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Abstract

Clostridium botulinunis an anaerobic spofrming bacterium that produces a potent neurotoxin
causing botulism. It poses a significant concern to the food industry and is considered a bioterrorism
threat. Clostridium sporogenes widely used as a surrogate for the study odup IC. botulinum

The production of highly resilient dormant spores and their subsequent germination is important for

transmission and survival, particularly through aerobic environments.

The outermost layer of the spore, the exosporium, is the firshipof contact between the spore

and the environment. It is composed of a pargstalline basal layer decorated with a hairy nap. A
variety of proteins are associated with the exosporium, including cyst@theproteins, CsxA, CsxB,

and CsxC, and collag#ike proteins, BclA and BcIB. CsxA is a major structural component of the
exosporium, however, the roles of the other proteins remain unknown. The exosporium is thought
to modulate the germination process. Germinant molecules trigger a dramatic morpbalafpange
within the spore resulting in vegetative cell emergence. Despite the importance of this transition our

understanding remains limited.

The work described in this thesis aimed to characterise the process of germination and outgrowth in

C. sporogeesand understand the structural and functional roles of exosporium associated proteins.

Through the use of microscopy techniques we observed the morphological changes that underpin
the transition from dormant spore to vegetative cell. This included swgetif the spore body which
was coupled with cortex expansion. It also revealed the presence of striations within the cortex that

could facilitate polar cell emergence.

Generation of exosporium mutants enabled the potential role of CsxC in paraspordidagation
to be elucidated using ultrastructural analysis and electron crystallography. AFM showed that BclA

was a major constituent of the hairy nap.

Furthermore, the exosporium was not essential for germination or heat toleran€e gfforogenes
sporesHowever, the lack of individual exosporium associated proteins was shown to modulate the
germination process. Overall these findings led to the development of a model for the ultrastructural

changes that accompany the germination and outgrowth proce§s gporogenes
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1 Introduction

1.1 Clostridia andBacili

1.1.1 General Introduction to Clostridia and Bagill

TheClostridia and Baditire Grampositive rodshaped bacteria of which many species are

pathogenic includinglostridium botulinumClostridoidesdifficile and Bacillus anthracisBacillus
specieften reside in soils and are generally aerobic bacteria but can also be facultative anaerobes.
Clostridia on the other hand are obligate anaerobed are foundo residein anaerobic

environments such akhe mammalian intestinal tracts. What links these genera of bacteriin

the phylumFirmicuteds their ability to produce endospores. Endospores are morphologically

distinct from vegetative cells and are extremely robust as well as metabolically dormant. In the case
of pathogenic species endosporegdhne primary infectious agent and can persist in the

environment for prolonged periods of time. To date, the majority of research on endospores has
been carried out in Bacillus species, maBégillus subtilisAlthough many parallels exist betweBn
subtilis and Clostridia it is becoming increadinglear that there are significant differences between

them.

1.1.2 Clostridium botulinumand Clostridium sporogenes

C botulinumis a dangerous pathogen capable of produ¢hgymostpotent neurotoxinknown, of
whichjust30-100 ng can be fatal to humafgBeck 2009)The neurotoxins block acetylcholine
transmission in nerons leading to floppy paralysis known as botuli@nunt et al. 2014)The most
common forms of human botuhs are foodborne, infant, and wound botulism. Foodborne botulism
is caused by consumption of the neurotokinfood that has been contaminated with germinated
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endospores, whilst infant and wound botulism are caused by ingestion or wound contamination with
C botulinumendospores that subsequently germinate and grow to produce neurotsitirin the

gut or deep woundPeck, Stringer, and Carter 201A) these forms of botulism are caused by

strains of Group C. botulinunthat produce one (or multiple) dfpe A, B, F or H neurotox{Brunt

et al. 2014) SinceC. botulinunmhas the ability to produce potent neurotoxins and is relatively easy to
produce, it is considered a bioterrorism thrg@lguinAraneda et al. 2015Pue to the risk level

posed byC.botulinumit is rarely used in the laboratory. Instegdlostridium sporogenas used as a
surrogate for Group C. botulinumIt has been found to have similarity both physiologically and

phylogenetically{lhekwaba et al. 2016put importantly, doesot produce the potent neurotoxin.

C. sporogeneéiself is a major cause of food spoilage, especially in vacuum packed meat and dairy
products(Lorenzo et al. 2018Yhe eradication of endospores from food products poses a significant
and costly challergyfor the food industry. On a more positive no&, sporogenesndospores are

being considered as a potential vector for delivering drugs to tumour cells for cancer treadoeent

to its ability to survive in low oxygen environments such as those fouridnatitmours(Nuyts et al.
2002) A better understanding of their germination process calkbfacilitate developments in this

application.

1.2 Endospores

Endospores (spores) are most commonly produced under harsh conditions such as nutrient
limitation, but they can also be produced stochastically. Spores are formed by vegetive cells
differentiating in a process known as sporulation resulting in the formagioa metabolically
dormant and highly resistant spor8pores can remain dormant yet viable in the environment for
hundreds of years anithis is mainly due to their multayered structure Each layer within a spore

contributes toits ability to surviven harsh conditions and plays an important role in longevity.
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1.2.1 Sporulation

Sporulation is a dynamic and tightly regulated proq€$g: 1.1)nitiated by SpoOA activation (Stage
I) and involveshe asymmetric division of a cell to form the mother cell and the foresg8tage IL)
The forepore is subsequently engulfed by the mother ¢8liage Illjvhere assembly of the spore
outer layers is cordinated (StagesV-V)resulting in the assembly of a highly ordered mature spore
(Stage VI)This is releagkfrom the mother cellinto the environment(Stage VII)Sporulation is
controlledacross the mother cell and forespdng a cascadef events involving multitude of

sigma factorstranscription factors, proteases and phosphatasésst of our understanding of the
sporulationprocess comes frorB. subtiligPiggot and Hilbert 2004however studies conducted in
species of Clostridia havevealedboth similarities and differencesot only betweenB. subtilisand
Clostridiag but also betweernindividualClostridia specie@AFHinai, Jones, and Papoutsakid 3D The

keyregulatorsinclude: SpoOA,f, " Fz 563" | ¥/ R

Vegetative Cell Cycle «—

Stage | Stage Il Stage I
Vegetative Cell Asymmetric Division Engulfment
Germination [@]— [% 4@ ]_. E@ A@ ]
| MC FS MC FS MC
Mature // @ \
Spore ‘ Stage IV-VI

Spore Outer Layer Assembly Complete Engulfment

(@ )-(@ )@ _

FS MC FS MC FS MC

Figurel.l: The Sporulation Process

Vegetative cells undergo the normal vegetative cycle until encountering conditions of stress v
triggers the sporulation process. This begiith the replication of the genome (Stage ) and the
asymmetric cell division of a vegetative cell to form a mother cell (MC) and a forespore (FS)(¢
Following the translocation of the forespore chromosome the mother cell engulfs the forespor
(Stage III). Once within the mother cell the outer layers of the spore are assembled (St&djgs I
and, once complete, the mother cell lyses releasing the mature spore into the environment (S
VII). Under favourable conditions the spore will then geaie to give rise to a vegetative cell.
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Stage Ic Sporulationlnitiation

Sporulation is initiated by the activation of the transcription factor SpoOB. Bubtilighis is

activated by an elaborate phosphorelay system that results in the phosphorylation of SpoOA and the
initiation of sporulation(Piggot and Hilbert 2004)n someClostridia histidine kinases have been
identified that directly phosphorylate SpoOA triggering the sporulation prof&iddinai et al. 2015)
Additionally, inC. botulinum’ ¥has been implicated in the activation of Spa@Addition to its later

role in ceordinating spore maturatioffKirk et al. 2012)t has been estimated that SpoOA regulates
around 121 genes includirtgose encoding theigma factors Fand " Elocated wthin the forespore

and mother cell respectivelfPiggot and Hilbert 2004)

Stage lic Asymmetric Division

Asymmetric cell divisiomvolves the formation of @olar septumresulting in a mother cell and a
smaller forespore. Polar septum formatioruisder the control of SpoOAnd involvesa
relocalisation of thenachinery used in vegative sptum formation(Khanna, Lope@arrido, and
Pogliano 2020)tsZ filamentsorm aZ-ring whichfacilitatesthe septum formationBissorFilho et
al. 2017) Cryo electron tomograph{CrycET)showed that thepolar septumis approximatehhalf
the thicknessof vegetative septunand that thiscorrelates with therebeing half the number of FtsZ

filaments present at the division si{fghanna et al. 2021)

Prior to asymmetric division the chromosome is replicated and adopts an elongated structure
termed an axial filament that runs from pole to pole within the ¢Kthanna et al. 2020UJpon

septun formation 30% of the chromosome is located within the forespore and the remaining 70%
within the mother cellWu and Errington 1994, 1998)he remainder of the chromosome is

translocated into thedrespore bya SpolllE complex that assembles at thdpuint of the septum
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and uses ATP hydrolysis to actively transport the chromosome from the mother cell into the
forespore(Khanna et al. 20207 his process causes increase in thesmoticpressure within the
forespore resulting im swelling and reshaping of the forespore to form an ogb@pezGarrido et

al. 2018)

After the establishment of the forespore and mother cetimpartment specific transcriptionccurs
regulated by F (foregore)and " E(mother cell) " Eis thought to regulate up to 253 genes some of
which are vital for forespore engulfmefAFHinai et al. 2015)n C. botulinum Fhas also been
implicated in regulating the asymmetric division progesigh thin sectionsof * Fmutants showing

sporulating cellblocked at stage (Kirk et al. 2014)

Stage llig Engulfment

Following asymmetric cell divisigtme mother cellengulfs the forespore in a process akin to
phagocytosisencapsulating the forespore in a secqpdter) membrane The entire process of
engulfment inB. subtilishas recently been observed in unprecedented detail through the usg/of
focusedion beammilling andelectrontomography (Cry&B-ET), revealing ultrastructural changes
occurring within thesporangium(Khanna et al. 2019Engulfmenbegins with he enlargement of
the forespore which stretches the septum and bends it towards the mother (dianna et al.
2019) The leading edgof the mother celmembrane then migrate around the edges of the
forespore towards the tipforming small fingetike projections (Khanna et al. 20197 his process
relies heavily on peptidoglycan remodelling machinegulated by both the mother cg(l ) and
the forespore(’ ). Peptidoglycan degradation is mostly carried out by the motheregilllated
protein complexwhilst peptidoglycan synthesis is likely to be carried out by the forespore

biosynthetic machinery found at the leading edge of the engulfing membfiéhanna et al. 2020)



Eventuallythe leading edges of the mother cell membrameet at the tip of the forespore and fuse
releasing the forespore into the cytoplasm of the mother.¢Hlls process termedengulfment
membrane fissionis facilitated by the Eregulated FisB protein and is also thought to be reliant on

SpolllEalthoughthe role of Spolllis poorly understood(Khanna et al. 2020)

StagelV-VI ¢ Spore Maturation

The later stages of sporulation are focused around developing a mature spagable of
maintaining dormancy an@ithstanding harsh conditiong his involves the assembly of the
proteinaceousoat and exosporiunfspeciespecifig, as well as the formation of the cortea

modified peptidoglycan layegndthe dehydration of the gore core.

The maturation process coordinated by © (forespore) and K (mother cell).The mother cell is
responsible for the ssembly of spore coat proteins and exospori{gpecies specifignd is
coordinatedby " X (AFHinai et al. 2015; Piggot and Hilbert 2004)also regulates the production of
DPArequired for spore core dehydratiomhich is transported into theorein a process coordinated

by * ¢ (Piggot and Hilbert 2004)

Stage VIE Mother Cell Lysis

The final stage a$porulation involves mother cell lysis which releases the mature spore into the

environmer where the spore will remain dormant until conditions are appropriate for germination.



1.3 Spore Architecture and Function

Spores are complex structures made up @y layers all of which play key roles in making the

spores highly robust and providing protection against environmental insults. They do this whilst also
maintaining the ability of the spores to detect key molecules crucial for triggering the germination
processThe general sporarchitectureis maintained across Bacilli and Clostridia and includes

membranespolysaccharide layera proteinaceous coand in some cases an exosporijfg:1.2).

Exosporium
/ Coat
4~ Outer Membrane
+— Cortex

Spore

> Cell Wall "B
od
\ Inner Membrane y

Spore Core

Figurel.2: General Spore Architecture

In the centre of lhe spore is the spore core containing the spore DNA. This is surrounded by a
membrane and two peptidoglycan layers, the cell wall and the chemically distinct cortex. The
membrane separates the cortex from the mu#iyered proteinaceous spomat. Together these
layers compose the spore body. In some species the spore body is surrounded be a baggy
exosporium separated from the spore coat by an interspace region.



1.3.1 Core

The spore core is the innermost structure of the dormant spore and habtseshromosome

ribosomes ananany proteins vital for the propagation of a new vegetative cell. The water content
of the core is extremely low due to high levels of DPA in complex witlt&tins(~25% of spore

core dry weightjSetlow 2006, 2007)The low water content is important in providing wet heat
resistance. DPA has also been shown to have key roles in dry heat resistance and in protecting
against loss of spore viability due to DNA damaigiing desiccatiorfiSetow et al. 2006)DPA is

rapidly released during germination to allow for the rehydration of the spore (dedow 2006)

h k-type SASPs saturate spore DNA and are a major factor contributing to the UV resistance of the
spores(Setlow 2007)Binding of SASPs to the DNA changes the UV photochemistry protecting

against UV induced DNA damage in the form of mutat{@etlow 2007)

1.3.2 Inner Membrane

The inner membrane surrounds the spore core and is compositionallysireitar to that of a

vegetative cell membrangCortezzo and Setlow 200%jowever, the lipids of the membrane are

largely immobile which means the passive permeability of the membrane is extremelgvento

small molecules such as water and methylaen(i@owan et al. 2004; Setlow 2008his is important

Ay GKS alLl2NBQa NBaradlryOS G2 OKSYAOFfa lFa ¢St
and maintaining dormancy. In many speaé®8acilli and Clostridine inner membrane also houses

the germinant receptors crucial for triggering the germination pro¢Bsslass et al. 2002; Brunt et

al. 2014; Moir, Corfe, and Behravan 2002; Setlow 2albt)g withSpoVAhought to be a channel

through which DPA is releasé€depachedu and Setlow 2007)



During the germination process the inner membrane rapidly expands in size to accommodate the
rehydration of the spore coreCryoelectron microscopy ofitreous sectionsGEMOVf B. subtilis
spores revealed the presence of membrane reservoirs within the sporglcave et al. 2018)hese

are thought to insert into the plasma membradaring the early stages of germinatiatiowing the
expansion of the spore cor8imilar structures havedso been observed i@. difficileand

C.botulinum(Laue et al2018)

1.3.3 Cell Wall, Cortex and Outer Membrane

The cell wall and the cortex are composed of peptidoglycan and are contained between the inner
and outer spore membranes. The cell wall has #ae chemical structure as that of a vegetative
cellconsisting of alternating fdcetylglucosamine (NAG) andatetyl muramic acid (NAMgsidues
and is heavily crosslinkeda peptide stems attached to the NAM residsteadorParton and
Popham 2000; Popham 200Zhe cell wall is not thought to have any specific role in spore
resistance but insteadeemsto play amajor rolein mairtaining the integrity of the cell after
germination and serving as a template for new cell wall production during outgr@iitih and

Foster 1999; Popham 2002; Setlow 2006)

Unlike the cell walkthe cortex has been implicated in spore heat resistance as well as maintaining
dormancy. Heat resistance and dormancy are linked to the water content of the core and it is
thought that the cortex plays a role in maintaining core dehydration. It doedbthépplying directed
pressure on the spore core, particularly during sporulation, allowing the efflux of water and the
accumulation of DPA in the spore cptigereby maintaining a dehydrated state within the core
(Warth 1978) The cortex peptidoglycan éhemically distinct from the cell wall in several ways;

almost 50% of the muramic acid residues are converted to muraractam, approximately 25% of



N-acetylmuramic acigeptide side chainare replaced withatypicalshort peptides resulting in less
crosslinking, and roughly 20% ofadetylmuramic acid residues have a singlal&nine residue

(Atrih and Foster 1999AIthough the chemical modifications are not thought to directly contribute
to the resistance properties of the spore, they are crumaprogrammed hydrolysis of the cortex
during germination. More specifically thelactam residuesrethought to act as substrates for
cortex lytic enzymes activated during the early stages of germinadibnwing targeted degradation

of the cortex witlout compromising the underlying cell wall.

The outer membrane surrounds the cortex layer and is essential for spore formation altiasigh
thought to have very little role in spore resistance. There have been suggestions that the outer

membrane may conia pigments contributing to the UV resistance of spqi€isaneja et al. 2010)

1.3.4 Coat

1.3.4.1 Coat Structure and Assembly

Theproteinaceousspore coat icsomposed of an abundance of proteins that are highly crosslinked
and form distinct layers surrounding the emlayers of the spore. In some species, suchB.as

subtilis the coat forms the owrmost layer of the sporelhe spore coat is thought to contain 30% of
total spore proteinaith over 70coatproteins haingbeen identified inB. subtiligHenriques and
Moran, Jr. 2007)At least 50 of these proteins are found in other Bacillus spebigever, only 20
have been found to have homologues in Clostr{gHanriqgues and Moran, Jr. 200The diversity in
coat proteinsacross species likdy to reflectspecies specific adaptations aadcount for the

varying coat structures observed in thin section{Bgiks and Eichenberger 2016) B. subtilighree
distinct layers were seeimcluding an undercoat that likely bridges the gap betwdss ¢ortex and

the coat an inner coat, and a thiekectron denseuter coat(Henriquesand Moran, Jr. 2007Thin
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sectioning data fron€C. sporogenesuggestshat the coat is composed giist two well defined

layers, the inner and outer co@Brunt et al., 2015; DafiSagarmendi, 2021; Hoeniger and Headley,
Mdpc T tFySaal n2 I NNEE. s@idbgehespdre coainasdot Beenwedip T 0
characterised but homologues of some Bacillus coat proteins have been identified suggesting some

similarity between the gener@Janganan et al. 2016)

2D electron crystallography of fragments from the outer layerB.afereusind B. thuringiensis
sporesidentified a crystal type that could correspondada outer coat laye(Ball et al. 2008)t was

composed of a assembly of hexagonal ringith p6 symmetrythat formed aW LJA (G SMRh af | @ S NI
centralpore that was ~68in diameter(Ball et al., 2008).ikewise, irB. subtilisa similar structure is
observed wherthe cysteine rich coat protein Coi¥over expressed i&. colwhere it self

assembleso form a hexagonal crystallinarray(Jiang et al. 2015)

The assembly of the spore cagians a considerable amount of the sporulation peaod is
exclusively cardinated by the mother cellThe expression d&0% of the spore coat proteirs B.
subtilisis under the control of E which is active shortly adt asymmetric division within the mother
cell(Driks and Eichenberger 2018his includes the proteiBpolVAwvhich is essential for spore coat
formation and is conserved across Bacilli and Clostfidéariques and Moranlr. 2007)Most ofthe

* Erequlated proteins are involved in thinitialisation of coaassembly and the formation of the
inner coat layersA further 75proteinsareregulatedby * Xand therefore expressed later in
sporulation(Driks and Eichenberger 2016; Henriques and Moran, Jr. ZD0& majority of these
proteins compose the outer layers of the spore cddbwever, eme contribute to the maturation of
the inner coat ly either carrying out modifications to already assembled proteinprawiding an
additional structural roléHenriques and Moran, Jr. 2000nce assembledhe spore coat

undergoes an extensive maturation periddring whicha variety of postranslational modifications
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are carried out such as crosslinking, glycosylationgoteolytic processingHenrigues and Moran

2000)

1.3.4.2 CoatFunction

The multilayered nature of the cods thought to act as a physical barrier thatsome extent
passively excludegegradativeenzymessuch as lysozymas well as toxic moleculéBriks and
Eichenberger 2016; Henriques and Moran, Jr. 208@)vever, the coais notcompletely
impermeable as itnust also allow for the passage of germinant molecules into the spbee
presence of catalases within the cadsosuggests that the coat plays an active role inodéting

oxidative compoundg§Driks and Eichenberger 2016; Henriques and Moran, Jr. 2007)

The coat is also thought to have a role in modulating the germination process. GerP is thought to
reside within the coat and facilitate the passage of germinankeewes into the inner layers of the
spore(Driks anceichenberger 2016However, he exact mechanism by which this occurs has yet to
be determined In addition, the cortex hydrolysis enzyme, CwlJ, is present within the inneotBat
subtilisand thaught to remain there until required during thgeerminationprocesqDriks and
Eichenberger 2016Alanine racemases have also been found in association with the spore &at in
subtiliswhich may be involved in the conversion of gperminantmolecule Ealanine to Balanine
thereby delaying thgerminationprocess. Although this role has been seen for exosporium
associated alanine racemaseBnanthracigChesnokova et al. 200@has not been confirmed for

coat associated racemases.

It has futher been suggestethat the coat plays a role in adapting ¢banges in humidityDriks

2003) Folds in the sporeoatare thought toallow for expansion of theporecortexduring tigh

12



humidity conditionsas well as allow for the expansion of the spooge during the early stages of

germination(Driks 2003; Westphal et al. 2003)

1.3.5 Interspace

The interspacdiesbetween the coat and the exosporiuamd is seen in thin sectioning data from
many specieacross the Bacilli and Clostridig: 1.3, B,and C) (Ball et al. 2008; Brunt et al. 2015;
DafisSagarmendi 2021; Ebersold et al. 1981; Hoeniger and Headley 1969; Portinha et al. 2022;
Walleret al. 2004; Wehrli, Scherrer, and Kuebler 1980 sectioning data revealed the presence of
layers within he interspacén some species KA OK K|l @S 0SSy G(SMMBSR WLI NI al
thuringiensighe layersare seen to stack formingjstinctlamellae within the interspacé-ig: 1.3A)
(Ebersold et al. 1981Freezédracture studies demonstrated that these layers wardact para
crystalline array¢Ebersold et al. 1981; Wehrli et al. 198Blectron crystallography conducted on
fragments of the outer layers &. cereusndB. thuringiensisevealed a crstal type proposed to
correspond to the parasporal laygBall et al. 2008; Kailas et al. 201h)both C. sporogene@®afis
Sagarmendi, 2021; Brunt et al., 2015; Hoeniger and Headley, 4889). botulinunm(Portinha et al.
2022; StevensorWaughn, and Crisan 1972arasporal layers have beehservedwithin the

interspace regionByelectron crystallography df. sporogenes crystal type has been observed that
could correspond tehe parasporal layer@afisSagarmendi, 202 1however, composition and

function remains unknown.
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C. sporogenes

Figurel.3: Thin Sections of Spores from Various Species of Bacilli and Clostridia

A) Thin section of a dormaBt thuringiensispore. G; core, CM¢ cell membrane, GCWgerm cell
wall, CX; cortex, S spore coat, LL, laminated layers, E exosporium. Scale bar 160 nm.
Reproduced with permissidfiebersold et al. 198B) Thin section of a dormaBt anthracispore. 1
¢ hairy nap layer, 2, exosporium basal layeReproduced with permissigiwaller et al. 2004L)C.
sporogenesiormant spore. & core, CT; cortex, SE spore coat, Exexosporium. D) Germinating
C. sporogenespore. Green arrow shows opening in the exosporium pole. Pink arrow indicates
disruption.Reproduced with permissigiBrunt et al. 2015)

InB. arthracisit has been proposethat the interspace containsvo distinct layers of
polysaccharidéLehmann et al. 2022Aninner polysaccharidi&yeris thought toassemble around
the foresporeduring engulfmentprior to coat formation The coat isssenbled beneath this
polysaccharidéayer.The outer polysaccharide layer accumulates at the mothesprekimal pole
between the exosporium cap and the innaslysaccharidéayerand is gradualldistributed laterally

around the sporeguiding the formation of the exosporium around the spore b@dghmann et al.
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2022) Thesepolysaccharidéayers are thought to be degraded during the early stages of
germination as an energy source for the developing ta8.importantto further nate that
parasporal layers have not beéerscribedwithin B. anthracisand how these would be assembled

alongside the polysaccharide layers has not beeastigated.

1.3.6 Exosporium

The exosporium is the outermost spore layer found in some species of Batililastridia. This
layer is not ubiquitous across all spore formdos example it is not present i. subtiligshe
organism that has been the primary focus of much spore research. Because of this there is limited

knowledge on the structure and functiaf the exosporium layer.

Asthe first point of contact between the dormant spore and the environment or host
understandinghe exosporium igssential The interactions it makes ammportant for its role in
surface adherence, protection, host cell irdetions and germinatio(Henriques and Moran, Jr.
2007) Early studies of both Bacilli and Clostridia exosposhowedit to be composed of hasal
layer with ahoneycomblike paracrystalline arrayGerhardt and Ribi 1964; Wehrli et al. 1980)

some species the basal layer is uniformly decorated with short flaments termed the hairy nap.

The majority of research into exosporium structure and assembly has been carried out within the
Bacillus cereugroup which includeB. cereusB. thuringiensigand B. anthracisMore recently
structural analysis of th€. sporogenesxosporium hasevealed a similastructural nature between

the species.
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1.3.6.1 Exosporium within theBacillus cereugroup

Members of theB. cereugroup possess a baggy exosporium tisatften elongated at one pole and

is separated from the coat layer by an interspace. Fragments of the outermost layers from these
spores were analysed using electron crystallography which revealed the presence of three different
crystal typegqBall et al. 2008)Types I, Il and 11l were foundBncereusgndB. thuringiensistrains

whilst just Types Il and Ill in tle anthracistrains(Ball et al. 2008)Type Il crystal is common to all
three species and corresponds to the basal layer of the extasp, confirmed by the presence of

the hairy nap on crystals froB. cereuseen by both EM anaomic force microscopyAFM (Ball et

al. 2008; Kailas et al. 201The type 1l crystal is composed of a hexagonal array of crown like rings
connected by threefold linkers with a itrcella=b=~80A: = 120 and has phases consistent with

p6 symmetry(Ball et al. 2008; Kailas et al. 201&rry et al. 2017)

Type | and type llI crystals are thought to correspond to layers deeper within the spore. Type |
crystals found ifB. cereusind B. thuringiensisire similar in structure to type Il crystals however

they have a smaller unit cell and phases consistent p8teymmetry(Ball et al. 2008; Kailas et al.
2011) This crystal is thought to make up a parasporal layer within the interspace of the(Badire

et al. 2008) Type Ill crystal has a larger unit cell a = b = ~100 A and consists of a ring strutture wit
p6 symmetry. This crystal likely corresponds to an outer sposdlayer(Ball et al. 2008)A

schematic showing the structures and locations of the different crystals can be sEganal.4.

The 3D reconstruction of thexosporiumbasal layer from botl8. thuringiensiandB. cereus

showed that the crown like rings are in fact enclosed to form a cup like structure on one side and a
domed structure on the othefBall et al. 2008)AFM of bothB. cereusindB. thuringiensigD11 (a
napless strain) revealed the domed structure to correspond to the interior surface whilst the
concave cups form the exterior facing surfgBall et al. 2008; Kailas et al. 201Threefold linkers

or spokes are seen to connect these cups togetherlikady location for the attachment of the hairy
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nap(Kailas et al. 2011; Terry et al. 201Z)ycEM of type Il crystal yielded an 8 A resolution
projection map of the underlying crystal structu€ailas et al. 2011Yhis clearly showed theentral
ring, much like thecrown-like structure seen previousig 3D reconstructionsand clear densities
GSNE ARSY(GATASR -hetled SuBunifKaildsEet al. 20LA¥ MslwAs!futied
confirmed by the use of circular dichroism spectroscopy syfiadi | -helgEd cohtenfor
exosporium fragmentgailas et al. 2011The6 subunits that compose the centnahgs are
surrounded by six peripheral pores, approximately 20 A in diameter, large enough for small
molecules such as germinants to entertlsmall enough that largeegjyradativeenzymes and

antibodies would be excludg@all et & 2008; Kailas et al. 2011)

Filaments of the
Hairy Nap

Inner membrane

Germ-cell wall

Outer
membrane

Type 11 crystals (F,)
Inner ‘Basal layer®

spore coat

~
A0 00 .
)

. ' . X . 1 Type I crystals (F,)
. . . ’ Outer spore coat ‘Parasporal layer’
P (comprising of

Type 111 crystals Pitted and cross-
‘Pitted layer’ patch layers)

Figurel.4: ProposedCrystaline Layer_ocations Within theB. cereussroup Spores

Possible locations of Type I, Type Il and Type Il crystal lattices are indivepedduced with
permission(Ball et al. 2008)

A large number of proteins associated with the exosporium.afereugiroup species have been
identified, including key structural proteins ExsY, CotY, BclA, BclB, ExsFA and ExsFB as well as

proteins likely to be adsorbed to the surface such as alanine race(Rasienond et al. 2004; Todd
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et al. 2003) ExsY and CotY arestine rich proteins and are homologysfaring 90% amino acid
sequence identityJohnson et al. 2006Mutagenesis studies B. cereushowed that both CotY and
ExsY play key roles in the formation of the exosporfdomnson et al. 2006F-urther tothis, CotY
has been implicated in forming the initial cap structure of the exosporium, from which the rest of
the exosporium is rapidly assembl@sloone et al. 2018; Johnson et al. 2008¢terologous
expression of ExsY froB cereusn E. colyieldedselfassembled 2D crystalline lattices with the
same underlying crystal structure as that seen from native exosporium fragr{iesny et al. 2017)
ExsY and CotY also have a 35% homology to the CotY coat crust prBtesnltilis Additionally,
CotYfrom B. subtilishas also been shown to sel§semble when heterologously expressedtircoli
to form a structure not dissimilar to that of exosporium basal layer inBheereugroup (Jiang et al.
2015) Taken together this suggests that despite kimilarity there is likely a conserved assembly

mechanism for not just exosporium proteins kalsocoat layers.

BothB. cereusind B. anthracigpossess a hairy nap which is likely important for spore adhesion and
surface interactiongSylvestre, Couturg@osi and Mock, 2002The hairy nap is made up of
glycosylated filaments of BclA and BclB proteltm presence of Bel#n the surface oB. anthracis

has been associated wifromoting sporepersistencan vivoby mediating an immune inhibition
mechanism(Wang et al. 2016)The BclA and BcfBoteins are composed of a central collagie
region containing-70 GXX amino acid repeats and-gefninal hydrophobic regio(Sylvestreet al.
2002) The Nterminal of the Bcl proteins covalently binds ExsFA or ExsFB anchoring the protein to

the exosporium layefKailas et al. 2011; Sylvestre, Coutiliiasi, and Mock 2005; Terry et al. 2017)

1.3.6.2 Exosporium ofC. sporogenes

Much like theBacillus cereugroup discussg above C. sporogengsossesses a baggy dde
exosporium(Fig: 1.5A)Imaging by EM and AFM has revealed key structural details about the

exosporium layer il€. sporogenesmages show that the exosporium is extended at one pole of the
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spore and thathe outer surface appears uniformly covered in a hairy (fg: 1.5(Janganan et al.
2016) There are also several larger appendages including beaded fibrils that have beads at regular
70 nm intervals, intermediate fibrils, and a larger appendage ajprately 20 nm in diameter and
upto2>Y f(Rigf H5KPanganan et al. 2016)Vhether the fibrils and the large appendages are

attached to theexosporium surface or emanate from deeper within the spore is unclear.

=y

3—

4—

Figurel.l: Negative Stain TEM @&. sporogeneSpores

A) C. sporogenespore with an electron dense spore body with folded-Biee exosporium extende
at one pole. Scale bar 0.5 um. A hairy nap is present on the surface of the exosporium (arrow
Inlay shows a lower magnification view of spores. Scale bar. B High magnification of the
exosporium surface edge showing various surface featurbgiry nap, Zintermediate fibril; 3
beaded fibril, 4arge appendage. Scale bar 0.5..Reproduced with permissiddanganan et al.
2016)

The proteins that compose or are associated with the exosporium layer were determined using mass
spectrometry of isolated exosporium fragments. The results indicated the presenceuofleenof
proteins including several cysteine rich proteins, CsxA, CsxB andv@sgp@teinswith collagen like
repeats, BclAand BclBnamed by analogy not homology), and a variety of proteins containing
various enzymatic domairf8anganan et al. 201@lomologues of the cysteine rich proteins have

been identified in othelC. sporogenestrains as well as in Groug! botulinumA summary of these

proteins can be seen in tablel
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Tablel.1l: Amino acid sequences Gf sporogenesxosporium associated proteins

Protein

Amino Acid Sequence

Molecular
Weight

(estimated)

Notes

CsxA

MAINSKDFIPRPGFVNKQGCLPDPVEICCIQVPKVF
CLKPTDDCEQLCKQIPNITDPSQVRCVGCCKNLKV
PVSNGKPGYKKVTINYTITFDVDVDVNEINGTLSY SV
TITASNLYCPDTIAKTIGKECTSAEEVDQQFIKIEVV
SKIDCGGGCNCGCTCPDDPNNGDNKVFLCITLGLH
QLMVPAYGYCPVPEECKCSHDPCKEFMERELPTL

NLFDEYDERQDDRHIHNEKHIEEEEERGNMITSSVI

34 kDa

7.1%Cys

CsxB

MSKSSEEKMENKEVLNINSFNISEFCNADEGSNFIH
RAILDINVADTSRLLQVNVALRNVCIGKELTVGCILID
LAFKSQTFTVGHGGSGCGCSEDKHGSPCTNTSRK

LCSSMDLKVKIANYTHPCN

16.6 kDa

6.6%Cys

CsxC

MMSMDEMRGNYDSNSYKSGNYDCHKDCGKVIES
GTDITPETVAPPVVAKIPVVIAEQEIQVDVEARMKLK
RIRKDVFLTQCELLPRAGVIEDGVPVTGKLFISGY V|
ADCVKHDAVSGDIKHTTEKIPFNCVTEVTYITPPIVS
TDLYCDEGLCDCSCREEKLGKLNCQEYLEDVVTY

GARIFETDIQRKPCYEDGVKVYDELLEKMVVYVRV

VAIDNGAGGLGCRSKEH

30 kDa

5.5%Cys

BclA

MVNNSLQLQRTTTGTISANTNVIFDNTLLSTGSDIS

VVTITKTGIYYVDWWVTTQSSFSATYISFAIKTSDNK

64 kDa

186 XXG

repeats
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KISQVSGNALLNVTTVPYTFSLINSNLDVSLAVNPT

EETSTLGVTGPTGPQGITGATGPQGITGATGPQGV
QGVTGTTGLQGVTGPTGPQGTTGPTGSQGVTGP?
GPTGPQGVTGATGPQGVTGATGPQGVTGATGPQC
PQGITGPTGLQGVTGATGPQGITGTTGPQGTTGP]T
GPTGPQGTTGPTGPQGTTGPTGPQGTTGPTGPQ
PQGTTGPTGVTGPTGIQGITGPTGVTGPTGIQGITC
PTGIQGITGPTGVTGPTGIQGITGPTGVTGPTGIQG
TGPTGIQGITGPTGVTGPTGIQGITGPTGVTGPTGI(
GVTGPTGIQGEPTGVTGPTGIQGITGPTGVTGPTGI
PTGVTGPTGIQGITGPTGVTGPTGIQGITGPTGVTG
TGPTGVTGPTGIQGITGPTGVTGPTGIQGITGPTG,
GITGPTGVTGPTGIQGITGPTGVTGPTGIQGITGPT!
IQGITGPTGVTGPTGIQGITGPTGVTGPTGIQGITGH

TGIQGITGPTGVTGPTGP

BclB

MSHRCKMICMPCCCNCTCPRGVTGPTGPRGITGP]
GPTGPIGITGPTGPIGITGPTGPIGITGPTGPIGITGP
PTGPIGITGPTGPIGITGPTGPIGVTGPTGPIGITGPT
IPFASGGPVALVTVLGGLANTGALLGFGSSFPGVT]
SPTVSDFAFVAPRTGTITSLAGFFSATIGVTLLSPV(
AASNTFTPVGTPLLLTPALGIIAIGTTASG/AAGIRIL

VADSDTLGVDLASVVTGYVSAGIAIS

27.8 kDa

37 XXG

repeats
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Hectron crystallography of the native exosporium@fsporogeneshowed that it was formed of a
hexagonally symmetric twdimensional semipermeable lattice. A 3D reconstruction of the native
exosporium showed the lattice was made up of a-tikg ring with 6fold symmetry linked to

adjacent rings through a smakf8ld linker(Fig: 1.6APanganan et al. 2020 the centre of the cog

like ring there is a major pore and a further 6 smaller pores surrounding the ring between each of
the 3fold linkers. These pores fully permeate the exosporium layer and the largest central pore has
a diameter of 558. These pa¥s would allow for movement of small molecules such as germinants
into and out of the spore whilst excluding larger proteins, thereby acting as a molecular sieve

(Janganan et al. 2020)

Based on the work in Bacillube cysteine rich proteins identifiegere thought to behe most likely
candidates to compose the basal structure of the exosporium. -@xpression of CsxA i coli
yielded seHassembling 2D crystals which when imaged had the same underlying structure as the
native exosporiunfJanganan et al. 2020Fhis suggests that the major prote&iomposinghe
exosporium inC. sporogeneis CsxA and that it likely self assembles within the mother cell during

sporulation.

One of the advantages of the recombinant CsxA crystals was that they werabla¢o imaging

using cryeEM. This led to a much higher resolution projection map of the underlying crystal
structure of the exosporium (i 1.6B (Janganan et al. 2020yhe A map clearly shows a

hexameric ring of 6 protein subunits surroundingssl dense central cavity. The hexameric rings
appear to be connected together via a smatbRl linker to form the crystalline latticé~ig:1.6B)
(Jangananteal. 2020) The addition of images from tilted crystals allowed for a 3D reconstruction of
Csx/Acrystal to be generate(DafisSagarmendi 2021Yhe 3D reconstruction showed that the

central hexameric ring structure has a crolike appearance and is connected to adjacent rings via

3-fold linkers that appear raised on one side of the crystal anohfcraters on the other (Fig
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1.6Q(DafisSagarmendi 2021Thecentral pore within the crowsike ringhasa diameter of~ 40A
at its narrowest poin{DafisSagarmendi 2021% peripheral ovoid shaped pores are also present

between the 3fold linker regiongDafisSagarmendi 2021)

Figurel.6: 3D Structure of Csx@&ystal and Native Exosporium

A) CsxA density (yellow) superimposed onto a 3D representation of the native exospo@um in
sporogeneggrey). B) 2D projection map from cea of CsxA crystal at 9 A resolution. Solid
contours represent density above the mean density whilst dashed liggresent density below th
mean. The hexagonal ring of the unit cell is highlighted with a dashed circle, the threefold link
marked with a triangle. A potential subunit is circlde:B reproduced with permissigdanganan et
al. 2020)C) Cry@D reconstruction of CsxA crystal. i+ii) views perpendicular to the plane iii+iv)
views showing opposite sides of the crystal lattice. Dotted circle (i) shows the central hexame
with a potential subunit highlighted with a pink dotted cirdRaised Jold linkers on one side of tF
crystal are labelled with a pink arrow (in iv and the craters with a purple arrow in iii. Red arrov
indicated the pointed crown of the central ring. A peripheral pore is indicated by a light blue a
(if). Reproduced with permissigiafisSagarmendi 2021)
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AFM of the recombinant CsxA crystals alongside native exosporium fragments allowed for the
allocation of the external and internal facing surfaces of the crydtaiganan et al. 2020Jhe
externalsurface appeared to be a hexameric assembly with petal like lobes whilst the internal
surface possessed raised trimeric linkers joining the rings of the lattice tog@tmeyanan et al.

2020) An additional important observation was that there waigrificant structural changes

observed when the crystal samples were imaged in dehydrated and hydrated states. These changes
appeared to be reversible and also representative of the differences seen between the 3D
reconstructions obtained from negative stgotehydrated) and cry&M (hydrated)Fig: 1.6)Dafis
Sagarmendi 2021; Janganan et al. 20Z@js structural change could also be of significant biological

importance in allowing the spore to adapt to changes in the environmental water content.

It is clar CsxA plays a major structural role in the formation of the exosporium. However, it remains
to be determined what the roles of the other exosporium associated proteins are and how they

contribute to the spore structure.

1.3.6.3 Exosporium Assembly

There is veryimited knowledge about the assembly of the exosporium across iBauillClostridia

and it is thought to be a very complex and highly regulated process. Exosporium formation is closely
linked to coat formation and signs of exosporium formation in Basjyp.have been seen as early

in sporulation as engulfment. B.anthracisthe initial stage of exosporium assembly involves the
formation of the cap and the generation of a sac that surrounds the spore acting as a scaffold onto
which the exosporiunis assemble@Boone et al. 2018)Proteins shown to be involved in this

process include CotO and CotE with mutants showing mislocalisation of exosporium fragments and
the loss of exosporium from sporéBoone et al. 2018)t has been shown iB. anthracisthat CotO

is required for exosporium cap formation. CotO itself is anchored to the spore coat via binding with

CotE thereby anchoring the exosporium cap to the spore. It is thought that CotO and CotE are part of
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the scaffold that surrounds the spore ontdiigh the final exosporium is assembl@bone et al.

2018) In addition to CotO and CotE there is also thought to be a layer of polysaccharide that
surrounds the spore codt.ehmam et al. 2022)CotY and ExsY proteins then assemble to form the
exospoium structure that can be seen on native spores. The cap of the exosporium is laid down first
and consists primarily of CotY protein (possibly with some ExsY present) whilst the remainder of the
exosporium is composed primarily of EXBYy: 17)(Terry et al. 2017Exosporium assembly is

thought to be guided around the spore by the formationaecond polysaccharide laygrehmann

et al. 2022) This is initially formed at the mother cell proximal pole between ¢hag and the inner
polysaccharide layealready present around the spofeehmann et al. 2022)\s the exosporium is
assembled around the spore the interaction between CotO and CotE is disrupted and the interspace,
containing the polysaccharide layers, is formetvieen the exosporium and éhcoat(Boone et al.

2018; Lehmann et al. 2022)

In B. anthracidoth the cap and the rest of the exosporiusme covered in a hairy nap consisting
exclusively of BclA on the cap region and a mixture of B¢lA and BclIB around the rest of the
exosporium(Thompson et al. 2012The high structural similarity seen between Beailll Clostridia
exosporium suggests that there may bearalogousassembly approach between the two,
however, there is currently no evidence for a cap structure in Clostrida.simorogenesn

aperture has been observed at one pademetimes appearing to be coverdatiat could correspond

to a cap but this is yet to be provéBrunt et al. 2015)

There is substantial evidence for thale of seltassembly of CotY and ExsY inilBand CsxA ig.
sporogenesporesand it is likely that the crystal packing drives the exosporium asse@dohganan
et al. 2020; Jiang et al. 2015; Terry et al. 20HBWwever, as seen from work Bhranthracisit is still a
controlled process likely involving chaperone proteins and scaffslat as Cot@CotEand

polysaccharide layerthat directthe assembly process ensuring the progressive assembly of the
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exosporium around the spore from the mother cellpBoone et al. 2018; Lehmann et al. 2022)

This is further evidenced by the lack of patches of exosporium forming within the mother cell during
sporulation. The high symmetry packing of the cysteine rich exosporium proteins provides
favourable conditias for ceoperative disulphide bond formation even in unfavourable conditions
such as the reducing environment of the mother cell cyt¢3ahganan et al. 2020} seems that
although some headway has been made in determining the assembly processeabgporium the

fundamental dynamics of the process are yet to be fully understood.

In addition to the major proteins CotY and ExsY in Bacillus the basal layer has several additional
proteins namely ExsFA (BxpB) and ExsFB that are incorporated to foimmtkec linkers between
the hexameric ringgFig:1.7B)Kailas et al. 2011Yhese proteins bind covalently with BclA and
interact with BcIB allowing for the formation of the hairy nap. Although a hairy nap has been
observed in Clostridia the assemblocess is yet to be determined as the additional proteins
analogous to ExsFA and ExsFB do not appear to be préssmtnmary of the exosporium assembly

process iB. cereugan be seen in Figure 1.7.
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Figurel.7: Assembly of Exosporium in th. cereussroup

A) Main stages of assembly based on outline by Henriques and Nideamiques and Moran, Jr.
2007) An initial cap region is formed at one pole and then the assembly of the exosporium
progresses around the sporB) Monomeric ExsY self assembige disuphide linked hexameric
array. InB. cereushis is joined by ExsFA trimers that form an anchor for the BclA filaments to
adhere to the exosporium surface forming the hairy napB reproduced with permissidierry et
al. 2017)

1.3.6.4 Role of the Exsporium

The exosporium is the outermost layer of the spore and as such is the first point of contact with the
environmentor host. The hairy nap has been shown to play an important role in spore adhesion and

contributes significantly to spore hydrophobic{iStewart 2015)Both of these spore qualities are
27



key to surface attachment including to food preparation surfaces such as stainless steel. The hairy
nap protein BclA has been implicated in the process of spore uptake by phagocytic host cells

specificdly by interacting with host integrins (Reviewed 8tewart 2015)

The exosporium also has a protective role for the spore which is both active and passive. The
exosporium itself is extremely resilient with crystals of both Bagitll Clostridia exogpium

proteins requiring particularly harsh reducing conditions to disassemble the crystal structure. For the
B. cereugprotein ExsY disassembly required subjecting the crystals to 8 M urea, 200 mM DTT, 2%
(w/v) SDS at 9C for 20 minutegTerry et al. 2017and for theC. sporogenegrotein CsxA boiling

the crystals in 2 M DTT for 60 minuidanganan et al. 2020Jhe exosporium structure is such that
there are small pores present. These pores are small enough to impede the passage of large
molecuks such as digestive enzymes and antibodies but allow the passage of small molecules such
as germinantg¢Ball et al. 2008; Janganan et al. 2020; Kailas et al. 2@1thjs way the exosporium

acts as a molecular sieve carefully selecting for requireboutes and preventing inner spore layers
from being degraded. The exosporium also acts as a matrix to which a large variety of enzymes are
associated. In Bagithis includes several superoxide dimutases (SODs) which may contribute
towards protection agast oxidative stress and increase pathogeni¢8teichen et al. 2003; Stewart
2015) In Clostridiaa ferrodoxin/flavodoxin oxidoreductase has been identified thought to be

involved in the response to oxidative strédanganan et al. 2016)

The exoporium inC. botulinumhas also been suggested to play a role intibat resistant
properties of the sporg¢Portinha et al. 2022)The thickness of the outermost exosporium layer
varies between strains @. botulinunand this appeared to correlate withe heat resistah
properties displayed by the sporesth strains with thinner or no exosporium being more

susceptible to heat treatmernPortinha et al. 2022)
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Finally, the exosporium has a role in spore germination. The observation of an exospapium c
structure inB. anthracias led to the bottle cap model of germination where the outgrowing cell
exploits the weak point created by the join between the cap and the rest of the exosporium
(discussedn section 1.4.4Steichen, Kearney, and Turnbough 20@Manine racemase was also
found to be present on the exosporium Bf anthracisand is thoughto actively modulate the
germination process by convertingalanine, a germinant molecule, tod¥anine an inhibitor of

germination(Chesnokova et al. 2009)

1.4 Germination

The process of spore germination allows dormant spores to return to active growth which is crucial
to the pathogenesis of many species. The process of germination can be triggered by a variety of
chemical and physical methods. However, the natural triggére presence of specific small

molecules within the environment called germinants. Understanding the process of germination is of
particular importance to the food industry where developing ways to either stimulate or prevent
spore germination would hplsignificantly in eliminating the threat posed by spores. The detailed
mechanisms involved in the germination procassfar from completdy understood however, by

piecing together work from various species of both Bacilli and Clostridia a broad piatutee

formed. Generally, germination involves three major stages: Stage I: germinant detection,
commitment and C&®PA release, Stage Il: cortex hydrolysis, Stage IlI: cell emergence and

outgrowth.
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1.4.1 Stage I: Germinant Exposure, Commitment and@QRA Redase

Germination is initiated by the recognition of small molecules (germinants) by germinant receptors
(GRs) located within the inner membrane of the spore. The GRs encoded by each species determines
their ability to germinate in response to specific ganemts. Most species encode multiple GRs that

bind a variety of small molecules that are effective in triggering germiné@guinAraneda et al.

2015) For the most part these germinant molecules tend to consist of amino acids, sugars, and

other smallorganic molecules. The most effective combination of germinants varies across species,
for example, irB. subtilid-alanineand L-valinecanindividually trigger efficient germination and in

C. sporogeneand C. botulinuma combination of icysteine and {actate habeen shown to be the

most effective(Brunt et al. 2014)

Germinant receptors that localise to the inner membrane of the spore belong to the Ger family of
proteins. These are found in Bacilli as welCadotulinumandC. spoogenes Ger GRs are formed of
three subunits A, B and C. Subgiitand Bare integral membrane proteins whidwonsist of
transmembrane helices whilst subuniti€a peripheral membrane protegonsisting of a

hydrophilic domairwhichis anchoredo the membraneby a diacylglgerylated cysteine residue.
(ParedesSabja, Setlow, and Sarker 201TheC. botulinungenome contains two tricistronic and

one pentacistronic GR operons whist sporogenesontains three tricistronic and one tetracistronic
GR operon. It was shown through genetic manipulation of these operon€tHatulinunonly
requires two tricistroinc encoded GRs for germination which cannot function independently of each
other. C. sporogena®quires just one tricistronic GR for successful germingynnt et al. 2014)It

is thought the other encoded GRs may form part of a complex involvezhinoding the rate of

amino acid stimulated germination.

After exposure to germinant molecules there comes a point of no return where the spores are

committed to germination no matter what changes the spores are exposed to. Even germinant
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dissociation by strong competitive inhibitor or acidification no longer blocks the completion of
germination after spore commitmerflYi and Setlow 2010The specific mechanism of spore
commitment is not well understood but it is thought that it could involve a chdadhle inner
membrane of the spore with regards to its permeability that allows the release of monovalent
cations from the spore corgSetlow 2014)What is clear is that spore commitment precedes core

CaDPA releaseften by several minutes.

Core CeéDFA release is the final event of stage | of germination and is responsible for triggering entry
to stage Il. The release of O&A from the core is a rapid process and once initiated occurs within a
matter of minutes. However, the process by which[RA igeleased is poorly understood. It is

thought to be released via channels formed from spore specific SpoVA prfteipachedu and

Setlow 2007)The release of spore core-DRA also leads to the partial rehydration of the spore

core which can be visua#d as change from phase bright to phase dark under a phase contrast

microscope.

1.4.2 Stage II: Cortex Hydrolysis

During stage Il of germination the cortex of the spore is degraded by cortex lytic enzymes (CLES). In
Bacill and most Clostridia there are two noa redundant CLEs, CwlJ and SleB, which degrade the
cortex by recognition of the cortex speciidactam residues. CwlJ and SleB both require additional
proteins for proper localisation within sporé€hirakkakt al. 2002) CwlJ requires the GerQ peit

and localises to thenner coatcortexboundary within the sporéRagkousi et al. 2003%leB requires

the YpeB protein which is thought to localise to the inner membrane of the {Badand et al.

2000) CwlJ is known to be activated by-IDBA however, whether this is through direct or indirect

interaction is not known and how CwlJ is kept inactive during sporulation wh&P@as being
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accumulated within the spore remains a mystéPaidhungat, Ragkousi, and Setlow 20&1¢B

activation is evae more poorly understoodut, as the protein is associated with the inner

membrane, changes in pressure provided by the cortex as the spedB8as released could cause
structural changes to the membrane triggering SleB activdtiguinAraneda et al. 2015Pespite

the limited knowledge on the mechanisms behind activation of the CLEs it is clear that the process of
cortex hydrolysis is essential for spore germination as knocking out both CLESs results in an arrest of
the germination process with spores unalib successfully release a vegetative (@€Hirakkal et al.

2002) The completion of cortex degradation allows for the germ cell wall to expand and for the core
of the spore to continue taking up water. Upon the completion of stage Il the core watéerdchas

risen to approximately 80% of the wet weight which is equal to that of a growin{Setlow 2014)

Thin sectioningof germinating spores iBacillus species show tlexpanded nature of the spore core
and the apparentlecrease in the thicknesd the cortex layer consistent with its degradation
(Hashimoto and Conti 1971; Santo and Doi 19&K#houghthe process by which cortex hydrolysis
initiation is different inC. difficilethin sectioning of spores undergoing germination clearly shaav th
cortex thickness decreasing frob30 nmto 40 nmand the spore core expanding to fillalspace

within the coat(Baloh, Nerber, and Sorg 2022)

1.4.3 Stage lll: Cell Emergence and Outgrowth

The final stage of germination involves the emergence of a vegetaéll from the outer layers of
the spore.Through the use of fluorescence microscopy it was discovered that one pole Bf the
anthracisexosporium is structurally different, forming a polar ¢&peichen et al. 2007)maging
throughout germination reealed that vegetative cell emergence occurred exclusively through this

polar cap region in the exosporiufBteichen et al. 2007Emergencevas often forceful enough to
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allow the emerging cell to rapidly dissociate from the remaining spore layers complgteighen et

al. 2007) All this evidence suggests that the emergence of vegetative c@lsainthracigs via a
programmed ceordinated mechanism and that the sirturally different cap may provide a weak

point for vegetative cell emergence from the spore outer layers. This mode of emergence through a

polar cap has been termed the bottle cap model of germination

Some structural work has been carried outinspongenedo visualise the emergence of cells from
the spore outer layers. SEM and thin sectioning images have shown an aperture at one pole of the
spore in the exosporium layer prior to cell emergence (Fig: 1.3C afigtudi et al. 2015)This

aperture aigns with visible ruptures in the spore coat layers further inside the sg@mst et al.

2015) The emerging cell is released through the polar aperture in the exosporium which could
suggest a method of cell emergence analogous to th&. @nthracisHow and when this aperture

is formed is unknown and the mechanism by which the protein coat is degraded is also unclear.
There have been suggestions that the coat proteins may be broken down by lytic proteins released

from the nascent cel(Hoeniger and Headley 1969)

The process of cell emergence observe@irsporogeneappears to be a much slower and a less
explosive process to that seen in some other species. The nascent cells can often remain partially
within the spore outer layers, in some cags®n to the point where the new cell begins to divide
(Brunt et al. 2015; Hoeniger and Headley 198%)is observation would support the idea that cell
emergence irC. sporogeneis controlled by slow degradation of the spore outer layers. A fupld

of pressure that leads to the explosive release of the cell would usually result in cells completely

dissociating from the spore remnantidoeniger and Headley 1969)
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1.4.4 Superdormancy and Heterogeneity

The germination process is heterogeneous with individpalres having highly variable lag periods
between germinant exposure and CdA releasé€Yi and Setlow 2010%pores that take a prolonged
period of time to begin the germination process, despite high germinant levels, are considered to be
superdormant(Ghosh and Setlow 20Q9)he major reason for superdormancy is thought to be very
low levels of GRs within the spot®wever, recent findings from timdapse fluorescence imaging
suggests this may not be the ca8reedijk et al. 2020Biologicallylte superdormant spores are
thought to be a protective mechanism to allow for persistence in the case of premature
germination. Superdormancy and heterogeneity is particularly problematic when trying to eradicate

spores and is therefore an important areafofther investigation.

1.4.5 Alternative Germination Triggers

Nutrient germinants are considered to be the natural triggers of germination, however, other
conditions and molecules have been shownrigder germinationn vitro. These include high
pressure(Sarker eal. 2015) dodecylamin€Rode and Foster 19619nd high concentrations of
exogenous CGBPA(Riemann and John Ordal 1961 all cases these methods byp#ssinitial
stage of germinant detection by the GRs and cause the releaGalPA from the spore core via

alternative means.

During high pressure treatment of spores instead of germinants binding to the GRs the high pressure
stimulates the GRs within the inner spore membrane triggering the germination process to occur
(Black et al. 2005)This then proceeds in the same waynatural nutrient germination starting with

the release of GBPA from the spore core.
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Dodecylamine triggers spore germination by interacting with the SpoVA channel located in the inner
membrane of the spores. Upon interactidhe channels open allowing féhe release of GBPA

from the spore core and subsequent germination steps to of¢apachedu and Setlow 2007)

High concentrations of exogenous-DRA trigger the germination process by activating the cortex
Iytic enzyme CwlJ within the cortex of tepore(Paidhungat et al. 2001This results in the

breakdown of the cortex of the spore prior to-O®A release from the spore core. The loss of cortex
structure has a knoekn effect to the internal spore structure which ultimately leads to the redeas

of spore core G®PA and complete spore germination.

1.5Electron Microscopy for Ultrastructural Analysis

Electron microscopy is a powerful method for conducting structural studies on biological samples. To
begin with this relied heavily on the use of néga staining and chemical fixatigBrenner and

Horne 1959) Thicker samples could also émbedded into resin blocks which were then thin

sectioned using an ultramicrotome to provide samples amenable to TEM imaging. These techniques
were crucial for bginning to understand the structural composition of biological samples, however,
this methodology is limited to low resolution due to the use of heavy metal s(Aim®s,

Henderson, and Unwin 1982)\dditionally, the harsh chemicats/olvedare also beéved to have

an impact on the structural integrity of the samples and can result in artefacts. Despite these
limitations the use of these methods continues to this day and is the basis of the vast majority of our

knowledge on bacterial ultrastructure.

In 1968de Rosier and Klug publisth@ groundbreaking paper on the 3D structure of the
bacteriophage T4 tail using reconstructions generated from EM projedtienRosier and Klug

1968) This laid down the fundamental principles of 3D reconstruction whésted the way to the
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development of advanced electron microscopy techniques such as single particle analysis (SPA) and

electron tomography (ET).

The limitations of staining however, still proved to be a barrier in obtaining high resolution structural
information of biological specimens. In 1975 Unwin and Henderson presented a method for
structure determination of unstained protein crystals using low dose imagingin and Henderson
1975) This used a glucose solution to preserve the crystalline saniptdhwinlike negative stain,

did not limit the resolution to 2@ Low dose imaging was then used to collect data on the crystals
to prevent sample destructiofUnwin and Hendeon 1975) The low dose meant that SNR was
reduced and therefore large arehad to be imaged in order to obtain a high enough SNR for
analysigUnwin and Henderson 1975)he use of this method produced & projection map of the
structure of purple membrane protein which enabled the allocation of helices within the structure
(Henderson and Unwin 1978 the 1980s a novel method of sample preparation was developed
involving the plunge freezing of biological samples into liquid ethar&&’C (Dubochet et al.

1988) This process, which suspends the sample in vitreousat@nly removes the requirement

for staining, but also preserves biological samples in a near native state. This opened up the
possibilities for obtaining higher resolution structures, including the determination of the first
atomic level model based dBM images with a resolution of 3%determined by cryeelectron

crystallography (cry@&C)YHenderson et al. 1990)

Despite improvements to specimen preparation, many samples are still too thick to be imaged by
tomography and therefore several techniguesve been developed to produce thin sections of
vitrified samples. This allows for the biological context of the subcellular assemblies to be
maintained whilst also providing a thin enough sample for TEM. Cryo electron microscopy of
vitreous sections (CEBWVIS) is one such technique and involves the thin sectioning of frozen

samples at cryogenic temperatures using a antcamicrotome(AFAmoudi et al. 2004)This
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technique enabled the imaging of membrane reservoirB.igubtilisspores(Laue et al. 2018nd

has provided insights into the ultrastructure $faphylococcus auregslis(Matias and Beveridge
2007) In 2007 a more advanced method of obtaining thiyocsections was developed. This uses a
gallium ion beam to mill away the surface of the sample to produce a thin lamella that can then be
used for tomography data collectidiMarko et al. 2007)This technique is called focused ion beam
milling (FIBmilling) and is rapidly becoming the technique of choice for studying the ultrastructure
of both prokaryotic and eukaryotic cellsowever, it remains technically challenging and low
throughput This technique has recently been employed to provide unprecededdtall of the

process of engulfment during the sporulationifsubtiligKhanna et al. 2019)

There have been major advaesin computational ability and with it the development of software

to streamline EM data processing making it more accessildeuaar friendly. There are now several
software packages available, specifically tailored towards different aspects of EM data processing,
such as Focus for EBlyani et al. 2017)YMOD for tomographyMastronarde and Hel@017a) and
Cryosparc(Punjani et al. 20179nd Relior(Scheres 201&pr single particle analysis (SPA). The
processing of EM data remains heavily reliant on manual input and expertise and is therefore a key

area of current development is the automation of this process.

Althoudh there have been many advances in sample preparation techniques, image processing

software, and the physical hardware of microscopes over the years, the majtsionin crycEM

dza+ 3S OFYS | 062dzi 20SNJ G§KS I ali oef dEChIANGE 20RTzS (2
Kihlbrandt 2014; Thompson et al. 2018his is largely down to the development of the direct

electron detector (DED) which significantly improved the sigmaloise ratio of the recorded

images(Thompson et al. 201@swell- & | f £ 2 6 A y2 RBANIRWYi2 g0bde SOG A2y @

collects a series of frames for each image allowing for the correction of beam induced motion that
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would otherwise cause blurring and limit the resolution of structural informafdoMullan et al.

2009)

There is no gestionthat significant advancements have been made within the field of electron
microscopy over the last 70 years, however, it is not without its shortcomings. Obtaining high
resolution information is challenging and often requiedensive sample optimisation, particularly

for cryoEM(Thompson et al. 2016)n addition, exposure to the electron beam causes damage to
biological samples and therefore has to be carefully controlled and monitored to prevent the loss of

structural iformation and introduction of artefact@Koning, Koster, and Sharp 2018)

Thisthesisincludes the use of negative stain TEM, thin section TEM, EC arBTryobrief overview

of the principles behind these techniques are provided below.

1.5.1 Negative stain and Thin Section TEM

Negative staining was one of the initial methods developed fagimy biological samples. It

involves coating samples adsorbed to a grid in heavy metal compounds such as uranyl acetate or
uranyl formate, and provides high levels of contrgsinos et al. 1982; Thompson et al. 2Q16)
Unfortunately, this method of samglpreparation also requires the dehydration of the sample

which can cause artifacts. In addition, staining caps the attainable resolution foar@Dis

inadequate for revealing internal structutAmos et al. 1982)

Chemical fixation and thin sectioniiga technique that allows for the imaging of thicker samples
such as bacterial spores. Samples are fixed and dehydrated before being embedded into resin for
thin sectioning. Sectioning involves the use of an ultramicrotome and produces thin sections
between 80200nm thick. Sections are loaded onto grids and post stained with uranyl acetate and

Reynolds Lead Citrate which provides additional contrast to the samples. Imaging of thin sections
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therefore allows for the visualisation of the internal structureithin a cell or spore and therefore
provides the basis for the majority of our ultrastructural understanding of biological systems. Like
negative stain this technique requires use of harsh chemicals for fixing and staining the sample,
which could introdue artefacts. Additionally, the sectioning process can sometimes lead to knife

compression artefacts.

An alternative approach involves the use of high pressure freezing (HPF) and freeze substitution.
During this process a sample is vitrified whilst undghlpressure to preserve the native state of the
specimenMcDmald and Auer 2006)I'he sample can then be gradually brought back up to room
temperature in the presence of a solvent such as acetone which replaces the water within the
sample in a processikwn as freeze substitutiofMcDonald and Auer 2006y hese samples can

then be stained and embedded in resin for sectioning. This process tends to introduce fewer
artifacts than the traditional chemical fixation meth@slcDonald and Auer 2006; Thompson et al.

2016)

1.5.2 Electron Crystallography

Electron crystallography (EC) has been used to study both synthetic and naturally occurring crystals
by EM. Synthetic crystals can be produced by packing membrane proteins into a lipid bilayer; a
method that has poved vastly beneficial for determining their structure, particularly given that
membrane proteins are notoriously challenging to purify feraX crystallographyGlaeser et al.

1986; Henderson et al. 1990; Stahlberg, Biyani, and Engel.Z0¥&5e are lBo many examples of

native protein crystals whose structures have been solved by EC, including baei@ymisBharat

et al. 2017; LanzofMangutchi et al. 2022and exosporiun{Ball et al. 2008; Janganan et al20

Kailas et al. 2011; Terry et al. 2017)
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2D crystals are composed of an array of repeating unit cellsi(lBjgEach unit cell corresponds to
the smallest repeating volume within the crystal lattice and can be described by the lengtiah

and the angle between them gs Plane goups, of which 17 are possible for biological crystals, can
be assigned to 2D crystals based on the symmetry present within the ur(i\o®is et al. 1982)As
electrons pass through the crystal they obey B@dgw, which results in the production af
diffraction pattern. A representation of this can be obtairt®gdperforming a Fourier transform (FT)
on the images obtained. Within the FT are a series of bright spots (diffraction spots) that correspond
to the reciprocal lattice of the 2D crystal. Bysggning miller indiced(k) to each spot within the
lattice, it is possible to calculate the unit cell dimensions of the crystal, and extract amplitude and
phase information/Amos et al. 1982)This information can then be used to produce a 2D projection
map of the underlying cstal structure by following a processing pipeline detailechiapter 27.2

By collecting data otilted 2D crystals it is also possible to produce a 3D reconstruction of the
underlying crystal structuréStahlberg et al. 2015This has been used to téemine the exosporium
structure in theB. cereusamily (Ball et al. 2008; Terry et al. 201af)d C. sporogeneafis

Sagarmendi 2021)

2D Crystal Unit Cell

Cc

<>

a

Figurel.8: 2D Crystal Formed of Repeating Units

A 2D crystal is composed of repeating unit cells. A unit cell is described in terms of éesuytn,
and the angley, between them.
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1.5.3 Electron Tomography

Electron tomography provides 3D structural information on cellular complexes. It is important in
providing biological context to complexes of interest. Used in combination with other techniques
such as subtomogram averaging, (Reviewg@Koning et al. 2018pr single particle analysis

(Reviewed irflLyumkis 2019) it can provide valuable insights into the roles of subcellular structures.

ET requires the collection of 2D projections of the sample from a range of angles, t&faly
+6(C. This is doe by tilting the sample within the microscope to collect a tilt series (F8) These
images can then be aligned and reconstructed to produce a tomogram, a process that is detailed in

chapter 27.3.

For cyreET, samples are vitrified by plunge fregziS8amples thicker than ~500 nm typically require
some form of sectioning for reliable or high resolution data collectiGming et al. 2018Hence the
development of CEMOVIS and-Rilling (Reviewed i(Koning et al. 2018) Alignment of the raw

tilt series is very important in tomography and must be done with accuracy to get a reliable
reconstruction. In most cases electron dense gold fiducial markeS nm in diameteare added

to the sample prior to vitrification to aid in the tilt series aligent procesgMastronarde and Held
2017a; Walz et al. 1997Although useful for alignment, gold fiducials can also result in artefacts
within the final tomogram reconstruction and therefore need to be computationally erased prior to

reconstruction(Mastronarde and Held 2017.a)

Following tilt series alignment, the 2D projections can be merged to generate a 3D volume in a
process termed tomogram reconstruction. This can be done by weighted back projection (WBP) or
by the simultaneous iterative reconsttion technique (SIRT). As WBP is conducted in Fourier space
it is not a very computationally intensive process, although it can produce tomograms with high

levels of nois€Koning et al. 2018; Radermacher 1988RT, on the other hand, is computeddalr
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space and, being an iterative process, can be extremely computationally intéGsilvert 1972;

Koning et al. 2018)t does however, produces tomograms that have improwighal to noise ratio
(SNRwhen compared with WBEoning et al. 2018)lhe number of iterations required to produce

an optimal tomogram also varies depending on the sample and can therefore require some trial and
error to find an appropriate value. Alternatively, it is possible to use WBP witHik¢Rilters which
combinesthe increased SNR of SIRT with the less computationally intensive process (eNgP

2012)

One of the major challenges for cHaY is sample damage. The requirement for multiple exposures
of a delicate sample can often lead to radiation damage. Tdoedhis, low doses are used,
however, this means compromising on the SNR. The development of the DED made low dose
imaging much more feasible and also led to an improved ($N&mpson et al. 2016Another
consideration for ET is the missing wedge artefact resulting from the limited tilt range possible for
data collection (highlighted iRig: 1.9. The mechanical and optical constraints of the microsaspe
well as the projected thickness of thensple mean that data can onltypicallybe collected between
+/- 60° or 7C°. This leads to a decrease in the resolution in the z direction in the final tomogram
(Diebolder et al. 2015; Koning et al. 20IBhe development of dual axis tomography, where gnid
holder can rotate around two axes, increases the volume amenable to data coll@di@stronarde
1997) Thischangeghe missing wedge artefatb become more like anissing conandit also
increases the exposure of the sampleerefore, lower doses have to be used so as not to damage

the sample which leads to lower SKN®Rastronarde 199Y.
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Figurel.9: 3D Data Collection in EM

The grid holder is tiled to collect data across a range of angles. This is limited by the tilt range
microsco and is usually +60°. These limitations result in a missing wedge of information (re:

Despite these limitations, cryBT and cryé-IBET are rapidly becoming the method of choice for
obtaining ultrastructural detail of biological samples. Advances in the automation of the sectioning
process are largely behind this, however, it is still sevag from being a streamlined process. In
addition, the large amount of data produced from tomography would benefit from an automated
processing pipeline, and although some progress has been made, a lot of manual input and expertise

is still required (Reeived in(Koning et al. 2018)
1.6 Aims and Objectives

Our understanding of spondtrastructure and germinatiommasbeen developed through the study

of both Bacillus and Clostiighm speciesPrevious research into the germination process laagely
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been hochemical with the small amounts of structural work having been conducted prior to the
major advances in EM imaging. Structural studies on the exosporium have been conducted in both
the B. cereugiroup andC. sporogeneand have revealed the involvement oysteinerich proteins

in their assembly. FAE. sporogeneis particular, the cysteineich protein CsxA plays a major
structural role in basal layer assembly. In addition to CsxA, a number of other cy$thiad
collagenlike proteins were found a®ciatedwith the C. sporogenesxosporium, however, their
specific influence on spore ultrastructure remains undetermined. The athregiroject described

here wago further our understanding of. sporogenespore ultrastructure with a focus on the
outermost layers and the roles of cysteirieh and collageitike proteins.Theaimwas thento

provide a detailed structural analysis of the germination process and the emergetiee of

vegetative cell from the confines of the spore outer layers.

The key resarch questions are as follows:

1. What are the fundamental morphological changes that underpin the germination and
outgrowth process itC. sporogenés

2. What role do the key exosporium associated proteins, CsxA, CsxB, CsxC, BclA and BcIB play in
C. sporogenespore architecture?

3. Does the exosporium play an essential role in the germination process?

4. What impact does the lack of exosporium and its associptetkins have on fundamental

spore properties such as heat resistance?
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2 Materials and Methods

2.1 Bacterial Strains, Growth and Spores

2.1.1 Strains and Growth Conditions

Bacterial strains used are listed in table ZZ1 sporogenestrains were grown on preeduced brain

heart infusion (BHI) agar or TY agar (Table: 2.2). Liquid cultures were grown usiedyoed TY

broth (Table: 2.2). Cultures were supplemented with antibiotics where appropriate as listed in table
2.3.C. sporogeeswas grown in an anaerobic work station (Don Whitley Scientific) containing an

environment composed of 80%NL0% C¢&) and 10% kat 37°C.

E. colstrains were grown on LB agar, in LB broth or in 2xYT (Table: 2.2). Cultures were
supplemented with apprpriate antibiotics as required (Table 2.3). All cultures were grown with

agitation (225 rpm) at 37°C.
All bacterial strains were stored in 20% glycercBarcC.

Tablel.2: Bacterial strains used in this study

Strain Description Source

C. sporogenes

NCIMB 701792 WT strain

csxA::ermB NCIMB 701792 wheresxAhas | This study
been replaced with thermB
cassette via allelic exchange

mutagenesis

csxB::ermB NCIMB 701792 wheresxBhas | This study

been replaced with thermB
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cassette via allelic exchange

mutagenesis

csxC::ermB

NCIMB 701792 wheresxChas
been replaced with thermB
cassette via allelic exchange

mutagenesis

This study

bclA::ermB

NCIMB 701792 wheieclAhas
been replaced with thermB
cassette via allelic exchange

mutagenesis

This study

bclB::ermB

NCIMB 701792 wherteclBhas
been replaced with thermB
cassette via allelic exchange

mutagenesis

This study

E. coli

NEBp h

Chemicall competent cells
used for cloning and plasmid

propagation

New England Biolabs

CA434

{OGNIAY | . mMAam
conjugative plasmid, R702.

Used as a conjugation donor.

(Purdy et al. 2002)

Rosetta

BL21 derivative with universa

translation not limited to

Novagen
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E.colicodon usage. Genotype
FompT hsd&rs mg) gal

dcm (DE3) pRARE (C3m

Tablel.3: Growth media used in this study

Yeast Extract (Bacto) | 20 g

Agar (Sigma) 15¢

Media Contents Quantities (1L) Notes

LB LB broth, Miller 25¢g E. colcultures
(Thermo Fisher)

TY Tryptose (Bacto) 30¢g C. sporogenesultures
Yeast Extract (Bacto) | 20 g

2xXYT Tryptone (Bacto) 169 E. colioverexpression

cultures

Yeast Extract (Bacto) | 10 g
NaCl (Sigma) 59

BHI agar Brain Heart Infusion | 52 g C. sporogenegrowth
Agar (Sigma)

TY agar Tryptose (Bacto) 309 C. sporogenegrowth
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Tablel.4: Antibiotics used in this study

Antibiotic

Concentration

Notes

Chloramphenicol

15 pg/ml in 70%

ethanol

E. colmutagenesis

vectors

Thiamphenicol

15 pg/ml in methanol

C. sporogenes

mutagenesis vectors

Colistin 50 pg/ml in HO AgainstE.coli
Erythromycin 5 pg/mlin 70% C. sporogenes
ethanol selection of mutants
Kanamycin 50 pg/ml in HO E. colO/E vectors
Ampicillin 100 pg/ml in HO E. colO/E vectors

2.1.2 C. sporogeneSpore Isolation

5 ml TY broth was inoculated with a single colong o§porogeneand incubated overnight. The

cultures were then susultured to give OBonm0.1 in 20 ml TY broth and incubated anaerobically

for a minimum of 10 days. Cultures were harvested by centrifugation at 6,000 x g for 5 min. Pelleted
material was washed in 10 ml iceld sterile water and then centrifuged at 5,000 x g for 1 min. The
wadh step was repeated a further 4 times. Pellets were then resuspended in 0.5 ml of 20% (w/v)
HistoDenz (Sigma). This was then layered on top of 1 ml of 50% (w/v) HistoDenz and centrifuged at
15,000 x g for 15 mins. In this process the spores form a pdiiiéd Whe vegetative cells and debris
remain suspended in the HistoDenz density gradient. The HistoDenz was then removed by aspiration
and the spores washed an additional 5 times irdokl sterile water as before. Purity of each

preparation was checked lphase contrast microscopy. Purified spores were stored at 4°C.
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2.2 Phenotypic Assays

2.2.1 Growth Analysis

O/N cultures ofC. sporogenewere used to inoculate preeduced TY to an Q8nm0.05. Growth
was measured by recording the &@8mevery 30 min. Assays wecenducted in technical triplicate

and biological duplicate.
2.2.2 Sporulation Efficiency Assays

Sporulation assays were conducted based on methods developé&tl fiifficilegDembek et al.

2015) Single colonies @. sporogenesere used to inoculate a 5 mre-reduced TY and incubated

O/N. The following morning. 5 ml of fresh preduced TY media was inoculated todgk»0.01 and
incubated for 12 h. This culture was then used to inoculate 20 ml of frestedreed TY media to

an ORoonm0.0001. This was ae to ensure that there was minimal carry over of spores from the
original culture. The following morningefTtotal CFU counts were obtained by serially diluting

samples in PBS and plating 10 pl spots onto TY agar in triplicate. For total spore cOynts 50

samples of culture were heated to 65°C for 30 min to kill all vegetative cells in the sample. The
heated samples were then serially diluted and plated onto TY agar. CFU enumeration was performed
following 24 h incubation of plates at 37°C in the ahér cabinet. This process was repeated every

day for a further 5 days (s).
2.2.3 Heat Resistance Assays

200 pl of spores at an Qfanm0.5 were heat treated at 65, 75, 85 and 95fCa heat blockor 30
min. Heated samples and a sample kept at RT were then serially diluted in MQ and 10 pl spots were
plated onto TY agar in triplicate. CFU enumeration was carried out the following day to determine

sporeviability after heat treatment.
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2.2.4 Germination Assays

5 ml prereduced TY media was inoculated with spores to agéD.5 and incubated for 20 min to
allow the culture to equilibrateThe ORoonmWas measure@very 15 min for the first 2 h and then
every 30 min for another 6 h (until clear stationary phadgata was obtained in biological duplicate

and technical triplicate.

2.3 DNA Manipulation

2.3.1 Genomic DNA Isolation

Genomic DNA (gDNA) was isolated frGmrsporogenes

1.5 ml of O/NC. sporogenesulture was harvested by centrifugation (2 min, 12,000 x g) and was
resuspended in 200 pl lysis buffer (200 mM NacCl, 50 mM EDTA, 20 mNCTpsl 8.0). 10 i of

pronase (20 mgnl) was then added and the mixture incubated at 55°C for 1 hr. 80 pl of 20% N
lauroylsarcosine was then added to the sample and incubated at 37°C for 1 hr. Finally, 200 pl of
RNase solution (final concentration 0.2 mg/ml) was added and the sample wasiedwat 37°C for

1 hr. Sample was transferred to a 1.5 ml Phase Lock Gel (PLG) tube and 500 pl of
phenol:choloform:isoamyl alcohol (25:14:1) was added and gently mixed by inversion. The sample
was then centrifuged (2 min, 13,000 x g) to allow separatiah® organic phase and the DNA
containing aqueous phase. The aqueous phase was then transferred to a new PLG tube and treated
with phenol:choloform:isoamyl alcohol as before. The aqueous phase was again recovered and
transferred to a new PLG tube. The gdenwas then treated with 500 pl choloform:isoamyl alcohol
(24:1) to remove any excess phenol and centrifuged as before. The aqueous phase was again
recovered and the choloform:isoamyl alcohol step repeated. The resulting agueous phase was then
transferredto a microfuge tube with an equal volume of iceld isopropanol and incubated €20°C

O/N to precipitate the gDNA. To harvest the gDNA the sample was centrifuged (15 min, 4,000 x g at

50



4°C) and washed once with 500 pl of 70% ethanol. Sample was cesdréiggin (10 min, 4,000 x g
at 4°C) and, after aspiration of the supernatant, the pellet left to air dry to remove any residual
ethanol. gDNA was then resuspended in 50 pl nuclease free water and quantified using a Nanodrop

and quality checked by agarosel glectrophoresis.

Lowquality gDNA preparations for PCR were also prepared using Chelex 100 resin (Sigma). Single
colonies ofC. sporogenesere resuspended in 100 pl nuclease free water containing a small amount
of Chelex resin. Samples were brieflyteged and then boiled for 10 min. The supernatant was then

used as a template for PCR reactions. Fresh preparations were used for each PCR.

2.3.2 Polymerase Chain Reaction

2x Phusion polymerase high fidelity master mix (NEB) was used for reactions that réugired
accuracy. 20 ul reactions volumes were prepared with either 200 g sfiorogenegDNA or 1 ng

of plasmid DNA as the template plus 10 uM of the forward and reverse primers. 5% (v/v) DMSO was
also added to most reactions. Initial denaturation wagiearout at 98°C for 30 sec followed by 32
cycles of denaturation at 98°C for 30 sec, annealirigd#5°Cfor 30 sec, and extension at 72°C for

20 sec per kb. A final extension at 72°C for 5 min was performed to complete any partial products.

Tag polymerae was used for colony PCRs where high fidelity was not required. A 2x master mix,
prepared in house, was used. Each reaction contained 10 ul Taq polymerase mix, 1 pl of forward and
reverse primer, 8 ul nuclease free water and 1 colony. Initial denaturavis carried out at 95°C

for 3 mins followed by 35 cycles of denaturation at 95°C for 30 sec, annealing at 58°C for 30 sec, and

extension at 72°C for 1 min per kb.

PCR reactions were performed using a T100 Thermo Cyclea(Bid’rimers were synthesiség

Eurofins.
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2.3.3 Agarose Gel Electrophoresis

0.8% (w/v) agarose in TAE buffer was melted in a microwave and cooled to approximately 55°C
before being cast into a horizontal Perspex tray with the addition of SybrSafe DNA stain (1/10,000
final volume)(Invitrogen). Solidified gels were submerged in TAE buffer in an electrophoresis tank.
DNA loading buffer was added to the DNA samples, either standard DNA loading buffer (New
England Biolabs) or UView (Bad) for gel extraction, and samples were loadetd the gel wells.

Gels were subjected to electrophoresis at 110 V for 30 minutes.
2.3.4 Purification of PCR Products

t/ w LINPRdzOG& 6SNB LIZNAFASR dzaAAy3 || DSySwoOc¢ t dzNA T
instructions, or by gel extraction (see belo®)b ! 6+ a Sf dziSR Ay wn >f ydzOf S

guantified using Aso Spectroscopy.
2.3.5 Gel Extraction of DNA

DNA samples were resolved on agarose gels and the DNA was visualised using a UV transilluminator.
Bands were excised using a scalpel and DNA wastedritom the gel using the GeneJET Gel
9EGNI OlGA2Yy 1A0 6C¢CKSNXY20Z & LISNI GKS YI ydzFIl Oh dzNB N

water and quantified via A spectroscopy.
2.3.6 Restriction Endonuclease Digestion of DNA

Restriction enzymes were useddteave DNA as per the manufacture guidelines (New England
Biolabs). CutSmart buffer was required for use with all enzymes used in this study and was added at

a 1:10 ratio to solutions of purified DNA and incubated at 37°C for 1 hr.

For removal of templat@lasmid DNA from completed Phusion PCR reactions, 2Qprbfvas

added to the PCR reaction mixture and incubated at 37°C for 2 hrs.
Digested DNA was purified via gel extraction (see above).
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2.3.7 Ligation of DNA

DNA fragments were ligated using T4 DNA ligiissv(England Biolabs) as described in the
YIydzZFI OGdzNBNDRa AyadNHOGA2Yyad LYy aK2NIX NBIFOGA2Y3
insert DNA in a molar ratio of 1:3 vector to insert, and nuclease free water to makeldiddl p

volume. Reactions we incubated at RT for 1 hr before being transformed iBtaol(see below).
2.3.8 Gibson Assembly of DNA Fragments

Gibson Assembly allows for the joining of multiple overlapping DNA fragments in a single reaction

(Gibson et al. 2009A 2x Gibson Master Mix was made according to protocol (Appendix 2).

Vector DNA was linearised using either Phusion PCR or by resteciilonuclease digestion. Insert
fragments were amplified utilising primers that contained a 30 bp overlapping sequence with the
adjacent DNA fragment. PCR fragments were isolated via gel extraction (see above). Reactions were
performed in a final volumef 20 ul, with 4850 ng of linearised vector and a vector:insert:insert

ratio of 1:2:2 for a three fragment Gibson reaction. 10 pl of 2x Gibson Master Mix was added to the
sample and the volume made up to 20 pl with nuclease free water. Samples werathéated at

50°C for 4 hr before being usedHn coltransformations.
2.3.9 Production of Chemically Competeit. coli

O/N cultures oE. coliwere subcultured 1:100 and incubated at 37°C shaking until they reached
exponential growth phase (Qfnn0.4-0.6). Cells were then harvested by centrifugation (10 min,
4,000 x g at 4°C), resuspended in 5 micolel 100 mM Cagénd were incubated on éfor 15 min.
Cells were harvested as before and resuspended in 1 ml 100 mMv@&C15% (v/v) glycerol prior
to being incubated on ice for 2 hr. 50 pl aliquots were then snap frozen in liquid nitrogen before

being stored at80°C.
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2.3.10 Transformation ofE.coli

H >f 2F tAILGA2Yy 2NI DAocazy !aasSvyofeée NBFOGAZ2YS 2N
added to approximately 25 pl of competeBtcolOSt f & 6b9. ph 2NJ /! nmon0 FyR
30 min. Cells were then heat shocked at 42°C for 3@&wsddncubated on ice for a further 2 min. 500

>t 2F {h/ YSRAdzY 6l a& (GKSY | RRSR IyR (4KS YAEI(GdNS

man >t 2F YAEGdzZNB gl a &ALINBIR 2yd2 [. | 3FN LXLFGSF
2.3.11 Isolation of Plasmid NA

5 ml ofE. coliO/N culture was harvested by centrifugation (10 min, 4,000 x g) and plasmid DNA was
SEGNI OGSR dzaAy3a (GKS DSySwoc¢ tflF&a&YAR aAyALINBLI Al

DNA was eluted in 60 ul nuclease free water.
2.3.12 Sequenciig of DNA

Sequencing of plasmid and PCR amplified DNA was carried out by using Genewiz Sanger Sequencing
services. Geneious software was used for the analysis of sequencing data. lllumina sequencing of the
C. sporogenegenome was carried out by Microbes@d genome assembly by Dr Roy Chaudhuri

(University of Sheffield, UK).
2.3.13 Conjugation of Plasmid DNA intG. sporogenes

Conjugation of plasmid DNA in@ sporogenesas done using an adapted version of the method
previously describe@irk and Fagan 2016) ml of O/N culture of plasmid containiig colistrain

CA434 was harvested gently by centrifugation (2 min, 4,000 x g). The pellet was then resuspended in
200 pl ofC. sporogene®/N culture. The resulting cell suspension was spotted onto aquteced

BHI plate and incubated for®4 hr. After incubation, growth was harvested using approximately

900 pl prereduced TY broth and anshaped spreader. Harvested growth was then spread onto

plates containing colistin, to preveit colgrowth, and thiamphaicol to select for the conjugated
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plasmid. Transconjugants were restreaked onto BHI colistin thiamphenicol plates once more before

further use to ensure purity.

2.3.14 Allele Exchange Mutagenesis @ sporogenes

Allele exchange using tttmdAheterologous couterselection system was previously used for
precise manipulation of th€. difficilegenome(Cartman et al. 2012A modified version of this
system was used for the generation of knockout€irsporogeneshere thecodAgene was
replaced withmazF, exgression of which is controlled by a xylose inducible promoter. Genes of
interest were to be replaced witarmBunder the control of thewp2promoter providing resistance

to erythromycin and thus adding a selection marker to mutant strains.

600-1200 bp frgments upstream and downstream of the gene to be knocked out were amplified by
PCR as well as tleemBresistance cassette and purified. PCR products were ligated into pHF012

using Gibson assembly. The resulting plasmids were transferre@€irgporogenegia conjugation.

Single recombination was confirmed by PCR and colonies restreaked on BHI agar supplemented with
erythromycin and incubated for 72 hrs to allow for the second recombination event and plasmid

loss.

Growth was then harvested using 1 ml pegluced TY media and the resulting cell suspension was
used to inoculate 10 ml preeduced TY containing xylose to promote the expressionaxFused
for counterselection. Cultures were left for 8 h before being serially diluted in TY media and plated

onto BHI containing erythromycin addboxylose.

Colonies were screened after-Z& h using primes flanking the altered site and colonies restreaked
onto BHI supplemented with thiamphenicol to confirm plasmid loss. The resulting fragment was

then sequenced.
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2.4 Protein Overexpression

2.4.1 Heterologous expression of Csx ProteinsEncoli

A single colony of transformdel. col{Rosetta) was used to inoculate 5 ml LB supplemented with
appropriate antibiotics. This was incubated at 37°C shaking for 8 hrs before smimgpinto 50 ml

2xYT media at an OD 0.05 and left shaking at 37°C O/N. The O/N culture was used to inoculate 500
ml 2xYT supplemented with appropriate antibiotics to an OD 0.1 and was incubated at 37°C shaking
until an OD 0.8).8 was reached. 500 pl oM IPTG was then added to the culture to induce

expression and cultures were placed at 37°C shaking 3 hrs (CsxA) and 25°C shaking 4 hrs (CsxB and
CsxC). Cells were harvested by centrifugation at 4,000 x g for 10 mins. Cell pellets were stored at

20°C.
2.4.2 SDSPAGE Analysis

SDSPAGE analysis was used to determine the levels of Csx protein expression by resolving proteins
from cell lysate based on molecular weighaemmli 1970)SDSPAGE gels were prepared as

detailed in Table 2.4 using a stacking gel of 5éearesolving gel of 15%.

Tablel.5: SDSPAGE gel recipe

15% Resolve Gel 5% Stacking Gel
30% Acrylamide:bisacrylamid¢ 5 ml 30% Acrylamide:bisacrylamid 833 pl
(37:5:1) (37:5:1)
1.5 M Tris pH 8.8 2.5 ml 0.5% Tris pH 6.8 1.25 ml
MQ 2.4 ml MQ 2.87 mi
10% SDS 100 pl 10% SDS 50 pl
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10% APS 50 pl 10% APS 25 pl

TEMED 10 pl TEMED 5 pl

2.4.2.1 Sample Preparation

Pre and post induction cell pellets were resuspended in 50 mM Tris pH 8 and samples were
sonicated at 40% amplitude for 7 s x 3. Samples were centrifuged at 21,000 x g for 2 min. The
supernatant was kept as the soluble fraction and the pellet was resuspended in 1 ml MQ to provide
the insoluble fraction. Protein concentration was determinedBosidford Assay (Section 2.4.2.2). 20
Hg of protein for each sample (as determined by Bradford Assay) was taken and made up to 15 plin
MQ for the soluble fraction and 4% SDS for the insoluble fraction. 5 pl of SDS loading dye (50 mM
Tris pH 6.8, 2% SD®% glycerol, 12.5 mM EDTA 0.02% bromophenol blue, 100 mM DTT) was then
added to the samples. Where required samples were boiled for 5 min at 95°C. Samples were then
loaded onto the SDBAGE gels and electrophoresis was performed at a constant voltagée 200V

40 min or until the dye front approached the bottom of the gel. Gels were stained using Quick

Coomassie Stain (Protein Ark) for 15 min.

2.4.2.2 Bradford Assay

Protein concentration was determined by Bradford as@&nadford 1976)1-10 pl of protein sample
was added to a cuvette with 800 pul MQ and 200 ul Bradford reagent (BioRad) and was mixed by
inversion. Absorbance readings were taken atd@nd the protein concentration was determined

using the following formula:

- - . 00O pu
Di € OWXCGEWQE Ot Qo ®¢ 6&—FY—F—F 1 .
@ D& aondi'E o Qe
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2.5 Light Microscopy

2.5.1 Cell Fixation

A fixation cocktail was used which consisted of 20 ul 1 M Ng#D7.4), 100 pl 16% (w/v)
paraformaldehyde and 4 pl 25% (W/glutaraldehyde per 0.5 ml of ce{Ransom, Ellermeier, and
Weiss 2015)0.5 ml of sample was added to the cocktail and incubated for 30 min at 37°C then on
ice for 15 min. Samples were centrifuged at 5,000 x g for 1 min and washed in 500 ul PBSbe TBS
wash step was repeated a further 2 times. The pellets were resuspended in 30 pl PBS or TBS and

stored at 4°C.
2.5.2 Phase ContrasMicroscopy

For phase contrast and fluorescence microscopy cells were fixed and resuspended invaterile
before being dried onto a glass slide. Slides were rinsed using distilled water and dried. Cover slips
were mounted in 80% glycerol. Samples were visualised using a Nikon Ti Eclipse inverted microscope

at the Wolfson Light Microscopy Facility at tHaiversity of Sheffield.
2.5.3 Live Cell Imaging

For live cell phase contrast imagingfsporogenegermination, 10 pl of an Qbynm10 spore

suspension were placed under a prerluced 1% TY agarose gel pad in a glass bottomed petri dish.
Petri dishes were sded with parafilm before being removed from the anaerobic cabinet and

imaged. Samples were visualised using a Nikon Ti Eclipse inverted microscope at the Wolfson Light

Microscopy Facility at the University of Sheffield.
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2.6 Electron Microscopy

2.6.1 SamplePreparation

Tablel.6: EM Reagents

Reagent Components

Uranyl Formate (UF) 0.75% 0.035 g uranyl formate (polysciences Inc.)

5 ml distilled water

8nm 5 M NaOH

Uranyl Acetate (UA) 2% 0.093 g uranyacetate (Polysciences Inc.)

5 ml distilled water

8n 5 M NaOH

wSey2f RQa / AGNI (S 1.33 g lead nitrate

1.76 g sodium citrate

50 ml CQfree distilled water
7ml 1M NaOH

pH12 +£0.1

3% Glutaraldehyde 50% glutaraldehyde

0.1 M sodium cacodylate buffer

2%aqueous Os® Osmium tetroxide (Agar Scientific)

Araldite Resin 10 ml araldite resin CY212 (Agar Scientific)
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10 ml dodecenyl sunnic anhydride (DDSA, A(

Scientific)

1 ml benzyldimethylamine (BDMA, Agar

Scientific)

2.6.1.1 Negative Stain Grids

Negative stain samples were prepared on 300 mesh copper palladium grids (EM Resolutions) that
had a carbon film applied to the surface to provide a hydrophilic layer for improved sample
adherence. Carbon coating was carried out in house and involved atayphigh purity carbon

(Agar Scientific) onto a sheet of mica (Agar Scientific) resting atop a sheet of filter paper. Evaporating
carbon was done under vacuum using the Quorum Q150T. The thickness if the carbon film was
determined visually and was appimately 156300 A thick. The carbon layer was then floated over

the copper grids as previously describedttarris 2007)

2.6.1.2 Negative Staining for TEM

Carbon coated grids were glow discharged for betwee@Sec depending on the age of the grids.

5 ul ofsample was applied to the carbon surface of the grids and left for 1 min. The grids were then
blotted and washed in 2 drops of distilled water and blotted again. The grids were then dipped in
uranyl formate (Table: 2.5) and blotted before being held fimal drop of uranyl formate for 20 sec

and blotted to remove excess liquid. The grids were then dried using a vacuum pump.

2.6.1.3 Chemical Fixation for TEM

Spore pellets were fixed with 3% glutaraldehyde (Table: 2.5) and left O/N at 4°C. The pellet was
washed wih 0.1 M sodium cacodylate buffer and the supernatant discarded immediately. A further
two washes with 0.1 M sodium cacodylate buffer were carried out leaving the sample for 20 minutes

between each wash. The final pellet then underwent secondary fixatitn3 agqueous osmium
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tetroxide (Os@) (Table: 2.5). This was left for 2 hours before being washed twice with 0.1 M sodium

cacodylate buffer.

Samples were then dehydrated using a series of ethanol washes increasing in concentration each
time: 50%, 75%, 95%md 100%. Each ethanol concentration was left on the sample for 15 minutes
before it was removed and replaced. The final 100% ethanol wash was repeated twice followed by

two further washes with propylene oxide.

The samples were then infiltrated with resify 1:1 mix of propylene oxide and araldite resin (Table:
2.5) was added to the samples and left at RT, 2 rpm O/N. The mix was then removed leaving just a
thin layer on top of the samples and the propylene oxide was left to evaporate for 1 hr. Pureearaldit
resin was then added to the samples and left at RT, 2 rpm-fioni3. The resin was replaced with

fresh and left again for a further-& hrs. The final sample was then embedded in fresh araldite resin

and left to polymerise for 482 hrs at 60°C.

2.6.1.4 Thin %ctioning and Post Staining

Plastic resin blocks were sectioned using the Reichert Ultramicrotome to gener8@ @ thin
sections. Sections were loaded onto nickel grids and post stained with 3% UA for 30 min and
wSey2t RQa [ SI R / R.6)NIrids Serervaashedpn wittdr wftercedch siain &nd left to

dry on filter paper before imaging.

2.6.1.5 Cryo Sample Preparation

Samples for tomography were prepared using the Leica EM GP plunge freezer that allows for
automatisation of the plungéeezing process. The chamber was set to 10°C and 80% humidity. 10 pl
of ODRoonm 20 spores 2h post germination initiation were combined with 10 ul BSA treated 10 nm
gold fiducial markers. 3.5 pl of sample was then applied to Quantifoil R2/2 grids abdteddor 1

min before botting for 2 sec. This was carried out automatically by the blotting arm equipped with
filter paper (Whatman no.1). This was swiftly followed by rapid plunging of the grid into liquid

ethane. Grids were then transferred into gridltilers and stored in liquid nitrogen.
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2.6.2 Electron Microscopy Data Collection

2.6.2.1 TEM of Negatively Stained Samples
Negatively stained samples were imaged on a Philips CM100 Philips Transmission Electron
Microscope (TEM), with a Lagurce operated at 100 kV. Imegywere acquired on a Gatan 1k x 1k

Multiscan 794 CCD camera.

2.6.2.2 TEM of Thin Sections
Thin sections were screened on the FEI Tecnai T12 with a tungsten source operated at 80 kV. Images

were acquired on a Gatan Orius SC1000B 2672 x 4008 pixels CCD camera.

2.6.2.3 Tomagraphy

Tomography data were collected-ouse on an Tecnai Arctica at 200 kV equipped with the Falcon
Il direct electron detector (Thermo Fisher Scientific). The tomo software (Themo Fisher Scientific)
was used to operate the microscope and set up auttmdalata collection. An atlas of the grid was
collected to provide an overview of the entire grid to screen for ice thickness and identify areas for
data collection. 9 positions were selected containing spores at varying stages of the germination
process ad the eucentric height and efample focus points were set. Tilt series were collected at a
magnification of 16,600x (0.663 npixel sie) from-20° to +60° and then fror20° to-60° at 3°

increments with a total dose of 100 electrong/&cross each tilt series.

2.7 Image Processing

2.7.1 Spore Measurements

Spore features were measured from thin sections using the 3dmod drawing tools. The width of the
spore body was measured across the widest region of transverse spore sections from outer coat to

outer coat. The sporbody length was measured across the longest region of longitudinal sections.
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The spore core was measured where clear staining within the spore body allowed. The core width
was measured across the widest region of the darkly stained centre of transversesggtions. The

core length was measured across the longest region of longitudinal sections.

Cortex thickness was only measured in spores with clear staining of the spore body. 4 measurements
were taken from each spore from the inside of the spore codhe core outer core edge and

averaged to provide a estimate of cortex thickness.

The interspace was measured at 3 points across each spore from the exosporium to the exterior of
the coat. These were averaged to provide an estimate of interspace thicklessurements were
not taken from the poles of the spores where the exosporium is extended. In the caseAspores

the interspace was measured from the outermost parasporal layer to the exterior of the spore coat.

2.7.2 2D Crystal Data Processing

The 2dx software was used for processing electron crystallography data which isfaeursty

package based on the MRC suite of program{@ewther, Henderson, and Smith 1996; Gipson et
al. 2007; Henderson and Unwin 1975; Renault et al. 2006; Valpuesta, Carrascosa, and Henderson
1994) The workflow for imagerocessing is shown in figure 2.1. Details of the steps are described

below.
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Unbending

Space Group

TF Correction
Cpce Determination

Projection Map

Figure2.1: Workflow for Electron Crystallography Image Processing

2.7.2.1 Fast Fourier Transform (FFT) and Indexing

A Fourier transform of each raw micrograph was generated usingFI&RANSript. The FFT

contained sharp peaks (diffraction pattern) resulting from the repeating units of the crystal lattice.
Due to the nature of the biological sample these were oftamrgld due to distortions in the crystal

lattice and background noise from the carbon film. The CTF can be seen in the FFT as dark and light

concentric rings, Thon rings. These were not regularly seen in the negative stain data.
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Micrographs were collecteditth defocus that allows for additional contrast within the image. This
has to be accounted for during the processing. CFTFIND3 was used to calculate the defocus and

astigmatism within the image which determines the CTF.

A first attempt at indexing the cria lattice was done automatically by runni@ETLATTICEhe
lattice defined could then be further refined manually. Alternatively the lattice was manually
indexed from the start by identifying the Miller indickandk. These correspond to the reciprdca

lattice vectors 0,1 and 1,0. The FINDLAT script was then run to identify the rest of the lattice.

2.7.2.2 Unbending

Diffraction spots from the crystal lattice were selected usBgTSPOT8Mhich generates a spot list

to be used during the unbending process. Undli@g is an iterative process that corrects for
translational crystal distortion and involves several steps. Firstly, the FFT is masked to remove noise
and to isolate only the diffraction spots. A small reference patch was selected from the image that
showed clear strong crystallinity. The reference patch was then cross correlated with the entire
image and a displacement map was produced showing the distortions in the crystal compared to the
reference patch. Distortions in the crystal lattice were corredigdnterpolation and an FFT with
sharper diffraction spots was produced indicating increased SNR. This was then used for a second
round of unbending. After each round of unbending the 1Q values of the image were checked. IQ
values are an expression of SAIRI give an idea of the image quality. An IQ value of 7 is considered

background noise while an IQ value of 1 corresponds to a sigiold Righer than noise.

2.7.2.3 CTF Correction

Following unbending the phase contrast transfer function (CTF) was correctasirigrthe script
CTFAPPLYK. This involves phase flipping and amplitude correction to bring high order spots beyond
the first Thon ring into phase. For the magnification and defocus used for negative stain imaging the

majority of the diffraction spots falvithin the first Thon ring.
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2.7.2.4 Space Group and 2D Projection Maps

Finally, the symmetry and phase origin of crystals was determined Atib§PACEhis uses the

lattice parameters, phase and amplitude information to determine which of the 17 plane groups
possible for a 2D crystal are most likely for the imaged crystal. An internal phase residual is
determined and compared to theoretical phase residuals for each plane group. All symmetry groups
indicated as having low phase residuals are considered posEi®enost appropriate symmetry is

then imposed to enhance SNR of the final 2D projection map produced using generateSymMap.

2.7.2.5 Merging Processed Images

Processing individual images results in a list of spots containing their amplitudes and phases in
Fourier pace. 2D merging averages the Fourier components of the images together to produce a
more reliable image. The process involves aligning images one by one to a reference. To begin with,
an image was picked that had a high QVal or lots of good IQ valueaspatsinitial reference.

Another image is then aligned to the reference by refining the phase origin. The refinement can be
checked to ensure that the phase residual is low and that the @ogglation plot shows a clear

central peak. Providing thistise case the images can be merged to produce a new reference. This

process was repeated until all suitable images were merged.

Merging involved the averaging of phase and amplitude values for each unique reflection. The script
AVRGAMPHS weights each rdftatbased on its 1Q value thereby ensuring that each diffraction

spot of every image contributes to the average according to its SNR. This allows for images with
majority bad IQ spots to be merged without compromising on the quality of the final 2D poojec

map. The list of averaged amplitudes and phases is then inverse Fourier transformed to produce the

final merged 2D projection map.

66



2.7.3 Tomography Processing

For the processing of tomography data the IMOD software package wagMasttonarde and

Held 2017b) The workflow for processing is shown in figure 2.2. Details of the steps are described

below.

Tilt Series

Pre- | Coarse
processing ~ Alignment

Tomogram Fine
Positioning Alignment

Tomogram Post-
Generation processing

Figure2.2: Workflow for Tomography Dat#rocessing
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2.7.3.1 Preprocessing
Prior to processing the dataset was screened for anomalous pixels correspondingyt® ot flaws
in the detector which can cause extreme high or low intensity pixels. These were identified and

removed using CCDERASER.

2.7.3.2 Coarse Agnment
An initial course alignment of the tilt series was conducted using TILTXCORR. This determines the x

and y translations required for aligning each image.

2.7.3.3 Alignment

Alignment of the tilt series is the most important step of generating tomogramn&icoctions and

relies on tracking of features within the tilt series. Gold fiducials were added to spore samples to aid
this process. The fiducial markers were mapped automatically using AUTOFIDSEED, or picked

manually. BEADTRACK was then used to trackdbcial markers throughout the tilt series.

2.7.3.4 Fine Alignment

¢tKS FTARAZOALFf Y2RSt LINPRddzOSR RdzZNAYy 3 (KS WFHfA3AyYSy
running TILTALIGN. The COMPUTEALIGNMENT provides the mean residual error output from which

the initial model can be adjusted in 3dmod to remove or adjust fiducials with large residual errors.

This was a largely iterative process however the more robust the fine alignment the better the

reconstruction at the end. The residual mean error for fiducighald tilt series was ~0-8.9 pixels.

2.7.3.5 Tomogram Positioning

Tomogram reconstruction is a computationally intensive process and therefore the volume that is
reconstructed is made as small as possible prior to generation. The thicknessarhtigram is

defined and the top, middle and bottom of the region of interest is defined in the y axis. Running
TOMOPITCH analyses these boundaries and determines the shift required to make the section flat.

TILTALIGN is then run to generate the final atignt.
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2.7.3.6  Tomogram Generation
Tomogram reconstruction was done using WBP with-kRTilters which provided reduced noise
levels provided by SIRT without running the computationally intensive SIRT processes. This was done

by running the TILT script with FABIRTITERATIONS at 5 iterations.

2.7.3.7 Postprocessing

After tomogram generation the final volume was trimmed and the contrast adjusted. Volume
trimming was performed to ensure that the tomogram contains only the sample of interest.
Boundaries were manually dramand TRIMVOL was used to cut the volume to the specified
dimensions. It was also important to optimise the contrast to ensure this was based on biological
features. This was done by selecting a region of interest within the sample and running

FINDCONTRA®ITind and apply the appropriate contrast values.
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3 Ultrastructural Analysis ofClostridium sporogenes
Germination

3.1 Introduction

The transition from spore to vegetative cell involves three major stages: germinant detection and
DPA release, cortex hydrolysis, and cell emergence and outg(@ighinAraneda et al. 2015;

Setlow 2014)Spores typically germinate in response to envwinental cues, germinants, that

indicate conditions favourable to vegetative cell survival. Eosporogeneseveral key molecules
have been proposed to trigger the germination process, but the precise conditions required for
complete germination are currgly unknown. In addition, previous work on germinants has focused
purely on the initial stages of spore rehydration with work predominantly conducted in Tris buffer
(Brunt et al. 2014)These conditions are unsuitable for the continued survival of therging cells,

so further study into the entire germination process is required for a complete understanding.

Cortex hydrolysis is thought to be carried out by two enzymes CwlJ and SleBpiorogenes
activated by the release of DPA from the spore ddimvarRojo et al. 202). CwlJ is localised at the
boundary between the cortex and co@agyan and Setlow 2002hd SleB is thought to be localised
to the inner membrane through interaction with Ypé®oland et al. 2000 Cortex degradation has
been observed in thin sections of germinati@gdifficilg(Baloh et al. 2022however,C. difficilds
known to havea different mechanism of germination ©. sporogeneand it remains to be seen if a

similar process can be observeddnsporogenes

The structural composition d&. anthraciexosporium suggests a possible mechanism for cell
emergence via the bottle pamodel(Steichen et al. 2007Y his model built on the evidence for a cap
structure present within the exosporium concluding that the cap could provide a weak point from
which the newly developed cell could emerge from the spore. A similar cap stristal® seen in

the closely related. cereugTerry et al. 2017)Polar emergence through the cap has been observed

in B. anthracigSteichen et al. 2007an aperture at the pole of the exosporium Gf sporogenes
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observed by SENBrunt et al. 2015)could imply a similar course of eventgdnsporogeneshin
sectioning ofC. sporogenealso showed polar emergence of cells but clear ultrastructural details of
the spores undergoing outgrowth were not distinguishatri@eniger and Headley 196%urther
investigation into the presence of a cap structureCinsporogeneis required as well as detailed
analysis of the ultrastructure of the spores undergoing germination to get a more complete picture

of the germination and outgrowth procegsC. sporogenes

3.2 Aims

In order to understand the changes that occur structurally during germination it was initially
important to consider dorman€. sporogenespores. Negative stain TEM and thin sectioning of
dormant spores was carried out to provideéasic structural understanding. Conditions@r
sporogenegermination were determined and live cell imaging was conducted to observe the
germination process in real time and determine what changes occurred at the individual spore level.
Negative staimfEM was used to gain an initial understanding of the phases of germination at higher
resolution and electron crystallography was employed to determine if the crystallinity of the
exosporium remained the same post germination. This was followed by thiosiag of

germinating spores to really understand the ultrastructural changes occurring within the spore
during the germination process. Initial attempts were also made at moving towards gaining high

resolution information through cryo electron tomography
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3.3 Results

3.3.1 C. sporogenekndospore Morphology

3.3.1.1 General Spore Morphology

Samples of purifie€. sporogenelCIMB 701792 spores were negatively stained and screened by
TEM. Micrographs showed a dense spore body (Fig: 3.1A pink arrows) completely surrounded by a
baggy exosporium that extended further at one pole. High magnification micrographs of the
exosporiunrevealed a pararystalline organisation with a hairy nap decorating the surface, clearly
visible at the edges of the paxaystalline layer (Fig: 3.1D and E). The spores also displayed several

different types of appendage including beaded fibrils andkiiidarge appendages (Fig: 3.1C).

Atomic force microscopy (AFM) of whole spores (carried out by Dr. Nicholas Mullin, University of
Sheffield) showed a gross spore morphology similar to that seen by TEM with the exosporium
surrounding the spore body (Fig23. In some images it appeared that the pole of the exosporium
was broken open (black arrow) with a elifge structure folded back. The hairy nap was visible as a
fringe on the surface of the exosporium and both beaded fibrils (light blue arrow) and large
appendages (green arrow) were visible. The beaded fibrils appeared to be localised to the pole with
the caplike structure. The AFM images also revealed surface details across the spore body region
including ridges in the exosporium as it enveloped arotiedspore body and traces of a large

appendage present potentially beneath the surface of the exosporium (yellow arrow).
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Figure3.1: C. sporogeneBICIMB 70179&pores byNegativeSain TEM

A) Low magnification dE. sporogenespores, arrows indicate spore body (pink) and large
appendages (light blue) B) Higher magnificatio® o§porogenespores show a dense spore body
and baggy exosporium layer. Box highlights area shob)irC) High magnification of surface
appendages, large appendage (light blue arrow) and beaded fibrils (purple arrow) D) High
magnification of the exosporium area fro(B) E) FFT of exosporium fr@d) showing the crystallin
nature of the exosporium. Unit cell dimensioms b= 110Ay= 120
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Figure3.2: AFM ofC. sporogeneSpores

A + B) Imaging shows a large spore body surrounded by a erggporium that is extended
towards one pole. A possible cap region is indicated at the pole of the extended exosparams
indicate beaded fibrils (light blue), flagelllke appendages (light green), appendage lying benee
the exosporium (yellow aow) and a possible opening to the exosporium (black arrow).

Images provided by Dr Nic Mull{pepartment of Physics and Astronomy, University of Sheffielc
UK)

3.3.1.2 Internal Spore Structure

To gain a detailed view of the internal structure of the spore, damwere subjected to chemical
fixation, as detailed in (methods section 2.6.1.3), and thin section8@#tm) were prepared and
imaged by TEM. The sections showed distinct variably stained layers constituting the ultrastructure
of the spore (Fig: 3.3)h€ central spore core was darkly stained with an average width of 480 nm +
60 nm and length of 830 nm + 90 nm={ 15). It was possible to discern some details of internal
assemblies present within the core including ribosomes that were visible as daikigdsspots (Fig:
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3.3 pink arrows). The plasma membrane and the germ cell wall were not clearly identifiable in these
sections. The cortex was present as a lightly stained region intertbetooat and surrounding the

central core, with an average thickness of 60 nm + 40 nm. Within this region several darker stained

Exosporium Outer Coat
Inner Coat

Unknown Layers

Parasporal

5 Layers
Laminations

200 nm Cortex

B Ed

Inner Coat 3 1
Parasporal Quter £-0at Corox
Layers Exosporium

Figure3.3: Thin sections o€. sporogeneSpores

A) traverse spore section displays the internal structure of the simatading parasporal layers
present in the interspace that often form laminations. Ribosomes can be seen in the core (pin
arrows) and individual units of the exosporium crystal lattice (light blue arrow) B) longitudinal
section displays extended exorium and internal details of the spore body.
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lamelae of unknown origin or composition were identified (Fig: 3.3A) similar to those observed in
(DafisSagarmendi 2021 he proteinaceous spore coat was heavily stained and outer and inner coat
could be distinguished. The exosporium was identifiable aglnsely stained outermost layer
surrounding the spore. In some areas of the exosporium a crystal lattice was clearly visible as a
regular array (Fig: 3.3A light blue arrow). The hairy nap on the surface was not visible in these thin
sections. Parasportdyers were present between the coat and the exosporium, within the

interspace of the spore, often stacking to form laminae.

3.3.2 Germination Conditions foC. sporogenes

The requirements fo€. sporogenegermination were determined by testing a range of conditions
based onBrunt et al. 2014)By measuring the optical density of the sample at 600 nm it is possible
to monitor the germination process within the population. Upon initiation of germinatibe,

optical density of the spore suspension drops due to changes in the refractive properties of
individual spores during DPA release and core rehydrd8etiow 2013)The optical density then
increases as the vegetative cells emerge and outgrowthrsc&igure 3.4A shows the initial stages

of germination in a range of conditions. Germination in TY media alone showed a clear drop in
ODyoonmfollowed by a short lag phase where the & remained approximately constant . This was
followed by a continuos rise in optical density corresponding to the outgrowth phase. Likewise, TY
supplemented with 50 mM-lactate as a germinant showed a similar profile, although the initial
drop in OBwonmappeared to occur marginally quicker than in unsupplemented Terlabhphase and

subsequent outgrowth remained consistent between the two conditions.
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A Germination Conditions

1 20 mM Tris, 50 mM
o NaHCO3

20 mM Tris, 50 mM
-# |-lactate, 100 mM
L-Cys
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L-Cys
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Figure3.4: Germination Conditions foC. sporogenes

A) Germination was monitored by measuring the drop indRdue to spore rehydration and the
subsequent increase due to outgrowth (condition dependent) for a variety of different conditic
TY media without supplementation proved adequate for germination. TY media supplemente
50 mM Llactate and 100 mM-tysteine shows no increase in OD600nm during the course of tt
experiment. Experiments were conducted in triplicate on biological duplicates. The means £

standard deviations (error bars) are shown. B) Phase contrast microsc@pgpdrogenespores 2
h and4 h post germination initiation in the presence of 50 milattate and 100 mM-tysteine. All
spores appear phase dark indicating rehydration but very few free cells are seen. Scalgupar =
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Tris buffer with no additional germinants showed no chaimy®DRoonmthroughout the course of the
experiment (Fig: 3.4A). Tris buffer supplemented with 50 rdlttate and 100 mM-tysteine

showed a clear drop in Qfnmassociated with the onset of germination but, due to lack of
nutrients, showed no subsequentitgrowth. Interestingly, TY supplemented with 50 miattate

and 100 mM fcysteine showed no evidence of outgrowth within the time period of the experiment,
despite showing a clear initial drop in € Phase contrast images 2 hr and 4 hr after geatim
with TY supplemented with-lactate and tcysteine showed phase dark spores and, in some cases,
cells could be seen emerging from the pole of the spore (Fig: 3.4B). Very few free cells were

observed in these samples.

As all the key features of the early stages of germination and outgrowth were observed in TY media
this was used for all future germination experiments. A full germination assay, including subsequent
outgrowth, in TY radia was carried out over approximately 7 h (Fig: 3.5) and showed a clear initial
drop in OBwonmWithin the first 80 min. This was followed by a short lag phase of approximately 45
mins. Clear outgrowth was then observed as thedRbegan to rise dueda exponential growth.

After 300 min the cultures had reached the stationary phase.

Germination in TY

ODgponm
-—
|

0.1 T T T T T T T T T 1
0 100 200 300 400 500
Time (mins)

Figure3.5: Germination ofC. sporogenei TY Media

Germination was monitored by measuring the drop inséala due to spore rehydration and the
subsequent increase due to outgrowth. The assay was conducted in triplicate on biological
duplicates. The means + standateviations (error bars) are shown.
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3.3.3 C. sporogene&ermination is Asynchronous and Outgrowth is Polar

As Olwonmmeasurements only provide a population average, live cell phase contrast microscopy
was used to observe germination at the single spore level. A time couSespbrogenes

germination showed the transition from dormant spore to vegetative cell withénlaset of the
population over a 4 h time period (Movie 3.1, full time course in Appendix 3). The germination
process was observed to be asynchronous across the population with 48 out of 53 spores showing
changes associated with germination, for examplé eelergence or a phase change within the

spore body. The remaining 5 spores stayed phase bright throughout.

At T=0 min 92% of spores were completely phase bright. Germinating spores gradually underwent a
transition from phase bright to phase dark asyhehydrated (Fig: 3.6A). The spore body darkened
from the outside in until the entirety became phase dark. At the individual spore level, this process
took place over a period of 16 min £ 2 min (Fig: 3.6A pink arrows). A variable lag time between 18
and & min was then observed, consistent with what was observed at population level (Section
3.3.2), followed by the slow emergence of a vegetative cell from one pole of the spore body in 37
spores, out of 48 (Fig: 3.6A purple arrows). In some cases, the fleappeared to be forcefully

ejected from the spore shell (16 spores) (Fig: 3.6A light blue arrows). In several cases, first cell

divisions of the newly emerged cell were seen (4 spores) (See Movie 3.1).

The emergence of a new vegetative cell always aedufirom one pole of the spore. For 20
germinating spores it was possible to observe the exosporium surrounding the spore body during
germination (See Appendix 4). Of those 20 spores, 18 had an extension to the exosporium at one
pole. In 14 cases the nevegetative cell emerged from this extended pole (Fig: 3.6Bi). In 4 instances
the cell emerged from the non extended pole (Fig: 3.6Bii) and in 2 instances there was polar
emergence but the poles of the exosporium appeared similar in length (Fig: 3.6Bi)spares a

phase change was observed but no outgrowth occurred (Fig: 3.6Biv) and 5 spores remained phase

bright (Fig: 3.6Bv).
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Figure3.6: Phase Contrast Live Cell Imaging®bfsporogene&ermination and Outgrowth

A) Representative time poinfsom Movie 3.1 shows the process of germination from the chan
from phase bright to phase dark to the emergence of new vegetative cells. Arrows indicate
examples of the gradual change from phase bright to dark (pink arrows), the slow emergenc
vegetdive cell (purple arrows), and the forceful emergence of a vegetative cell (light blue arr
B) Final spore forms and polar emergence of céiilsshow examples of polar emergence of
vegetative cells. iv) example of a spore that has undergone a miasge but not outgrown. v)
example of a spore with no phase change. vi) summary of the emergence patterns within thi
imaged populationDark blue arrows indicate extended pole of the exosporium
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3.3.4 Endospore Ultrastructure Changes Duri@grmination and Outgrowth

3.3.4.1 Negative Stain

To gain an understanding of the structural changes that accompany germination, samples between 1

and 2.5 h post germination initiation were fixggegatively stained, and imaged by TEM.

1 h post germination initiaton

The sample consisted solely of intact spores with no obvious signs of germination (FiG).3/TA
32% of observed spores, within the nertended pole of the exosporium, electron dense structures

could be seen emanating from the main spore body towatee exosporium (Fig: 3.7C blue arrows).

1.5 h post germination initiation

After a further half an hour 82% of spores appeared to be intact and showed no obvious sign of
germination (Fig: 3.7D and F). The remaining 18% of spores showed vegetative eain@ifinrom
one pole of the spore (Fig: 3.7E). These cells appeared to have remnants of the spore outer layers

associated with the exposed surface of the cell.

2 h post germination initiation

2 h after triggering germination the sample consisted obmbination of three different spore

germination phases; intact spores, emerging cells and empty spore shells. The dominant phase (65%)
was that of cells emerging from the pole of the spore (Fig: 3.7H). Empty spore shells were frequently
observed (22%) Kely representing the remains of the outgrowth process (Fig: 3.7G). The

exosporium surrounded the remnants of the spore body and possessed a clear opening at one pole
from which the cell had emerged (Fig: 3.71). Fourier transforms of the exosporium segéhcated

that it remained crystalline post outgrowth (Fig: 3.71 inlay). Free cells were also observed of varying
sizes (Fig: 3.7G). Intact spores that had no obvious signs of germination were present in low

abundance (13%) (Fig: 3.7H).
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2.5 h post germmation initiation

At the final time point, there were predominantly free vegetative cells and empty spore shells
present (73%) (Fig: 3.7J and K). There weoasional intact spores present with no obvious signs of

germination (7%) (Fig: 3.7L) and the remaining 20% of spores had cells emerging from one pole.

A

'B

1h | ‘ l
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O
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25h

Figure3.7: Germination ofC. sporogeneby Negative Stain TEM

A-C) Spores 1 h after germination initiation. Dark blue arrow indicates electron dense feature:
the pole of the exosporiunD-F) Micrographs of spores 1.5 h aftergination initiation with
evidence of cell emergence (EX)®icrographs 2 h after germination initiation show cells emer
from spore outer layers. Inlay (I) shows the crystalline nature of the exosporium post cell
emergenceJL) 2.5 h after germirteon initiation micrographs show spore shells (J), emerging c
(K) and some intact spores (L).

82



3.3.4.2 Ultrastructural Changes During Germination and Outgrowth

Building upon observations from negative stain TEM, sampl€s siporogenewere chemically fixed

2 h post germination initiation to allow imaging of thin sections900nm). The 2 h time point was
chosen as the sample showed the biggest range of phases in spore germination by negative stain
TEM. A low magnification overviewtbie sample showed the heterogeneity of the spore population
(Fig: 3.8A), with micrographs depicting clear changes in spore morphology associated with different

phases of the germination process (Fig: 303B

A 2] ). PR

- 5 ey i

Figure3.8: Overview of Thin Sectioning Dafrom C. sporogeneSpores

A) Low magnification overview @f. sporogene® h post germination initiation displays the
heterogeneity of the spore population-B) Examples of higher magnification micrographs of sp
at early (B), mid (C), late (D), gmaist (E) germination.
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Early Germination

Some spores within the sample appeared to be structurally similar to dormant spores displaying the
features outlined in Section 3.3.1.2 (Fig: 3.9). The core of these spores was often less defined, likely
due to poorinfiltration of chemicals during the fixation process. In a small number of cases the spore
core was darkly stained and a clear pale region corresponding to the cortex was distinguishable (Fig:
3.9B transverse spore). From many of the longitudinal sectibspores early in germination it was
apparent that the exosporium was pointed at one pole (Fig: 3.9A and B pink arrows) and noticeably

flatter at the other (Fig: 3.9A and B blue arrows).

e
s :

Parasporal
Layers

Figure3.9: Thin Sections o€. sporogeneSpores in Early Germination

A-C) High magnification micrographs of spores in the early stages of germination. All layers
distinguishable are labelled. Additional arrows indicate the pointed (pink) and flat (light blue) |
of the exosporium layer.
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Mid Germination

The mid stage of germination was characterised by spores where the developing cell was uniformly
darkly stained and was positioned in the centre of the spore body (Fig: 3.10). The width of the entire
spore body measured 930 nm + 110 nm compared to 690 ad0inm in dormant spores. The

lightly stained cortex region of these spores was thicker than for dormant spores at an average of
180 nm £ 80 nm compared with 60 nm + 40 nm. Interestingly the core of the germinating spore
remained a similar width to thatfalormant spores with an average of 540 nm = 140 nm compared

with 480 nm + 60 nm. The interspace became almost indiscernible between the coat and the

Exosporium

Cell

Cortex

Parasporal

Layers
200 nm y

Figure3.10 Thin Section o€. sporogeneSpaes in Mid Germination

A-C) Spores in the mid stages of germination show an enlarged spore body and cortex regior
arrow indicates a polar interspace region devoid of parasporal layers.
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exosporium. The distance between the coat and the exosporium, the interspace, measured 80 nm %
10 nm comjared with 160 nm % 40 nm in dormant spores. Parasporal layers could be seen stacked
between the coat and the exosporium layer along the sides of the spore body (Fig: 3.10C). It was
evident in some cases that the area of interspace at one pole of the spaselevoid of parasporal

layers (Fig: 3.10B pink arrow).
Late Germination

Spores that showed vegetative cells emerging were clearly in the latter stagesnination (Fig:

3.11). The vegetative cell was consistently observed emerging through one pole of the spore. The
outer layers of the spore, the darkly stained exosporium and coat, remained closely associated with
the emerging cell. The lightly stainedrtex region surrounding the cell contained striations (pink

arrows) regularly spaced 52 nm £ 5 nm apart (Fig: 3.11D).

K m—— =
b Coat Q A

Parasporal
Layers |

Figure3.11 Thin Sections of. sporogeneSpores in Late Germination

A-C) Spores in late germination show vegetative cells emerging from the outer layers of the s
Pink arows indicate striations present within the cortex region of the spores. D) Periodicity of
striations within the cortex region of C with an average spacing of 52 nm =5 nm.
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Post Germination

Micrographs revealed spore shells consisting of the outer layers of the spore remaining after the
vegetative cell has emerged (Fig: 3.12). Several features of the original spore were still identifiable:
the outermost exosporium layer, parasgbtayers mostly stacked between the exosporium and the
coat along the edges, and the densely stained spore coat. The centre of these shells appeared to
have some lightly stained disordered material remaining, likely the remnants of the cortex region

(pinkarrows) including a hint of the striations seen in late germination (Fig: 3.12A).

‘ Paré‘s\ rald
Layers

Figure3.12 Thin Sections o€. sporogeneSpore Shells Post Germination

A-C) Spore shells composed of thater layers of the spore including the exosporium, paraspore
layers and the spore coat. Remnants of the cortex region are also present within the centre o
shell. Pink arrows indicate evidence of the striations seen within the cortex region in late
germination.
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3.3.5 Structure of the Exosporium Post Germination (Spore Shells)

To determine if any structural changes occur within the exosporium layer during the germination
process, high magnification micrographs (21,000 x) of negatively stained samples were collected
from across all areas of empty spore shells. Fourier transffnons areas within these micrographs

showed the continuous crystalline nature of the exosporium across the entire spore shell.

Crystalline patches from across the spore shells, varying in their degree of crystallinity, were

processed usingdxto produce individual 2D projection maps for each area (Fig: 3.1349
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Figure3.13 2D Projection Maps of the Exosporium Crystal Structure Post Germination

A) 2D projection maps from areas of calhe material across the spore shell. * indicates the
presence of two lattices within the same image. Black arrow indicates opening in the exospor
and likely exit point of the vegetative cell. B) Merged 2D projection map from 21 images6with
symmetry imposed. Displays a clear area of low density corresponding to a central pore surro
by 6 potential subunits (black circle) forming a hexagonal ring. The threefold linker region (ble
arrow) connects adjacent rings with a smaller pore present betwasch linker (black square).
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demonstrated that the fundamental crystal lattice of the exosporium remained unchanged from
previous dormant spore estimates of lattice parameteraiefo = 105 + 1A and y = 119 * 1°. A total

of 21 image patches were merged to give a 2D projection mgp3Hi3B). This showed a clear
hexagonal ring structure with a potke opening in the centre. Each ring is joined to the next via a
3-fold linker (Fig: 3.13B black arrow) forming a smaller pore along the edge of the central ring (Fig:

3.13B black square)

3.3.6 Advancing Towards High Resolution Ultrastructural Analysis Using <Efyo

3.3.6.1 Tilt Series

In order to gain some 3D information on spore ultrastructure during the germination process, spores
2 h post germination initiation were plungeozen onto EM grids. @is were screened for ice

thickness, revealing the ice around whole spores to be generally too thick for tomography, but
empty spore shells had a suitable ice thickness. A total of 9 areas were chosen for tomography data
collection. 7 of these were sporédalls post germination and the remaining 2 were germinating

spores where the developing cell remained within.
3.3.6.2 Data Processing

The tilt series was aligned using gold fiducials and tomograms were generated using the IMOD
software. In several cases the spdedy obstructed the tracking of gold fiducials which resulted in
poor alignment and these tilt series could not be further processed. Where the developing cell
remained within the spore, radiation damage was often observed after the ifi8lto +60°

causing an expansion of the spore body. In these cases, an attempt was made at a reconstruction
using a limited range of views. However, this increased the missing wedge artefact present in the

final tomogram.
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3.3.6.3 Tomograms

Slices through the tomographic volume of a spore in early germination showed that the developing
cell can be seen as an etmn dense rod shape in the centre of the spore (Fig: 3.14A)(See also

Movie 3.2). The spore coat could still be seen surrounding the nascent cell. A clear space between
the developing cell and the coat was distinguishable corresponding to the spore.deaesporal

layers could be seen within the interspace of the spore, although these were mostly at the sides and
towards one pole of the spore. The pole, orientated towards the bottom left of the tomogram,
appeared devoid of parasporal layers. The exosporcould be seen surrounding the entire spore

body.

]

Figure3.14 Slices Through a Torgeam of aC. sporogeneSpore 2 h Post Germination Initiation

Slices clearly show the exosporium (Ex) surrounding the spore body containing the developir
(DC). The cortex (Cx) was visible between the developing cell and the spore cdrg3poral
layers (PL) were also visible within the interspace. Scale bar 200 nm

Slices are taken from Movie 32Scale Bar 200 nm

Slices from spore shell reconstructions (Movie 3.3) showed the clear presence of a crystalline
exosporium (Fig: 3.15C). At the pole of emergence the exosporium appeared to be folded back on

itself (Fig3.15A). The coat appeared to have a rough opening where the cell had emerged from the
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spore. Parasporal layers were present pushed up along the edges against the exosporium. Beaded
fibrils could also be seen associated with the open pole of the exosporium (Fig:3.15A pink arrow and

B).

nn 7 =

Figure3.15: SlicesThrough aTomogram of aC. sporogene§pore Shell Post Germination

A) Slices clearly show the exosporium (Ex), parasporal layers (PL) and spore coat (Ct). Folds
open end of the exosporium are highlighted. Pink arrow indicates location of beaded fibrils (B
bars 200 nm. B) Zoomed in arglaowing the beaded fibrils. Scale bar 100 nm. C) FFT showing
crystallinity of the exosporium layer

Slices are taken from Movie 33Scale Bar 200 nm
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3.4 Discussion

3.4.1 DormantC. sporogeneEndospores

An understanding of dormar@. sporogenegitrastructure was essential in order to interpret
subsequent structural changes during germination. Negative stain TEM of NCIMB 70179 spores
confirmed the previously see@i. sporogenespore morphology with the distinctive large baggy
outermost exosporim layer surrounding the spore bod¥anganan et al. 2016, 202 The

exosporium was often extended at one of the poles and was heavily decorated with a dense hairy
nap and additional appendages including beaded fibrils and large appendages. Thisiisast tw

the ATCC 15579 strain that possessed fewer decoratidassSagarmendi 2021)ighlighting the

strain specific differences within the species. Despite differences in decoration, unit cell dimensions
associated with the exosporium basal layeresconsistent with those observed previously for ATCC
15579 as well as NCIMB 701(d8nganan et al. 20200his implies that the fundamental structural

assembly of the exosporium layer is conserved between strains.

Thin sectioning of spores showed atrastructure with clear distinctions between many of the key
spore layers. The exosporium, parasporal layers, coat, cortex and core were all clearly identifiable,
however, the germ cell wall and the inner membrane were not possible distinguish. Regiaghtho

to correspond to these layers were seen in thin sections by Hoeniger and Héddkyiger and

Headley 1969although the resolution of these images are relatively poor making them hard to
confidently assign. More recent work at higher resolution has shown these layers are present
around the spore core as well as additional unknown darkly stained |éyafisSagarmendi 2021)

These darkly stained unknown layers were also seen here (Fig: 3.3A Unknown Layers) and although
their composition and role remains unclear, it is possible they are involved in forming a physical

separation between the cortex and the cefll.
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AFM data from spores imaged in air revealed that ridges and folds are formed within the exosporium
surface as it surrounds the spore body. These are likely formed as the exosporium collapses onto the
spore body as it dehydrates. It is possible ttetse folds reflect the presence of structures below

the exosporium surface such as the parasporal layers seen in the thin sectioning data or the spore
coat. The spore coat is thought to form folds undesiccatiorconditionsdue to the contraction of

the underlying cortex regiofDriks 2003)

AFM images from several dormant spores appeared to show a potential cap region at one pole of
the exosporium that was open and folded back (Fig: 3.2). This would align well with the terminal
protrusions and opempertures seen at the pole of the exosporium in SEM imaging of dormant and
germinatingC. sporogenespores(Brunt et al. 2015)The bottle cap model of germination

established irB. anthracigredicts the presence of a cap structure formed at one pélhe
exosporium that facilitates the germination procédSteichen et al. 2007We would suggest that

the potential cap region observed by AFM and SEM, along with the open polar ap€Bunas et

al. 2015would correlate well with a cap structutbat facilitated cell emergence during

germination. It was also noted in the AFM data that the beaded fibrils appeared to be localised to
the polar cap region of the exosporium, a feature that has not been observed by any other form of

imaging in dormanC. sporogenespores.

In addition, the AFM data seemed to show the presence of large appendages below the surface of
the exosporium (Fig: 3.2B yellow arrow). These were seen mostly across the spore body where the
thickness of the spore body rules out the possibility that thpeaplage is underneath the spore.
However, if the appendages are present underneath the surface of the exosporium, within the
interspace, they are not seen in any of the thin sectioning data and therefore it is possible that all
the large appendages are aetlly located on the surface of the spore. Further higher resolution
imaging of the spore surface would provide conclusive evidence as to the locality of these

appendages.
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3.4.2 Conditions Required for Germination @&. sporogenes

In order to structurally charaerise the germination process @ sporogenegwas vital to find

reliable conditions that led to not only spore rehydration, but also to cellular outgrowth. Previous
germination studies if. sporogenesave focused on determining the specific gernminanolecules
required for the initial dip in optical density associated with spore rehydra@rant et al. 2014)

These studies were carried out in Tris buffer where no outgrowth of the bacteria could be observed.
We aimed to determine if supplementati of TY media with specific germinant molecules was

required for efficient germination and outgrowth.

It was apparent that the components of rich media, such as TY, were ample for germination and
subsequent outgrowth o€. sporogened\s amino acids are&wn germinants foC. sporogenes
(Brunt et al. 20141 is likely that the presence of these molecules within TY media are responsible
for triggering the germination process. Interestingly, we found that the additioroysteine to TY
resulted in an erest in the outgrowth phase of germination (Fig: 3.4). The most probable
explanation for these observations is that cellular growth is inhibited by the presence of high
amounts of kcysteine. A growth curve &@. sporogenesnder these conditions would diicate
whether there is a growth defect associated with them. Alternatively, it could suggest that
commitment to germination after spore core rehydration may not be as straightforward as
previously thought and that there are additional checkpoints throughhbe germination process.
Further analysis of germination and outgrowth in the presence®fsteine is required to develop
our understanding. Thin sections atysteine germinated spores, fixed during the germination

process may provide an insightanany structural differences that are occurring.
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3.4.3 Overview of Germination irC. sporogenes

Live cell imaging coupled with negative stain TEM of2hsporogenegermination process at

different timepoints provided an overview of the phases of spore geation. The germination
process is asynchronous across the population. Indeed, some spores remained phase bright and
seemingly dormant throughout. These phase bright spores could correspond to superdormant
spores within the populatioGhosh and Setlow 20Q9)hese are crucial for persistence within the
native environment ensuring survival in the case of premature germination in unfavourable growth

conditions or to protect against a rapid reversal of the favourable growth environment.

There wasa remarkable consistency in the process by which the new vegetative cell emerged
through the pole of the spore. This was typically from the pole with the large extension to the
exosporium. This observation is consistent with the location of the poterafabktructure seen in

the AFM data (Discussed in 3.4.1) and with the bottle cap model of germination developed from
research intd. anthracigSteichen et al. 2007The newly emerging cells could take advantage of
the weakened or open cap at the poletbé exosporium to escape the outer layers of the spore

leading to the clear polar emergence seen in the live cell imaging.

3.4.4 Exosporium Structure Post Germination

Post germination it was possible to image more areas of the exosptyugMdue to the lack of
the dense spore body. For the same reason, spore shells also tended to lie flatter on the carbon
surface on the grids, meaning larger areas of crystalline exosporium were amenable to imaging and

processing.

The crystalline and crodsked nature of the easporium(Jarganan et al. 202Qnakes it extremely
robust and not easily penetrable by an emerging cell. One hypothesis was that the exosporium
lattice underwent a structural rearrangement during the germination process that would alter the
properties ofthe layer allowing for the emerging cell to easily emerge from the exosporium. Electron

crystallography of the sporghell post germination revealed no evidence of any such
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rearrangement. The crystal had a unit celaefb= 105 + 1 A angd= 119 * 1° aththe 2D projection
map showed an hexagonal ring structure connected{igi@ trimeric linkers, identical to the

structure seen from intact dormant spores and CsxA cryélalsganan et al. 202(Fig: 3.16). This
suggests that the likely mechanism fargetative cell emergence does not include a structural
rearrangement of the exosporium. It is worth noting that negative stain electron crystallography is
limited to ~25 A resolution. This resolution is not sufficient to identify small changes that Ineight
occurring within the structure, only that the overall lattice parameters do not change. In order to
probe this further higher resolution information would be required which could be obtained through
collection ofadditional data where spore shells are plunge frozen and imaged at cryogenic

temperatures.

Post Germination
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Figure3.16: Comparison of Post Germination and Dormadt sporogenekxosporium

2D projection map of negatively stained exosporium post germination (top) and negatively ste
dormant spore exosporium (bottom) fro@anganan et al. 202@lack circle indicateofential
subunit, square indicates a peripheral pore and the arrow indicatefold3inker.

Dormant spore projection reproduced with permission fr@qanganan et al. 2020)
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Post germination TEM showed that the potential exosporium cap structure, seen by AFM of dormant
spores, appeared to have dissociated from the spore shell during the germination process (Fig: 3.7G,
J and 3.12B). Therefore it was not possibléutther probe the structure of the cap regions to

determine if they possessed an alternative basal layer structure that could contribute to a weakened
interaction that can be exploited by the emerging cell. The location of the opening at the pole of the
extended end of the exosporium does suggest that any cap structure present would have been easily
amenable to imaging and processing on dormant spores. The structures obtained from dormant
spore exosporiunfJanganan et al. 201&)rystals of heterologously expressed C&ahganan et al.

2020) and post germination exosporium are all identical. This could suggest that the basal layer of
the cap is comprised of CsxA or a structurally similar protein that forms an identiczd kstitiicture.
Alternatively it is possible that the cap region is formed of a-agstalline material and is therefore

not amenable to structural analysis by EC.

3.4.5 Ultrastructural Information from Thin Sectioning Data

3.4.5.1 Evidence of Spore Core Rehydration

Micrographs depicting spores in the early stages of germination tended to show two spore
subclasses; those with poorly stained cores and those with well stained cores (Fig: 3.17). The poor
staining is likely the result of inadequate stain infiltration to temtre of the spore, however, as

both subclasses occur within the same sample it may well indicate that subtle changes have
occurred in those spores that are well stained. The well stained spores could correlate to small
changes within the spore body stiure that allowed for improved stain infiltration. These changes
could include the opening of channels within the inner membrane that allow for the release of Ca
DPA leading to the uptake of water. The staining could reflect the early stages of spore cor

hydration with the darker staining reflecting a more hydrated state of the spore core.
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Figure3.17: Staining Difference®uring Early Germination

Micrograph shows a thin section 6f sporogenespores 2 h post germination initiation. Dark blu
arrows indicate spores in early germination with poor spore body staining. Pink arrows indica
spores in early germination with distinct spore body staining

3.4.5.2 Distortion of the Exosporium Early in Gerntion

Early in the germination process, the exosporium already starts to initiate changes that will lead to
vegetative cell emergence. One pole of the exosporium appeared to come to a point whilst the other
appeared flatter (Fig: 3.9A and B). A reduciioparasporal layers within the flatter pole of the

spore would suggest that this is the subsequent pole of emergence (Discussed below in section
3.4.5.4). Further to this there are spores in the later stages of germination with markedly pointed
exosporiumat the pole distal from cell emergence (Fig: 3.11A and 3.12B). The reason for these
morphological changes to the exosporium requires further investigation and would benefit from the
use of fluorescent labelling of the exosporium during live cell imagimganitor how the

exosporium shape changes through the early stages of germination.
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3.4.5.3 Expansion of the Spore Body

The spore body is seen to expand from 700 nm + 100 nm to 950 nm = 100 nm in diameter. This
expansion is such that the spore coat pushes righagainst the parasporal layers, stacking them
with the outermost exosporium layer. The expansion of the entire spore body in response to
germination has not previously been suggested in the literature. Expansion of the spore core has
been alluded to durig the rehydration procesSetlow, Wang, and Li 201a0d inB. subtilisB.
thuringiensisand C. difficileadditional membrane reservoirs within the spore core have been
observed in order to facilitate this expansifiraue et al. 2018 However, the spore core .
sporogenedtself appears to not undergo any dramatic expansion during the rehydration sfage

germination.

The thin sectioning data suggest that an expansion of the cortex region throughout the germination
process irC. sporogenesom 65 nm = 35 nm to 180 nm £ 80 nm is responsible for the swelling of
the spore body (Fig: 3.9 and 3.11). This is in stark contrast to what has been recently obs€rved in
difficilewhere the cortex region of germinating spores rapidly decreases itfirairel30 nm 40 nm
within the first 5 min of germinatiofBaloh et al. 2022)Swelling of the dormant spore body has
been previously seen B. thuringiensisn response to humidity levels within the environment
(Westphal et al. 2003)nd this has beeattributed to an expansion of the cortex layer,
accommodated by folds in the coat layer of the spdi2sks 2003)It is possible that the expansion

of the cortex region seen throughout the germination procesg.isporogeneis due to the
rehydrationof the spore and the increased water content of the internal layers. In addition, the
small waves and folds seen in the coat layer of dorn@argporogenespores were no longer

apparent in the sections of germinating spores. This would suggest thab#tdnas been stretched
out to accommodate the cortex expansion much like what was suggested to od8uthinringiensis

(Driks 2003)
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Alternatively, the cortex region could play a more active role in the emergence of the cell through a
restructuring of the peptidoglycan layer. This could occur through enzymes already localised within
the cortex of the spore and or proteins secreted frim developing cell. Cortex lytic enzymes, CwlJ
and SleB, have been previously identifiecCirsporogene@Vang et al. 201 Mut have mostly been
studied inB. subtilis They are thought to be activated by the release of DPA from the core of the
spore(TovarRojo et al. 2002put the function of these enzymes @ sporogeneis yet to be

confirmed despite having been found to be essential for efficient germingiheng et al. 2017)f

these enzymes were acting to degrade the cortex layer we wexyect the cortex region of the

spores to decrease in size throughout the germination process. It is remarkable then that this is not
seen to be the case and suggests that these enzymes have an alternative role within the spore,
perhaps in restructuring #acortex layer. The SleB enzyme is thought to localise to the inner
membrane through interaction with YpgBoland et al. 200Q)it is possible then that SleB is involved
in detaching the developing cell from the surrounding cortex allowing it to ldaeanfines of the

spore body without the need for complete cortex degradation.

In addition to the expansion of the cortex region, the thin sectioning data also show the formation of
darkly stained striations (Fig: 3.11). There features were always sdemiat the opposite pole to

cell emergence and were not observed in any dormant spore thin sections. The formation of these
structures would also be consistent with the idea that the cortex undergoes a restructuring during
the germination process. Theegfic composition of the striations is unknown and their presence
may well be the passive result of the pressure and stress the cortex is put under during the
germination process. However, their location and association with the developing cell couddisugg

a molecular spring type mechanism actively involved in pushing the vegetative cell out through the
pole of the spore. This would also align with the forceful ejection of vegetative cells from the spore

outer layers seen in the live cell phase contragtroscopy (Movie 3.1).
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3.4.5.4 Loss of Interspace Region and Polar Parasporal Layers

By mid germination the interspace of the spores is almost indiscernible, particularly around the sides
of the spore body (Fig: 3.10). Around the sides of the spore body thespratee decreased from 160

nm £ 40 nm to 80 nm + 15 nm. Despite its name, the interspace is thought to be composed of two
distinct layers of polysaccharide formed during sporulation to guide the formation of the
exosporium(Lehmann et al. 2022)t is posible that the loss of interspace is associated with a
breakdown of these polysaccharide layers which would provide an energy source for the developing

cell.

The interspace region at the pole from which emergence occurs becomes devoid of parasporal
layersin the early stages of the germination process (Fig: 3.10B). Many layers can be seen along the
sides of the spore body as they get squashed between the spore coat and the exosporium when the
spore body expands. Within the sectioning data there are no aisviigns of parasporal layers being
degraded during the germination process. Therefore, it seems more likely that the parasporal layers
from the pole of the spore are pushed out through the opening in the exosporium pole. The
expansion of the spore bodyigtussed in section 3.4.5.3) could result in the movement of material
from within the interspace out into the environment which could include the parasporal layers
located within the pole region. Although no external debris was seen that could correspond t
parasporal layers being pushed out of the exosporium it is likely that any evidence of this would

have been washed away during the sample preparation.

3.4.5.5 Early Opening of the Exosporium Pole

From both thin sectioning and negative stain data it was cledrttteapole of the exosporium from
which the cell emerges, opens prior to spore coat degradation (Fig: 3.9C and 3.10B). This would
correlate with the open aperture seen at the pole@fsporogendsy SEMBrunt et al. 2015)The
early opening of the ex@®rium suggests that the process is not reliant on pressure from the

emerging cell pushing its way out of the spore. However, the exosporium does not appear to be
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degraded, even in the spore shells post germination. This coupled with the fact there are no
structural changes to the exosporium (Section 3.4.4) points further to some form of cap structure

that falls off or is cleaved at a specific location during germination.

3.4.5.6 Degradation of the Spore Coat

The thin sectioning data clearly show that spore caagrddation occurs in line with the opening in

the exosporium (Fig: 3.10B and C). This is consistent with observations made previously by SEM
(Brunt et al. 2015)The breakdown of the coat appears to be targeted only to this pole as the rest of
the coat emains intact, even post germination in spore shells (Fig: 3.12). This would imply that the
degrading enzymes are not free within the germinating spore but rather localised to the pole of
emergence. The enzymes could be located within the coat itself whegebecome activated during
the germination process, similar to the cortex lytic enzymes. If this is the case it may be possible to
identify them by looking for possible coat degradation enzymes amongst the proteins expressed at

the time of coat formatio during sporulation.

Another hypothesis would be that coat degradation enzymes could be associated with the surface of
the emerging cell. This would require the pole of the emerging cell to be in close proximity to the
spore coat, and in several microgteyp this does appear to happen. In this case, any enzymes that

are expressed in the early stages of cell developmedtarlocalised to the cell pole may be

candidates for coat degradation.

3.4.6 Model of Germination and Outgrowth irC. sporogenes

The thin sectioning data provided detailed structural information concerning the changes occurring
within the spore during the germination process. From this, it is possible to put together a model for
germination inC. sporogene@=ig: 3.18). | propose #l, in the early stages of germination, the spore

core starts to become rehydrated (Stage 1) seen as a phase change in phase contrast microscopy
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(Movie 3.1) and in altered staining patterns within the thin sectioning data (Fig: 3.17). The spore
body then hcreases in size likely the result of rehydration and cortex expansion. This in turn pushed
the coat up against the outer layers of the spore, sandwiching the parasporal layers between the
exosporium and the coat, diminishing the interspace. At this piietexosporium is often open at

the extended pole of the exosporium and striations are seen within the cortex layer of the spore at
the distal pole to the exosporium opening. The appearance and locality of the striations suggest a
potential role as a moladar spring to assist in the emergence of the vegetative cell in the latter
stages of germination (Stage Il). The coat of the spore is then degraded in line with the exosporium
opening allowing the developing cell to begin emerging from the spore (Stagenk cell then

emerges through the pole of the exosporium into the environment, possibly mediated by the
molecular spring within the cortex, completely dissociating from the outer layers of the spore

leaving an empty spore shell (Stage V).

Core Cortex /
Rehydranon ExpanS|0n f

Dormant Spore Stage |

Stage IV

Spore Shell

Figure3.18 Model of Spore Restructuring Duri@erminationand Outgrowth

The germination process begins with the rehydration of the spore core (Stage I). The spore b
then swells, a process that is coupled with the expansion of the spore cortex. The expansion
spore body sandwiches the paraspblayers between the exosporium and the coat. The
exosporium is often open at one pole and striations can be seen within the expanded cortex t
(Stage I1). The coat of the spore is degraded in line with the opening at the pole of the exospc
allowing the vegetative cell to begin emerging (Stage IIl). The vegetative cell emerges throug!
open pole into the environment, possibly mediated by the striations within the cortex, leaving
behind the outer spore layers as a spore shell (Stage V).
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3.4.7 High Resolution from Cry&T

The thin sectioning data provided a clear initial understanding of the coarse morphological changes
that occur within the spore during the germination and outgrowth process. Higherutésol

information and finer details of the spore structures were not distinguishable due to the staining
required for this method. Sectioning of the samples also meant that only a small region of each
spore was imaged rather than the entire 3D volume. €Eyoof germinating spores is not something
that has been seen before in the literature and the initial attempts shown here aimed to provide

valuable 3D structural information on the germination process.

CryoET of spores was challenging and, in most cagesre the spore body still contained the
developing cell, the ice was too thick for data collection or subsequent processing. The thinner spore
shells proved to be more amenable to imaging. The low contrast fromEfydata meant that

layers were quite ard to distinguish but the exosporium, parasporal layers, and the remnants of the
coat were clearly visible. The presence of beaded fibrils decorating the outer surface of the
exosporium were also clearly seen at the open pole of the spore shell (Fig: &ti5B, Movie 3.3).

This is just one example of a feature that was not observed within the thin sectioning data. In
addition, the tomography data showed the clear crystallinity of the exosporium layer post
germination (Fig: 3.15C) and that the open endhef exosporium rolled back in on itself (Fig: 3.15A).
Both of these features were not always evident within the thin sectioning data due to the 2D nature

of the images.

The data presented here provide a good basis for further structural analysis of syt ése
germination process. Details of the spore structure were clearly visible in these initial tomograms,
however, it does appear that the spores are too thick for reliable tomography data collection. To
harness the power of cryBT it would be necessato generate thin lamellae by focused ion beam

(FIB) millingdMarko et al. 2007pr cryosectioning(AFAmoudi et al. 2004fpllowed by tomography
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data collection. This would allow for high resolution imaging of internal areas of the germinating

spores and the opportunity for subtomogram averaging of features within the spore.
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4 Structural Characterisation of Exosporium Mutants

4.1 Introduction

The exosporium of. sporogenesonsists partly of a parerystalline array that forms the outermost

layer of the spore. It forms the first point of contact between the dormant spore and the

environment and is thought to play an important role in germination and contribute to spore

resistance propertie® . Ndzy & SO Ff ®X wampT trFySaaln2zt NNBy Si
The structural organisation of the exosporium basal lay€}.iaporogeneis similar to that seen in

the Bacillus cereutamily which is composed of a heyanal array of proteirfKailas et al. 2011; Terry

et al. 2017)

A large number of proteins have been identified that are associated with the exosporidm in
sporogenedoth as potential structural proteins as well as decorative and accessory proteins
(Janganan et al. 2@). Of particular interest are three cysteimieh proteins, CsxA, CsxB and CsxC
found to be highly conserved acro8ssporogeneand Group C. botuihumstrains(Janganan et al.
2016) CsxA has since been found to ss§emble to form crystalline sheets identical in structure to
the native exosporium basal layglanganan et al. 2020 sxA is therefore thought to be the major
structural proteinof the exosporium irC. sporogened he roles of CsxB and CsxC remain uncertain

although their high cysteine content is suggestive of potential structural roles within the spore.

In addition to the cysteine rich proteins, two collagée proteins, BclAand BclB, were identified
(Janganan et al. 2018nB. anthraciliomologues of these proteins are found to form a hairy nap

on the surface of the exosporiu(Boydston et al. 2005; Thompson et al. 204Rgre they have a
significant impact on the adhence properties of the sporg8rahmbhatt et al. 2007 Based on

these observations it seems likely that BclA and BclIB are involved in the composition of the hairy nap
present on the surface @. sporogenespores, however, their specific locality anohétion are yet

to be fully determined.
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4.2 Aims

The aim of the work described in this chapter was to investigate the roles of exosporium associated
proteins in the ultrastructure of. sporogenespores. This included the three cysteineh proteins,
CsxA, CsxB and CsxC that had previously been knogkida different strain o€. sporogeneas

well as the two collagetike proteins BclA and BclIB.

Mutagenesis oC. sporogenewas carried out using a novel allelic exchange mutagenesis process
that was refined for use i€. sporogenedutant phenotype were observed by negative stain EM

and the roles of these proteins within the internal structure of the spores were further investigated
through thin sectioning. Electron crystallography was used to classify two distinct crystal types from
the layers engloping the spores. Atomic force microscopy was also employed to probe the surface
properties of the spores in more detail. By tying together information from multiple imaging
techniques and data from all the mutants, we aimed to assign the roles of tspexum

associated proteins in the overall spore ultrastructure.

4.3 Results

4.3.1 Production of Exosporium Mutants

Mutagenesis o€C. sporogenewas carried out using allelic exchange. Targets for knockout were
picked based on the previous work done to identifpgporium associated proteins. The proteins of
interest were the cysteineich proteins CsxA, CsxB and CsxC and the collikggroteins BclA and

BclB. The genome @. sporogenellCIMB 701792 was sequenced using a combination of lllumina
short-read and Qford nanopore longead sequencing (MicrobesNG) and assembled in house by Dr
Roy Chaudhuri. The genes encoding our target proteins were identified within the genome and were

found to be isolated genes not located within operons.
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An initial construct was ade to produce a clean knockout cdxB(Fig: 4.1) Approximately 1,200 bp

either side of the target gene were amplified by PCR from the genome using primer pairs
RF1686/RF1687 and RF1688/RF1689. The resulting homology arms were joined together in a Gibson
Assembly reaction and inserted into pJAK184 linearised by inverse PCR using oligonucleotides
RF311/RF312. pJAK184 containsrtta&ZzFgene under the control of the xylose inducilblg

promoter for counter selection ancatPfor selection (Fig: 4.1). The resulting construct (pHF001) was
then conjugated intaC. sporogene®r mutagenesis. Colonies screened by PCR for first

recombination showed integration of the plasmid into the genome as expected. However, when

colonies werescreened following second recombination no mutant genotypes were seen.

To select for favourable second recombination events, the erythromycin resistanceayari® was

used to replace the target gene. TeemBgene was amplified from pRPF215 using primers
RF1877/RF1878. The fragment was then put under the control d®thepromoter, a well

characterised constitutive promoter in Clostridia, through insertion into pJAK014 using a BamHI Sacl
restriction ligation (pHFO07). Primers RF1886 and RF1887 were then used to amphfytrermB

region in pHFOO7 for insertion between the homology arms of pHF001. pHF001 was linearised using
primers RF1885/RF1825 and a Gibson Assembly reaction performed to insegithermB

fragment (Fig: 4.1). The resulting construct (pHF009) was conjugate@.isfmorogene®r
mutagenesiscsxBmutants were selected for by resistance to erythromycin and sensitivity to

thiamphenicol (signified plasmid loss) and confirmed by PCRemgencing.

108



Chromosome
— RHA  p—

LHA RHA

Mutagenesis
Plasmid
Structure

7

Figure4.1: Mutagenesis Plasmid Generation

1.2 kb fragments either side of the target gene were amplified to produce homology arms. A
Assembly reaction was used to insert these fragments into the mutagenesis plasmid backbor
containing mazFunder an inducible xylose promoter for counter selection aatPfor selection.
P.wpzermB was later inserted between the homology arms by conducting a further Gibson As:
reaction. Mutagenesis with this plasmid construct would result in the replacement of the targe
gene with theermBresistance cassette.
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For convenience, fragment®ntaining homology arms witR..,>ermBbetween them for the 4
remaining constructscéxA csxCbclA bclB were synthesised by Genewiz. Fragments were inserted
into pJAK188ckxA or pHF012dsxChbclA bclB by restriction ligation. pJAK188 is simitapJAK184
but contains an additional terminator after treatPgene to prevent readthrough into the homology
arms and a small insertion between the xylose promoter andwtheFgene. pHF012 has this small
insertion removed. The resulting constructs (TahlE) were conjugated int€. sporogene®r
mutagenesis. Mutants were selected for by resistance to erythromycin and sensitivity to

thiamphenicol and confirmed by PCR and sequencing.

Tablel.7: Knockout strains produced @. sporogenestrain NCIMB 701792

Knockout Backbone Made By Final Construct

n O& E! Y|pJAK188 Synthesis by Genewiz followe{ pHF010
by restriction ligation

(csxA y g

n O& E. Y|pJAK184 RF1886/RF1887.w,>ermB pHF009
amplification. Gibson Assembl

(csxB
into RF1885/1825 linearised
pHFO001

n O& E/ Y|pHFO12 Synthesis by Genewiz followe{ pHF013
by restriction ligation

(csx@ y g

noOf ! Y|pHF012 Synthesis by Genewfiallowed | pHF015
by restriction ligation

(bclA y g

noOf . Y|pHFO12 Synthesis by Genewiz followe{ pHF014
by restriction ligation

(bclB y g
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4.3.2 Morphology of Mutant Spores

In order to determine whether there were any substantial morphological differences, spoeasiof
mutant were negatively stained and screened by TEM. A summary of the crystal types found can be

found in table 4.2.

Tablel.8: Summary of Crystal Types Found Acfossporogeneslutant Spores

Crystal Type Unit Cell Parameters Symmetry Comments

Found associated with the
exosporium of WTJanganan et al.

Type | a=b=110A +5 A;=120° p6
2020) csxBcsxCbclAandbclB
spores.
Found associated with outermost
layers ofcsxAspores and close to

Type |l a=b=65A+1A;=120° p3
the spore body omclAandbclB
spores.

4.3.2.1 csxA

Micrographs showedsxAmutant spores that lacked the continuous outermost exosporium layer of
the spore (Fig: 4.2). The spore body was surrounded by patches of crystalline material that were
broken and frayed at the edges (Fig: 4.2 pink arrows). Image processing of theiogypttithes

revealed a crystal type (Type I1) with a unit cell lengthob =65 + 1 Ay=119° + 1°, markedly

different from that seen on WT spores (Type 1). An indexed FFT can be seen in figure 4.2D. No hairy
nap was present on the surface of theagdrs, however, some of the large appendages were still

observed (Fig: 4.2 light blue arrows).
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Figure4.2: Negative Stain TEM alsxASpores

A+B) Low magnification micrographs of negatively stagsdspores C) Higher magnification
micrograph showing the crystalline layers associated with the surfacexéépores. Pink arrows
indicate crystalline layers. Light blue arrows indicate large appendages. D) Indexed FFT of th
crystalline layers present arsxAspores corresponding to Type Il crystal, unit aelb = 65A and
y=119°

4.3.2.2 csxB

Micrographs otsxBmutant spores showed that there was morphologically very little difference
between these and WT spores (Fig: 4.3). The exosporium surrounded the entire spore body,
however, for ~65% of the spores observed, the spore body appeared to be more centrakyllocat
within the exosporium compared to WT. High magnification micrographs of the exosporium layer
revealed a clear hairy nap on the surface of the exosporium (Fig: 4.3D pink arrow) as well as the

presence of large appendages (Fig: 4.3 light blue arrowsgtalliye areas of the exosporium
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revealed a crystal type identical to Type | crystal seen in WT spores with a unit cell leagth of

105 + 2 Ay = 119° + 1° (Indexed FFT FigEd.o other crystal types were observed.

Figure4.3: Negative Stain TEM alsxBSpores

A+B) Low magnification micrographs of negatively stagsdispores show a baggy exosporium
surrounding the spore dense spore bo@#D) Higher magnification micrograph showing the
exosporium. The hairy nap can be seen decorating the surface of the exoagpink arrow) as we
as large appendages (light blue arrow) E) Indexed FFT of the crystalline exosporium layer sut
the spore corresponding to Type | crystal, unit aeilb = 105A andy = 119°
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