw et al. In the
AbontE::ermB mutant the full toxin gene is replaced for an ermB gene, hence
eliminating the risk of the strain reverting back to WT. However, the presence of an
antibiotic resistance marker is far from ideal, both for industrial as well as for academic

applications.

5.1.3  What is the perfect safe strain?

What constitutes a perfect safe strain depends on the intended application. Ideally, the
non-toxigenic C. botulinum variants are free of antibiotic resistance markers and
cannot easily revert back to WT. The three most obvious mutations to abolish toxicity

are: (i) a precise deletion of the boNT gene; (ii) a precise deletion of the entire
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neurotoxin gene cluster, or; (iii) precise nucleotide changes in the boNT gene to create
toxoids (Figure 5.1).22> Depending on the study one of variants might be more

appropriate than the others.

Type Al toxin gene cluster

P Plior Pomn

—< ha70 |-< hal7 |—< ha.iﬁMborR >J-I—’ nth >-| boNT/Al >—
T ! T g T g T g
3.4kb 0.7kb 3.7kb 39kb
T
11.8kb

ACIA
AboNT/A1 Py Proz Pomn

—< ha70 I—< hal7 I—< hnS.:Mme >—E> ntnh >-D'D—

Toxoid

Pua  Poor P
—< ha70 |-< hal7 |—< ha.iﬁMborR >J-I—’ ntih >-[ boNT/Al >—

Figure 5.1 Schematic diagram of botulinum neurotoxin gene cluster and
possible non-toxic variants. From top to bottom: schematic diagram of (i) full
type A toxin gene cluster in ATCC 3502; (ii) full neurotoxin gene cluster deletion;
(iii) clean deletion of toxin gene, and; (iv) point mutations in the toxin gene that
abolish its catalytic activity. The green lines indicate mutation sites in the light
chain.

Neurotoxin gene cluster deletion mutants and neurotoxin deletion mutants are
probably the preferred option for food challenge studies. These strains cannot revert
back to WT unless they acquire exogenous DNA, which is highly unlikely.
Furthermore, these strains could be optimised for the expression and large scale
production of BONT derivatives. For example, a sporulation minus boNT deletion

mutants could be used for the expression of recombinant BoNTs by inserting the
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coding sequence at the original toxin locus. Moreover, these strains can be used as a

negative control in a wide variety of experiments.

C. botulinum toxoid strains would be ideal for studying toxin regulation and secretion
or what environmental factors influence toxin production. Additionally, toxoids can
be used to optimise fermentation conditions. Preferably, these safe strains are made
from the original production strains to ensure that discoveries can be translated on a
one to one basis to the true production strain. It has been shown that incorperating
either the double mutation R363A/Y366F or E224Q/Y 366F is sufficient to eliminate
any detectable neurotoxin activity in the BoNT/A light chain, while the proteins’
structure remains essentially identical to WT.>"7->"® BoNT/A light chains carrying all
three mutations (E224Q/R363A/Y366F) have been shown to be catalytically inactive
and fold correctly.?® This toxoid variant, named BoNT/Ai, has been used to study the
function of NTNH and a similar strategy could be applied to unveil the function of

other neurotoxin associated proteins.®’

5.2  Objectives

i.  Find suitable genetically stable C. botulinum type A strains for the safe

strain library,

ii. Create non-toxigenic C. botulinum type A strains that are
physiologically identical to WT by; a) removal of the full neurotoxin
gene cluster(s); b) removal of the BoNT gene(s); and c) introduction of
point mutations that make the neurotoxin catalytically inactive using

the newly developed RiboCas genome editing tool.
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5.3 Results and discussion

5.3.1  Selection of various group I C. botulinum type A strains

To proceed with the goal of creating safe C. botulinum strains while the investigation
of the genomic instability of the ATCC 3502 strain was ongoing, an alternative strain
was required. An important factor in the selection process was the requirement for the
strain of interest to be easily procurable within the UK (via the NCTC), in order to
alleviate the need of acquiring MTAs and/or arranging international shipments of

dangerous pathogens.

Table 5.1 shows a list of C. botulinum type strains available from the NCTC at the
time. Type A strains are highlighted in yellow. Additional information regarding the
origin/isolation source of each strain, their genome sequence and restriction/DNA

modification systems is also provided.

From the available NCTC collection, strains were selected based on (i) a high degree
of similarity with ATCC 3502, and; (ii) a smaller degree of similarity with ATCC
3502, but with comparable features regarding ability to cause disease, toxin production
(type A), sporulation and growth. The selection of strains with a smaller degree of
similarity to ATCC 3502 was undertaken as a precaution to minimise the risk of
picking strains with coincidental genomic instability, given that the underlying cause

of the problem had not yet been elucidated.

(i) Strains with high degree of similarity with ATCC 3502:

ATCC 19397: at the time of selection, the strain’s genome was published and bore the
highest homology to the genome of ATCC 3502 (BLASTn 99.96%, 96% query
coverage).*® However, literature regarding this strain was scarce and there had been
no mention of successful DNA transfer,# 144510580584 Consequently, it was unknown
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whether the strain would be amenable to genetic engineering. The REBASE database
predicted two potentially active restriction systems for this strain, a type | and a type
11 system.3® The type | is 100% identical to the type | found in ATCC 3502, which
readily accepts foreign DNA. Thus, this restriction system was anticipated to not be a
limiting factor for successful DNA transfer. Contrarily, for the type Il system no
homologs were found in ATCC 3502 and therefore its impact on foreign DNA uptake
was unknown. Fortunately, a toolbox to create the optimal conjugative donor strain
for a specific recipient was being developed and this technology could be implemented

for this strain if required (unpublished data; R. Mansfield).33®

62A: the strain’s genome and its homology to that of ATCC 3502 was unknown at the
time of selection. Nevertheless, the reported sequence of the toxin genes was almost
identical, except for one amino acid in BONT/AL (A735T) and in NTNH (E333G), to
that of ATCC 3502 (BLASTN), indicative of a close relationship between the two
strains.®® With the subsequent publication of 62A’s genome, a nucleotide sequence
homology of 99.94% (97% query coverage) was calculated using BLASTn between
the two strains.®*! Encouragingly, at the time of selection, 62A had been previously
engineered and there was good availability of information regarding its sporulation

and grOWth prOﬁle 126, 175, 510, 575, 586-589

(ii) Strains with smaller degree of similarity with ATCC 3502:

Loch Maree: at the time of selection the strain’s genome had been published and
although this strain expresses a slightly different type A toxin (BoNT/A3), which is
based on a mega-plasmid (267 kb, pCLK), the overall genomic nucleotide sequence
homology between ATCC 3502 and Loch Maree calculated by BLASTn was still

98.15% (query coverage of 90%, excluding pCLK).*® Furthermore, the potential of
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DNA transfer had been reported for this strain.*® The REBASE database listed a type
I, type Il and type IV restriction system, which could be indicative of poor conjugation
efficiencies. However, the creation of a customised donor strain to ‘evade’ these
systems was considered straightforward (as discussed Chapter 3). Additionally, Loch
Maree has been previously identified as the causative agent of food poisoning in

humans (incident isolate), thus being relevant for food challenge studies.>*

NCTC 2916: the strain’s genome sequence was available at the time of selection, albeit
being of poor quality and not complete.>® The strain also benefitted from availability
of information regarding its general phenotypic characteristics,36: 4357558, 591 NCTC
2916 was considered a desirable candidate in a safe strain ‘cocktail’ for food challenge
testing, thanks to the presence of the spoVA? operon; high spore heat resistance has
been attributed to expression of this operon in Bacillus species, although its role is yet
to be confirmed for clostridial species.>*?5% The spoVA? operon is a characteristic not
shared by any of the previous strains. However, NCTC 2916 also encodes toxin B
(although it appears to be mutated and inactive), hence rendering it safe would require
double knockout of toxins A and B. In addition, the REBASE database only predicted
a type IV restriction system, which can be circumvented by using the sExpress donor

strain,338
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Table 5.1 C. botulinum strains available from the NCTC (operated by Public Health England).

NCTC No. Current Name Other Collection Origin/lsolation source Genome sequencing  Restriction/DNA modification
No status systems*

NCTC 887 Clostridium botulinum  ATCC 441; Type K. F. Meyer, California 1921/Crop of chicken X Unk
A; 38 with botulism in 1920

NCTC 751 Clostridium botulinum  Type B, X G. S. Burke, California 19193 X Unk

NCTC 2012  Clostridium botulinum LOCH MAREE; W. M. Scott, England 1925/Wild duck paste in Complete genome*® Type I, Il and IV
Type A 19225

NCTC 2916  Clostridium botulinum  Type A; 2447 I. C. Hall, University of Colorado 1929/Home 49 Contigs Type IV

canned corn in 1928

NCTC 3805  Clostridium botulinum  Type A; 62; R. Vawter, Nevada 1919/Liver infarct of cow®® Complete genome** Type l and IV
CFSAN064329

NCTC 3806  Clostridium botulinum  Type A; 97 K. F. Meyer/Canned peas®*® X Unk

NCTC 3807  Clostridium botulinum  Type B; 115 K. F. Meyer, California 1921/Soil; blue ridge X Unk

mountains

NCTC 3815  Clostridium botulinum ATCC 443; K. F. Meyer, California 1925/Cheese X Unk
NEVIN; Type B;
6B

NCTC 4587  Clostridium botulinum LEDERLE; NCTC  E.W. Hurst, Lister Institute 1934/Unk Complete genome*® Type I and Il
7272; Type A

NCTC 7272  Clostridium botulinum ATCC 19397, B. C. Hobbs, PHLS Colindale in 1947/Probably ~ Complete genome*® Type land 1l
NCTC 4587; Type  derived from NCTC 4587
A

NCTC 7273  Clostridium botulinum BEANS; Type B; B. C. Hobbs, PHLS Colindale in 1947/Unk X Unk
CECT 4610

NCTC 8265  Clostridium botulinum D 6F; INTNL Type K. F. Meyer, 1928/Subculture of strain isolated X Unk
D by E. M. Robinson, S. Africa in 1926-27/Unk

NCTC 8550  Clostridium botulinum PR 15; Type E A. R. Prevot, Institut Pasteur, Paris 1952/Unk Complete genome®®  2x Type Il



https://www.phe-culturecollections.org.uk/products/bacteria/search.jsp?NCTC_Strains_Keywords=&NCTC_Strains_CombinedNames=botulinum&NCTC_Strains_NCTCNo=&d-49653-s=0&subCollection=&d-49653-o=2&dosearch=true&d-49653-p=1
https://www.phe-culturecollections.org.uk/products/bacteria/search.jsp?NCTC_Strains_Keywords=&NCTC_Strains_CombinedNames=botulinum&NCTC_Strains_NCTCNo=&d-49653-s=1&subCollection=&d-49653-o=2&dosearch=true&d-49653-p=1
https://www.phe-culturecollections.org.uk/products/bacteria/search.jsp?NCTC_Strains_Keywords=&NCTC_Strains_CombinedNames=botulinum&NCTC_Strains_NCTCNo=&d-49653-s=2&subCollection=&d-49653-o=2&dosearch=true&d-49653-p=1
https://www.phe-culturecollections.org.uk/products/bacteria/search.jsp?NCTC_Strains_Keywords=&NCTC_Strains_CombinedNames=botulinum&NCTC_Strains_NCTCNo=&d-49653-s=2&subCollection=&d-49653-o=2&dosearch=true&d-49653-p=1
https://www.phe-culturecollections.org.uk/products/bacteria/search.jsp?NCTC_Strains_Keywords=&NCTC_Strains_CombinedNames=botulinum&NCTC_Strains_NCTCNo=&d-49653-s=3&subCollection=&d-49653-o=2&dosearch=true&d-49653-p=1
https://www.phe-culturecollections.org.uk/products/bacteria/detail.jsp?refId=NCTC+887&collection=nctc
https://www.phe-culturecollections.org.uk/products/bacteria/detail.jsp?refId=NCTC+751&collection=nctc
https://www.phe-culturecollections.org.uk/products/bacteria/detail.jsp?refId=NCTC+2012&collection=nctc
https://www.phe-culturecollections.org.uk/products/bacteria/detail.jsp?refId=NCTC+2916&collection=nctc
https://www.phe-culturecollections.org.uk/products/bacteria/detail.jsp?refId=NCTC+3805&collection=nctc
https://www.phe-culturecollections.org.uk/products/bacteria/detail.jsp?refId=NCTC+3806&collection=nctc
https://www.phe-culturecollections.org.uk/products/bacteria/detail.jsp?refId=NCTC+3807&collection=nctc
https://www.phe-culturecollections.org.uk/products/bacteria/detail.jsp?refId=NCTC+3815&collection=nctc
https://www.phe-culturecollections.org.uk/products/bacteria/detail.jsp?refId=NCTC+4587&collection=nctc
https://www.phe-culturecollections.org.uk/products/bacteria/detail.jsp?refId=NCTC+7272&collection=nctc
https://www.phe-culturecollections.org.uk/products/bacteria/detail.jsp?refId=NCTC+7273&collection=nctc
https://www.phe-culturecollections.org.uk/products/bacteria/detail.jsp?refId=NCTC+8265&collection=nctc
https://www.phe-culturecollections.org.uk/products/bacteria/detail.jsp?refId=NCTC+8550&collection=nctc

T61

NCTC 9837  Clostridium botulinum MAURITIUS; Type A.J. H. Tomlinson, PHLS County Hall, London ~ Complete genome Type |
A in 1955 / Fish preparation causing botulism,
Mauritius
NCTC 10281 Clostridium botulinum LANGELAND; Moller, V. & Scheibel, I., U. of Brit. Columbia Complete genome 2x Type Il and 1x Type IV
TYPEF Canada 1960, Denmark 1958/Duck pate
NCTC 10914  Clostridium botulinum  FH 6513/70; Type R. J. Gilbert, PHLS Colindale 1971/Chicken feed X Unk
C(B)
NCTC 11199 Clostridium botulinum  F199-200/78; Type  Food Hygiene Laboratory, PHLS Colindale X Unk
A 1978/Faeces, infant botulism (UK)
NCTC 11219 Clostridium botulinum  F2561/78; Type E Food Hygiene Laboratory, PHLS Colindale 4 Contigs®® Type | and Type IV
1978/Tinned Salmon (US origin)
NCTC 12265 Clostridium botulinum Type B Food Hygiene Laboratory, PHLS Colindale 1990 X Unk
/ Hazelnut yogurt (large outbreak of botulism in
UK 1989)"
NCTC 13319 Clostridium botulinum ATCC 3502 I. C. Hall, California 1922/Peas Complete genome 5% ATCC 3502: Type |

(Hall strain 174)

NCTC 13319: Type | and I\V***

* As detected by REBASE.3%®
** Published Apr 2018, after the strain was acquired from the NCTC for this study.
*** pyblished Nov 2019, therefore this study was based on the REBASE analysis of the ‘old” ATCC 3502 genome published by Sebaihia et al., 2007.5%


https://www.phe-culturecollections.org.uk/products/bacteria/detail.jsp?refId=NCTC+9837&collection=nctc
https://www.phe-culturecollections.org.uk/products/bacteria/detail.jsp?refId=NCTC+10281&collection=nctc
https://www.phe-culturecollections.org.uk/products/bacteria/detail.jsp?refId=NCTC+10914&collection=nctc
https://www.phe-culturecollections.org.uk/products/bacteria/detail.jsp?refId=NCTC+11199&collection=nctc
https://www.phe-culturecollections.org.uk/products/bacteria/detail.jsp?refId=NCTC+11219&collection=nctc
https://www.phe-culturecollections.org.uk/products/bacteria/detail.jsp?refId=NCTC+12265&collection=nctc
https://www.phe-culturecollections.org.uk/products/bacteria/detail.jsp?refId=NCTC+13319&collection=nctc

5.3.2  Basic characterisation of C. botulinum type A strains

To establish whether ATCC 19397, 62A, Loch Maree and NCTC 2916 were suitable
safe strains candidates, more knowledge about their basic phenotypic characteristics
(e.g., sporulation efficiency, spore heat resistance and genetic accessibility) was
required. In addition, culturing the strains under identical laboratory conditions will
provide more insight in the degree of similarity between the newly acquired C.
botulinum strains and the ATCC 3502 strain. This information is important to identify
the most appropriate candidate to replace model strain ATCC 3502 for future studies.
Initially several standard characterisation experiments were performed; i.e.,

sporulation efficiency assays, growth curves and conjugation efficiency assays.

First, the sporulation/germination capacity and growth of the four newly acquired C.
botulinum strains using TYG media was assessed, as described in sections 2.9.4 and
2.9.2, respectively. Figure 5.2A shows that while all strains were capable of producing
viable spores, there were distinct differences between their sporulation profiles. As
expected, the sporulation/germination capacity of ATCC 19397 was similar to ATCC
3502, though the formation of viable spores in ATCC 19397 seems to be delayed by
approximately 24 hours. Furthermore, NCTC 2916 strongly resembled the ATCC
3502 profile whereas the Loch Maree profile was more similar to ATCC 19397. For
these three new strains the difference in the total viable spore count at 120 hours
ranged between -1 to -3 fold compared to ATCC 3502", which was considered non-
significant based on a two-tailed unpaired t-test. Interestingly, although a high
similarity was anticipated, the 62A sporulation/germination profile was different
compared to ATCC 3502", with the total viable spore count at 120 hours being almost
20-fold lower (significance *, *p<0.0332). The poor sporulation/germination capacity
observed for this particular 62A WT strain could be due to mutations in genes related
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to the sporulation and/or germination cascade. To confirm this further studies would
be required, starting with a thorough comparison of all the known genes involved in
sporulation/germination in ATCC 19397, ATCC 3502 and 62A. Another possibility
is that the growth conditions were suboptimal, effecting the strain’s ability to from
viable spores or other spore properties essential for spore survival (e.g., heat

resistance).

All WT strains grew at approximately the same rate and reached similar total cell
densities when cultured in TYG broth (Figure 5.2B). However, during the death phase
the decrease in total cell density varied amongst the strains, with ATCC 19397

showing the strongest decline.
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Figure 5.2 Basic phenotypic characterisation of ATCC 3502*, ATCC 19397,
62A, Loch Maree and NCTC 2916. (A) Sporulation/germination capacity of
WT strains. Strains were cultured for 120 hours in TYG broth and samples were
taken every 24 hours. Total CFU corresponds to the total cell count (non-heat
treated) and the spore CFU is the number of viable spores withstanding a 15 min,
80°C heat treatment. Error bars represent the standard deviation of three or more
independent cultures. The dotted line at 50 CFU/ml represents the detection limit.
(B) Growth profiles of WT strains. Strains were cultured in TYG broth and the
ODsgs Was monitored for 24 hours. Error bars represent the standard deviation of

three independent cultures.
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As the creation of non-toxigenic mutants using the CRIPSR/Cas9 genome editing tool
is dependent on efficient DNA transfer, the conjugation efficiency of the WT strains
was assessed. Initially all strains were tested in combination with the standard CA434
E. coli donor strain (see Chapter 3, Figure 3.4). As anticipated, for some of the strains
this pairing resulted in little or no DNA transfer. Fortunately, by customizing the donor
strains to fit the methylation pattern of the specific host, the conjugation efficiency of
all strains was significantly improved, allowing the conjugation of plasmids carrying
the CRISPR/cas9 genome editing tool components to genetically modify the strains.
A summary of the main results presented in Chapter 3 can be found in Table 5.2 and
Table 5.3. For more details about the generation and testing of these optimized donor

strains see section 3.3).

Table 5.2 Summary of the maximum achieved conjugation efficiencies of ATCC 3502,
ATCC 19397, 62A, Loch Maree and NCTC 2916.

C. botulinum  E. coli donor Methylation Conjugated plasmid Conjugation
recipient plasmid efficiency
ATCC 3502 Stellar-R7026A%4 - pMTL83151 1.77*%10°®
ATCC 19397 CA434 pM-JTI+ITII pMTL83151-R1+R2 7.21*10°%
62A sExpress - pMTL83151 1.07*10*
Loch Maree SExpress - pMTL83151 2.65*10°
NCTC 2916 SExpress - pMTL83151 8.49%10°

Table 5.3 Overview of the theoretically optimal customized donor strains for ATCC
3502*, ATCC 19397, 62A, Loch Maree and NCTC 2916 to achieve maximum conjugation
efficiency.

C. botulinum  Restriction systems in E. coli Methylation plasmid
recipient C. botulinum recipient donor

ATCC 3502  Typeland IV SExpress pM-JTI

ATCC 19397 Type |, Il and IV SExpress pPM-JTI+JTII

62A Type l and IV SExpress pM-JTI

Loch Maree  Type |, Il and IV SExpress Plasmid expressing

CLK_RS10775 (hsdM) +
CLK_RS10770 (hsdS)

NCTC 2916 2x Typeland 1x Type IV  sExpress Plasmid expressing
CBN_0725 (hsdM) + CBN_0726
(hsdS) and CBN_2138 (hsdM) +
CBN_2137 (hsdS)
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5.3.3  Whole genome sequencing of C. botulinum type A strains

Bacterial strains continuously evolve when grown, albeit slowly, but the more you
subculture a strain the bigger the genetic difference with the original ‘parent’ strain.>*>
353,504 Generally, to distribute strains across laboratories subcultures of a parent strain
are created. Between these laboratories culturing conditions as well as storage methods
might vary, which can accelerate the genetic differentiation. Consequently, there will
always be some genetic variation between WT stocks of the same strain, potentially
causing significant differences in the overall behaviour between stocks of a strain. In
addition, poor storage practices combined with prolonged culturing episodes often
results in strain degeneration. Therefore, the full genome of each strain was re-
sequenced and compared to the genome sequence deposited in the NCBI database
(ATCC 19397 accession number: NC_009697; 62A accession number:
NZ_CP028859; Loch Maree accession number: NC_010520; NCTC 2916 accession
number: NZ_ABDOO00000001-49). In this case re-sequencing was considered
particularly relevant, because C. botulinum type A strains seem to have the tendency
to evolve towards a mutator phenotype (see Chapter 4, section 4.3.9). The main results

of the resequencing analysis are discussed below per strain.

ATCC 19397 (NCTC 7272): in total only four variations were detected; one in a non-

coding sequence, two causing amino acid changes and one resulting in a frameshift
(Appendix VII Table A 16). Both amino acids substitutions are in a transcriptional
regulator, one from the MuR/RpiR family and one belonging to the sigma 54-
dependent Fis family. The impact of these mutations on protein functionality is
unknown, making it difficult to predict if they effect the general cell metabolism. The
fourth mutation (3465907) disrupts the ORF of a putative lactate dehydrogenase

(CLB_RS16495), changing the originally 336 amino acid long protein into a small 15
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amino acid peptide. This frameshift has probably fully inactivated the dehydrogenase.
ATCC 19397 has a second gene annotated as a L-lactate dehydrogenase
(CLB_RS07635) which might have a similar function in the cell (catalysing the
conversion of lactate to pyruvate), potentially reducing any negative effects of the
CLB_RS16495 inactivation. However, no significant homology was detected between

the two proteins (BLASTp).

62A (NCTC 3805): because the strain’s genome was initially unknown, 99 contigs

were assembled based on the illumina MiSeq sequencing in CLC genomics
workbench and annotated using the RAST pipeline.??® 332.5% The neurotoxin gene
cluster as well as several DNA mismatch repair genes were aligned to the ATCC

19397 strain and no abnormalities were detected.

Following the publication of the 62A (CFSAN) genome (CFSAN064329) by the FDA
the MiSeq paired end reads were mapped to this published genome and variations
identified using the CLC genomics workbench.®3! A striking total of 253 variants were
detected; 38 in non-coding regions and 215 within ORFs (Appendix VIl Table A 17).
Additionally, a 512 bp deletion in the mutS gene (2799 bp) of the published 62A strain
was identified. As previously described in Chapter 4, the inactivation of mutS results
in a strong mutation rate increase. > 454455 47 DNA mismatch repair is probably less
efficient, if not completely abolished, in the 62A (CFSAN) strain. The high number
of variants between the 62A (CFSAN) and the 62A (NCTC 3805) is most likely due

to this specific deletion, accelerating the genetic diversification.

From all the mutations in coding sequences, 59 cause a frameshift, with the majority

of them being inside stretches of As or Ts. Interestingly, 55 of the ‘frameshift’

mutations in the 62A (NCTC 3805) strain restore the ORF. Thus, in the American 62A
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strain a total of 55 genes are disrupted, and presumably inactivated, depending on the
mutation’s location (start, mid or end of the ORF). Surprisingly, one of the frameshifts
is in the boNT/AL gene, codon 824 (full protein is 1296 amino acids long), so after the
light chain domain (£ 448 amino acids). It is difficult to predict if this truncated
neurotoxin has any residual activity. Furthermore, in two cases the frameshift mutation
disrupts the ORF in the UK 62A strain (2041345 and 3243886) and for two frameshift
mutations it is unclear whether the 62A (CFSAN) sequence or the 62A (NCTC 3805)

is correct (3133402 and 3670192).

Not all the SNVs were checked to establish which allele, the 62A (CFSAN) or the 62A
(NCTC 3805), is probably the original WT allele. Only the SNVs in genes with a
common name annotation were assessed (see Table 5.4). To determine which one of
the two alleles of each gene is most likely the ‘original’, the gene sequences were
compared to the ATCC 3502* and ATCC 19397 alleles. Again, for a majority of the
alleles the UK 62A sequence matched with the other two type A strains, whereas the
US 62A sequence, with the mutator genotype, was different. In some instances it was
difficult to decide which of the two alleles is the original because of a higher sequence
heterogeneity between the type A strains. Silent mutations were not excluded from the
list, as sometimes codon usage can affect total protein expression and protein
folding.5%*-%%4 Overall, the 62A (NCTC 3805) genome sequence is probably the closest
to the original sequence of the common ancestor of both strains. Rather than trying to
define what is the ‘true’ WT genome, it could be an option to acknowledge them as
different strains and implement the same naming strategy as previously suggested for
ATCC 3502 in Chapter 4, section 4.3.3, referring to the 62A (CFSAN) strain with the
mutator genotype as 62A" and referring to the genetically stable 62A (NCTC 3805) as

62"
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Loch Maree (NCTC 2012): a total of 22 variants were detected, of which 21 were in

coding sequences (Appendix VII Table A 18). However, six were in one gene
(CLK_RS01880) and nine in another gene (CLK_RS01900). For both the coverage
was quite poor (only 11-16 reads), so it is questionable whether the mutations are true
or just a result of low sequencing quality. To confirm the sequence of both genes, they
should be checked with Sanger sequencing. If the above 15 mutations are ignored,
only 7 mutations are left; one in a non-coding region, two frameshift mutations and
four SNVs. The frameshift mutations detected in the SBRC sequence restore the ORF,
hence it was assumed that these two genes were actually frameshifted in the genome
of the published strain (accession number: NC_010520). For the four SNVs no
evidence was available to determine the most likely WT allele and, therefore, no

further conclusions can be drawn.

NCTC 2916: 9 variants were detected in total; five in coding sequences, of which two
resulted in a frameshift (Appendix VII Table A 19). The five base pair insertion at
position 241436 of contig 7 in the ItrA gene restores the ORF, thus the mutation is
actually in the published genome rather than in the NCTC 2916 genome of the SBRC
stock. The second frameshift mutation, at position 190 of contig 4, is in a gene
annotated as a hypothetical protein. It encodes a peptide consisting of only 39 amino
acids. It is unclear which of the two alleles, SBRC or NCBI, is correct. One of the
SNVs (165425, contig 2) is in a prophage gene and is thus considered irrelevant.
Interestingly, five mutations have quite a low (<85%) frequency, including the
insertion at position 241436. The low frequencies might be due to sequencing or
alignment errors, though it could also signify a mixed population, with both alleles
being common in the NCTC 2916 population. The mixed population theory can be

verified by Sanger sequencing the regions of interest of several independent colonies.
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Table 5.4 Comparison of SNPs detected between 62A NCBI (CFSAN064329) and 62A NCTC (NCTC 3805) to the published genomes of ATCC 3502

and ATCC 19397.

Reference Overlapping Coding region  Amino acid Comparison to ATCC 3502 and ATCC 19397 The proposed
Position*  annotations* change** change** WT***
275142 Gene: rnr 968 G>A Ser323Asn 3502/19397 — Asn. The rest of this 62A NCBI gene is 100% identical to 3502/19397. 968A (Ash)
811474 Gene: gevT 392 A>G Glul31iGly 3502/19397 — Gly. The rest of this 62A NCBI gene is 100% identical to 3502/19397. 392G (Gly)
922830 Gene: bont 2203 A>G Thr735Ala 3502/19397 — Ala. The rest of this 62A NCBI gene is 100% identical to 3502/19397. 2203G (Ala)
1055392 Gene: chiG 167 G>A Gly56Glu 3502/19397 — Glu. The rest of this 62A NCBI gene is 100% identical to 3502/19397. 167A (Glu)
1618151 Gene: nadC 771 C>T 3502/19397 — A (silent mutation). Codon usage: AGG (62A NCBI) is 4%, AGA (62A  771T
NCTC) is 24%.
1812816 Gene: IpdA 1028 T>C Val343Ala 3502/19397 — Ala. The rest of this 62A NCBI gene is 100% identical to 3502/19397. 1028C (Ala)
2039076 Gene: cloSI 1146 A>G 3502/19397 — A (silent mutation). Codon usage: GAA (62A NCBI) is 60%, GAG (62A 1146A
NCTC) is 14%. The rest of this 62A NCBI gene is not 100% identical to 3502/19397.
2382866 Gene: hypB 314 A>G Asn105Ser 3502/19397 — A. The rest of this 62A NCBI gene is not 100% identical to 3502/19397.  314A (Asn)
2503307 Gene: polC 1705 G>A Ala569Thr 3502/19397 — A. The rest of this 62A NCBI gene is not 100% identical to 3502/19397.  1705A (Thr)
2503780 Gene: polC 1232 G>A Gly411Asp 3502/19397 — A. The rest of this 62A NCBI gene is not 100% identical to 3502/19397.  1232A (Asp)
2543138 Gene: prdB 10 A>G lledVal 3502/19397 — Val. The rest of this 62A NCBI gene is 100% identical to 3502/19397. 10G (Val)
2921204 Gene: glsA 218 C>T Thr73lle 3502/19397 — lle. The rest of this 62A NCBI gene is 100% identical to 3502/19397. 218T (lle)
3043216 Gene: hydA 1341 G>A Multiple differences in this region between the 62A strains and 3502/19397. Unknown
3743334 Gene: fusA 801 C>T 3502/19397 — T (silent mutation). Codon usage: GGC (62A NCBI) is 5%, GGT (62A 801T
NCTC) is 20%. The rest of this 62A NCBI gene is 100% identical to 3502/19397.
3749262 Gene: rpoB 3642 A>T Glul214Asp  3502/19397 — Asp. The rest of this 62A NCBI gene is 100% identical to 3502/19397. 3642T (Asp)

Mutation is not in DNA region associated with Rif®,

* The reference genome was 62A NCBI (CFSANO064329). The annotations are from the reference strain.
** The first nucleotide/amino acid code is the reference strain and the second nucleotide/amino acid code is the 62A NCTC strain (NCTC 3805).

*** The bases (amino acids) listed in this column are considered the original WT sequence, before mutations occurred due to the mutS mutation in 62A NCBI
(CFSAN064329).



5.3.4  Genetic stability of C. botulinum type A strains

The re-sequencing analysis of the WT strains confirmed that all mut family genes were
free of detrimental mutations. Even though this was considered encouraging
information regarding the genetic stability of the strains, mutations in other proteins
important for maintaining genome integrity, for example DNA-polymerases, can
significantly affect mutation rates.3%? 453 Therefore, the genetic stability of the strains
was experimentally assessed by determining their mutation frequency based on
spontaneous arising rifampicin resistant mutants within the population. The
fluctuation assay was performed as described in section 2.9.6 and the results are show
in Figure 5.3. In general, all strains can be classified as weak mutators (4 x 108 <f<
4 x 1077), with ATCC 3502* at the top end of the normomutable (8 x 107° < f < 4 x

1078) Catego ry. 384-386, 544

50—
Strong mutator
40
30

20
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0- T

RifR mutants per 108 cells

Figure 5.3 Mutation frequency of ATCC 3502*, ATCC 19397, 62A, Loch
Maree and NCTC 2916. Frequency of spontaneous Rif? mutants in WT strains.
Cells were cultured for 24 hours in TYG broth and subsequently plated onto TYG
(total CFU) and TYG supplemented with 25 pg/ml rifampicin (Rif? CFU).
Mutation frequencies were calculated by dividing the Rif® CFU by the total CFU.
The dotted lines indicate the mutator strength categories. Error bars represent the
standard error of the mean of 10 single colonies, cultured in triplicates.
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Although for strain engineering purposes mutation frequencies within the
normomutable range are preferred, the slightly higher frequencies observed for the
type A strains were deemed sufficiently low to generate reliable safe strains. This is
mainly because the determined mutation frequencies are very close to the
normomutable threshold, and bearing in mind that the accuracy of low mutation
frequency values strongly depends on the number of replicates, the calculated
mutation frequency might be slightly on the high end considering the limited number
of independent cultures per strain used in this study (Figure 5.4).5% Rosche and Foster
recommend that when the estimated number of mutations per culture, m, is between
0.5 and 1.5 roughly 65 down to 25 separate cultures (the higher m, the lower the
number of required cultures) are required to calculate reliable values. In this study
only 30 independent cultures per strain was practically feasible due to space
restrictions inside the anaerobic cabinet and the time consuming nature of such an
experiment. To categorize the mutability of the strains with higher accuracy, the

number of replicate cultures could be increased in the future.

As mentioned above, the number of Rif® colonies per culture was very low,
consequently just a few false positives growing due to the high load of cells plated
would have a significant impact on the data, resulting in an overestimation of the actual
mutation frequency. To confirm that the colonies growing on the rifampicin plates had
actually acquired mutations in the rpoB gene, associated with rifampicin resistance,
various colonies were sent off for Sanger sequencing. Initially the full rpoB gene of
two colonies per strain was sequenced using six primers, rpoB_scr_F1/F5 and
rpoB_scr_R1, which were universal for all strains. All mutations were identified in the
sequence covered by the rpoB_scr_F3 primer, therefore the remaining colonies were

sequenced using this primer only (Figure 5.5). All the analysed colonies had the
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anticipated mutations in the rpoB gene, associated with rifampicin resistance in other
bacterial species, confirming that the used concentration of rifampicin was sufficient

to eliminate false positives.®00-602 539
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Figure 5.4 Frequency distribution of the number of Rif? mutants per culture
for ATCC 3502%, ATCC 19397, 62A, Loch Maree and NCTC 2916.
Histograms of spontaneous Rif? mutants per culture for a total of 30 cultures per
WT strains. m is the average number of Rif® mutants per culture and the *
indicates that any outliers (42 and 926 for 62A and NCTC 2916, respectively)
were excluded from the calculation. Cells were cultured for 24 hours in TYG
broth and subsequently plated onto TYG (total CFU) and TYG supplemented with
25 pg/ml rifampicin (Rif® CFU).
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Figure 5.5 Mutations identified in the rpoB gene of ATCC 3502*, ATCC
19397, 62A, Loch Maree and NCTC 2916. Sanger sequencing results of the
rpoB gene in RifR colonies for all WT strains. The sequencing reads were aligned
to the WT sequence using SnapGene. Mutated nucleic acids are highlighted in red
and the affected codons are highlighted in yellow.
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5.3.5  Spore heat resistance and investigating the role of the spoVA? gene

cluster
Spore heat resistance was the final characteristic assayed before selecting strains for
the safe strain library. To obtain concentrated spore suspensions overnight cultures
were plated on CSA medium and incubated for 14 days at 37°C, as described in section
2.9.5.2%* The formed spores were harvested, washed and the final viable spore count
in each suspension was determined using the standard heat treatment protocol (15 min
at 80°C), as described in section 2.9.4. The spore suspensions were stored at 4°C for
7 days before conducting the heat resistance assay. To establish the heat resistance of
the spores, the spore suspensions were split into 50 pl aliquots and incubated at 99°C.
Samples were removed from the PCR machine at different time points and plated on
TYG agar plates. Depending on the strain, CFUs were enumerated after 24 or 48 hours
of incubation at 37°C. For more details about the heat resistance assay see section
2.9.5. Both the spore generation process and the heat treatment method were designed

in collaboration with N1ZO food research institute.

The spore survival curves are depicted in Figure 5.6 and the linear part of the curves
was used to calculate the Dggec Values (time required for one decimal reduction) as
described in section 2.9.5. As anticipated, the NCTC 2916 spores were the most heat-
resistant with a D-value of 7.99 min, while for all other strains, lacking the spoVA?2
genes, Dogec Values were below 1 min.>%25% Spores produced by the Loch Maree strain
were the most heat-sensitive, with a D-value of 0.51 min. The D-values determined
for the ATCC 3502" and ATCC 19397 spores were very similar, 0.66 and 0.62 min,
respectively, which again highlights their high degree of similarity. The 62A spores
were slightly more heat-resistant, with a D-value of 0.74 min. Although it is difficult

to compare D-values between studies because of the many variables that should be
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taken into consideration (e.g., media, heat treatment and pressure), the D-values
determined in this study are relatively low compared to what has been published so
far, yet within the range of what could be expected.!’ 575 589 603604 Tq increase the

accuracy of the calculated D-values more data points should be collected.
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Figure 5.6 Survival of spores of ATCC 3502*, ATCC 19397, 62A, Loch Maree
and NCTC 2916 after 99°C thermal treatment. The number of viable spores
withstanding a 99°C heat treatment for a specific amount of time. Spores were
harvested after culturing the strains for 14 days on CSA medium at 37°C. Error
bars represent the standard deviation of three independent experiments. The
dotted line at 50 CFU/mI represents the detection limit.
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Surprisingly, in a study published by Bull et al. spores from the 62A strain were more
heat resistant than NCTC 2916 spores.®” Their findings contradict the results
presented here as well as other studies that show a correlation between the presence
of spoVA? genes and increased spore heat-resistance.>%2-°% 60569 The most likely
explanation for this discrepancy is the different media used. Media composition can
strongly effect spore properties, including heat-resistance. Specifically, media lacking
particular nutrients or with a very low Ca?" concentration, produce mature spores
containing no or low Ca-DPA levels.®-1° The final Ca-DPA concentrations within
mature spores influences their survival when exposed to high temperatures; more Ca-
DPA leads to higher heat resistance. The spoVA? operon, which confers high-level
heat resistance to spores, has been linked to an increased DPA uptake during
sporulation.>®? Possibly, the growth conditions used in the study by Bull et al. did not
facilitate the accumulation of sufficient Ca-DPA and/or the uptake of Ca®* and DPA
during the sporulation process, hence the presence of the spoVA2 operon in the NCTC
2916 strain did not result in spores that were significantly more heat resistant
compared to 62A.°”® However, it should be noted that the overall Dgg-c-values
determined by Bull et al. were much higher in general and the reason for the
discrepancies is not necessarily evident, although it could be due to the growth

medium.

Furthermore, there was a small increase in the number of viable spores from 0 to 1
min for strains 62A and NCTC 2916. This increase is a common phenomenon, known
as spore heat activation.®*112 ATCC 3502, ATCC 19397 and Loch Maree viable spore
counts did not increase after 1 min of heat treatment, though the decline in the first
minute is less compared to the decrease in the following minutes. Heat activation

probably still occurred but the 1 min incubation at 99°C was ‘too’ lethal, thus masking
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the portion of the population initially activated by the heat, before they were
inactivation. In addition, the NCTC 2916 survival curve is non-linear in the final
section. This frequently observed tailing in survival curves has been attributed to the

existence of a subpopulation of more heat-resistant spores.*3

As mentioned before, studies in bacillus species have shown that the presence of one
or more spoVA? operons increases spore heat resistance and the genetic
characterisation of highly heat resistant C. sporogenes strains revealed the existence
of a homologues operon in Clostridium.>> % However, the role of the clostridial
spoVA? genes in spore heat resistance had not yet been experimentally validated. To
do so, CRISPR/Cas9-mediated deletion of the full spoVA? operon was carried out as
described in section 2.12.3, using plasmid pRECas1-spoVA2-G1, whose construction
is outlined in section 2.11.3. The deletion was confirmed by PCR in three biological
replicates from three independent conjugations using primers annealing to the
chromosome, flanking the editing templates (Figure 5.7). The plasmid was lost from
the selected NCTC 2916 AspoVA? mutants, as described in section 2.8. The deletion

in the final mutants was subsequently verified by Sanger sequencing.

208



kb L 1 2 3 WT
6.0 —
40 -
3.0 — -
%»2 1 - - -
1.0 — ==
0.5 —
WT: 53 kb
AspoVA*: 1.9 kb

B

spoVAZ2del ser R

wr == A o K porarr K sporac: K cavoass K cav ozso H cav 0200 > A o=

. . spoVA2del_scr_F2

3.4kb
spoVA2del ser R

Aspo¥? =={  [HA ]—<]D—| RHA |

spoVA2del_scr F2

Figure 5.7 Deletion of the spoVA? operon in strain NCTC 2916. (A) PCR for
three biological replicates of NCTC 2916 AspoVA? mutants alongside WT.
Products were amplified using flanking primers spoVA scr F2 and
spoVA2_scr_R. Lane L: NEB 1 kb Plus DNA Ladder. (B) Schematic diagram of
the targeted chromosomal region showing the primer binding sites in the WT and
mutant strains.

To assess the growth, sporulation/germination capacity and spore heat resistance of
the AspoVA? strains, experiments were performed as described in sections 2.9.2, 2.9.4
and 2.9.5. The growth profile of the mutants was identical to WT (Figure 5.8A).
Interestingly, the viable spore count of all three biological replicates was slightly
higher (2 to 4-fold) than WT (Figure 5.8B); however, the increase was only
statistically significant at 48, 72 and 120 hours but not at 92 hours (two-tailed unpaired
t-test, *p<0.0332). It suggests that the presence of spoVA? imposes a small burden on
the sporulation/germination process. It should be noted that there was quite some
variation within the dataset and therefore further experiments will be necessary to
establish if the presence of spoVA? genes has any negative impact on the total number
of spores formed or affects the ability of spores to germinate before definitive

conclusions can be drawn.
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As expected, the AspoVA? strains yielded spores that were much more readily heat-
inactivated compared to WT spores (P<0.0001)(Figure 5.8C); the Dggc-value for the
mutant spores was 2.24 min while for the WT strain this was 7.99 min.>%35% Although
the deletion of the operon decreased the spore’s heat resistance, they were not as heat
sensitive as the other type A strains described above. This suggests that whilst the
operon plays a major role, there are other factors/genes contributing to the high heat
resistance of the NCTC 2916 spores. A more in-depth analysis of the different type A
genomes combined with the generation of a large transposon mutant library (i.e.,
TraDIS library) in the AspoVA? strain could be used to identify these genes.33 614
Subjecting the mutant library to different heat treatments and subsequently comparing
the genomes of the survivors as well as to the non-heat treated library should reveal

all genes that were essential to survive the more harsh heat treatment.
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Figure 5.8 Phenotypic characterisation of NCTC 2916 AspoVAZ. (A) Growth
profiles of AspoVA2and WT. Strains were cultured in TYG broth and the ODsgs
was monitored for 24 hours. Error bars represent the standard deviation of three
independent cultures for WT and of three biological replicates for AspoVAZ. (B)
Sporulation/germination capacity of AspoVA?and WT. Strains were cultured for
120 hours in TYG broth and samples were taken every 24 hours. Total CFU
corresponds to the total cell count (non-heat treated) and the spore CFU is the
number of viable spores withstanding a 15 min, 80°C heat treatment. Error bars
represent the standard deviation of three independent cultures for WT and of three
biological replicates for AspoVA? The dotted line at 50 CFU/mI represents the
detection limit. ns<0.1234, *p<0.0332, **p<0.0021, ***p<0.0002,
*kkkn<().0001, two-tailed unpaired t-test. (C) Survival curves of AspoVA? and
WT. Spores were harvested after culturing the strains for 14 days on CSA medium
at 37°C. Spores were heat-treated for a specific amount of time at 99°C. Error
bars represent the standard deviation of three independent cultures for WT and of
three biological replicates for AspoVA? from three independent experiments. The
dotted line at 50 CFU/mlI represents the detection limit.

Amongst the strains characterised in this chapter, ATCC 19397 was the most similar
to ATCC 3502, both genetically and phenotypically. In addition, the strain is
genetically stable and conjugal DNA transfer has been established using a customized

donor strain, enabling its genetic manipulation (see Chapter 3). Therefore, ATCC
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19397 was considered to be the most appropriate strain to substitute the unstable

ATCC 3502 for the C. botulinum safe strain project as well as for other future studies.

To generate the three safe strain configurations described in section 5.1.3, the
previously described theophylline inducible CRISPR/Cas9 genome editing tool was
used.’® The boNT/A1 gene and the full toxin gene cluster deletion was carried out as
described in section 2.12.3, using plasmids pRECas1-19_boNT/A1-G1 and pRECasl-
19 CIA-G1, respectively, whose construction is outlined in section 2.11.3. The
deletions were confirmed by PCR in three biological replicates from three independent
conjugations for each strain using primers annealing to the chromosome, flanking the
editing templates (Figure 5.9). The primers flanking the full gene cluster only yield a
PCR product when the genes are deleted because the size of the WT product exceeded
the maximum capacity of the polymerase utilized. The plasmid was lost from the
selected mutants, as described in section 2.8. The deletions in the final mutants were

subsequently verified by sequencing.

To create the toxoid strain small changes were made to the original CRISPR/Cas9
genome editing protocol described in section 2.12.3, specifically to the editing
template design part. During standard gene deletions or replacements events, the
CRISPR/Cas9 target site is removed from the chromosome, preventing its cleavage
and thus allowing cell survival. In this case however, only a few point mutations were
desired while the remainder of the gene should stay intact. Therefore, the desired
mutations (R363A/Y366F) should ideally be within the PAM and/or SEED region of
the sgRNA, so that upon homologous recombination the point mutations are
introduced and simultaneously the target site is removed. Unfortunately, the region
containing the R363 and R366 codons did not overlap with a suitable Cas9 target and

an alternative strategy had to be pursued. This involved the selection of a target site
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just upstream of these codons and removing the Cas9 target from the editing template
by introducing a silent mutation in the PAM sequence (G1053A). For this approach to
facilitate efficient mutant selection the Cas9 target site should be as close as possible
to the mutation site to minimise the chances of homologous recombination occurring
in between the two, which would result in false positives carrying the PAM mutation
but lacking the desired codon changes. In this case the Cas9 target site and the point

mutations were 32 bp apart.

It is worth nothing that codon changes in a gene, though silent, can influence the rate
of translation, RNA stability and protein folding, thereby affecting expression and/or
activity levels. Hence when introducing a silent mutation, if possible, codons with a
similar frequency are preferred.>?® Here, the PAM sequence partially overlapped with
a glutamic acid (351) codon, which is only encoded by two codons with a strong usage
bias towards one of them. Therefore selecting a codon with a similar frequency was
impossible; the original codon GAG (codon frequency 0.19) was changed into GAA

(codon frequency 0.81).

Alongside the editing template described above, with one silent mutation in the PAM,
two other editing templates were tested; one with five silent mutations in the SEED
sequence and a second combining the SEED and PAM mutations (see Appendix 1V).
The rationale behind designing three different editing templates was that potentially
Cas9 would still target the cleavage site, albeit less efficiently, if only the PAM or
SEED sequence was changed, resulting in plasmid degradation and accidental killing
of correct mutants. No differences were observed between the efficiencies of the three
editing templates (results not shown) and the mutants with only one silent mutant in

the PAM sequence were taken forward.
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To screen for successful iboNT/AIRY (inactive boNT/A1 R363A/Y366F) mutants a
primer annealing to the mutated codons (boNT/A1-toxoid_scr_R) was combined with
the flanking primer boNT/AL scr_F, whereby the primers only yield a product if
mutagenesis has been successful (Figure 5.9). The plasmid was lost from the selected
mutants, as described in section 2.8. The genomic modifications in the final mutants

were subsequently verified by Sanger sequencing.
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Figure 5.9 Deletion of boNT/AL, boNT/A1 gene cluster (CIA) and generation
of iboNT/A1RY in strain ATCC 19397. (A) PCR for three biological replicates
of ATCC 19397 AboNT/Al, ACIA and iboNT/A1RY mutants alongside WT.
Products were amplified using primers boNT/Al scr_F and boNT/Al scr_R
(AboNT/A1l), boNT/Al Cldel_scr F and  boNT/Al scr R (ACIA),
boNT/Al_scr_F and boNT/Al-toxoid_scr_R (toxoid). Lane L: NEB 1 kb Plus
DNA Ladder. (B/C/D) Schematic diagram of the targeted genomic region
showing the primer binding sites in the WT and mutant strains. (D) Green lines
indicate the R363A and Y366F mutation sites in the light chain. The silent
mutation in the PAM is not indicated in this diagram.
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To confirm that the various safe strains retained the characteristics of the parent strain
except toxicity, the growth and sporulation/germination capacity of the mutants was
assessed as described in sections 2.9.2 and 2.9.4, respectively. The growth profile of
all mutants was identical to WT (Figure 5.10A). The sporulation/germination profile
of the ACIA and iboNT/ALRY mutant strains was indistinguishable from WT (Figure
5.10C/D). Interestingly, for two AboNT/A1 biological replicates the viable spore count
from 48 h onwards was slightly lower (4-fold) and for one replicate (biological no. 1)
even 20-fold lower compared to WT (Figure 5.10B and Appendix V). Biological no.

1 was excluded from the dataset.

It is possible that the observed decrease is due to additional randomly acquired
mutations elsewhere in the genome, rather than the deletion of the toxin, particularly
for AboNT/A1-nol. To check this, the entire genome of all strains was sequenced and
compared to the published WT genome, as described in section 2.10.10. As
anticipated, very few or no additional mutations were detected in the ACIA and
iboNT/ALRY mutants (Appendix VII Table A 21 and Table A 22). The very low
number of additional mutations acquired by these safe strains during the whole mutant
generation process support the findings discussed in section 5.3.4 regarding the

genetic stability of ATCC 19397.
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Figure 5.10 Phenotypic characterisation of ATCC 19397 AboNT/Al, ACIA
and iboNT/A1RY. (A) Growth profiles of AboNT/A1, ACIA, iboNT/ALRY and WT.
Strains were cultured in TYG broth and the ODsgs was monitored for 24 hours.
Error bars represent the standard deviation of three independent cultures for WT
and of three biological replicates for the mutants. (B/C/D)
Sporulation/germination capacity of AboNT/A1 ACIA and iboNT/A1RY compared
to WT. Strains were cultured for 120 hours in TYG broth and samples were taken
every 24 hours. Total CFU corresponds to the total cell count (non-heat treated)
and the spore CFU is the number of viable spores withstanding a 15 min, 80°C
heat treatment. Error bars represent the standard deviation of three independent
cultures for WT, of two biological replicates for AboNT/Al and of three biological
replicates for ACIA and iboNT/A1RY. The dotted line at 50 CFU/ml represents the
detection  limit. ns<0.1234, *p<0.0332, **p<0.0021, ***p<0.0002,
**%%*p<0.0001, two-tailed unpaired t-test.

Surprisingly, the same was true for the AboNT/Al strains. In AboNT/Al-nol four
additional mutations (all SNVs in coding regions, resulting in an amino acid change)
were identified, three being unique (Appendix VII Table A 20). One of the SNVs
ition 2061097) was also detected in AboNT/Al-no2. This mutation might have
emerged independently in both strains, but a more likely scenario is that this mutation
already present in a subpopulation of the original WT stock. The three unique

SNVs were in genes encoding proteins that have not been previously associated with
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sporulation or germination. However, one of the affected proteins is a magnesium-
translocating P-type ATPase; magnesium is accumulated in the spore core during the
sporulation process and varying concentrations of magnesium in growth medium
affects spore yields.®™ It is plausible that the amino acid change in this ATPase
negatively impacts its translocation abilities, and thus causing the lower viable spore
yield. To establish if SNV 2984334, the other SNVs or possibly a combination of
them, decreases spore viability, the mutations should be re-created in the WT strain in

a future experiment.

In the other two AboNT/A1 replicates, the small but significant decrease in viable spore
counts could not be accounted for by the presence of random additional mutations
(Appendix VII Table A 20). Both strains had acquired only one additional mutation,
in genes not linked to sporulation or germination; AboNT/A1-no2 acquired a SNV in
a predicted MurR/RpiR transcriptional regulator, resulting in an amino acid change

and AboNT/A1-no3 acquired a silent mutation in an uncharacterized histidine kinase.

It was hypothesized that there could be a direct link between these lower spore yields
and the absence of the toxin protein. However, previous studies describing non-
toxigenic C. botulinum strains generated using directed mutagenesis reported that
removal or inactivation of the neurotoxin had no significant impact on the relevant
phenotypic characteristics of the parent strain, including sporulation.?: 52
Furthermore, the sporulation/germination capacity of the ACIA and iboNT/ALRY
strains created in this study was not compromised. Hence, there is probably no direct
connection between the lack of neurotoxin and the decrease in viable spores.
Nevertheless, there might be an indirect correlation, which is yet to be elucidated.
Possibly the non-toxic neurotoxin-associated proteins, now unable to form a complex

with BoNT/A1, affects other cell processes.
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Albeit not completely perfect, the strain AboNT/A1-no3 was considered a suitable
strain for future studies, having acquired only one additional (silent) mutation, an
identical growth profile compared to WT and produces sufficient numbers of viable

spores.

Finally, the supernatants of the AboNT/Al and ACIA strains were analysed by Western
blot to confirm the absence of the neurotoxin. The supernatants were prepared and
Western blotting was performed as described in section 2.9.8. The ideal time point to
harvest samples is when the neurotoxin concentration is at its maximum. Previous
studies report that neurotoxin levels generally increase until approximately 24-48
hours and depending on the culturing conditions (e.g., medium composition,
temperature) as well as the strain, toxin concentrations remain more or less constant
after the first 48 hours.1’% 58616 Neurotoxin activity in supernatants of strain ATCC
19397 peaked between 20 and 30 hours when grown at 37°C.** To confirm that under
the growth conditions applied here type A toxin concentration is also at its maximum
after approximately 24 hours, the BONT/A1 concentration in supernatants at 24 and

48 hours were compared via Western blotting.

The bands corresponding to the BoNT/AL light chain (50 kDA) were clearly visible
at both 24 and 48 hours, but the band from samples harvested after 24 hours appeared
to be slightly stronger (Figure 5.11A). In addition, the band at 150 kDa, corresponding
to the non-cleaved neurotoxin peptide, was stronger at 24 hours. Based on these results
it was decided to harvest the samples for the safe strains at 24 hours. As expected, no

BoNT/Al was detected for the AboNT/Al and ACIA strains (Figure 5.11B).

218



20 ——W

15 &8
10 —

Figure 5.11 Western blot analysis of ATCC 19397 AboNT/A1, ACIA and WT
supernatants. Supernatants (concentrated 10-fold) were subjected to SDS-
PAGE/Western blot with polyclonal C. botulinum BoONT-A Light Chain
Antibody. (A) ATCC 19397 WT, samples were taken after 24 and 48 hours of
incubation. (B) ATCC 19397 AboNT/AL, ACIA and WT, samples were taken after
24 hours of incubation. Lane L: Bio-Rad Precision Plus Protein All Blue
Standards ladder; red box at 150 kDa: BoNT-A Light Chain and heavy chain (no
proteolytic cleavage); red box at 50 kDa: BoNT-A Light Chain.

The iboNT/ALRY supernatants were not subjected to Western blot analysis because it
would not provide any insightful information regarding exact expression levels or
toxicity. Instead, to confirm that neurotoxin expression has not been compromised in
the toxoid strains iboNT/A1RY could be quantified using an ELISA assay. Additionally,
to asses if the silent PAM mutation changes the toxoid’s fold, its crystal structure could

be elucidated, though any noticeable effects of this one mutation are highly unlikely.

Although the iboNT/A1RY strain created in this study fulfils all requirements to be
excluded from the select agent regulations based on existing literature, the way the
toxoids were created as well as the inactivated neurotoxin itself could be improved.*%¢-
157, 577, 611 Recently, a new ‘bookmark’ approach that exploits CRISPR/Cas9

technology was published to engineer clostridia, which avoids the need of ancillary
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silent mutations in the PAM and/or SEED sequence of the sgRNA.®*® With this two-
step based strategy the toxin would first be replaced by a bookmark sequence, which
represents a SgRNA, and subsequently this Cas9 target is substituted with a mutated
boNT/Al gene. Additionally, this approach avoids the need of mutations to be inside
or close to the Cas9 target sequence, facilitating the design and creation of BoNT
variants. This new strategy, however, involves two cycles of mutant isolation instead
of one, hence being more time consuming and increasing the risk of picking up
undesired additional mutation. Therefore, whether the one-step approach relying on
silent mutations in Cas9 target sequence or the bookmark strategy is preferred will
depend on the strain (i.e., its genetic accessibility and genomic stability) and the

location of the desired mutations.

Furthermore, in view of the regulatory hurdles faced by the non-toxigenic C.
botulinum strains before they will be reclassified, due to the potency of the neurotoxin
and its status as a select agent, any modifications to the protein that further minimize
safety risks without compromising the toxin’s structure, should definitely be
considered. Over the last few years quite a few different amino acid substitutions have
been identified that reduce the catalytic activity of BoNTs.2*¢*5" For example, the
current iboNT/A1RY strain could be improved by including a third mutation, E224Q,
in the LC/A.2 619 Although the R363A/Y366F double mutation reduces neurotoxicity
to undetectable levels at standard concentrations, adding the E224Q mutation results
in no catalytic activity being detected at 30,000-fold higher concentrations than WT
BoNT/A1.2° Gu et al. also confirmed that introducing this third mutation has no
significant impact on the structure of the neurotoxin compared to WT. Depending on
the results of the mouse bioassay, the substitution of E224 and/or other amino acids in

iboNT/A1RY could be explored.
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Overall, the ATCC 19397 AboNT/A1, ACIA and iboNT/A1RY strains created in this
study are promising candidates to replace the toxigenic WT strain. Further steps should
await in vivo evaluation of the safe strains, to establish whether there is no residual
toxicity of the strains. Provided that the neurotoxin deficient strains are non-toxigenic,
reclassification of these strains by UK authorities should be pursued. Hopefully

downregulation will lift C. botulinum related research to the next level.

On a side note, because the type A strains discussed in this chapter are very similar,
safe strain versions of the ATCC 3502 and 62A strain can easily be created using the
same plasmids constructed to generate the non-toxigenic ATCC 19397 strains. Except
for the full boNT/A1 gene cluster deletion in 62A, due to a one nucleotide difference
in the left homology arm. 62A is one of the most studied type A C. botulinum strains
and because researchers probably prefer to continue working with the same strain,
three independent biological replicates of the 62A AboNT/Al strain were created.
Viable spore counts of all biologicals were identical to WT. Further characterisation

of these strains is pending.

5.3.7  Generation and characterisation of non-toxigenic NCTC 2916 strains

The distinctive high heat resistance of NCTC 2916 spores, combined with its
acceptable mutation frequency, decent viable spore counts and receptivity of foreign
DNA makes it an excellent candidate for the safe strain collection. However,
generating non-toxigenic versions of this strain is slightly more complex due to the
presence of two neurotoxin gene clusters (see section 5.3.1). Quite a few non-toxigenic
variations can be created and depending on the researchers’ interest and its future
applications different options might be preferred. Here, although the B neurotoxin is

silent and can thus be considered safe, removal of both toxins as well as removal of
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the complete toxin gene clusters was preferred for regulatory reasons. Hopefully,
creating strains that are essentially indistinguishable from C. sporogenes (a non-
pathogenic, category 1 organism) will aid the downregulation of these strains by the

UK regulatory body (HSE).

To generate the two safe strain configurations the toxins/gene clusters were
sequentially deleted as described in section 2.12.3, using the inducible CRISPR/Cas9
genome editing tool.**® Construction of the four plasmids that were used to create these
strains is outlined in section 2.11.3. Briefly, first four single mutants (AboNT/AL,
AboNT/B, ACIA and ACIB) were created. The deletions were confirmed by PCR in
three biological replicates from three independent conjugations for each strain using a
primer pair of which at least one primer annealed to the chromosome just outside the
editing templates (Figure 5.12). The primers flanking the full gene cluster only yield
a PCR product when the genes are deleted because the size of the WT product
exceeded the maximum capacity of the polymerase utilized. The plasmid was lost from
the selected mutants, as described in section 2.8, and the deletions were subsequently
verified by Sanger sequencing. The same steps were followed to create the double
mutants, starting from the three AboNT/B and ACIA strains. Unfortunately, for
unknown reasons isolation of the third AboNT/A1 AboNT/B double mutant was

unsuccessful.
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Figure 5.12 Deletion of boNT/Al, boNT/B, boNT/Al gene cluster (CIA) and
boNT/B gene cluster (CIA) in strain NCTC 2916. (A) PCR for three biological
replicates of NCTC 2916 AboNT/Al, AboNT/B and two biological replicates for
the double mutants alongside WT. Products were amplified using primers
boNT/A1-2916 LHAdel F2_Aatll and boNT/A1-2916 scr R2 (AboNT/Al) and
boNT/B-2916_LHAdel_F2_Aatll and boNT/B-2916_del_scr_R2 (AboNT/B).
Lane L: NEB 1 kb Plus DNA Ladder. (B) PCR for three biological replicates of
NCTC 2916 AboNT/Al, AboNT/B and the double mutants alongside WT.
Products were amplified using primers boNT/A1-2916_LHACIdel_F2_Aatll and
boNT/A1-2916_scr R2 (ACIA) and boNT/B-2916 LHACIdel F2_Aatll and
boNT/B-2916_Cldel_scr_R (ACIB). Lane L: NEB 1 kb Plus DNA Ladder. (C/D)
Schematic diagram of the targeted genomic region showing the primer binding
sites in the WT and mutant strains.
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To confirm that the basic phenotypic characteristics of the parent strain were not
affected by the deletions, the growth and sporulation/germination capacity of the
mutants was assessed as described in sections 2.9.2 and 2.9.4, respectively. The
growth profiles and the sporulation/germination capacities of all the mutant strains

were essentially identical to WT (Figure 5.13).

Although the generation and initial characterisation of the AboNT/A1 AboNT/B and
ACIA ACIB strains are pivotal first steps towards downregulation of these strains,
several additional experiments will be required to apply for an official downgraded
status. Future work should include whole genome sequencing, ELISA and/or Western
blot analysis and a mouse bioassay, as previously discussed for the ATCC 19397 safe
strains. Additionally, depending on the application of interest and the number of
additional mutations detected, further phenotypic characterisation might be necessary;
for example, to confirm that spore heat resistance, salt tolerance and growth

temperatures have not been compromised.
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Figure 5.13 Phenotypic characterisation of NCTC 2916 AboNT/Al, AboNT/B,
ACIA, ACIB and double mutants. (A) Growth profiles of AboNT/A1, AboNT/B,
ACIA, ACIB, double mutants and WT. Strains were cultured in TYG broth and
the ODsgs was monitored for 24 hours. Error bars represent the standard deviation
of three independent cultures for WT and of three biological replicates for the
mutants. (B) Sporulation/germination capacity of AboNT/Al, AboNT/B, ACIA,
ACIB and double mutants compared to WT. Strains were cultured in TYG broth
and samples were taken after 120 hours. Total CFU corresponds to the total cell
count (non-heat treated) and the spore CFU is the number of viable spores
withstanding a 15 min, 80°C heat treatment. Error bars represent the standard
deviation of three independent cultures for WT and of three biological replicates
for the mutants. The dotted line at 50 CFU/mI represents the detection limit. *
indicates only two biological replicates.
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5.4

Key outcomes

The ATCC 35027, ATCC 19397, 62A, Loch Maree and NCTC 2916
populations assessed in this study are all genetically stable and thus suitable

for a wide range of research applications.

The CFSAN064329 62A mutator population is genetically significantly
different from the NCTC 3805 62A non-mutator population and therefore they
should be considered individual strains. Preferably, future strain names include
a tag related to the functionality of their mut proteins, similar as proposed for

strain ATCC 3502 (i.e., 62A" and 62A", respectively).

The spoVA? operon is a major contributor to the high heat resistance of NCTC

2916 spores.

Stable non-toxigenic ATCC 19397 and NCTC 2916 strains were generated,
which were essentially indistinguishable from WT for the relevant phenotypic

characteristics examined.

Successful implementation of the theophylline inducible riboswitch-Cas9-
based editing tool to engineer type A C. botulinum strains. Moreover,
combining RiboCas with customised E. coli donor strains was demonstrated to
be a powerful strategy to efficiently modify chromosomal DNA in C.

botulinum.
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CHAPTER 6

General Discussion
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6.1  Summary of findings

The work presented in this thesis revolves around the aim of developing a universally
applicable strain engineering strategy to aid the creation of safe C. botulinum strains.
To successfully generate non-toxigenic mutants, foreign DNA uptake by the host,

genetic stability and efficient DNA manipulation tools are essential.

Building on previously published findings to establish and improve genetic
accessibility of a host, two approaches were attempted: (i) restriction system
inactivation, and; (ii) methylation mimicry.315-316.338 |nactivation of the type | REase
in C. botulinum ATCC 3502 proved to be an effective way to improve the conjugation
efficiency of plasmids harbouring the type | recognition site. However, inactivation of
a host’s restriction systems is only possible when there is an initial (low) level of
exogenous DNA uptake and therefore cannot be used for strains that are completely

inaccessible, such as ATCC 19397.

Methylation mimicry does not require engineering of the hosts and can thus
theoretically be used to circumvent the restriction barriers of any strain. Expression of
the MTases associated to the host’s restriction systems in the donor strain significantly
increased the efficiency of conjugative plasmid transfer into the C. botulinum type A
strains ATCC 3502 and ATCC 19397. Additionally, utilisation of the dcm- conjugal
donor strain sExpress improved conjugation efficiencies for strains 62A, Loch Maree

and NCTC 2916.

To fulfil the requirement that all phenotypic characteristics of the non-toxigenic strains
remain identical to WT, except toxicity, a stable genetic background is essential.
Previous efforts to create non-toxigenic ATCC 3502 strains in Nottingham failed due

to unexpected phenotypic changes, such as the loss of heat resistant spore formation,
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caused by the accumulation of a high number of random mutations throughout the
mutants’ genomes. In an attempt to circumvent the apparently unstable nature of
ATCC 3502 (IFR), a different ATCC 3502 stock, acquired via Unilever, was used to
create genetically modified strains. However, contrary to what was anticipated, whole
genome sequencing revealed that a majority of the mutants had acquired a high

number of random secondary mutations, independent of the genetic tool used.

To unveil the reason for this unusual genetic instability, potential mutator genes were
identified in ATCC 3502 and its full genome was compared to the genome of the
highly similar non-mutator strain ATCC 19397. An in-frame deletion in the mutL
gene, encoding a DNA mismatch repair protein, was identified and further
experimental characterisation of this mutation confirmed it is responsible for the
hypermutator phenotype of ATCC 3502. Furthermore, analysis of the various ATCC
3502 stocks led to the discovery that actually two distinct C. botulinum ATCC 3502
subpopulations exist; hypermutators with the AmutL231 genotype and normomutators
with a full mutL gene. Interestingly, the ATCC 3502 AmutL231 genotype has a relative
fitness advantage over the non-mutator ATCC 3502 genotype, despite its increased
load of deleterious mutations. Although it is not uncommon for mutators to reach
fixation in a population, they do so by hitchhiking along with beneficial mutations,
however, such a mutation could not be identified in the ATCC 3502 AmutL231

genotype.

Additionally, analysis of the original ATCC 3502 stocks received by the SBRC from
Quadram Institute (IFR), Unilever and NCTC confirmed that the mutator genotype
was already part of the population before the strain came to Nottingham. Moreover,
C. botulinum type A strains Hall and CFSAN064329 (62A) also carry mutator alleles.

Plausibly, the C. botulinum type A strains are poorly adapted to the laboratory
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environment and the mutator phenotype confers an advantage in the adapting

population.

In parallel to the investigation of ATCC 3502’s genomic instability, the type A strains
ATCC 19397, 62A, Loch Maree and NCTC 2916 were characterised with the aim of
finding more suitable strains for research purposes. All strains have relatively low
mutation rates and sporulate efficiently. Additionally, the spoVA?2 operon significantly
contributes to the formation of highly heat resistant spores. This knowledge could be
used to identify potentially interesting strains in the future to include in the safe strain

library for food challenge studies.

Finally, various stable non-toxicogenic ATCC 19397 and NCTC 2916 strains were
generated, which were essentially indistinguishable from WT for the relevant
phenotypic characteristics examined. Overall, this thesis demonstrates that solid basic
strain characterisation combined with customised E. coli donor strains and the
RiboCas genome editing tool constitutes a powerful strategy to efficiently generate C.

botulinum mutants.

6.2 Future perspectives

The limited number of genetic tools available to engineer C. botulinum, genetic
inaccessibility and mostly the stringent select-agent regulations have hampered C.
botulinum research progress. Replacing the toxigenic strains for non-toxic variants
would be a solution to the latter. To do so, however, efficient DNA transfer and
effective tools are required. This thesis sought to break this vicious circle to aid future

research.

Reliable and efficient DNA transfer is a prerequisite in order to perform site-directed

mutagenesis for the creation of safe strains. Unfortunately, a large number of strains
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are genetically inaccessible due to the various defence mechanisms they possess that
target incoming foreign DNA.3% Often, this is the first and also the most challenging
hurdle to overcome. Here, optimisation of the conjugal donor strain proved to be a
very effective method to circumvent host’s restriction barriers. To create such
‘personalised’ conjugal donors for a variety of hosts efficiently in the future, the
following four-step customisation pipeline has been proposed: (i) whole genome
sequencing of the recipient (using PacBio SMRT); (ii) identification of its restriction
systems (using REBASE); (iii) selection of an appropriate conjugal donor strain

(Dam/Dcm methylation profile), and; (iv) expression of relevant MTases in the donor.

The work presented in this thesis, however, only included a few type A strains with
similar restriction systems. The effectiveness of the employed strategy across the
highly diverse C. botulinum family, harbouring a wide variety of restriction systems,
is yet to be exemplified.> 1642308 |n particular, although the expression of the specific
MTases used in this study did not negatively impact the E. coli donor strain, the
expression of non-native MTases can be toxic to the donor cells. Placing the MTase
encoding genes downstream of an inducible promoter could mitigate toxicity effects,
depending on the level of toxicity. Nevertheless, based on the available literature, the
proposed four-step based approach will most likely be effective for a majority of

strains from the different C. botulinum groups.327-329 338

Furthermore, with the recent development of the RiboCas system and other, less
efficient, Cas9-based tools to manipulate DNA in vivo in various Clostridium spp.,
generation of the non-toxigenic strains should be relatively straightforward as soon as
DNA transfer has been established.!® 177227 Now it is ‘just’ a matter of finding the

right strains for the intended purpose.
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Although the non-toxigenic strains created in this study could be used in food
challenge studies, the absence of toxin makes it difficult to screen for potential growth.
At present, C. botulinum growth in food matrices is detected by screening for the
presence of neurotoxin.®2%-%2! Using a strain that produces a toxoid rather than a toxin
minus strain could be a solution. The methods available for the detection of
catalytically inactive toxin, such as ELISA, are however, generally less sensitive and
reliable than the methods used to detect catalytically active neurotoxin, such as the
mouse bioassay. To overcome the detection challenge, safe strains could be equipped
with a reporter. This concept has been explored by the Nottingham iGEM team; as a
proof of concept genes required for the expression of the volatile acetone were placed
downstream of the ntnh promoter (which is controlled by alternative sigma factor
BotR) and expressed in C. sporogenes together with botR and its native promoter.5?2
Future work could include the characterisation of different reporter systems in C.
botulinum and their subsequent evaluation in various food matrices. Such reporter
systems have great potential, also beyond food challenge studies; for example, to study

toxin regulation using alternative protein-based reporters (e.g., GusA and FAST).523

For other industrial applications, in particular for the pharmaceutical industry, the
toxin negative strains presented in this thesis could not only be used as a negative
control, but can also serve as a production platform for the expression of recombinant
toxins. Ideally, in these strains sporulation is abolished and new coding sequences can
be readily inserted into the chromosome. The latter could be achieved by replacing the
toxin gene (or full gene cluster) with a bookmark sequence, which contains a
CRISPR/Cas9 target site. At the bookmark position genetic material encoding BONT
derivatives can be inserted easily and efficiently.5'® Furthermore, as a safety feature,

these recombinant neurotoxins could be placed under the control of a tight inducible
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system with a wide dynamic range, such as the RiboLac, specifically developed for
Clostridia spp.?? Toxin production will be switched OFF during, for example, the
strain generation process or transport and will only be switched ON when toxin

production is desired.

Although few research group study C. botulinum, over the years a number of different
researchers have worked with this organism extensively. It is, therefore, quite
surprising that this is the first study revealing the rapid degeneration of strains of this
organism. Evidently, these findings might have a significant impact on our current
understanding of C. botulinum, affecting both the industrial and scientific
communities. To highlight this, it is possible that previously published studies have
employed degenerated strains whose associated phenotypes may differ compared to
those of naturally occurring WT strains. In particular results obtained from studies
where the experimental set-up required strong bottlenecks, such as single colony
stages to isolate mutants. These population ‘representatives’ might be more different
from the original WT than initially meets the eye. Therefore, previously published

results with this organism should be henceforth considered with caution.

Worse yet, there is a risk that botulinum toxin production strains might be
(hyper)mutators, potentially impacting unpredictably the quality and safety of
products destined for human administration. With the neurotoxin not being essential
for cell survival in laboratory conditions it is not inconceivable that occasionally
mutations occur in the neurotoxin protein, changing its catalytic properties. Extensive
quality control should identify batches with altered activity levels and ensure product
safety. Nonetheless, producing neurotoxin with a mutator strain will affect the
products homogeneity and potentially its efficacy. Especially because of the very low

dosage required and the inherent increased risk of small product variations.
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In addition, these findings emphasize the importance of storing strains appropriately,
to prevent the emergence and establishment of such phenotypes within a given cellular
population. One should always keep in the back of their mind that within a bacterial
population there might be significant differences between individual cells that are
continuously evolving. Inherently, a WT genome is merely the sum of all the most
common alleles of each locus at a given time point, hence defining a ‘new” WT
genome for strain ATCC 3502 should be done carefully. A population solely
consisting of non-mutators can be obtained by selecting a single colony, however, this
raises the question, which colony do we decide to be our future WT? In this thesis, a
‘new’ non-mutator WT genome for strain ATCC 3502 is proposed, using the highly
similar strains ATCC 19397 and 62A as a reference whenever the nucleotide call was
not clear-cut. Furthermore, the ATCC 3502° and CFSANO064329 62A mutator
populations are genetically significantly different from the non-mutator populations
and should therefore be considered individual strains. Preferably, future strain names
include a tag related to the functionality of their mut proteins (i.e., strain™ and strain®)
to prevent future confusion. Moreover, all institutions that hold any of the potential
mutator strains should check their stocks and if the strain happens to be the mutator
variant, it would be advisable to reflect on how its genetic instability might have

affected past research and if it has any implications for product safety and reliability.

Although the existence of these mutators is mostly ‘inconvenient’ it is also a very
interesting research opportunity. These findings prompt one to wonder whether C.
botulinum is generally prone to these genetic changes and, primarily, what is the
reason behind such a propensity. It is still unclear whether the mutator allele
hitchhiked to fixation or if it confers a fitness advantage on its own. In addition, this

study only focused on type A strains, but leaves one wondering if this is just common
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among Group 1 strains or if mutator genotypes also frequently occur in the other C.

botulinum groups.

6.3  Concluding remarks

It is evident that there are plenty of exciting opportunities that could be pursued in the
future, which would benefit from - easy to work with - safe strains. The mutants
presented here provide a safe alternative for fundamental research studies as well as
for food challenge tests. However, to study these organisms in a less restricted
laboratory environment the regulatory authorities need to officially recognise that
these attenuated strains no longer pose a severe threat to public health and safety. To
ultimately prove their safety mouse bioassays will have to be performed in the future.
Although the assays to confirm the strains’ lack of toxicity are yet to be performed,
based on current literature there is no reason to assume that these experiments will
prove otherwise. Furthermore, several BoNT toxoids and the amino acids that encode
them are already excluded from the requirements of the select agent regulations by the
Federal Select Agent Program of the CDC and US Department of Agriculture (USDA;
Select Agents and Toxins Exclusions: Nontoxic HHS toxins; section 73.3 (d)(2)). It is
therefore realistic to anticipate that non-toxigenic C. botulinum strains, such as created
in this study, will indeed get downgraded to a Group 1 (or equivalent) organism by the

relevant regulatory authorities, and replace the toxigenic ancestors in future research.
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Bacterial strains

Table A 1 List of E. coli strains used in this study

Strain Description Source

TOP10 F- mcrA A(mrr-hsdRMS-mcrBC) ¢80lacZAM15 AlacX74 nupG recAl araD139 A(ara-leu)7697 galE15 Invitrogen
galK16 rpsL(Str") endAl A

CA434 KanR; E. coli HB101 harbouring R702 (F mcrB mrr hsdS20(rB- mB-) recA13 leuB6 ara-14 proA2 lacY1l Williams et al., 1990
galK2 xyl-5 mtl-1 rpsL20(Smr) ginV44x")

CA434 pM-JTI AprR; CA434 harbouring plasmid pM-JTI this study

CA434 pM-JTII AprR; CA434 harbouring plasmid pM-JTII this study

CA434 pM-JTI+TII AprR; CA434 harbouring plasmid pM-JTI+TII this study

CA434 pM-BTI AprR; CA434 harbouring plasmid pM-BTI this study

CA434 pM-BTII AprR; CA434 harbouring plasmid pM-BTII this study

RE-CA434 CmR; pKD46 lambda red recombineering plasmid Rodrigues, 2018 (unpublished)

CA434 R702TI+TII KanR/AprR; CA434 harbouring the recombineered R factor R702TI+TlI this study

Stellar F-, endAl, supE44, thi-1, recAl, relAl, gyrA96, phoA, ®80d lacZA M15, A(lacZYA-argF) U169, A(mrr- Clontech

InterStellar

InterStellar pM-JTI+TII

RE-InterStellar
InterStellar R702apr

InterStellar R702TI+TII

HB101
HB101 R702
HB101 R702TI+TlI

hsdRMS-mcrBC), AmcrA, A~

Stellar harbouring R factor R702

Apr®; InterStellar harbouring pM-JTI1+TII

CmR; InterStellar harbouring pKD46 lambda red recombineering plasmid
KanR/AprR; InterStellar harbouring the recombineered R factor R702apr
KanR/AprR; InterStellar harbouring the recombineered R factor R702TI1+TII

(F mcrB mrr hsdS20(rB- mB-) recAl3 leuB6 ara-14 proA2 lacY1 galK2 xyl-5 mtl-1 rpsL20(Smr) ginV44))

KanR: HB101 harbouring R factor R702
KanR/AprR; HB101 harbouring the recombineered R factor R702TI1+TII

Millard, 2016 (unpublished)
this study

Millard, 2017 (unpublished)
Mansfield, 2018 (unpublished)
this study

unknown

this study

this study



G8¢

SExpress KanR; E. coli NEB Express harbouring R702 (fhuA2 [lon] ompT gal sulA11 R(mcr-73::miniTn10-TetS)2

[dem] R(zgb-210::Tn10-TetS) endAl A(mcrC-mrr)114::1S10)

Woods et al., 2019

LE392 hsdR514(rk~ mk*) gInV(supE44) tryT(supF58) lacY1 or A(laclZY)6 galK2 galT22 metB1 trpR55 Promega
Table A 2 List of C. botulinum strains used in this study

Strain Description Source

General

C. botulinum ATCC 3502*" (Unilever) wildtype isolate (mixed population) Unilever UK

C. botulinum ATCC 3502* non-mutator isolate from ATCC 3502*" (Unilever) this study

C. botulinum ATCC 3502 mutator isolate from ATCC 3502*" (Unilever) this study

C. botulinum ATCC 3502 (IFR) wildtype isolate Peck, IFR (Quadram Institute)

C. botulinum NCTC 13319 wildtype isolate NCTC

C. botulinum ATCC 19397 wildtype isolate NCTC

C. botulinum 62A wildtype isolate NCTC

C. botulinum Loch Maree wildtype isolate NCTC

C. botulinum NCTC 2916 wildtype isolate NCTC

Chapter 3

C. botulinum ATCC 3502 Unilever hsdR1600s::CT ClosTron inserted in hsdR gene; ErmR this study

Chapter 4

C. botulinum ATCC 3502 (IFR) pyrE-

C. botulinum ATCC 3502 (IFR) AboNT/Al pyrE-
C. botulinum ATCC 3502 (IFR) AboNT/Al

C. botulinum ATCC 3502 (IFR) ACIA pyrE-

C. botulinum ATCC 3502 (Unilever) pyrE-

pyrE deficient mutant via ACE
boNT/AL deletion in pyrE deficient strain via ACE
boNT/AL deletion in pyrE restored strain via ACE

botulinum neurotoxin gene cluster deletion in pyrE deficient strain via ACE

pyrE deficient mutant via ACE

Humphreys, 2013 (unpublished)
Humphreys, 2013 (unpublished)
Humphreys, 2013 (unpublished)
Humphreys, 2013 (unpublished)
this study
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C. botulinum ATCC 3502 (Unilever) AboNT/Al boNT/AL deletion via CRISPR/Cas9 this study

C. botulinum ATCC 19397 AmutL231 231 bp deletion in mutL via CRISPR/Cas9 this study

C. botulinum ATCC 19397 AmutL231°c™ complementation of 231 bp deletion in mutL via CRISPR/Cas9 this study

C. botulinum ATCC 19397 AmutL mutL deletion via CRISPR/Cas9 this study

C. botulinum ATCC 19397 AmutLc™P complementation of mutL deletion via CRISPR/Cas9 this study

C. botulinum ATCC 3502 (IFR) agrD1::CT ClosTron inserted in agrD1 gene; ErmR Cooksley et al., 2010
C. botulinum ATCC 3502 (IFR) agrD2::CT ClosTron inserted in agrD2 gene; ErmR Cooksley et al., 2010
C. botulinum ATCC 3502 (Unilever) SleB::CT ClosTron inserted in SleB gene; ErmR Meaney et al., 2015
C. botulinum ATCC 3502 (Unilever) CwlJ::CT ClosTron inserted in CwlJ: gene; ErmR Meaney et al., 2015
C. botulinum ATCC 3502 (Unilever) YpeB::.CT ClosTron inserted in YpeB gene; ErmR Meaney et al., 2015
C. botulinum ATCC 3502 (Unilever) CBO1789::.CT ClosTron inserted in CBO1789 gene; ErmR Meaney et al., 2016
C. botulinum ATCC 3502 (Unilever) CBO1790::CT ClosTron inserted in CBO1790 gene; ErmR Meaney et al., 2016
C. botulinum ATCC 3502 (Unilever) CBO3048::CT ClosTron inserted in CBO3048 gene; ErmR Meaney et al., 2016
C. botulinum ATCC 3502 (Unilever) CBO3145::CT ClosTron inserted in CBO3145 gene; ErmR Meaney et al., 2016
Chapter 5

C. botulinum NCTC 2916 AspoVA? spoVA? deletion via CRISPR/Cas9 this study

C. botulinum ATCC 19397 AboNT/Al boNT/AL deletion via CRISPR/Cas9 this study

C. botulinum ATCC 19397 ACIA botulinum neurotoxin gene cluster type A deletion via CRISPR/Cas9 this study

C. botulinum ATCC 19397 iboNT/A1RY toxoid; R363A/Y366F mutations in boNT/Al via CRISPR/Cas9 this study

C. botulinum NCTC 2916 AboNT/Al boNT/Al deletion via CRISPR/Cas9 this study

C. botulinum NCTC 2916 AboNT/B boNT/B deletion via CRISPR/Cas9 this study

C. botulinum NCTC 2916 AboNT/A1 AboNT/B boNT/Al boNT/B deletion via CRISPR/Cas9 this study

C. botulinum NCTC 2916 ACIA botulinum neurotoxin gene cluster type A deletion via CRISPR/Cas9 this study

C. botulinum NCTC 2916 ACIB botulinum neurotoxin gene cluster type B deletion via CRISPR/Cas9 this study

C. botulinum NCTC 2916 ACIA ACIB botulinum neurotoxin gene cluster type A and B deletion via CRISPR/Cas9 this study
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I1. Plasmids

Table A 3 List of plasmids used in this study

Plasmid Description Source

General

pMTL83151 CmR/TmR; catP, pCB102/ColE1+tra replicons, MCS SBRC
pMTL431511 CmR/TmR; catP, pCB102/ColE1+tra replicons, Psx-fscas9, Parae Ingle et. al., 2019

pRECasl-MSC
pRECas2-MSC

CmR/TmR; catP, pCB102/ColE1+tra replicons, P *E-cas9, Parae
CmR/TmR; catP, pCB102/ColE1+tra replicons, Ps*E-cas9, Pisi1e

Cafiadas et al., 2019
Cafadas et al., 2019

R702 KanR/StrpR; conjugative multidrug resistant plasmid (R factor) SBRC

Chapter 3

RBV1 ErmR/AprR; ermB, apr, ColE1 replicon, Pgap-araC, HAs aadAl Mansfield, 2018 (unpublished)
RBV1-BTI+TII ErmR/AprR; targeting aadAl locus R702 and inserting Pgap-araC/CLB_RS13900/hsdM/hsdS this study

pKD46 CmR; Lambda Red recombinase expression plasmid Datsenko & Wanner, 2000
pMTL83151-R1 CmR; ATCC 19397 type | RM system recognition site R1 this study
pMTL83151-R2 CmR; ATCC 19397 type | RM system recognition site R2 this study
pMTL83151-R1+R2 CmR; ATCC 19397 type | RM system recognition site R1 and R2 this study
pMTLO07C-E2-hsdR-1600s CmR/TmR; ClosTron plasmid; catP, ColE1+tra/pCB101 replicon, group Il intron targeting hsdR ATUM
(pMTLO07C-E2:240608) C. botulinum ATCC 3502

pM-JTI AprR; apr, pBBR1 replicon, Pysi05-hsdM/hsdS this study

pM-JTII AprR; apr, pBBR1 replicon, Pysi05-hsdM/hsdS this study

PM-JTI+II AprR; apr, pBBR1 replicon, Pysi0s- CLB_RS13900/hsdM/hsdS this study

pM-BTI AprR; apr, pBBR1 replicon, Pgap-araC/hsdM/hsdS this study

pM-BTII AprR; apr, pBBR1 replicon, Pgap-araC/CLB_RS13900 this study

R702TI+TII Kan®/AprR; Pgap-araC/CLB_RS13900/hsdM/hsdS at aadAl locus this study
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pPMTL-CH12 CmR/TmR; catP, pCD6/ColE1+tra replicons; ACE plasmid for the creation of pyrE-in C. botulinum Humphreys, 2013 (unpublished)
ATCC 3502
pMTL431511 boNT/Al-G1 CmR/TmR; CRISPR/Cas9 plasmid for the deletion of boNT/AL in C. botulinum ATCC 3502 this study
pRECas2-mutL-G1d CmR/TmR; CRISPR/Cas9 plasmid for the deletion of mutL in C. botulinum ATCC 19397 this study
pRECas2-mutL231-G1d CmR/TmR; CRISPR/Cas9 plasmid for the deletion of 231 bp in mutL in C. botulinum ATCC 19397 this study
pRECas2-mutL_comp-G2c CmR/TmR; CRISPR/Cas9 plasmid for the insertion of mutL in C. botulinum ATCC 19397 AmutL at this study
the mutL locus
pRECas2-mutL_comp-Glc CmR/TmR; CRISPR/Cas9 plasmid for the insertion of mutL in C. botulinum ATCC 19397 AmutL231 this study
at the mutL locus
Chapter 5
pRECasl-spoVA2-G1 CmR/TmR; CRISPR/Cas9 plasmid for the deletion of spoVA? in C. botulinum NCTC 2916 this study
pMTL-CH15 CmR/TmR; catP, pCD6/ColE1+tra replicons; ACE plasmid for the deletion of the neurotoxin gene Humphreys, 2013 (unpublished)

pRECas1-19 _boNT/Al-G1
pRECasl1-19_CIA-G1

pRECas1-19 toxoid_P-G1

pRECas1-29 boNT/Al-G1
pRECas1-29 boNT/B-G1
pRECasl1-29 CIA-G1

pRECas1-29 CIB-G1

cluster in C. botulinum ATCC 3502
CmR/TmR; CRISPR/Cas9 plasmid for the deletion of boNT/AL in C. botulinum ATCC 19397

CmR/TmR; CRISPR/Cas9 plasmid for the deletion of neurotoxin gene cluster in C. botulinum ATCC
19397

CmR/TmR; CRISPR/Cas9 plasmid for mutating R363A/Y366F in boNT/Al in C. botulinum ATCC
19397

CmR/TmR; CRISPR/Cas9 plasmid for the deletion of boNT/A1 in C. botulinum NCTC 2916
CmR/TmR; CRISPR/Cas9 plasmid for the deletion of boNT/B in C. botulinum NCTC 2916

CmR/TmR; CRISPR/Cas9 plasmid for the deletion of neurotoxin gene cluster A in C. botulinum
NCTC 2916

CmR/TmR; CRISPR/Cas9 plasmid for the deletion of neurotoxin gene cluster B in C. botulinum
NCTC 2916

this study
this study

this study

this study
this study
this study

this study
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IV. Primers

Table A 4 List of primers used in this study

Primer Sequence Description

General

M13F TGTAAAACGACGGCCAGT screening/sequencing
M13R CAGGAAACAGCTATGACC screening/sequencing
ColE1-F1 CGTATTACCGCCTTTGAGTG screening/sequencing
MCS-R1 GGTCATAGCTGTTTCCTG screening/sequencing
pCB102-R1 CTGTTATGCCTTTTGACTATC screening/sequencing
83XXXL_R ACGGCTTGATGTGTTGGTAG screening/sequencing
pl5a+tra-F1 GGGTTCGTGTAGACTTTCC screening/sequencing
ParaE_F ATATATTCTAGATTTATATTTAGTCCCTTGCC screening/sequencing

SgRNA_R_Aatll_Universal

GTATCAGACGTCATAAAAATAAGAAGCCTGCAAATGCAGGCTT
CTTATTTTTATAAAAAAAGCACCGACTCGGTGCCACTTTTTCAA
GTTGATAACGGACTAGCC

sgRNAs universal reverse primer
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TI_R1_Cas9_F TATGCTAAATACGATGAAGC RM type | recognition site R1 ATCC 19397
TI_R1 Cas9 R GGCCGCTTCATCGTATTTAGCA RM type | recognition site R1 ATCC 19397
TI_R2_Cas9_F TATGCTAGTCATTATGAAGC RM type | recognition site R2 ATCC 19397
TI_R2_Cas9_R GGCCGCTTCATAATGACTAGCA RM type | recognition site R2 ATCC 19397

TI-R1+2_Cas9_Ndel_F
TI-R1+2_Cas9_Notl_R

Cbot_T1R_F

GCTATACATATGCTAAATACGATGAAAATGATAAACTTATTCG

GCATATGCGGCCGCTTCATAATGACTAGCTAAATATAAAAAATT
CAC

GATTTAATTATTGTTGATGAATCCCATAGAAG

RM type | recognition site R1+R2 ATCC 19397
RM type | recognition site R1+R2 ATCC 19397

screening/sequencing hsdR deletion ATCC 3502
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Chot_T1R_R
RE_F

RE_R

RE_LHA_F
RE_RHA R

CLB-RS13900_F Bsal
CLB-RS13900_R_Bsal
CLB-RS03505_F Bsal

CLB-RS03510_R_Bsal

CLB_RS03505_S1 R
CLB_RS03510_S1 R
CLB_RS03510_S2_R
T-B0014_F_Notl

T-B0014_R_Ascl

T-B0010_F_Sbfl

T-B0010_R_Xbal

pBBR1_F_Ascl

GCCACTGATTAATAGCAGAACTGTA
GCCATTCAGAGAAGAAACCAATTG

ATTCAGAATGCCGAACACC

TTCTACGGCACGTTTGAAGGCGCGC
GCAGCGACTTCCACGATGGG
GAATTCGGTCTCGCATTCCCAAAAAAACGGGTATG
GTACTTGGTCTCTCCCCCTTATAGATTAACATTACATTCTACAC

GTATCTGGTCTCTGGGGTATAACTAATGATGGAGGAAACATAAT
GATTAC

GTACTTGGTCTCTATCGCTATTTAATTAAACAACTCTCCTTTAAA
TGC

GCAAGTACTAGAGTATATTTTTCACTGTCC
CTGGAAATCCCCTTTTCATCCAAG
GTTAATATATCTCCTAATTCGCACAAC

GTAACTGCGGCCGCTCACACTGGCTCACCTTCGGGTGGGCCTTT
CTGCGTTTATATACTAGAGAGAGAATATAAAAAGCCAGATTATT
AATCCGGCTTTTTTATTATTT

GTATTAGGCGCGCCAAATAATAAAAAAGCCGGATTAATAATCT
GGCTTTTTATATTCTCTCTCTAGTATATAAACGCAGAAAGGCCC
ACCCGAAGGTGAGCCAGTGTGA

GATTATCCTGCAGGCCAGGCATCAAATAAAACGAAAGGCTCAG
TCGAAAGACTGGGCCTTTCGTTTTATCTGTTGTTTGTCGGTGAAC
GCTCTC

GATACTTCTAGAGAGAGCGTTCACCGACAAACAACAGATAAAA
CGAAAGGCCCAGTCTTTCGACTGAGCCTTTCGTTTTATTTGATG
CCTGG

GATATTGGCGCGCCCGTGCTACGCCTGAATAAGTGATAATAAG

screening/sequencing hsdR deletion ATCC 3502

screening/sequencing recombineering cassette
insertion in R702

screening/sequencing recombineering cassette
insertion in R702

amplification recombineering cassette
amplification recombineering cassette
CLB-RS13900 ATCC 19397
CLB-RS13900 ATCC 19397
CLB-RS03505 (hsdM) ATCC 19397

CLB-RS03510 (hsdS) ATCC 19397

sequencing
sequencing
sequencing
terminator BO014

terminator B0014

terminator B0010

terminator B0010

replicon pBBR1
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pBBR1_R_Fsel GTATATTGGCCGGCCCTGAGGTCTGCCTCGTGAAG replicon pBBR1

Apr_F _Fsel GTATATTGGCCGGCCGTGCAGCTCCATCAGCAAAAG apramycin resistance gene

Apr_R_Sbfl TTTTATCCTGCAGGTCAGCCAATCGACTGGCGAG apramycin resistance gene

CLB-RS03505_F_Bsal2 GTATCTGGTCTCGAATGTATAACTAATGATGGAGGAAACATAAT CLB-RS03505 (hsdM) ATCC 19397
GATTAC

CLB-RS03510_R_Notl GATATTAGCGGCCGCGTAAAACGACGGCCAGTCTATTTAATTAA CLB-RS03510 (hsdS) ATCC 19397
ACAACTCTCCTTTAAATGC

CLB-RS13900_R_Notl GATATTAGCGGCCGCCGTAAAACGACGGCCAGTCCCCTTATAG  CLB-RS13900 ATCC 19397
ATTAACATTACATTCTACAC

PBAD_R_Bsal GAATTCGGTCTCGCATTCCCAAAAAAACGGGTATG inducible promoter system Pgap-araC

araC_R_Xbal GATCAATCTAGACAGGAAACAGCTATGACTTATGACAACTTGA  inducible promoter system Pgap-araC
CGGCTACATCATTCAC

PJ23105_F Xbal GATCAATCTAGACAGGAAACAGCTATGACTTTACGGCTAGCTC Pj23105
AGTCCTAGGTACTATGCTAGC

PJ23105_R_Bsal GAATTCGGTCTCGCATTGCTAGCATAGTACCTAGGACTGAGCTA  Pjsi0s
GCCGTAAA
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ChopyrE/Fd CCGGTTATAGGTATAGGAGG screening/sequencing pyrE truncation

boNT/ALl scr_F GTTTTCAATATGATAGATTCTAATGGAAATG screening/sequencing boNT/A1 deletion

boNT/Al scr R CGAAGAATGAAGTTGAATATAAACAG screening/sequencing boNT/A1 deletion

boNT/A1_RHA_F AAATATGCCACCACTGTAATTAATCTCAAACTAC RHA boNT/A1 deletion ATCC 3502

boNT/A1_ RHA R_Ascl ATATCTGGCGCGCCCGCATTTACAGATTAATGAAG RHA boNT/Al deletion ATCC 3502

boNT/A1_LHA AsiSI_F GTATACGCGATCGCGGCACTATATAACTATATCTGTAGATCG LHA boNT/Al deletion ATCC 3502

boNT/A1_LHA R ATTACAGTGGTGGCATATTTAACACCTCTTA LHA boNT/A1l deletion ATCC 3502

sgRNAL boNT/Al F_Sall TTTTCGTCGACGTTAACAGAGATTTACACAGGTTTTAGAGCTAG  sgRNA targeting boNT/A1 ATCC 3502

AAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAA
AAGTGGCACCGAGTCGGTGC
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sgRNA_R_AsiSI

mutL_F_scr
mutL_R_scr
mutL_del-sp_scr
mutL_full-sp_scr
mutL_F2_scr-del
GdlmutL_Spel F

Glc CLB-RS08580_Spel F

G2c_CLB-RS08580_Spel_F

mutL_LHA F_Aatll

mutL_LHA R _Bsal
mutL_RHA_F_Bsal
mutL_RHA_R_Ascl

mutL_LHAdel231_F_Aatll
mutL_LHAdel231 R _Bsal

mutL_RHAdel231_F Bsal

CGCGCGCGGCGATCGCATAAAAATAAGAAGCCTGCAAATGCAG
GCTTCTTATTTTTATAAAAAAAGCACCGACTCGGTGCCACTTTTT
CAAGTTG

CTTTATATAATAGATCAACATGCGGCTCATG
GTAGGTCTTCCATGGGGACAAG
GCATGTCTTCTATTAATTTAAAAATATCCTTG
CTTTAACTGCGGATTTGCATGC
GGTAATAATATAAATAAACTACCTAACAATACAGAACTTC

GTATCAACTAGTGTTGTCATTAGCTTTAACTGGTTTTAGAGCTA
GAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAA
AAAGTGGCACCGAGTCG

GTATCAACTAGTCCATAATAGCAGGAGGTACAGTTTTAGAGCTA
GAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAA
AAAGTGGCACCGAGTCG

GTATCAACTAGTATAAATTTGCATAGAGTCAGGTTTTAGAGCTA
GAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAA
AAAGTGGCACCGAGTCG

GTAGCCGACGTCGCTAATATTTCTATATGTGATAAGATATTTAC
AAGAATAG

GCTACTGGTCTCAGTATCCTCATTTAAATCACCACATAGC
GCTATGGTCTCCATACAATGAGGGGGATAAGGAAAAATG

GTTCATGGCGCGCCCTTATTCTTATATAATTCTATAAATAAATTA
AAAATCCTTTTAATTC

GTAGCCGACGTCCAATAAGTGAAAACCTTATAAACTTCGAAAG

GCTACTGGTCTCAATTTAAAAATATCCTTGTTTTCTTCGTATATA
TTAAATTCATC

GCTATGGTCTCCAAATTAATAGAAGACATGCTTATATTAAATAA
TCC

sgRNA universal reverse primer

screening/sequencing mutL231 deletion
screening/sequencing mutL231 deletion
screening/sequencing mutL231 deletion specific
screening/sequencing full mutL specific
screening/sequencing full mutL

sgRNA targeting mutL

sgRNA targeting CLB-RS08580 for
complementation mutL231 ATCC 19397

SgRNA targeting CLB-RS08580 for
complementation mutL ATCC 19397

LHA full mutL deletion ATCC 19397

LHA full mutL deletion ATCC 19397
RHA full mutL deletion ATCC 19397
RHA full mutL deletion ATCC 19397

LHA mutL231 deletion ATCC 19397
LHA mutL231 deletion ATCC 19397

RHA mutL231 deletion ATCC 19397
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mutL_RHAdel231_R_Ascl GTTCATGGCGCGCCGATCTTTTATCTTTTCTAAACCAAGTAAGTT RHA mutL231 deletion ATCC 19397

G

mutL_Comp_Gl1c_R_Bsal GCTACTGGTCTCATAATGGGCAACTTTCCTCTGTTCCATATATC LHA mutL complementation in mutL locus with

silent mutations in the SEED sequence ATCC
19397

mutL_Comp_Glc_F_Bsal GCTATGGTCTCCATTATTGCTGGTGGAACTGGTTTATATATTAAT  RHA full mutL insertion in mutL locus with silent
TCTTTAATATACAATTATGATTTTACAGATGCAGATAG mutations in the SEED sequence ATCC 19397

mutL_Comp_G2c_R_Bsal GCTACTGGTCTCACTGATATTATCTCTCCATTTAGTTTTTCTGCA  LHA full mutL insertion in mutL locus with silent
AGTTTTATG mutations in the SEED sequence ATCC 19397

mutL_Comp_G2c_F_Bsal GCTATGGTCTCCTCAGCAGATAGTATGCAGATATACAAATACAT  RHA full mutL insertion in mutL locus with silent
GGATATAGGTTCAGCCAAAATAAC mutations in the SEED sequence ATCC 19397

mutL_F_scr-del GCAGGTAGCCCTAATTACAATTATGG screening/sequencing full mutL deletion

mutL_R_scr-del CAACTTTAGTCATATAACCTTTCCCTC screening/sequencing full mutL deletion

mutL_S1 F CAATATGACCCCAATGGAAG Sequencing mutL
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rpoB_scr_F1 GAGAAGCTATAAAAGCTAAGTTAGAAG sequencing rpoB

rpoB_scr_F2 AGTAAGCCAATTAGTTAGATCACCAG sequencing rpoB

rpoB_scr_F3 AGAAGATATATATGCTACCATAAATTATG sequencing rpoB

rpoB_scr_F4 GCAACTGCAATGATACCATTCC sequencing rpoB

rpoB_scr_F5 GAGTTAATAAATTAGTTAGATGCTATATAGCTC sequencing rpoB

rpoB_scr_R1 CTGGTGAAGCTAAACCTATTTG sequencing rpoB

GlspoVA2D_Sall_F TTTTCGTCGACAAAGACCACCTACTGCTCAGGTTTTAGAGCTAG  sgRNA targeting spoVA? NCTC 2916
AAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAA
AAGTGGCACCGAGTCGGTGC

G2spoVA2D_Sall_F TTTTCGTCGACTGGAGCAGCTATGGCACCAGGTTTTAGAGCTAG  sgRNA targeting spoVA2 NCTC 2916
AAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAA
AAGTGGCACCGAGTCGGTGC

SpoVA2_LHA_F2_Aatll GTATATGACGTCCCGTATAAGTCATATCCTGCTTTTCTC LHA spoVA? deletion NCTC 2916
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spoVA2_LHA R2_Bsal

spoVA2_RHA_F2_Bsal
spoVA2_RHA _R_Ascl
spoVA2del_scr_R
spoVA2del_scr_F2
G1boNT/A1_F_Sall

G1boNT/B_F_Sall

boNT/Al_LHA_Aatll_F

boNT/AL_ClDel_Aatll_F

boNT/Al-toxoid_LHA_Aatll_F
MutboATox_R_P

MutboATox_R_S
MutboATox_R_PS
MutboATox_F P
MutboATox_F_S2
MutboATox_F PS

boNT/ATox_Ascl_R

GTATATGGTCTCTCTTTAATAAATAATTAATATACTCCCATATCT
AGTTAAATTTATATTTTATAG

GTATATGGTCTCTAAAGGTTAAGCATATGAAAAAATATGTTAC
GATATAGGCGCGCCCTTAAGCTTTGCCAGTCGTGAAG
GCTGCTTGTGTTGTAGATGCAGG
CTCATTTACAACTCTTATGCCACC

TTTTCGTCGACGTTAACAGAGATTTACACAGGTTTTAGAGCTAG
AAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAA
AAGTGGCACCGAGTCGGTGC

TTTTCGTCGACGCAAGTATATTTAATAGACGGTTTTAGAGCTAG
AAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAA
AAGTGGCACCGAGTCGGTGC

GTACTAGACGTCGGCACTATATAACTATATCTGTAGATCG

GTACTAGACGTCGATATTTAGTTATACTTATTTTGATTATACTAC
C

GTACTAGACGTCGGAATACCATTTTGGGGTGGAAG

CTTCTGTGTAAATCTCTGTTAACATTTTGTATAACTTATCAAATT
TTAATTTATC

CCTCAGTATAAATCTCAGTAAGCATTTTGTATAACTTATCAAAT
TTTAATTTATC

CTTCAGTATAAATCTCAGTAAGCATTTTGTATAACTTATCAAAT
TTTAATTTATC

GTTAACAGAGATTTACACAGAAGATAATTTTGTTAAGTTTTTTA
AAGTACTTAACGCTAAAACATTTTTGAATTTTGATAAAG

GCTTACTGAGATTTATACTGAGGATAATTTTGTTAAGTTTTTTAA
AGTACTTAACGCTAAAACATTTTTGAATTTTGATAAAG

GCTTACTGAGATTTATACTGAAGATAATTTTGTTAAGTTTTTTAA
AGTACTTAACGCTAAAACATTTTTGAATTTTGATAAAG

ATATCTGGCGCGCCCATATACTAATTGTTCTACCCAGC

LHA spoVA? deletion NCTC 2916

RHA spoVA? deletion NCTC 2916
RHA spoVA? deletion NCTC 2916
screening/sequencing
screening/sequencing

SgRNA targeting boNT/Al (ATCC 19397/NCTC
2916)

SgRNA targeting boNT/B

LHA boNT/Al deletion ATCC 19397
LHA CIA deletion ATCC 19397

LHA boNT/Al toxoid ATCC 19397

LHA boNT/A1 toxoid ATCC 19397 with a silent
mutation in the PAM sequence

LHA boNT/A1 toxoid ATCC 19397 with a silent
mutation in the SEED sequence

LHA boNT/A1 toxoid ATCC 19397 with a silent
mutation in the PAM and SEED sequence

RHA boNT/Al toxoid ATCC 19397 with a silent
mutation in the PAM sequence

RHA boNT/A1 toxoid ATCC 19397 with a silent
mutation in the SEED sequence

RHA boNT/A1 toxoid ATCC 19397 with a silent
mutation in the PAM and SEED sequence

RHA boNT/A1 toxoid ATCC 19397
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boNT/Al scr F

boNT/Al scr R
boNT/A1_Cldel_scr_F
boNT/Al-toxoid_scr R
boNT/A1-2916_LHAdel F2_Aatll

boNT/A1-2916_LHAdel_R_Bsal

boNT/A1-2916_RHA_F_Bsal
boNT/A1-2916_RHA_R2_Ascl

boNT/B-2916_LHAdel_F2_Aatll
boNT/B-2916_LHAdel_R_Bsal

boNT/B-2916_RHAdel_F_Bsal
boNT/B-2916_RHAdel_R2_Ascl
boNT/A1-2916_LHACIdel_F_Aatll
boNT/A1-2916_LHA-Cldel_R_Bsal

boNT/A1-2916_RHA_F_Bsal
boNT/A1-2916_RHA_R_Ascl

boNT/B-2916_LHACIdel_F_Aatll

boNT/B-2916_LHA-Cldel_R_Bsal

GTTTTCAATATGATAGATTCTAATGGAAATG
CGAAGAATGAAGTTGAATATAAACAG
TATTGCTAATTTCTGATATTAAAGGTC
GGCTTTATCAAAATTCAAAAATGTTTTAGC

GTATATGACGTCACTTGATGAGGTAATAATTTCTGTATTAGATA
ATATGG

GTATATGGTCTCAGTGGTTGCATATTTAACACCTCTTATAATATT
TAAAATTAATTAAATTATTAATTATTTAAATG

GTATATGGTCTCACCACTGTAATTAATCTCAAACTACATGAG

GTATATGGCGCGCCCCTAAATTTTTCTCATAGTTATATCTTTCAT
AATAAAAAAGAAAATGTATG

GATATAGACGTCGGGATGAAGGAGTAGTTTGTTTATTAGGAG

GATATGGTCTCACAGTTGGCATAAATATTCTCCTCCTTATTTTAA
GTTTATATCC

GATATTGGTCTCAACTGAATAATATAACTATATGCTCAGCAAAC
C

GATATAGGCGCGCCCAAAATATGATTTTGGTTTTTCTTCATAAC
CTGCAG

GTATATGACGTCGTCTTATCAGAATAATTATTTTTATTTATTGGC
ACAG

GTATATGGTCTCAGTGGAATACTTAATTATATATTTGTGCTAAA
TATTATTTTAAATTCCC

GTATATGGTCTCACCACTGTAATTAATCTCAAACTACATGAG

GTATATGGCGCGCCCATAGCAGCTTATAAATTTAATAGGTGTAT
TTATAC

GATATAGACGTCGATATTAATCTATATATATTTGATGAAGAATA
TAATTCATTTG

GATATGGTCTCATGAATCTGATTGAAGTACTGCGGC

screening/sequencing
screening/sequencing
screening/sequencing
screening/sequencing
LHA boNT/Al deletion NCTC 2916

LHA boNT/Al deletion NCTC 2916

RHA boNT/Al deletion NCTC 2916
RHA boNT/A1 deletion NCTC 2916

LHA boNT/B deletion NCTC 2916
LHA boNT/B deletion NCTC 2916

RHA boNT/B deletion NCTC 2916
RHA boNT/B deletion NCTC 2916
LHA CIA deletion NCTC 2916
LHA CIA deletion NCTC 2916

RHA CIA deletion NCTC 2916
RHA CIA deletion NCTC 2916

LHA CIB deletion NCTC 2916

LHA CIB deletion NCTC 2916
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boNT/B-2916_RHA-Cldel_F_Bsal

boNT/B-2916_RHA-Cldel_R_Ascl
boNT/A1-2916_scr_R2
boNT/B-2916_del_scr_R2
boNT/B-2916_Cldel_scr_R

GATATTGGTCTCATTCATTTAATAGTTCTATATGTCTTTGAACTC
TAG

GATATAGGCGCGCCGTAACTTATTGCCACATTTTCTGC
CAGCTCTTAAAATAGCAAATTGTATTCC
AATAAAGATTACAATACTGAATTTGCAATTCC
CATCATTAAAAATTTCATTATCCAAAAGCTTATC

RHA CIB deletion NCTC 2916

RHA CIB deletion NCTC 2916
screening/sequencing
screening/sequencing
screening/sequencing




V.  Phenotypic characterisation of ATCC 19397 AboNT/Al

mutants

Total CFU

—— AboNT/Al1
— —=— AboNT/A1 2
S —— AboNT/A13
E Spore CFU
5 —- AboNT/AL 1
ILL) —=- ADONT/AL 2

—*— ADONT/A1 3

0 24 48 72 96 120
Time (hrs)

Figure A 1 Phenotypic characterisation of ATCC 19397 AboNT/Al mutants.
(A) Growth profiles of AboNT/Al mutants. Strains were cultured in TYG broth
and the ODsgs was monitored for 24 hours. Error bars represent the standard
deviation of three independent cultures for WT and of three biological replicates
for the mutants. (B/C/D) Sporulation/germination capacity of AboNT/Al mutants.
Strains were cultured for 120 hours in TYG broth and samples were taken every
24 hours. Total CFU corresponds to the total cell count (non-heat treated) and the
spore CFU is the number of viable spores withstanding a 15 min, 80°C heat
treatment. Error bars represent the standard deviation of three independent
cultures. The dotted line at 50 CFU/ml represents the detection limit.

299
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VI. Whole genome sequencing and variant detection Chapter 4

Comparison of WT genomes:

e Light grey: low coverage and/or frequency

e Red: mutation is only present in one of the two WT genomes

Comparison of mutant genomes to both WT genomes:

e Light grey: low coverage and/or frequency

e Yellow: mutation is also present in one of the two WT genomes

e Light Blue: present in multiple mutants but not in one of the WT genomes

e Dark Blue: mutations that strains pyrE™ 2 and pyrE- 3 have many in common (isolated from a single conjugal mixture).

e Green: mutation in gene related to sporulation or germination
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Table A 5 List of variants detected in ATCC 3502*" (Unilever; green SBRC culture collection stock) compared to the published reference genome
(accession number: NC_009495)

ATCC 3502*- WT (Unilever; green stock)

Reference  Type Reference Allele  Count Coverage Frequency Overlapping annotation Coding Amino acid
Position region change change
130004 SNV C A 60 60 100 Gene: ileS (isoleucyl-tRNA synthetase) 1617 C>A
209980 Deletion G - 27 49 55.1
570086 Deletion A - 39 64 60.9 Gene: CBO0481 (Hypothetical protein: no 93del T .Lys32 fs
conserved domains detected)
1667030 SNV G A 64 69 92.8 Gene: CBO1533 (AraC family transcriptional 696 G>A
regulator)
1736091 SNV T C 54 62 87.1 Gene: glcK (Glucokinase) 212 T>C Leu71Ser
3234007 Insertion - A 82 98 83.7
3267818 Insertion - A 51 60 85 Gene: hpt (Hypoxanthine 35 dup Asnl2 fs
phosphoribosyltransferase)
3629557 Insertion - T 43 60 71.7 Gene: CB0O3388 (PDZ domain of trypsin-like ~ WT with fs, T
serine proteases, involved in heat-shock insertion

response, chaperone function, and apoptosis) restores ORF
3724684 SNV C T 37 64 57.8 Gene: tufB (Elongation factor Tu) 381 G>A
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Table A 6 List of variants detected in ATCC 3502*" (Unilever; red SBRC culture collection stock) compared to the published reference genome

(accession number: NC_009495)

ATCC 3502*- WT (Unilever; red stock)

Reference  Type Reference Allele  Count Coverage Frequency Overlapping annotation Coding Amino acid
Position region change change
130004 SNV C A 150 150 100 Gene: ileS (isoleucyl-tRNA synthetase) 1617 C>A
209980 Deletion G - 62 105 59
1667030 SNV G A 96 114 84.2 Gene: CBO1533 (AraC family transcriptional 696 G>A
regulator)
1736091 SNV T C 108 116 93.1 Gene: glcK (Glucokinase) 212 T>C Leu71Ser
2804573 Insertion - C 65 122 53.3 Gene: CB0O2653 (Flagellar protein FIbD) 196 dup Glu66 fs
3234007 Insertion - A 126 145 86.9
3267818 Insertion - A 144 165 87.3 Gene: hpt (Hypoxanthine 35 dup Asnl2 fs
phosphoribosyltransferase)
3629557 Insertion - T 117 136 86 Gene: CB0O3388 (PDZ domain of trypsin-like ~ WT with fs, T
serine proteases, involved in heat-shock insertion
response, chaperone function, and apoptosis) restores ORF
3724684 SNV C T 51 85 60 Gene: tufB (Elongation factor Tu) 381 G>A
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Table A 7 List of variants detected in hsdR1600s::CT 1 compared to the published reference genome (accession number: NC_009495)

hsdR1600s::CT 1

Reference  Type Reference Allele  Count Coverage Frequency Overlapping annotation Coding Amino acid

Position region change change

130004 SNV C A 90 90 100 Gene: ileS (Isoleucyl-tRNA synthetase) 1617 C>A

385352 SNV A G 86 86 100 Gene: CBO0332 (argB: accessory gene 578 A>G GIn193Arg
regulator B)

392977 Insertion - A 77 79 97.5 Gene: CBO0340 (Signal transduction histidine 563 dup Asnl188 fs
kinase)

524885 Insertion - A 65 69 94.2

589301 SNV A G 75 75 100 Gene: CBO0586 (LolE superfamily: ABC- 319T>C Trpl107Arg
type transport system, involved in lipoprotein
release, permease component, cell
wall/membrane/envelope biogenesis)

683064 SNV C T 67 67 100 572 C>T Alal91Val

826887 Insertion - A 68 70 97.1

895995 Deletion A - 88 91 96.7

1224668 Deletion A - 72 75 96 Gene: CBO1113 (TRX family group | protein) 295 del A 11e99 fs

1224963 Insertion - A 58 61 95.1 Gene: CBO1114 (Hypothetical protein: no 176 dup Asnb59 fs
conserved domains detected)

1371019 Deletion T - 82 86 95.4

1466519 Deletion A - 62 64 96.9 Gene: CBO1342 (MurR/RpiR family: DNA- 61 del A lle21 fs
binding transcriptional regulator)

1500731 Insertion - A 68 69 98.6 Gene: CBO1377 (L-type amino acid 35 dup Asnl2 fs
transporter)

1537837 SNV G A 59 59 100 Gene: CB0O1410 (Nicotinate 819 C>T
phosphoribosyltransferase)

1539098 Deletion G - 63 70 90
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1735600
1765830

1930729

2289691

2391417

2392655
2652170

2966347
2991115
3062301

3093768
3315239

3553722

3637040
3671591

3724684
3743752
3866544

Deletion
SNV

SNV
Insertion

SNV

Deletion
SNV

Insertion
SNV
Insertion

Deletion
SNV

SNV

Insertion
Insertion

SNV
SNV
Insertion

TA

64
52

80

66

62

61
65

66
88
73

67
81

71

87
93

59
43
61

69
52

80

66

63

64
65

68
89
81

70
81

71

88
98

59
43
64

92.8
100

100

100

98.4

95.3
100

97.1
98.9
90.1

95.7
100

100

98.9
94.9

100
100
95.3

Gene: acoR (Transcriptional regulator of
acetoin/glycerol metabolism)

Gene: CB0O2146 (FtsX-like permease family:
predicted permeases and hypothetical
transmembrane proteins)

Gene: CB02232 (M20_pepD: Specificity for
beta-alanyl-L-histidine dipeptide)
Gene: CB02233 (Beta-eliminating lyase)

Gene: CB0O2515 (Hypotetical protein: no
conserved domains detected)

Gene: purC (Phosphoribosylaminoimidazole-
succinocarboxamide synthase)

Gene: CB0O2904 (helD: DNA helicase 1V)

Gene: CB0O3117 (Hypothetical protein: no
conserved domains detected)

Gene: CB0O3335 (Cyclic beta 1-2 glucan
synthetase)

Gene: pemK (Type Il toxin-antitoxin system)

Gene: CB0O3430 (Hypothetical protein: no
conserved domains detected)

Gene: tufB (Elongation factor Tu)
Gene: fusB (Elongation factor G)

Gene: CB03623 (gdPP/DHH family protein:
phosphodiesterase)

180 T>C

881 dup

486 G>A

834 del T
24 T>C

191 dup

1859 del A
246 T>C

7443 T>C

315 dup
831 dup

381 G>A
2054 C>T

1817-1818
dup

Leu294 fs

Phe278 fs

Val66 fs

Asn620 fs

Vall06 fs

Val278 fs

Ser685 Phe
Ser607 fs
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Reference position

Overlapping annotation

Insertion/deletion sequence

3743691..3743756

Downstream fusB

Deletion:
AATATAGTATAAAAATCACCTAGTTTCTAGGTGATTTTTATACTATATTTTATTTTTACTAGATAA
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Table A 8 List of variants detected in hsdR1600s::CT 2 compared to the published reference genome (accession number: NC_009495)

hsdR1600s::CT 2

Reference  Type Reference Allele  Count Coverage Frequency Overlapping annotation Coding Amino acid
Position region change change
130004 SNV C A 90 90 100 Gene: ileS (Isoleucyl-tRNA synthetase) 1617 C>A
209980 Deletion G - 85 88 96.6
1078297 Insertion - T 132 143 92.3 Gene: CBO0977 (AraC-type DNA-binding WT withfs, T  Leul89Thr
domain) insertion
restores ORF
1244400 SNV C T 93 93 100 Gene: CB0O1130 (CoA-substrate-specific 3197 C>T Prol066Leu
enzyme activase)
1585597 Insertion - T 111 113 98.2
1667030 SNV G A 103 103 100 Gene: CBO1533 (AraC family transcriptional 696 G>A
regulator)
1736091 SNV T C 84 84 100 Gene: glcK (Glucokinase) 212 T>C Leu71Ser
2466355 SNV T C 45 46 97.8
3234007 Insertion - A 146 152 96.1
3267818 Insertion - A 107 114 93.9 Gene: hpt (Hypoxanthine 35 dup Asnl2 fs
phosphoribosyltransferase)
3629557 Insertion - T 86 93 92.5 Gene: CBO3388 (PDZ domain of trypsin-like ~ WT with fs, T Asn258Lys
serine proteases, involved in heat-shock insertion
response, chaperone function, and apoptosis) restores ORF
3724684 SNV C T 92 92 100 Gene: tufB (Elongation factor Tu) 381 G>A
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Reference position

Overlapping annotation

Insertion/deletion sequence

209831..209980

1914862"1914863

Upstream prfB

mutL

Deletion:
TAAATAACAAGTCAGTATGACAGTCTATTTTGCGTCATACTGCGTCAGCAGAATCCTCCGATAG

CACTACTAGCGACGGAACCTGCTTCCTTGGCTGACACAAAATATACTGCCATCTTTGACTTGTTA
TTTATTTTCATGTGCCTAAAG

Insertion:
TTTTTTATTTCTTCTTCTTTTAAGTTGTCATTAGCTTTAACTGCGGATTTGCATGCCAGTGTAGCA
ATGGCATTATATTTTATTGTAGAAGTTTCTTTAGACTTCATATTTTTTAAATTATAAAGTATATCC
ATAAAGAGATTTTCTACATTGGGTTTACCTAGAATTAAAGGTACTTCTTTTATATTTATAGTGTA
TTCTCCAAAAGTTTCCACTGAAAAACCTGAATTC
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Table A 9 List of variants detected in hsdR1600s::CT 3 compared to the published reference genome (accession number: NC_009495)

hsdR1600s::CT 3

Reference  Type Reference Allele  Count Coverage Frequency Overlapping annotations Coding Amino acid
Position region change change
130004 SNV C A 90 90 100 Gene: ileS (isoleucyl-tRNA synthetase) 1617 C>A
196143 Deletion A - 168 175 96 Gene: CBO0161 (Peptidase family M23) 12 delA Lys4 fs
244279 Insertion - A 149 155 96.1 Gene: cysK1 (Cysteine synthase A) 456 dup His153 fs
424790 Insertion - AT 114 120 95 Gene: CBO0366 (Sensor histidine kinase) 24-25 dup Lys9 fs
681349 Insertion - A 108 114 94.7 Gene: CBO0584 (Lipoprotein) 117 dup Glu40 fs
946308 Insertion - A 105 112 93.8 Gene: CBO0837 (Hypothetical protein: no 535 dup Serl79 fs
conserved domains detected)
1061539 SNV C T 160 160 100 Gene: modA (Molybdate-binding periplasmic 81C>T
protein precursor)
1078297 Insertion - T 131 138 94.9 Gene: CBO0977 (AraC-type DNA-binding WT withfs, T  Leul89Thr
domain) insertion
restores ORF
1342138 Deletion T - 101 104 97.1 Gene: CBO1221A (Hypothetical protein: no 260 del A Asn87 fs
conserved domains detected)
1524096 Insertion - A 84 91 92.3 Gene: CBO1397 (Peptide ABC transporter 1354 dup Ser452 fs
Pep4E family/ permease)
1691311 Insertion - A 123 126 97.6 Gene: CB0O1558 (MA superfamily: Methyl- 925 dup Ser309 fs
accepting chemotaxis protein)
1806932 SNV A G 112 112 100 Gene: CBO1663 (Hypothetical protein: no 672 A>G
conserved domains detected)
1938356 Insertion - T 110 118 93.2 Gene: CBO1816 (Glycosyltransferase) 864 dup Ala289 fs
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2101364

2222256
2289691

2788099
2983244

3157040
3299428

3438345
3439378

3721362
3724684
3743752

Insertion

SNV
Insertion

Insertion
Insertion

Insertion
SNV

Insertion
SNV

SNV
SNV
SNV

- T
c T
- A
- A
- T
- T
c T
- T
T c
T C
c T
G A

90

109
97

141
132

111
134

134
162

143
97
91

97

109
101

146
139

115
134

139
162

144
97
91

92.8

100
96

96.6
95

96.5
100

96.4
100

99.3
100
100

Gene: CB0O1967 (BaeS superfamily: sensor
histidine kinase)
CDS: CB02086, DNA repair helicase

Gene: CB0O2146 (FtsX superfamily: ABC
transporter permease)

Gene: nrdE (Ribonucleotide-diphosphate
reductase subunit alpha)

Gene: spolIP (stage Il sporulation protein)

Gene: CBO3109 (FlaAl superfamily:
Exopolysaccharide biosynthesis protein, Cell
wall/membrane/envelope biogenesis,
Posttranslational modification, protein
turnover, chaperones)

Gene: lonB (lon superfamily: ATP-dependent
protease)

Gene: tufB (Elongation factor Tu)
Gene: fusB (Elongation factor G)

136 dup

2074 G>A

881 dup

67 dup

485 dup
1687 G>A

714 A>G

381 G>A
2054 C>T

Met46 fs

Val692lle

Leu294 fs

Met23 fs

Lys163 fs
Asp563Asn

Ser685Phe

Reference position

Overlapping annotation

Insertion/deletion sequence

3743687..3743752

Downstream fusB

Deletion:

ATAAAATATAGTATAAAAATCACCTAGTTTCTAGGTGATTTTTATACTATATTTTATTTTTACTAG
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Table A 10 List of variants detected in pyrE- 1 compared to the published reference genome (accession number: NC_009495)

pyrE- 1

Reference  Type Reference Allele  Count Coverage Frequency Overlapping annotations Coding Amino acid

Position region change change

130004 SNV C A 90 90 100 Gene: ileS (isoleucyl-tRNA synthetase) 1617 C>A

202999 Deletion A - 74 75 98.7 Gene: CBO0169 (RecD/TraA superfamily: 865 del A 11e289 fs
helicase)

314422 SNV A G 76 76 100 Gene: CB0O0266 (GlcD superfamily: FAD- 426 T>C
dependent oxidoreductase)

392621 Insertion - T 41 44 93.2 Gene: CBO0340 (VicK superfamily: two- 207 dup Thr70 fs
component sensor kinase)

552405 SNV A G 165 167 98.8 Gene: CBO0464 (Hypothetical protein) 96 A>G

760208 SNV C T 53 53 100

879645 Deletion A - 77 79 97.5

981108 Insertion - T 77 81 95.1 Gene: CBO0878 (Nitroreductase) 478 dup Argl160 fs

1078221 Insertion - T 38 40 95 Gene: CBO0977 (AraC-type DNA-binding WT withfs, T  Leul89Thr
domain) insertion

retores ORF

1165048 Insertion - T 56 58 96.6

1243791 SNV C T 53 53 100 Gene: CBO1130 (YjiL/HGD-D superfamily: 2588 C>T Pro863Leu
CoA-substrate-specific enzyme activase)

1246905 Insertion - A 47 50 94 Gene: opuD (Choline/carnitine/betaine 177 dup 11e60 fs
transporter)

1358201 Deletion T - 24 24 100 Gene: CBO1240 (DNA-binding protein) 42 del A Gly15 fs

1466519 Deletion A - 34 35 97.1 Gene: CBO1342 (MurR/RpiR family: DNA- 61 del A lle21 fs

binding transcriptional regulator)
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1467064

1535502

1719199
1736091
2129295

2267736

2278781

2333003

2411493

2586961
2643525

2715781
2755021
2806558
3142799

3234007
3391836
3591693

Insertion

Deletion

SNV
SNV
Deletion

SNV

SNV

SNV

SNV

Insertion
SNV

Deletion
Deletion
Deletion
SNV

Insertion
Insertion
Insertion

G

- -

TATATT
T
T
Cc

47

57

52
38
56

64

68

115

72

30
40

14
31
50
58

48
58
61

49

61

52
38
56

64

68

116

72

33
40

16
32
52
58

51
60
66

95.9

93.4

100
100
100

100

100

99.1

100

90.9
100

87.5
96.9
96.2
100

94.1
96.7
924

Gene: CB0O1342 (MurR/RpiR family: DNA-
binding transcriptional regulator)

Gene: CB0O1409 (C4-dicarboxylate
transporter)

Gene: arcD (Arginine/ornithine antiporter)
Gene: glcK (glucokinase)

Gene: CBO1991 (PTS system fructose family

transporter subunit 11BC, feneral metabolism)

Gene: CB02129 (Hypothetical protein: no
conserved domains detected)

Gene: CB02138 (Hypothetical protein:
GluZzincin superfamily)

Gene: CB02185 (Hypothetical protein: no
conserved domains detected0

Gene: CB02253 (Hydroxyethylthiazole
kinase)

Gene: CB0O2507 (Ribosomal RNA small
subunit methyltransferase B)

Gene: flgD (Flagellar hook capping protein)

Gene: spolV (Stage IV sporulation protein
YqfD)

605 dup
9del G
361 C>T
212 T>C
712 del A
287 A>G
512 T>C

348 C>T

509 T>C

453 A>T

795 del A
61 G>T

Asn202 fs
lle4 fs
Argl21Cys
Leu71Ser
Met238 fs

Tyr96Cys

Phel71Ser

Met170Thr

Lys151Asn

Lys265 fs
Glu21*
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3724684

SNV

94

96

97.9

Gene: tufB (Elongation factor Tu)

381 G>A
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Table A 11 List of variants detected in pyrE™ 2 compared to the published reference genome (accession number: NC_009495)

pyrE- 2

Reference  Type Reference Allele  Count Coverage Frequency Overlapping annotations Coding Amino acid

Position region change change

34221 Deletion A - 68 72 94.4 Gene: CBO0028 (Sensory box sigma-54 240 del A Lys80 fs
dependent transcriptional regulator)

85454 SNV A T 63 64 98.4 Gene: CBO0052 (Amidohydrolase) 1130 T>A Val377Glu

130004 SNV C A 90 90 100 Gene: ileS (isoleucyl-tRNA synthetase) 1617 C>A

199497 SNV T G 82 83 98.8 Gene: CBO0165 (Hypothetical protein: tRNA 299 A>C Asn100Thr
2-thiocytidine biosynthesis protein TtcA)

331795 Insertion - A 29 30 96.7 Gene: CB00280 (MurR/RpiR family: 172 dup 11e58 fs
Transcriptional regulator)

392621 Insertion - T 22 22 100 Gene: CBO0340 (VicK superfamily: two- 207 dup Thr70 fs
component sensor kinase)

520957 Insertion - AT 62 65 954

542165 SNV A G 72 72 100 Gene: CBO0453 (High-affinity branched- 261 A>G
chain amino acid ABC transporter amino acid-
binding protein)

600787 Deletion A - 43 43 100 Gene: CBO0508 (Methyl-accepting 1088 del A Asn363 fs
chemotaxis protein)

606873 Insertion - A 34 36 94.4 Gene: CBO0511 (ATP-dependent helicase) 1818 dup Gly607 fs

671367 Insertion - T 43 45 95.6 Gene: CBO0571 (Pentapeptide repeat- 189 dup Gly64 fs
containing protein)

860317 Deletion T - 61 64 95.3

1043719 SNV T C 49 49 100 Gene: cbiT (Precorrin-6Y C5,15- 366 T>C

methyltransferase subunit)
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1059859

1116813

1243791

1466519

1476063

1613471
1614684

1736091
2068908

2108692
2129278

2129295
2140175
2144065
2198989
2261816

2333003

Deletion
Insertion
SNV

Deletion

Deletion

Insertion
Deletion

SNV
Deletion

Deletion
Insertion

Deletion

Insertion
SNV

Insertion
Deletion

SNV

O > -

43

43

51

29

36

36
43

32
53

50
41

44
34
48
96
61

94

44

44

51

29

38

39
46

32
54

51
44

45
36
48
110

66

94

97.7

97.7

100

100

94.7

92.3
935

100
98.2

98
93.2

97.8
94.4
100

87.3

92.4

100

Gene: CBO1014 (Aspartate aminotransferase)
Gene: CB0O1130 (Y]jiL/HGD-D superfamily:
CoA-substrate-specific enzyme activase)

Gene: CBO1342 (MurR/RpiR family: DNA-
binding transcriptional regulator)

Gene: CBO1351 (LytB superfamily: Cell-
surface protein)

Gene: CBO1481 (Methyltransferase)

Gene: modA (Molybdate-binding periplasmic
protein precursor)

Gene: glcK (glucokinase)

Gene: moeA2 (LysR family transcriptional
regulator)

Gene: gerAB1 (Spore germination protein)
Gene: CBO1991 (PTS system fructose family
transporter subunit I1BC, feneral metabolism)

Gene: CB0O1991 (PTS system fructose family
transporter subunit I1BC, feneral metabolism)

Gene: CB0O2006 (Xanthine/uracil permease)

Gene: CB0O2124 (Hypothetical protein: no
conserved domains detected)

Gene: CB02185 (Hypothetical protein: no
conserved domains detected)

84 dup
2588 C>T

61 del A

509 del A

1065 dup
186 del A

212 T>C
208 del A

815del T
729 dup

712 del A

104 C>T

77 del A

348 C>T

Glu29 fs
Pro863Leu

Ile21 fs

Asnl70 fs

Leu356 fs
Lys62 fs

Leu71Ser
Thr70 fs

Leu272 fs
Leu244 fs

Met238 fs

Ala35Val

Lys26 fs
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2411493

2480917
2518104

2608531

2646907

2741807

2853374
2887469
2923837
3060299
3081166

3088488

3126216

3176312

3199689

3234007
3307378

SNV

SNV
Insertion

Insertion

SNV

SNV

SNV
Insertion
Insertion
SNV
Deletion

SNV

Insertion
SNV
Insertion

Insertion
Insertion

61

72
56

65

41

43

31
48
29
55
59

53

52

46

54

76
40

61

73
60

66

41

43

31
49
29
55
61

53

70

49

60

77
42

100

98.6
93.3

98.5

100

100

100
98
100
100
96.7

100

74.3

93.9

90

98.7
95.2

Gene: CB02253 (Hydroxyethylthiazole
kinase)

Gene: CB02331 (Prophage: tail fiber protein)
Gene: CB0O2386 (Prophage: hypothetical
protein/Class | aldolase)

Gene: CB0O2472 (Amino acid permease:
putative glutamate/gamma-aminobutyrate
antiporter)

Gene: CBO2511 (Primosome assembly protein
PriA)

Gene: CB0O2596 (Hypothetical protein:
Putative threonine/serine exporter)

Gene: CBO2706 (Asparagine synthetase)
Gene: fliS (Flagellar protein FIiS)

Gene: purF (Amidophosphoribosyltransferase)
Gene: CB0O2891 (Hypothetical protein:
molybdenum cofactor cytidylyltransferase)

Gene: CB0O2900 (Hypothetical protein: YdcF-
like superfamily)

Gene: rluD2 (Pseudouridine synthase)

Gene: CBO3006 (Hypothetical protein: no
conserved domains detected)

509 T>C

715 A>G
168 dup

670 dup

1763 C>T

753 G>T

1424 C>T
303 dup

1397 G>A
159 del A

76 A>T

35 T>A
141 dup

Met170Thr

Lys239Glu
Leu57 fs

Thr224 fs

Ala588Val

Leu251Phe

Pro475Leu
Asp102 fs

Gly466Asp
Val54 fs

lle26Phe

Ile12Asn
Gly48 fs
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3351372

3465157
3591693
3672989
3724684
3836626

SNV

Deletion
Insertion
Deletion
SNV

Insertion

o > !

72

140
64
55
127
56

72

148
68
57
127
58

100

94.6
94.1
96.5
100

96.6

Gene: oppB (Oligopeptide/dipeptide ABC
transporter permease)

Gene: CB0O3432 (Cell wall hydrolase)
Gene: tufB (Elongation factor Tu)

Gene: CBO3592 (LysR family transcriptional
regulator)

242 C>T

320 del A
381 G>A
194 dup

Alag1Val

Asnl107 fs

Leu65 fs
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Table A 12 List of variants detected in pyrE" 3 compared to the published reference genome (accession number: NC_009495)

pyrE- 3

Reference  Type Reference Allele  Count Coverage Frequency Overlapping annotations Coding Amino acid

Position region change change

34221 Deletion A - 68 72 94.4 Gene: CBO0028 (Sensory box sigma-54 240 del A Lys80 fs
dependent transcriptional regulator)

85454 SNV A T 63 64 98.4 Gene: CBO0052 (Amidohydrolase) 1130 T>A Val377Glu

130004 SNV C A 90 90 100 Gene: ileS (isoleucyl-tRNA synthetase) 1617 C>A

199497 SNV T G 82 83 98.8 Gene: CBO0165 (Hypothetical protein: tRNA 299 A>C Asn100Thr
2-thiocytidine biosynthesis protein TtcA)

331795 Insertion - A 29 30 96.7 Gene: CB0O0280 (MurR/RpiR family: 172 dup 11e58 fs
Transcriptional regulator)

392621 Insertion - T 22 22 100 Gene: CB00340 (VicK superfamily: two- 207 dup Thr70 fs
component sensor kinase)

520957 Insertion - AT 62 65 954

542165 SNV A G 72 72 100 Gene: CBO0453 (High-affinity branched- 261 A>G
chain amino acid ABC transporter amino acid-
binding protein)

600787 Deletion A - 43 43 100 Gene: CBO0508 (Methyl-accepting 1088 del A Asn363 fs
chemotaxis protein)

606873 Insertion - A 34 36 94.4 Gene: CBO0511 (ATP-dependent helicase) 1818 dup Gly607 fs

671367 Insertion - T 43 45 95.6 Gene: CBO0571 (Pentapeptide repeat- 189 dup Gly64 fs
containing protein)

860317 Deletion T - 61 64 95.3
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1043719

1116813
1243791

1419605

1466519

1476063

1613471
1614684

1736091
2068908

2129278

2129295

2140175

2144065

2198989
2261816

SNV

Insertion
SNV

Deletion

Deletion

Deletion

Insertion
Deletion

SNV
Deletion

Insertion

Deletion

Insertion

SNV

Insertion
Deletion

O >» -

49

43
51

50

29

36

36
43

32
53

41

44

34

48

96
61

49

44
51

54

29

38

39
46

32
54

44

45

36

48

110
66

100

97.7
100

92.6

100

94.7

92.3
93.5

100
98.2

93.2

97.8

94.4

100

87.3
924

Gene: cbiT (Precorrin-6Y C5,15-
methyltransferase subunit)

Gene: CB0O1014 (Aspartate aminotransferase)
Gene: CBO1130 (YjiL/HGD-D superfamily:
CoA-substrate-specific enzyme activase)

Gene: CBO1304 (Copper-translocating P-type
ATPase)

Gene: CBO1342 (MurR/RpiR family: DNA-
binding transcriptional regulator)

Gene: CBO1351 (LytB superfamily: Cell-
surface protein)

Gene: CB01481 (Methyltransferase)

Gene: modA (Molybdate-binding periplasmic
protein precursor)

Gene: glcK (glucokinase)

Gene: moeA2 (LysR family transcriptional
regulator)

Gene: CBO1991 (PTS system fructose family
transporter subunit I11BC, feneral metabolism)

Gene: CB0O1991 (PTS system fructose family
transporter subunit I11BC, feneral metabolism)

Gene: CB0O2006 (Xanthine/uracil permease)

Gene: CB0O2124 (Hypothetical protein: no
conserved domains detected)

366 T>C

84 dup
2588 C>T

150 del A

61 del A

509 del A

1065 dup
186 del A

212 T>C
208 del A

729 dup

712 del A

104 C>T

77 del A

Glu29 fs
Pro863Leu

Lys50 fs

Ile21 fs

Asnl70 fs

Leu356 fs
Lys62 fs

Leu71Ser
Thr70 fs

Leu244 fs

Met238 fs

Ala35Val

Lys26 fs
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2333003

2411493

2480917
2518104

2608531

2646907

2741807

2802690

2853374
2887469
2923837
3060299
3081166

3088488

3126216

3176312
3234007

SNV

SNV

SNV
Insertion

Insertion

SNV

SNV

SNV

SNV
Insertion
Insertion
SNV
Deletion

SNV

Insertion
SNV
Insertion

94

61

72
56

65

41

43

63

31
48
29
55
59

53

52

46
76

94

61

73
60

66

41

43

91

31
49
29
55
61

53

70

49
77

100

100

98.6
93.3

98.5

100

100

69.2

100
98

100
100
96.7

100

74.3

93.9
98.7

Gene: CB02185 (Hypothetical protein: no
conserved domains detected)

Gene: CB02253 (Hydroxyethylthiazole
kinase)

Gene: CB02331 (Prophage: tail fiber protein)

Gene: CB02386 (Prophage: hypothetical
protein/Class | aldolase)

Gene: CB0O2472 (Amino acid permease:
putative glutamate/gamma-aminobutyrate
antiporter)

Gene: CBO2511 (Primosome assembly protein
PriA)

Gene: CB02596 (Hypothetical protein:
Putative threonine/serine exporter)

Gene: fliL (Flagellar basal body-associated
protein)

Gene: CBO2706 (Asparagine synthetase)
Gene: fliS (Flagellar protein FIiS)

Gene: purF (Amidophosphoribosyltransferase)

Gene: CB0O2891 (Hypothetical protein:
molybdenum cofactor cytidylyltransferase)

Gene: CB0O2900 (Hypothetical protein: YdcF-
like superfamily)

Gene: rluD2 (Pseudouridine synthase)

348 C>T

509 T>C

715 A>G
168 dup

670 dup

1763 C>T

753 G>T

328 T>A

1424 C>T
303 dup

1397 G>A
159 del A

76 A>T

35 T>A

Met170Thr

Lys239Glu
Leu57 fs

Thr224 fs

Ala588Val

Leu251Phe

LeullOlle

Pro475Leu
Aspl02 fs

Gly466Asp
Val54 fs

le26Phe

Ile12Asn
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3307378
3465157
3591693
3672989
3724684
3836626

Insertion
Deletion
Insertion
Deletion
SNV

Insertion

o > !

40
140
64
55
127
56

42
148
68
57
127
58

95.2
94.6
94.1
96.5
100

96.6

Gene: CB0O3432 (Cell wall hydrolase)
Gene: tufB (Elongation factor Tu)

Gene: CB03592 (LysR family transcriptional
regulator)

320 del A
381 G>A
194 dup

Asnl107 fs

Leu65 fs
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Table A 13 List of variants detected in AboNT/AL 1 compared to the published reference genome (accession number: NC_009495)

AboNT/Al 1

Reference  Type Reference Allele  Count Coverage Frequency Overlapping annotations Coding Amino acid

Position region change change

84820 SNV T C 64 65 98.5

130004 SNV C A 90 90 100 Gene: ileS (Isoleucyl-tRNA synthetase) 1617 C>A

603757 SNV A G 103 104 99 Gene: serS (Seryl-tRNA synthetase) 551 A>G Tyrl84Cys

779151 Deletion T - 38 38 100 Gene: hsdS (Type I restriction enzyme S 780 del T Phe260 fs
subunit)

828172 SNV A G 42 42 100 Gene: CBO0719 (Methyl-accepting 5A>G Asp2Gly
chemotaxis protein)

838149 Insertion - A 46 50 92 Gene: chiA (Chitinase A) 706 dup 11236 fs

895995 Deletion A - 30 30 100

945079 Insertion - A 67 68 98.5

976250 Insertion - A 89 91 97.8 Gene: CBO0873 (Hypothetical protein: 489 dup Aspl64 fs
predicted DNA-binding transcriptional
regulator YafY)

1011187 Deletion A - 45 47 95.7 Gene: CBO0906 (Two component sensor 662 del A Asn221 fs
kinase)

1011866 SNV C T 41 41 100

1117314 Insertion - A 24 26 92.3

1188145 SNV A G 51 51 100 Gene: feoB (Ferrous iron transport protein B) 288 T>C

1417459 SNV G A 54 54 100

1487032 Insertion - A 48 50 96 Gene: CBO1361 (Manganese/zinc/iron chelate 520 dup Serl74 fs
uptake ABC transporter permease)

1541595 Deletion T - 36 37 97.3 Gene: CBO1414 (ATP-dependent DNA 249 del T Phe83 fs

helicase)
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1634573

1792890

2365974

2483935

2529607

2728995
2927721
3115016
3126216
3134274
3217092

3231859

3341788

3457861

3472648

3531415
3641967

Insertion

Deletion

SNV
SNV

SNV

Insertion
Insertion
Deletion
Insertion
SNV

Insertion

SNV

SNV

Deletion

Insertion

SNV
Deletion

A

44

76

4

53

57

44
80
73
55
42
41

69

83

63

45

71
85

45

79

4

53

57

46
91
76
76
42
44

69

83

68

49

74
87

97.8

96.2

100

100

100

95.7
87.9
96.1
72.4
100

93.2

100

100

92.6

91.8

95.9
97.7

Gene: CB0O1503 (FAD/FMN-binding
oxidoreductase)

Gene: CBO1646 (Large repeat generated by
the insertion of prophage)

Gene: CB0O2335 (Hypothetical protein: no
conserved domains detected, Misc. feature:

prophage)
Gene: CB02402 (Phosphoribose

diphosphate:decaprenyl-phosphate
phosphoribosyltransferase)

Gene: CB0O2584 (Acyl-CoA synthetase)
Gene: gyrA (DNA gyrase subunit A)
Gene: CB02927 (Phage infection protein)

Gene: ppdK (Pyruvate phosphate dikinase)

Gene: CBO3025 (Hypothetical protein: no
conserved domains detected)

Gene: CB0O3042 (Misc. feature: possible
remnant of an integrated prophage)

Gene: CBO3140 (Hypothetical protein: no
conserved domains detected)

Gene: CB0O3250 (Hypothetical protein: no
conserved domains detected)

Gene: CB0O3268 (Integral membrane transport

protein)

Gene: CB0O3401 (Hypothetical protein: no
conserved domains detected)

954 dup

248 T>C

683 A>G

33-34 dup
2868 dup
1653 del A

64 G>A
31 dup

622 C>T
445 G>A
294 del A

1177 dup

165 del A

Ala319 fs

Leu83Ser

GIn228Arg

Thrl2 fs
*957 fs
Lys551 fs

Gly22Arg
Thrll fs

GIn208*
Gly149Arg
Alag9 fs

Met393 fs

Glus6 fs
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3724684
3886591

SNV
SNV

126
39

128
39

98.4
100

Gene: tufB (Elongation factor Tu)

381 G>A
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Table A 14 List of variants detected in AboNT/AL 2 compared to the published reference genome (accession number: NC_009495)

AboNT/AL 2

Reference  Type Reference Allele  Count Coverage Frequency Overlapping annotations Coding Amino acid

Position region change change

130004 SNV C A 90 90 100 Gene: ileS (Isoleucyl-tRNA synthetase) 1617 C>A

206761 Insertion - A 47 55 85.5 Gene: CBO0172 (Ribosomal subunit interface 268 dup Thro0 fs
protein)

209980 Deletion G - 21 21 100

248507 Insertion - A 13 16 81.3 Gene: CB0O0210 (Malic enzyme) 438 dup Leul47 fs

334845 Deletion T - 24 24 100

554147 Deletion A - 135 145 93.1 Gene: CBO0465 (NUDIX family: hydrolase) 711 del A Lys237 fs

570086 Deletion A - 48 48 100 Gene: CBO0481 (Hypothetical protein: no 93del T Lys32 fs
conserved domains detected)

640892 Deletion T - 19 20 95

881185 SNV G A 65 65 100 Gene: CBO0780 (Sensor histidine kinase) 577 G>A Gly193Arg

1028572 Insertion - T 25 26 96.2 Gene: hemD (Uroporphyrinogen 111 945 dup Asp316 fs
synthase/methyltransferase)

1224781 Insertion - G 19 20 95

1246898 Insertion - A 14 16 87.5 Gene: opuD (Choline/carnitine/betaine 184 dup Cys62 fs
transporter)

1325374 Deletion A - 43 48 89.6 Gene: tyrR (Tyrosyl-tRNA synthetase)

1335638 Deletion A - 53 54 98.1 Gene: CB0O1213 (Sensory box-containing 339 del A Lys113 fs
diguanylate cyclase; Cell surface adhesion)

1364760 Insertion - T 30 33 90.9 Gene: CBO1247 (Hypothetical protein: no 156 dup Gly53 fs
conserved domains detected)

1427514 Insertion - G 19 19 100
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1649593

1667030

1710271

1736091
1736348
2038493
2087885

2101478
2129295

2148763
2573235
2741807

2804573
3104415
3126216
3233766
3234007
3267818

3503687

Insertion

SNV

SNV

SNV
SNV
Insertion
SNV

Deletion
Deletion

SNV
Deletion
Deletion

Insertion
SNV

Insertion
Insertion
Insertion
Insertion

Insertion

O

O =4 > 0

>>» 4> > 0

>

15

36

29

22
20
15
60

41
27

23
21
22

25
29
37
49
48
18

36

16

36

29

22
20
17
61

43
27

25
21
22

29
29
43
50
51
18

36

93.8

100

100

100
100
88.2
98.4

95.3
100

92
100
100

86.2
100
86.0
98.0
94.1
100

100

Gene: CBO1515 (Carbohydrate uptake ABC
transporter CUT1 family, ATP-binding
protein)

Gene: CB0O1533 (AraC family transcriptional
regulator)

Gene: CBO1580 (Pyridine nucleotide-disulfide
oxidoreductase)

Gene: glcK (Glucokinase)

Gene: glcK (Glucokinase)

Gene: CB0O1958 (Secreted carbohydrate-
binding protein)
Gene: CBO1967 (Sensor histidine kinase)

Gene: CB0O1991 (PTS system fructose family
transporter subunit 11BC; general metabolism)

Gene: CB02439 (Mg chelatase-like protein)

Gene: CB0O2596 (Hypothetical protein:
Putative threonine/serine exporter)

Gene: CB0O2653 (flagellar protein FIbD)
Gene: purF (Amidophosphoribosyltransferase)

Gene: hpt (Hypoxanthine
phosphoribosyltransferase)

1067 dup

696 G>A

1097 T>C

212 T>C
469 G>A

1034 T>C
22 del A

712 del A

225 del A
758 del G

196 dup
686 C>T

35 dup

Asn356 fs

Val366Ala

Leu71Ser
Glyl57Arg

Val345Ala
Ser8 fs

Met238 fs

Glu76 fs
Gly253 fs

Glu66 fs
Pro229Leu

Asnl2 fs
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3540627 Deletion A - 28 30 93.3 Gene: CB03321 (Glycoprotease (YeaZ); 691 del A 11e231 fs
Protein synthesis, tRNA and rRNA base
modification)

3629557 Insertion - T 15 18 83.3 Gene: CB0O3388 (PDZ domain of trypsin-like ~ WT withfs, T  Asn258Lys
serine proteases, involved in heat-shock insertion
response, chaperone function, and apoptosis) restores ORF

3630200 Deletion T - 16 17 94.1 Gene: CB0O3388 (PDZ domain of trypsin-like 130 del T Leu90*
serine proteases, involved in heat-shock
response, chaperone function, and apoptosis).

3665439 Deletion T - 23 24 95.8

3752302 SNV C T 23 26 88.5 Gene: 23S_rRNA
3872323 Deletion A - 20 21 95.2

Reference position Overlapping annotation Insertion/deletion sequence

209831..209980 Upstream prfB Deletion:

TAAATAACAAGTCAGTATGACAGTCTATTTTGCGTCATACTGCGTCAGCAGAATCCTCCGATAG
CACTACTAGCGACGGAACCTGCTTCCTTGGCTGACACAAAATATACTGCCATCTTTGACTTGTTA
TTTATTTTCATGTGCCTAAAG
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Table A 15 List of variants detected in AboNT/AL 3 compared to the published reference genome (accession number: NC_009495)

AboNT/Al 3

Reference  Type Reference Allele  Count Coverage Frequency Overlapping annotations Coding Amino acid

Position region change change

130004 SNV C A 90 90 100 Gene: ileS (Isoleucyl-tRNA synthetase) 1617 C>A

209980 Deletion G - 47 47 100

1078297 Insertion - T 73 75 97.3 Gene: CBO0977 (AraC-type DNA-binding WT withfs, T Leul89Thr
domain) insertion

restores ORF

1244400 SNV C T 76 77 98.7 Gene: CB0O1130 (CoA-substrate-specific 3197 C>T Prol066Leu
enzyme activase)

1585597 Insertion - T 70 71 98.6

1667030 SNV G A 74 74 100 Gene: CB0O1533 (AraC family transcriptional 696 G>A
regulator)

1736091 SNV T C 76 76 100 Gene: glcK (Glucokinase) 212 T>C Leu71Ser

2466355 SNV T C 37 37 100

3234007 Insertion - A 95 97 97.9

3267818 Insertion - A 76 82 92.7 Gene: hpt (Hypoxanthine 35 dup Asnl2 fs
phosphoribosyltransferase)

3629557 Insertion - T 77 79 97.5 Gene: CBO3388 (PDZ domain of trypsin-like ~ WT with fs, T Asn258Lys
serine proteases, involved in heat-shock insertion
response, chaperone function, and apoptosis) restores ORF

3641879 SNV C A 77 78 98.7 Gene: CB0O3401 (Hypothetical protein: no 253 G>T Glu85*
conserved domains detected)

3724684 SNV C T 56 56 100 Gene: tufB (Elongation factor Tu) 381 G>A
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Reference position

Overlapping annotation

Insertion/deletion sequence

209831..209980

1914862"1914863

Upstream prfB

mutL

Deletion:
TAAATAACAAGTCAGTATGACAGTCTATTTTGCGTCATACTGCGTCAGCAGAATCCTCCGATAG
CACTACTAGCGACGGAACCTGCTTCCTTGGCTGACACAAAATATACTGCCATCTTTGACTTGTTA

TTTATTTTCATGTGCCTAAAG

Insertion:

TTTTTTATTTCTTCTTCTTTTAAGTTGTCATTAGCTTTAACTGCGGATTTGCATGCCAGTGTAGCA
ATGGCATTATATTTTATTGTAGAAGTTTCTTTAGACTTCATATTTTTTAAATTATAAAGTATATCC
ATAAAGAGATTTTCTACATTGGGTTTACCTAGAATTAAAGGTACTTCTTTTATATTTATAGTGTA

TTCTCCAAAAGTTTCCACTGAAAAACCTGAATT
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VII. Whole genome sequencing and variant detection Chapter 5

WT SBRC genomes compared to published reference genomes

Table A 16 List of variants detected in ATCC 19397 WT compared to the published reference genome (accession number: NC_009697)

Reference  Type Reference Allele  Count Coverage Frequency Overlapping annotations Coding Amino acid

Position region change change

2061071 SNV A C 47 53 88.7 Gene: CLB_RS09580 (MurR/RpiR family 318 T>G PhelO6Leu
transcriptional regulator)

3312582 SNV T C 69 70 98.6

3380286 SNV C G 58 58 100 Gene: CLB_RS15955 (Sigma-54-dependent 1118 G>C Arg373Thr

Fis family transcriptional regulator)
3465907 Insertion - A 60 61 98.4 Gene: CLB_RS16495 (Lactate dehydrogenase) 31 dup Tyrll fs
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Table A 17 List of variants detected in 62A WT compared to the published reference genome (accession number: NZ_CP028859)

Reference  Type Reference Allele  Count Coverage Frequency Overlapping annotations Coding Amino acid
Position region change change
1530 Insertion - CTA 35 39 89.7

8296 SNV A G 82 82 100 Gene: DBN47_RS00035 1958 A>G Glue53Gly
53714 SNV G A 101 101 100 Gene: DBN47_RS00295 515 C>T Serl72Leu
83479 Insertion - T 63 70 90 Gene: DBN47_RS00420 928 dup Arg310 fs
91460 Insertion - A 84 95 88.4 Gene: DBN47_RS00465 116 dup Arg40 fs
92988 Deletion A - 79 82 96.3 Gene: rsml 310 del A Met104 fs
154044 SNV C T 87 88 98.9 Gene: DBN47_RS00755 1263 C>T

160591 SNV T C 72 74 97.3 Gene: DBN47_RS00790 1045 T>C Ser349Pro
160798 SNV T C 86 88 97.7 Gene: DBN47_RS00790 1252 T>C Ser418Pro
173042 SNV A G 95 95 100 Gene: DBN47_RS00845 1136 A>G Lys379Arg
187683 Insertion - A 76 83 91.6 Gene: DBN47_RS00940 519 dup *174 fs
215526 SNV T C 63 63 100 Gene: DBN47_RS01075 538 T>C

275142 SNV G A 53 54 98.1 Gene: rnr (Ribonucleotide reductase) 968 G>A Ser323Asn
277714 SNV G A 76 76 100

291881 SNV G A 105 106 99.1

328729 SNV T C 72 72 100 Gene: DBN47_RS01590 1365 T>C

336091 Insertion - AT 36 39 92.3 Gene: DBN47_RS01635 421-422 dup *141 fs
352648 SNV G A 73 74 98.7 Gene: DBN47_RS01705 1386 G>A

384533 Deletion A - 61 62 98.4 Gene: DBN47_RS01860 108 del A Lys36 fs
392587 Deletion A - 30 32 93.8

393082 SNV G A 39 39 100 Gene: DBN47_RS01910 298 G>A Gly100Arg
394197 SNV C T 43 43 100 Gene: DBN47_RS01910 1413 C>T
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406577
439891
464012
487828
561593
564374
604690
658635
664875
668757
691161
720000
731791
749208
777390
809133
811474
821269
850324
856538
870352
914859
922830
923091

930184

Insertion
Insertion
Deletion
SNV
SNV
Deletion
Insertion
SNV
SNV
SNV
SNV
SNV
SNV
Deletion
SNV
SNV
SNV
SNV
SNV
Deletion
SNV
SNV
SNV
Insertion

SNV

> 4 0

>0 0>»>»2>»>» 442> 04> 10 >

—

> >

o > !

OO o6o0oo0 ' >»>000 000 4"

® > >

68
79
45
71
88
55
75
56
66
67
20
70
41
76
61
82
56
45
50
55
54
28
48
36

69

74
81
47
71
88
56
80
56
66
67
20
72
41
76
61
82
56
45
50
57
54
28
49
40

70

91.9
97.5
95.7
100
100
98.2
93.8
100
100
100
100
97.2
100
100
100
100
100
100
100
96.5
100
100
98.0
90

98.6

Gene

Gene
Gene
Gene
Gene

regulatory: TPP riboswitch
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:

Gene:
Gene:
Gene:
Gene:
Gene:

Gene:

: DBN47_RS02105

: DBN47_RS02630
: DBN47_RS02640
: DBN47_RS02860
- DBN47_RS03100

DBN47_RS03140
DBN47_RS03275
DBN47_RS03425
DBN47_RS03475
DBN47_RS03585
DBN47_RS03720
DBN47_RS03865
gevT

DBN47_RS03910

DBN47_RS04110
DBN47_RS04210
DBN47_RS04445
bont
bont

brnQ

1262 dup

486 T>C
784 del A
1589 dup
474 A>G

548 T>C
1399 A>G
420 T>C
83 G>A
670 del A
871 T>C
1372 A>G
392 A>G
319 A>G

168 del A
205 G>A
276 C>T
2203 A>G

2469-2470
dup

16 T>G

Leu422 fs

Arg262 fs
Asn530 fs

11e183Thr
Thr467Ala

Ser28Asn
Ser224 fs
*291GlIn
Lys458Glu
Glul31Gly
Thrl07Ala

Lys56 fs
Asp69Asn

Thr735Ala
*824 fs

Ser6Ala
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930207
930228
930240
930249
930252
930255
930264
930270
930282

930288
930292

930297
930300
930303
930312
930318
930328
932517
959722
988439
1017100
1046819
1055392
1077480

SNV
SNV
SNV
SNV
SNV
SNV
SNV
SNV
MNV

SNV
MNV

SNV
SNV
SNV
SNV
SNV
SNV
SNV
SNV
SNV
Insertion
Insertion
SNV
SNV

- 4 0 0 > > 00

o
>

> 0O
3

4400460440

>0 >» 1400 44

—
O

® >
(@)

>>»>»2>»00>>» 4 0>»>»> >

58
56
59
59
61
58
58
55
56

59
54

54
55
55
53
52
51
69
92
66
48
78
68
67

58
56
60
60
61
59
58
58
56

59
54

55
55
55
53
53
51
69
94
66
52
81
70
68

100
100
98.3
98.3
100
98.3
100
94.8
100

100
100

98.2
100
100
100
98.1
100
100
97.9
100
923
96.3
97.1
98.5

Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:

Gene:
Gene:

Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:

brnQ
brnQ
brnQ
brnQ
brnQ
brnQ
brnQ
brnQ
brnQ

brnQ
brnQ

brnQ

brnQ

brnQ

brnQ

brnQ

brnQ

brnQ

DBN47_RS04635
DBN47_RS04815
DBN47_RS04950

cbiD (Cobalamin biosynthesis)
cbiG (Cobalamin biosynthesis)
DBN47_RS05295

39 G>T
60 C>T
72 A>C
81 A>C
84 C>T
87 G>A
96 T>G
102 T>A

114-115 del
CAinsTC

120 C>A

124-125 del
AT ins GC

129 C>A
132 T>A
135 T>A
144 G>A
150 T>C
160 C>T
897 G>A
174 A>G
140 T>C
661 dup

281 dup

167 G>A
489 C>T

lle32Met
Asn34Lys
Lys39GIn

lled2Ala

lle58Met
Leud7Ser
11e221 fs
Asn94 fs
Gly56Glu
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1085212
1088290
1098936
1132009
1205102
1213267
1217576
1228329
1230331
1238833
1247274
1278055
1323010
1346059
1360213
1401997
1405045
1405836
1430351
1519307
1532147
1539700
1555377
1610790
1618151
1634112

SNV
SNV
SNV
Deletion
Insertion
SNV
Insertion
SNV
SNV
SNV
SNV
Insertion
SNV
SNV
Insertion
Deletion
SNV
Insertion
Deletion
Deletion
SNV
Deletion
Deletion
SNV
SNV
SNV

> -4 >0

—

> ' 44" 6> 40

- o 4> > > 4>

o o >

OO0 -4>» 0 0> >» 0 -

1 _| > 1

O > 0

51
43
49
47
57
73
60
20
42
40
77
48
66
42
51
61
64
58
33
59
53
62
61
66
63
58

51
43
49
48
63
75
66
20
42
42
77
48
67
43
59
63
65
63
35
59
53
64
62
67
64
59

100
100
100
97.9
90.5
97.3
90.9
100
100
95.2
100
100
98.5
97.7
86.4
96.8
98.5
92.1
943
100
100
96.9
98.4
98.5
98.4
98.3

Gene:
Gene:

Gene:
Gene:

Gene:
Gene:
Gene:

Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:

Gene:
Gene:
Gene:
Gene:
Gene:
Gene:

DBN47_RS05350
DBN47_RS05405

DBN47_RS05905
DBN47_RS05940

DBN47_RS06010
DBN47_RS06020
DBN47_RS06070

DBNA47_RS06440
DBN47_RS06550
DBNA47_RS06645
DBN47_RS06895
DBN47_RS06905
DBNA47_RS06910
DBNA47_RS07000

DBN47_RS07575
DBN47_RS07610
DBN47_RS07685
DBN47_RS07950
nadC

DBN47_RS08035

759 A>G
116 A>G

80 dup
25 A>G

805 G>A
422 T>C
654 A>G

714 T>C
56 A>G
356 dup
252 del A
1840 G>A
128 dup
508 del A

397 A>G
792 del A
12 del A
1141 A>G
771 C>T
625 T>C

lle253Met
*39Trp

Leu27 fs
ThroAla

Val269Met
Vall4lAla

Glul9Gly
11120 fs
Lys84 fs
Glué14Lys
Leu43 fs
Serl170 fs

Lys133Glu
Lys264 fs
Val5 fs
Arg381Gly

Ser209Pro
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1666451
1667369
1674893
1724285
1747171
1750401
1769858
1778639
1784026
1812816
1830627
1839758
1850878
1852678
1854772
1881284
1888397
1892314
1897925
1921051
1940110
1946069
1963018
1966919
1969942
1970154

SNV
SNV
SNV
SNV
Deletion
SNV
SNV
SNV
SNV
SNV
SNV
Deletion
SNV
Insertion
SNV
SNV
SNV
Deletion
SNV
SNV
SNV
SNV
Insertion
SNV
SNV
SNV

>PO0A4>0>0 "' 4> A 44 40>>> - - -

= O ®

o 0O 00

> O >» 40" O0000>» 0"

O =4 >»>» 60 > 0>

43
55
63
41
60
60
48
64
43
63
52
71
87
54
36
59
38
38
59
21
47
33
67
54
59
67

45
56
63
42
62
61
48
64
43
63
52
74
89
57
36
60
38
38
59
21
47
33
71
55
59
67

95.6
98.2
100
97.6
96.8
98.4
100
100
100
100
100
95.9
97.8
94.7
100
98.3
100
100
100
100
100
100
94.4
98.2
100
100

Gene:
Gene:
Gene:
Gene:
Gene:
Gene:

Gene:

Gene:
Gene:
Gene:
Gene:

Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:

Gene:
Gene:
Gene:

DBN47_RS08205
DBN47_RS08210
DBN47_RS08250
DBN47_RS08480
DBN47_RS08615
DBN47_RS08625

DBN47_RS08740

IpdA

DBN47_RS08950
DBN47_RS09010
DBN47_RS09055

DBN47_RS09070
DBN47_RS09205
DBN47_RS09235
DBN47_RS09240
DBN47_RS09245
DBN47_RS09360
DBN47_RS09435
DBN47_RS09480

DBN47_RS09585
DBN47_RS09595
DBN47_RS09595

450 T>C
21 A>G

663 T>C
201 T>C
76 del A
115 A>G

602 T>C

1028 T>C
209 T>C
631 del A
26 T>C

1845 G>A
347 T>C
541 G>A
2865 del A
3613 T>A
700 A>G
35C>T
115T>C

1076 C>T
459 G>A
247 A>G

Arg26 fs
Thr39Ala

Leu201Pro

Val343Ala
Val70Ala
1le211 fs
Leu9Pro

Valll6Ala
Vall81Met
Lys955 fs
Cys1205Ser
Ser234Gly
Thrl2lle
Phe39Leu

Thr359Met

11e83Val
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2020129
2034990
2037873
2039076
2041345
2052031
2060752

2068708
2079568
2079820
2091810
2103126
2107879
2109598
2113556
2121906
2129708
2147077
2155285
2169407
2173809
2193497
2196046
2201937
2204948

SNV
SNV
Deletion
SNV
Insertion
SNV
Deletion

SNV
Deletion
Insertion
SNV
SNV
Insertion
SNV
SNV
SNV
SNV
SNV
Deletion
Deletion
SNV
SNV
Insertion
Insertion
SNV

- =4 4 0

TT

> 4 ' -

>0 >» 40 4>» 0 > !

O

O

O O

®

- 060 460 1460 > > "'

- 4 0 o >

24
63
47
56
35
22
69

65
47
57
79
37
22
50
62
65
60
62
39
81
41
56
60
66
61

24
64
50
56
38
22
71

65
50
62
80
37
24
52
62
65
60
62
40
83
41
57
67
71
62

100
98.4
94
100
921
100
97.2

100
94.0
91.9
98.8
100
91.7
96.2
100
100
100
100
97.5
97.6
100
98.2
89.6
93.0
98.4

Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:

Gene:
Gene:
Gene:

Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:

Gene:
Gene:

Gene:
Gene:

DBN47_RS09865
DBN47_RS09950
DBN47_RS09960
cloSI

DBN47_RS09970
DBN47_RS10025
DBN47_RS10060

DBN47_RS10100
DBN47_RS10145
DBN47_RS10150

DBN47_RS10245
DBN47_RS10265
DBN47_RS10270
DBN47_RS10300
DBN47_RS10320
DBN47_RS10355
DBN47_RS10435
larA

DBN47_RS10570
DBN47_RS10645

DBN47_RS10705
DBN47_RS10725

388 G>A
1206 T>C
305 del A
1146 A>G
651 dup
1556 G>A

1505-1506 del
AA

652 T>C
30 del A
115 dup

198 T>C
290 dup
928 A>G
360 C>T
1237 A>G
95 A>C
825 C>T
841 del A

1872 C>T
985 A>G

285 dup
430 G>A

Aspl130Asn

Asn102 fs

Asn218 fs
Arg519GIn
Lys502 fs

*218GIn
Valll fs
Met39 fs

Ser98 fs

Lys310Glu

Thr413Ala
His32Pro

11e281 fs

1le329Val

Cys96 fs
Glyl44Ser
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2218553
2256380
2259007
2274894
2278876
2279609
2326962
2347983
2361541
2380991

2382866
2388633
2403084
2427760
2428020
2451735
2469684
2488477
2503307
2503780
2513623
2543138
2547157
2595584
2604039

SNV
SNV
Insertion
SNV
Deletion
Deletion
Insertion
SNV
SNV
Deletion

SNV
SNV
SNV
SNV
Deletion
SNV
SNV
SNV
SNV
SNV
Insertion
SNV
Deletion
SNV
Insertion

O
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oo 40440 >» > 0 > =4 4 O

I

TA
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(IO RNO)

O-4 44040

—

45
61
59
57
66
65
77
59
74
63

53
64
73
67
58
58
54
61
64
77
73
86
104
41
62

45
61
64
59
72
71
79
59
74
72

53
64
73
68
58
58
54
61
65
77
77
86
108
41
66

100
100
92.2
96.6
91.7
91.5
97.5
100
100
87.5

100
100
100
98.5
100
100
100
100
98.5
100
94.8
100
96.3
100
93.9

Gene:
Gene:

Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:

DBN47_RS10810
DBN47_RS10990

DBN47_RS11085
DBN47_RS11095
DBN47_RS11100
DBN47_RS11310
DBN47_RS11385
DBN47_RS11435

cooS (Carbon monoxide

dehydrogenase)

Gene:

Gene:
Gene:

Gene:
Gene:
Gene:
Gene:
Gene:

Gene:

Gene:

hypB

DBN47_RS11620
DBN47_RS11770

DBN47_RS11915
DBN47_RS12020
DBN47_RS12110
polC
polC

prdB

DBN47_RS12650

2832 A>G
195 G>A

1087 A>T
47 del A
699 del A
525 dup
128 G>A
176 A>G
578 del A

314 A>G

557 T>C
84 T>C

763 A>G
160 G>A
1270 A>G
1705 G>A
1232 G>A

10 A>G

516 G>A

1le363Leu
Lys16 fs

Ala234 fs
Tyrl76 fs
Cys43Tyr
Asn59Ser
Lys193 fs

Asn105Ser

11e186Thr

Thr255Ala
Val54lle

Thrd24Ala
Ala569Thr
Gly411Asp

lledVal
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2662734
2720580
2732486
2751420
2778776
2783516
2829233
2907975
2909319
2910209
2913108
2918346
2921204
2942193
2943970
2950667
2954771
2991277
2991438
3003514
3005731
3007083
3022486
3037793
3043216
3050558

SNV
SNV
SNV
SNV
Insertion
SNV
SNV
SNV
SNV
SNV
SNV
Deletion
SNV
SNV
Deletion
SNV
Insertion
SNV
SNV
SNV
SNV
Deletion
Deletion
SNV
SNV
Insertion

4 >0 +

> 4000 4> 0 440> "'

O—4 4 4>>0 -

@O0 6 46 >» >0 -0

- >

OO 4040

> 4 0

66
66
54
78
18
45
73
48
51
63
71
53
63
37
44
64
52
71
91
42
29
67
64
72
94
56

67
66
54
78
18
45
73
48
52
64
71
54
63
38
46
65
59
71
91
42
29
69
66
72
94
62

98.5
100
100
100
100
100
100
100
98.1
98.4
100
98.1
100
97.4
95.7
98.5
88.1
100
100
100
100
97.1
97.0
100
100
90.3

Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:

Gene:
Gene:
Gene:
Gene:

Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:

DBN47_RS13025
DBN47_RS13275
DBN47_RS13330
DBN47_RS13425
DBN47_RS13575
DBN47_RS13600
DBN47_RS13810
DBN47_RS14160
DBN47_RS14165
DBN47_RS14170
DBN47_RS14190

glsA (Glutaminase)
DBN47_RS14310
DBN47_RS14310
DBN47_RS14350

DBN47_RS14530
DBN47_RS14530
DBN47_RS14600
DBN47_RS14610
DBN47_RS14615

mgtA (Magnesium transporter A)

DBN47_RS14735

hydA (Ferredoxin hydrogenase)

MOCA

48 A>G
1035 G>A
279 T>C
590 A>T
524 dup
371 T>C
489 G>A
385 A>C
128 A>G
715 C>G
575 T>C

218 C>T
1863 G>A
86 del A
181 A>G

999 A>G
838 G>A
606 T>C
101 T>C
557 del A
777 del A
748 A>G
1341 G>A
158 dup

*16Trp

Glul97Vval
Leul75 fs
Leul24Pro

1le129Leu
*43Trp
GIn239Glu
Leul92Pro

Thr73lle
Met621lle
Asn29 fs
Asn61Asp

Val280Met
Val34Ala
Lys186 fs
Lys259 fs

Thr250Ala

Phe54 fs
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3061683
3063070
3063931
3083533
3104272
3116357
3127697
3133402
3137236
3138620
3139768
3141528
3212289
3243886
3245644
3246351
3263876
3287471
3297926
3312258
3328645
3366052
3372663
3391129
3401854
3408923

SNV
Deletion
SNV
SNV
SNV
Insertion
SNV
Deletion
SNV
SNV
SNV
Deletion
Deletion
Deletion
SNV
Deletion
Insertion
Deletion
SNV
Insertion
Deletion
SNV
SNV
SNV
SNV
SNV
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o 44" >» 000

92
51
54
69
71
36
54
72
68
66
85
77
68
48
56
69
63
40
44
55
53
69
75
57
77
52

94
53
54
69
71
39
55
75
68
66
86
79
70
49
57
74
71
45
44
57
58
69
76
57
80
54

97.9
96.2
100
100
100
92.3
98.2
96
100
100
98.8
97.5
97.1
98.0
98.2
93.2
88.7
88.9
100
96.5
914
100
98.7
100
96.3
96.3

Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:

Gene:

Gene:

Gene:

Gene:

Gene:
Gene:

Gene:

Gene:

Gene:
Gene:

DBN47_RS14830
DBN47_RS14835
DBN47_RS14835
DBN47_RS14935
DBN47_RS15060
DBN47_RS15150
DBN47_RS15230
DBN47_RS15275
DBN47_RS15295
DBN47_RS15305
DBN47_RS15310

DBN47_RS15655
DBN47_RS15850
DBN47_RS15865

secD (Protein-export membrane protein)

DBN47_RS16145
DBN47_RS16205

DBN47_RS16430
DBN47_RS16530

DBN47_RS16575
DBN47_RS16610

5G>A
1860 del A
999 T>C
138 T>C
235T>C
252 dup
412 C>T
16 del A
94 G>A
833 T>C
1482 T>C

429 del A
718 del A
282 C>T

557-558 dup

144 G>A
978-979 dup

389 G>A
2939 T>C

499 A>G
673 T>C

Gly2Asp
Lys620 fs

Ser79Pro
*85 fs
His138Tyr
Met6 fs
Val32lle
Leu278Pro

Lys143 fs
Arg240 fs

Gly187 fs

*327 fs
Cys130Tyr
Val980Ala

Serl67Gly
Cys225Arg
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3466046
3488709
3514394
3533221
3560380
3595037
3606031
3614278
3645325
3670192
3715940
3720152
3725529
3734057
3743334
3749262
3763755
3800000
3806505
3815306
3825817
3825867
3859158
3880810
3884207
3903194

SNV
SNV
SNV
SNV
Insertion
SNV
SNV
SNV
Insertion
Insertion
SNV
Deletion
SNV
SNV
SNV
SNV
SNV
SNV
Insertion
Deletion
SNV
SNV
Insertion
Insertion
SNV
Deletion
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81
97
64
72
53
51
53
80
40
54
68
63
54
85
68
85
75
81
62
74
41
40
68
62
74
85

81
98
64
72
56
51
54
80
44
58
68
64
54
86
72
87
75
83
74
79
41
40
75
69
74
87

100
99.0
100
100
94.6
100
98.1
100
90.9
93.1
100
98.4
100
98.8
94.4
97.7
100
97.6
83.8
93.7
100
100
90.7
89.9
100
97.7

Gene:
Gene:
Gene:
Gene:

Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:
Gene:

Gene:

Gene:

Gene:
Gene:

DBN47_RS16890
DBN47_RS17135
DBN47_RS17250
DBN47_RS17320

DBN47_RS17535
DBN47_RS17585
DBN47_RS17615
DBN47_RS17735
DBN47_RS17855
DBN47_RS18050
DBN47_RS18070
DBN47_RS18110
DBN47_RS18195

fusA (Elongation factor G)
rpoB (B subunit RNA polymerase)

DBN47_RS18380
DBN47_RS18540
spol IE

DBN47_RS18690
DBN47_RS18875

DBN47_RS18985
DBN47_RS19000

285 G>A
888 C>T
1228 G>A
555 G>A

1273 G>A
1427 T>C
535 G>A
775 dup
1192 dup
38 A>G
121 del T
688 T>C
420 G>A
801 C>T
3642 A>T
361 T>C
200 T>C
253-254 dup

49 G>A
200-201 dup

425 dup
687 A>G

Glu410Lys

Asp425Asn
Val476Ala
Aspl79Asn
Ser259 fs
11398 fs
Asn13Ser
*41 fs
Tyr230His

Glul214Asp
Tyr121His
Leu67Pro
Phe86 fs

Vall7Met

Arg68 fs
Leul4?2 fs



ove

3910299 SNV C T 32 32 100 Gene: DBN47_RS19190 114 G>A
3919188 SNV A G 48 48 100 Gene: DBN47_RS19240 53T>C Leul8Pro

Light blue: NCTC probably parent WT allele (based on genome sequence ATCC 3502 and 19397; and if ORF is actually corrected/restored or broken)
Dark blue: NCBI probably parent WT allele (based on genome sequence ATCC 3502 and 19397; and if ORF is actually corrected/restored or broken)
Light grey: probably sequencing/alignment error (brnQ is dublicated in genome, both genes are slightly different in nucleotide sequence)

Light red: unclear if NCBI or NCTC is the parent WT allele

White: not checked (only mutations causing fs and genes with name annotation were checked)
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Table A 18 List of variants detected in Loch Maree WT compared to the published reference genome (accession number: NC_010520.1)

Reference  Type Reference Allele Count Coverage Frequency Overlapping annotations Coding Amino acid

Position region change change

400153 MNV TA AG 12 12 100 Gene: CLK_RS01880 (Sensor histidine kinase) 1449 1450 del 1le484Val
TA ins AG

400156 SNV T A 12 12 100 Gene: CLK_RS01880 (Sensor histidine kinase) 1452 T>A

400166 SNV C T 11 11 100 Gene: CLK_RS01880 (Sensor histidine kinase) 1462 C>T Leu488Phe

400168 SNV T A 11 11 100 Gene: CLK_RS01880 (Sensor histidine kinase) 1464 T>A

400171 SNV A T 11 11 100 Gene: CLK_RS01880 (Sensor histidine kinase) 1467 A>T

400174 MNV CT TG 11 11 100 Gene: CLK_RS01880 (Sensor histidine kinase) 1470_1471 del Ser491Ala
CTinsTG

403559 SNV G A 10 10 100 Gene: CLK_RS01900 (Sensor histidine kinase) 1387 G>A Asp463Asn

403564 SNV T G 13 13 100 Gene: CLK_RS01900 (Sensor histidine kinase) 1392 T>G

403570 SNV A G 13 14 92.9 Gene: CLK_RS01900 (Sensor histidine kinase) 1398 A>G

403573 SNV G A 13 14 92.9 Gene: CLK_RS01900 (Sensor histidine kinase) 1401 G>A

403576 SNV T C 15 15 100 Gene: CLK_RS01900 (Sensor histidine kinase) 1404 T>C

403579 SNV G T 15 15 100 Gene: CLK_RS01900 (Sensor histidine kinase) 1407 G>T Met4691le

403582 SNV T C 15 15 100 Gene: CLK_RS01900 (Sensor histidine kinase) 1410 T>C

403585 SNV G A 16 16 100 Gene: CLK_RS01900 (Sensor histidine kinase) 1413 G>A

403589 SNV C A 16 16 100 Gene: CLK_RS01900 (Sensor histidine kinase) 1417 C>A Pro473Thr

1805495 SNV G T 71 72 98.6

1808085 SNV G T 55 55 100 Gene: CLK_RS08380 (LysR family 658 C>A Leu220lle

transcriptional regulator)
1830764 Deletion TTATCTT - 19 24 79.2 Gene: CLK_RS08465 (ABC transporter 470_476 del Ser157 fs
permease) CTTTTAT
2224669 SNV A G 48 48 100 Gene: CLK_RS10250 (Hypothetical protein - 274 A>G Thr92Ala

spore germination B3/GerAC like)



cve

2245534 SNV G A 48 48

2876468 Insertion - T 61 62

3580345 SNV G A 68 68

100

98.4

100

Gene: CLK_RS10330 (RpiR family
transcriptional regulator)

Gene: CLK_RS13300 (Flagellar biosynthesis
protein FIgC)

Gene: CLK_RS16590/brnQ (Branched-chain
amino acid transport protein)

245 C>T
203 dup

854 C>T

Ala82Val

Asn68 fs

Ala285Val

Light blue: NCTC probably parent WT allele (ORF is corrected/restored)
Light grey: low coverage
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Table A 19 List of variants detected in NCTC 2916 WT compared to the published reference genome (accession number: NZ_ABDO00000000.2)

Contig Reference Type Reference  Allele Count Coverage Frequency Overlapping annotations Coding region ~ Amino acid
Position change change

7 241058 SNV G A 87 149 58.4 Gene: ItrA (CBN_2340) (Group Il 818 G>A Cys273Tyr
intron reverse
transcriptase/maturase)

7 241436 Insertion - TATCG 31 58 53.4 Gene: ItrA (CBN_2340) (Group Il 1195 1196 ins Lys399 fs
intron reverse TATCG
transcriptase/maturase)

4 190 Replace G CA 13 13 100 Gene: CBN_1988 (Hypothetical del Cins TG Ala21 fs

ment protein)

4 193 SNV G A 14 14 100 Gene: CBN_1988 (Hypothetical 2C>T Ser20Phe
protein)

3 112644 Insertion - GTATT 31 60 51.7

TTATT
G

2 165425 SNV G A 104 105 99.0 Gene: CBN_3421 (Site-specific 320 C>T Ser107Phe
recombinase, phage integrase
family)

2 165790 Deletion G - 31 55 56.4

2 165952 Insertion - C 44 68 64.7

1 798852 SNV A G 76 77 98.7

Light blue: NCTC probably parent WT allele (ORF is corrected/restored)

Light red: unclear if NCBI or NCTC is the parent WT allele

Light grey: low coverage
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Safe strain genome sequences compared to published reference genome and WT SBRC genome

Table A 20 List of variants detected in ATCC 19397 AboNT/AL1 compared to the published reference genome (accession number: NC_009697)

AboNT/ALl biological replicate 1

Reference  Type Reference Allele  Count Coverage Frequency Overlapping annotations Coding Amino acid

Position region change change

2061071 SNV A C 54 54 100 Gene: CLB_RS09580 (MurR/RpiR family 318 T>G Phel06Leu
transcriptional regulator)

2061097 SNV C T 52 52 100 Gene: CLB_RS09580 (MurR/RpiR family 292 G>A Glu98Lys
transcriptional regulator)

2389771 SNV T A 56 57 98.3 Gene: CLB_RS11150 (Membrane protein) 410 T>A Phel37Tyr

2984334 SNV C A 49 49 100 Gene: CLB_RS14020 (Magnesium- 2485 G>T Ala829Ser
translocating P-type ATPase)

3312582 SNV T C 75 75 100

3380286 SNV C G 67 67 100 Gene: CLB_RS15955 (Sigma-54-dependent 1118 G>C Arg373Thr
Fis family transcriptional regulator)

3465907 Insertion - A 61 61 100 Gene: CLB_RS16495 (Lactate dehydrogenase) 31 dup Tyrll fs

3799877 SNV G A 71 71 100 Gene: CLB_RS18085 (YjjW famile glycyl 341 G>A Gly114Asp
radical enzyme activase)

AboNT/ALl biological replicate 2

Reference  Type Reference  Allele  Count  Coverage  Frequency  Overlapping annotations Coding region  Amino acid

Position change change

2061071 SNV A C 57 57 100 Gene: CLB_RS09580 (MurR/RpiR family 318 T>G Phel06Leu
transcriptional regulator)

2061097 SNV C T 59 59 100 Gene: CLB_RS09580 (MurR/RpiR family 292 G>A Glu98Lys
transcriptional regulator)

3312582 SNV T C 59 59 100



3380286 SNV C G 43 44 97.7 Gene: CLB_RS15955 (Sigma-54-dependent 1118 G>C Arg373Thr
Fis family transcriptional regulator)

3465907 Insertion - A 47 47 100 Gene: CLB_RS16495 (Lactate dehydrogenase) 31 dup Tyrll fs
Reference  Type Reference  Allele  Count  Coverage  Frequency  Overlapping annotations Coding region ~ Amino acid
Position change change
982949 SNV C A 68 68 100 Gene: CLB_RS04645 (HAMP-domain 90 C>A
containing histidine kinase)
3312582 SNV T C 79 79 100
3380286 SNV C G 53 53 100 Gene: CLB_RS15955 (Sigma-54-dependent 1118 G>C Arg373Thr
Fis family transcriptional regulator)
3465907 Insertion - A 60 60 100 Gene: CLB_RS16495 (Lactate dehydrogenase) 31 dup Tyrll fs

§ Yellow: present in WT
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Table A 21 List of variants detected in ATCC 19397 ACIA compared to the published reference genome (accession number: NC_009697)

Reference  Type Reference  Allele Count  Coverage Frequency Overlapping annotations Coding region  Amino acid

Position change change

2061071 SNV A C 61 61 100 Gene: CLB_RS09580 (MurR/RpiR family 318 T>G Phel0O6Leu
transcriptional regulator)

3312582 SNV T C 66 66 100

3380286 SNV C G 67 68 98.5 Gene: CLB_RS15955 (Sigma-54-dependent 1118 G>C Arg373Thr
Fis family transcriptional regulator)

3465907 Insertion - A 75 76 98.7 Gene: CLB_RS16495 (Lactate 31 dup Tyrll fs
dehydrogenase)

Reference  Type Reference  Allele Count  Coverage Frequency Overlapping annotations Coding region  Amino acid

Position change change

686745 SNV C A 80 80 100 Gene: CLB_RS03185 (ATP-binding protein) 772 G>T Gly258Cys

1003068 SNV A C 61 122 50.0

2061071 SNV A C 60 60 100 Gene: CLB_RS09580 (MurR/RpiR family 318 T>G Phel0O6Leu
transcriptional regulator)

3312582 SNV T C 67 68 98.5

3380286 SNV C G 77 77 100 Gene: CLB_RS15955 (Sigma-54-dependent 1118 G>C Arg373Thr
Fis family transcriptional regulator)

3465907 Insertion - A 72 72 100 Gene: CLB_RS16495 (Lactate 31 dup Tyrll fs
dehydrogenase)

Reference  Type Reference  Allele Count  Coverage Frequency Overlapping annotations Coding region  Amino acid
Position change change




ve

~

165266

1003068
1563755
2061071

2061145

3312582
3380286

3465907

SNV

SNV
SNV
SNV

SNV

SNV
SNV

Insertion

29

54
83
61

57

76
71

53

77

115
83
61

58

77
72

55

37.7

47.0
100
100

98.3

98.7
98.6

96.4

Gene: CLB_RS00805 (Transcription
termination factor Rho)

Gene: CLB_RS07355

Gene: CLB_RS09580 (MurR/RpiR family
transcriptional regulator)

Gene: CLB_RS09580 (MurR/RpiR family
transcriptional regulator)

Gene: CLB_RS15955 (Sigma-54-dependent
Fis family transcriptional regulator)

Gene: CLB_RS16495 (Lactate
dehydrogenase)

413 C>A

48 A>C
318 T>G

244 G>T

1118 G>C

31 dup

Serl38Tyr

PhelO6Leu

Val82Leu

Arg373Thr

Tyrll fs

Yellow: present in WT
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Table A 22 List of variants detected in ATCC 19397 iboNT/A1RY compared to the published reference genome (accession number: NC_009697)

Reference  Type Reference  Allele  Count  Coverage Frequency Overlapping annotations Coding region Amino acid

Position change change

883088 SNV G A 89 89 100 Gene: bont 1053 G>A

883122 MNV AGA GCT 82 82 100 Gene: bont 1087-1089 Arg363Ala

del/ins GCT

883132 SNV A T 82 82 100 Gene: bont 1097 A>T Tyr366Phe

3312582 SNV T C 72 72 100

3380286 SNV C G 72 72 100 Gene: CLB_RS15955 (Sigma-54-dependent 1118 G>C Arg373Thr
Fis family transcriptional regulator)

3465907 Insertion - A 62 63 98.4 Gene: CLB_RS16495 (Lactate 31 dup Tyrll fs
dehydrogenase)

Reference  Type Reference  Allele Count  Coverage Frequency Overlapping annotations Coding region Amino acid

Position change change

883088 SNV G A 94 94 100 Gene: bont 1053 G>A

883122 MNV AGA GCT 88 88 100 Gene: bont 1087-1089 Arg363Ala

del/ins GCT

883132 SNV A T 88 88 100 Gene: bont 1097 A>T Tyr366Phe

2061071 SNV A C 56 56 100 Gene: CLB_RS09580 (MurR/RpiR family 318 T>G Phel06Leu
transcriptional regulator)

3312582 SNV T C 71 71 100

3380286 SNV C G 69 69 100 Gene: CLB_RS15955 (Sigma-54-dependent 1118 G>C Arg373Thr
Fis family transcriptional regulator)

3465907 Insertion - A 69 70 98.6 Gene: CLB_RS16495 (Lactate 31 dup Tyrll fs

dehydrogenase)




6ve

Reference  Type Reference  Allele Count  Coverage Frequency Overlapping annotations Coding region Amino acid

Position change change

883088 SNV G A 75 76 98.7 Gene: bont 1053 G>A

883122 MNV AGA GCT 73 74 98.6 Gene: bont 1087-1089 Arg363Ala

del/ins GCT

883132 SNV A T 76 76 100 Gene: bont 1097 A>T Tyr366Phe

1644272 SNV G A 77 78 98.7 Gene: CLB_RS07730 (peptide MFS 417 G>A
transporter)

3312582 SNV T C 70 70 100

3380286 SNV C G 67 68 98.5 Gene: CLB_RS15955 (Sigma-54-dependent 1118 G>C Arg373Thr
Fis family transcriptional regulator)

3465907 Insertion - A 69 72 95.8 Gene: CLB_RS16495 (Lactate 31 dup Tyrll fs
dehydrogenase)

Yellow: present in WT
Green: anticipated change
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VIII. SNPs/SNVs comparison table for ATCC 3502

Table A 23 List of all variants detected in ATCC 3502 strains used in this study

e = e

— N
2 8 @ 8 g 2,8 8 8 8 g % £
0 0 o 0 = Z 0 o 0 i (w Y & =2 z z
% % i % 2 5 % % % = S 2 2 2 = =

Position + + + + + + - = = = 5 - - - - -

4174 4174

34221 34221 34221

41154 41154

84820 84820

85454 85454 85454

122731 122731

130004 130004 130004 130004 130004 130004 130004 130004 130004 130004 130004 130004 130004 130004 130004 130004 130004

148878 148878

148885 148885

148891 148891

152849 152849

196143 196143

199497 199497 199497

202999 202999

206761 206761

209980 209980 209980 209980 209980 209980




16¢

244279
248507
275721
278091
314422
331795
334845
385352
392621
392977

393048

413266
424790
520957
524885
542165
543190
552405
554147
570086
589301
590039
598476
600787
603757
606873

393048

275721
278091
314422
331795

392621 392621

413266
520957
542165

543190

552405
590039
598476

600787
606873

244279
248507
331795
334845
385352
392621
392977
424790
520957
524885
542165
554147
589301
600787
603757
606873
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613733
633687
640892
671367
681349
683064
760208
779151
826887
828172
834044
838149
839814
860317
879645
881185
895995
945079
946308
976250
981108
1010743
1011187
1011866
1023882
1028572
1043719

613733
633687

760208
834044
839814
860317
879645
981108
1010743
1011187 1011187
1023882
1043719

640892

T B o

681349
683064

779151
826887
828172

838149
860317

881185
945079
946308
976250

1011187
1011866

1028572
1043719



€qe

1047910
1059859
1061539
1078221
1078297
1096207
1116813
1117314
1164214
1165048
1188145
1224668
1224781
1224963
1241975
1243791

1244400

1246898
1246905
1272639
1303726
1311713
1325374
1335638
1342138
1358201

1078297

1244400

1078297

1078297

1078297

1078297

1244400

1078297

1244400

1047910
1059859
1061539
1078221
1096207
1116813 1116813
1117314
1164214
1165048
1188145
1224668
1224781
1224963
1241975
1243791 1243791 1243791
1246898
1246905
1272639
1303726
1311713
1325374
s P
1342138
1358201



14513

1364760
1371019
1417459
1419605
1427514
1428725
1466519
1467064
1476063
1487032
1500731
1524096
1535502
1537837
1539098
1541595
assser | 160557 1685597
1613471
1614684
1634573
1649593
1667030
1691311
1710271
1719199
1735600
1736091

1667030 1667030

1736091

1667030

1667030

1667030

1667030

1428725

1466519
1467064

1535502

1719199

1364760
1371019

1419605

1466519 1466519 -

1476063 1476063
1487032
1500731
1524096
1537837
1541595
1613471 1613471
1614684 1614684
1634573

1691311
1710271

1735600




GSE

1736348
1744233
1746652
1765830
1792890
1806932
1818853
1824625
1915275
1922019
1930729
1938356
2013932
2038493
2068908
2087885
2101364
2101478

2108268
2108692
2110823
2111712

2129278
2129295
2140175
2144065

2108268

2111712

1746652
1792890 1792890
1818853
1824625
1915275
1922019
2013932

2110823

1744233

1765830
1792890
1806932
1930729
1938356
2068908 2068908
2087885
2101364
2101478

2108692

2129278 2129278

2129295 - 2129295 -

2140175 2140175
2144065 2144065
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2148763
2182829
2189526
2189534
2189543
2189557
2198989
2222256
2231813
2261816
2267736
2270854
2278781
2289691
2333003
2335069
2347194
2354425
2365974
2391417
2392655
2411493
2437504

2466355

2469901
2480001

2466355

2466355

2182829
2198989
2231813
2261816
2267736
2270854
2278781
2333003 2333003
2335069
2347194
2354425
2411493 2411493
2437504
2469901
2480001

2189526
2189534
2189543
2189557
2198989
2261816
2289691
2333003
2391417
2392655
2411493

2189526
2189534
2189543
2189557

2222256

2289691

2365974

2148763



At

2480917
2483935
2518104
2529607
2573235
2586961
2608531

2622601

2632871
2643525
2646907
2647887
2647949

2651226

2652170
2710781
2715781
2728995
2741807
2755021
2772372
2788099
2802690
2804573
2806558
2814607

2651226

2651226

2622601

2483935

2632871

2710781

2772372

2483935

2647887
2647949

2814607

2586961

2643525

2715781

2755021

2806558

2480917

2518104

2608531

2646907

2480917

2518104

2608531

2646907

2802690

2652170

2788099

2483935

2529607

2728995

2573235



85€E

2853374
2887469
2919381
2920646
2923837
2927721

2961144

2966347
2979078
2983244
2991115
3034224
3060299
3062301
3065085
3081166
3088488
3089950
3093768
3104415
3115016
3126216
3130882
3134274
3142799
3157040

2961144

2919381
2920646
2927721 2927721
2979078
3034224
3065085
3089950
3115016 3115016
3130882

3142799

2853374
2887469

2923837

3060299

3081166
3088488

2853374
2887469

2923837

3060299

3081166
3088488

- 3126216

2966347

2991115

3062301

3093768

2927721
2983244
3104415
3115016
3134274
3157040



65¢

3176312
3199689
3217092
3231763
3231859
3233766
3234007
3267818
3292811
3299428
3307378
3315239
3324092
3341788
3351372
3391836
3399943
3404472
3428775
3437415
3438345
3439378
3457861
3465157
3472648
3503687
3531415

3234007
3267818

3234007
3267818

3234007
3267818

3234007
3267818

3234007
3267818

3234007
3267818

3231859

3324092

3428775
3437415

3457861

3472648

3292811

3399943
3404472

3231763
3231859

3457861

3472648

3234007

3391836

3176312
3199689

3307378

3351372

3465157

3176312

3217092

3231859

3233766

3234007

3299428
3307378
3315239
3341788
3438345
3439378
3457861
3465157
3472648
3503687
3531415
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3531864
3537809
3540627
3543449
3548707
3553722
3587679
3591693
3595395
3629557
3630200
3637040

3641879

3641967
3665439
3671591
3672989
3682168
3715513
3721362

3724684

3743752
3752302
3799317
3836626
3866544

3629557

3724684

3629557

3724684

3629557

3724684

3629557

3724684

3629557

3724684

3629557

3641879

3724684

3531864
3537809

3543449
3548707

3595395

3641967

3682168

3587679
3591693

3641967

3715513

3591693

3672989

3724684 - 3724684 3724684 3724684

3799317

3836626

3591693

3672989

3724684

3836626

3540627
3553722
3637040
3641967
3665439
3671591

3721362

3724684 3724684 |« 3724684 ﬁ

3743752 3743752
3752302

3866544



19¢

3872323
3886591

3886591

3886591

3886591

3872323

Table legend

In all strains

Only in all non-mutator strains
Only, but not all non-mutator strains
Clade

Clade

Between clades

In majority of mutator strains
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