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The endospores (spores) of many Bacillus cereus sensu lato species are decorated with multiple hair/pilus-like
appendages. Although they have been observed for more than 50 years, all efforts to characterize these fibers in
detail have failed until now, largely due to their extraordinary resilience to proteolytic digestion and chemical
solubilization. A recent structural analysis of B. cereus endospore appendages (Enas) using cryo-electron
microscopy has revealed the structure of two distinct fiber morphologies: the longer and more abundant
“Staggered-type” (S-Ena) and the shorter “Ladder-like” type (L-Ena), which further enabled the identification of the
genes encoding the S-Ena. Ena homologs are widely and uniquely distributed among B. cereus sensu lato
species, suggesting that appendages play important functional roles in these species. The discovery of ena genes
is expected to facilitate functional studies involving Ena-depleted mutant spores to explore the role of Enas in the

interaction between spores and their environment.

endospore spore appendage Bacillus cereus Ena

| 1. Endospore Appendages

The existence of hair/pilus-like endospore appendages (hereafter called Enas) on spore surfaces was reported
already in the 1960s 2. Ankolekar et al. showed that all 47 tested food isolates of B. cereus are endowed with
Enas. Enas were also found in ten of 12 enterotoxigenic food isolates of B. thuringiensis 2. Whereas the presence
of Enas appears to be a general characteristic of B. cereus sensu stricto (s.s.) and B. thuringiensis spores, they
have not been observed on B. anthracis or B. sphaericus spores B4 nor on spores of any species belonging to
the B. subtilis group 2. Variations in the number of Enas per spore and their morphology have been observed even
between strains of the same species. For example, among seven strains of B. cereus examined, the number of
Enas per spore ranged from one to 23, with an average of five to eight Enas (8, and length ranged from 0.6 to 2 pm
(6], Another strain of B. cereus displayed 20—30 Enas per spore, with lengths ranging from 200 nm to 6 pm . Apart
from the variation in the length and number of Enas per spore, atomic force microscopy (AFM) of B.
cereus endospores revealed a thicker type of Enas (g 8-12 nm, length 0.4-1.2 um) present together with a thinner
type Enas (g 2.5-3.5 nm, length 0.2-1.6 pm) &, Consistent with that, a recent detailed analysis of Enas from the
B. cereus food poisoning outbreak strain NVH0075-95 using cryo-EM revealed proteinaceous Ena fibers of two
distinct morphologies, named staggered (S)- and ladder (L)- Enas Bl (Figure 1A). S-Ena is the predominant form
of Ena (~90%) in B. cereus NVH 0075-95 U, which presumably corresponds to the thicker type of Ena reported
earlier B, Interestingly, while the S-Ena appears to be connected to the endospore coat and traverses the
exosporium, the L-Ena emerges from the exosporium B,
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Figure 1. The architecture of the Ena fibers. (A) lllustration of S-Ena and L-Ena fibers with staggered and
ladder-like arrangements of Ena subunits, respectively. In their termini distal to the endospore, the S-Ena fiber
has ~4-5 ruffles (thin filamentous extensions of ~4 nm diameter), while the L-Ena has a single ruffle. (B) Surface
representation of the atomic model of four helical turns of the S-Ena. Side and top view of one S-Ena helical turn
featuring a ribbon representation of 3—strands. (C) Three connected Ena subunits (as viewed from the central axis
of the fiber or exposing the interior) highlighting the jelly roll domain and the N-terminal connector (Ntc) (PDB ID
7A02). Arrows point to Cys10, Cysll of the Ntc from ith subunit that is involved in the disulphide linkage with
Cys109, Cys24 of the i-9th and the i-10th subunits, respectively. Reprinted from (D) Example of Gram-positive
pilin with its Cna domains. Shown here is BcpA, the major pilin of B. cereus vegetative pili (PDB ID 3KPT),
highlighting the CnaA,, CnaAs, and Xna domains in light orange, light cyan, and rainbow, respectively . The
CnaA domains are composed of two juxtaposed (-sheets of 3—-4 strands each, while the Xna domain with a jelly

roll topology consists of 3-sheets of four to five strands each.

Although pili have been well-studied structurally and functionally in both Gram-negative and Gram-positive
bacteria, spore appendages as a distinct class of pili are just beginning to be characterized. Some of the well-
known classes of pili are chaperone-usher pili, type V pili, type IV pili, curli, fap fibers, conjugative, type IV secretion
pili, e-pili in Gram-negatives, and sortase-mediated pili, and type IV pili in Gram-positive bacteria 29, Among Gram-
positives, Enas are the third class of pili to be structurally characterized [Z. Until recently, the only endospore
appendages whose composition and genetic identity have been characterized were those of Clostridium
taeniosporum 1. C. taeniosporum has twelve ribbon-like appendages emanating from one pole of the spore. Four
proteins, including a glycoprotein, constitute the appendages of C. taeniosporum 1. Notably, no equivalents of

these proteins/genes are present among B. cereus s.l. spp.

Interestingly, Enas are inherently resistant to boiling (100 °C), autoclavation, desiccation, treatment with strong
reducing agents (200 mM [B-mercaptoethanol), acids (1 M HCI), chaotropes (8 M urea or 6 M guanidinium chloride)

and proteases (proteinase K), which hamper mass spectrometry approaches to deduce their amino acid
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sequences 12 Despite their sturdy nature 4, Ena fibers can be dislodged from the endospore body by

sonication (23! or by treatment with sodium thioglycolate 141,

| 2. Architecture of Ena Fibers

The advent of cryo-electron microscopy (cryo-EM) has enabled us to image biological macromolecules down to the
atomic level in their native form I3, |t can be used to determine the structure of multiprotein complexes and
filaments with known or unknown genetic identities. In our recent work, we used cryo-EM to determine the electron
potential map of ex-vivo purified S-Ena appendages at a resolution of 3.2 A. At this resolution, we could clearly
identify amino acids with bulky side chains that led us to recognize a hexapeptide sequence ‘FCMTIRY’ located in
the C-terminal of an Ena subunit. Searching for this hexapeptide in the B. cereus NVH 0075-95 genome revealed
the presence of ena genes 4. Ex-vivo purified S-Ena is composed of EnalA and EnalB subunits assembled into a
helix of 110 A diameter and 37.4 A pitch (Figure 2B). Each helical turn is made up of 11.6 EnalA/B subunits
(Figure 1B). Due to their high sequence similarity (identity, 38%; similarity, 58%) and structure, cryo-EM does not
help much in unambiguously determining the stoichiometry and arrangement of EnaA/B subunits along the length
of the appendages. The EnalA/B subunits consist of a typical jelly roll fold and a 15-residue long N-terminal
connecter (Ntc) (Figure 1C). A jelly roll fold generally consists of 8 B-strands arranged in two 4 stranded (3-sheets
juxtaposed to each other, resembling a jelly or Swiss roll cake 8. The jelly roll domains of adjacent EnalA/B
subunits are connected to each other through -sheet augmentation, which helps in the lateral stabilization of the
helix (Figure 1B). Apart from that, two complementary electrostatic patches on the surfaces enhance inter-subunit
contacts. The Ntc of each subunit is connected to two other subunits present in the preceding helical turn to confer
longitudinal stability to the helix. Cys10 and Cys11 in the Ntc of each subunit i form disulphide bonds with Cys109
and Cys24 of subunits i-9 and i-10, respectively. The combination of 3-sheet augmentation and covalent linkage
through Ntc leads to the assembly of an appendage that is extremely stable, both chemically and physically .
Since the Ntcs are present in the luminal side of the helix, they are protected from various environmental assaults.
The Ntcs are connected to the jelly roll domain through a flexible five-residue long region that creates a longitudinal
gap of 4.5 A (Figure 1B) between the two helical turns. Due to the flexibility of this spacer region and the lack of
direct protein-protein contact between the two subunits present across different helical turns, the appendages turn
out to be highly flexible. At the distal termini of the spore, both S-Ena and L-Ena have short extensions that are
dubbed ‘ruffles’ (Figure 1A). The S-Ena tends to have four to five ruffles, while the L-Ena has one ruffle per
appendage. When observed by negative stain TEM, the ruffles appear morphologically similar to collagen-like
immunogenic hairy naps (BclA) that are found attached to the exosporium 7; however, the protein(s) that
constitute the ruffles have not yet been identified.

The jelly roll domain of Ena with its juxtaposed (-sheet architecture has previously been found in many sortase-
mediated vegetative pili, such as the XNA domain in BcpA, the major subunit of the vegetative pili of B.
cereus (Figure 1D) . In addition to that, CnaA and CnaB-type domains found in BcpA (Figure 1D), SpaA pilin
from Corynebacterium diphtheriae 18, RrgC from Streptococcus pneumoniae 12 and FimA and FimP

from Actonomyces oris 2921 agre another class of domains that contain a sandwiched B-sheet architecture. Cna-
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type domains are IG-like domains that consist of two juxtaposed sheets. The two sheets can be composed of either
4-4 or 4-5 -strands (in CnaA) or 4-3 B-strands (in CnaB). These domains were first reported in Staphylococcus
aureus as collagen-binding proteins 22, Furthermore, triple jelly roll domains found in the C381 turret protein
of Sulfolobus turreted icosahedral virus (STIV) are known to be involved in the interaction with the host pilus 23!, All

this evidence indicates that the jelly roll domain in Enas might also play a role in adherence to host tissue.

At the domain level, Enas are similar to sortase-mediated pili of vegetative cells of other Gram-positive species.
However, the arrangement of these domains in the filament is what distinguishes the two types of pili. Sortase-
mediated pili consist of a linear chain of CnaA and/or CnaB domains with distinct genes for basal pilin, backbone
pilin, and tip pilin and employ specific sortases to catalyze polymerization and anchoring to the peptidoglycan layer.
The sortase-mediated pili rely on internal isopeptide bonds between the side chains of Lys and Asn for
thermodynamic and physical stability 24231, On the contrary, Ena subunits assemble into a helix and undergo
covalent disulphide linkages hidden inside the luminal side to survive extreme physical and chemical stress.
Furthermore, EnalA and EnalB can self-assemble into filaments nearly identical to S-Ena in vitro [ without the

need for any specific enzyme.

| 3. Ena-Encoding Genes

De novo assignment of an amino acid sequence motif in the electron density map from the atomic model of the S-
Ena fibers allowed identification of the protein subunits that build the Enas and the “enal” genes encoding them.
The enal genes are located in a gene cluster consisting of enalA, enalB, and enalC, encoding proteins with
theoretical molecular weights of 12, 14 and 17 kDa, dubbed EnalA, EnalB, and EnalC, respectively (Figure 2B).
Knocking out any of these three genes produced spores lacking S-Ena, suggesting that all the three protein
components are needed for the formation of S-Ena fibers on the surface of the spore . On the other hand, the
expression of the L-Ena was not affected by the absence of enal genes, suggesting that the L-Ena fiber is
encoded by another currently unknown gene or gene cluster located elsewhere in the bacterial genome . The

expression of enalA-C genes was found to be concomitant with endospore formation [,
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Figure 2. The enal and ena2 gene loci and distribution of these among 735 Bacillus genomes. (A)
Distribution of enal/2A-C among B. cereus s.l. spp. and the presence of genes encoding Ena subunits are
indicated on surrounding rings in the following order from inner to outer: presence of enaA, enaB, and enaC,
respectively (for all three, enal: teal, ena2: orange, different locus: cyan). When no homolog or ortholog was found,
the ring is gray. Whole genome clustering of the B. cereus s.l. group and B. subtilis created by Mashtree 261271 and
visualized in Microreact 28], Rooted on B. subtilis. (B) (Inset) Enal and Ena2 loci with average amino acid
sequence identity indicated between the population of EnaA-C orthologs and homologs found within the B.

cereus s.l. group. Reprinted from [,

| 4. Potential Functions of Enas

Although Enas have been known for several decades, their biological function has not yet been unraveled. In cells
of Gram-negative, Gram-positive and Archaeal species, pili are involved in a multitude of functions such as
adhesion to biotic and abiotic surfaces, exchange of genetic material (conjugation), natural competence,
locomotion (twitching maotility), biofilm formation, exoprotein secretions, electron transfer (Geobacter) and
susceptibility to bacteriophages 2JBIBLE2] pijli are often involved in bacterial adhesion to a diverse range of
abiotic and biotic surfaces, such as cells and tissues of plants, animals, or humans. In pathogenic species, pili have
repeatedly been shown to contribute to virulence by mediating binding to mucosal surfaces [23l. Although the tip
pilins found in sortase-mediated pili, for example SpaC of Corynebacterium diphtheriae 34, RrgA of Streptococcus
pneumoniae 33, FimQ of Actinomyces oris 381, etc. are involved in cell-to-cell interaction, it remains to be

determined whether Ena ruffles have analogous functions, such as in the interaction of the spores with host
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receptors. Since pathogenic Bacillus s.. spp. are readily transmitted to their host in the spore form 29 the Enas
could play a role in the infection process by, for instance, facilitating the binding of spores to the epithelial cells of
the small intestine. Indeed, the presence of ruffles at the distal ends of both S-Ena and L-Ena suggests some roles
for Enas in the adhesion and/or recognition of host cell receptors or abiotic surfaces. Enas are, however, not likely
to be involved in active motility or uptake/transport of DNA or proteins, as these are energy demanding processes
that are not likely to occur in the endospores’ metabolically dormant state. The potential roles that Enas can play in

the various ecological niches of Bacillus spp. are summarized in Figure 3.

Figure 3. An illustration depicting potential roles that Enas may play in Bacillus s.l. spp. Adhesion of
endospores to intestinal epithelial cells (A), insect tissues (larvae) (B), and plant roots (C). (D) Autoaggregation of
endospores. (E) Biofilm formation. (F) Adhesion of endospores to abiotic surfaces, such as food processing

surfaces. The pictures are not drawn to scale.

| 5. Concluding Remarks

The Enas are suggested to play a role in adhesion to biotic and/or abiotic surfaces, but sufficient experimental data
are lacking. The recent discovery of the genes encoding the predominant type of Enas (S-Ena) in B. cereus s.l.
spp.l, is expected to facilitate comparative studies involving Ena depleted mutant spores and wild type spores.

Such studies will give important insights into the function of these extraordinary fibers in spore adherence to biotic
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and abiotic surfaces, biofilm formation, spore aggregation, germination, virulence, and other phenomena that would

have important implications in the biology of these species. Importantly, knowledge of the potential function of Enas

in spore adhesion would also allow the design of more effective strategies to prevent spore binding when harmful

or promote binding when beneficial.
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