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ABSTRACT Bacillus anthracis, Bacillus cereus, and Bacillus thuringiensis are the major
pathogens of the spore-forming genus Bacillus and possess an outer spore layer, the
exosporium, not found in many of the nonpathogenic species. The exosporium con-
sists of a basal layer with the ExsY, CotY, and BxpB proteins being the major struc-
tural components and an exterior nap layer containing the BclA glycoprotein. During
the assembly process, the nascent exosporium basal layer is attached to the spore
coat by a protein linker that includes the CotO and CotE proteins. Using transmission
electron microscopy, Western blotting, immunofluorescence, and fluorescent fusion
protein approaches, we examined the impact of single, double, and triple mutants
of the major exosporium proteins on exosporium protein content and distribution.
Plasmid-based expression of exsY and cotE resulted in increased production of exo-
sporium lacking spores, and the former also resulted in outer spore coat disruptions.
The exosporium bottlecap produced by exsY null spores was found to be more sta-
ble than previously reported, and its spore association was partially dependent on CotE.
Deletion mutants of five putative spore genes (bas1131, bas1142, bas1143, bas2277, and
bas3594) were created and shown not to have obvious effects on spore morphology or
BclA and BxpB content. The BclC collagen-like glycoprotein was found to be present in
the spore and possibly localized to the interspace region.

IMPORTANCE B. anthracis is an important zoonotic animal pathogen causing sporadic
outbreaks of anthrax worldwide. Spores are the infectious form of the bacterium and
can persist in soil for prolonged periods of time. The outermost B. anthracis spore
layer is the exosporium, a protein shell that is the site of interactions with both the
soil and with the innate immune system of infected hosts. Although much is known
regarding the sporulation process among members of the genus Bacillus, significant
gaps in our understanding of the exosporium assembly process exist. This study pro-
vides evidence for the properties of key exosporium basal layer structural proteins.
The results of this work will guide future studies on exosporium protein-protein inter-
actions during the assembly process.

KEYWORDS Bacillus anthracis, CotE, assembly, electron microscopy, endospores,
exosporium, mutants

he genus Bacillus is comprised of Gram-positive endospore-forming species that can

shift to an alternative developmental pathway, sporulation, when growth conditions Editor Tina M. Henkin, Ohio State University
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known as the exosporium (3). The exosporium is comprised of two distinct sublayers, Accepted 7 September 2022
the basal layer and the outer hair-like nap layer (4-6). The balloon-like exosporium is dis- Published 4 October 2022
placed from the spore coat by the interspace region of the spore (6). Many B. anthracis
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and B. cereus exosporium structural proteins have been identified (7-10). The major basal
layer-associated structural proteins include ExsY, CotY, and ExsFA/BxpB (here designated
BxpB) (11-19). Mutants of B. anthracis lacking the ExsY protein produce an incomplete
exosporium corresponding to the mother cell-central pole of the spore (the “bottlecap”
portion of the exosporium) (11, 18). ExsY thus is a major structural component of the
noncap region of the exosporium basal layer (17). The cap structure in exsY mutant
spores is not stably anchored to the mature spore, with loss of the cap reported to be
more common in spores produced in liquid cultures, perhaps owing to shear forces in
the shaken cultures (11). Mutants of B. cereus lacking ExsY produced exosporium-less
spores with some small fragments of material, possibly exosporium in nature, attached
to the spore surface (16). The lack of the cap structure was attributed to the spores being
produced from broth cultures. CotY, a protein that is 85% identical in amino acid
sequence to ExsY, is a structural component of the cap (18, 19; J. Durand-Heredia and G.
C. Stewart, submitted for publication). The precursor to the bottlecap structure forms
early in the sporulation process. Before the early engulfment stage is complete, a small
cap-like structure appears at the mother cell side of the septum, but this structure lacks
the electron density and hair-like projections of the mature cap, and the gap between it
and the forespore (the interspace) is narrower than the interspace seen in the mature
spore (18). Mutants unable to produce CotY do not exhibit the cap structure early in
sporulation. Because the cap is thought to serve as the primer site for noncap ExsY as-
sembly, it is expected that loss of CotY would produce spores lacking an exosporium.
However, cotY mutants of B. anthracis and B. cereus were reported to produce a normal-
appearing exosporium (16, 18). However, exosporium assembly was found to be delayed
in B. anthracis cotY mutants and instead of synthesis initiating at the mother cell-central
pole of the developing spore (the cap site), exosporium synthesis initiates principally at
sites along the long axis of the spores (18).

External to the CotY and ExsY internal basal layer is an outer layer that includes BxpB
and an outer “hair-like” nap layer are composed primarily of the collagen-like glycopro-
tein BclA (20-25; J. Durand-Heredia, H.-Y. Hsieh, K. A. Spreng, and G. C. Stewart, submit-
ted for publication). Assembly of the BclA filaments requires both BxpB and ExsFB.
Mutant spores lacking BxpB produce an exosporium with a marked reduction of BclA,
mutants lacking ExsFA exhibit a modest reduction in BclA levels, and mutants lacking
both BxpB and ExsFB produce an exosporium that lacks the BclA nap layer (13, 15, 24).

The components of the exosporium are produced in the mother cell and are subse-
quently assembled on the developing spore. Most of the exosporium genes have promoter
elements specific for the oX-containing late-stage sporulation mother cell RNA polymerase
(25, 26). The assembly of the intact exosporium is dependent on proteins that permit the
proper attachment of the exosporium to the spore coat layers. The CotE protein is essential
for attachment of the exosporium. A lack of CotE results in production of spores devoid of
an exosporium and exosporium sheets that are released by lysis of the mother cells (18, 19,
27). CotE was found to anchor the developing exosporium through an interaction with
CotO, and mutants lacking CotO produce spores devoid of the exosporium layer (18).
Although the exosporium assembly pathway is not well defined, the basal layer proteins
ExsY and CotY were shown to be able to self-assemble into two dimensional arrays when
expressed in heterologous Escherichia coli host cells, and these structures are stable to heat
and chemical denaturants (17).

In this study, we utilized a genetic approach including mutation analysis, comple-
mentation, and transmission electron microscopy (TEM) to examine the effects of loss
of these exosporium genes on assembly of the exosporium.

RESULTS

Contributions of CotY and ExsY to exosporium assembly. Studies with B. anthracis
found that exsY mutants produced only the bottlecap portion of the exosporium, indicat-
ing that ExsY was essential for production of the noncap portion of the exosporium basal
layer (11). In a study with B. cereus, exsY mutants lacked an intact exosporium but had
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FIG 1 Transmission electron micrographs showing spores of B. anthracis. Images are of the Sterne (A and B), AcotY
(C and D), AexsY (E and F), AcotY AexsY (G and H), AcotE (I to K), AcotE AexsY (L), and AcotE AcotY AexsY (M and
N) strains. Black arrows indicate positions of an exosporium, red arrows indicate the BclA nap layer, green arrows
indicate spores lacking an exosporium, and blue arrows indicate detached outer spore coat layers.

some small fragments of material, possibly exosporium in nature, attached to the spore
surface (16). Deletion of cotY resulted in spores possessing a morphologically normal-
appearing exosporium with both B. cereus and B. anthracis (16, 18). Mutants of B. cereus
with deletions of both exsY and cotY lacked an exosporium, but a similar mutant of
B. anthracis has not been described. To further evaluate the contributions of CotY and
ExsY to exosporium structure in B. anthracis, deletion mutants of cotY, exsY, and cotY and
exsY in the Sterne strain were created and spore structure was evaluated by transmission
electron microscopy. The results are shown in Fig. 1, and quantification of the spore phe-
notypes is presented in Table 1. We confirmed that CotY-negative spores possessed an
intact exosporium that included the BclA nap layer (Fig. 1C and D). With the exsY deletion

TABLE 1 Spore architecture by cotE, cotY, and exsY exosporium genotype as determined by TEM

% of spores in indicated category

Intact No Cap only Extended Multilayers external Total no. of

Genotype exosporium exosporium exosporium pole to spore coat spores counted
Sterne (wild type) 100 0 0 0 0 101

AcotY 99.4 0.6 0 0 0 180

AexsY 0 4.6 93.5 1.9 0 216

AcotY AexsY 0 100 0 0 0 100

AcotE 0 100 0 0 0 96

AcotE AexsY 0 100 0b 0 0 130

Sterne pHPS2-exsY 19.2 3 5.1 2.5 62.1 198

Sterne pHPS2-cotE 36.1 57.7 0 6.2 0 97

AcotE pHPS2-cotE 24.1 73 0 3.0 0 237

Sterne pHPS2-exsY-mcherry 24 22 393 14.7 0 150

Sterne AamyS::exsY 0 2 0 49.5 48.5 99

Sterne AamysS::exsY-mcherry 100 0 0 0 0 46

AexsY pHPS2-exsY 245 1.8 9.1 10 54.5 110

AexsY pHPS2-exsY-mcherry 0 35.6 62.5 1.9 0 104

AexsY AamyS:exsY 9 4.2 7.2 79.6 0 167

AexsY AamyS:exsY-mcherry 0 93 3 4 0 100

AcotY AexsY pHPS2-exsY 47 0 15 34 4 100

AcotY AexsY pHPS2-cotY 0 97.3 1.8 0.9 0 110

aTwo spores with an adherent exosporium strip.
bFree spore exosporium caps present in the spore samples (by TEM and anti-BclA fluorescence).
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FIG 2 Transmission electron micrographs showing spores of B. anthracis bearing plasmid or chromosomal
complementation genes. Images are of the Sterne pHPS2-cotE (A), AcotE pHPS2-cotE (B), Sterne pHPS2-exsY
(C to E), AexsY pHPS2-exsY (F and G), AexsY AamyS:exsY (H and |), Sterne pHPS2-exsY-mcherry (J), AexsY
pHPS-exsY-mcherry (K), Sterne AamyS:exsY (L), Sterne AamyS:exsY-mcherry (M), AexsY AcotY pHPS2-exsY (N
and 0), and AexsY AcotY pHPS2-cotY (P) strains. Black arrows indicate positions of an exosporium, red
arrows indicate the BclA nap layer, green arrows indicate spores lacking an exosporium, and blue arrows
indicate detached outer spore coat layers.

spores, >90% of the spores exhibited the expected cap-only exosporium (Fig. 1E), with
about 5% lacking an exosporium and ~2% showing an extended cap structure (Fig. 1F).
Mutant spores lacking both ExsY and CotY were devoid of an exosporium (Fig. 1G and H),
similar to the findings with the B. cereus double mutant (16) but now also demonstrated
with B. anthracis.

Complementation plasmids, or single-copy wild-type genes inserted at the amyS
locus (Durand-Heredia and Stewart, submitted), were introduced into the Sterne and
null mutant strains. The shuttle plasmid pHPS2 is a derivative of pHP13 with the chlor-
amphenicol resistance marker replaced with a spectinomycin resistance marker (24, 28).
This is a relatively low-copy-number replicon, with a copy number of ~5 in Bacillus subti-
lis hosts. With the Sterne strain bearing the pHPS2-exsY plasmid (pJD6265), major disrup-
tions of the outer spore coat layer were evident and only 19% of the spores possessed
an exosporium (Fig. 2C to E and Table 1). The outer spore coat was displaced, producing
distinct spore coat layers separated by gaps. The increased exsY copy number negatively
impacted the assembly of the outer spore coat and disrupted the anchoring of the exo-
sporium. The effects on the spore coat morphology appeared to be dose dependent.
Creation of a merodiploid strain with the insertion of exsY at the amyS locus resulted in
48.5% of the spores exhibiting displaced spore coat layers, versus 62% of the Sterne
strain bearing the plasmid copy of exsY (Fig. 2J and L and Table 1). Interestingly, absence
of the ExsY protein did not result in spores with visual disruptions of the outer spore coat
layer (Fig. 1E and F and Table 1). Complementation of the exsY deletion differed between
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the plasmid and single-copy integration systems, likely reflecting dose effects on expres-
sion. The plasmid complementation construct was more effective in restoring an intact
exosporium than the single-copy chromosomal insertion, with 24.5% of the spores pos-
sessing an intact exosporium plus 10% exhibiting an extended-pole exosporium versus
9% and 79.6%, respectively, with the single ectopic site copy of exsY (Fig. 2F to | and
Table 1). There appeared to be positional effects on exsY expression resulting in incom-
plete complementation. When a plasmid-borne exsY-mcherry fusion construct was intro-
duced into the exsY mutant, no complementation (resulting in an intact exosporium)
was observed by TEM and there was a reduction in the spores exhibiting the cap-only
exosporium with a corresponding increase in exosporium-less spores (Fig. 2J and K and
Table 1). Production of the ExsY-mCherry fusion protein also did not lead to the spore
coat disruption evident with the unfused ExsY protein in the Sterne and AexsY back-
grounds (Fig. 2J and M). Although the ExsY-mCherry fusion protein is able to localize to
the exosporium (Durand-Heredia and Stewart, submitted), it is not fully functional and
cannot complement the null mutant phenotype. Production of the plasmid-borne ExsY-
mCherry in Sterne cells did lead to loss of the exosporium (only 24% of the spores pos-
sessed the exosporium), reflecting a combination of the fusion protein acting as a chain
terminator in ExsY assembly and being less efficient in serving as a substrate for ExsY as-
sembly (Durand-Heredia and Stewart, submitted). Insertion of the exsY-mcherry gene
into the B. anthracis Sterne chromosome did not result in visible loss of the exosporium
(Fig. 2M and Table 1), probably due to lower expression levels.

Complementation of the cotY exsY double mutant with the exsY complementing plas-
mid (pJD6265) resulted in 47% of the spores regaining the exosporium layer (ExsY* and
CotY~ phenotype) and an additional 34% with an extended-pole exosporium (Fig. 2N and
O and Table 1). However, the cotY complementation plasmid (pJD4952) poorly comple-
mented, with approximately 97% of the spores exhibiting the double mutant exosporium-
deficient phenotype and only 1.8% of the spores giving the CotY™ ExsY~ phenotype of
cap-only exosporium (Fig. 2P and Table 1).

CotE anchoring of the exosporium and exosporium cap. Mutants with a deletion
of the cotE gene produce strips of exosporium but the strips are not stably attached to
the spore, so mature spores lack this layer. Occasionally, a fragment of the exosporium
can be seen adhering to the spore surface (an example of the rare partially associated
exosporium is shown in Fig. 1J). Exosporium strips, complete with the BclA nap, were
observed in the spore preparations. Interpretation of the morphology of the spores
lacking CotE is complicated by the fact that this protein is a spore coat morphogenic
protein and loss of it results in disruption of the integrity of the outer spore coat layer
of Bacillus subtilis (29). The cotE deletion strain spores exhibit an exosporium-like outer
layer that is separated from the inner spore coat layer (Fig. 1J to L). The displaced outer
spore coat results in a spore with what appears to be an interspace layer and an exospo-
rium. This outermost layer lacks the BclA nap, but it cannot be conclusively determined
by TEM if it is a “bald” exosporium basal layer or a detached and spatially separated
outer coat layer. To distinguish between these two possibilities, we examined spores of
a triple deletion mutant lacking the CotE, CotY, and ExsY proteins (Fig. TM and N). The
same outermost layer was present, and because the spores lacking CotY and ExsY fail to
produce an exosporium, the outer layer must be the detached outer coat layer.

When a plasmid bearing the cotO gene was introduced into B. anthracis, the result was
a loss of the exosporium layer (18). CotO’s putative binding partner in the exosporium
anchoring chain is CotE. To determine if cotE on a multicopy also impacts attachment of
the exosporium, we introduced pJD6177 into the Sterne and Sterne AcotE strains and
examined their spores by TEM. The presence of pJD6177 in the cotE deletion mutant
resulted in 24% of the spores possessing an exosporium, indicative of partial complemen-
tation of the cotE mutation (Fig. 2B and Table 1). However, when the plasmid was intro-
duced into the wild-type Sterne strain, 58% of the spores were also found to be lacking
the exosporium (Fig. 2A and Table 1). The inability to achieve 100% complementation
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FIG 3 Pattern of BclA on the surface of exsY mutant spores. Spores were purified from nutrient agar
plates or nutrient broth cultures. Spores were treated with rabbit anti-rBclA serum and goat anti-rabbit-
Alexa Fluor 568 secondary antibodies and examined by epifluorescence microscopy. The panels on the
right-hand side are enlargements of the boxed sections of the left-hand side images.

with the plasmid is likely due to increased levels of the CotE protein and its impact on the
exosporium attachment process.

The CotO-CotE-containing linker was shown to be important in the proper position-
ing of the exosporium cap at the early pre-engulfment stage of sporulation, suggesting
that CotE is part of the linkage between the forespore and the cap (18). We created a
cotE exsY double deletion mutant and examined the spores by TEM to assess the exo-
sporium cap-only characteristic of the exsY null phenotype. All of the cotE exsY double
mutant spores were devoid of the bottlecap exosporium structure, compared to only
4.6% of the spores lacking the cap exosporium with the exsY null mutant (Fig. 1L and
Table 1). With spores prepared for immunofluorescence microscopy, which entails less
rigorous washing steps, cap-possessing spores were seen with the cotE exsY double de-
letion mutant, but a smaller proportion of the overall spore population than with the
spores from the exsY single mutant (Fig. 3). It appears that in the cotE mutant strain,
production of the exosporium strips, extended beyond the cap by ExsY, cannot stably
remain associated with the developing spore. However, the cap structure alone (in the
cotE exsY double mutant), can remain spore associated in a subpopulation of the
mature spores.

Stability of the exosporium bottlecap. It was reported that the bottlecap exospo-
rium of the B. anthracis exsY mutant spore is unstable, such that spores prepared in lig-
uid media are devoid of the cap structure, likely due to shear forces present in the
shake cultures (11). To evaluate the stability of the exosporium cap structure, spores
were prepared from nutrient agar plate medium and from nutrient broth shake cul-
tures. The spores were stained with anti-BclA antibodies and examined by epifluores-
cence microscopy. The presence of the exosporium cap structures was quantified (an
example of the spore samples is presented in Fig. 3). Although the percentage of
spores with exosporium caps varied somewhat from batch to batch, no significant dif-
ference in the percentage of spores with exosporium caps was obtained when liquid
culture prepared spores were compared to spores harvested from plates. Given that
our spore purification methods include repeated pelleting steps followed by vigorous
vortex mixing to resuspend the pelleted spores, the presence of caps suggests they
are more stably attached to spores than previously suggested. As determined by anti-
BclA immunofluorescence microscopy, ~16% of spores from the exsY cotE double mu-
tant possessed the cap structure (Fig. 3). This suggests that the absence of caps
observed by TEM resulted from loss of the cap during the processing steps for TEM,
but the gentler processing steps for immunofluorescence microscopy allowed for
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FIG 4 Proteins extracted from spores of the bxpB exsFB double mutant. Spores were extracted by
boiling in buffer containing SDS, 8 M urea, and B-mercaptoethanol and electrophoresed in SDS-PAGE
gradient gels. Proteins were electrophoretically transferred to a PVDF membrane and stained with
Coomassie brilliant blue. The five proteins indicated by the arrows were subjected to identification by
liquid chromatography-mass spectroscopy.

retention of the caps on some spores. The results indicate that CotE is involved in
anchoring of the cap structure in the AexsY spores, in addition to the proper position-
ing of the cap structure earlier in the sporulation process (Durand-Heredia and
Stewart, submitted).

Proteomic analysis of the exosporium from a bxpB exsFB null mutant. To investi-
gate if other proteins could be identified in the exosporium layer, we took advantage
of the report indicating that the exosporium of the bxpB exsFB double mutant is more
fragile than an intact exosporium (15). Spores were prepared from the Sterne wild type
and the bxpB exsFB double deletion mutant strains. Purified spores were then sub-
jected to extensive vortexing, exosporium fragments were isolated, and proteins were
boiled in SDS plus fresh B-mercaptoethanol and electrophoresed on a 4 to 20% SDS
polyacrylamide gel. No proteins were detected in the Sterne samples (data not shown),
but five proteins were present in exosporium samples from the bxpB exsFB mutant
spores (Fig. 4). N-terminal sequence analysis of the proteins unambiguously identified
only the smallest of the proteins. The N-terminal sequence (AKHELPNLP) corresponds
to amino acids 2 to 10 of the SodA1 superoxide dismutase (bas4177; molecular weight
[MW] = 22,664), a known spore-associated protein (12, 30). To identify the other pro-
tein bands, a mass spectrometry-based proteomic approach was utilized. The 25-kDa
species was confirmed to be SodA1. The largest species was identified as the EA1 S-
layer protein (bas0842; MW = 91,362). The other bands were found to contain peptides
corresponding to the ExsY and CotY proteins. Both of these exosporium basal layer
proteins have been shown to be capable of self-assembly into sheet-like structures
which are resistant to dissociation by heat and reducing agents (17). These protein
bands, shown in Fig. 4, likely represent oligomeric forms of the proteins that are stable
to the extraction conditions used. Because the molecular masses of the two proteins
are similar (16.8 kDa for CotY versus 16.2 kDa for ExsY), it is not possible to conclude
that these bands represent homopolymers of each protein which comigrate or if the
band is a polymer containing both exosporium basal layer proteins. Nonetheless, the
results do indicate that the ExsY and CotY proteins represent the major components of
the residual exosporium basal layer in spores of the bxpB exsFB double deletion
mutant.

Investigation of roles of exosporium proteins of unknown function in exospo-
rium assembly. In our proteomic analysis of wild-type exosporium composition (data
not shown), certain proteins were identified that have not been well characterized. The
genes are all transcribed at time points consistent with sporulation genes (31) (Fig. 5A).
To assess whether these genes play a role in exosporium assembly, deletion mutants
of these genes were created and impacts on exosporium production and BclA and
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FIG 5 Phenotypes of bas3957, bas1131, and bclC null mutants of B. anthracis. (A) Transcription of the B. anthracis putative and known exosporium genes
(microarray data from reference 31). Expression of these sporulation-associated genes occurred at 240 min and later in this in vitro study. (B) Western blot
of spore extracts probed with antiserum against rBclA (left) and rBxpB (right). Blots were first probed with anti-rBclA and then stripped and reacted with
the anti-rBxpB antiserum. Lane M, protein size markers; lane 1, Sterne; 2, Sterne Abas3957; lane 3, Sterne Abas1131. (C) Transmission electron micrograph of
spores of the Sterne AbclC (bas3557) strain; the red arrows indicate the presence of the exosporium nap layer attached to the basal layer. (D to G) Fluorescence
micrographs of sporulating Sterne cells harboring the pBT1812 plasmid bearing bclC-egfp (D) and the mature spores from this culture (E). Panels F and G show
sporulating cells and spores from Sterne expressing BclA-eGFP, which localizes to the exosporium nap layer. (H) Bright-field image of a wet mount of sporulating
cells of the Sterne Abas2277 mutant. Cells were plated on nutrient agar plates and incubated for 1 week at 30°C followed by 1 week at room temperature.
Sporulation was complete, but most of the spores remained inside mother cell filament “ghosts” (indicated by the arrows).

BxpB assembly were assessed. The results are presented in Fig. 5 and 6 and Table 2.
bas1131 is one of four putative glycosyl transferase genes flanking the bclA gene
(bas1130) in the B. anthracis genome. It was the only one, however, which reproducibly
was identified in the exosporium preparations. The bas3957 gene encodes a small pro-
tein of unknown function present in the exosporium preparations. The bas1142 and
bas1143 genes contain small open reading frames (ORFs), and although we did not
detect them in our proteomic studies, the genes reside in the B. anthracis genome
between the exsY and the bxpB exosporium-associated genes (Fig. 6A). Deletion
mutants representing each of these genes produced spores with a normal-appearing
exosporium (visualized by TEM) and possessed normal contents of BclA and BxpB
(Fig. 5 and 6).

The bclC gene encodes one of the collagen-like proteins of B. anthracis (32). It is
expressed at times consistent with it being a sporulation gene. However, it lacks the N-
terminal exosporium localization motif found on the BclA, BcIB, BetA, and BclE (bas4623)
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of transcription of each of the genes. The stem-loop structure between cotY and bxpB represents a strong rho-independent terminator 15 bases distal to

the cotY open reading frame stop codon (shown in bold font). The bxpB gene has its own promoter.

(B) Western blot of spore extracts probed with anti-

BclA serum (left) and anti-BxpB serum (right). Lane 1, Sterne; lane 2, Abas1142 strain (clone 1); lane 3, Abas1142 strain (clone 2); lane 4, Abas1143 strain;
lane 5, Abas1142 Abas1143 strain (clone 1); lane 6, Abas1142 Abas1143 strain (clone 2). (C) Immunofluorescence of spores from Sterne, Sterne Abas1142,
Sterne Abas1143, and Sterne Abas1142 Abas1143 treated with antiserum against rBclA. Left-hand images are bright-field images and right-hand images are

the fluorescent images of the same field.

proteins (25, 33, 34). Using a bclC-egfp fusion construct, it was found that this protein is
expressed in sporulating cells, is positioned around the periphery of the spore, and
is present in mature spores (Fig. 5C). The “ground glass” appearance of the fluorescence
is characteristic of fluorescent fusions of proteins found in the interspace region of
B. anthracis spores (6). The appearance of BclA-enhanced green fluorescent protein
(eGFP), which localizes to the exosporium nap layer, is shown in comparison to the
BclC-eGFP image (Fig. 5). With the collagen-like proteins potentially playing a structural
role in the spores, a bclC deletion mutant was created and TEM of its spores was carried
out. The loss of BclC had no apparent impact on the interspace or presence of the exo-
sporium basal layer and attached nap (Fig. 5C).

bas2277 is a protein encoded by a gene which maps close to the bclB spore gene
(bas2281). Deletion of the bas2277 gene resulted in a strain that sporulated but exhib-
ited a defect in mother cell lysis and spore release (Fig. 5D). The gene is annotated as a
putative N-acetylmuramoyl-L-alanine amidase family 3 protein, which may be involved
in the breakdown of the mother cell peptidoglycan layer at the end of sporulation. The
gene is expressed relatively late in the sporulation process (31) (Fig. 5A).

DISCUSSION

Assembly of the exosporium during sporulation by B. anthracis is a complex pro-
cess. It initiates through the formation of a cap structure that occurs early in the sporu-
lation process, shortly after the engulfment phase (18). Cap production occurs at the
mother cell-central pole of the spore and requires CotY, which is its primary structural
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TABLE 2 Deletion mutants in putative exosporium genes

Journal of Bacteriology

Gene Properties

bas1131 Encodes a 370-aa? protein; gene adjacent to bclA; annotated as glycosyl transferase, group 2 family protein; identified in exosporium
proteome; deletion mutant unaffected in exosporium production and spore content of BxpB and BclA

bas1142 Encodes a 119-aa protein; deletion mutant unaffected in spore content of BxpB and BclA

bas1143 Encodes a 61-aa protein; deletion mutant unaffected in spore content of BxpB and BclA

bas2277 Annotated as an N-acetylmuramoyl-L-alanine amidase family 3 protein of 245 aa; expressed late in sporulation (31); deletion results in

a defect in mother cell lysis and spore release

bas3557 (bclC) Encodes a 481-aa collagen-like protein that lacks the N-terminal exosporium targeting domain. Gene transcribed with similar kinetics

to that of exsY and bxpB. Deletion mutant displays no obvious defect in spore architecture in TEM analysis

bas3957 Encodes a 120-aa protein; expression pattern parallels that of bxpB (31); deletion mutant unaffected in spore content of BxpB and BclA

9aa, amino acids.

protein. Positioning of the cap requires the CotE and CotO proteins (18, 27). In the ab-
sence of the anchoring proteins, the exosporium appears in sheets located near the
mother cell-central pole of the spore and does not properly associate with the spore.
Remarkably, we observed that the cap structure can still form and be pole associated
in the absence of the CotE protein, as shown with the cotE exsY double mutant spores.
The basal layer of the exosporium is assembled later than the first appearance of the
cap, at a time coincident with spore coat assembly. Exosporium assembly initiates at
the cap, which serves as the primer for basal layer extension to form the noncap por-
tion of the exosporium. The major structural protein for this noncap assembly is ExsY
(11, 17). Exosporium assembly progresses from the mother cell-central (cap) pole of
the spore toward the mother cell-distal spore pole. Lagging slightly behind the noncap
basal layer assembly is the assembly of the outer basal layer of the exosporium, which
includes the BxpB (ExsFA) and BclA proteins. These proteins assemble into high-MW
complexes in the cytoplasm of the mother cell, and the complexes are then positioned
on the developing exosporium (3, 24, 33). The BclA glycoprotein is cleaved, and pre-
sumably covalently attached to the basal layer, when the outer exosporium basal layer
has largely encircled the spore and with the BclA cleavage progressing from the cap
pole to the noncap pole (33).

Mutants of B. anthracis that do not produce the ExsY protein form only the exosporium
cap structure (11). The B. cereus (strain NRRL B-569; ATCC 10876) exsY mutant produced
spores lacking an exosporium but with adherent blebs of presumed exosporium, but no
caps were observed (16). The explanation given was that the spores were prepared in lig-
uid culture, and based on the findings of Boydston et al. (11), it was speculated that the
lack of caps was due to the spores being prepared from liquid cultures (16). We found the
B. anthracis caps to be more stably attached to the spores than initially reported, raising
the possibility that the B. cereus exsY mutant failed to produce an organized cap structure.
However, a recent study found that exsY mutants of the same B. cereus strain possessed
the bottlecap exosporium structures on a subpopulation of the spores (19). Mutants of
both B. anthracis and B. cereus lacking CotY are both capable of producing spores with an
intact exosporium bearing BclA on their surface (16, 18, 19). This result is consistent with
the findings of Boone et al. (18), who discovered that in the cotY mutant, which does not
produce the cap structure which primes noncap ExsY assembly, production of the ExsY-
containing basal layer is delayed and initiates more frequently along the lateral spore
surfaces. In cotY mutant sporangia, forespores with a complete coat but no exosporium, or
only partially complete exosporium, were readily observed (18). Despite the presence of
an intact exosporium in the mature spores of the cotY mutant, the organization of the ba-
sal layer is altered, as evidenced by reduced reactivity with the anti-BxpB antiserum relative
to that of the parent Sterne strain spores (Durand-Heredia et al., submitted).

Complementation of exosporium gene mutants was found to be incomplete, both
with plasmid complementation systems and with single-copy chromosomal integra-
tion at an ectopic site. Plasmid-based complementation results in presumed overex-
pression of the proteins, which affects the ratio of the structural proteins and defects
in exosporium assembly. Overexpression of ExsY or CotE in the Sterne wild-type strain
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resulted in production of a subpopulation of spores lacking the exosporium, and
expression in the homologous gene deletion mutation only partially restored the wild-
type phenotype. This was true even when the complementing gene was inserted into
the bacterial chromosome in single copy but at an ectopic site. Altered expression levels
of ExsY resulted in loss of the exosporium in a subpopulation of spores and disruptions
of the outer spore coat layer. The spore coat defects may contribute to the exosporium
assembly defects. ExsY fluorescent fusion proteins have been used to study ExsY assem-
bly into spores. However, the complementation studies in this investigation that suggest
the fusion protein is not fully functional in basal layer synthesis. The ExsY-eGFP fusion
protein in single copy did not result in loss of the exosporium layer in the Sterne spores,
and the multicopy expression resulted in only 75% of the spores lacking the exosporium
layer. The plasmid-borne unfused ExsY gene resulted in all spores lacking the exospo-
rium. The ExsY overexpression-associated spore coat defects were not observed with the
ExsY-eGFP fusion protein expression, and the coat defects were observed only when
ExsY was overexpressed (even with just two chromosomal copies) and not with exsY null
mutant spores.

Attachment of the exosporium to the spore coat involves the CotO and CotE pro-
teins (18, 19). When cotO was introduced on a plasmid in B. anthracis Sterne cells, loss
of an attached exosporium was observed. CotO is thought to partner with CotE as part
of this attachment structure. We found that when Sterne harbored a plasmid bearing
cotE, a subpopulation of exosporium-negative spores was obtained. Each of the linkage
proteins bridging the outer spore coat and exosporium has two binding partners.
Overproduction of one of these proteins could result in proteins bound to the coat
side of the chain, but not the exosporium, or vice versa. This breakage of the linkage
chain would result in a failure of the exosporium to be properly oriented in the devel-
oping spore to be properly assembled around the spore. Elongation of the cap by ExsY
results in the appearance of exosporium strips in the cotfE null mother cell cytoplasm
(27). The lack of CotE results in a failure of the exosporium to properly align with the
forespore surface to generate the intact exosporium. However, in the absence of ExsY,
elongation of the cap does not occur and under these conditions, a subpopulation of
spores possessing the cap structure is obtained. These caps, however, appear to be
less stably attached to the spore than those from the strain lacking ExsY but possessing
CotE. CotO and CotE are also spore coat structural proteins, and thus, their absence
also affects the composition of the spore coat outer layer, in addition to the effects on
exosporium assembly.

Two of the major structural proteins of the basal layer, ExsY and to a lesser extent
CotY, have been shown in B. cereus to be capable of self-assembly (17). Because the
amino acid sequence of these proteins is highly conserved among the B. cereus sensu
lato bacteria, it is reasonable to assume that self-assembly is a common feature of
Bacillus exosporium basal layer assembly. The outer sublayer components of the basal
layer, consisting of BxpB, ExsFB, BclA, and possibly other proteins, assemble into high-
MW complexes in the mother cell cytoplasm and then are positioned for assembly
onto the CotY/ExsY layer, initiating at the mother cell-central (cap) pole (3, 24, 25, 33).
We determined that the BxpB/BclA outer basal layer can assemble into a spore-shaped
sacculus in the absence of the CotY/ExsY inner basal layer and that in a triple deletion
mutant lacking CotE, CotY, and ExsY, these ghost structures are not spore associated
(Durand-Heredia et al., submitted). Thus, BxpB/ExsFB assembly into a cylindrical shell
is, at least in part, independent of formation of the underlying basal layer.

The exosporium fragments that are released from the spores lacking BxpB and
ExsFB contain oligomeric forms of ExsY and CotY and two likely nonstructural proteins,
the SodA1 superoxide dismutase and the EA1 surface layer glycoprotein. The former is
one of four superoxide dismutases that contribute to protections against oxidative
stress in B. anthracis spores (35). SodA1 was shown to be a major protectant from intra-
cellular superoxide stress (36). Because the exosporium is not degraded during germi-
nation and outgrowth, the presence of the SodA1 protein might provide a protective
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TABLE 3 Bacterial strains and plasmids used in this study

Journal of Bacteriology

Strain or plasmid Relevant characteristic(s) or description® Reference or source
Bacillus anthracis strains
MUS8135 Sterne bxpB::kan AexsFB Durand-Heredia et al., submitted
MUS8228 Sterne AexsY Durand-Heredia and Stewart, submitted
MUS8229 Sterne AcotY Durand-Heredia and Stewart, submitted
MUS8230 Sterne AcotY AexsY
MUS8231 Sterne AcotE::kan AexsY This study
MUS8232 Sterne AcotE:kan AcotY AexsY Durand-Heredia and Stewart, submitted
MUS8233 Sterne AamyS:exsY This study
MUS8234 Sterne AamyS::exsY-mcherry This study
MUS8236 Sterne Abas1141 This study
MUS8237 Sterne Abas1142 This study
MUS8238 Sterne Abas1141 A1142 This study
MUS8239 Sterne Abas1131 This study
MUS8240 Sterne Abas3957:spc This study
MUS8241 Sterne AbclC:spc This study
RG56 Sterne AcotE::kan 27
Sterne pXO1* pX02~ Lab stock
E. coli
DH5« @80dlacZAM15 recAT endAT gyrA96 thi-1 hsdR17 (r,~ my~) supE44 relAT deoR Lab stock
A(lacZYA-argF)U169
GM48 F~thr leu thi lacY galK galT ara fhuA tsx dam dcm ginV44 Lab stock
Plasmids
pBT1812 pMK4-bclC-egfp This study
pDG4099 pMK4 egfp fusion vector 18
pDG4100 pMK4 mcherry fusion vector 41
pGS4294 Allele replacement ts shuttle vector; Amp" Ery" Lab stock
pHP13 Shuttle vector; Cm" Ery" 28
pHPS2 Shuttle vector; Spc’ Ery" 24
pJD6139 pHPS2-P,, ;-bxpB-mcherry This study
pJD6173 pHPS2-cotY This study
pJD6177 pHPS2-cotE This study
pJD6265 pHPS2-exsY This study
pJD6270 pHPS2-exsY-mcherry This study
pMK4 Shuttle plasmid; Amp" Cm’ 42

aAmp’, Cm", Ery", Kan’, and Spc', resistance to 100 ug of ampicillin mL™", 10 g of chloramphenicol mL™", 5 ug of erythromycin mL™", 50 1g of kanamycin mL~", and 100 ug

of spectinomycin mL ™', respectively.

microenvironment against oxidative stress. During the initial stages of infection, the
germination step within macrophages or dendritic cells constitutes the time when the
bacterium is most sensitive to host innate defense mechanisms, until the cell can begin
to synthesize and secrete toxins.

The EAT glycoprotein is commonly reported for spore and exosporium preparations
of B. anthracis. Williams and Turnbough (37) provided evidence that EA1 is a contami-
nant that can be removed with rigorous washing steps. Whether EA1 is a contaminant
or a true, but relatively unstable, spore component, the eag gene is actively expressed
during sporulation (Fig. 5A). Its transcription pattern is that of increased mRNA in late
logarithmic phase (during which time EA1 replaces SAP as the cell’s S-layer compo-
nent) (38, 39). A second wave of expression occurs during the sporulation phase at a
time coincident with expression of spore coat and exosporium genes. The eag gene is
expressed from a ot promoter (38) and also contains a putative oX promoter (AC-16 bp-
CATAGGCTT) 647 bp upstream of the EA1 coding sequence. The sporulation phase expres-
sion would explain its presence in our exosporium preparation, whether as a contaminant
from the mother cell expression or possibly as an actual component of the mature spore.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Strains used in this study are listed in Table 3. The B. anthracis
strains used in this study were derived from the Sterne (pXO1*, pXO2™) vaccine strain. All strains lacked the
capsule-encoding pX02 plasmid and are therefore attenuated for virulence and exempt from tier 1 select
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agent guidelines. The studies were conducted under biosafety level 2 biocontainment conditions. B. anthracis
strains were cultured in brain heart infusion (BHI) broth or brain heart infusion agar plates (Difco) at 37°C
unless indicated otherwise. E. coli strains were cultured as described previously (33).

DNA purification. The Wizard SV miniprep kit (Promega) was used to isolate plasmid DNA. Genomic
DNA was isolated using the Wizard genomic DNA purification kit (Promega). With B. anthracis, the cell
pellets were frozen at —80°C overnight and thawed at 37°C prior to plasmid or genomic DNA extraction.

Generation of B. anthracis deletion mutants, electroporation of B. anthracis, and construction
of the fluorescent reporter gene fusions. Procedures were performed as described previously (Durand-
Heredia et al.,, submitted). Plasmids to be introduced into B. anthracis were first passaged through E. coli
strain GM48 to produce DNA lacking Dam methylation.

Construction of complementation plasmids. Complementation plasmids were generated for the
cotE, cotY, and exsY open reading frames by amplifying the ORF with its native promoter using primers
that added EcoRl or Sall sites to the ends. The resulting amplicons were then cloned into the E. coli-Bacillus
shuttle plasmid pHPS2 and sequence verified.

Production of spores. B. anthracis cells from a BHI broth culture were swab inoculated onto the sur-
face of 150- by 15-mm Oxoid nutrient agar plates with the appropriate antibiotics. The cultures were
incubated at 30°C for 5 days. The surface layer of bacterial growth was harvested with a sterile cotton
swab and the spores were dispersed into phosphate-buffered saline (PBS). The spores were pelleted by
centrifugation at 15,000 rpm, and the upper pellet layer containing lysed cell debris was removed by
aspiration and discarded. The was process was repeated until there was no evidence of vegetative cells
or cell debris present. Dried spore pellets were weighed to determine weight of spores per volume, and
the purified spore pellets were adjusted to a concentration of 10 ug/uL using PBS and stored at room
temperature. For spores produced in broth culture, the cells were inoculated into 50 mL of nutrient
broth and incubated at 30°C for 5 days with shaking at 240 rpm. Sporulation was greater than 90% as
assessed by phase-contrast microscopy. Spores were harvested and purified as described above.

SDS-PAGE and electrotransfer to Immobilon membranes. Protein samples were loaded onto a
15-well mini-Protean TGX gel (Bio-Rad) and electrophoresed at 190 V in SDS buffer (25 mM Tris, 192 mM
glycine, 0.1% SDS [pH 8.3]). The proteins were electrotransferred to Immobilon membranes (Millipore
Sigma) for 1 h on ice at 250 mA in 25 mM Tris, 192 mM glycine, and 10% methanol.

Western blot analysis. For Western blot analysis, 10 mg of spores was pelleted in an Eppendorf 5425
microcentrifuge at 15,000 rpm for 2 min and the resulting pellets were then resuspended in 100 uL of urea
SDS-PAGE buffer (8 M urea, 50 mM Tris-HCI [pH 10], 2% SDS, 0.002% bromophenol blue, 0.71 M B-mercapto-
ethanol, 10% glycerol) and boiled for 10 min. Spores were pelleted by centrifugation for 10 min, and 15 L
of the extract was subjected to SDS-PAGE and transfer to Immobilon membranes. Membranes were blocked
overnight at 4°C using SuperBlock (Thermo Fisher) and stained with a 1:20,000 dilution of anti-rBclA or anti-
rBxpB rabbit polyclonal antibody at room temperature for 1 h. The membranes were then washed six times
with 0.1% Tween 20 in PBS, 5 min each with agitation. Secondary staining was done with 1:20,000 anti-rabbit
lgG-horseradish peroxidase (HRP) conjugate (Invitrogen) at room temperature for 1 h, and the membrane
was washed eight times with 0.1% Tween 20 in PBS for 5 min with agitation. The membrane was processed
using Pierce ECL Western blotting substrate and then exposed to autoradiography film (Midwest Scientific).

Immunofluorescence microscopy. Ten milligrams of spores was resuspended in 750 L of SuperBlock
blocking buffer (Thermo Scientific) and incubated for at least 20 min at room temperature. The spores were
then harvested by centrifugation, and the spore pellet was resuspended in 250 uL of SuperBlock blocking
buffer with 1 uL of primary antibody and incubated at room temperature for 20 min (with mixing every 5
min). Rabbit polyclonal anti-rBclA antibodies (24) were used. Following incubation with the primary antibody,
the spores were harvested by centrifugation and washed with 750 uL of SuperBlock blocking buffer. The pel-
let was then resuspended in 250 L of SuperBlock blocking buffer with secondary antibody conjugate (1:250
goat anti-rabbit IlgG-Alexa Fluor 568; Invitrogen). The spores were incubated at room temperature for 20
min, pelleted, and washed with 750 L of SuperBlock blocking buffer, followed by three washes with 750 uL
of PBS and, finally, resuspension in 250 L of PBS. The spores examined by epifluorescence microscopy using
a Nikon E600 epifluorescence microscope and the mCherry filter set.

TEM. Spores were fixed in 1 mL of 2% glutaraldehyde-100 mM sodium cacodylate solution containing
0.1% ruthenium red (Sigma-Aldrich) for 1 h at 37°C (40). Each spore pellet was then washed in 100 mM so-
dium cacodylate buffer, embedded in Histogel, and washed with 100 mM sodium cacodylate buffer contain-
ing 0.01 M 2-mercaptoethanol and 0.13 M sucrose (2-ME buffer). Samples underwent secondary fixation in
1% osmium tetroxide (Electron Microscopy Sciences). Spores were washed in 2-ME buffer and dehydrated
with sequential treatments of 20, 50, 75, 90, and 100% acetone. Polymerization occurred at 60°C in Epon/
Spurrs resin after extended resin infiltration. Samples were cut into 85-nm-thick sections, and the sections
were mounted on 200-mesh nickel grids and stained with 2% uranyl acetate (Electron Microscopy Sciences)
for 20 min at room temperature. The samples were treated with lead for 5 min at room temperature. Grids
were washed in ultrapure water and observed by transmission electron microscopy (TEM) using a JEOL 1400
electron microscope at the University of Missouri Electron Microscopy Core Facility.

Spore image quantification. To determine the percentage of spores that fall into different catego-
ries of exosporium expression, fluorescent images or TEM micrographs were examined. To be counted,
the spore had to be positioned such that its long axis was parallel to the surface of the slide (fluores-
cence microscopy) or the plane of sectioning was through the long axis near the middle of the spore
(TEM). This was done to ensure that the exosporium was properly classified (intact, cap-only, extended
cap, or absent) or that the fluorescence pattern was properly characterized.

Isolation of exosporium fragments. Spores from the AbxpB AexsFB mutant were prepared as
described above and suspended in PBS in 1.5-mL microcentrifuge tubes. The AbxpB AexsFB spores were
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subjected to shear forces by additional vortex mixing. The samples were filtered through a 0.45-u sy-
ringe filter and the spore-free filtrate was collected. The exosporium fragment-containing samples were
then analyzed for protein composition by SDS-PAGE.
Protein identification. For N-terminal sequence identification, proteins were resolved by SDS-PAGE
and electroblotted onto a polyvinylidene difluoride (PVDF) membrane (Immobilon, EMD-Millipore). The filter
containing the individual protein bands were submitted to the lowa State University Protein Facility for N-ter-
minal sequence analysis by the Edman method using a Shimadzu PPSQ-53A gradient protein sequencer
(https://www.protein.iastate.edu/nsequencePPSQ.html). For protein identification by matrix-assisted laser de-
sorption ionization-time of flight mass spectrometry (MALDI-TOF MS) analysis, the protein bands from the
SDS-PAGE gel were excised and submitted to the University of Missouri Gehrke Proteomics Facility for trypsin
digestion and protein identification (http://proteomics.missouri.eduy/).
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