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Abstract

The exosporium of Bacillus megaterium QM B1551 spores is morphologically distinct to
exosporia observed in spores of many other species. Previous work has demonstrated that
unidentified genes encoded on one of the large indigenous plasmids are required for the
assembly of the Bacillus megaterium exosporium. Here we provide evidence that pBM600-
encoded orthologues of the Bacillus subtilis CotW and CotX proteins, which form the crust
layer in spores of that species, are structural components of the Bacillus megaterium QM
B1551 spore exosporium. The introduction of plasmid-borne cotW and orthologous cotX genes
to the PV361 strain, which lacks all indigenous plasmids and produces spores that are devoid
of an exosporium, results in the development of spores with a rudimentary exosporium-type
structure. Additionally, purified recombinant CotW protein is shown to assemble at the air-
water interface to form thin sheets of material, which is consistent with the idea that this protein

may form a basal layer in the Bacillus megaterium QM B1551 exosporium.

Importance

When starved of nutrients some bacterial species develop metabolically dormant spores that
can persist in a viable state in the environment for several years. The outermost layers of spores
are of particular interest since (a) these represent the primary site for interaction with the
environment, and (b) the protein constituents may have biotechnological applications. The
outermost layer, or exosporium, in Bacillus megaterium QM B1551 spores, is of interest as it
is morphologically distinct to the exosporium of spores of the pathogenic Bacillus cereus
family. In this work we provide evidence that structurally important protein constituents of the
Bacillus megaterium exosporium are different to those in the Bacillus cereus family. We show

also that one of these proteins can assemble when purified to form sheets of exosporium-like



material. This is significant as it indicates that spore-forming bacteria employ different

proteins, and mechanisms of assembly, to construct their external layers.

Introduction

In response to nutrient exhaustion, bacteria of the orders Bacillales and Clostridiales initiate
sporulation, a tightly regulated process of cellular differentiation that results in the formation
of a metabolically dormant endospore (1). Virtually all spores share the same general
morphological features, in which a membrane-bound protoplast forms a central core that is
enveloped by two layers of structurally distinct peptidoglycan. In turn, a second membrane and
then a multi-layered proteinaceous coat surrounds the outer layer of cortical peptidoglycan.
The primary function of the coat is to protect the interior of the spore from chemical and
enzymatic attack, whereas the cortical peptidoglycan is essential for maintenance of the
reduced hydration state of the spore core, and by inference metabolic dormancy (2, 3).

The greatest variation in spore morphology is observed in an outermost structure
referred to as the exosporium, which is present in many - but not all - species, and which can
adopt a range of architectures and surface features in different species (4-6). The best studied
of these exosporial structures belongs to spores of the Bacillus cereus family, which includes
Bacillus anthracis, the causative agent of anthrax. The exosporium in B. cereus family spores
is a thin, sheath-like structure that is typically significantly larger and more flexible than the
densely packed spore within. Its biological function(s) have not unequivocally been defined,
however, a series of electron crystallographic studies have revealed that it has an ordered
structure punctuated with an array of what appear to be openings (7-10). The latter support the
often-stated idea that the exosporium, as the spore’s interface with the environment, serves in

one capacity as a molecular sieve (8).



Spores of several strains of B. megaterium have also been the focus of studies on
exosporium morphology and composition (11-16). The species is comprised of many strains,
which form a clade within the Bacilli that is quite distinct to both the B. subtilis and B. cereus
clades. The QM B1551 strain in particular is marked by a distinctive close-fitting exosporium,
which when viewed under the electron microscope appears to comprise two identical
hemispheres which meet to form a prominent ridge that envelops the circumference of the
spore. Similarly, in contrast to B. cereus spores, which are entirely surrounded by a nap of short
hair-like fibres, the exosporium of B. megaterium QM B1551 spores has a nap localised to only
a single pole of the spore (although in both species the fibres are formed from orthologous
collagen-like BclA proteins) (11). A recent study revealed that key structural components of
the B. megaterium QM B1551 exosporium are encoded on one, and possibly two, of seven
plasmids indigenous to this strain (11). Whereas the identity of the plasmids is known — plasmid
pBMo600 is certainly indispensable to exosporium formation, while plasmid pBM500 may also
be important — the identity of key structural genes has yet to be established. As reported in the
same study, only a limited number of orthologues of known B. cereus family exosporium genes
were identified as being present in the B. megaterium QM B1551 genome. These included the
nap proteins BclA and BcelB (encoded on pBM500), and the BxpB protein (also known as
ExsFA; encoded on pPBM600); the latter is required for attachment of the BclA fibres that form
the B. cereus family exosporial nap (17, 18), but appeared to be dispensable for both
exosporium assembly and nap attachment in B. megaterium spores (11).

In the current study we have investigated the role of pPBM600-encoded orthologues of
the B. subtilis CotW and CotX proteins in B. megaterium spores. These proteins form part of
the outermost layer of B. subtilis spores, the so-called crust, which may represent a rudimentary

exosporium-type structure in this species (19, 20). Here we report on the expression and



localisation of these proteins in B. megaterium QM B1551 spores and provide evidence that

they may form the basal layer or key structural components of the exosporium.

Results

Identification of cotW, cotX1 and cotX2 in B. megaterium QM B1551

Proteins located in the outermost layers of B. subtilis spores, including the crust, are encoded
in two adjacent operons comprising the cotVWXYZ genes (21). BLASTP searches conducted
with the CotV through to CotZ protein sequences against the B. megaterium genome yielded
orthologues of only the CotW and CotX proteins (orthologues of B. subtilis crust and B. cereus
family exosporium proteins encoded in the B. megaterium QM B1551 genome are detailed in
Table S1). The B. megaterium cotW gene is located on the antisense strand of plasmid pPBM600
and has the locus identifier BMQ pBM60030. The sequence encodes a predicted protein of
91-amino acids with a predicted molecular mass of 10.2 kDa. The predicted protein shares 35%
sequence identity at the amino acid level with B. subtilis CotW.

Open reading frames for two orthologues of CotX were identified immediately
downstream of cotW (Figure 1[a]), on the same antisense strand of plasmid pBM600 (locus
identifiers BMQ pBM60029, provisionally referred to as CotX1, and BMQ pBM60028,
which is referred to as CotX2). CotX1 is predicted to comprise 177 amino acids, has a predicted
molecular mass of 19.9 kDa, and shares 34% sequence identity at the amino acid level with B.
subtilis CotX (Figure 1[b]). The predicted CotX2 protein is truncated at the N-terminus with
respect to CotX1 and is predicted to comprise 142 amino acids with a molecular mass of 15.2
kDa. The CotX2 protein shares 38% sequence identity with B. subtilis CotX and 53% with B.
megaterium CotX1. Searches for orthologues of B. subtilis CotV, CotY and CotZ did not result
in any hits, indicating that either these proteins are below the cutoff employed for BLAST

searches, or that they are not encoded within the B. megaterium QM B1551 genome.



Transcriptional analysis of cotW, cotX1 and cotX2 in B. megaterium QM B1551

RT-PCR was employed to determine whether the cotW, cotX1 and cotX2 genes are transcribed
during sporulation. RNA was collected at various time points during sporulation and then
converted to cDNA, which was used in RT-PCR reactions with gene specific primers. The
resultant RT-PCR profiles indicate that all three genes are transcribed during sporulation
(Figure S1). Transcription of cotW is initiated shortly after entry to stationary phase and
appears to peak approximately 5 — 6 hours into sporulation. Examination of the gene’s
upstream region revealed a possible 6" consensus sequence (7 out of 8 residues match the
consensus -35 sequence, and 3 out of 8 for the -10 sequence (22)), indicating early expression
in the mother cell. Additionally, a potential rho-independent terminator sequence
(gegccttttttaggcgt) was identified immediately downstream of cotW (Free energy of stem-loop
region -8.8 kcal/mol), indicating that this gene is monocistronic.

Both cotX1 and cotX2 were transcribed throughout sporulation, with apparent maxima
from 6 — 8 hours into sporulation. Faint bands detected prior to the time defined as entry to
stationary phase presumably reflect asynchronous sporulation. A perfect match with the -10
region of the 6~ consensus sequence (22) was identified at an appropriate upstream location of
the putative start codon for cotX1, which is commensurate with late-stage transcription in the
mother cell (4). The close proximity of the cotX1 and cotX2 genes, which are separated by 37
nucleotides, is indicative of genetic organisation as an operon. RT-PCR experiments using
primers that spanned the 5’ end of cotX1, and the 3’ end of cotX2, provided evidence for a
single mRNA that encompassed both genes, indicating that the CotX structural genes are

transcribed as a single transcriptional unit (Figure S1).



Expression and localisation of CotW and CotX fluorescence fusion proteins in B.
megaterium QM B1551

A series of B. megaterium strains were designed to express CotW, CotX1 and CotX2 as GFP
fusion proteins with a view to examining, via fluorescence microscopy, the expression and
localisation of these proteins during sporulation. In the first set of experiments, cotW-gfp,
cotXl-gfp and cotX2-gfp constructs were introduced, independently, to wild-type B.
megaterium cells and colonies that had integrated the respective plasmids at the cloned loci
selected for analysis by fluorescence microscopy. Fluorescence associated with expression of
the CotW-GFP protein was evident in the mother cell 2-3 hours into sporulation and prior to
the development of refractile forespores (Figure 2 and Figure S2[a]). The protein was observed
to form a fluorescent shell around the developing spore at or around the same time as the
development of refractility, with no obvious preference for initiation of localisation at either of
the poles (Figure S2[b]). Fluorescence intensity was observed to increase in both the mother
cell and forespore surface as sporulation proceeded (Figure S2[c]). However, although the
mature spores retained some fluorescence, the intensity was noticeably reduced compared to
levels associated with spores immediately prior to mother cell lysis (Figure 2[d]).

Since the CotX1-GFP C-terminus fusion protein failed to localise to the spore surface
during sporulation (data not shown), a strain engineered to express an N-terminal fusion protein
(CotX1-GFPY) from a low copy number episomal plasmid was constructed (JM121).
Fluorescence associated with expression of the CotX1-GFP protein was first observed at the
mid to later stages of sporulation, by which time the forespore had become refractile (Figure 2
and Figure S3). In contrast to CotW-GFP, only very faint fluorescence was observed
throughout the mother cell cytoplasm, with the protein instead appearing to localise
immediately to the developing forespore. The mature spores were observed to retain relatively

bright fluorescence, although this was of a somewhat non-uniform and patchy distribution.



The timing of expression of the CotX2-GFP protein was similar to that of the CotX1
protein, as one would expect for genes that are organised in an operon. As with CotX1-GFPY,
fluorescence was observed principally around the developing forespore and not in the mother
cell cytoplasm (Figure 2 and Figure S4), perhaps indicating that both CotX proteins have a
strong affinity for the developing spore surface. As sporulation proceeded, CotX2-GFP formed
a discrete ring around the developing forespore resulting in bright green fluorescent shells,
which were retained in the mature spores. Expression of CotW-GFP and CotX2-GFP from an
episomal plasmid was examined for consistency with the CotX1-GFP" construct. In both cases
fluorescence was observed but was noticeably dimmer than that observed when expressed from
native loci, perhaps as a result of competition for binding sites with the native proteins (data

not shown).

Expression and localisation of CotW and CotX fluorescence fusion proteins in B.
megaterium PV361

The episomal plasmid-based constructs described above permitted complementation-type
experiments to be conducted in B. megaterium PV361, which is isogenic with QM B1551 but
lacks all indigenous plasmids and has no exosporium (11). Accordingly, the cotW-gfp, cotX1I-
gfp and cotX2-gfp plasmids were introduced to the PV361 strain with a view to ascertaining
whether any of these proteins could localise and assemble to the developing forespore in an
exosporium deficient strain (Table 1). The pattern of expression of CotW-GFP in the PV361
background was similar to that observed in the wild type background, although the
fluorescence signal was noticeably enhanced (Figure 3). The fusion protein was visible as
bright green, diffuse fluorescence in the mother cell throughout sporulation, although it was
not observed to localise specifically around the forespore. The mature spores lacked any

observable fluorescence, indicating that the protein was unable to localise or adhere to the spore



surface, perhaps as a result of this construct lacking the cotX7 and cotX2 genes. It is possible
also that the GFP moiety may interfere with localisation of the CotW-GFP fusion protein to
the spore.

Fluorescence associated with the CotX1-GFPN protein was apparent in the PV361
background after completion of engulfment and the development of forespore refractility,
similar to that observed previously when introduced to wild type cells (Figure 3 and Figure
S5). Fluorescent foci were observed to localise to the developing forespore, in addition to the
diffuse green cytoplasm. As sporulation progressed the fluorescence intensity increased, and
the protein was observed to completely envelop the developing spore. Intriguingly, the
fluorescent shell was retained on the majority of mature spores, although some were observed
to have no fluorescence. These observations indicate that the CotX1-GFP" fusion protein was
able to localise to the spore surface in the presumed absence of an exosporium, although it does
not appear to have been anchored sufficiently on at least a proportion of the population. PV361
cells complemented with cotX2-gfp, in the first instance in tandem with the cotW and cotX1
structural genes, were able to express and assemble the fusion protein around the developing
forespore (Figure 3). Spores of this strain mostly retained intense fluorescence, indicating that
the fusion protein was attached securely to the surface of the exosporium-deficient spores. In
contrast, no fluorescence was observed in sporulating cells or mature spores of PV361 cells
containing plasmid borne cotX2 placed under the control of the native promoter sequence,
either when present individually or when located downstream of cotX! (data not shown).
Similar observations were made whether CotX2 was designed with N- or C-terminal GFP
fusions. Hence, it seems that the CotW and CotX1 proteins are required for the correct

expression and assembly of CotX2 to the spore surface.



Spore immunolabeling

In order to ascertain whether the various GFP-fusion proteins were accessible to antisera, and
therefore potentially surface exposed, immunolabeling of spores of the various strains was
conducted with anti-GFP antisera (Figure S3). Of the wild type background strains bearing
fusion proteins, significant cross reactivity with anti-GFP antisera was detected in CotX1-
GFP" and CotX2-GFP spores. This was the case whether the proteins were expressed from the
native locus or from episomal plasmids. CotW-GFP spores, which showed only a weak
fluorescent signal, reacted to the antisera at levels comparable to the low-level non-specific
binding observed in wild type and SleL-GFP spores (SleL is located in the inner-coat (23)).
Accordingly, these data indicate that both CotX orthologues are surface exposed in B.
megaterium QM B1551 spores, raising the possibility that they are components of the
exosporium. Similar results were obtained in immunolabeling experiments involving GFP-
fusions to CotW, CotX1 and CotX2 in the PV361 background (Figure S6). Again, only the
CotX-GFP spores cross-reacted significantly with the anti-sera, indicating that even in the
presumed absence of an exosporium, B. megaterium CotX proteins are localised to the spore
surface. Notably, overlays of phase contrast and fluorescence images show that the fluorescent
signal is localised to the light grey region — perhaps the exosporium or interspace - that
surrounds phase bright spores in the wild-type background (Figure S2[b and c]. However, in
the PV361 background complemented with cotW-cotXI-cotX2-gfp, the fluorescent signal

appears more closely associated with the surface of the phase bright spores (Figure S2[f]).

Electron microscopy analyses
The observation that both CotX1 and CotX2 proteins appeared to be surface localised in wild
type and exosporium-less genetic backgrounds raised the possibility that these proteins are

perhaps components of the exosporium and outer coat. Alternatively, they may contribute

1N



directly or otherwise to the assembly of an exosporium type structure in the PV361
background. To investigate these hypotheses, electron microscopy studies were conducted on
PV361 spores complemented with plasmid borne copies of the cotW, cotX1 and cotX2 genes
and presumed associated regulatory sequences. Micrographs of sectioned spores (Figure 4)
reveal that spores of strains individually complemented with cotW, cotXl and cotX2,
respectively, share typical PV361 spore morphologies. However, in each case, cables and or
sheets of material with a granular type appearance, were visible, and appear to be associated
with the outer spore surface. This material is particularly evident in spores complemented with
cotX1, which in some cases entirely envelops the spore. Additionally, the material appears to
form a layer that is distinct from the outer spore coat, giving the appearance of an exosporium-
coat interspace. Whereas similar structures are observed in spores of PV361 complemented
with both cotX genes, the assembly of what most closely aligns with a rudimentary
exosporium-type structure is most evident in spores complemented with both cotX genes and
cotW (JM135). In this case, most spores show the additional layer of material, which again, is
largely separated from the spore coat by a distinct interspace. Thin section TEMs of these cells
at different stages of sporulation are shown in Figure S7.

EM analysis of negatively stained intact spores generally support the observations
derived from sectioned spores (Figure 4). Most of the spores complemented with individual
genes of interest have smooth surfaces, reminiscent of parental PV361 spores, although the EM
grids show evidence of sheets and fragments of granular material. Presumably this has been
shed from the spore surface. Spores of the triple complemented strain, however, are encased in
sheaths of what we assume to be similar material, and which appears akin to a rudimentary
exosporium structure. Furthermore, fluorescence microscopy analyses conducted with PV361
spores complemented with all three genes indicate that this apparent exosporium-type material

is resistant to shear associated with passage through a cell disrupter and sonication (Figure S8).
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Heterologous expression and self-assembly of B. megaterium CotW

Results presented above indicate that the B. megaterium CotW and CotX proteins have an
important role in the assembly of the spore exosporium, and may even be major structural
components of this outermost layer of the spore. Literature reports on the crystalline nature of
the exosporium of other species of Bacillus, principally in B. cereus/anthracis (7, 8) but also
alluded to in early reports on B. megaterium spores (24, 25), imply that major structural
proteins of the exosporium should have properties of self-assembly. Indeed, this has been
demonstrated recently for the ExsY protein in B. cereus family spores (26), while
heterologously expressed B. subtilis coat proteins have also been shown to assemble into
various macromolecular assemblies (26). Accordingly, genes encoding B. megaterium CotW,
CotX1 and CotX2, were cloned both with and without C-terminal GFP and His;( moieties into
arabinose inducible vectors for expression in E. coli. Expression of the various recombinant
proteins was examined under variable arabinose concentrations, and at temperatures ranging
from 16 —37°C. Of the proteins and conditions tested, expression of CotW-GFP appeared most
successful when examined by fluorescence microscopy, with bright green fluorescence and
few inclusion bodies being observed in the E. coli cytoplasm when induced with 0.001%
arabinose at 30°C. In contrast, the CotX proteins failed to express to any appreciable level in
E. coli, with or without the GFP fusion, and also when examined under conditions designed
for co-expression (data not shown).

Initial tests for self-assembly of the CotW protein (i.e. without the GFP moiety) were
conducted by applying 5 pL of purified CotW (45 mg/ml) onto a glass microscope slide and
incubated at 37°C until dry. A drop of water was then placed on the dried material, and the
slide examined by phase contrast microscopy. These analyses revealed the presence of sheet

or film-like material, which was particularly evident at the air/water interface (Figure 5[a]).
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The proteinaceous film was observed to increase in size while viewing under the microscope,
indicating that B. megaterium CotW can self-assemble into larger macromolecular structures.
Additionally, staining the CotW protein with thioflavin T revealed bright green fluorescence,
indicating that the protein has a beta-rich structure (Figure S9).

The procedure was then scaled-up and investigated further, this time using the CotW-
GFP fusion protein, and where 2.5 mg of purified protein was added to 300 ml water in a
Langmuir trough. The protein was incubated overnight at ambient conditions, and upon
examination, was revealed to have formed a thin film at the air-water interface that could be
removed, gathering into a fibre, with tweezers (Figure 5[b]). When examined under the
fluorescent microscope, the substance was observed to consist of a very fine sheet of green
fluorescent material (Figure 5[c]), providing strong evidence that the films were fabricated

from self-assembled CotW-GFP protein.

Discussion

The current paper examines the role of orthologues of the B. subtilis spore crust proteins CotW
and CotX in B. megaterium QM B1551 spores. These pPBM600-encoded proteins were the
focus of attention since previous work indicated that genes essential for the presence of an
exosporium in B. megaterium QM B1551 spores are located on this plasmid (11). Additionally,
BxpB and BclA/B aside, orthologues of known B. cereus exosporium proteins appear to be
absent from the B. megaterium genome. Notably, only orthologues of CotW and CotX (of
which there are two) appear to be encoded in the B. megaterium genome, as opposed to the
cotVWXYZ gene cluster in B. subtilis. The apparent absence of key exosporium and or outer-
spore coat genes identified from other species in the B. megaterium genome presumably
accounts for the significant morphological differences evident in B. megaterium spores

compared to the aforementioned species.
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The study has revealed that all three genes — cotW, cotX1 and cotX2 — are transcribed
in the mother cell during sporulation, with the resultant proteins localising to the spore during
development. Despite strong fluorescence in the mother cell, mature CotW-GFP spores display
only weak fluorescence, indicating that the fusion protein may not assemble correctly on the
spore, or perhaps has a dependency on the presence of one or both of the CotX proteins (the
cotW-gfp construct probably has a polar effect on expression of the downstream cotX genes).
Immuno-fluorescent labelling experiments conducted with anti-GFP antisera, indicate that
both CotX proteins — but not CotW - are located on the surface of wild-type QM B1551 spores
and on spores of complemented exosporium-less PV361-derived strains. An exterior location
for the CotX proteins with respect to CotW is consistent with ellipsoid localisation microscopy
measurements on the location of these proteins in B. megaterium spores (23).

Perhaps the most significant findings reported here are derived from electron
microscopy analyses, namely that the introduction of the cotW and cotX genes to the
plasmidless PV361 strain resulted in the formation of a rudimentary exosporium-type structure
around the resultant spores. The development of this structure, which is clearly distinguishable
from the spore coat by EM analysis, appears most advanced when cotW, cotX1 and cotX2 are
all present, although spores produced by PV361 strains complemented with individual cotW or
cotX genes also have cables and sheets of granular material associated with the outermost layers
of the spores. The observation that the CotW and CotX proteins appear capable of forming a
rudimentary exosporium indicates that these proteins have a structural role in the B.
megaterium exosporium, which is consistent with previous suggestions that the B. subtilis
spore crust represents a vestigial exosporium (27-29). Orthologues of CotW and CotX are also
encoded in the genome of several B. cereus strains but are absent from B. anthracis (27),
indicating that they do not function as structural components of exosporia across the genus.

Similarly, the B. subtilis CotY crust protein, and its paralogue ExsY, both of which are absent
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from the B. megaterium genome, appear to have crucial structural roles in the exosporium of
B. cereus and B. anthracis (9, 30, 31).

Unfortunately, despite several attempts it has not yet proved possible to create cotW or
cotX null strains in the QM B1551 background in order to investigate further the role of the
products of these genes in exosporium assembly. However, immunofluorescence labelling
experiments provide some evidence that the cables/sheets of exosporium material are
comprised of the CotX proteins. Similarly, the CotW protein was observed to form intact sac-
like structures in complemented PV361 spores when examined by negative stain TEM, which
indicates that this protein forms a component of the basal layer of the B. megaterium
exosporium. The ability of purified recombinant CotW to self-assemble into extended sheet-
like structures provides further evidence to support this hypothesis. Equally, the ability to self-
assemble into macromolecular structures does not necessarily mean that CotW is a part of the
exosporium, since a number of B. subtilis spore coat proteins have been shown to assemble
into a variety of macromolecular structures (26).

Regardless, the relatively disordered appearance of the exosporium-type structure in
cotW-cotX complemented PV361 spores is significantly different to the compact walnut-like
exosporium evident in wild-type B. megaterium QM B1551 spores. It seems certain, therefore,
that additional as-yet-unidentified proteins have important roles in the assembly and structure
of the B. megaterium exosporium. Candidate proteins include BMQ 2983, which was
identified from bioinformatic analyses as being cysteine rich, a property that is generally
important in promoting self-assembly via disulphide bond formation to higher ordered
structures (9). Intriguingly, both CotX proteins studied in this work contain only a single
cysteine residue, whereas CotW contains none, indicating that assembly to higher ordered

structures is driven by other mechanisms.
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Finally, a number of earlier studies speculate that the exosporium of B. megaterium
QM B1551 spores contains a galactosamine-6-phosphate polymer skeleton that confers rigidity
to the structure (14, 25, 32). A number of genes that may have a role in the synthesis of such a
polymer, including BMQ pBM60014 and BMQ pBM60015, are encoded, typically in
clusters, on plasmid pBM600. Hence, it may well be that carbohydrate components have a role
in defining the morphology of exosporia in B. megaterium, and perhaps other species. This
possibility, and the role of plasmid-encoded genes on exosporium development are areas we

consider worthy for future investigation.

Materials and Methods

Bacterial strains and preparation of spores

B. megaterium strains employed in this study, which were all isogenic with the QM B1551
strain, were cultured routinely at 30°C on LB medium supplemented where appropriate with
antibiotics (Table 1). Transformation was achieved using standard polyethylene glycol
mediated procedures followed by recovery on hypertonic medium supplemented with
antibiotics (33). Strains that had integrated pVLG6 plasmids to create gfp-fusions were isolated
and the construct verified by PCR, essentially as described previously (34). Spores were
prepared by nutrient exhaustion in supplemented nutrient broth, and purified subsequently by

repeated rounds of centrifugation and resuspension of spore pellets in ice-cold water (33).

Molecular biology procedures

Transcriptional analysis from loci of interest was examined by RT-PCR, using gene specific
primers designed to amplify a ~400 bp DNA fragments (35). Two approaches were used to
create strains bearing translational gfp fusions to genes of interest. In the first, ORFs or genomic

regions of interest were amplified by PCR, using oligonucleotides that incorporated appropriate
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restriction sites at the 5° and 3’ ends. PCR amplicons were then purified, digested and ligated
with the integration vector pVLG6, which had been restricted with the same enzymes. Ligation
mixtures were used to transform E. coli to carbenicillin resistance, with the resultant plasmids
being used subsequently to transform B. megaterium to chloramphenicol resistance. Strains
that had undergone homologous recombination to integrate plasmids at cloned loci were
identified by PCR after incubation at the non-permissive temperature (42°C) in the presence of
antibiotics. The second approach involved the use of the low copy number episomal pHT315
vector. Here, PCR was used to amplify ORFs of interest from B. megaterium QM B1551
genomic DNA, and the gfp gene, which were then assembled using the Klenow Assembly

Method (https://openwetware.org/wiki/Klenow Assembly Method: Seamless cloning). In

most cases gfp was positioned to encode in-frame C-terminal fusion proteins, although in
strains IM121, JIM129 and AG137, gfp preceded the respective cotX ORFs to create N-terminal
fusion proteins. The various PCR amplicons were ligated with linearised pHT315, and the
resultant plasmids used to transform B. megaterium to chloramphenicol resistance. A similar
pHT315-based approach was used to introduce cotW, cotX and variants there-of, minus the gfp
moiety, to create strains intended for electron microscopy analyses. Oligonucleotides used in
this work are detailed in Table 2. Escherichia coli DH5a, cultured in LB medium supplemented

with 50 pg/ml carbenicillin, was used for cloning and plasmid propagation procedures.

Anti-GFP assays

Spores (ODgop=10) were incubated with gentle agitation in phosphate buffered saline (PBS, pH
7.4) containing 2 % (w/v) bovine serum albumin (BSA) for 1 h at 4°C. Spores were harvested
by centrifugation (4,000 g for 5 min), resuspended in PBS-BSA and incubated with 500-fold
diluted anti-GFP antibody (ab290, Abcam, Cambridge, UK) for 40 min, followed by 3 washes

with PBS-BSA. Antibody labelled spores were subsequently centrifuged and resuspended in
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PBS-BSA, before incubating with 500-fold diluted Dylight-594 conjugated anti-Rabbit IgG
antibody (ab96885, Abcam) for 40 min. Labelled spores were subjected to three rounds of

washing with PBS and then analysed by fluorescence microscopy.

Cloning, expression and purification of recombinant CotW and CotW-GFP

The cotW ORF, minus stop codon, was amplified by PCR using B. megaterium QM B1551
genomic DNA as a template and primers that facilitate ligation independent cloning (36). The
PCR amplicon was subsequently purified and cloned into the pBADcLIC-GFP expression
plasmid, which adds GFP and His;o moieties to the C-terminal of the expressed protein. A
variant that lacked the GFP moiety, but retained the His;o tag, was also prepared. Protein
expression was conducted using E. coli Top10 cells, in 600 ml LB medium supplemented with
50 pg/mL carbenicillin. Cultures were incubated at 37°C, 225 rpm, and protein expression
induced with arabinose (final concentration 0.001% [w/v]) when the cell density had attained
an ODggp = 0.6. The cells were permitted to grow for 5 h prior to harvesting by centrifugation
at 9,000 g for 15 min, 4°C. Cell pellets were washed once with sterile water (4,000 g, 10 min,
4°C) and the pellet stored at -20°C until further use. Recombinant spore proteins were purified
by affinity chromatography. Briefly, cell pellets from 1.2 L expression culture were
resuspended in 8 mL binding buffer (20 mM sodium phosphate, pH 7.4, 500 mM NaCl, 1 mM
phenylmethylsulfonyl fluoride, and 20 mM imidazole) and passed three times through a One-
shot Cell disrupter operated at 20 kPsi. Cell lysates were centrifuged at 15,000 rpm for 20 min
at 4°C, before passing the supernatant through a Millex-HV syringe-driven filter unit (0.45 pm
polyvinylidene difluoride membrane) and loading onto a 1 mL His-trap excel column fitted to
an AKTA Pure instrument (GE Healthcare, Uppsala, Sweden). The protein was eluted in the
same buffer containing 500 mM imidazole, and then buffer-exchanged and concentrated into

20 mM sodium phosphate, pH 7.4, 150 mM NacCl, using a 10 kDa MWCO Amicon centrifugal
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filter unit (Merck Millipore, Watford, UK). The purity of recombinant proteins was assessed

at all stages by SDS-PAGE.

Assembly of recombinant CotW and CotW-GFP

Purified recombinant B. megaterium CotW protein (45 mg/ml) was deposited (5 pl) onto a
microscope slide and incubated at 37°C until dry. Deionised water (3 pl) was added and the
sample then examined by phase contrast microscopy. For larger scale experiments, 2.5 mg
purified CotW-GFP was added to 300 mL deionised water in a Langmuir trough and incubated
overnight at room temperature. The polymerised protein was carefully removed from the
surface using tweezers, deposited onto a glass slide and analysed by fluorescence microscopy.
Thioflavin-T assays were conducted by adding 10 pL thioflavin-T solution to CotW samples
dried on microscope slides, and then incubated for 10 min at 37°C. BSA was used as a negative
control. Samples were then washed with deionised water and examined by phase contrast and

fluorescence microscopy.

Microscopy
Fluorescence and thin-section transmission electron microscopy (TEM) analyses were

conducted as described previously (34).
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Table 1 Strains of B. megaterium and plasmids used in this study

Strain or Relevant phenotype or genotype * Source or
plasmid reference
QM B1551 Wild-type strain P.S. Vary
PV361 Plasmid-less isogenic variant of QM B1551 P.S. Vary
QM B1551 transformants
IM106 cotW::pVLG6 (gfp) Cm' This study
IM107 cotX1::pVLG6 (gfp) Cm' This study
JM108 cotX2::pVLG6 (gfp) Cm' This study
JM118 pHT315-cotW-gfp MLS' This study
IM119 pHT315-cotW-cotX1-gfp MLS' This study
IM120 pHT315-cotW-cotX1-cotX2-gfp MLS' This study
JM121 pHT315-gfp-cotX1 MLS' (i.e. encoding GFP at the N- This study
terminus of CotX1)
PV361 transformants
IM127 pHT315-cotW-gfp MLS' This study
JM128 pHT315-cotW-cotX1-gfp MLS' This study
JM129 pHT315-gfp-cotX1 MLS' (i.e. encoding GFP at the N- This study
terminus of CotX1)
JM130 pHT315-cotW-cotX1-cotX2-gfp MLS' This study
AG136 pHT315-cotX2-gfp MLS' This study
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AGI137

AGI138

IM131

IM132

JM133

IM134

JM135

Plasmids

pVLG6

pHT315

pBadcLIC-

GFP

pHT315-gfp-cotX2 MLS' (i.e. encoding GFP at the N-
terminus of CotX2)

pHT315-cotX1-cotX2-gfp MLS'
pHT315-cotW MLS'
pHT315-cotX] MLS"
pHT315-cotX2 MLS"
pHT315-cotX1-cotX2 MLS'

pHT315-cotW-cotX1-cotX2 MLS'

E. coli-Bacillus shuttle plasmid designed to create gfp-

. .t
fusions; ori”, Amp', Cm', gfp

low copy-number episomal plasmid derived from B.

thuringiensis, Amp', MLS'

LIC vector for E. coli, gfp, Amp"

This study

This study

This study

This study

This study

This study

This study

(37)

(38)

(36)

“ Cm', chloramphenicol resistance; MLS', macrolide-lincosamide-streptogramin-B resistance;

Amp', ampicillin resistance.
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Table 2 Oligonucleotide primers used in this work

Primer

Sequence (5’ - 3%)°

Primers used to construct pVLG6-gfp fusion plasmids

cotW For

cotW Rev

cotX1 For

cotX] Rev

cotX?2 For

cotX2 Rev

GCGAAGCTTATGATAGATACATATAGTATTATGAC
GGCGAATTCCTTTGGTTTTGTTTTTGGAG
GCGAAGCTTATGCCAACTCATAAACGTTATG
GGCCTGCAGAGAACTAAGGACAGAAACAAATAC
GCGAAGCTTATGGGTGAACAAAAATGGAGAGC

GGCGAATTCTGAGCTAAGTAGAGAAACAA

Primers used to create pHT315-based complementation plasmids

cotW For

cotW Rev

cotX1 For

cotX] Rev

cotX2 Rev

cotX] Inverse Rev

cotX?2 Inverse For

g/p Rev

CCGATCGGATCCTAAAACAAACTAGTGGATAATGTC

CCGATCGGATCCTTACTTTGGTTTTGTTTTTGGAGAAGTGGC
C

CCGATCGGATCCCCTCTTAAAAGCGCCTTTTTTAGGCG

CCGATCGGATCCTTAAGAACTAAGGACAGAAACAAATACTG
C

CCGATCGGATCCTTATGAGCTAAGTAGAGAAACAAATATTG
CG

GGAAAGGAGTGTTAATCATGGGTGAACAAAAATGGAGAGC
ACTAGACC

GATTAACACTCCTTTCCTTATATGAAATAATATATG

CCGATCGGATCCTTATTTGTATAGTTCATCCATGCC

Primers used to construct pHT315-gfp-cotX1

cotX1 Inverse For

GGGGATCAGGTGGTGGAGGCTCACCAACTCATAAACGTTAT
GAGTCTCGT
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PcotX1 Inverse Rev

gfp For

N-gfp Rev(2)

GTGAAAAGTTCTTCTCCTTTACTCATGATTAACACTCCTTTCC
TTATATG

CATATAAGGAAAGGAGTGTTAATCATGAGTAAAGGAGAAGA
ACTTTTC

CTCCACCACCTGATCCCCCACCGCCAGATCCGCCACCTCCTT
TGTATAGTTCATCCATGCCATGTGTAATCC

Primers used to construct pHT315-cotX2-gfp

pHT315-PcotX2

For

PcotX2 Rev

PcotX2 For

cotX2-gfp Rev(1)

cotX2-gfp For(1)

pHT315-gfp Rev

CTATGACCATGATTACGCCAAGCTTTTCTGATTCCTCTTAAA
AGCGCC

GTGCTCTCCATTTTTGTTCACCCATGATTAACACTCCTTTCCT
TATATG

CATATAAGGAAAGGAGTGTTAATCATGGGTGAACAAAAATG
GAGAGCAC

CCAGTGAAAAGTTCTTCTCCTTTACTGCCTCCGCCTTTTGCTG
CTGCTTCTCCGCCTCCTGAGCTAAGTAGAGAAACAAATATTG

TTGTTTCTCTACTTAGCTCAGGAGGCGGAGAAGCAGCAGCA
AAAGGCGGAGGCAGTAAAGGAGAAGAACTTTTCACTGG

GTTGTAAAACGACGGCCAGTGAATTCTTATTTGTATAGTTCA
TCCATGCC

Primers used to construct pHT315-cotX1-cotX2-gfp

pHT315-PcotX1-
cotX2 For

cotX2-gfp Rev(2)

cotX2-gfp For(2)

GACCATGATTACGCCAAGCTTTTCTGATTCCTCTTAAAAGCG
CC

GTTCTTCTCCTTTACTGCCTCCGCCTTTTGCTGCTGCTTCTCC
GCCTCCTGAGCTAAGTAGAGAAACAAATATTGCG

GTTTCTCTACTTAGCTCAGGAGGCGGAGAAGCAGCAGCAAA
AGGCGGAGGCAGTAAAGGAGAAGAACTTTTCACTGGAG
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pHT315-gfp Rev GTTGTAAAACGACGGCCAGTGAATTCTTATTTGTATAGTTCA
TCCATGCC

Primers used for to create pBADcLIC constructs

cotW LIC For ATGGGTGGTGGATTTGCTATAGATACATATAGTATTATGACA
cotW LIC Rev TTGGAAGTATAAATTTTCCTTTGGTTTTGTTTTTGGAGAAGTG
G

“ Restriction enzyme sites are underlined
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Figure Legends

Figure 1 (a) Genetic organisation of cotX2 (BMQ pBM60028), cotX! (BMQ pBM60029) and
cotW (BMQ pBM60030) on plasmid pBM600 of B. megaterium QM B1551. DNA sequence
and RT-PCR analyses indicate that cotW is monocistronic whereas cotXland cotX2 are
organised as an operon comprising both genes. (B) Clustal Omega sequence alignment of B.

subtilis CotX with B. megaterium CotX1 and CotX2. Asterisks denote conserved residues.

Figure 2 Fluorescence micrographs of sporulating B. megaterium QM B1551 (a) cotW-gfp
cells, (b) gfp-cotXI cells, and (¢) cotW cotX1 cotX2-gfp cells. Fluorescence micrographs over-
laid with phase contrast images are shown for B. megaterium QM B1551 (d) cotW-gfp spores,

(e) gfp-cotX1 spores, and (f) cotW cotX1 cotX2-gfp spores. The scale bar represents 2.5 pm.

Figure 3 Fluorescence micrographs over-laid with phase contrast images are shown for B.
megaterium PV361 (a) cotW-gfp sporulating cells and mature spores, (b) gfp-cotX1 spores, and

(c) cotW cotX1 cotX2-gfp spores. The scale bar represents 2.5 pm.

Figure 4 Thin-section transmission electron micrographs of (a) B. megaterium QM B1551
spores, and (b) exosporium deficient B. megaterium PV361 spores. Panels (c) through to (g)
show spores of strains in the PV361 background complemented with plasmid-borne copies of
(c) cotW, (d) cotX1, (e) cotX2, (f) cotX1-cotX2, and (g) cotW-cotX1-cotX2. Panel (h) shows an
intact, negatively stained, PV361 cotW-cotX1-cotX2 spore, which is encased in an exosporium-

like sheath.

Figure 5 Assembly of recombinant B. megaterium CotW and CotW-GFP into macroscopic

structures. (a) Phase contrast micrograph of CotW sheet formation at the air-water interphase.
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(b) Removal of a CotW-GFP film from the air-water interphase with tweezers. (c¢) Overlay of
fluorescence and phase contrast micrographs of assembled CotW-GFP. Scale bars represent 25

pm in (a) and 15 pm in (c).
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