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Abstract

Clostridium saccharoperbutylacetonicunis an anaerobe that is growing in importance for
biotechnological applications. In recent years, significant strides have been made in improving the

genetic tractability and in understandingC. sacchroperbutylacetonicumfermentative biology.
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particular, there is little published work examinin@. saccharoperbutylacetonicumsing either
forward or reverse genetics approaches. Particularly, the understanding of sporulation,

germination, and quorum sensing in the species is severely lacking.

This thesis aimed to establish a pipeline for transposon insertion site sequencing, a forward
genetics approach, irC.saccharoperbutylacetonicurto determine its essential genome. Whilst we
were not ultimately successful, we did identify 677 open reading frames that are possibly essential
to growth. We believe this list, along with a partial list of nessential open rading frames,

provides invaluable data with which to aid futur€. saccharoperbutylacetonicumork.

We also examined sporulation and germination. These processes are a key to the life cycle of the
species in its natural habitat. Sporulation is also intimately tied to the solventogenic stationary
phase of vegetative cells that is key to biotechnologicg@dications. Here we characterised for the

first time the morphology and ultrastructure of. saccharoperbutylacetonicugporulating cultures.

In addition, we screened and identified effective germinants and germination inhibitors to allow for

control overthose processes.

Finally, quorum sensing, the process by which bacteria sense population density, is likely extremely
important in high density cell contexts. However, it has been little studied i@.
saccharoperbutylacetonicupdespite its industrial redvance and routine fermentation. We present
the first work partially characterising the accessory gene regulator quorum sensing systef.in
saccharoperbutylacetonicumWe showed the importance of the system to both solventogenesis
and sporulation and higlight pathways to a better understanding of this crucial but complex

process.
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Chapter 18 Introduction

1.1 Clostridium saccharoperbutylacetonicum and solventogenic Clostridia

1.1.1 Biology

1.1.1.1 Overview

Clostridium saccharoperbutylacetonicuns a Gram positive, spore forming, acetotieitanol-
ethanol (ABE) producing, obligate anaerobe with a long history of use in industrial biotechnology.
Originally isolated from the soilHongo, 1960)C. saccharoperbutylacetonicuhas since undergone
multiple re-classifications and annotatias, particularly during the 1990s and 2000s, as 16s rRNA
and genome sequencing, and phenotypic characterisations became accessible and systeliadis

et al., 1995, 2001; Poehlein et al., 2QIBhe species has beaxtensively studied due to its ability

to produce ethanol acetone, and-butanol, with the latter two being the most industrially targeted.
As such, the majority of research conducted in the species has been focused on metabolic analyses,
from gene alterdions to fermentation, (e.g,Kosaka et al., 2007; Monaghan et,&021; Shaheen et
al., 2000)r on fermentation engineerinde.g.,Oshiro et al., 2010; Tanaka et al., 2012; Zheng et al.,
2013) This work has generally show®. saccharoperbutylacetonicutuo fit the metabolic archetype

of biphasic growth wherby high-energy yielding acidogenesis is used during logarithmic growth
before a switch to lower energy yielded, aeréabsorbing solventogenesis in stationary phase

(Jones and Woods, 1986)

1.1.1.2 Metabolism

Under standard fermentation condition$ anaerobic, simple feedstocke.g. glucose), controlled pH

and temperatured C. saccharoperbutylacetonicumakes use of two core, overlapping metabolic
pathways which are adequately described by the summandohes and WoodgAFShorgani et al.,
2012a; Jones and Woods, 1986; Noguchi et al., 2013; Tashiro et al., B®if)g all growth phases,
glucose is converted into pyruvate by glycolysis resulting in a nétTP molecules produced per
molecule of glucose (simplified in Figure 1.1). This process also produces reducing power in the form
of 2 NADH molecules. If under stress, the cell can remove excess reducing power at this point
through the production of lactate however this does not occur under favourable conditions.

Pyruvate is converted to two molecules acetgloA in a manner coupled with the reduction of
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Figure 1.1 The core metabolism of solventogenic Clostridia. Glycolysis is shown as

attenuated and poceeds as wellocumented. Cyan shows pathways that are always active. Ti

shows pathways that are highly active during acidogenesis. Mauve highlights pathways that

most highly active during solventogenesis. The reabsorption of acetate and butyratemslucted

by the same enzyme.
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ferredoxin and NADP+ resulting in the release of & step which also releases two molecules of

carbon dioxide.

During early growth phases, acet@}oA can be converted into any one of three different molecules
dacetyl phosphate, acetylaldehyde, and acetoacet@loA. These are the first molecules towards the
production of acetate, ethanol, and butyrate respectively. The production of the acids
predominates due to the higher ATP yield associated with their production. Eithenolecules of
acetate and 2 molecules of ATP can be produced from the 2 molecules of aCetflorl molecule

of butyrate, 1 molecule of ATP and 2 molecules of NAD+. Although the production of acetate
increases the net yield of ATP significantly (4 nePA% 3 net ATP for butyrate), metabolic analyses
show that both pathways are used with the overall production of acetate:butyrate being
approximately 0.66:1Thauer et al., 1977)his is due to the need for the cell to maintain the internal
redox balance by consuming the NADH generated during glycolysis. This mixed approach also
explains the slight but consistent production of kanol in early growth phases which also
consumes 2 NADH per molecule of ethanol. Overall, the net ATP production during acidogenesis is

approximately 3.25 moles per mole of glucose.

Naturally, the largescale production of acids results in a drop in cuie pH to levels that start to
become dangerous for the cells. If left unchecked, acids caeméer the cell and disrupt the proton
gradient essential for cell survival. To deal with this, cells can switch to a solventogenic phase where
butyrate and acetae are further processed to butanol and acetone. Butyrate and acetate are
processed by the same enzynisacetoacetylCoA:acetate/butyrate:CoA transferasanto butyryl-

CoA and acetyCoA respectivelyWang et al., 2017)From here, butyrylCoA is converted in two
steps into rbutanol, a process whiclalso consumes reducing power. The fate of aceGdA is more
complex, being convertible in three steps to acetone, in two steps to ethanol and in 6 steps to n
butanol. Conversion to acetone requires no reducing power whilst ethanol production converts 2
NADH to 2 NAD+. Together these are likely form a sensitive dynamic able to respond quickly to the
redox needs of the cell. Net ATP production drops to 2 moles ATP/mole of glucose during

solventogenesis, i.e., only the output of glycolysis.

The solvents prduced at this point are initially from reuse of the acids. However, once these have
been consumed, they can continue to be produced directly without the need for acidogenesis.
Solventogenesis allows the cells to persist for at least 96 h before mass @uttaath starts to occur.

In Clostridiumacetobutylicumsolventogenesis is closely coupled with the initiation of sporulation

9F< L@=J=>GJ= K==F 9K H9JL (Ravagha@etal.KI909;SArtakghlo D GF ?
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IY et al., 1998) Whilst, under the right conditions, this is also the case fa@2.
saccharoperbutylacetonicum(Atmadjaja et al., 2019) solventogenesis always occurs whilst
sporulation only occurs only under the right carbesource conditions (personal communication,
Sasha Atmadjaja). Whilst the general outline of the core components of acidogenesis and
solventogenesis are relatively cé®, much additional work is still required if more precise
information is to be acquired as to the essential importance of each branch of the pathway and
therefore how to anticipate and adapt to changes arising from genetic engineering, new feedstocks

and fermentation techniques.

1.1.1.3 Phylogenetics

The focus of this thesis is not on the classification, genomic analysis or general phyloge@y of
saccharoperbutylacetonicuiN1-4(HMT); the strain used in this study, however, it is useful to outline
the reative relatedness ofC. saccharoperbutylacetonicute other solventogenicClostridia This
summary is largely based on a thorough study undertaken to understand the genomics and
phylogeny of solventogeni€lostridia(Poehlein et al., 201@nd two d their most pertinent figures

are reproduced here (Figure 1.2).

In total, 44 genome sequences were compared from a variety of solventog@istridiaspecies
and strains. From these, two broad clades emerged (Figure 1.2A), one contdhiagetobutyliam,

C. pasteurianumC. felsineumC. roseunmand C. aurantibutyricumand the otherC. puniceumC.
saccharobutylicumC. beijerinckjiandC. saccharoperbutylacetonicurnihese differences were well
represented by the distinctions in the solvent producirsgl operon which are structured differently
between the two clades. I€. saccharoperbutylacetonicuthe operon structure ild-ctfA-ctfB-adc
which together encode three proteins key to the solventogenesis: the butyrylaldehyde
dehydrogenase responsible fahe conversion of butrylCoA to butyrylaldehyde; thecetoacetyt
CoA:acetate/butyrate:CoA transferagey to the reabsorption of acids (encoded legfAand ctfB);

and acetoacetate decarboxylase responsible for the final step of acetone production.

Bioinformatics confirmed the experimental evidence tha€. saccharoperbutylacetonicurl-
4(HMT) is able to utilise a range of &d 6carbon sugars for core metabolism including xylose,
glucose and starch, sucrose, mannose and glycerol. Finally, this detailealysis confirmed the
experimental evidence suggesting tha€. saccharoperbutylacetonicurnontains all the genes

necessary to produce the classical solventogenic produdtscetate, butyrate, lactate, acetone,
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Figure 1.2 The phylogeny of C. saccharoprbutylacetonicum in comparison to other
solventogenic Clostridia. A) Multilocus sequence analysis of 44 solventoge@tostridial The

red asterisks denote genomes that were sequence by Poehlein, et al., The lines represer
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degree of divergence whilst the numbers indicate the likelihoodX00) that that node would be
generated by this dataC. saccharoperbutylacetonicuis located at the bottom right, grouped in
a clade withC. beijerinckiiB) lllustration of the shared geame of the examined solventogenic
Clostridia The centre circle, listing two numbers, represents the core genome shared by all spe
and strains of 547 genes and the overall number of different genes between all species and sti
Each coloured petal ridicates the number of genes unique to the listed species/straifis.

saccharoperbutylacetonicuPA K K @GOF AF ?J == 9 L -4HVH)) tikeRtAain
used in this study, contains 452 unique genes. This figure is a concatenation of Figtine gan

genome) and Figure 3 (the MLSA tree) taken from Poehlein et al., 2017 and utilised under the
of the Creative Commons Attribution 4.0 International Licens

(https://creativecommons.org/licenses/by/4.0/)
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butanol and ethanold but does nd contain the pathways necessary to produce common additional

solvents such as isopropanol, k@opanediol, 2,3butanediol and isopropanol.

Despite varied and significant differences in the genoni#stalling 31,060 genes across all strains,

a core genone of 547 genes shared by all could be determined (Figure 1.2B).
saccharoperbutylacetonicurhoused the largest genome of all strains analysed at 6.66 Mbp and the
most genes with 5,937. The smallest genome was the 4.1 MiGp atetobutylicunNCCB 24020iti
approximately 4,000 genes. This neatly highlights the lack of any correlation between gene number
(and genome size) and efficiency of growth, with saccharoperbutylacetonicubeing the superior

choice for industrial fermentation.

Further emphasising this point is the presence and absence of endogenous plasmids and
megaplasmids amongst these strains. 13 of the 44 strains contained plasmids of some kind. Sizes
vary massively from 192,000 bp of pSOL1, thel operon containing megaplamid of C.
acetobutylicum to the 2,936 bp of pNAK1 found @ saccharoperbutylacetonicui1-504 a sister
strain of that used in this study. The 136,188 bp megaplasmid found @
saccharoperbutylacetonicurN1-4(HMT) (the strain used in this study) is angst the largest, yet
surprisingly contains no obvious metabolic or defensive genes that might justify its maintenance.
In a study where the megaplasmid was putatively cured from the strain, the cured strain showed
slightly higher transformation efficienas (Gu et al., 2019)suggesting that the megaplasmid may

play a role in the defence against invading DNA, though how this occurs remains a mystery.

1.1.1.4 Fermentation

Fermentation of solventogeni€lostridiais typically conducted using one ohtee methodss batch,
fed-batch and continuous. In batch fermentation, all feedstocks are already present at the time of
inoculation and the culture is allowed to grow until the maximum amount of solveétsr other end
products 8 are reached. In fedbatch, products are, again, lefin situ until the end of the
fermentation run, however feedstocks are added over the course of the fermentation run. The
purpose of this is to avoid the substrate inhibition that can occur with some feedstocks, to reduce
the effects of catabolite repression in mixed feedstocks and to aid in the pi@smentation
processing by maintaining reasonable viscosity and water lev@&mané and Shimizu, 1984)he

two forms of batch fermentation result in the separation of microbial growth and product
purification. This means that product purification is typically easier but that extensive cleaning and

sterilisation need to occur between batches in order to maintain pure cultures and consistent
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batches. Finally, in continuous fermentation, feedstocks are continually added whilst products are
continually removed. This has the advantage of allowing long fermentatpocesses and can help
maintain cells in logarithmic growth (if desired), however this typically results in lower overall yields
which must be balanced carefully with the longer fermentation run. In terms of solventogenic
Clostridia continuous fermentation needs to be designed to ensure the cells are maintained in
stationary, solventogenic phase, however it does present the advantage of maintaining solvents,

especially butanol, below toxic levels.

Since the inception of biobutanol productionWeizmann, 1919)extensive research has been
conducted aimed at finding ideal batch and feldatch conditions for Clostridia Typically,
fermentation studies examine several aspects of the fermentation process from equipment and
environment, to feedstocks, culture regulan and removal of productge.g.,Liao et al., 2017, 2018;
Monaghan et al., 2021b; Oshiro et al., 2010; Shaheen et al., 2000; Zheng et al., |BAdLS)rial
fermentation 3 in the production of biobutanol and bioethanob usually uses feedsteks, such as
maize or sugar cane derivatives, that can be described as competing with food production. This has
hampered the case for these first generation biofuels (biofuels generated from edible biomass) and
has led to strict criteria for the productioof biofuels in the European UniofEASAC, 2012; European
Parliament and Council, 2018)It is no surprise, therefore, that many studies focus on the
improvement of fermentation using waste feedstockg.g.,AFShorgani et al., 2011, 2012b, 2014;

Ellis et al., 2012; Farmanbordar et al., 2018)

Thesewaste feedstocks revolve around the potential of lignocellulose which is the core component
of plant dry matter andforms a significant part of the agricultural, and other, waste. Composed of
cellulose, hemicellulose and lignin, these represent huge stores oabd 6carbon sugars. Pre
processing of lignocellulosics to remove lignin and partial breakdown cellulosesisamtial to allow
Clostridia to break down these complex polymers into a usable carbon soyizeji et al., 2007;
Mitchell et al., 1995)This preprocessing and the variety of inhibitory compounds present in the

complex mix present théargest obstacles to their use larggcale industrial applications.

In recent years, fermentation research has expanded to include classical microbiological
approaches such as gene deletion, insertion, modification, and overexpression. This has been
helped by the development of genome modification techniques such as ClosTeap et al., 2010)
CLEAVE (Jenkinson and Krabben, 2015)and other CRISPBased systems for C.
saccharoperbutylacetonicurand other solventogeniclostridia(Gu et al., 2019; Li et al., 2016; Wang

et al., 2017)reviewed in 1.2.4). These studies are diverse, from investigating the function of the
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master regulator SpoOAAtmadijaja et al., 209), to the role of specific gene cluste(Kosaka et al.,
2007; Nakayama et al., 2008nd from the ro¢ of autolysins inC. saccharoperbutylacetonicum
(JiménezBonilla et al., 2021 }to the effect of the deletion of key metabolic gen@slonaghan, 2019;
Monaghan et al., 2021a)The insights garnered from these studies are invaluable, however the
reverse genetics approach is vulnerable to missing the role of genes that areohetiously

annotated or located in stanebut operons or clusters.

The above constitutes the briefest outline of the current state of fermentation and feedstocks in the
use of solventogenic€lostridiaat an industrial scale. There remain multiple importaobstacles to
overcome as well as facets of fermentation that remain poorly understood. Particularly, the specific
pressures of fermentation conditions, the nature of action of inhibitory compounds and the reliable
triggers of solventogenesis remain to bdagified, particularly inC. saccharoperbutylacetonicum
Whilst transcriptomics has helped shed some light on these issfleiset al., 202Q)additional
methods and approaches are necessary to further understand the underlying metabolomics and
genomics underpin the key obstacles. One of the goals of this thesis is toyapghsposondirected
insertion-site sequencing (reviewed in 1.6) to investigate the pressures of fermentation conditions
as well as potentially examine the mode of impact of inhibitory compounds db.

saccharoperbutylacetonicum

1.2 Genetic tools in solentogenic Clostridia

Despite their importance to human health, food safety and industrial applications, the genetic and
molecular tools available for use i@lostridiahas long laggeebehind that found in other important
and model organisms. In solventogec Clostridig the situation was worse given the wide range of
potentially useful species, each with their own biology to contend with. A particular obstacle to
overcome was DNA transformation and native restriction syste(f@syulev et al., 2018)The latter,
which degrade incoming foreign DNA that does not contain the correct methylation pattern, has
first required the characterisation of the systems and the expressidremogenous methylases in
Escherichia coin order to make DNA permissive for transformati¢@rosseHonebrink et al., 2017;
Lesiak et al., 2014; Mermelsteinat, 1993; Pyne et al., 2018). acetobutylicunimas become one of
the model organisms in the field, due, in part, to the early success with transformatidermelstein

et al.,, 1993)and to being thefirst Clostridial species to have the complete genome sequenced

(Nolling et al., 2001) In addition to fundamentals such as transformation, the challenges of
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developing genome editing techniques has also hampered the field, though this is beginning to

change with the development of CRISRERas based approaches (see 1.2.4).

Non-coding genetic features such as reliable promoters, ribosome binding sites, replication origins
and terminators are all at different stages of understanding and often created oradrhocbasis

and with functionality varying greatly between application in different species. All these issues can
be adequately summarised by issues in four key areas: biological tractability; the huge differences
in the biology of the different speciestilised; ad hocdevelopment; and a significant tranche of
research being conducted by industry. For the latter issue, leaders in the field such as Green
Biologics/Biocleave do generally share their positive results either formédyg., Atmadijaja et al.,
2019)or informally through personal communication. However, a comprehensive understanding of
experimental lines conducted is not always clear (though this is not an issue limited to industry).
Notwithstanding this,companies such as GBL/Biocleave have been enormous drivers of research in
the field, both directly and by providing & 9 A K G Ffor mik indkpendent research. Indeed,
advances other the last 10 years have been such thlaistridialtoolkits have beerexpanded greatly

and the field no longer lags as far behind others at it used to. Here, some of the key advancements

are summarised and some gaps highlighted.

1.2.1 Shuttle vectors

Plasmid vectors are a universal tool of molecular biology being esserttiahumerous techniques
fundamental to microbiology. The development oE. colistrains with extremely high and
standardised transformation rates has prevented transformation, and therefore DNA proliferation,
being a limiting factor in the manipulation dDNA and allowed the creation of a plethora of complex
and low yield techniques that have revolutionised molecular biology. As for other species and
genera,Clostridialresearch also makes use &. colias the chassis for the selection, proliferation,
and long-term storage of plasmids. Shuttle vectors, plasmids capable of being transferred and
replicated in bothE. coliand the target species, are a cornerstone of this system. The development
of the modular pMTL80000 series of shuttle vectfirleap et al., 2009as been very helpful to the
field.

This study also employs the pMTL8000 system, though doesdioaso exclusively, so the system is
briefly outlined here. The systems four modules: a Gram positive replicon, a selection marker, a
Gram negative replicon and an application specific module. The last in this study was typically the

most altered and the dginal plasmids used likely made use of the multiple cloning sites or spacer
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regions which have subsequently been filled and altered based on previous needs. The genome
editing technique used in this study, CLEAV&lso employs the pMTL8000 series a® thasis for

the homologous recombination and targeting vector§Atmadjaja et al., 2019; Jenkinson and
Krabben, 2015)Vectors in this study made use of tke dfficilereplication origin pCD&Purdy et al.,
2002) the pBP1Davis, 1999nd pCB10ZMinton and Morris, 1981 FithercatPor ermB, conferring
resigance to chloramphenicol/thiamphenicol and erythromycin respectivelywere used as
selection markers(Heap et al., 2007)Firally ColE1 or ColEl+tra were used B&s coliorigins of

replication (Chambers et al., 1988)

1.2.2 Genetic features

1.2.3 Promoters

The transcription of genes by RNA polymerase is initiated promoters, sequences recognised by
sigma factors that bind to the transcriptionahachinery including RNA polymerase and recruit it to
DNA (Browning and Busby, 2004; Helmann and Chamberlin, 2803)2 @= C=Q K=-1 M= F; =K
based promoters are the sigma factor binding sites defined by th@ region known as the Pribnow
sequence or TATAAT box with an upstreaBb region with a spacer in between. These core
components appear conserved i€lostridia(Sauer et al., 1995)ith promoters calculated from
prediction software such as BPRO{8olovyev, 2011)ypically experimentally active. Indeed, the
Firmicutesphylum generally contains promoters that closely match the conseng8oquet et al.,
2008) As our understanding of bacterial promoters has increased so has the complexity of bacterial
promoters been revealed. Upstream promoter elements, sometimes hundreds of base pairs
upstream of the-10 and-35 regions, are known to play important roledEstrem et al.,, 1998)
Repression and deepression of promoters is important toheir regulation which can be achieved
through the binding of a repressqiRojo, 2001pr even by alteration of the genome sequence itself

(e.qg., forC. difficile AnjuwonFoster and Tamayo, 2017; Emerson et al., 2009; Sefeiet al., 2018)

Having a range of promoters with different expression levels and, potentially, repression
mechanisms, is invaluable for a plethora of experimental applications. However, to create these
panels of promoters, their relative expressidevels must first be assessed. Typically, assessing
expression levels can be conducted in three main ways: mRNA levels (through reverse transcription
guantitative PCR, microarrays and RM&q, Lowe et al., 201 fluorescent reporters(e.g. for
anaerobes:Ransom et &, 2015 and in generalShaner et al., 2005Rand enzymatic reporterge.g.

in C. acetobutylicun®&irbal et al., 2003; Tumnkaet al., 1999)mRNA quantification is by far the most
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accurate method of assessing activity of the promoter, however these methods are typically
laborious when focused on handful of promoters (as opposed to the whole genome/transcriptome)
requiring the growth of cells, extraction of mMRNA, conversion to cDNA and then assessment by
RTQPCR, sequencing or microarray. These techniques, therefore, work best in assessing the
transcriptome of a given species rather than the activity of a given, potentiallyogenous,

promoter.

Fluorescence and enzymatic methods both utilise the transcription and translation of a
fluorescent/enzyme encoding gene as a proxy for expression. These proteins are very often
exogenous, meaning they are not appropriate to all speci€®r example, common fluorescent
reporters require oxygen to mature and so are inappropriate for measuring gene expression levels
in anaerobes, leading to the creation of oxygémdependent fluorescent reportergDreppe et al.,
2007) Enzymatic reporters make use of the expression of enzymes that catalyse a reaction in an
easily quantifiable manner, the rate of which is altered in a predictable way by the quantity of
enzyme available. The most common of these haveehdhe carbohydrate hydrolases, such as
glucoronidase, which catalyses the breakdowdaMU-L - glucuronideinto 4-methylumbelliferone (4-

+3 0 9Sdiucuromide (Moberg, 1985)4MU emits light at 460 nm when excited by 365 nm
O9N=D=F?2L@K E=9FAF? ALAK HJ=K=F:; = ;9F := <=L=:1
applied in C. acetobutylicum(Tummala et al., 1999)Recently, luciferase, which catalyses the
breakdown of luciferin resulting in the release of light, has been adapted for use as a secreted

reporter inC. difficilgOliveira Paiva et al., 2016)

Both enzymatic and fluorescent reporters suffer from being a measure of multiple factors:
transcription levels, translational efficiencyrad the maturity/functionality of the protein/enzyme.
They are not as sensitive as mRIAsed techniques, however, they are typically quicker and easier
to use. In addition, their disadvantages are mostly an issue for comparison between work
conducted in dfferent laboratories and species at different times. For comparison between a suite
of promoters conducted in the same manner at the same time, these techniques provide a quick
and easy way to compare relative expression levels. Therefore, studies thamexaa range of
different promoters and their expression levels can add to the pool of promoters available which

are capable of driving a range of expression levels depending on need.
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1.2.4 Genome editing

1.2.4.1 ClosTron and homologousrecombination

The ability to directly and specifically alter the genome @flostridiahas undergone incredible
progress in the last 15 years. Very broadly, two main approaches have been taken to alter genomes
in a directed manner in bacteria: targeted digption by insertion (e.g. Karberg et al., 2001and
variations on homologous recombinatioite.g.Datsenko and Wanner, 20Q0j is natural, therefore,

that analogous techniques should be developed @lostridia The first of these to prove adaptable
and effective in multipleClostridiahas been ClosTro(Heap et al., 2007 Briefly, ClosTron exploits

the ability of group Il introns fronL.actococcus lactighich can be targeted to insert themselves and

a selectable marker into a gene. ClosTron was of enormous help to the field as it resulted in the
stable inactivation of gers by insertion allow for their disruption and phenotyping. This technique
was necessary due to the poor efficiency of previous attempts institute homologous recombination
techniques. In addition, it worked in all teste@lostridig requiring only transfomation protocols to

function.

Homologous recombination is a broad term encompassing the methods by which DNA can
recombine with other DNA containing highly similar sequences. Variations on this process are found
universally across all three domains andruses. Typically, this process is used to create genome
alterations by creating vectors with two regions that flank the region of interest. The region of
interest will contain a modification: a deletion where little of the original region is present: a §ma
change such as a single nucleotide polymorphism; or an insertion of additional DNA. The vector is
then transferred into the target species where two recombination events can occur. Firstly, the
entire vector is inserted into the region of interest thaako the regions homologous to those in the
genome. Then, one of two processes can occur: 1) the entire vector-excesed by the inverse
mechanism or 2) the vector and the original region of interest are excised instead leaving the mutant

region.

This process is extremely complex and happens at very different rates in different bacteria. In
Clostridiaproblems are due to low rates of the second recombination event, leaving single crossover
insertion mutants with variable stability(e.g.- A! GF F GJ = mearinD #&hAt, af Be§,p o
insertional inactivation was possible but not the clean deletions, modifiaats and insertions
possible for other bacteria. Hence the success of ClosTron in being able to reliably and easily make
stable insertional inactivations. However, ClosTron comes with numerous downsides meaning the
search for effective homologous recombitian techniques continued. Firstly, it requires that a

selection marker to be maintained on genome meaning that marker can no longer be used for
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further ClosTron insertions or to select for future plasmid transfer. This limited construction of
layered mutants to the number of markers available for the species. Secondly, there remains the
possibility of polar effects of insertion whereby neighbouring genes are disrupted. Thirdly, precise
modifications to examine specific domains or individual amino acids aret possible. Finally,
complementation of the inactivated gene has to be conducted with a copy of the gene on a plasmid

resulting in likely incorrect expression levels.

To overcome the limitations, several methods were created which incorporated techmisjdor
selecting for the second recombination evenfreviewed in Joseph et al., 2018)These take
advantage of uracil metabolism genes (e.gipp, pyrEand pyrF) whose enzymes will process 5
fluoroorotic acid to 5fluorouracil which is toxic to the cell. Cells lacking the expression of these
enzymes vill be uracil auxotrophs (i.e., need media supplemented with uracil) but will be resistant
to 5-fluoroorotic acid, being unable to catalyse the formation offluorouracil. Hence this can form
the basis for a powerful selection system independent of antitic resistance markergCroux et al.,
2016; Heap et al., 2012; Tripathi et al., 20IDhese methods require an prengineered strain to
function, however, which prompted the development of pseudosuicide vectdartman et al.,
2012) In this system, the recombination vector contains tfemdAgene. When expressed, CodA
catalyses the conversion of cytosine to uracil and therefore also convert-tmtic 5fluorocytosine

to toxic 5fluorouracil. After allowing for homologous recombination, cells are plated on media
containing 5fluorocytosine with cells that grow being either wild type reversions or mutants. These
can then be readily screened by PCR. $hanethods have become thde factomethod of gene

modification in Clostridiaover the last ten years.

1.2.4.2 Homologous recombination incorporating CRISPRCas

The characterisation of clustered regularly interspaced short palindromic repeats (CRISRR)@n

they are used by CRISRRsaociated (Cas) protein®arrangou et al., 200Has proved revolutionary

across biology. Preiding bacteria and archaea with adaptive immunit{Brouns & al., 2008;
Marraffini and Sontheimer, 2008LRISPFCas has been repurposed for an enormous range of
techniques able modify genomes and transcriptomes across all domains of(#&li, 2018) In the
simplest terms, challenge of the cell by foreign DNA results in the creation of spacer sequences that
are inserted into the CRISPR locus by Casl and 2. This locus consists of a leader sequence, followed
by direct repeats that flank spacers. Thlscus is transcribed and processed into CRISPR RNA

(crRNA) which then serves as a guide for another Cas protein to bind target DNA containing the
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complementary sequence and destroy it. There are three main types of CR{SRRsystem
classified with each wiking slightly differently and with many variants between speci@dakarova
et al., 2011)However, they all achieve the same goal of the destructidmpotentially harmful DNA
in a targeted manner and the incorporation of foreign DNA sequences into the CRISPR array for

future targeting.

The diversity of CRISP®as systems and their potential in a variety of genetic and epigenetic
applications is beingextensively exploited(Adli, 2018; Lee and Lee, 2021; Vigouroux and Bikard,
2020) Many bacteria, including Clostridia have either norexistent or particularly inefficient
methods of norhomologous end joining (NHEJ|Cui and Bikard, 2016neaning that double
stranded breaks can only be repaired with homologous recombination. Whelnsebjuences are
targeted simultaneously, as with CRISRFRas, homologous recombination is no longer possible
meaning double stranded breaks are lethal. Naturally, CRISP#® presented itself as a strong,
markerless and metabolisnfree selection system, paitularly in this context. In addition, the
system is highly targetable requiring only the presence of a 3 bp protospadjacent motif (PAM)
adjacent to the target sequence. This was first implemented based on$tieptococcus pyogenes

CRISPRCas9 systenfJinek et al., 2012)

Most CRISPRas genome editing systems developedQiostridiahave utilised the exogenous Cas9
from S. pyogeneg¢Bruder et al., 2016; Huang et al., 2016; Nagaraju et al., 2016; Wang et al., 2015b;
Wasels et b, 2017) This a logical approach given the low number of components and well
characterised targeting system. However, this has come with obstacles, particularly the regulation
of Cas9 levels, that can reduce the effectiveness of the syqfdagaraju et al., 2016 However, the
harnessing of the endogenous CRISERs system present iglostridiasuggests at an even more
practical route (Pyne et al., 2016)his approach has its own complications: unknown actions of the
Cas proteins, unknown PAM sequences and the need to characterise spacers. However, if utilised
correctly, it has the potential to be even more flexible and practical than Cas9 approache€. In
saccharoperbutylacetonicunN1-4(HMT), an endogenous CRISEBRs genome editing technique
was developed by Green Biologi¢denkinson and Krabben, 2015CLEAVE, and has been shown

to be able to make precise, targeted deletions, insertions andPSiitmadijaja et al., 2019)

CLEAVE is a thresep process encompassing homologous recombination and selection by the
targeting of wildtype sequences. In step one, the modification plasmid in transformed by
electroporation inC. saccharoperbutylacehicumcontaining the homology arms sandwiching the

region of change. Transformants are screened and those containing the plasmid are selected for
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passaging in the second step. Cells carrying the plasmid are then transformed in step three with a
targeting plasmid containing all the key CRISPR components: leader sequence, direct repeats and
the targeting spacer. This selects against wild type cells and results in a high percentage of desired

mutants. This process was used in this study in Chapter V.

1.3 Spaulation in Clostridia

1.3.1 Background

Sporulation in bacteria is the process by which normal vegetative cells divide asymmetrical to
produce metabolically inactive endospores. These endospores are typically dehydrated and
surrounded by multiple protectie layers. Together, these traits combine to create highly resistant
structures that can persist in hostile environments, sometimes for 100s of y¢Resall et al., 2019)
This dormant, resistant state is essential to survival of the speded to the infective life cycle of
pathogens such a€. difficilgDeakin et al., 2012)n solventogenicClostridia an intricate interplay
exists between sporulation and industriallyaluable solventogenic phaséDiallo et al., 2021)In
some species, incding C. saccharoperbutylacetonicynthe master sporulation regulator SpoOA is
involved in the initiation of both(Atmadjaja et al., 2019)These close ties are likely due to both
processes being responses to increasingly hostile environments. Endosp@re also a common
method of longterm strain storage being both resistant to stressors and able to preserve the strain
from degeneration(Jones and Woods, 19867 herefore, the need to gain a more comprehensive

understanding of sporulation irC. saccharoperbutylacetonicuisclear.

TheFirmicutesphylum is home to many endosporproducing speciesBacillus subtilisan aerobic
member of the phylum, has long been considered the model organism for sporulation and has
extremely well defined transcriptomic and physical sporuiah pathways(Tan and Ramamurthi,
2014) However, studies ilostridiahave shown sporulation genetics, transcriptomics, proteomics
and general endospore morphology to be highly diverse doubt with each organism adapting
sporulation to meet the challenges of their nich@FHinai et al., 2015)Of theClostridig C. difficile
C.sporogenesand C. acetobutylicumaccount for the majority of studies withC. acetobutylicum
being the model organism for solventogentClostridia(AFHinai et al., 2@5). It is this model that is
broadly explained in 1.3.2 and 1.3.3 with elements and observations from olestridiaand B.

subtilisincorporated.
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1.3.2 Process

1.3.2.1 Triggers

Given that sporulation constitutes a major differentiation event fohe cell, it is no surprise that
initiation of sporulation is both tightly regulated and the product of complex interactions between
trigger signals, transcription factors and the proteins that catalyse the proc@3sskrovnaya et al.,
2021; Diallo et al., 20217 he canonical sporulation trigger is starvation and nutrient deprivation of
the cells(Schultz et al., 2009)However, this is very rarely the case for solventoge@iostridia
where sporulation occurs even ith excess carbon and nitrogen sourcé3urre, 2014)Other factors
such as secondary metabolitgqdierman et al., 2017; Kuit et al., 2018uorum sensing signald~eng
et al., 2020; Kotte et al., 2020; Ravagnani et al., 2000; Steiner et al., &t B)pe of carbon source
(Basu et al., 2017pppear to have a far geder impact. This suggests that sporulation in
solventogenicClostridiais part of a bethedging strategy that anticipates rather than responds to

hostile environments(Veening et al., 2008)

Little is known about the triggers for sporulation €. saccharoperbutylacetonicumhowever,
Biocleave has shown that the nature of the carbon source is essential to the likelihood of sporulation
(Jenkinson et al., 209). In addition to this, different spore phenotypes and rates of sporulation have
been observed for spores generated on solid media as opposed to liquid media (Personal
Communication, Sasha Atmadjaja). Further work is required to fully elucidate whyemvand how

C. saccharoperbutylacetonicusporulates and why spores may differ based on the media solidity.

1.3.2.2 Granulose accumulation

In most species of solventogeni€lostridia the first visible step of sporulation is granulose
accumulation and the formation of theClostridialform by the mother cell (Stage | in Figure 1.3),
which likely occurs concurrently with DNA replication in preparation for sporulati@rre, 2005)
Granulose is a polyglucosan, similar to glycogen, which appears essential to sporulation and likely
used for energy storagéRobson et al., 1974)rhis accumulation is triggered i€€. acetobutylicum
following the expression and activation of SpoOA following the triggering of phosphorylation
cascades by orpan histidine kinases(AlHinai et al.,, 2014, 2015; Steiner et al.,, 2011)
Phosphorylated SpoOA then activates and enhances the expression of sporulstpatific sigma
factors. These, in turn, regulate the expression of genes necessary for all stages of sponyBi et

al., 2011; Jones et al., 2011)
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I1

III

IV

V&VI

VII

Figure 1.3Simplified view of the stages of sporulation. Stage 0 is a vegetate cell. Vegetative
cells will remain so unless they receive specific sporulation triggers. Stage | shows

development of the cigatike Qostridial form and the accumulation of granulose (small circles

34



Stage Il depicts asymmetrical division with thaeveloping forespore on the rightStage Il shows
engulfment of the forespore (black) by the mother cell (mauve). Stage 1V shows the developr
of the spore and the assembly of the spore coat (black dashed lines). Stage V&VI are

maturation. Duringthese steps, the energy stored as granulose is gradually used by the mo
cell. Finally, Stage VIl is the release of the mature spore from the mother cell. The latter dies i

process.
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1.3.2.3 Asymmetrical division

Stage Il of the visible processes of sporulation is the asymmetrical division of the mother cell (Il in
Figure 1.3). During this, a septum is formed close to one pole of the mother cell to create the initial
forespore. A copy of the chromosome is transfedrinto the forespore at this point. Though this has
not been studied inC. acetobutylicumin B. subtilischromosome transfer is mediated by DNA

translocase SpolllEGrainge, 2008)

1.3.2.4 Engulfment

Stage Il is the engulfment of the forespore by the mother cell (Ill in Figure 1.3). The mother cell
envelope extends to surround the forespore, creating a second membrane around the léadgju
spore. This process is coordinated by the SigE sigma fact@.iperfringengHarry et al., 2009nd

C. difficilg(Fimlaid et al., 2013)but this is not the case €. acetobutylicumvhere SigE coordinates

the sporulation process prior to asymmetrical divisiofTracy et al., 2011)Generally, engulfment
appears to be the step at which the mother cell and forespasre committed to the sporulation

process(AkHinai et al., 2015)

1.3.2.5 Maturation

The development from doublenembraned forespore to mature spore encompassézee key
stages. In Stage IV, the cortex is formed between the two membranes and on top of the primordial
cell wall (IV in Figure 1.3). This region, which typically appears white on transmission electron
microscopy (TEM), is formed of a modified peptidggan (AFHinai et al., 2015)though the C.
acetobutylicumcortex has not been characterised. During Stage V, the spore coat begins to be
assembled, a process thditas been characterised in th€lostridiapathogens(Shen et al.2019)but
practically unstudied in the solventogenic speciéBiallo et al., 2021(V in Figure 1.3). However, TEM
suggested that assembly occurs in stages with parts of the coat(s) visible before a single, uniform
structure is createdAFHinai et al., 2015)During these two stages, the spore core is also developing.
The core contains the genome and the proteins necessary for the growth of the amdt-p
germination (e.g., ribosomes). During its maturation, dipicolinic acid (DPA) is produced in the
mother cell and transported into the forespore core where it binds?Cand displaces kKD in the
core(Piggot and Hilbert, 2004)The dehydration of the spore core and replacement by ¢PA and

small-acid soluble proteins is essential to the spore resistance to hélmroskovic et al., 2016;
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Piggot and Hilbert, 2004frinally, Stage VI constitutes the final maturation step where the coat is

fully assembled, the core tightly packed artie cortex expands to its fullest extent.

1.3.2.6 Spore release

Constituting Stage VII, spore release is seen as the final step in the development of the spore (VI in
Figure 1.3). The mother cell lyses, releasing the spore into the environment. Indhestogenic
Clostridig the process by which this occurs is not walderstood but appears to require certain
autolysins(Liu et al. 2015) It is worth noting that spore maturation appears to continue i subtilis
post-release with isolated spores being less resistant to heat and UV than those isolated from later
timepoints (Henriques and Moran, 2007; Sanch8alas etl., 2011) This suggests that spore release

is not truly the final Stage and that further maturation still occurs.

1.3.3 Spore Ultrastructure and function

As this study intends to examin€. saccharoperbutylacetonicuspores under thinsection TEM, a
brief overview of spore ultrastructure is necessary to understand how these structures are typically
visualised (Figure 1.4). The€. acetobutylicunmspore will be used as an exemplar, though spore
ultrastructure can vary wiély between species and even straifBerezira et al., 2012; Diallo et al.,

2021; Jamroskovic et al., 2016)

1.3.3.1 Core

The spore core contains the components necessary for the cell to resume a vegetative life cycle. In
all Clostridialspores, the core appears under TEM as either dark and desrsas completely white

due to lack of stain penetratiofexamples inTracy et al., 2008)This is due to the high density and
hydrophobicity of the core. IfC. acetobutyliam, the core shape is oval much the shape of the overall
spore and constitutes a significant percentage of the overall volume of the sggbong et al., 1983;

Tracy et al.2008)
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Exosporium/Outer Coat

Cell Wall

Core

Inner Membrane
Cortex

Coat

Figure 1.4 Simplified spore ultrastructure. The typical featuregpresentin Clostridialspores.
The core, containing DNA and vital enzymes is metabolically inactive and surrounded by mul
protective layers. There igften an interspace between the exosporium/outer coat layer and spo

coat of varying size. Not all features will be presém all spores and the imagis not to scale
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1.3.3.2 Inner membrane and cell wall
The inner membrane and primordial cell wall do not appear to be typically visible underigation
TEM and are assumed to surround the core clogélgnriques and Moran, 2007)he cell wall forms

the basis for the cell wall of the cell pogfermination.

1.3.3.3 Cortex and outer membrane

The outer membrane, formed during engulfment, provides the scaffolding for the assembly of the
cortex inall speciegHenriques and Moran, 2007Jhe cortex is a broad peptidoglycan layer that is
visualised as white on thirsection TEM(Long et al., 283; Tracy et al., 2008)he constituent
peptidoglycan is distinct from that found in the vegetative cell Bi subtilis(Atrih et al., 1999)The

cortex is key to maintaining the core in a dehydrated stdtéenriques and Moran, 2000)

1.3.3.4 Inner coat layers

The sporecoat/coats 8 protein layers between the cortex and external coasire an integral part

of the spore structure, accounting for more than half the spore proteins. They appear as dark layers
and laminations under thinsection TEM. Multiple layers are seeiieh are formed in a genetically
distinct manner (Henriques and Moran, 2007Yhe number, structure and formation appears of
these coat layers appears to vary greatly between spe¢@mllo et al., 2021)However, irall cases,

the coat provides the crucial function of filtering and selecting for the chemicals that are able to
reach the core. Germinants, for example, are clearly able to permeate, but the coats have been
shown to provide vital protection against enzymesnd is able to react with dangerous chemicals

before the reach the coréHenriques and Moran, 2007)

1.3.3.5 Interspace

The region between the coat layers and the outer layer/exosporium is titled the interspace. This
region vaies greatly in size and compaosition even between spores and conditi(Deks, 2003;
Westphal et al., 2003)This region has not been extensively studied in general and not at all in

solventogenicClostridia
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1.3.3.6 Outer coat layers and exosporium

Naturally, all spores contain an outermost layer. (. sporogeneand Bacillus spphis takes the
form of an exsporium, a paracrystalline layer sometimes containing hairy extensighenriques
and Moran, 2007)This layer is important for further protection but also the adhesion of spores.
Under thin-section TEM, the layer often appeats resemble a baggy structure, and, under TEM, it
will cause refraction of the electrons due to a crystalline arrangement of the constituent proteins.
In solventogenicClostridig a putative exosporium has been assignédiallo et al., 2021; Long et al.,
1983; Tracy et al., 2008)r C. acetobutylicumthough it is unclear if this structure was formed of a
paracrystalline layer. InC. acetobutylicumno hairy structues were observed suggesting this was
not a feature of solventogeni€lostridialspores. If the outer layer is not paracrystalline, it is perhaps
more accurate to refer to the outer layer as the outer spore coat until further experimentation can

clarify its composition.

1.4 Germination in Clostridia

Germination is the process by which spores regain metabolic activity and return to a vegetative
state. The process is a crucial component of the life cycle in all sgorming species providing the
means for the organism to rapidly colonise the more favable environment. InClostridig the
process has largely been studied only @ difficileand C. botulinum(and its norpathogenic model

C. sporogenéss the germination process is essential to the pathogenic capabilities of these species
(Setlow et al., 2017)Even within these species, multiple crucial steps are yet to be elucidated,
particularly understanding how the germ cell wai$ remodelled to accommodate the expanding

cell, how lipid membrane mobility is recovered and how the core achieves full hydration.

In solventogenicClostridig the process has barely been studied at all. Germination has been used
extensively as part ofhe fermentation procesgJones, 2001; de Vrije et al., 2018%pecially given
that spores were used for storage of strains between fermentation rgfenes and Woods, 1986)
This lack of attention is likely due to the ease of germinatingiv&ntogenic Clostridial spores in
standard media. Multiple practical and theoretical questions are yet to be answered concerning the
germination of C. saccharoperbutylacetonicynparticularly as concerns the compounds that can
act as germinants and whetlregermination can be suppressed. Such questions will only grow in
importance asC. saccharoperbutylacetonicuand other solventogenicClostridiaare increasingly
used in biotechnological applications outside of solvent production by companies such as
Biocleave and CHAIN.
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Summarised here is a broad overview of germinationBacillus sppand pathogenicClostridiato

outline the process and, particularly, the triggers.

1.4.1 Germinants

The environmental triggers for germination are known as germinants. These typically, but not
exclusively, bind germination receptors found in the inner membrane of the spore. Binding initiates
a cascade of signalling that results in the germination processdescribed in 1.4.2. Usually,
germinants take the form of biologically active molecules, particularly, though not limited to amino
acids. Minerals and salts also play a role in germination, often ageoninants. Notwithstanding
this, the most common geminant amongClostridiais L-alanine (Bhattacharjee et al., 2016jhough
L-cysteine, Lserine and a range of other amino acids are also common. The exact reason for
prevalence of amino acids as germinants is not known. Evidgnamino acids are important
biological molecules necessary for protein production, metabolism and cell walls. However, it
seems unlikely that, as has been positedalanine is prevalent due to its role in peptidoglycan
composition. Dalanine, another lkey component of peptidoglycan, is an inhibitor of germination in
many speciegBrunt et al., 2014)suggesting that a narrow focus on immediate germinant utility is
an insufficient explanation. Indeed, there are many nutrients and carbon sources for which a

convincing argument could be made for their importance to a growioell.

More likely, the nature of the germinant has been carefully honed by evolution to be closely
correlated with the ideal conditions for growthd particularly a nutrient rich, anaerobic
environment. The obvious example in support of this hypothesssthat C. difficilegerminates in
response to taurocholate and other bile sal{Sorg and Sonenshein, 2008)hilst taurocholate can

be used by thecell, the primary reason for its germinating activity lies in taurocholate indicating
that the spore is in an environment that is nutrient rich, anaerobic and specific to the niChdifficile
has adapted to inhabit i.e., the gastrointestinal tract. Ihis concept is correct, it means that
accurately predicting potential germinants is complex. Alternatively, the prevalence dflanine
might be due to elevated importance of-alanine in the early biological worldKubyshkin and

Budisa, 2019)

Interestingly, there are norphysiological @mpounds such as CaDPA, dodeclyamine (a surfactant)
and even noachemical triggers such as increased pressure on the cells that can induce germination
(Setlow et al., 2017; Veladsquez et al., 20Hywever, these effects appear to be artifacts: CaDPA

release from neighboting spores is unlikely to be at high enough concentrations in biological
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sporulation (Vepachedu and Setlow, 20Q7Wwhilst high pressures (particularly osmotic) could
plausibly play a biological role, it seems somewhat unlikely that this kind of pressure would

represent a welcoming environment for a spore to gerraie (Setlow et al., 2017)

In solventogenicClostridig few germinants have been recorded with orly roseunand butyric acid
producer C. butyricumhaving been studiedBhattacharjee et al., 2016}hough the original papers
were from 1956 and 1973 respectively and this author was unable to recover the original manuscript
to confirm. Assuming the secondarsource is correct, {alanine, Larginine and Lphenylalanine
were reported forC. roseunwhilst L-cysteine, glucose and sodium bicarbonate was reported €@r

butyricum

1.4.2 Process

Even in the moststudied speciess Bacillus sppC. difficile C. perfingensand C. sporogenes the
biochemical processes underlying germination are not well understo¢8etlow et al., 2017)
Biologically and physically, the following steps must occur: trigger of germination, release of CaDPA
from the core, breakdown othe cortex, rehydration of the core and subsequent inner membrane
and germ cell wall expansion and remodelling. However, even the order of these events is not the
same between these relatively few species. For exam@edifficilehydrolyses the cortex por to
releasing CaDPA&Francis et al., 2015y hilst Bacillus sppfollow the reverse ordefSetlow, 2014;
Setlow et al., 2017)

Germination receptors, found in the inner membrane, initiate the process upon binding to their
cognate germinant, though this could be direct or via a signalling cascade. Even the presence and
involvement of germination receptors is not essential to the process. difficilelacks any of the
germination receptors found irBacillus sppand instead uses Csp proteases present in the spore
coat layers to activate the necessary spore cortex lytic enzyitifsattacharjee et al., 201®aredes
Sabja et al., 2014)C. acetobutylicumdoes appear to contain analogues to the germination

receptors, though their function and purpose remains unknowBhattacharjee et al., 2016)

How the activation of germinatiorreceptors leads to the activation of spore cortex lytic enzymes
and the release of CaDPA is not well understood. It is thought th&.isubtilisCaDPA is released by
SpoVA, the same protein that is responsible for its accumulat{tuh et al., 2012Vepachedu and

Setlow, 2007)Following CaDPA release and cortex hydrolysis, hydration of core, remodelling of the
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cell wall and a reorganisation of the inner membrane to increase membrane fluidity occurs.
Interestingly, this process requires no energy the form of ATRMagge et al., 2009)ndeed, it has

been speculated that the release of CaDPA might even generate er{@&ghjow et al., 2017)

Within a population of spores, not all spores will immediately sporulate in the presence of the
germinant (Wang et al., 2011, 2015ajhis seems to be modulatety the level of germination
receptors available and, to some extent, random chance, and must confer the advantage ef bet
hedging in case of a subsequent change of environmdéBetlow et al., 2017)In industry, a
homogenous response to germination is likely desirable so uncovering these steps and finding
methods through which a greater proportion of spores can be made to germinate hatemtial

application.

1.5 Quorum Sensing

Whilst it can be useful to think of bacteria as single, isolated clonal units, the biology is, naturally,
far more complex. Quorum sensing is the process by which a population of bacteria is able to sense
and regpond to their overall density. Originally discovered as the method through which
bioluminescence is mediated iVibrio fischer{Engebrecht and Silverman, 1984; Nealson et al.,
1970) quorum sensing mechanisms have sulogently been identified in all investigated bacteria,
including solventogenicClostridia(Feng et al., 2020; Kotte et al., 2020; Piatek et al., 2022; Steiner et
al., 2012; Verbeketal., 2017) Our understanding of the importance of quorum sensing to bacterial
life cycles has only increased in recent years, with the disruption of quorum sensing now seen as a
potential avenue for treating bacterial infectionfreviewed in e.g.Gray et al., 2013; Piewngam et
al., 2020; Singh et al., 201&)s more research is conducted in the field, the complexity and diversity
of systems both within a single species and across the kingdom becomes increasingly clear

(WeilandBrauer, 2021)

Broadly, quorum sensing systems are constituted of signals which are secreted into the surrounding
environment by each bacterium in the population. These are then sensed by baaiterlls which
respond accordingly, depending on the concentration of the signal and often with a signal
concentration threshold below which no response occurs. Signal detection results in the
adjustment of transcription, often with farreaching consequenes. In Gram positive bacteria, all
guorum sensing is mediated by signalling peptides, as opposed to #tgl-homoserine lactones
seen in Gram negativeBassler and Losick, 2006fummarised here is an overview of the Gram

positive quorum sensing systems as they have been discovered to tfancin solventogenic
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Clostridig with some references to model organisms such&tsphylococcus aureusnd B. subtilis

as necessary.

1.5.1 RRNPP

1.5.1.1 Overview

Named after the protein families that are the key regulators of the systéiRap, Rgg, NprR, PIcR,
and PrgX8 RRNPP quorum sensing is common, though not ubiquitous, amongsmicutes
(Neiditch et al., 2017)The system requés the production of a signalling peptide which is then
cleaved and secreted from the cell by a transmembrane protease. The peptide, now present in the
environment, must enter cells through a transmembrane oligopeptide permeg$erego et al.,
1991) Once in the cell in this processed form, the oligopeptide is bound by on¢hef RRNPP
receptor proteins. The binding site, defined by helixrn-helix repeats that create a concave pocket,

is strikingly conserved across all RRNPPs and allowed the identification of these peptides in multiple

species(Declerck et al., 2007; Zeytuni and Zarivach, 2012)

Despite the structural homology of the oligopeptide binding domain, DNA sequence homology is
extremely low between RRNPPs which likely reflects the diverse uses of these proteins across
different speciegNeiditch et al., 2017)The binding of the peptide typically results in the recognition

of DNA target sequences by the RRNPP protein with diverse results. Examples of downstream
effects are: the activation of virulence gendg®eclaeck et al., 2007; Grenha et al., 2013)e
repression and activation of virulence and cell surface geti€sok and Federle, 2014; Fontaine et
al., 2015)the inhibition or inducion of conjugation based on a two signal systd@ook and Federle,
2014) the activation of necrotrophic genes or the direct binding of sporulation proteins depending
on the signal(Pomerantsev et al., 2009)n some cases, the RRNPP proteins initiate a signalling
cascade with other poteins that then conduct transcriptional regulatiofPerego et al., 1991; Perez
Pascual et al., 2016As most species contain multiple RRNPP proteins, several oftkgstems can

be present simultaneously controlling different process@seiditch et al., 2017)

1.5.1.2 InC. saccharoperbutylacetonicum

Two recent studies have investigated the presence and role of the RRNPP system emtsajenic
Clostridia. One probed the system i€@. acetobutylicumKotte et al., 2020and the otherin C.
saccharoperbutylacetonicuniFeng et al., 2020Fenget alidentified five RRNPP receptor proteins

in C.saccharoperbutylacetonicunirhey were able to delete four of these using a CRISBRsystem
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(Wang et al., 201%yhilst a fifth could only be knocked down, suggesting it may be essential. They
found that all five RRNPP proteins were important in the transition from acidogenesis to
solventogenesis. Groth rates of mutants were normal during the first 24 h followed by a sharp
arrest of further growth beyond this point. Only low amounts of solvents were produced with acid
levels being significantly higher than wild type for the duration of the growth peridwo of the five
RRNPPs were directly involved in sporulation, showing reduced sporulation efficiency when
deleted. All five deletions/knockdown had a significant impact on cell motility, increasing it
substantially. C. saccharoperbutylacetonicumells ae motile during acidogenesis and lose that
motility in solventogenesis. Motility assays conducted on solid media suggested that the wild type
cells entered solventogenesis on the solid agar whilst the deletion mutants did not and continued
to migrate. Ths appears to confirm that cells still undergo the two phases at roughly the same time,

even in this more permissive environment.

Feng et al were unable to adequately complement their mutants using plasiased
complementation, restoring only some phenopes in some mutants. Whilst they did use the native
promoters, they assumed that the copy number of the plasmid impacted overall expression levels.
Overall, they were able to demonstrate that these RRNPP gene products are important in managing
the transition to solventogenic phenotypes. Interestingly, their results also showed that
sporulation, whilst interlinked with solventogenesis, is not loeitep with it in C.
saccharoperbutylacetonicumClearly, quorum sensing has been overlooked as a key mechanism in
fermentation and could well provide important avenues towards the precise control of growth
phases in solventogenicClostridia The study also demonstrates the enormous complexity of
interactions involved in quorum sensing. Despite the drastic phenotypi®re was no way to know

through which mechanism(s) these proteins altered transcription.

1.5.2 Accessory gene regulator system

The accessory gene regulator (agr) system is a second quorum sensing system found across Gram
positives(Wuster and Babu, 2008} is often present in addition to RRNPP systems and has a distinct
two-component signalling mechanism. Discovered 8 aureusthe canmical agr system consists

of an agr locus containing four geneagrA agrB, agrC andagrD(Ji et al., 1997; Kleerebezem et al.,
1997) Together, these work to regulate gene expressidiQueck et al., 2008nd especially the
expression of RNAIII i8. aureugNovick and Geisinger, 20Q8\s with the RRNPP system, a small
oligopeptide (known as the auténducing peptide, AIPp encoded byagrD & is processed and

exported by transmembrane protein, AgrB. However, once exported, the AIP is no longer able to
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enter the cell and, instead, can interact with a second transmembrane protein, AgrC. Upon binding,
AgrCautophosphorylates and, in turn, phosphorylates the effector Agfdovick and Geisinger,
2008) AgrA is then capable of positively regulating tlagr locus and altering gene expression

directly and through RNAIII.

Agr locus analogues have been found in a wide variety of Gram positives inclulimgrococcus
faecalis(Qin et al., 200Q)Lactobacillus plantarumBao Diep et al., 1994L. difficile(Carter et al.,
2005; Lee and Song, 2008). perfringengMaet al., 2015)C. autoethanogenuniPiatek et al., 2022)
and C. acetobutyitum(Steiner et al., 2012)The diversity is not limited to that seen between species
but also within speciesC. difficileencodes multiple copies of agr proteinshich are involved in
motility, toxin production and sporulation(Ahmed and Ballard, 2022; Ahmed et al., 202)wever,
their role as described in industrial solventogent. acetobutylicunwill be explored here as the
most relevant species t&. saccharoperbutylacetonicuniNo studies have yet been conducted on
the C. saccharoperbutylacetonicuagr system though it was notetb putatively encode one in its

genome(Poehlein et al., 2013, 2017)

1.5.2.1 InC. acetobutylicum

The single study examining agr quorum sensing@n acetobutylicuninvestigated the impact of
insertional inactivation by ClosTron and vector complementation of three of the four ge(i&®giner

et al., 2012) They were unable to create a ClosTron mutantagfD, likely due to its small size and
proximity to agrB. They also attempted to restore phenotypes through exposure to wild type cells
and to artificially synthesised AlPs. Finally, they conducted interesting comparative bioinformatics
concerning the structure of te agr locus in differenClostridiaand, particularly, the amino acid
sequence of the unprocessed AIP.Mn acetobutylicumthe locus is organised witagrB and agrD
overlapping and likely sharing a promoter arahrCand agrAagain aligned with no intergenic space
and likely sharing a promoter too. The overall structure imgrB-agrD-P-agrGagrAO@=J = | . A

for promoter.

The insertional inactivation mutants werscreened for growth kinetics, solvent and acid production
and ability to sporulate. No significant differences were observed in growth rates with all mutants
being able to reach the same final @anreadings as the wild type. This is similar to the rétstseen

for the C. acetobutylicunRRNPP system where insertional inactivation of genes encoding identified
RRNPPs showed significant reduction in solvent formation in just one mutant with growth rate

largely unaffected overal(Kotte et al., 2020)However, all three agr mutant strains were unable to
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accumulate granulose and showed a significant redwmi in, though not abolishment of,
sporulation. Neatly, theagrB mutant, which should be unable to synthesis a signal but be capable
of responding to one, did show signs of granulose accumulation when proximal to the wild type

strain on solid media.

Complamentation with the genes expressed on an exogenous vector under the control of the native
promoter was largely successful, restoring granulose production and sporulation. However, the
agrCmutant could only be complemented by a fulgrGagrAconstruct, indicating that ClosTron
insertional inactivation had disrupted the expression @grA and highlighting the pitfalls of

ClosTron for the construction of gene disruptions.

The results were potentially extremely useful for the use®bfacetobutylicunm industrial processes.
Sporulation and solvent production were considered inseparable in this spe¢ieavagnani et al.,
2000; Santangelo IY et al., 1998id it wasshown here for the first time that it might be possible to
genetically reduce sporulation without reducing solvent production. The agr system therefore
presented itself as a potentially fruitful avenue for strain development in solventoge@lostridig
including C. saccharoperbutylacetonicunHowever, it should be noted that the lack of any
significant obvious role for either agr or RRNPP quorum sensing.iacetobutylicunis at odds with
that seen inC. saccharoperbutylacetonicuand most other investigted species. Whilst a reduction

in sporulation could be seen as a key role, it did not abolish with significant numbers of heat
resistant CFUs recovered. This lack of phenotype is curious and suggests that these systems are
involved in a more specific press that might not be detected under normal growth and

sporulation conditions.

1.6 Transposon mutagenesis

1.6.1 Forward and reverse genetics

The gold standard for microbiological genetics has long been to accurately and precisely relate
phenotype and geotype. This principle has been the method of assigning function to genetic
material for nearly 80 years since the isolationBicolimutants that could not synthesise key amino
acids by Joshua Lederberg and Edward Tatuirederberg, 1946; Lederberg and Tatum, 1946)
Broadly, the process can be split between forward and reverse genelReverse genetics is the
process of manipulating the genotype, using methods such as those described in 1.2.4, and then

working to characterise the phenotype arising from the new genotype. Forward genetics is the
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inverse process whereby an isolated phentty=/7] KM; @ 9K *=<=J:=J?2AK 9EAF

accounted for by a change in genotype.

As can be seen by the example of Lederberg and Tatum, forward genetics was historically the first
to be employed. This is because the only methods to manipulate gempeat were based on random
mutagenesis through chemical or physical mutagens (e.g., ultraviolet light). This method was
enhanced by use of interrupted conjugation which was used to start mapping phenotypes to
specific regions of the genome i&. coli (Wollman and Jacob, 1955)The invention of Sanger
sequencing by Frederick Sanger further improved the method by including DNA sequences for the
first time (Sanger et al., 1965)As the microbial toolbox advanced, reverse genetics became

increasingly accessible and the nsbuseful of the techniques for examining individual genes or loci.

Techniques continued to develop and, as it became clear that many genes have specific roles that
may not yield obvious phenotypes under standard lab conditions, the need for Higloughput
screening grew. Multiple methods arose, such as sophisticated replica plating techniques so as to
rapidly test mutants in multiple conditions(Hasunuma, 2009)Such techniques were combined
with large-scale mutagenesis, either random or targeted, to characterise the phenotypes of

enormous numbers of geneand loci simultaneously.

The most famous library of targeted mutations is the Keio collection developedEircoliiBaba et

al., 2006) The library contains the individual deletion of every n@ssential ORF annotated . coli

in 2006. The Keio collection has proved invaluable to the characterisation gen&s toliand has
found numerous applications beyonde.g., Typas et al., 2008)However, the creation of such
collections in other species is severely limited by the difficulty in creating targeted gene deletions
as outlined in 1.2.4. In addition, the approach is likely to miss smaller or unusual genetic elesnent
and is dependent on the existence of accurate genome maps and annotations for a particular
species. Forward genetic approaches employing random mutagenesis therefore offer a powerful

method of rapidly characterising genomes of understudied or diffictdtwork with organisms.

1.6.2 Transposons in molecular biology

Transposons are mobile genetic elements that are ablentove themselves between genomic loci.
They were first discovered in maize by Barbara McClintock in her work describing how linear DNA
fragments could insert themselves in different positions of the chromosome and inactivate the gene

at the insertion site(Mcdintock, 1950; Ravindran, 2012Since then, transposons have been
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discovered in all kingdoms of life. The involvement of transposons in antibiotic resistance and their
obvious application in manipulating DNA sequences resulted in a large body of reteand

applications(Berg et al., 1983; Clegg and Durbin, 2003; Kazazian et al., 1988; Kleckner et al., 1977)

Two classes of transposon have been described, based on the mechanism of transposition. Class |
transposons use retrotransposition whereby the transposon is transcribed, then reverse
transcribed and inserted into a different locu8oeke et al., 1985; Bourque et al., 20118)doing so,
class | transposons dupiate themselves in a copgnd-paste method that explains their
proliferation to account for significant percentages of large genomes, including ~40% of the human
genome(Feschotte and Pritham, 2007Welicharacterised examps of these transposons include

Ty elements, Alu elements, intraisternal A particles and copiike elements found in yeast,

primates, Drosophilaand rodents respectivelfHamer et al., 2001)

The second group of transposons, class I, do not rely on transcription and instead employ-a cut
and-paste mechansm. Here, DNA containing specific flanking inverted repeat sequences is excised
by a transposase and relocated to a new locatif@reenblatt and Brink, 1963; Rubin et al., 19823
such, these transposons do not duplicate themselves during the transposition process and
therefore their proliferation has been slower, though they are still able to dominate in species such
Caenorhabditis elegangFeschotte and Prithen, 2007) Class Il transposons are also widely
distributed across the kingdoms with well characterised examples being the Tn superfamily in
bacteria, the original Activator/Dissociator transposons discovered by Barbara McClintock, and the
Tcl/mariner syerfamily and RPelements found inDrosophila(Bourque et al., 2018; Hamer et al.,
2001) Itis class Il transposons that have the most relevance to this study whwesg will be applied

as described in 1.6.3.2 and in Chapter III.

Transposons were first used to probe whole genomesSaccharomyces cerevisiaéth the aim of
characterising recently discovered open reading fram@&mith et al., 1995)The Ty transposon was

used to create a random mutant pool. Primers were designed to amplify across the transposon

junction, selecting for the insertion site. This pool was then exposed to different conditions and the

insertion site amplified. Additional primers arrying fluorescent probes were designed with

specificity to the uncharacterised ORFs of interest and annealed to the PCR products. Separation by
9?79JGK= ?=D =D=; LIJGH@GJ=KAK ;J=9L=< 9 MFAI M= | >G
particular mutants disappeared from the pool under particular conditions. This highly accurate

approach was adapted to multiple species includirtg. coli(Hare et al., 2001and Streptococcus

pneumoniae(Akerley et al., 199&nd included improvements such as controlling the expression of
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the transposase and the use of an outwafdcing promoter to reduce polar effectéHare et al.,
2001)

The genetic footprinting method is not high throughput owirtg the need to design specific probes

for each ORF of interest. The invention of DNA microar(egrgiewed in:Lenoir and Giannella, 2006;

and Southern, 2001paved the way for highethroughput methods and led to the development of
signaturetagged mutagenesis (STNlensel et al., 199%)nd transposon site hybridisation (TraSH)
(Sassetti et al., 20015 TM uses an array of 96 barcoded transposons, each used to create a separate,
random, library. Pools of 96 mtants, consisting of one mutant from each starting library, were
assembled and then grown subjected to an experimental condition resulting in a selective
bottleneck. The presence of mutants in the starting pool and after selection were then detected by
hybridisation to an array of the 96 barcodes included in the original transposonkis process

allowed for the screening of random mutants at a far higher rate than ever before.

TraSH improved on STM by making use of the explosion in genome sequencingéithe turn of
millennium driven by the Human Genome Project. Instead of barcoding the transposon, the
microarray contained a binding site for every single predicted ORF in Mhgobacterium bovis
genome(Sassetti et al., 2001, 2003)his was the first attempt to examine insertion sites amongst
all predicted ORFs. However, both STM and TraSH has been associated with highdasitige rates
and poor reproducibility(Tong et al., 2004)

1.6.3 High-throughput transposon insertion site sequencing

1.6.3.1 Development

The invention of highthroughput DNA sequencing made whole genome analyses rapid and
increasingly cheaply availablé_oman et al., 2012)llumina sequencindBennett, 2004jas proven

to be the cornerstone of advancems highthroughput transposon mutagenesis. The ability to
sequence millions of DNA fragments in a short space of time led to the development of four similar
methods for identify and mapping transposon insertior(§&awronski et al., 2009; Goodman et al.,
2009; Langridge et al., 2009; van Opijnen et al., 2008)ether these techniques made it possible

to screen potentially millions of transposon mutants simultaeesly and assign some function to

nearly every part of the genome.

The four techniques published in 20G8transposon sequencingTn-seq;van Opijnen et al., 2009)

insertion sequencing(INSeq;Goodman et al., 2009highthroughput insertion tracking by deep
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sequencing (HITS; Gawronski et al., 2009)and transposonrdirected insertion site sequencing
(TraDIS;Langridge et al., 2009% all operate on the same basic principle. Transposition of a
transposon containing a selectable marker is induced in as many cells as possible. Mutants are
pooled and gDNA extracted. The gDNA is then fragmented, either enzymatically or using a physical
process, and PCRsed to select for transposoigenome junctions and add the DNA features
necessary for lllumina sequencing. lllumina sequencing is then conducted, and results processed
and mapped to the target genome. Broadly, where no insertions are present, that locus i
considered essential to the functioning of the cell under that condition. Libraries can then be
exposed to a selective condition and the same process conducted to determine conditional

essentiality.

All four techniques show minor differences in the pration of gDNA for lllumina sequencing. The
greatest of these differences is in the method of gDNA fragmentation. INSeq argbdrspecifically
employ the mariner transposon with a single nucleotide change in the inverted terminal repeats
flanking the transposon. This change introduces an Mmel restriction enzyme recognition site and
thereby a cut site 20 bp downstream. This ensures all the fragments containing the transposon also
contain 16 bp of the adjacent genome sequence. Baring exceptional circumstand6 bp is
typically sufficient to identify most loci in a bacterial genome. HITS and TraDIS utilise sonication for
fragmentation which randomly shears the DNA, yielding a fragment size distribution dependent on
the protocol used and the specific genomaAll four then employ some method of DNA purification,
adaptor ligation and PCR amplification across the transposgenome junction. The main
advantage of HITS and TraDIS is that fragmentation by sonication means that any class Il
transposon can be used,llawing for use of the most appropriate transposon/transposase system.
INSeq and Trseq, by contrast, are limited to the use of the mariner system which can be a
limitation, particularly for high GC genomes given that the mariner transposase inserts ait&s.
Now, however, the four techniques have largely been assimilated into the broader concept of high

throughput transposon insertion site sequencing.

1.6.3.2 Handling of sequencing data

Following lllumina sequencing, the raw data is checked bioinforricatly for the relevant barcodes

to differentiate samples when multiplexing multiple experiments. Subsequently, sequences are
checked for the presence of the transposon sequence, allowing for some mismatches arising from

random sequence mutations and sequeing errors. Short sequencing reads are removed as these
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can be difficult to align accurately. Finally, sequences are aligned to a reference genome and
calculations of insertion densities, both overall and in particular ORFs, are performed. This should
output insertion sites, read counts and overall genome insertion summaries. These processes have
been packaged in the Bid radis program(Barquist et al., 2016)Mapped sequences can be viewed
manually by examination through software such as Artenfigutherford et al., 2000)

ORFs with no insertions are deemed to be essential to the survival of the cell on the basis that
insertions did occur but were lethalo the cell. Essentiality can be probed using statistical means
with two main parameters. These are the athportant definition of essentiality and the
normalisation of the number of insertions in a gene. Essentially, being a spectrum of fithess rather
than an absolute, is always uselefined and can be adjusted depending on the stringency required
for each experiment. Data can be normalised through one of two methods: bydefning the ORF
length windows(e.g.,Goodall et al., 2018)or through specifically defining the range size for every
ORHKe.g.,Chaudhuri e al., 2013) Either way, plotting a histogram of the number of insertions within
the window/ORF yields a bimodal distribution with a steep léfand (i.e., no insertions) peak and a
broader right hand (i.e., ORFs with insertions) separated by a trolggsentiality is assigned by the
likelihood that a given ORF belongs to one of the modes when the number of insertions is above a
certain threshold (typically 12 times more likely to be in one mode than the other). This process
does leave some genes that@ambiguous and between the two modes, though the vast majority

typically fall within one of the two.

1.6.3.3 Applications

Highthroughput transposon mutagenesis has three obvious uses. Firstly, to define the essential
genome of the species under standhlaboratory conditions(e.g.,Gawronski et al., 2009; Goodman

et al.,, 2009; Langridge et al., 2009; Moule et al., 2014; van Opijnen et al., E¥3@ntiality is a
somewhat fluid term but typically, the most permissive conditiorissolid, rich media and ideal
growth temperaturesdare initially chosen to allow every mutant that can survive to grow. However,
some natural variance amongst ORFsathare very important but do not induce direct lethality will
exist between transposon libraries of a given species. Uncovering the essential genome is useful to
for a variety of reasons but primarily to reveal the importance of previouslyiovestigated ORFs

and as a roadmap for the accurate manipulation of the genome in the future. This can be particularly

important in  organisms  with relatively little research history such asC.
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(Goodall et al., 2018)

Secondly, once a baseline essentiality is estabbsh the same libraries of mutants can be passaged
through specific conditions to screen for essentiality in those conditions. Conditions can be broad
such as sporulating and germinating celfembek et al., 2015)n vivoinfection models(Chaudhuri

et al., 2013; Subashchandrabose et al., 2Q1)d culturing with antibiotics(Jana et al., 2017)Any
condition that is likely to add selective pressure and thereby cause the death of previously non
essential mutants can be used. For solventoge@iostridig it would be pertinent to screen for ORFs
essential in fermentation conditions and those that may be involved in tolerance to solvents such

as butanol or to inhibitors found in certain feedstocks.

Thirdly, transposon libraries can be constructed in stnai with prior gene deletions and compared

to wild type libraries. Such comparisons can reveal synthetically lethal pairings or the inverse, genes
that are no longer essential in the deletion backgrouie.g.,Fenton et al., 2016; van Opijnen et al.,
2009) Alternatively, libraries can be generated in a condition which chemically inhibits a certain

gene or pathway in order to probe that pathwg.g.,Santa Maria et al., 2014)

These three basic approaches were identified by the inventors of the four Higbughput
transposon mutagenesis techniques. Since then, aiety of novel methods of comparing mutant
fitness that are not exclusively based on competitive growth have been develapedewed inCain
et al.,, 2020) Genes essential for motility were assessed by harvesting faster moving mutants
(Kakkanat et al., 2017Cell sorting through a variety of methodsak also been deployed to identify
efflux pumps inAcinetobacter baumanniiHassan et al., 201@nd capsule production irklebsiella
pneumoniag(Dorman et al., 2018Even a limitation of highhroughput transposon mutagenesi$
that mutants are always compared to the populatiod is being bypassed through the use of
microfluidics to isolate individual mutants which indicated that up to 3% 8f pneumoniaenutants
have a different fitness profile when growimdividually (Thibault et al., 2019)These approaches
highlight the flexibility of highthroughput transposon mutagenesis and the utility of such forward

genetics approaches.

1.7 Project aims

As demonstrated, there is a significant dearth of biological knowledge concerniy

saccharoperbutylacetonicuntompared to its growing industrial importance. Higthroughput
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transposon mutagenesis is a powerful technique for analysing a whole range of genotypes,
especially in species where few reverse genetics studies have been conducted. Applying this
technique to C. saccharoperbutylacetonicynby adapting the method outlined forC. difficileby
Dembek, et al., would reveal the essential genome under normal laboratory conditions. Doing so
would provide avenues for investigating the pressures and stressors inheti@nits industrial

application. This was the primary aim of this project.

In addition, the lack of knowledge concerning sporulation, germination and quorum sensing were
identified as key gaps that have the potential to improve industrial applications. Théwee areas
were wellpositioned to be investigated using the expertise in the Fagan lab at the University of
Sheffield (e.g., cell envelopes and TEM) and those of Green Biologics/Biocleave (e.g., &.EAVE
phenotyping and fermentation of solventogeni€lostridia). Therefore, these topics were selected
secondary project aims. The sporulation phenotypes @&. saccharoperbutylacetonicymin
particular the putative difference between sporulation in solid and liquid media, would be
investigated by phase congist and fluorescence microscopy as well as thsaction TEM and basic
phenotypic assays. The aims of the germination studies were to elucidate novel germinants and
gemination inhibitors that could prove useful in industrial applications through germinatiassays
using purified spores. Finally, quorum sensing as modulated by the agr system would be
investigated through classical reverse genetics using the CLEAWStem followed by basic

phenotypic characterisation.
This thesis, therefore, concerns thelfowing main aims:

1) The elucidation of the essential genome @Gf saccharoperbutylacetonicumnder laboratory

conditions utilising random transposon mutagenesis and insertion site sequencing (Chapter 3)

2) The exposure of transposon libraries generated 1) to different conditions (e.g. small scale
fermentation) to explore changes to the essential genome under those conditions and discover

genes key to the process(es) (Chapter 3)

3) The investigation of the sporulation phenotypes Gf saccharoperbutylatonicumin liquid and
solid media through phase contrast, fluorescence and thin section transmission electron

microscopy (Chapter 4)

4) The search for active germinants and germination inhibitorsGn saccharoperbutylacetonicum

through the screening of andidate compounds (Chapter 4)
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5) The characterisation of the role of accessory gene regulator quorum sensingCin

saccharoperbutylacetonicurby reverse genetics (Chapter 5)

6) The development of promoters for use in downstream research andustrial applications

(Chapter 5)
In general, two overarching principles were applied to all aspects of this project:
1) To add to knowledge base &f. saccharoperbutylacetonicum

2) To provide practical results that have the potentially to be appliedraditly to industrial

applications
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Chapter Il 8 Materials and methods

2.1 Growth of Bacteria

2.1.1 Strains and conditions

Liquid cultures ofClostridium saccharoperbutylacetonicudi-4(HMT)YHongo et al., 1968; Poehlein

et al., 2014)were grownstatically in ReinforcedClostridial Media (RCM; Oxoid), Tryptone Yeast

extract Iron sulphate Amrmonium sulphate (TYIRTable 2.}, 50 mM2-(N-morpholino)ethanesulfonic

acid (MES) and 50 g/L glucose or@tostridialGrowth Media (CGM.able 2.2) with 50 g/L glucose

(Atmadjaja et al., 2019)Solid cultures were grown on RCM, TYIR (without MES) or CGM
supplemented with 1.5% wi/v agar. All cultures were grown aP@2n an anaerobic cabinet (Don

Whitley; 10% K 10% Cg 80% N). Liquid media was reduced for a minimum of 3 h in the cabinet

prior to use whilst solid media was reduced for a minimum of 30 min. When necessary, cultures were
KMHHD=E=FL=< OAL@ L@= 9HHJGHJA9L= 9FLA: AGLA; n =1
anhydrotetracycline (ATc;4 PP F? QE* 6 9F< fRem? 3E* ; GDAKLAF KMD

Table 2.1 Composition of TYIR

Yeast extract 2.5¢g/L
Tryptone 2.5g/L
(NH).SQ 0.5¢g/L

FeSQ.7HO 0.025 g/L
pH adjusted to 6.5

Table 2.2 Composition of CGM

Yeast extract 5g/L
K:HPQ 0.75 g/L
KHPQ 0.75 g/L
MgSQ 0.4 g/L
FeSQ@ 0.01 g/L
MnSQ 0.01 g/L

NacCl 1g/L

(NHy).SQ 2g/lL

Asparagine 2 g/L
pH adjusted to 6.5
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Liquid cultures ofClostridium difficilewere grown statically in TY brotfB8% tryptose 2% yeast

extract (Bacto)XDupuy and Sonenshein, 1998%olid cultures were grown on B¥gar (Sigma). All

cultures were grown at 3T in an anaerobic cabinet with the same environmental composition as

above. Al media was reduced for the m& minimum duration as for C.
saccharoperbutylacetonicum Cultures were supplemented as necessary with the following

9FLA: AGLA; Kn L @A9 EH@-PPA FRDBEC mwr 9MF<SE *GDA KL2AF GFMDH

Liquid cultures ofEscherichia colivere grown in LB (Sigma) at 3 with 225 rpm shaking. Solid

cultures ofE. coliwere grown on LBagar (Fisher) at 3T. Cultures were supplemented as necessary

OAL®@ L @= >GDDGOAF? 9FLA: AGLA; Kn s @DGJ9EH@=FA; GI
COF9EQ; §fiL) BrcdK Lig 9AFK , # £y O, =0 #F?D9Fc< AGD9: Ko
for cloning and routine maintenance of plasmid DNA. CA434 was used a conjugation donor for

plasmid transfer into bothC. difficileand C. saccharoperbutylacetonicum

All speciesand strains were stored in 15% v/v glycerol #®0°C, unless stated otherwise and are

listed in Appendix I.

2.1.2 Spore preparation and isolation

Two methods were used to generate spores Gf saccharoperbutylacetonicums each method

yields a different spore phenotype. Spores were generated in liquid cultures using a threg

process. In step one, 10 mL RCM was inoculated from a single colony and left to grow overnight

(O/N). The optical density at 600 NnrM@Dyonm) Wasmeasuredd F < pyf E* MK=< -LG AFG;
cyclodextrin (50 g/LJTYIR(Jenkinson et al., 2019)Growth was monitored unti OQoonm reached
between1.3p ¥ f K ' E*¥ G> L@AK KM: ; MDL MJ =yclodeXrinTY@ F MK = <
Cultures were left for ugo 72 hand monitored by brightfield microscopy (x100 magnification) for

the appearance of spores.

In the second method, 10 mL RCM was again inoculated from a single colony and left to grow O/N.
rer mM* G> L @=K= ; MixlodddtinKYIROagal platek. Bultares wereddit togjrow

for up to 7 days and monitored for the appearance of spoessfor liquid cultures.

Spores were isolated as described previougNerandzic and Donskey, 2013riefly, 2 nh of cell
suspension at an Ofgnm0f 1 were harvested by centrifugation at 400@xThe supernatant was
discarded, and the pellet was suspended in 1 mL-mw®d water then centrifuged at 5000 This
was repeated five times. Cells were then resuspende& f PR fj* T'R6 O3N &AKLG" =F
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onto 1 mL 50% wi/v HistoDenz and centrifuged at 15,009 for 15 min. The supernatant was
discarded, the pellet suspended in 1 mL iceld water and centrifuged at 5000 This was again
repeated five timesFinally, the pellet was resuspended in 1 mL sterile water and stored@tuntil

use.

2.2 DNA manipulation

2.2.1 gDNA isolation

To extract genomic DNA (gDNA) for downstream processes, 1.5 mL Clofstridium
saccharoperbutylacetonicuravernight (O/N) cultire was harvested by centrifugation at 400@ for

10 min in a 1.5 mL microcentrifuge tube. The supernatant was removed by aspiration, the pellet
resuspended in 200 phosphate buffered saline (PBS) and transferred to a fresh 1.5 mL
microcentrifuge tube. All incubation steps were carried out in a water bath set to the stated
temperature.Lysozyme was added (1 mg/mL) and the mixture was incubated for 1 hat87 p PR Mm*

of 20 mg/mL pronase was added and incubated for 1 h at!55 1 M: K=1 M=FL INQJI >R f
lauroylsarcosine was added and incubated for Lhaf3% $AF9DDQJ] TRPR f* G> PRy
added and incubated for 1 h at 3C.

gDNA was separated from RNA and proteins through phestobroform extraction. The sample and

fRR fMm* G> Hr@iséaldy) alcol@D26:24@veré addedto heavy phase lock gel (PLG

QuantaBiog tubes mixed by inversion and centrifuged at 13,00@%or 2 min. The upper layer was

transferred to a fresh PLG tube, and the previous step repeated. The upper layer was again
LIJ9FK>=JJ=< LG 9 >J=K@ .*% LM: = 9F< PP Mm* ; @D G
inversion and centrifuged at 13,000g. This step was also repeated. The upper layer was transferred

to a fresh 1.5 mL microcentrifuge tube, gDNA) =; AHAL9L =< MKAF? fPRPCMm* pRPR
and left overnight at20°C. gDNA was centrifuged at 4,000 at 4°C for 15 min. The isopropanol was

removed, the pellet washed with 70% v/v ethanol and centrifuged at 4,8@@t 4°C for 10 min. The

ethanol was removed, the sample adiried for 5 min at room temperature and then resuspended in

F R Mm* Hrise HD=aB4K svernight. Purity and quantity were assessed by absorbance at 260

nm and evaluation of the ratio of absorbance at 260 nm over 880 Integrity was assessed though

agarose gel electrophoresis and, when greater accuracy was required, concentration was assessed

by Qubit fluorimetry (see.2.8.

58



2.2.2 Polymerase chain reaction

For PCR requiring high fidelity replication, Phusion polymerase high fidelity master mix (Thermo)

O9K MK=< 9;; GIJ<AF? LG L@= E9FM>9; LMJ=JAK HIGLG;
template whilst for gDNA, 200 ng would be wused. For colony PCRf C.
saccharoperbutylacetonicupr AL@=J p fm* G> - 3, ;s MDLMJ = GJ GF= ;
with proteinase K followed by heating at 80 were used. The cycling conditions are listed in Table

srg TR M* J=9; LAGFK O=higker duahtity<of PCR producowmsréqdired] : ML
D9J?2=J J=9; LAGFK 0=J= HJ=H9J=< 9F<9%WHN DBaslusedhFL G T
when required i.e., when primers with long A/T stretches or potential to form significant secondary

structures wereidentified.

Table 2.3 Generic cycling conditions of Phusion PCR

Step Temperature (°C) Time (s) Cycles
Initial denaturation 98 30 x1
Denaturation 98 30
Annealing 2°C below primer Tm 30 x32
Extension 72 30 s/kb
Final Extension 72 300 x1

For low fidelity PCR, primarily screening of cloned constructgq polymerase was used. An4n
house mixture was used0(01% cresol red, 0.5 M sucrose, 400 uM of each dNTP, pufifigd
polymerase0.1 U/ul, 20 mM trigiCl pH9, 100 mM KCI, 0.02% gelatin, 0.02% tween 20, 4 mM)MgCl

The same quantities of template DNA were typically used.

Table 2.4 Generic cycling conditions of Taqg PCR

Step Temperature (°C) Time (s) Cycles
Initial denaturation 95 180 x1
Denaturation 95 30
Annealing 2°C below primer Tm 30 x32
Extension 72 60 s/kb
Final Extension 72 300 x1
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ForE. coliscreening, a single colony was picked with a pipette tip, pafolated and the remainder
mixedwithL @= . ! 0 EAPy pP Mm* J=9; LAGFK 0O=J= MK=< 9K K
Table 2.4PCR was conducted im T100 Thermo Cycleri@Rad). Primers, listed irAppendixlll were

synthesised by Eurofins.

2.2.31solation of plasmid DNA

Plasmid DNA was extracted fronk. coliusing the GeneJET Plasmid Miniprep Kit (ThermoFisher

1; A=FLA>A; 6 >GDDGOAF? L@= E9FM>9;: LMJ=JAK AFKLJM;
centrifugation at 4000k g for 10 min. Pellets were resuspended in 2800 G> J=KMKH=FKAGF
9F< LJ9FK>=JJ=< LG 9 pyf E* EA; JG; =FLJA>M?= L M: =
inversionuntilcleans, rf R mM* G> F=MLJ9DAR9LAGF KGDMLAGF 09K
solutionwascentrifuged at21,000x g for 5 minto remove cell debris and precipitated genomic DNA

The supernatant was retained and transferred to a GeneJET Spin Column. This was centrifuged at
21,000x g for 1 min and the flon. @J GM? @ <AK; 9J<=<K fRP MmrAdthe> O9K@
column centrifuged at 21,00 g for 1 min. This step was repeated and followed by drying the

column by centrifuging at 21,00& g for 1 min. Columns were transferred to a fresh 1.5 mL
microcentrifuge tuber P Mm*  Hrge HDwAKadded to the column and left for 2 min at room
temperature.They were thercentrifuged at 21,008 gfor 1 min to elute the DNA. Purity and quantity

were assessed by absorbance at 260 nsing aDeNovix DS1IEX. Plasmids used in this study are

listed in Appendix II.

2.2.4 Agarose gel electrophoresis

Agarose gel electrophoresis was routinely used to separate DNA by size for various purposes.
Between 0.82% w/v agarose was melted in TAE)(mM trisacetate pH8, 1 mM EDTJ,Acooled to
~58C, poured intoa cassette, and allowed to set. The percentage gel chosen depended on the size
of DNA being separated with higher percentages being better at resolving small (<500bp) DNA
fragments and lower percentages for larger fragments (>500 bp). DNA was dyed ughey ei
SyberSafe (final concentration 1:10,000; Invitrogen) in the agarose or UView (final concentration
1:10; BioRad) added directly to the sample. UView was used when the DNA required gel extraction
(see 2.2.14). Gels were placed in gel tanks containing béffer. Standard DNA loading buffer (NEB)

or UView were added to the samples and the samples loaded into the gel wells. Gels were
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electrophoresed at 100 V for d&#D min. DNA was visualised and images taken usinBieRad

ChemiDoc MP imaging system

2.2.5 Gel extraction

After resolving DNA on an agarose gel (2.2.13), DNA was visualised using a UV transilluminator and

the desired band excised using a sharp scalpel. Extraction of DNA from the gel was conducted with

the GeneJet Gel Extraction Kit (Thermo)aGJ <AF? LG L@= E9FM>9:; LMJ=JAK
m* F M:fréeHD Knd quantified using absorbance at 260 nm.

2.2.6 PCR purification
When purified PCR product was required without the need for gel electrophoresis, the GeneJet PCR
. MJA>A; 9LAGF CAL O9 K MK=«< >GDDGOAF? L @= E9FM>9;

nucleasefree HO and quantified using absorbance at 260 nm.

2.2.7 Restriction endonuclease digestion of DNA

Endonuclease digestion of DNA was conducted using restriction enzymes according to the
E9FM>9; LMJ=JAK AFKLJM; LAGFK O, =0 #F?D9Fc< AGD9: |
DNA samples in the appropriatproportions and incubated for 1 h at 3€. Digested DNA was

visualised as described in 2.2.13 and purified according to 2.2.14.

2.2.8 Qubit fluorimetry

Qubit fluorimetry was used to accurately assess DNA concentration. The method utilises a
fluorophore that fluoresces when bound to DNA is a predictable and proportionate manner. The
concentration reading is therefore not affected by contaminants. The Qubit dsDNA High Sensitivity
9KK9Q CAL O2@=JEGS$SAK@=J06 09K MK=<. Diefly, Gelsandple? L G L
DNA concentration range was estimated, and dilution conducted if the concentration was likely to

= UpPRIR?&N* ©G>p KO9EHD= "pxx OPK @< </=M: ALG QRKFI Q J
and allowed to stand at RT for5min. 0 iyt 9 F< pPR F?239M* KLO9F<9J<K 0=
E9FM>9; LMJ=JAK AFKLJM; LAGFKgK ! GF; = Fl6J SIDAVEGH AGEEK =9

programmed Qubit HS assay settings.
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2.2.9 Ligation of DNA fragments

T4 DNA ligase (NEB) was used to comiih®1J A> A=< " | >J9?E=FLK 9;; GJ<A
instructions. Buffer and enzyme were added samples containing the destination vector and the

insert DNA. Specific molar ratios were used based on the standard addition of 50 ng of vector DNA

to the reaction. 3:1 and 1:1 insert:vector were the most commonly used ratios with 5:1 and 1:3 also

MK=< O@=F AFALA9D 9LL=EHLK O0=J= MFKM; ; =KK>MDyg O
conducted at either RT for 1 h or 4B overnight. Ligated product was themsed in E. coli

transformations.

2.2.10 Gibson assembly of DNA fragments

Gbson assembly was used to assemble multiple DNA fragments into a single vector. This was
conducted using the NEBuilder HiFi DNA assembly Cloning Kit (NEB). Destination vectawd&NA

linearised using either Phusion PCR or bleeridd endonuclease restriction digestion. Insert

fragments were amplified using primers containing 30 bp overhangs with perfect homology to other
fragments and/or vector DNA sequence. All assemblies contaifesger than three fragments so 25

ng of vector and a 1:2 vector:insert molar ratio was used as standard. NEBuilder HiFi DNA assembly

EAP O9K MK=< 9;;:; GJ<AF? LG L@= E9FM>9; LW AK AFK

min (NEBuilder). The redion product was used immediately ik. coltransformations.

2.2.11 Production of chemically competent E. coli

O/N cultures of the relevanE. colstrain (different strains were prepared the same way) were grown

as described above. These were subcukdrto 1:100 and grown to Q83.0.4-0.6 (log phase). Cells

were then harvested by centrifugation at 4000gfor 10 min. Pellets were suspended in 5 mL-ice

cold 100 mM Cagéand incubate on ice for 15 min. Cells were again centrifuged at 4000 x g for 10

min. Cells were then suspended in 1 mL100mM&a® pf 6 N3N ?2DQ; =JGD 9F<

volumes. After incubation, cells were flash frozen in liquid nitrogen andretbat-80°C.
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2.2.12 Heat shock transformation of E. coli

5BR Mm* 9 DAI MGL K G> E.;cdli>JE A ; @EDHD=-Q. E, EApUIhakedrirgm NEB were
L@90=< GF A; =K -F:= L@90=<J] I'f fM* O9K 9DAI MGL=<
DA?9LAGF GJ %A: KGF 9KK=E: DQ HJG<M; L GJ Pylf Mm*
Cells were heat shocked at 42 > GJ F+ K >GDDGO=< :Q AF; M: 9LAGF
superoptimal broth with catabolite repression (SOC, NEB) wasled and cells were grown for 1 h

at3? 9F< TI'Tf JHEK pPP fm* G> :=DDK O=J= L@=F KHJ:=
selection. If the ligation/Gibson assembly was deemed low yield, the remaining cells were
centrifuged at 4,000xgfor5mi,DD : ML pRP fm* G> L@= KMH=JF9L9FL
fn* MK=< LG KMKH=F< L@= ,; =DDKyg 2@AK ; GF; =FLJ9L=¢<
plate.

2.2.13 Sequencing of DNA

Sanger sequencing of DNA constructs was conducted through thaé®ez sequencing service, and

the results analysed using the Geneious software (v7.1.9). lllumina sequencing was conducted using

three different services. AmpliconEZ from Genewiz was used for guaranteed 50,000 reads/sample

to check the library compositiorof the TraDIS libraries during method development. The lllumina

MiSeq v2.0 2x150bp Nano, was also used to check method development, and the MiSeq v2.0
2x150bp, used to generate the complete libraries, were conducted by the Sheffield Diagnostic
Genetics Sl A ; = 9L L @= l1@=>>A=Dc< | @AD<J=FAK , &1 $GM
sequencing was conducted by Dr Roy Chaudhuri (The University of Sheffield).

2.2.14 Conjugative transfer of DNA intoClostridia

Except during the generation of knockout mutastinC. saccharoperbutylacetonicunall plasmids
were transferred intoC. saccharoperbutylacetonicum and C. diffitileough conjugative transferE.
coliCA434transformed with the desired plasmigwas used as the conjugative donor. O/N cultures
of Clodridia and E. colidonor were grownas described abovel mL ofE. coliwas harvestedby
centrifugation at 4000 x g for 5 mins, the supernatant removed, and the cells brought into the
anaerobic cabinet. FocC. difficilethe recipient culture was incubatedit 50°Cfor 10 minprior to
combination with the E. colidonor (Kirk and Fagan, 2016) [ P@lostlipfawas tsed to gently
suspend theE. colipellet by pipetting and spotted ontoBHI agar C. difficil@ or RCM agarC(

saccharoperbutylacetonicuin These were left to grow for-84 hafter which they were harvested
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using 1 mL TYQ difficil@ or RCMQ. saccharoperbutylacetonicuin 9 F< 9 KHJ=9<=JK pPRP
GF &' 9?29J GJ 0!+ 9?29J) OAL@ L@= 9HHJGHJcAO L= 9FI
counterselection). Cojugative transfer using this method is very efficient inC.

saccharoperbutylacetonicurao 1:100 and 1:10 dilutions of the scrapings were typically plated.

2.2.15 Processing gDNA for TraDIS sequencing

2.2.15.1 gDNA shearing

p m? G> 2", < A K KHGIDpN&. < waA dheanpd’ By soffj¢atior? usinglthe 300 bp
protocol of an S220 Covaris sonicator. The settings for this protocol are given as: frequency
sweeping power mode; continuous degassing; 10% duty factor; 140 W [re@ent power; 200
cycles per burst; 80 s cyclesid. Sonication was conducted at th8heffield Diagnostic Genetics

1=JNA; = 9L L@= 1@=>>A=D< ! @AD<J=FAK , &1 $GMF<Q9LA

2.2.15.2 Sample volume reduction

Following shearing, the sample volume is toagh for the downstream steps, so volume reduction

was required. A rotor vacuum was used with sample tubes being spun at low RPM under vacuum to

cause the evaporation and removal of the excess f 2 @AK O9K <GF= MFLAD L @=
lower and toppe<c MH LG ff Kf -fipe H® asLn@essaNTh® sathle=was then

transferred to a 0.2 mL PCR tube.

2.2.15.3 DNA end preparation

Sonicated DNA requires end repair prior to be useable in downstream reactions. The NEBNext End

Prep Ultra | kit accoxr AF ? LG L@= E9FM>9; LMJ=JAK AFKLJM; LAGF
. GE: AF=< OAL@ ¢ f* #F< .J=H #FRQE= EAP 9F< BHKf f
by pipetting and placed in a thermocycler at 20 for 30 min followed by 8& for 30 minThe

reaction was then held at%€ until use.

2.2.15.4 Adaptor ligation

The Illumina NEBNext Adaptor was then added by ligation to the ends of the fragments using
 GEHGF=FLK >JGE L@= ,# ,=PL #F< .J=H 3DLJY9 C.
N# , =PL <9HLGJ >GJ ' DDMEAF9 9F< p M* *A?9LAGF #I
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2.2.15.3, mixed by pipetting and incubated at20 >GJ pf EAFK © Mm* G> 31#0JUL

the sample incubated at 3C for 15 min.

2.2.15.5 Sample puification and size selection

Sample purification was conducted using the Agencourt AMPure XP magnetic beads. These have
the dual advantage of yielding high purity product and providing size selection. These libraries
contain short fragments from a varietgf sources that would prove unproductive for sequencing.
Equally, itis useful to remove large fragments such as poorly fragmented gDNA. A protocol designed
to select for 3005 400 bp fragments was utilised. These fragment sizes are dictated by the
bead:sanple ratio. Larger fragments bind preferentially to the beads and therefore higher ratios of
beads will lead to the binding of a wider range of fragment sizes. This first clean up step is designed
to remove both the upper and lower limits. Subsequent puciition steps are only designed to

occlude smaller fragments.

AMPure XP bead stocks were vortexed thoroughly to resuspend them and allowed to reach room
L=EH=J9LMJ=¥ 2@ DA?9LAGF J=9; LAGF >JGE T-4Tgpfyf
free H,- 9F< LJ9FK>=JJ=< LG 9 pyr¥ E * EA; JG; =FLJA>M?
mixed by pipetting, and incubated for 5 min at room temperature. Tubes were placed on a magnetic

stand until the solution cleared (B min). The solution was transfeed to a fresh 1.5 mL

EA; JG; =FLJA>M?= LM: = D=9NAF? L@= D9J7?=J >J97?2E=FI
added to the transferred solution, mixed by pipetting, and incubated at room temperature for 5 min.

The tube was again placed on a magnestand until the solution cleared. This time the solution

O9K J=EGN=< 9F< <AK; 9J<=<Jl =DAEAF9LAF? L@= >J97?I
GF L@= E9?F=LA; J9;C 9F< TRP fm* >J=K@DQ HJI=H9J

for 30 sand then removed. This step was repeated. Residual ethanol was removed, and the beads
9A) <JA=< >GJ f EAFK 2M: =K O0=J= -BG &d@ad,mixedhy) GE L @
pipetting incubated at room temperature for 2 min. Finally, tubes were pdaidback on the magnetic

J9;C MFLAD L@= KGDMLAGF ; D=9J=< 9F< pf Mm* O9K LJ
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2.2.15.6 PCR amplification of transposon junctions

This PCR step is designed to amplify across the transposon insertion site. The forward primer binds

to the transposon whilst the reverse is the adaptor attached in 2.2.15Re KAPA HiFl polymerase

with the cycling conditions listed in Table 2Was utiliseds L @= =FLAJ= pf Mm* >JGE
9K L=EHD9L= 9F< ; GE: AF=< OAL@ I'f f* ) . &AS$' H
0$pr I T6 9F < -free Hip* Onlly M;cylesdare conducted to reduce the potential for PCR

bias.

Table 25 Transposon junction PCR cycling conditions

CYCLE STEP TEMP (°C) TIME (s) CYCLES
Initial Denaturation 98 180 1
Denaturation 98 15
Annealing 65 30 10
Extension 72 30
Final Extension 72 60 1
Hold 4 a

2.2.15.7 Restiction enzyme digest to remove plasmid

Following PCR, restriction digestion using BstXl was used to remove contaminating pRPF215
<=DAN=JQ HD9KEA<yK 2@= PR Mm* .10 EAP O9K LJ9FK>-=
: GE: AF=< OAL @ B9 Ffig* F, #*M>>KL 6 'I'y p2 @€ owdightiba O9 K |

circulating water bath followed by denaturation the following morning at 80 for 20 min.

2.2.15.8 Sample purification
The sample was purified from the reaction components and small DNA fragmeaming the

?=F; GMJ L +. MJ= 6. E9?F=LA; = 9<KHg =9 <K 0O=J= H
mixed by pipetting and incubated at room temperature for 5 min. The tube was briefly centrifuged
and placed on the magnetic stand until the solutiodeared. The supernatant was removed and
<AK; 9J)<=<i [I'PP f@m* G> >J=K@DQ HJIJ=H9J=< XP& =L @9FC
repeated once before air drying the beads at room temperature for 5 min. The sample tube was
removed from the magnetic9 ; C 9 F < -pl@l wdg added] @nd ihcubated at room temperature
for 2 min to elute the DNA. The tube was placed back on the magnetic rack until the solution became

;y D=9J 9>L=J O@A; @ pf Mm* O9K LI9FK>=JJ=< LG 9 >J-=
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2.2.15.9 PCR amplifcation for Illumina sequencing preparation

This PCR step is designed to add the extra sequences required for lllumina sequencing. Again, the

KAPA HiFi PCR kit was used for this amplification. ThéeeAJ = pf Mm* KO9EHD= 09K ; G
) . &A$A HGDQE=J9K=J1 Tsf Mm* G> =9; @ HIAE=J O; MK
kit NEBNext Multiplex Oligos for lllumia 9 F < §  firee HOMhéDcycling sonditions are

shown in Table 2.6

Table 2.6 Cycling conditions for library amplification

CYCLE STEP TEMP (°C) TIME (s) CYCLES
Initial Denaturation 98 180 1
Denaturation 98 15 20
Annealing 65 30
Extension 72 30
Final Extension 72 60 1
Hold 4 a

2.2.15.10 Sample purification

The sample was purified as in 2.2.15.8, with minor modifications to account for the different
NGDME=Kyg Fff MD G> +. MJ= 6. : = HEIWHBMwas=used for< =< 9 F
=DMLAGFK I fm* G> L@C.>AF9D DA:J9JQ O9K KLGJI=< 9

2.2.15.11 gPCRibrary quantification

KAPA lllumina quantification kit (KK482d)as used for precise quantification of the final library. A
mastermix containing the polymerase, dNTPs, SYBR green dye and primers designed to amplify
from the P5 and P7 flow cell adapter whspt in the dark and thawed on ice. Serial dilutions of the

library were prepared with the aim of creating 5 x“8nd 5 x 16 dilutions. This were carried out

using 10 mM TRI&! D H& XK R 9F< J=H=9L=< L@J== LAE=K >GJ
nucleasefree H- O9K ; GE: AF=< OAL@ H Mm*331=9; LAGF G> L @=
aliquoted intoasemK CAJL=< xpH O=DD .! 0 HDO9L= O1L9JD9:6K T

reaction. Six standards are included in the KAPA kit and lahdeice with each quantification. A
minimum of three no template controls (NTC) with replaced sample with nuclefig® HO were
used per quantification. The plate was sealed with optically cleast@ip caps (Starlab). The cycling
conditions used are show in Table 2.7 and a melt curve conducted at the end of the run. The Bio

RadCFX Connect Redlime PCR Detection Systetinermocycler was used.
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Table 2.7 The cyclingconditions of library quantitative PCR

STEP TEMP (°C) TIME (s) CYCLES
Initial Denaturation 95 300 1
Denaturation 95 30 35
Annealing and Extension 60 30
Final Extension 72 60 1
Hold 4 a

Data was analysed using the template Ekdile supplied by KAPA. The cycle number was calculated
using the BieRadCFX Maestrsoftware defaults. Briefly, standards were plotted on a graph of cycle
number against concentration, the Rcorrelation calculated using the Excel function (>0.99 was
considered acceptable) and the equation of the line derived using Excel. The efficiency was
calculated using a comparison of standards to programmed figures and deemed acceptable
between 90110%. Obvious outliers were removed and NTCs were checked for éiogtion. The
difference in cycle number between consecutive standards was used to further assess the accuracy
and precision of the experiment with a difference of 3316 cycles considered within acceptable
range. The equation of the line was used to camt/cycle number to concentration and the final
concentration of each library was calculated by multiplying out the dilution factor and sample

volume to attain a final concentration in the nM range.

2.2.15.12 MiSeq sequencing

The sequencing process was conducted Byeffield Diagnostic Genetics Service at the Sheffield

| @QAD<J=FAK , &1 $GMF<9LAGF 2JMKL 9;; GJ<AF? LG L@-=
LG L@=EJZ] DA:J9JQ ; GF; =FLJ9LAGHCK O=J= 9<BMKL=< LC

2.2.16 Plasmid copynumber analysis

To ascertain the copy number of pRPF215 and Besaccharoperbutylacetonicumegaplasmid
relative to the genome, quantitative PCR was conducted using the PowerUp SYBR Green Master mix
(Thermo). Primers were designed to adhere to the spieeaifions of a short amplicon (<200 bp) and

a 60C annealing temperature.Four primer pairs were designed for the genome and the
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megaplasmid, whilst two primer pairs were created for the significantly smaller pRPF215 plasmid.
Primers were tested using thedwerUp SYBR Green Master mix in a normal thermocycler and

analysed for the production of a bright, single band by agarose gel electrophoresis.

l =DDK ; GFL9AFAF? L@= HD9KEA< O0=J= ?2JGOF -3, AF
subcultured to Olwonm 0.05and samples taken during log phase (@Bm 0.5), stationary phase
(ODy0onm2.5) and the following day (Qfnm3-4) and Olonmadjusted to Olonm 1.

gDNA and plasmid DNA were extracted sltaneously using the method described in 2.2.1. DNA

purity was measured by absorbance at 260 nm and total DNA contentQupit (2.2.8) DNA

i GF; =FLJ9LAGF O9K 9<BMKL=< LG pPP F?3fMm* 9F< K=JA
9F< p F?39M* <ADMLAGFK 0O=J= MK=< 9K L=EHD9L= >GJ
RPN p/1 Pyp/l PKPp 9F< PdsRmveR Semumb@ inth an eddkiation 9 K KL
of concentration. No template controls were included to control for contamination with nuclease

free HO used instead of DNA. The reaction was assembled according to the PowerUp SYBR green
HJGLG; GD OAR @+ $KLiFJ @GEAP : =AF? ; GE: AF=< OAL®@ p f
. GF; =FLJ9LAGFO6/] p Mm* G>-free 8B HBeScycling @idikions'usefyare G> F M

listed in Table 2.8. The primers used for this are listed in Appendix IlI

Table 2.8 The cycling conditions of PowerUp SYBR Green PCR

Cycle Step Temperature (°C) Time (s) Cycles
UracitDNA glycosylase
50 120 x1
activation
DualLock DNA
95 120 x1
polymerase activation
Denaturation 95 15
Annealing 58 15 x40
Extension 72 60

Following the 40 cycles of the gPCR a melt curve step emwlucted to analyse the conformity of
the amplicons between repeats. The melt curve is conducted by increasing the temperature from
7C°C to 95C in 0.2C increments and recording spectrophotometry at each increment. All PCR and

melt curve steps were condeted using a BieRadCFX Connect Redime PCR Detection System
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Data was analysed using Microsoft Excel. Briefly, the standards were plotted as a standard curve
and the Rvalue used to check the correlation. The equation of the curve was generated aed us

to calculate the concentration of the different repeats. Any repeats with cycling numbers differing
greatly from the average were excluded from the analysis. The genome was assumed to have one
copy. The results from the megaplasmid and pRPF215 were tiigided by the value found for the
genome and this final value presented as the copy number. Variations on these calculations were

also made and are discussed in Chapter Ill.

2.2.17 Electroporation of C. saccharoperbutylacetonicum

The electroporation of C. saccharoperbutylacetonicums a proprietary technique developed by

Green Biologics/Biocleave/BCL20Z@tmadjaja et al.,, 2019)O/N cultures were grown in RCM

directly from glycerol stocks, and checked for healthy growtirough ORoonm brightfield
microscopy at x40 magnification, and pH measurements. 6 mL of O/N was added to 54 mt CGM
glucose and allowed to grow to OD 1.2. The culture was harvested by centrifugatiofCaadd 4,000

x g for 10 min. The supernatant wassdarded, and cells suspended in 20 mL salt buff@d@ mM

sucrose, 0.6 mM NHPQ, 4.4 mM NakPQ, 10mM MgC}). They were again centrifuged as before,

the supernatant discarded, and the cells suspended in 1 mL ofsatt buffer (300 mM sucrose, 0.6

mM NHPQ, 44 mM NabPQd s T'RR fy* G> ; =DDK O=J= 9<<=< LG
i GFL9AFAF? p MmM? G> HD9KEA< ", 9F< AF; M: 9L=< GF
with a BioRad MicroPulser electroporator, 1 mL of C@Mcose added ad then left to recover
GN=JFA?@LK 2@= F=PL EGJFAF?J]] ; MDLMJ=K -@ucdse EAP=<

agar plate with the appropriate antibiotic.

2.2.18 CLEAVE mutagenesis

CLEAVPR'is the propriety genome editing technique invented by Green Biologics whose patents are
held by Biocleave (BCL202(Atmadjaja et al., 2019; Jenkinson and Krabben, 2019)e technique

is based on homologous recohination and selection that uses the endogenous CRISPR system
found in Clostridiaand other norrhighly recombinogenic bacteria. Briefly, for deletion mutations,
homology arms of betwee®00-1200 bpwere designed flanking the desired knockout region. These
were cloned into the Step 1 recombination plasmiAtmadjaja et al., 2019)PAM sites were
identified in the knockout regions and subsequently the downstream spacer sequence thasésl

to target the N14(HMT) genoméPoehlein et al., 2014)These were synthesised with flanking direct
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repeats and cloned into the Step 3 plasmid containing the guiding apparatus for use with the

endogenous CRISPR system.

The Step 1 plasmids were transformed in€ saccharoperbutylacetonicuby electroporation (see
2.2.16). Successful transformants are-streaked and then grown O/N in RCM. Seven subcultidres
conducted O/N and during the dayp are made for each desired knockout. After the seventh
subculture, a final O/N is made in preparation for the transformation by electroporation of the Step
3 targeting gasmid. Successful transformants were-streaked and screened for knockout by PCR.
One primer was designed to anneal to one flank of the knockout region within the homology region,

whilst the other was designed to anneal outside of the homology regiontloa other flank.

2.3 Biological transposon mutagenesis libraries

The development of an effective transposon mutagenesis technique irC.
saccharoperbutylacetonicuns discussed in more detail in Chapter Ill. Described here is the final

method used to produce the libraries. The transposon delivery plasmid pRPF215 was transferred

into C. saccharoperbutylacetonicuis described in 2.2.13. Transconjugants were seledci@don

9?79J) ; GFL9AFAF? pf M?3E* L@A9EH@=FA; GD 9F< fP f?
10 colonies were selected for 1&reaking on plates containing the same selective pressure and left

to grow overnight. The next day, O/N culturesRCM without selective pressure were set up for each
LJ9FK; GFBM?9FLK 2@= F=PL EGJFAF?/J] pRPRPR fm* G> - 3,
FR F?3E* 2 ; 9F< FP Mm?3E* =JQL@IGEQ; AFy . D9L=K
folowingdayHD9L=K O=J= @9JN=KL=< MKAF? pK+ -Ehaped! + OAL
KHJ=9<=JKyg PP f* >JGE =9; @ HD9L= 09K HGGD=< AF
pool. Once every plate was harvested the pools were mixed and 1 mL taken fiach pool for

glycerol stocks. The remaining cell volume was frozen2@C.

2.4 Phenotypic analyses

2.4.1 Growth analysis

Two main methods of monitoring growth were employed. In both methods, the strain of interest
was streaked from glycerol stocks or pgations and single colonies used to inoculate O/N

cultures in RCM. The @Jam0f the culture was determined and the strain subcultured into the test

condition to ORwonm 0.05 unless otherwise stated. The two methods are differentiated by how OD
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was sibsequently monitored. In the first, growing culture was transferred to cuvettes, thes@R
spectrophotometer calibrated with the growth media and the Qdam recorded periodically,
typically every 4560 min. Beyond an Q&n.mof 1, the spectrophotometetbecomes increasingly
inaccurate so, when Ofgnmapproached 1, samples were subsequently diluted in the growth media
prior to measurement. The dilution factor depending on the probable OD with lower dilution factors

preferred to reduce the error rate.

TheK=; GF< E=L @G< MLADAK=< 9 1LJ9LMK 9MLGE9L=< HDH9
well plate (Thermo) was used. The lid was treated with 0.05% Triton X in 20% v/v ethanol to prevent
condensation. Media was supplemented with Antifoam (Sign@a) final concentration of 0.0023%

to prevent problematic foaming when shaken (this concentration is regularly used by Biocleave in
>=JE=FLO9LAGFKGO6K pxh f* G> =9; @ L=KL ; GF<ALAGF O
600 nm ofthe O/NwasreGJ <=< 9F< § f* G> GN=JFA?@L 9<<=< AF
the plate reader must blank based on the initial @& 0f the wells. The plate could not be removed

after this point without disrupting the measurement process and so the blankéala value for all

wells included the initial subculture Ofdnm The plate reader than took Qf.m measurements

every 3 min. The raw numbers generated with this method are therefore not directly comparable to

that generated by cuvette measurements. Howew the growth rate should remain unchanged and

is comparable between conditions using this method.

2.4.2 Quantifying colony forming units

Colony forming units (CFU) per mL is used as a definition of a single bacterium (or pair etc depending

on species) It is a measure based on the counting of colonies derived from a single source e.g., a
growing culture. To obtain the CFU value at different optical densities, a cuvetsed growth

curve in RCM was set up as described in 2.4. ledBvas measured eery 45 min. Starting at 45

min postinoculation and every 2 h subsequently, samples were taken for CFU counts. For these

counts, aserial & GD< <ADMLAGF AF 9 TPR f* NGDME= G> J=<M
Depending on the OD, a range of futions were chosen for spotting noselective RCM agar plates

OAL@ F P pP fm* G> =9; @ <ADMLAGFK 2@= <AGMLAGF
colonies/spot for the middle dilution. This was estimated based on preliminary tests. Platesewer

left to grow overnight before being removed and the number of colonies counted. The CFU/mL was
L@=F ; 9D; MD9L=< MKAF? L@= >GDDGOAF? >GJEMDY9 OPpP

volume):
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2.4.3 Colony forming units per colony

In order to estimate the CFUs within a single, overnight colony, a CFU/CFU test was conducted. Wild
type C. saccharoperbutylacetonicumas streaked from glycerol stocks on neselective RCMgar

and left to grow overnight. 1 mL pipette tip€&Starlab) were cut with scissors approximately 1 cm

from the end. The tips were then sterilised by autoclaving at 21Random colonies were selected

and removed from the plates by creatina plug from the agar using the cut tips. The agar slice

i GFL9AFAF? L@= ; GDGFQ O9K L@=F LJ9FK>=JJ=< LG 9
sample was vortexed for 1 min to separate the cells within the colony. This 1:300 dilution was take

as the baseline condition. A serial dilution as described for 2.4.2 was then conductet],109and
105<ADMLAGFK KHGLL=< OAL @&eléctiv® RCMRgafand tNepteéEleftko GF L G
grow overnight. Colonies were then counted, and th&@/CFU/mL was calculated as below (x300

accounts for the initial dilution of the colony):

6 OWQU D Oé aé ONOE O QWA O VRDE EdTTITTP TTT

2.4.4 Transposition frequency

The pRPF215 transposon delivery systesquires the induction of the expression of theariner

Himarl transposase through the repression of the TetR repressor using ATc. To accurately
determine the scale of experiments required to obtain a large range of transposon mutants, it was
necessary to ifst calculate the rate of transposition upon induction. Cultureof C.
saccharoperbutylacetonicun©o=J = K=JA9DDQ <ADML=< 9K HJIJI=NAGMKDC
undiluted, 10! and 1@*dilutions were spotted onto RCM containing ATea(iations tried) and 40

M? 3E* =JQL @J GE QQ° AW and F diRitiops Rverdnaiso €potted onto norselective

0! + HD9L=Ky $AF9DDQJ] pPR fm* G> MF<ADML=< ; MDL MJ
plates which should indicate the rate of clearance of the plasmid upon induction (see Chapter Il for
details). Pates were incubated overnight, and colonies counted the following morning. The number

of CFU/mL for all conditions was calculated as in 2.4.2 and the transposition rate was taken as the

average of the counts for the ATc/erythromycin plates divided by tbeists on nonselective plates.
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2.4.5 Optimisation of cryopreservation

This assay was designed to investigate the impact of freezigsaccharoperbutylacetonicuin

different cryopreservants on the survival rate. O/N cultures@fsaccharoperbutylacetonicumere
K=JA9DDQ <ADML =< 9%16°ard 1(Pwe Bpotfgd ontGronrselestdd/RCHM &fark p P
ODyoonm Was recorded andl mL of cellsvas addeal to 2 mLcryo tubes(Sarstedt) prepared with
candidate cryopreservants. These tubes were then stored8¥C overnight, thawed, and surviving

CFUs determined as before. Colonies of pmad postfreezing cells were counted, and the CFU/mL

calculated asm 2.4.2.

2.4.6 Sporulation efficiency

To test for sporulation efficiency as a proportion of total CFU/mL ate«fa 1, spores were prepared

on either liquid or solid media as described in 2.1.2., At the desired timepoint, cells were removed
either by pipéting or by harvesting from plates using 1 mL of reduced PBS and ahdped
spreader. The OfxnmWas measured, and all samples were adjusted tof 1 in PBS. Samples
were split into tubes to be heated and controls to be left at RT. The test sample®weated to
either 60'C, 70C or 80C for 15 min in a water bath. All samples were then serially diluted and 4 x 10
fmM* G> L @= "'hhd :0Alifbhswerdlspgité onto norselective RCM. For the RT controls,

F P p P * 1 and20° dituffons were spotted. Cells were left to grow overnight, and the

colonies counted. The CFU/mL was calculated as described in 2.4.2.

2.4.7 Germination assays

Assay tubes were prepared containing the background media in addition to the candidate
germinant. Spores purified as specified in 2.1.2 were heated t6@@or 15 min in a water bath and
the ORowonmMeasured. The purified spores were evenly distributed between the assay tubes with a
target final ORuonm Of between 0.0%0.15. Initial Olyonm Was recordel, and the tubes were left
overnight (except where otherwise stated in Chapter V). The following day.d3vas measured
regularly and brightfield microscopy at x40 magnification was occasionally conducted to monitor
for contamination. The duration of le measurement period depended on delay in observing

growth for each assay tube, but all assays were halted after 48 h.
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2.4.8 Determination of promoter strength

Luciferase assays were employed as readout for promoter strength using the system described by
Klass SmitgOliveira Paiva et al., 2016Briefly, promoters of interest were amplified by PCR from
the C. saccharoperbutylacetécum genome and megaplasmid using primers containing Kpnl and
Sacl overhangs. These were cloned by restriction ligation into the plasmid containinditleucOpt
geneand transferred intoC. saccharoperbutylacetoniculyy conjugative transfer. O/N culturei

RCM of the strains containing the plasmid and W/T controls were subcultured into RCM and grown

to exponential phase. Ofh.mWwas measured and samples adjusted ©Dwonm0.5. Theassay kit

0. JGE=?290 09K L@90=<J] 9F< L@= 9KK9Q J=9?=FL HJI=F
ff* G> ; =DDK 0=J= 9<<=< LG + Pplafg{Statb)an®ifckbat€d atl =9 ? = F L

RT for 15 min. Samples were assayed oidi@ex Senseusing the programmed luminescence

settingsand again 15 min later.

2.4.9 Bottle screens

To understand the growth kinetics o€. saccharoperbutylacetonicustrains, bottle screens were

i GF<M; L=<y -3, G> L@= L=KL KLJ9AFKmMLGrythremy@in) GOF
when appropriate. These were subcultured using a 10% inoculum into 20 mL TYIR 50 mM MES 50
g/L glucose and grown for 24 h. A 10% inoculum was again subcultured into 30 mL screen bottles
containing the same media. pH and @lmwas recordel, and 1 mL of culture transferred to a sterile

1.5 mL microcentrifuge tube. The cells were spun H2,000 x gfor 10 min, the supernatant
transferred to a fresh 1.5 mL microcentrifuge tube and frozen2(C prior to analysis to determine

the concentration of relevant solvents, acids, and glucose. &»and pH were recorded every hour
during the first 6 h to monitor for healthy growth and then at 24 h, 30 h and 48 h. x40 brightfield
microscopy was also occasionally conducted to monitor the health of tbelture. Samples for

sugar, solvent and acid analysis were taken at 0 h, 6 h, 24 h, 30 h and 48 h.

2.4.10 HPLC sugar, solvent and acid analyses
Sugar, solvent and acid concentrations were determined using HPLC by Dr Victoria Green and Sasha
Atmadjaja atBiocleave using their proprietary methods. Chromeleon software was used to process

the data.
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2.4.11 High density quorum sensing

Cells were grown O/N and subcultured to @& 0.01 in 50 mL RCM. These were left to grow to
ODyoonm0.3. Cultures were thenentrifuged at 4000 g for 10 min, the supernatant discard and cells
resuspended in either 50 mL RCM (control) or 10 mL (testyoddWas monitored for 7 h, samples
taken for potential solvent analysis and brightfield microscopy used to assess the heahid growth

phase of the culture.

2.5 Microscopy

2.5.1 Brightfield microscopy

GMDLMJ =K 0O=J= EGFALGJ=< >GJ @=9DL@Q 9HH=9J9F; = N\
were added to a microscope slide and a cover slip added. Cells were viewedreitteer using the

x40 air lens or a x100 oil emersion lens. For the latter, a drop of immersion oil was added to the cover

slip prior to use. Signs of a healthy culture were taken to be-sftped, motile, single cells during

the logarithmic growth phaseand rod-shaped, largely nornoatile, cells clustered in pairs or chains.

Cultures were also examined for the absence of signs of contamination from other species.

2.5.2 Cell fixation

CDDK 0O=J= >AP=< >G1J =HA>DMGJ=K; =F; =] H@9K= ; GFI
solution containingp PR fM* G> phHhd H9J9>GIEIDA=@Q<fmY] GR MmpP
glutaraldehyde9 F< I f* J = NG wWak adde6 td BnG &f Ao, &1 cells and incubated

for 30 min in the anaerobic cabinet. Cells were removed from the anaerobic cabinet, incubated for

pf EAF GF A; = 9F< ; =FLJA>M?=< >GJ ' EAF 9L fPPRP
buffered saline (TBS) used to suspettlde cells. This step was repeated 3 times before a final

KMKH=FKAGF AF R m* 2 1pCulhtAlBe< KI9EHD=K O=J= KLGJ

2.5.3 Epifluorescence and Phase contrast

For epifluorescence, cells were stained peBkation with Nile Red (Thermo Fisher)f0. m* G> |, AD:
Red was added to the fixed sample and incubated in the dark on a rotary shaker at RT for 15 min.
19EHD=K O=J= ; =FLJA>M?=< 9L fPPR P ? 9F< J=KMKHE=
onto a glass microscope slide and dried. Excesmpée was washed with reverse osmosis®and

<J A=< 9K of Bianeidd-=SkwFad€¢Thnermo Fisher) was used to mount the cover slip and

76



clear nail polish used to seal the edges of the cover slip. Slides were stored in the dafi atril

imaging.

For phase contrast, fixed cells were dried onto glass microscope slides as described above. Cover
slipes were mounted and sealed as before. Both epifluorescence and phase contrast samples were
imaged using aNikon WidefieldTi Eclipse inverted microscopat x100 magnificationlmageJ was

used to process the images.

2.5.4 Thin-section transmission electron microscopy
Samples fixed in TBS were prepared for théection TEM by Christopher Hill in the Electron

Microscopy facilityin the School of Biosciences at The University of Sheffield.

2.6 Bioinformatics

Ceneious v7.1.9 was used for routine DNA sequence analysis, sequence alignmerit agilico
cloning. Primer annealing temperature and hypothesised secondary structures wesdysed using

the Eurofins toolOligo Analysis toolHttps://eurofinsgenomics.eu/en/ecom/tools/oligaanalysis).
NEBuilder (nebuilder.neb.com) was used to design primers for Gibson assembly. SoftBerry BPROM
(Solovyev,2011)was used to predict promoters for characterisation using Luciferase assays (2.4.8)
and during the analysis of target gene sequences. The analysis of TraDIS libraries was conducted by
Dr Roy Chaudhuri at The University of Sheffield. The methodgsussed in more detail in Chapter

Il but, briefly, sequences were sorted by sequence tag and trimmed. The output was used as input
for the BioTraDIS package h{tps://github.com/sanger-pathogens/BioTradis). The sequences

were then visualised using Arteim and Dalliance software. Gene enrichment analysis was
conducted by the author utilising the web program ShinyGO (@@ et al., 202@yith the following
settings: a false discovery rate (FDR)-cdt of 0.05; a minimum pathway sizd & genes; redundancy
removed; the gene list run against the STRING_ @b saccharoperbutylacetoniculi-4(HMT)
annotated genome; and the results sorted by best average FDR and fold enrichment. MUSCLE was
used to align promoter sequence®Rice et al., 200@nd visualised using JalvieWWaterhouse et al.,
2009)
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2.7 Statistical analyses

Graphpad Prism 9 (GraphPad Software Inc) and Microsoft Excel were used to conduct routine
statistical analyses using their respective-luilt functions. Statistically analyses included two
tailed ttL =KL K O=J = ; GF < Mcotrection, BtéiwFoythé and W@ehKANOVAS,

nonlinear regression analyses and Comparison of Fits analyses.
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Chapter 11l 8 Developing plasmid-based transposon mutagenesis inC.
saccharoperbutylacetonicum

3.1 Introduction

This chapter focuses on the development of a methéat random mutagenesis andransposon
directed insertion site sequencing i€lostridium saccharoperbutylacetonicumhis would allow for
the identification of an essential genome for the species which could then be probed under a variety
of conditions commonly used in the field, foexample fermentation conditions To enable this
process,elements wereimported and adapted from alreadyestablished protocols This can be
broadly separated into the creation of biological libraries of transposon mutants and the DNA
sequence libraries usd for the sequencing process. Multiple steps of each proogege optimised

to account for thefundamental biology of C. saccharoperbutylacetonicum

The transposon delivery system creatday Dembek et al., 201%as selected for use in this study
This isa plasmidbased system that was previously used @lostridiodes difficiléor this purpose.
Phylogenetically,C. saccharoperbutylacetonicuand C. difficileare not especially closely related,
however they do share fundamental characteristics and limitatis that make the use of this
plasmid-based system attractiveln particular, the resistance to electroporation means that many
traditional methods of transposon mutagenesis are not available to either species. Whilst, in
contrast to C. difficile it is possible to electroporateC. saccharoperbutylacetonicunthe efficiency
can beinconsistent, and scale up dependent on the equipment availablearticularly in terms of
anaerobic workspace The primary issue with electroporation, however, is thaC
saccharoperbutylacetonicuninas been shown to resisthe transfer of linear fragments of DNA
(Personal Communication, Elizabeth Jenkinsamjlost transposon mutagenesis systems make use
of electroporation to transform linear transposons with transposasetiached (or pretransposed
genomes in the case @treptococcus pneumonidgd O @A; @ =NA<=FLDQ (Ca&rF AL
et al., 2020)

The pRPF215 delivery plasmid created bgmbek et altherefore offers several advantages over
electroporation in this contextTo understand these, it is hecessary to briefly covmw the system
functions. The plasmid consists of several components key to its specific applicatboramely a
customtransposon, inducible transposasend a conditional replicon(Figure 31). The transposon
is the mobile genetic element that will insg into the genome and consists dadn erythromycin
resistance gene flanked by identical inverted terminal repeats (ITRs). The gene aliowghe

selection of mutants whilst the ITRs are necessary to identify the sequence for transposition.
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The Himarl mariner transposase is responsible for the transposition event, and its expression is
tightly regulated by a promoter containing the tetracycline operator sequence. The Hishar
mariner transposase catalyses the insertion of the transposorbAAT-3Asites, ideal for an Afich
genome such ag. saccharoperbutylacetonicunAnother tetracyclineinducible promoter controls

the expression of the tetracycline repressor, which, in turn, regulates both inducible promoters. The
latter is designed to prevenunwanted expression of the transposase promoter resulting from
random derepressiond a known flaw of the tetracycline repressor. The final feature of the system
is the use of a novel method of introducing plasmid instability. Tie¢Rgene is located upseam of

the plasmid origin of replication. With no terminator sequence at the end of the gene, upon
expression oftetR, the transcriptional machinery is allowed to continue into the origin of
replication. In C. difficile this is sufficient to interrupt eplication of the plasmid resulting in
segregational instability whereby, after a small number of generations, there will no longer be
sufficient copies of the plasmid to pass onto daughter cells. In this way, the plasmid is removed from
the population, ard it is possible to distinguish mutants from cells just carrying the plasmid. As a

result, transposons that have remained on the plasmid (the vast majority) are not sequenced.

Previously, TraDIS i€. difficilevas carried out in collaboration with the Wleome Sanger Institute
for processing and sequencinDembek et al., 2015)To allow greater control of the individual
steps, which can be extremely useful in adding flexibility, and adaptability to problems or novel
scenarios that may arise, an-mouse method of processing extracted gDNA into &éhkes that could

be sequenced by lllumina methods was established.
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pRPF215 (9247 bp)

Himar1

Figure 3.1 The plasmid of the pRPF215 transposon delivery systemHighlighted in colours
are features integral to the transposon mutagenesis process. From left to right: In blue isrth&
erythromycin resistance gene flanked by inverted terminal repeats (ITR) specific for
HimarXmariner transposase; in red is theimarlmariner transposase gene whose expression
driven by a promoter containing théetOsequence (small ishaped ed arrow) which is recognisec
by the tetracycline repressor; in green is thetRtetracycline repressor gengvhose expression is
driven by another promoter containing théetO (small Fshaped green arrow). After thietRthere
is no terminator sequence &@wing transcription to run into the replicative machinery starting
with orfB, continuining into repAand concluding with the pCDE. difficileorigin of replication.
ColE1l ori is the origin of replication utilised b¥. coli catP encodes chloramphenicol
acetyltransferase which confers resistance to both chloramphenicol and thiamphenicol throu
the same mechanism: the attachment of an acetylogip to the antibiotic. oriT andtraJ are

required for conjugative transfer of the plasmid fro. colinto Clostridialstrains.
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3.1.1 Aims and objectives

The aims and objectives of this chapter were as follows:

1. Establish basic growth profiles &&. saccharoperbutylacetonicuander conditionsrelevant
to creating transposon mutants.

2. Test the viability of pRPF215 i@. saccharoperbutylacetonicums a method of creating
transposon mutants

3. Establish a protocol for e processing of gDNA from biological transposon libraries into
sequences ready for massively parallel lllumina sequencing.

4. Sequence libraries using lllumina protocols and troubleshoot any issues.

5. Generate an essential gene list fa€. saccharoperbutylacenicum under laboratory
conditions.

6. Test the library of mutants under different conditions that are of interest to the industrial

microbiology field and generate new essential gene lists in those contexts.
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3.2 Growth profiles of C. saccharoperbutylacetonicum

3.2.1RCM

A 7 h growth curve was conducted to establish the basic growth dynamics ©f
saccharoperbutylacetonicumin RCM during typical growth periodFigure 32A). A nonlinear
regression analysis was conductetdased on theestimated exponential phasewhich indicateda

doubling time of &.1min.

3.2.2In anhydrotetracycline

AsATdis used to induced transposition in the pRPF215 system, it was necessary to establish whether
ATc has any impact on C. saccharoperbutylacetonicurgrowth. Cultures in RCM and RCM
supplemented with 50 ng/mL of anhydrotetracyclineATQ were compared, starting at an
inoculated ORy nmof 0.1,and monitored for 7 Figure3.2B). Nonlinear regression analysis of the
estimated exponential phases indicated a doubtintime of 62 min and 67.7 min for RCM and
RCMATc respectively, a difference that was considered significant by Comparison of Fits
(p=<0.0001)Alonger lag period before exponential growtlvas also observedor cultures grown

with ATg likely due to ahigher drop in Okyonmat the first timepoints The addition ofATctherefore

does significantly impact the growth of C. saccharoperbutylacetonicummompared to control

conditions and could present abottleneckin the transposon mutagenesis experiments.
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Figure 3.2 Growth of C. saccharoperbutylacetonicumin RCM and RCM supplemented with
ATc. A The growth ofC. saccharoperbutylacetonicuin RCM over 8 h. The line represents a ¢
linear regression analysito measure the growth rate during exponential pka. B) The growth of
C. saccharoperbutylacetonicum RCMblack)compared to RCM supplemented with 50 ng/mL A’
(magenta) The lines represent notinear regression analyses to determine the growth ratef
62.05 min doubling time for the controtompared with 67.69 min for the ATc condition,
difference which was considered significant (P=<0.0001) by comparison aof @®wth in ATc
exhibits a drop in initial OBorm 3 FH9 AJ=< L L=KLK OAL@ 5=D; @
showed signifcant difference between the condition at both timepoints (both P=<0.00043says

were performed on biological duplicate?) or triplicates (B) and technical triplicates.
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3.3 Colony forming units per mL

3.3.1 CFU/mLper ODyoo nm

To correctly calculate the scaleecessary during the creatioaf the biologicaltransposonlibraries,

it wasessentialto understandthe relationship betweenCFU/mLand ODyoo nmfor this species While
characterising growthin 3.2.1,CFUs were also enumerated at each timepoifhe resultsindicate

the expected rise of CFU/mL in line with the rise ing&h (Figure 33). Between ORonm0.34and

1.7, the CFU/mL rises exponentially frof9x 1Gto 3.5x 10. Surprisingly, he CFU/mlthen remains
stable until ODyonm 3.5. Despitethe OQwonm CONtinuing to rise, the associated CFU/mL oscillates
within 1@ range. This likelyreflects a combination of factors at play during stationary phase. It is
possible that cells may be growing inze Comparativelylarger cellswere observedn stationary
phase microscopyas compared to exponentially growing celldata not shown) but not dividing. It

is also possible that cells are dying but not lysing so any new growth still adds totltare turbidity

but not to CFU/mL. Finally, stationary phase cells begin to form chains rather than remaining as
KAF?D= ; =DDKg ' LAK HGKKA: D= L@9L L@=K= ; @9AFK ; G
cells would otherwiseFollowing Mso0nm3.5, there is a second increase in CFU/mL untitdR4 up

to 4 x 18. This possibly reflects the biphasic growth profile of solventoge@ostridiag with the
production of solvents from acids allowing a second, shorter and slower growth peritite data
presented is more variable than first thought once @B standard deviations were also plotted.
Unfortunately, these standard deviations were not considered for analysis until this thesis was

being written and so repeats were not possible.

3.3.2 CFUcolony

The later biological transposon librariegsee 3.7 and 3.1Qyere to be generated on agar plates
where each individual colony represented a potential transposon insertion mutant. Understanding
the average CFler colony could therefore enlighten & to copy number of eachmutant. This
information was necessary to determine if an individuatutant would be captured by the gDNA
extraction process and what amount of a pooled biological library would be statistically
representative of the entire library Eight random colonies were taken fromC.
saccharoperbutylacetonicunstreaked onto RCM agar and treated as described in 2.4A3ingle

colony containsan average of..7x 10 CFU/mLafter approximately 17 h growth.
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Figure 3.3 CFU against Okyonm Of C. saccharoperbutylacetonicumgrown in RCM.The change
in CFU/mL as Ofy.mchanges with growth. Growth was monitored for 13 h to reach¢gfa>4.The

growth shows an increasin CFU/mL during as QR.massociated with logarithmt growth increases.
CFU/mL then changes little during the @phmassociated with stationary phase before increasin
again at Olgyonm>3.5. Each data point shows the CFU/mL and §dan0f a single repeat so as to reduc
the confusion associated with errobars on both the X and-axis and to better demonstrate the
general trends that are repeated across all repeats, despite different absolute vallies.assay was

performed with biological duplicates and technical triplicates.
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3.4 Transposition frequency

The induction of the pRPF215 system wikilcresults in the expression of thélimarl mariner
transposase and therefore the initiation of transposition. Howeverniasnecessary to understand
the frequencyof transposition in the population to correctly @n the scale of biological libraries.
Both logarithmic and stationary cultures were considered for library construction and transposition
frequency was determined accordingly Cultures were grownon ATderythromycin, allowing
enumeration of transposon mutants, and under nonselective conditions to quantify the
background CFU/mL of the cultur&rowth on ATc/thiamphenicolvas presumed to be lethal as the
induction by ATcshould introduce instability in the plasmidwhilst thiamphenicol should select

exclusiwely for the plasmid.

3.4.1 Logarithmic cultures

Subcultures of C. saccharoperbutylacetonicumvere grown in norselective RCMo ODyo nm 0.5,
serial dilutions performed and plated on the three conditions(Figure 3.4A). The overall
transposition efficiency was calculated to b&.57 x 16 indicating a transposition event occuri

1.57 of every 1000 cells on averafer theATdthiamphenicol condition, very small colonies were
observed. However, due to their extremely small size, they could notdsadily counted. Since the
induction pRPF215 system only causes segregationally instabilityyas hypothesised that these
small cobnies were the maximum extent of growth capable before there were no longer any copies

of the plasmid to transmit from mother to daughter cells.

3.4.2 Stationary cultures

Cultures were grown O/N in noselective RCM, the Qfawrecorded, serial dilutions pedrmed and
plated onto the three conditions(Figure3.4B). The transposition frequency of 1.22 x 1@as much
lower than for logarithmic cultures, though it is compensated for by the higher overall CFU/mL in
the cultures. Unlike for the logarithmic cultu® countable colonies were seen for the
ATcl/thiamphenicol plates and recorded as suchhe appearance of these colonies could be due

either to trouble removing the plasmidor to early transposition. However, at the time of conducting

87



(003
(003
(003
(0033

107 1010 I 1
Los 109
108
10° 107
£ 10 g 10°
3 3  10°
o 10° O 10
102 103
Lo 102
101
100 100

& P

Figure 3.4 The transposition frequency of pRPF215 in C. saccharoperbutylacetonicum
Graphs showing the CFWIL for no selection vs ATc/Ery ¥§dTm from A) logarithmic cultures
plated at OQoonm0.5. An unpaired-L =KL OAL@ 5=D; @AK ; GJJ=; LA
betweenthe no selection and ATc/Ery CFU/r{R=0.0243). The ATc/Tm condition did show sor
colonies, but they were too small to countand thus not included. Theexperiment was performed
in biological duplicate with technical triplicates.B) CFU/mL from overnight cultures plated at ai
average ORyonm3.6. Unpairedd. =KLK OAL@ 5=D; @AK ; GJJ=; LAG
There was a significant difference between both no selection vs/Eifyc(P9.008)and vs ATc/Tm
(P=0.008. There was also a significant difference between ATc/Ery and ATc/H.0P58. The

experiment was performed in biological duplicate with technical triplicates
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the experiment,| believed the issue to be with plasmid stability due to our loterm problems with

plasmid persistence in the induced culturés.

3.5 Effect of cryopreservation on cell viability

Throughout this study,C. saccharoperbutylacetonicuoultures were stored in 1% v/v glycerol at

8C°C. Whilst this proved sufficient to be able to reliably recover pure strains, it was not known if
storage in these conditions reduced cell viability @ way that might result in the loss of rarer

mutants. Given that hetransposonlibraries were to be stored in this manner prior to later exposure

to selective conditions it was important to establish whether the cryopreservation of the species
represented a selective condition that might lead to the creation of a bottleneck resultinghe
stochasticloss of certain transposon mutantslo test this O/N cultures of known CFU/ml,were

frozen in cryopreservant at80°C O/N. The following day, cultures were thawed, aadviving CFUs

counted again(Figure 35) and comparedtothe O/Ndd L MJ = ! $ 3 9 E *.Nduat®=15% ! GF L J G
v/v glycerol was testegbut also selected were two further concentrations of glyce&10% and 20

% viy 2@=K= 2?DQ; =JGD ; GF; =FLJ9LAGFK 0=J3715% @GK=F
condition, is anoptimal cryopreservantfor C. saccharoperbutylacetonicunThree concentrations

of DMSG5%, 7% and 8.7% vivere also testedbased on the generic storage concentratisnsed

by ATOC(American Type Culture Collection, 2021)

The results suggested theravas a 3.6% drop in CFU/mL for the routineondition of 15% v/v

glycerol. 20% glycerolshowed a similar dropfalling 56.4% from 2.69 x 1€CFU/mL to 1.17 x 20

CFU/mL, while 10%showed an even greates7.7%drop in viability from 269 x 16CFU/mL to 8.15 x

10° CFU/mL The viability was greater for the 7% and 8. ™MSOshowing a 28.7% decrease and a

putative increase in viabilityespectively The latter resultindicates thenatural variability in such

an experiment.The consistency in the order of magnitude is potentially more meaningful than the

number withinthat order of magnitude 5% DMSO showed an 88.7% drop off in cell viabiitilst

DMSO performed better at bothahd 8.7% than the best two glycerol conditions, the 8.7% results
suggesting an increase in viabilitgives reason to doubt the accuracy of these results. It is clear

>JGE L@AK =PH=JAE=FL L@9L ; =DDK OADDdificAltlte =DQ J =

decisively conclude which of the best conditions is preferable.

1 This experiment was carried out 2 years after the logarithmic culture experiments and therefore after the
plasmid work described later in 3.8.
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Figure 35 The survival of C. saccharoperbutylacetonicumat -80°C with different

cryopreservants. The graph plots the mean CFU/mL of control (non-frozen) C.
saccharoperbutylacetonicuralong with the CFU/mL after freezing in different concentrations
DMSO and glycerolThe relative imprecise nature of the experiment can be seen in the h
standard deviation of each conditiorfplotted as error bars) particularly for 5% DMSO and 15¢
glycerol. However, outside 5% DMSO and 10% glycerol, no one other condition present
particularly better than the others.A BrownForsythe and Welch ANOVA showed a significi
between all conditions (5% DMSO P=<0.0001; 8.7% DMSO P=0.0401; 10% glycerol P=383(
glycerol P=0.0082; 20% glycerol P=0.0002) and the control except for 7% DMSO (P=@\B4

experiments wereconductedin biological triplicate and technical quadruplicate.
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Given that glycerol has long been tloeyopreservation chemical of choicé electedto continue its
use for the biological transposon libraries, despite potentially slightly poorer performance. Glycerol
does also have a practicalecondary advantage over DMSO. By reducing the melting temperature
of the cell suspension, glycefatocks do not need to be completely thawed before they can be used
to streak out cells. Conversely DMSO will raise the melting temperaturd thereforethe stock
would always have to be completely thawed before use. Using glyckkely makes the stock more

robust in the face of repeated freezthaw cycles.

3.6 Liquid broth transposon mutagenesis library

3.6.1 Biological library creation

3.6.1.1 Aims and backgrourd

Previous studies, both irfdostridiaand in other species such as E. colie.g.Goodall et al., 2018)
and S.aureus(Santa Maria et al., 2014sed selection oragar platesfor generation of transposon
mutants. Typically,such a process involves transforming the cells waiDNA fragment(s) encoding
transposon and transposas®r a mix of transposo®NAand transposase protein. These are usually
optimised such that any positive transformants are highly likely to lmeutants. Phtes therefore
offer the advantage of a highly controllable rate of mutant generation and the additional advantage
of presenting a less competitive growth environmennore permissive of slower growth. As such,
they represent less of a bottleneck that magsult in the loss of slower growing transposon mutants.
However, for anaerobic bacteria, the necessity to maintain an anaerobic environment represents a
key limiting factor in the use ofigarplates.n anaerobic cabinets, such as those manufactured by
Don Whitely,spacecomesat a premium and it is not uncommon for labs working in the field to have
access toonly 1 or 2 cabinets (sometimes noneYhese provide only a limited room for plates,
especiallywhenworking space is considered. Additionally, this limitation could mean that either all
other anaerobic work must be postponetbr the duration of the biological library preparation, or

that fewer than the maximum number of cabinets can be uded the trangoson libraries

One advantage of using a transposon delivery system based on the induction of expression of a
transposaseis the potential to control the moment of transpositionl herefore,introduction of the
transposon delivery system and selection ofiutants can be separated sd is not necessarily
important for this induction to occur on agar platesLiquid broth cultures reach much higher
densities of cells for the volume they occupy in an anaerobic cabi@lls carrying the pRPF215

delivery plasnid could be grown to logarithmic phase as B4.1 and induced with the addition of
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ATc Through this method, it should be possible to gain statisticadlignificantlibraries with much
lower working space. In addition, the setup, inductipand harvestirg process would be much less
onerous than when using plateS.he process from growth through to sequencing is outlined below

(Figure 3.6).

3.6.1.2 Method

To generate the broth libraries;ultures of five transconjugants werepreparedin 20 mL RCMAfter
O/N incubation these were then used to inoculatex 480 mL RCBupplemented witherythromycin,
allowed to grow to early logarithmic phase (Qfam0.2-0.32) induced with ATcand then left until

the next morning (-9 h growth)t this starting ODsoonm there were approximately 5 x 10CFU/mL.
With a transpositionfrequencyof 1.57 x 18and a volume of 500 mL;392,500 individual mutants
per flaskwere expected This is significantly higher than what could be achieved on plafé® O/N
incubation time period was chosen to ensure that each mutant had grown sufficiently to provide
enough material for sequencingwhilst also minimising the time for a competitive bottleneck to
develop.Cultures were thoroughly mixed and 20 mL from each flask pooled. wakthen stored

as aglycerol stock and the rest frozen as cell pellefsteps 13 in Figure 3.6)

3.6.2 Sequencing library optimisation

Following the pooling of cells, TraDIS requires the extraction of genomic DNA, the selection of
transposon insertionsites within the genomeand the addition of the DNA sequences necessary for
Illumina sequencing(Figure 3.6and Figure 3.Y. Whilst widely used, there is significant variation in
specifics of each step and establishing a protocol for this process requadine balance between
different factors during eachstep. | collaborated with Professorlan Henderson The University of
Queensland, Australia) then at the University of Birminghamnip adapt the method developed in
their lab for use witlin our transpo®n mutagenesis systemAsfar as possible] duplicated the
details of their protocol, however, developing the method of wuse in both C.
saccharoperbutylacetonicumand C. difficilerequired certain changes and additions. This section
describes the overall process and our initial attempts to adapt it for use i@.
saccharoperbutylacetonicurwhich is summarised in Figure 3.Bor reference, the method listed in

section2.2.15is the final method develped.
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Figure 3.6 Schematic outline of the steps required to create a TraDIS library. The numbers
indicate the step number. Images are purely representative and not to scale. 1) Transfer of del

plasmid into cells. 2) Growth of plasiat-containing cells in pretfransposition conditions to expand
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cell numbers. 3)nduction of transposition in broth cultures and removal of transposon mutant:
4) gDNA extraction. 5) Random shearing to an average size 6430Mmp by sonication. 6) Enc
repair and adaptor ligation. 7) Magnetic bead purification to remove fragments >500 bp and <
bp. 8) PCR amplification between transposon insertion site and adaptor. 9) Magnetic b
purification to remove primers and small fragments. 10) PCR amplificationatld sequences
required for Illlumina sequencing barcoding and indexing. 11) magnetic bead purification 1
remove primers and small fragments. 12) Quantitative PCR to check the concentration and qu

of the library. 13) lllumina sequencing by synthesis
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3.6.2.1 Genomic DNA extraction

The gDNA extraction protocol (2.2.1) was used as described througfsiap 4 in Figure 3.6gDNA
integrity was monitored using agarose gel electrophoresiad the purity of the final product was
assessed bybsorption at 280 nm, 260 npand 230 nm. TraDIS protocols require tight control of
DNA concentration at multiple different stepsvithp Mm? G> 2", J=; GEE=F<=x<

point and Qubit fluorimetry was employedd ensure accuracy

3.6.2.2 gDMA shearing

Breaking the gDNA is essential to creating the @M bp fragments required for sequencing and
mapping the location of the insertion sites. It is important, as far as possible, not to bias the breaking
process to avoid artificially inflating theepresentation of certain mutants or of missing certain
mutants entirely. Shearing by sonication is a useful method for achieving this aim. Sonication can
never yield a pure sample of a specific length of DNA due to its inherently stochastic nature.
Howeer, multiple standard protocols exist for common commercial sonication equipmestd.,
Covaris) that attempt to specify the mean and mode fragment sizhese protocols, however, can
vary in their product depending on the source of DNA to be sonicatecdkré&fore, it was essential to

test numerous protocols.

For this protocol fragments that fell largely in the 3@D0 bp rangeavere targeted This was to shear

the DNA sufficiently for downstream processing whilst also not losing significant amounts of DNA t
small fragments which werdikely to be lost in sequencingstep5in Figure 3.6)Test shearing was
conducted by thel @=>>A=D< " A9? FGKLA,; %=F=LA; K 1=JNA; =
Trustwith the 200, 300 and 400 Kpovarisprotocols chosen initiallyto achieve our desired range.
Sheared samples were analyseoh a Tapestation capillary electrophoresis systeffigure 37) and
based on these resultd,opted for the 300 bp protocol which gave a good balance between the peak
fragment sizeand the reduction in smaller fragmentd-ollowing sonication sample volume was

reduced by using vacuum centrifugatiqrwhich follows the method used in the Henderson lab.
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Figure 3.7 The results of shearing using three different Covaris protocols.
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A) The overall Tapestation gel generated from the three shearing protocols. Each lant
presented in detail in BP)B) The size profile of the 200 bp protocol, Lower and Upper refer to
smallest and largest peak. Usable material is found between 150 g 450 bp, with a preference
given to material falling between 36850 bp. The peak of the 200 bp protocol is found in betwe
these two bands. However, this protocol yields a greater amount of small fragme@jS.he size
profile of the 300 bp protocol. dain, Lower and Upper refer to the smallest and largest peal
Usable material is defined as before. The peak of this protocol is closer to the 450 bp mark
there are few fragments below 200 bp compared to B) making it most suited for library process
D) The size profile of the 400 bp profile. Again, Lower and Upper refer to the smallest and la
peaks. Usable material is defined as before. Whilst the-880 bp region does contain part of the

peak for this protocol, a greater part is found abov8&@tbp cut off.
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3.6.2.3 End repair andadaptor ligation of sheared fragments

Shearingof double stranded DNAy sonicationcauses breaks that result in overhangsd potential
dephosphorylation Therefore, end repaiincluding phosphorylation and gagfilling is required
(step 6 in Figure 3.6)or this, the NEBNeXdNA Library Prefiit (catalogue number: E737Qyas

used, which is widelyemployedfor Illumina sequencing preparation.

In order to amplify DNA fragments containirthe transposon, adaptors must be added to the end
of the fragments(Figure 37). These contain a universal priming site used by lllumina and are blunt
ligated to the ends of the fragmentasing the enzymes and buffers from the above.lbllowing
these seps, magnetic bead purification was carried out to select for 39800 bp fragments.All

these stepswvereunaltered from the Henderson lab protocol.

3.6.2.4 PCR to select for transposon junctions

Since whole gDNA is extracted from every mutant and only tia@sposon site was predicted per
mutant, only a small proportion of DNA fragments generated above contain the transpeson
genome junction for later analysisTo amplify these fragments a transposespecific PCR was
employed(step 8 in Figure 3.6 and expiad in more detailed irFigure 38). A48 bp primenRF152);
Appendixlll) annealing18 bp inside the mariner inverted terminal repeéfl R)was designed to pair
with the 34 bp NEB adaptqiRF1522)The entirety of the purified product from 3.6.2.3 was used as
template. A 10 cycle PCR using wasformed using theKAPA HA Hot Start mastemix (catalogue
number: KK2601)10 cycleswere used to adequately strike the balance between amplifying
transposon junctions and not biasing the library based on PCR efficiendtesver cycles risked not
adequately amplifying all transposon junctions whilst more cycles would risk the mix being
randomly dominated by a handful of mutants based on random differencesRCR efficiency.
Following this PCR, a second magnetic bead purification stggsconducted to remove primers and

any other smaller fragments.

3.6.2.5PCR to prepare library for lllumina sequencing

This second PCRasdesigned to add the sequences necessarydpconduct lllumina sequencing
and b) create a custom index allowing for efficient multiplexiagd postsequencing analysi¢step
10 in Figure 3.6 he design of these index primergas based on that of the Henderson laBigure

3.9; Appendixll). The ey difference is in th&ransposonspecificprimer binding site whichherewas
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designed to anneal 10 bp inside the IT&dnested within thebinding site fortransposonjunction
amplification in 3.6.2.4. The primewasdesigned to anneal as close as pdsig to the end of the
ITR. 10 bp before the end of the ITR was the minimum amount that could bastfiese 10 bp were
particularly AT rich andtherefore had the potential to reduce PCR efficiency. The reverse primer

againboundto the lllumina adaptoradded in 3.6.2.3.

The transposonspecific primeralso contaired the P5 flow cell adaptor, the forward sequencing
primer site,and an inline index. The flow cell adaptor enabl®inding of the library to the flow cell
whilst the forward sequencing primer sitevas the binding site for the sequencindpy-synthesis
lllumina process. These are both widely used across lllumina libraries. The inline index is a custom
addition of the Hemerson lab.This sequenceconstitutes an index tag that serves two purposes.
Firstly, it can stagger the introduction of the transposon binding site and ITR in the sequencing
process. This helpso reduce the chances of flooding the sequencer with a seradsidentical
sequence read®arly in the process which can ledad the device being unable to differentiate the
clusters from different libraries. Thiszasachieved by tagging each library to be sequenced with a
different length index. None of these indés contain the same base at the same point in the
sequence. Secondly, the indicedlowed multiple librariesto be analysed simultaneouslywith the
option of analysing the data together or demultiplexing and looking at each data set separately. The

reverse primer contairedthe P7 flow cell adaptor and the reverse sequencing primer site only.

Following this PCR, the library was purified for a final time using magnetic purification.

3.6.2.6 Quantitative PCR to measure library concentration

Despite multiple purifi@tion steps, itwasinevitable that final library preparationsvould contain
DNA fragments that do not have the sequences necessary for lllumina sequencingadinot
appropriate, therefore, to utilise a DNA quantitationmethod that measures whole DNA
concentration such as spectrophotometry or fluorimetryThe only DNA quartétion method that
canaccurately measure theoncentration of the library isjuantitative PCR(step 12 in Figure 3.6)
The KAPALibrary Quantification kit (catalogue number: KK4824yhich comes with prepared
standards and a master mix containing the gPCR components and primers annealing to the Illumina
P5 and P7 flow cell adaptorsas used The details of the gPCR protocol including the measurement
of the standards and the calculationased to quantify the library can be found in Chapter The

recommended concentration for sequencing is 8 nM and this preparatiaas adjusted accordingly
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Figure 3.8 Primer design and schematic of library processing. A) The design of theustom

primer annealing to the transposon used for the second PCR step (3.6.2.5). P5 adaptoffligvthe
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cell adaptor required for immobilising the sequence to the lllumina flow cell. The sequenc
binding site for use during Illuminaexjuencing during amplification and sequencing lsynthesis

The index is a custom inline index designed to allow further multiplexing of multiple librarie:
necessaryArange of eight different indices of varying lengths (betwee® ®p)were utilised The

transposon binding site is the priming region which anneals to 40 bp across the fdx terminator
FA '20 G> |B@he desihddf tkas@and@dpsimer utilised to amplify sequences fro
the adaptor added in 3.6.2.3. P7 adaptor is anothenflaell adaptor required to immobilise the
sequence to the lllumina flow cell. The sequencing binding site performs the same function as
in A). The index was used as another layer of multiplexing. Its sequencevagable depending

on need but wasone of those provided by theNEBNext Multiplex Oligos for llluminkit. The

adaptor binding site was designed to bind to the adaptor added to the end of fragments in 3.6.
C)A schematic of the processing of gDNA to material that can be multiplexed andesezed. The
first image depicts a typical transposon insertion within the gDNA. The transposon consists of
ITRs in teal,ermB under a promoter in mauve (fdx terminatopreventing transcriptional

readthrough isnot depicted).The gDNA is then shearedeiding random fragments some of whict
will be similar to that depicted. The ends are repaired, and adaptors (in black boxes) adé€e
is then conducted with a primer specific to the transposon and to the adaptor (both depicted
cyan). A second PCRasnducted with the primers shown in A) and B). The final outcome of the

processsis shown in the last image in which the colours match those in A) and B).
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3.6.3 MiSeq Nanosequencingrun

3.6.3.1 Method

Asmallscale sequencingun, using the MiSeq v2 Nano 150 bp paired endkiis deployedas a way

of checking the composition, and likely statistical quality of the library(step 13 in Figure 3.6¥hs

kit would generate2 million reads passing filter pelane The lane was spiked with 25% PhiX DNA to
increase read diversity ando, with two technical repeats and two other samples for a different

project, ~375000paired endsequencing reads/librarywere expected Sequencing was performed

by Dr Elsie Plkee at theSheffield Diagnostic Genetics Servige 1 @=>>A=D< | @AD<J=FAK
data analysed by Dr Roy Chaudhuri at the University of Sheffiels analysis method is described

in the material and methods and remained unchanged in this study.

3.6.3.2 Results

Tagged sequences were mapped to either tBe saccharoperbutylacetonicui1-4(HMT) genome,
the 100 Kbp megaplasmid or the pRPF21%ransposon delivery plasmidA total of 469,998 reads
passing quality control filters were obtained for repéd and 413,408 for repeat Both technical
repeats showed that the vast majority of sequences mapped to pRPEAH),511 for repeat,land
468,951 for repeal. The rest of the reads mapped to the either the chromosome (2,755 and 975
respectively) or tle megaplasmid (142 and 72 respectively)freads mapping to pRPF2197%
mapped to the transposonin situand most of the rest to the opposite ITR, likely due to some
mispriming. As mentioned, aly 2,897 and 1,047 sequencé®m repeats 1 and 2 respectile
mapped to the genomeaand megaplasmid combinedNaturally, thisvasfar too few to be processed
statistically, howeverthere did not seem to be any insertion sites that dominated beyond all others,

suggesting that the underlying library may be viable.

3.6.4 Addition of restriction digestion post -shearing

To solve the plasmid contamination issue, two key ideas presented themselves. Firstly,
improvements could have been made to the delivery plasmid to increase the effectiveness of the
segregational installity upon induction. For example, creating a different induction systeé#ni.e.,
using available xylose inducible promotersd may well provide better expression and therefore
interfere more readily with plasmid replicationHowever, changing the deliverylgsmid would

entail re-testing all the parameters already established in terms of growth ratex transposition
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frequency, as well as theassociatednon-trivial cloning. Asimpler fixd digesting the plasmid out of

our samples with a restriction enzym@&was investigated'step Al in Figure 3.9)

$G)J L@AK E=L@G< LG 0OGJCJ] L@= J=KLJA; LAGF =FRQE-=
sequencedtransposonjunction islocated. Additionally, it would need to exhibit a very low cutting
frequencyin the C. saccharoperbutylacetonicugenometo not bias the insertion site analyseBour
enzymeswith recognitionsequences jusG ML K A < = wer@identifiddd Ap@, BstXIEcoRkand

Sspl. None of theseverlapped withthe priming regions necessary for the first or second PCR. A
search for the cut sites of eacwithin the 6,530,257 bpC. saccharoperbutylacetonicuigenome

showed that the lowest number of cut sites was by BstXI| (54s), then EcoRI (1896), Sspl (14370)

and finally Apol (27044).

BstXI cut sitesvere predominantly locatedwvithin genes this is mostikely due to the GC rich nature

of the recognition site. 39 genes were found to have two cut sites and tlyeees were foundo
containthree cut sites Of those that contained two cut sites, the sites were generally >100 bp apart.
Even in these caseshe chances that the cut sitevould leadto a genebeing falselyassignedas
essential was highly unlikely. Since gene length is important in assigning essentiality esle
intrageniccuts are only likely to be relevant to categorising small gen@serall it wasfelt that the
risks were relatively low and there was much to gain by introducing a restriction digest step with

BstXI.

The digestion step was introducedfter the endrepair and adaptor ligation steps but before the

overall processing steps. Bydigesting then, pRPF215 would be eliminatedrior to PCR
amplification. This would reduce the PCR bitmvards the dominating plasmid and increase the

chances of amplifying every single insertion siteff * G > KL 6 "Xr@egs K mo gdiend HLG J
EAP OAL@ pP Mm* G> |, # MeeHOANndingupated dvernighttr3Tim*a F M; D =

water bath.
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Figure 3.9 Schematic outline of the steps required to create a TraDIS library with digest
step. The numbers indicate the step numbelmages are purely representative and not to scal

Magenta rouned boxes indicate the altered step. 1) Transfer of delivery plasmid into cells.
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Growth of plasmidcontaining cells in preransposition conditions to expand cell numbers. 3
Induction of transposition in broth cultures and removal of transposon mutants. gPNA
extraction. 5) Random shearing to an average size of-800 bp by sonication. 6) End repair an
adaptor ligation. Al) Restriction digest of DNA by BstXI to remove plasmid contaimimé)

Magnetic bead purification to remove fragments >500 bp and <200 bp. 8) PCR amplifici
between transposon insertion site and adaptor. 9) Magnetic bead purification to remove prim
and small fragments. 10) PCR amplification to add sequences iegufor lllumina sequencing,
barcoding and indexing. 11) magnetic bead purification to remove primers and small fragme
12) Quantitative PCR to check the concentration and quality of the library. 13) lllumina sequen

by synthesis.
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3.6.5 AmpliconEZsequencing

3.6.5.1 Method
Following the reprocessing of thdibraries with the addition of theBstXlrestriction digestion, an
additional library quality control step wasalsointroduced. Due to the expensive nature of MiSeq
v2.0 Nano,Genewiz AmpliconEZ sequencing serviegas utilised to check library quality. This
serviceprovideslllumina-basedsequencing with ayuaranteed 50,000 sequencing reads per sample
submitted. In addition, if a key element of our QC process was to check forrpidsontamination
and dominating mutants, the Genewiz AmpliconEZ sequencing service did not require ~500,000
sequence reads to confirm this (as MisSeq vRI@no does). To adapt the processed libraries for

EHDA; GF#8J] p Mm* G> @by nestedFCR to DoAtaid o®efhAmngdteqestdd= 9 EH
by Genewiz. The PCR product was column purified and the samples prepared according to the

Genewiz instructions.

3.6.5.2 Results

As before,AmpliconEZ data wasanalysed by Dr Roy Chaudhuri and mapped tcetigenome,
megaplasmid and pRPF21 total, sequencing yielded 96,015 readaf which94,346 mapped to

the pRPF215 plasmid, 1638 to the genome and 31 to the megaplasmid, a slight drop in percentage
reads mapping to pRPF2189.6%vs 98.3%. Clearly, howeegr this version of the method did not
eliminate the plasmid as intendedGiven this information,it was decided not to proceed with
further sequencing of the broth libraries and instead move plate-based libraries as originally
conducted using pRPF21f C. difficile Our assumption was that even a short growth period in
broth introduced too great a botteneck, allowing some mutants to dominate early. The solution to

the plasmid contamination is listed in 3.7.2.

3.7 First plate transposon library

3.7.1 Library creation

For our first attempt at the creation of a biological libramgn plates the processvas conductedas
close as possible to the method describguteviously (Dembek et al., 2015)hilst also taking into
account the data generate from the above experiments. This differed in several key ways from the
method described in 2.3 and so is explained in more detail histep 3 in Figure 3.0). The ultimate

aim of the biological library creationvasto generate a pool of mutants containing diverse, random
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transposon insertions. Ideally, this would represeatnumber of insertions sufficient for each ORF
to contain multiple insertions The biological library was designedto maximise the number of
individual mutants given our key constraint of anaerobic cabinet space. Two anaerobic cabidets
a DG250 and a MG58Were used to construct the libraries. Taking into account the volume of the
cabinets ard the necessity to leave working room, 316 20 cm x 20 cm RCMAdg#eTrythromycin
plates were prepared. Five transconjugants were prepared using the method described in 2.2.1.
Each transconjugant was rsetreaked twice to ensure purity. O/Ns in RGMpplemented with
thiamphenicol were set up for each transconjugant. Each O/N was subcultured tend®.01 in
RCM without selective pressure to ensure minimal thiamphenicol carryover onto the agar plates.
These subcultures were staggered by 30 min to attemptatccount for the plating time. At ORnm
061 rPP fm* G> oneathDlite ADBIKORK.H thereds<an estimated 1.2 x 10FU/mL.
Accounting for plating volume,it was estimated that there would be approximately 600
colonies/plate resulting in 189,000 colonies in total. With each colony potentially representing a

single mutant, this librarycould contain up to an insertion every 35 bp on average.

The following day, cells were harveste MKAF? I E* 0! +3=JQL @) GEQ: AF Orf
and an Lshaped spreader to scrape the colonies off the plates. Scrapings were mixejpiyation
9 F < M eagtvaspooled, mixed thoroughly, and aliquots taken for glycerol stocks andice

pellets.

3.7.2 gDNA processing

All but one of the steps for processing the gDNA was kept the same as before. Following the
AmpliconEZ sequencing rum 3.6.5 it was clear thateither the BstXI sitavasmethylated, or that

cleavage was inhibited byknown methylaton of an overlapping EcoRI site (personal
communication, Biocleave). To correct for this, the restriction digest st®ps movedto after the

first PCRstep Al in Figure 3.10PCR products are always nonethylated and so he digest should

work efficiently at thispoing $GJ L @AKJ] ¥ Mm* G> KL6' O9K 9<<=«<
NEBuffer 3.1 and again incubated overnight. The subsequent magnetic bead purification was

adjusted to account for the differing volume.
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Figure 3.10 Schematic outline of the steps required to create a TraDIS library with plating
and an altered digest step. The numbers indicate the step number. Images are pure

representative and not to scale. Magenta roued boxes indicate the altered step. 1) Transfer «
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delivery plasmid into cells. 2rowth of plasmidcontaining cells in pretransposition conditions
to expand cell numbers. 3) Induction of transposition by plating on ATc/Ery and subsequ
removal of transpson mutants by scraping. 4DNA extraction. 5) Random shearing to an avera
size of 30400 bp by sonication. 6) End repair and adaptor ligation 7) Magnetic bead purifical
to remove fragments >500 bp and <200 bp. 8) PCR amplification between transgosertion site
and adaptor. Al) Restriction digest of DNA by BstXI to remove plasmid contamination after the
PCR. 9) Magnetic bead purification to remove primers and small fragments. 10) PCR amplific
to add sequences required for lllumina sagncing, barcoding and indexing. 11) magnetic bee
purification to remove primers and small fragments. 12) Quantitative PCR to check

concentration and quality of the library. 13) lllumina sequencing by synthesis.
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3.7.4 HiSeg2500sequencing

3.7.4.1 Method

Samples were subsequently sequenced using oHi&eq 250@sing theSBS ¥ 2x50bpreagent kit,
which should provide approximately 600 million paired end readShiswould be excessive for a
single TraDIS libraryhowever, we were running multile libraries from other sources as well as two

repeats of this librarysothe Hiseq 2500 represented the most cesfficient approach.Sequencing

was performedby Jennifer Dawe atthd @=>>A=D< " A9?FGKLA; %=F=LA; K

NHS Trusteind the data was analysed by Dr Roy Chaudhuri at the University of Sheffield.

3.7.4.2 Results

The sequencing run yielded a total of 1.79 X t€ads containing the transposon tag between the
two samples submitted. Of these 98% mapped to the genome and only 2% to pRPk&iibating
that our altered digestion step was successfukurther analysis using BieTradis reduced the
numberof usable read to a total of 1.5x 10 for an average of 5.77 x4 @rom these, 96.8% mapped
to the genome and 3.2% to pRPF2THe mapping of insertion sitemdicated a complex libraryvith
168,826 unigue insertion sites, enough for 1489 bp.There are5,937 amotated open reading
frames inC. saccharoperbutylacetonicurilowever just five ORFsaccounted for30% of readslf the
count is extended to include the 100 most sequenced ORFs, these accoun66di% of all

sequencing reads

With the majority of readbeing accounted for by a minority of ORFs, there are fewer reads available
for genes with only a single insertion sit&Vith a better distribution, Bielradis is able to assign
essentiality or non-essentiality to genes with one or two insertions based oeng size and the
number of reads relative to other lovinsertion genes. However, with many genes ayinsertions

with very fewsequencingreads it becomes difficult to classifyif the gene is essential or nen
essential. For example, 1836 ORFs had fivefewer sequencing reads covering four or fewer
insertions. A number of these will be clearly n@ssential based on their small size, however, the
majority will be either ambiguously classified or classed as ressential with low confidenceln
short, itis not possible, with just one read of one insertion to be sure that the insertion is genuine

and not an artifact of the various molecular biology processes.

Further ambiguity is introduced when the intersection of essential genes of both repeats is
introduced. Individually, repeat 1 yielded 389 ORFs with no insertions and repeat 2 B28@&d on

the number of annotated ORFs i@. saccharoperbutylacetonicurthese figures together would be
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on the lower end of the expected essential genome which is typically arobidb%(Barquist et al.,
2013; Dembek et al., 2015)owever, when the intersection of these two gene sets is examined, only
170 ORFs are classified as essential in both. Whitstn probablybe assumed this represents a core
set of essential genes, there are 410 ORFs whose essential status is left@nbigrhis is before

other genes that are found to be ambiguous in both analyses are taken into account.

Itis clear from this data that there must have been early transposition events that occurred prior to
induction by plating. Therefore] elected to develop measures that would reduce the chances of
this occurring and increase our ability to remove populations with an early transposition event from

the library.

3.8 Plasmid copy number

3.8.1 Aims

Whilst the plasmid contamination issues described in 3véere solved it was pertinent to ask why
there wassuch a high concentration of plasmitbllowing mutant selection The pRPF215 system
should exhibit segregational instability upon inductiarresulting in the eventual dilution of the
plasmid from the popuhtion. This process was clearly unreliableading to the majority of
transposon-containing sequencesn the sequencing libraries originating from the plasmig&qually,
however, the transposition frequency data combined with personal observations during th
harvesting process suggestl that the method is relatively effective at selecting for the growth of
transposon insertion mutantslf this were not the casdt would be expected to find thatcolony
countsaresimilar to those seen in uninduced controls for the former and lawns of cells on the plates

of the latter.

2@=J= 9J= K=N=J9D HGL=FLA9D >9; LGJK L@9L ; GMD«<
issue lies with theconditional replicon, ether the induction is lower than expected or the read

through of transcription into therepAis not as disruptive irC. saccharoperbutylacetonicuas it is

in C. difficileor, of course,a combination of both. The observed transpostion frequency is
potentially indicative of low induction rates. However, the transposon frequency is determined by

a combination of factors includingfficiency ofde-repression transposaseexpression and activity,

all of which are difficult to investigate in a meaningful contexttempts to use a an enhanced

Himar-1 transposase with higher rates of transpositighampe et al., 199Giled to result in higher

rates of transposition by colony count, suggesting that the amount of transposase is not a limiting
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factor. However, plasmid cpy number influencesall these factors as well as theate of plasmid

dilution and the amount of plasmid in a single colony forming mutant.

Whilst segregational instability is induced witAT¢ with more than one copyf the plasmid it takes
many more gemrations before the plasmid is removedzqually, this would imply that in C.
saccharoperbutylacetonicumthe copy number was high enough for the plasmid to constitute a
significant presence in the cell F KM; @ 9 Kkely-tha® doA-@ulantsApladed on
ATdthiamphenicol plates would struggle to grow. Whilst theatP carrying plasmid is still present,
the reduced copy number would presumably reduce the expression of antibiotic resistance and
therefore the ability to grow on thiamphenicol. This would naturally result in very small or
imperceptible colonies, as seen B.4. The same would also be seen for Aoitants during library
production. Understanding the plasmid copy number therefore offered the most straightforward

route to shedding light on the problem of plasmid contamination.

Equally, the largel36,188bp megaplasmid presented as worthy of investigation. Previous genome
annotation was unable to putativelydentify any genes with obvious utility to the ce{fPoehlein et
al., 2014)InC. acetobutylicumfor example, the megaplasmid contains tlseloperon necessary for
the production of nbutanol and loss of theplasmid is a source of degeneration of the solvent
producing phenotype (Kashket and Cao, 1993)n C. saccharoperbutylacetonicumall of the
analogous genes are found on the chromosontglucidating he copy number of the megaplasmid
was therefore important for three keyreasons. Firstly, if the copy number was onewould be
possible to examine the megaplasmid for essential genes through TraBEgondly,if the copy
number was greater than one wtst being lower than that opRPF215the megaplasmid origin of
replication might be suitable for use in the creation of a novel transposon delivery system that can
quickly eliminate the plasmid from the populationFinally, the copy number could help to
understand the kind of additional energetic burden the megaplasmid placesthe cell and, in the

long term, explain why such apparently extraneous DNA is maintained in the population.

3.8.2 Method

| utilised a method of calculating the copy number of both pRPF215 and the megaplasmidtive

to the genomeusing gPCR similar to that developed bylLee et al., 2006Since, outside of
exponential growth, the genomeas assumed to be one, the value can be used to normatise
relative copy numbeifor the two plasmids This does mean that the final values are affected by the

replication dynamics of both the genome and the plasmid. This will introduce extra error as it
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cannot be assumed that the dynamics are the same for both. However, with our method, something

of these dynamicsan be inferred

2G 9, ;, GMFL >GJ N9JA9: ADALQ AF ; GHQ FME: =J <=H=FK<

replication, multiple primer pairs were designed for each DM#vlecule, with four primer pairs
designedfor the genomeand megaplasmid andwo for pRPF2150rcular bacterial genomes are
typically closed at the site of thdnaAgene which is assumed to mark the origin of replicatifidunt

et al., 2015) Primer pairs were designed at the site dhaAOp I GA; DG; C6 9F<
approximatelyr 1 H 9F< x GA; DG; Cy KAEAD9J 9HHJGY9;
significantly smaller size of pPRPF2XBur primer pairswere unnecessaryso pairs were designedt

just the repAsite anda distal siteopposite the ori. All primers were degjned to anneal at 6@ and

QA=D< 9EHDA:; GFK YIFPPR :Hg 2@=AJ KH=; A>A: ALQ

gPCR reaction conditions. 10, 20 and 30 cycle tests were conducted and run on an agarose gel to

increase the chance of identifying & primer pair was more or less effective than the reSerial

dilutions of pRPF215vere usedas concentration standards.Serial dilutionsof the test samples

KM:
@ O

9F<

wereconductedd F< L @= pPR F?23M* 9F< p F?23M* ; GF; =FLJ9LAC

reaction. One 96 well plate was conducted for exponential phagieNAand the same conditions
used to conduct another plate with the stationary phase gDNA. Cq values wetermined,and a
standard melt curve was conducted to ensure consistent and expegbedduct size was amplified

for each reaction.

3.8.3 Results

Following Cqg value determinationstandard curves were constructed using the Cq values from
known concentration of pure pRPF215 and analysed using the logarithmic trendline function in
excel. he resulting equation was used to convert Cq values from test samples into a concentration
for each set of technical repeats (kige 311). These were conducted separately for each primer pair
and overall averages also calculated for the given DidéAlecule. However, the three biological
repeats were kept separatel'he averagesor the megaplasmid and pRPF215 were then divided by
those of the genome for each biological repeat. The overall averfayethe two dilutions and the
three biological repeats were tbn calculated along with the standard deviation for these values

(Figure 311).

The overall results show a marked difference lretween the copy number of pRPF215 in

exponential (average: 30.6 copies) and stationary phase (average: 12.8). Notably botlage®iare
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higher than those estimated fo€. difficileof 6-10 (Purdy et al., 2002)During stationary phase, the
standard deviation is markedly higher than iexponential phase. This is likely due tthe high
replication rate duringexponential phase growth meaning the diffeence between the biological
repeats can be quite high depending on the exact dynamic of each population at the moment of
extraction. Interestingly, the megaplasmid does not exhibit such great variance in copy number
during exponentialphase This suggestsvo conclusions. Firstly, that the variance seen for pRPF215
in exponentialphase is not due to poor experimental handling amglgenuinely due to large natural
variance in differing populations. Secondly, that the replication dynamics are much more stédre
the megaplasmid. Thisin turn, suggestsmuch stricter regulation of replication and likely more

stringent segregationof megaplasmid copies between cells.

If the data for each primer pair is separated and analysed individually, it is possible teritiie

approximate location of the origins of replication of the genome and megaplasmid. Lower Cq values
represent a higher sequence copy number at that locatioBacterial DNA replication typically

involves multiple initiations of replication at the origi siteO- A" GF F = D D, particula@ylng /T I Ppr
fast growing cellsTherefore, if there are amplicon sites that are consistently exhibiting higher copy

numbers, it can assume that site is closer to the origin of replication. For the genonteg 12

GA; DG; C 9 EHDA; GRaAddeBvasdound to haveth@ Highdst@stative copyumber at

both exponential and stationary phasé-igure 311D). Interestingly, there is a significant difference

AF 1| =L 0O== L @= r forahe genomeatvAth tnégoifts, Rdgesing eitieF K

that the origin lies significantly closer to 3 than 8r that DNA replication proceeds faster in that
directiGFy 2@= B GA; DG; C 9EHDA; Gigher Cq@arkal Kther §itessDQ =P

suggesting that this site was furthest from the origin, as expected.

$GJ L@= E=?9HD9KEA</J]] L@= B GA; DG; C 9EHDA; GF ; GFK
bothLAE=HGAFLKK ' FL=J=KLAF?DQJ] L@= pl GA; DG; C KAL-=
9EHDA; GFy 2@=J= 09K FG KA?FA>A; 9FL <A>>=J)=F; =
amplicons. These results imply that there atevo origins of replication at opposite ends of the
megaplasmid, in turn suggesting a tight regulation of replicatiomhough not well investigated,

there is precedent for megaplasmids containing multiple origins of replication in Gram positives

(Harris et al., 2018; Zhang et al., 201Bhpally, for pRPF215 and the pCD6 origin of replication, there

was no dominant site in th@xponential phase, but, during stationary phase, the amplicon nearest

to the origin is present in higher copy. The former result is somewhat surprising but likely due to

experimental inaccuracies caused by significantly higher rates of replication.
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Figure 3.11 The results of qPCR to establish the copy number of pRPF215 and the
megaplasmid. A) The standard curve conducted for thexponential growth phase extractions

used to calculate concentration. A nonlinear fit of the points yielded ahdR 0.9996and the
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equation y=1.426In(X)+17.655. The curve was calculated from biological triplicates and techr
duplicates. B) The standard curve conducted for the stationary growth phase used to calculi
concentration. A nonlinear fit of the points yielded and?Rf 0.9998 and the equation
y=1.457In(X)+17.581. The curve was calculated from biological duplicates and tech
duplicates. C) The result of calculating the copy number after converting the cycle number
each pair to concentration and then dividing by the value found for the genome. An unpaire
test of the pRPF215 conditions shows a significant difference betwabe copy numbers
associated withexponential phase (avg = 30.6) and stationary phase (avg = 12.8), P=0.00¢
contrast, an unpaired #est of the megaplasmid conditions showed no significant differenc
between theexponential phase (avg = 2.172) andasibnary phase (avg = 2.270), P=0.5981. B
exponential and stationary phase experiments were conducted with biological triplicates al
technical duplicatesD) The concentration of each DNA structure when the primer pairs ¢
calculated separately.Exp irdicates the exponential experiment whilst Stat indicates th
stationary experiment- A; DG; C AF<A; 9L=K L@= HGKALAGF C
the DNA sequence was closédp ' GA:; DG; Céy -JA AF<A; 9L =iK
pRPF215.
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3.9 Importing a novel plating method

During the harvesting process in 31, it became clear that the uneven spread of cells vaashronic

issue. Lshaped spreaders typicallg GF AL HJG<M; = ; GEHD=L=DQ a#dN=F KHJ
not absorb the last volumes and instead leave a significatreak. This is a greater problem when

cell densities are higher as the culture becomes more viscous. In addition, with the need to spread

>300 plates, it is even more difficult to avoid thésue without drastically increasing the time it takes

to plate. Another common plating method is to place a small numbeistdrile glass bead$~3 mm

diameter) on the agar plate, add the culture, and shake the plate laterally. The method would also

have the added advantage okducing the time it takes to plate due to the possibility of shaking

multiple plates at once. Finally, glass beads are inherently reusabieducing the plastic waste

associated with the experiment.

To test the effectiveness of glass beadsplating experiment was conductedhat provided both

guantitative and qualitative results was conductedC. saccharoperbutylacetonicuoontaining the

HO. $I'pf HD9KEA< O9K ?JGOF GN=JFA? @preatiiith éitdeA HD A ; 9 L
glass beads orishaped spreaders on 20 x 20 cm RCM agar supplementedAdiderythromycin

and left to grow overnight. The following day, plates were phgtaphed andl/8 of each plate had

colonies counted Representative images of eaalearly show the difference in colony distribution

between glass beadHigure 312A,C,& and Lspreader spreadingHRigure 312B,D,B. Large clumps

were common across all -shaped spreader plates but virtually absent from glass bead plates.
Surprisingly, the use of glass beads also lead to higher colony counts in all condiléigsre 313),

though this was not statistically significant, likely due tolziological repeat that exhibited lower

colony counts in all conditions

The platedODyonmOf all three were virtually identical (3.47+0.024)his could therefore be a sign of
an early transposition in these two samples. This experiment was not conducted with fresh
transconjugants but from glycerol stocks of the strain which may explain the higher tendency
towards early transposition. Based on these resultglecided to use glass bead spreading in future

library creation.
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A

Figure 3.12 Exemplar images of the agarplates following the use of different culture

volumes and spreading techniques. The first number refers to a given biological replicate, th
K=; GF< LG L@= NGDME= HD9L=<J]] L@= >AJKL D=
9F< 1J=CGXNV@HY HDI9LAF? G> CpsReeharbperbuGlacet@isumiltied
using glass beads showing an even distribution of colonies and no obvious clumps or strBak
2@= HD9LAF? G> pPPR Mm*shatd spreddiershowihtDréatiwdly= lowMllA
densities and some clumpingvidentin the bottom right-hand cornetC)2 @= HD9 L AF ~
OI/N culture using glass beads. A high density of colonies with an even distribution is easily vit
D)2@= HD9LAF? G> USiRgRn HgtapeGspreadéd. Whilstlsl 2asdndbte cell densi
is seen, multiple clumps of cells are seen including the at the centre, top right, right and bottor

the plate.E)2 @= HD9LAF? G> PR f* G> -3, ; MDLtMs
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seen with many larger colonies. At this density, colonies are starting to clump somew!
particularly in the lowerright corner.F)2 @= HD9LAF? G> T PR Mmghap&>
spreade. Cell densities are difficult to determine from thismage as many colonies were smalle

in size. Again, significant clumping is seen on three of the four edges and in the centre.
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Figure 3.13 CFU/plate for each spreading condition and volume. The same volumes from
different plating methods were paired together to allow for easier direct comparison. The er
rate is relatively highand therefore not statistically different (P=0.1328)e to theone of the three
biological repeats showing consistenthtower numbers than the other two. Howeverthe

underlying numbers indicate the same pattern for all three repeagsrepresentative eighth of eacl

plate was counted. The experiment consisted of tlerbiological repeats for each condition.
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3.10 Second plate transposon mutagenesis library

3.10.1 Biological library creation

Thetransposon library generationwas further optimisedo reduce the latency between conjugative
transfer and the induction of the pPRF215 system and to maximise the number of mutants with four
key changeg(steps 13 in Figure 3.14)Firstly, the conjugative transfer protocol was reduced to
approximately 36 h by harvesting mixed conjugation plates after only 8 h andstesaking
KM; ; =KK>MD LJ9FK; GFBM?9FLK GFDQ GFphate todGdasuré ? 9 J
purity. Secondly, the first O/N culture of the fresh transconjugants was used directhsédecting
mutants without a subculture step. Thirdly, 10 transconjugants were grown separately and their
stacks of plates marked. Separate and mixed pools were taken to ensure the possibility of removing
one of more transconjugant should they prove to l@ther contaminated or to contain an early
transposition mutant. Finally, glass beads were used to ensure even spread and allow for higher

overall colony counts.

3.10.2 gDNA processing

Pools of each transconjugant were used for gDR¥raction. Restriction digestion was conducted
after the first PCR to eliminate the majority of plasmidapping reads(step A in Figure 3.14This
was conducted overnight in the PCR mixture and NEB3.1 buffer. The subsequent magnetic bead
purification wasadjusted to account for the change in volumes, but ratios of beads to sample and
the process remained unchanged. A different inline index was used for each transconjugandén

to readily remove inadequate samples from the analysis. Two different llilnanindices were used,
primarily to utilise the range of primers to handnd samples were sequenced on a MiSeq using the
V2.0 2x150bp reagent kit. Sequencing was conducted by Timothy Wright S hiadfield Diagnostic
Genetics ServicR 1 @= > > A = IBHS TriusBaddath was Anldlysed by Dr Roy Chaudhuri at the
University of Sheffield.
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Figure 3.14 Schematic outline of the steps required to create a TraDIS library modified
biological library creation steps highlighted . The numbers indicate the stepumber. Images

are purely representative and not to scale. Magenta rounded boxes indicate the altered ste|
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Transfer ofdelivery plasmid into cells. 2) Growth of plasmibntaining cells in pretransposition

conditions to expand cell numbers. 3) Inductioof transposition by plating on ATc/Ery ani
subsequent removal of transposon mutants by scraping. 4) gDNA extraction. 5) Random she
to an average size of 3600 bp by sonication. 6) End repair and adaptor ligation 7) Magnetic be
purification to remove fragments >500 bp and <200 bp. 8) PCR amplification between transpc
insertion site and adaptor. A1) Restriction digest of DNA by BstXI to remove plasmid contamini
after the first PCR. 9) Magnetic bead purification to remove primers and snaghfients. 10) PCF
amplification to add sequences required for lllumina sequencing, barcoding and indexing.

magnetic bead purification to remove primers and small fragments. 12) Quantitative PCR to ct

the concentration and quality of the library. 13)Jumina sequencing by synthesis.
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3.10.3 MiSeq sequencing run

Sequencing of the libraries yielded 0,457,808 reads mapping to the genomecorresponding to
204,888 unique insertion sites. This latter result was highly promising as it correspondsato
insertion every 32 bp, a sufficient average density to promise an insertion in all but the smallest
ORFsStatistical analysis was conducted using the BiogaDIS progamme. Briefly, this takes the
sequences with transposon tags, maps them to the genome and calculates the insertion index for
each assigned ORF by dividing the number of unique insertions by the size @RieBroadly, the
higher the insertion index, thdess likely the gene is essential whilst the lower the index the higher
the odds of essentiality. In a typical analysis, the result will be a bimodal distribution, orele
with asmall numberof ORFs with very low insertion indices and another, contagnihe majority of
ORFs, with a broad range of higher insertion indices. -Bradis assumes that the former group
constitutes the essential mode whilst the latter represents the nessential mode. An ORF is
considered essential if its log likelihood scoveas less than 14.e.,that it is 12 times more likely to

be essential than noressential.

Issues arise with the Bidradis method when there areproblems with the underlying library.
Particularly, when there is insufficierdequencingresolution on gens with few unique insertions
and/or unique insertions with few sequencing reads this scenario, ibecomesdifficult to sort the
data into the two modes and the bimodal distribution is broadly losThe gamma fit of the
distribution shows no drop in ORFbetween the putative modegFigure 315A), as is normally
expected (e.g., Figure 1B itangridge et al., 2009)0ur data was again heavily influenced by
dominant mutants. The most sequence®RFgyielded 1,324417 reads accounting for 12.7% of all
sequencing reads. The 14 most sequend®@®Fsall had a minimum of 100,000 reads and together
accounted for 39% of the total. If the search is expanded out further, the nextQBFsaccount for

another 33% of all reads.

All the separateepeats contained multiple varieties of dominant mutant suggesy this was not
an issue of one early transpositiorvent. Ultimately, 72% of allsequencing readswas spent
sequencing only54,276 insertion sites or26.5% of unique insertions. The subsequent problem
arising from this is the abundance @RFwith fewer than ten sequencing reads, 1,30&)d/or few
insertionsOp NN F Hf . @ Meant YhatdBieTradis over-assigned essentiality on the basis of
these reads and insertions being insufficient to call the ORF4essential and our library putatively
contained 3,625essential genegFigure 315B). Thisis most likelya vast overestimation, accounting
for 61% of all ORFs in the genome, much higher than any previous literature has sk@gn 11% in

Dembek et al., 2015}t is highly unlikely, therefte, that all these genes are truly essential.
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Ultimately, this library cannot be used for adequate investigation into gene essentiality under
different conditions. The dominant mutants identified likely do not present a significant fithess cost
and have &igh chance dominating any condition subsequently test. This, again, would result in
being unable to identify whether the disappearance of a less well represented muteas due to a
fitness cost or random chance. Equally, the large number of assigned essential genes riésanst
possiblegain any understanding of the potential role of those genes in a different context, so, in
effect, only39% of the genome would actuly be under investigation. Not enough information is

likely to be derived from downstream experiments to justify their cost in both time and money.

Whilst these results mean that no downstream experiments could be conducted, there is still scope
to provide a useful list of essential genes. If the statistical power of-Biedis is dropped and
instead only ORFs with no insertions at all are examined, a liS&fORFs is generated and listed

in Appendix IV. At 11.4%, thigs far closer to the literature mmbers previously quotedfor an
essential genome. This list, which contains genes expected to be essential such as ribosomal
components, is likely to be useful as a rough guide to the essential genome, particularly when it
comes to manipulating the genomeor certain metabolic pathways a common process for

Biocleave/BCL2020 as well & academics working with the species.
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Figure 3.15 The results of MiSeq sequencing of the second plate transposon librariesA)

The gamma fit distribution of insertion indices. A unimodal distribution is seen with the major
number of ORFs having very low insertion indices. A small number of dominartants have an
extremely high insertion indexB) A schematic summarising the output @&625essential ORFs a
determined by BiaTradis (magenta circle) and770RFs with no transposon insertions (teal circle

relative to the total number of 5937 ORFs
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3.10.4 ShinyGO gene enrichment analysis

To attempt toadd greatevalidity the list of677 ORFs withouhsertions, a gene enrichment analysis
was conducted utilising ShinyQ (Ge et al., 2020)ShinyGO utilises publicly available genome
annotations to compare a list of genes generated from amics approach to an annotated genome
and evaluate pathways that are likely overrepresented in that ligthere there is the information
available, ShinyGo can generate plots to the most owsriched pathways with the lowest false
discovery rate (FDR)savell as network maps to readily visualise the interrelatedness of these maps.
It can also link to KEGG and STRING databases to produce pathway diagrams and graitm

interaction networks.

The ORF list generated in 3.10.3 resulted in 453 pathwaysdiidentified in total (Appendix VI his

was further refined to the 40 pathways as ranked by both fold enrichmehe percentage of genes
belonging to the pathway divided by their percentage of the whole genome, and the FDR, the
likelihood the enrichnment is by chance. A lollipop bar plot was generated to show the esriched
pathways along with the fold enrichment, F&#d number of genes involved in the pathway (Figure
3.16A). A network map showing the interrelatedness of the 40 earaiched pathwa/s was also

generate (Figure 3.16B).

The information available on pathways i@. saccharoperbutylacetonicuia not especially detailed

and resulted in somewhat generipathway annotations €.g.,| &=DA; 9K=Ad8K &XGO=N=J
enrichment was able to identif several pathways that would typicallige assumed to be essential

under typical laboratory conditions. Genes involved DNA replication are overreprese#dtédold
(FDR=0.0051%s arethose invarious branches of the membrane transport protein major fatator

superfamily byan average of3.6fold (average FDR3:00031). Other clearly important pathways

found to be overenriched were: nur ligase genesiecessaryfor cell wall synthesisq.4fold, FDR =

0.002§; sugar transport genes (2-8Id, FDR=0.00071ylycosidases required for glycolysis and

other core metabolic activities (2-4old, FDR=0.000034PEAD/DEAH box helicases important in

RNA metabolism (4:%old, FDR=0.0028andaminotransferases necessargff the addition of amino

acids to tRNAs (4-®ld, FDR=0.0017)

The analysis is imperfect, resulting in several gene sets being categorised into putatively the same
pathway listed under slightly different names. For exampliae 6 mur ligase related genesra
categorised as 4 separate pathwaydgth only slightly differing names This despite selecting the
option to remove redundancy in pathway names from the analysis. This is like due to poor curation

of pathways and low detail of annotation i€. saccharopdutylacetonicum
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Figure 3.16 The results of enrichment analysis conducted on ORFs without insertions. ABar
plot listing the 40 pathways with the combined highest fold enrichment and lowest false discov
rates. Length of the bar indicates fold eithment. Colour represents the FDR order of magnitu
with orange being the lowest and blue the highest. The circles indicate the number of genes ir
pathway. B) Network map indicaing the interrelatedness of thedifferent pathways identified.
Two pathways are connected if they share at least 20% of genes. Larger circles represent path

with a greater number of genes. The darker circles represent more highly enriched pathw
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The ShinyGO analysis appears to identify pathways that would be expected to essential, enhancing
the validity of the list of 667 ORFs without insertions as a resource for fut@e
saccharoperbutylacetonicumesearch.As the body of research orC. saccharoperbutylacetonicum
continues to grow, it might be valuabléo repeat analyses such as these to gain a more nuanced

understanding of genes that are likely to be important to survival and laboratory conditions.

3.11 Discussion

Whilst these results are disappointing, they are, at least, conclusive. It is clear that the pRPF215
transposon delivery system cannot functicsufficiently wellin C. saccharoperbutylacetonicum its

current form. A combinatiorof factors highlighted by and inferred from this study have contributed

to this failure. In the timeframes necessary to transfer the plasmid by conjugation into e
saccharoperbutylacetonicumand prepare the strain for scale application multiple early

transposition evers are guaranteed. There are several possible explanations for this phenomenon.
Transposase efficiency and the strength of repression by the tetracycline repressor are two key

>9: LGJK L@9L @9IN=FAL : == L @GJ GM? @bofde ohiltkistady L A? 9 L =
whilst the latter has only been briefly probed through luciferase assays (see Chapter V). In the event,

the sensitivity of the luciferase assays was not high enough to detect any leaky expression from the

tetracycline repressed promote so this is less likely to be a key factor.

Underpinning allof these factors and likely proving the key factqris the copy number of the
plasmid. The estimated copy number of the pCD6 origindndifficileis somewhere between-G0
(Purdy et al., 2002)Even a small difference can increase the chances of early transposition
significantly when the population scale is taken into account. Given thhetcopy number inC.
saccharoperbutylacetonicuns potentially doubled to a minimum of 12 in stationary phase and is
potentially as high as 30 during logarithmic growth, it is perhaps, ultimately, unsurprising that the
odds heavily favour early transposiin events.Even an extremely low level of eepression could
result in multiple transposon mutants2 @= <9L9 LG KMHHGJL L @AK AK/J]
conclusive. Ten differentransconjugants all showevidence thattransposition occurred multiple
times prior to induction resulting in a handful afifferent mutant ORFslominating the sequencing.
When combined with the earlier similar finding in 3.7.4, it seems that early transpos#tiareall but

inevitable.

Theprimary method of overcoming the issugwould be to design a novel plasmid delivery system.

This could incorporateup to two key changes, depending on the time allowed. Firstly, a change in
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promoter could yield a system that is impervious to spontaneous -ggression. Whilst not
discussed in @tail here,this was attempted during this study. Thexdylpromoter andxylRgene were
cloned in the place of et andtetR However,initial transposition efficiency tests yielded extremely
low rates that were unusable at workable scale. Further work tamprove this is, no doubt,
possible. Secondly, a different origin of replication could be cloned in the place of pCD6. The
complexity in this lies in the difficulty in identifyingppropriate origins of replication.The pMTL8000
series of vectors now inabdes nine possible Gram positive replicons, including pCD6
(Plasmidvectors.com) The understanding of the copy number of these plasmids is not well
characterised and displays species variation. Of the nine, at least six are likely to be inappropriate
with noted higher copy numberspCD6, pIM13Truffaut et al., 1989)pCB102 and pBP{vu et al.,
2012) pUB110(Leonhardt, 1990) and pAMBI1(PérezArellano et al., 2001)It would be worth
investigating the c@y number of p19 pIP404, andpCB101 inC. saccharoperbutylacetonicum
Alternatively, the current origin could be randomly mutated and selected for the desired copy
number. Finally,the megaplasmid could be explored as a source of novel origins of low copy

number given our findings in this chapter.

Several factors lay behind our decision not to further pursue the creation of a statistically significant
TraDIS libraryAt the point at whichwe had processed the results in 3.10.3, there was relatively little
time remaining for the project. Improving the delivery plasmid wasreasonable goal in this
timeframe, however, in all likelihood, the bestase scenario would have yielded a statistically
significant TraDIS library in the final weeks of the projebt.the worst-case scenario, no library
would be attained, and the project would appear short on practical resulfghilst the formerwould

have been an extremely useful result, there are reasons why this alone was less useful than pursuing
other lines of expementation. The field of interest for this species is relatively small compared to
most pathogens. Therefore, the generation of an essential gene list in laboratory conditions is less
AEE=<A9L=DQ MK=>MD L@9F AL E AfBT@ORFs withoAtinse@ibn®=J KH=
partially validated by pathway enrichment analysisikely provides broadly the same usability to

the field. Given that practical usability is the priority in a field such as this, it did not seem like a good
use of resource to continue to pursue this line of investigatiomo compliment this, the real interest

in deriving such essential gene lists for industrial microbiology lies in the ability to examine the
pressures placed on the cells during fermentations and other lstgps in industrial applications

(e.g., transformation, in the presence of inhibitos Shorn of this possibility, pursuing TraDIS

became much less interesting to both the author and the field in general.
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Overall, this chapter was able to establish severseful practical resultsEstablishing the copy
number of pCD6 iIC. saccharoperbutylacetonicumill prove invaluable to future workin addition,

the practical establishment of the viability and utility of glass bead spreading shows a route to both
better results and less plastic waste. The investigation into cryopreservation is also enlightening
into the best way to preserve cells of losigrm viability and provides reassurance that a significant
number of cells do survive the process. Finally, 8&7ORFs without insertions found by this study

should prove practical to the field moving forward.
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Chapter IV & Sporulation and germination in Clostridium

saccharoperbutylacetonicum

4.1 Introduction

4.1.1 Sporulation

Sporulation has long played an important role in our understanding and use of salogenic
Clostridia,with selection by heating being one the early methods used to isolate relatively pure
cultures (Weizmann, 1919)In addition, the use of nomathogenic Clostridial spores to deliver
medical interventions has been mooted since the 19984inton et al., 1995and is currently being
commercialised by CHAINBradley et al., 2021 Despite this, relatively little work has been
conducted to characterise sporulation across all solventoger@dostridia with particularly little
available in the public domainClostridium acetobutylicuraccounts for the majority of sporulation
publications (e.g.,AlHinai et al., 2014; Alsaker and Papoutsakis, 2005; Scotcher and Bennett, 2005;
Steiner et al., 2011)Apart from some work conducted prior to modern naming classificatiqesy.,
Mackey and Morris, 1972nost investigations touching on sporulation are derived from examining
transcriptomics across the growth cycl@.g.,Alsaker and Papoutsakis, 2005; Steiner et al., 2@t1)

from altering key sporulation genege.g.,Jones et al., 2011)

In C. saccharoperbutylacetonicuthe scope of published work is even narrower, rgisting of just

two studies that investigate sporulation in any capacifAtmadjaja et al., 2019; Feng et al., 2020)
However, the actual body of research conducted is likely to be much greater as companies such as
Green Biologics/Biocleave have conducted internal studies. Despite this, there remain many
aspects @ the physical transformations, the structure and resistance to insults of the spores that
are unknown. Information from Biocleave suggested that there may be two sporulation phenotypes
depending on whether spores were generated in liquid broth or on saiédia, which has not
previously been reported for other species. This chapter aims to add to the knowledge of
sporulation in C. saccharoperbutylacetonicutyy examining the morphology and ultrastructure of
sporulation and spores in the two conditions by jlse contrast, fluorescence and transmission

electron microscopy, and the characterising heat resistance.
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4.1.2 Germination

As with sporulation, germination has received very little research attention if published studies are
used as an indicator. In factp our knowledge, germination has been studied significantly less than
sporulation. Likely, this is due to two key factors: 1) the relative ease of germinating spores on
desired feedstocks and 2) the general desire to avoid sporulation, and therefore getion, when
using solventogenicClostridiato produce solvents. However, as the use Glostridiaoutside of
solvent production expands commerciall$ e.g., the business models of CHAIN and Biocledve
understanding germination, particularly how to indue it or prevent it, becomes more important.
Since no study on germination has been published@n saccharoperbutylacetonicynthe scope of
potential work was great. Here, it was decided that the most practical course of action was to
attempt to uncover areliable germinant and a reliable germination inhibitor with which to

manipulate C. saccharoperbutylacetonicuspores.

4.1.3 Aims and objectives

The aims and objectives of this chapter were therefore as follows:

1. Sporulate C. saccharoperbutylacetonicurm liquid broth and on solid media, monitor
progress and collect samples

2. Establish the proportion of heat resistant CFUs over time in both conditions

3. Probe the morphology of sporulating cultures over time using phase contrastd
fluorescence microscopy

4. Examine the ultrastructure of sporulating cells and spores using thin section transmission

electron microscopy

Establish a method of purifying spores from sporulating cultures

Test candidate germinants on purified spores

Test candidate germination inhibitors on purified spores

© N o O

Test the effects of candidate germinants and inhibitors on growing cultures
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4.2 Sporulation

4.2.1 The successful use of Nile Red for fluorescence microscopy

To monitor sporulation progression, samps were examined under phase contrast and
fluorescence microscopy. In the latter case, a membrane @éile RedS was selected. The dye is
able to insert into the membrane and fluoresce red under excitation by a green laser. Whilst there is
no reason tosuspect that the dye would be unable to function @. saccharoperbutylacetonicunit

was important to verify that no interfering signal is generated by cells under the same conditions,
as is seen for green autofluorescence@n difficile(Oliveira Paiva et al., 2022; Ransom et al., 2015)
Therefore, one sample was taken to prepare and visualise under the microscope prior to conducting
a full-scale experiment. The dye to worked well, beirable to indicate the cell membrane,
invagination during cell division and engulfment during sporulation (Figure 4.1). There was low
background fluorescence as evidenced by the -stain controls. Therefore, the fulcale

experiments were conducted with & Red.

4.2.2 Sporulation on solid media

4.2.2.1 Determination of sporulation rates and heat resistance

The rate of sporulation in broth and the heat resistance of produced spores has been previously
investigated by Sasha Atmadjaja at Biocleave (persooammunication). However, sporulation on
solid media has not been previously studied. There were several ways these experiments could have
been conducted, however, to equalise the difference created by different generation
methodologies between liquid and did media sporulation, | opted to control Odgnm in both
conditions. For the solid media sporulation process, cells were grown on RCM agar supplemented
OAL @ f-&clod@eRtrin anfd harvested at a given timepoint with PBS. Thes was then
measured,and each repeat adjusted to QR.n1 prior to heat treatment. Glucose appears to inhibit
the sporulation ofC. saccharoperbutylacetonicuand so cells grown on RCM agar supplemented
with 50 g/L glucose were used as a neporulating negative control. Céd were treated at 6TC, 70C

or 8C°C or left at room temperature on the bench f@b minbefore growth and enumeration on non

selective RCM agar.

Over the course of the experiment, the proportion of heat resistant CFU/mL increased over time
(Figure 4.2)The latter increases from just 0.00168% of total CFUs at 24 h to 15.17% at 120 h. After
24 h, the total CFU/mL in Qfa.m 1 of cells drops from 6.4 x 1fb 3.89 x 18 Interestingly, no such

drop is
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Phase contrast Fluorescent channel

Unstained

Nile Red
stained

Figure 4.1 Sporulating cultures of C. saccharoperbtlylacetonicum stained and unstained
with Nile Red. Samples from the same sporulating culture either unstained or stained
visualised by phase contrast and fluorescence microscopy. No autofluorescence is seer
unstained samples. Clear staining is sefem samples prepared with Nile Red. Several features ¢
be observed included a vegetative cell (white circle), dividing cells (white arrow) and sporula

cells with forespore (blue arrow).
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Figure 4.2 Heat resistance ofC. saccharoperbutylacetonicumprepared on glucose ord-

cyclodextrin TYIRsolid media over time. A)The average CFU/mL after 24 h in both conditior
B) The average CFU/mL after 48 h in both conditio83The average CFU/mL after 120 h in bo
conditions. The experiment was performed in biological duplicate and technical duplicate. Es

technical repeat was spotted four times from three different dilutions.
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seen for cells in the glucose condition which oscillate around the 1 3nidrk for the duration @ the
=PH=JAE=FLK 2@= LGL9D ! $33E* AF L@= ?DM; GK= ; GF
cyclodextrin. Whilst this could be due to dilution error, it would be unlikely that this would be

replicated consistently in the same manner across thre#ferent days and multiple repeats. The

experiment seems to confirm the previously observed inability of cells grown on glucose to

sporulate.

1HGJ =K ?=F=J 9L = <-cyflddextrir@vere heatreKistdnt,only ute B0dinder these
conditions. Ths contradicted previous studies which suggested spores can survive up 8&€.7a
must be noted that one repeat at 120 h did show growth after heating & however, as this was
the only example, the sample were considered contaminated, and the datalexXed from the
analysis. No growth was seen in any condition after heating at°@0 Overall, C.
saccharoperbutylacetonicunspores generated on agar plates were reliably heat resistant up to

60°C.

4.2.2.2 Morphology of sporulating cultures

To observe and monitor the progression of sporulation, phase contrast and fluorescence
microscopy were deployed. For fluorescence, Nile Red, a membrane dye, was used to render cell
membranes red. The key markers of sporulation progression were deemed tertergement of the
vegetative cell, asymmetric membrane formation at one pole, complete engulfment of one pole
and, finally, the presence of released spores. In phase contrast, the first of these can be easily
observed as well as the development of a brigpole as the spore matures and optical properties
change. Naturally, it was anticipated that the final released spore would also be bright under phase
contrast as has been described for other Firmicutes. The experiment was conducted over seven

days and amples prepared each day.

After the first day, a large population of the cells were already undergoing the initial stages of
sporulation (Figure 4.3). They exhibited the classidostridial form of massively enlarged cell
approximately double the length® 9 N=?2=L9LAN= ; =DD Oygp ME NK Vyry
possible to see that, during th€lostridialform, membrane engulfment of the prspore was already

underway. Cells that had progressed further along the sporulation pathway were exhibimtyous

ends and some bright spots were apparent on phase contrast. The latter observation indicated a

spore that is reaching maturity; however, no released spores were seen at this time point. Whilst the
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Phase contrast Fluorescent channel

Figure 4.3 The morphology of day 14 cultures of C. saccharoperbutylacetonicum
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sporulating on solid media. Phase contrast and fluorescence microscopy of sporulatir
cultures with examples of key features highlighted. Blue circles highlight vegetative cells, w
ovals highlight largeQostridial form cells, white arrows indicate engulfment of forespores not yi
phase bright, yellow arrows indicate forespores that have become phase bright, and yellow cir

highlight released spores.
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proportions were difficult to calculate from these image the majority of cells at this timepoint
retained vegetative morphology, reflecting their prevalence as estimated by the heat resistance
assays in 4.2.2.1. Finally, it is worth noting that many of @iestridialform cells appeared to contain

membrane \esicles as indicated by small patches of fluorescence.

On day 2, it was possible to observe the first released spores. These appeared bright in both phase
contrast and fluorescence channels. For the former, this is due to the dehydrated spore core whilst
for the latter it is likely due to the two membrane layers that surround the spore as seen in other
spores(Diallo et al., 2021) With phase contrast, it was possible to observe a wider, translucent outer
layer surrounding the spore. These do nhappear to be visible with fluorescence and so may
indicate a nonmembrane structure, possibly an exosporium. There already appeared to be fewer
Clostridialform cells at this timepoint, although there were still sporulating cells with bright poles.
The average nonspore forming cell appeared to be enlarged when compared to day 1, though
smaller vegetative cells were also visible. This is consistent with observations during normal cell

growth whereby stationary phase cultures appear to contain large cekswell as chains of cells.

Day 3 showed the emergence of two distinct populations: vegetative cells and spores. Few
sporulating cells remained, with even fewer cells exhibiting tldostridialform. Released spores
again appeared to display the additiodanon-membranous outer layer to the spore. In addition,
they appeared to be forming clumps, suggesting an adhesive quality to the spores that is common
in other specieqParedesSabja and Sarker, 2012 hough caution should be taken however given

the series of preparatory steps necessary prior to preparation otrscopy slides. Whilst it was

only one image from one slide, it is worth noting that the proportion of spores to rapore cells

(12%; 26/~216) appears similar to that seen for the heat resistance assays after 5 days (15%)

suggesting that the preparationsvere relatively representative.

Following the trend from day 3, day 4 showed only two populatiohspores and vegetative cells.
This strong differentiation suggests a tight control of the decision to raptorulate that is not
reversed once taken. Agaispores appeared to have a loose coat layer and displayed a tendency to
clump, though somewhat less pronounced than previously. Days 5 was similar to day 4, though a
lack of cell density across all images taken (including those not shown) suggest poorapagipn
(Figure 4.4). It is possible to see that some sporulating cells remained, in contrast to day 4. Day 6
again showed the same distribution; however, many of the vegetative cells now appeared to be
elongated, with chains and irregular shapes also coram Together this suggests that more cells

are dying at this stage, reflecting the CFU trend observed for day 5 of the heat resistance assays.
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Phase contrast Fluorescent channel

Day 5

Figure 4.4 The morphology of day 57 cultures of C. saccharoperbutylacetonicum
sporulating on solid media. Phase contrast and fluorescence microscopy of sporulatir
cultures with examples of key features highlighted. Blue circles highlight vegetative cells, w
ovals highlight largeQostridial form cells, yellow arrows indicate forespores that have becon
phase bright, yellow circles highlight released spores and magenta ovals highlight distinct

irregular morphologies of putatively vegetative cells.
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A single sporulating cell was seen for this timepoint. Once again, on day 7, clumps of spores and
vegetdive cells were seen but no sporulating cells. Again, the regporulating cells showed the

forms seen on day 6.

4.2.2.3 The ultrastructure of sporulating cultures

Thin-section transmission electron microscopy was conducted on samples of sporulating caku
from day 1, day 3 and day 7. The available fields of view on day 1 showed the distribution of
phenotypes similar to that seen for the above light microscopy (Figure 4.5A and D) with vegetative
cells, Clostridialform cells, sporulating cells and sporeal visible. Shown here are two developing
spores at different stages of maturity (Figure 4.5B and C). In the first, the mother cell had already
divided asymmetrically and engulfed the forespore. The core of the developing spore had not yet
undergone theextensive dehydration and subsequent increase in density seen for more mature
spores and is thus seen as larger and similar in density to the cytoplasm of the mother cell. The cell
wall/ inner membrane of surrounding the core is clearly visible. The faigins of growth spore coat
were also visible as dense, dark lines. The mother cell contained extensive depositions of granulose

that likely could not be penetrated by the stain and hence showed as bright white globules.

The second image of a developing spore showed the latter stages of development within the mother
cell (Figure 4.5C). The thin sectioning had cut the forespore across the top of the mother cell pole
containing the spore. The forespore was still contained time mother cell as evidenced by the
granulose still visibly surrounding the spore. The core was denser which showed further progression
towards maturity. A clear cortex, seen as a clear zone between the core and the spore coat, had
developed. Neither thecell wall nor the inner membrane surrounding the spore core are visible,
though this is not unusual for this method chemical fixation (personal communication, Dr Ainhoa
DafisSagarmendi). An additional feature, possibly consisting of protein, was visit@ésreen the
cortex and the developing spore coat. Two potential coating layers were already visilale inner
spore coat and a middle spore coat (nomenclature takes into account the later visible outer spore
coat). Neither spore coat appeared to be fullymrstructed as they presented in discontinuous

segments at this cut and angle.

Finally, a released spores could be seen at this timepoint (Figure 4.5E). A transverse cut of the
released showed no evidence of the mother cell (e.g., granulose, additiondlecelelope). The core
appeared dense, with lighter sections likely due to the stain being unable to penetrate the core. The

cortex was plainly visible, though the additional feature seen previously and in future images
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Figure 4.5 Ultrastructures on day 1 of sporulating cells in solid media. A) The field of view

of (B) and (C). Multiple released spores are observable as well as developing spores and vegt
cells. The structural features in (B) and (C) are highlighted by the white and magenta b
respectively.B) A transversal cut of developing spor€)An endways cut of a developing spore ¢
a later stage of maturityD) The field of view surrounding (E) again showed a mix of spor
sporulating cells and vegetative cells. (A) and (D) overBBpA transversal cut of a released sport
The fields of view are x1900 magnification whilst the highly magnified images are x110b@ls

in white and magenta highlight spore features whilst those in teal highlight features of the motl

cell. CR: core; CX: cortex; ISC: inner spore coat; MSC: nsipdie coat; AF: additional feature
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(used to highlight a variety of prominent but unlown structures); IS: interspace; OSC; outer spc

coat; CW/IM: cell wall/inner membrane; GR: granulose deposits; CE: mother cell envelope.
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was not clearly observable. The densest spore coating layers appeared complete and contiguous
round the whole spre core. It is not clear if there were two or only one spore coat at this location.
An additional coating layer (additional feature 2) that appeared to contain denser contents is also
visible before the outer spore coat. This additional layer resultedwo different interspaces being
visible. The outer spore coat could have been a paracrystalline exosporium, however this cannot be

confirmed from these images.

Overall, it is possible to recognise cells at all stages of sporulation at this timepoint amaesof the
key features of theC. saccharoperbutylacetonicuspore. This highlights the asynchronous nature
of the sporulation amongst the population and how the decision to sporulate can occur significantly
later for some cells. Notably, the spore coatseanot close to the spore core as is the case in
C. difficilgPizarroGuajardo et al., 2016Finally, it appeared that it was possible for spores to reach
a high level of maturity after 24 h sporulating on solid media, however, a compnashe assignment

of features was not possible based on the images recorded.

At day 3, the cells visible did not align closely to the morphologies seen in 4.2.2.2, however, released
spores were visible (Figure 4.6A and C). Shown here are two released sporesut lengthways,
retaining the core as an oval (Figure 4.6B), and the other endways, showing the core as a circle
(Figure 4.6D). Both displayed ultrastructures similar to those seen previously. The dense core and
clear cortex were both evident. The known additional feature could be seen in B but not D, likely
due to the angle of cutting. Both showed clear outer and middle spore coats with an inner spore
coat apparent on B. Again, the interspace between coat layers appeared to contain a variety of
discontinuous features. Given the lack of significant differences between the released spores on day
1 and day 3, it is tempting to conclude these are fully mature spores. However, it is likely that full
maturation of the spore coat takes several days as sdéenother speciegdHenriques and Moran,
2007)

On day 7, the general morphologies on display were similar to those seen in 4.2.2.2, though not
identical (Figure 4.7A and C). The released spores shown in B and D appeared axtimned
transversally, but closer to the edge of the transverse than previously imaged. In D, the consequence
was that a dense spore core is no longer visible with the transverse section likely cutting across the
cortex rather than the core. Additionall{the core may not have stained due to lack of penetration
from the stain. As for day 3, the spore layers were wielfined, suggesting maturity. However, there
remained a number of ambiguities. The additional feature previously seen within the cortex vaas n

longer visible. Instead, in D, an additional feature was seen close to the outer spore coat, potentially
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Figure 4.6 Ultrastructures on day 3 of sporulating cells in solid media. A)The field of view

of (B) showing released spores, some vegetativéiscand cell debrisB) A transversal section of ¢
released sporeC) The field of view of (D) showing a released spore, vegetative cells and cell de
D) An endways section of a released spore. The fields of view are x1900 magnification whils
highly magnified images are x11000. Labels highlight the spore features. CR: core; CX: corte
inner spore coat; MSC: middle spore coat; AF: additional feature (used to highlight a varie

prominent but unknown structures); IS: interspace; OSC; outeoi® coat.
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Figure 4.7 Ultrastructures on day 7 of sporulating cells in solid media. A) The field of view

of (B) showing released spores, vegetative cells and cell deBj#\ transversal cut of a releasel
spore the core andC) The field of view of (D) showing released spores and vegetative d@)I4.

transversal cut of a released spore that appears to exclude the core from the cut. The fields of
are x1900 magnificatiomwhilst the highly magnified images are x11000. Labels highlight the spi
features. CR: core; CX: cortex; ISC: inner spore coat; MSC: middle spore coat; AF: additional
(used to highlight a variety of prominent but unknown structures); IS: interspaOSC; outer spore

coat.
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representing another matured spore coat. It may be that this coat was present on previous images
but was more difficult to discern given its proximity to the outer coat, as it is in B. The inner and

middle spore coats may actily have been a single uniform layer when judged on the day 7 images.

Together, these images have shown features seen in m@iostridialspores. However, the overall
picture is uniqgue when compared to other spore morphologies. The ultrastructures presented
suggest that the released spores are able to reach a stable and mature state from at least day 3 and
possibly even day 1. It is cleathat the protection surrounding the core inC.
saccharoperbutylacetonicuns formed of multiple layers that create large interspace(s) between
the core and the outermost protective layers. It is also possible that the outer spore coat is a

paracrystallineexosporium such as that seen {@. sporogenes

4.2.3 Sporulation in liquid media

4.2.3.1 Determination of sporulation rates and heat resistance

To investigate phenotypic differences between spores generated on solid and liquid media, the
same experimentglescribed in 4.2.2.1 and 4.2.2.2 were conducted using a method for generating
spores in liquid media developed by Sasha Atmadjaja at Biocleave. She found that it was necessary
LG AFLJG<M; = 9 KkKydlodedrid in brdeAfér 2ellskd relidbl sgokilatel Therefore,

the experimental outline for liquid generated spores was slightly altered compared to generation
on solid media and early sporulation timepoints were more difficult to sample. Due to working hour
restrictions, early timepoints was mssed. For similar reasons, 120 h samples were also not taken.

As before, all samples were adjusted to a1 and heated for 15 min at the specified temperature.

Heat resistant CFUs were apparent after 24 h of sporulation in liquid media (Figure 4T84).

proportion of heat resistance was lower than that seen on solid media (0.00054% vs 0.0017%). As
expected, no heat resistant CFUs were observed for cells grown in the presence of glucose, despite
comparable total CFUs (2.7 x 1OFU/mL for glucose vs®x 13! $ 3 3 E *-cycto@ektrin)f There

is a significant difference between the CFU/mL observed for growth on glucose in solid media and

?DM; GK= AF DAI MA< E=<A9J] L@GM?@ AL AK MF;-D=9J O
cyclodextrin. Heatresistant spores did not survive incubation at 40 or 80C for the sporulating

cultures.

L F)X @1 :GL@ L@= 9EGMFL 9F< HJdgdodettlinkdhditiorG> @=91L

increased up to 0.012% of the total culture, which is approximatelfoldl less than in the solid.
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Figure 4.8 Heat resistance ofC. saccharoperbutylacetonicumprepared on glucose ord-
cyclodextrin TYIRliquid media over time. A)The average CFU/mL after 24 h in both conditior
B) The average CFU/mL after 48 h in bothnditions. The experiment was performed in biologice
duplicate and technical duplicate. Each technical repeat was spotted four times from thi

different dilutions.
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media sporulation condition (Figure 4.8B). This represents a Zbl8 proportional increase in heat
resistant CFUs over the 24 h timepoint which is lower than that for solid media spores at the same
stage (39.5old). The total CFU/mL count for dropped to 1.24 X', 1flecting the increasing cell
death associated with stationary phase cuites and also seen in the solid media experiments. This
effect was also seen in the glucose condition at 48 h, with total CFU/mL dropping an order of
maghnitude to 4.03 x 10Unlike in the solid sporulation experiment, no growth was seen after
incubation a 70°C, nor any at 8, suggesting that the spores present may have lower heat

resistance

4.2.3.2 Morphology of sporulating cultures

Phase contrast and fluorescence microscopy using Nile Red were again deployed to investigate the
progression of sporulatia in liquid media, with the same key markers of sporulation progression
used to follow the process. The flexibility of liquid culture manipulation compared to plates allowed
for earlier timepoints to be examined. Unpublished data suggested that spores @@an liquid

are not fully released from the mother cell and therefore may be phenotypically different (personal

communication, Sasha Atmadjaja).

After 4 h in sporulation conditions, the initial stages of sporulation were already apparent (Figure
4.9).dostridial form cells were present, with most at various stages of engulfment of the forespore
as indicated by the fluorescence images. Phase contrast showed no bright poles indicating that
spore development had not yet reached maturation at this time point. Bothages techniques

showed vegetative cells growing and dividing with the septum of the dividing cells easily

identifiable.

At 6 h, the picture was similar to that seen after 4Clostridialform cells were present in similar
proportions and several showed yiatively complete engulfment. No bright poles were observed,
again suggesting that maturation of the spore requires more time. Dividing vegetative cells were

still readily observable at this time, in line with the increasing &danover this time period.

8 h into the sporulation process, th€lostridialform cells were starting to increase in asymmetry. A
prominent bulbous end at one pole developed in the cells that had advanced the most along the
sporulation pathway. This timepoint also saw the emergenagbright spots of fluorescence within
some Clostridialform cells, implying vesicle formation. Growing and dividing vegetative cells were
still a significant presence and no phase bright structures were seen. However, after 10 h, new
features could be oberved in the sporulating population. The bulbous pole of some sporulating

cells started to become brighter, indicating the forespore may be entering the final stages of
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Figure 49 The morphology of 4-10 h cultures of C. saccharoperbutylacetonicum
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