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Spores produced by bacilli are encased in a proteinaceous multilayered coat and, in some species (including
Bacillus anthracis), further surrounded by a glycoprotein-containing exosporium. To characterize bacillus spore
surface morphology and to identify proteins that direct formation of coat surface features, we used atomic-force
microscopy (AFM) to image the surfaces of wild-type and mutant spores of Bacillus subtilis, as well as the spore
surfaces of Bacillus cereus 569 and the Sterne strain of Bacillus anthracis. This analysis revealed that the coat
surfaces in these strains are populated by a series of bumps ranging between 7 and 40 nm in diameter,
depending on the species. Furthermore, a series of ridges encircled the spore, most of which were oriented
along the long axis of the spore. The structures of these ridges differ sufficiently between species to permit
species-specific identification. We propose that ridges are formed early in spore formation, when the spore
volume likely decreases, and that when the spore swells during germination the ridges unfold. AFM analysis
of a set of B. subtilis coat protein gene mutants revealed three coat proteins with roles in coat surface
morphology: CotA, CotB, and CotE. Our data indicate novel roles for CotA and CotB in ridge pattern
formation. Taken together, these results are consistent with the view that the coat is not inert. Rather, the coat
is a dynamic structure that accommodates changes in spore volume.

Bacterial spores are dormant cells produced by a variety of
bacilli and clostridia in response to starvation. They can endure
a wide range of extreme environmental stresses while retaining
the capacity to return to vegetative growth (a process called
germination) almost immediately once the nutrient returns to
the environment (32). These remarkable characteristics allow
pathogenic spores to serve as potent biological weapons (11,
50).

The spore is built as an internal double membrane-bound
compartment, called the forespore, within a rod-shaped cell.
Over the course of several hours, critical protective structures
assemble inside of and around the forespore, with the final step
being lysis of the surrounding cell and liberation of the now
mature spore (36). Spore dormancy and resistance depend on
the partial dehydration of the interior compartment of the
spore, known as the core, that houses the spore chromosome.
This occurs about mid-way in sporulation. The completed
spore is encased in a multilayered protein shell known as the
coat, which contributes both to spore protection and to germi-
nation (1, 9, 12, 19). In some species, including Bacillus subtilis,
the coat is the outermost layer of the spore. In others, includ-
ing Bacillus anthracis and Bacillus cereus, there exists an addi-
tional layer, called the exosporium, which encases the spore (3,
16, 20, 34). The exosporium is a pleiomorphic glycoprotein
shell whose protein components are beginning to be identified
(5, 45, 46, 49a) and which is separated from the coat by a
significant gap. The role of the exosporium is unknown. When
germination is triggered, water enters the spore core, which
swells and, ultimately, the spore converts into a vegetative cell.

At least 40, and perhaps as many as 60, protein species are

present in the coat (28, 29). In several species, including B.
subtilis and, most likely, B. anthracis and B. cereus, these pro-
teins are organized into two major layers, called the inner and
outer coats, which can be seen by thin-section electron micros-
copy (1, 11, 52). In B. subtilis, the coat protein CotE sits at the
interface between the inner and outer coat layers (13) and
directs assembly (but not, apparently, the synthesis) of a large
subset of coat proteins, including most or all of the outer coat
proteins (2, 30, 55). CotE is one of a small group of proteins
known to direct coat protein deposition. Most of the remaining
coat proteins have less important or no detectable roles in coat
assembly (12, 19, 48). Although the current model of coat
assembly provides a reasonable understanding of the forma-
tion of the coat layers (12, 19, 48), it does not address how
assembly within a layer is controlled. Importantly, it is un-
known how proteins making up the very outermost layer of the
coat (i.e., spore surface proteins) come to be organized.

Atomic-force microscopy (AFM) has been widely used in
structural studies of biological systems (14, 15, 18, 37, 44). In
the present study, we use AFM to characterize spore surface
features and to discover proteins that control their assembly.
These findings identify novel roles for known coat proteins in
directing coat surface architecture and suggest that the coat is
a flexible structure designed to accommodate the changes in
spore volume that occur during spore maturation and germi-
nation.

MATERIALS AND METHODS

All B. subtilis strains are congenic with PY79 (54). We used the Sterne strain
of B. anthracis and B. cereus strain 569. To generate a cotQ-null mutation in B.
subtilis, we used PCR to amplify nucleotides 45 to 561 of the cotQ (yvdP) open
reading frame (29) from chromosomal DNA with AAAAAAGGATCCCCCCG
GCTATACAGAGGC (the BamHI site is underlined) and AAAAAAGTCGA
CGTTACCTCCTCCTCCGCC (the SalI site is underlined) as primers. We di-
gested the product with BamHI and SalI, and ligated it to similarly digested
pAGS04 (30). We used the resulting plasmid to transform strain PY79, selecting
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for a single crossover (Campbell-type) integration, thereby disrupting cotQ. We
confirmed by PCR that integration occurred as expected and showed that CotQ
was no longer present in the extractable spore fraction by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (data not shown). Sporulation, germi-
nation, and Western blot analysis were performed as described previously (4).
AFM measurements were carried out by using a Digital Instruments (Santa
Barbara, Calif.) Nanoscope IIIa with a J-scanner (maximum scan range of 150 �
150 �m2). Fifty microliters of an aqueous spore suspension was spread on a
1-cm-by-1-cm silicon wafer, which was then mounted onto a standard sample
holder. After we allowed the spores to settle on the substrate, the sample was
placed in the AFM chamber for imaging. Commercial single crystal silicon
cantilevers were used to acquire images in air tapping mode, which was per-
formed at a resonant frequency of �250 kHz. Images were obtained with 512 �
512 points at a scanning rate of 1 Hz. Dormant spores were imaged under
ambient conditions after drying in air. Germinated spores were imaged in Luria-

Bertani (LB) medium by using oxide sharpened Si3N4 tips, operating at a thermal
resonance frequency of 8 to 10 kHz. The image in Fig. 1A was obtained in air
contact mode, with a silicon nitride tip.

RESULTS

B. subtilis spore surface morphology. We characterized the
B. subtilis spore surface by tapping-mode AFM of air-dried
samples (6). For this and every other AFM experiment, we
examined a minimum of 1,000 spores. We used tapping mode
instead of contact mode because the transient contact of the
tip with the surface in tapping mode is likely to reduce tip-
induced artifacts (44). When we used contact mode, the large-

FIG. 1. AFM analysis of B. subtilis spores. Spores were imaged by contact (A) or tapping (B to D) mode, and amplitude image information was
collected. The spore in panel D was germinated by exposure to LB medium. Bars: 2.25 �m (A), 375 nm (B), 125 nm (C), 583 nm (D). The “R”
in panel C indicates a ridge.
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scale images were similar to those captured in the tapping
mode (compare Fig. 1A and B). However, at a small scale,
contact-mode images showed scan lines across the spore sur-
face due to tip scratching (data not shown), which may indicate
that the spore surface is relatively soft. The major artifact we
encountered appeared when we imaged spore edges, where the
tip is subject to abrupt changes in Z-position during scanning
(51) due to very large differences in height between sample and
substrate. However, this artifact is negligible when the tip scans
the spore surface, where the height differences are �100 nm.
Therefore, this artifact does not affect our conclusions. We
captured height and amplitude images simultaneously. We
measured relative heights of features by using the height im-
ages (not shown) but present the amplitude images, which are
derived from the height images and highlight the surface fea-
tures. Typically, we found spores to be, on average, ca. 1.2 �m
long and 0.8 �m wide. The most prominent features were a
series of ridges of about 85 � 5 nm in thickness and about 12
� 4 nm in height (Fig. 1B). The majority of ridges on any given
spore typically extended along the long axis. Similar ridges
have been seen by scanning electron microscopy, as well as by
freeze-etch methods, in a variety of species, including B. subtilis
(1, 7, 21). We note that our data, in contrast to those studies,
were collected from entirely unfixed spores.

We found that the B. subtilis spore surface was studded by a
series of small circular bumps, most of which are 7 to 20 nm in
diameter (Fig. 1B and C). A smaller number of larger bumps,
varying in diameter from 20 to 40 nm, were also present,
largely on the ridges. Therefore, on average, a spore is covered
by ca. 5,500 bumps. It is extremely likely that pores are present
on the coat surface, since germinant molecules must penetrate
the coat to reach internally located receptors (22, 35). Possibly,
pores reside in spaces between the bumps. If this is true, then
the outer diameter of the pores are probably 24 nm or smaller.
One of the functions of the coat is to exclude large toxic
enzymes, such as lysozyme (1). We note that, since the radius
of gyration of lysozyme is ca. 2 nm (43), it is likely that pore
diameters constrict at more interior positions.

B. anthracis spore surface morphology. To explore the gen-
erality of our findings, we examined the B. anthracis (Sterne)
coat surface. B. anthracis spores possess an exosporium that

should obscure the coat. Consistent with this, we found that the
spores fell into two morphological classes. The first (ca. 77%)
were, on average, 1.27 �m long and 0.74 �m wide and did not
possess ridges or bumps like those on the B. subtilis surface
(Fig. 2A). Instead, the bumps appeared flatter and were be-
tween 8 and 40 nm in diameter. We interpret this to mean that
these spores possessed an exosporium. Spores in the second
morphological class were somewhat larger (1.47 �m long and
0.76 �m wide, on average) and, like B. subtilis, possessed ridges
and bumps (Fig. 2B). We do not understand the cause of the
somewhat larger size of these spores. The bumps were mostly
between 15 and 25 nm in diameter but, as with B. subtilis, a
small population of larger bumps, ranging from 20 to 40 nm in
diameter, was present on the ridges. Also like B. subtilis, the B.
anthracis spore ridges largely spanned the long axis. We infer
that these spores had lost their exosporia during culturing or
preparation for AFM analysis. Strikingly, and in contrast to B.
subtilis, in ca. 85% of the B. anthracis spores without exosporia,
we found structures that resembled two ridges in close appo-
sition (Fig. 2B). Taken as a whole, these data indicate that,
although B. anthracis spore surfaces grossly resemble those of
B. subtilis, AFM analysis identifies features that distinguish
these species.

B. cereus spore surface morphology. To learn whether the
surface morphology of B. anthracis spores can be used to dis-
tinguish closely related species, we also characterized the sur-
face of spores of B. cereus, a very close relative of B. anthracis
(17, 25, 38, 39). As with B. anthracis, we found that B. cereus
spores fell into two classes. About half appeared to possess
exosporia, since they had relatively smooth surfaces with very
densely and uniformly packed spherical bumps (10 to 25 nm in
diameter) and did not possess ridges (data not shown). These
spores were 1.20 �m long and 0.75 �m wide, on average. The
second group of spores (Fig. 2C) were larger (1.60 �m long
and 0.90 �m wide, on average) and had ridges. As for the case
of B. anthracis, we do not know why spores in this class were
larger. The diameters of the bumps were uniform (7 to 13 nm)
over the entire spore surface. The ridges were morphologically
distinct from those of B. anthracis or B. subtilis. First, the ridges
did not resemble two closely positioned ridges. Second, the

FIG. 2. AFM analysis of B. anthracis and B. cereus spores. Amplitude images of B. anthracis (A and B) or B. cereus (C) spores were collected
in tapping mode. Spores with (A) or without (B and C) an exosporium are shown. Bars: 375 nm (A and C), 382 nm (B).
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ridges did not transit along the long axis of the spore in straight
lines but, instead, possessed angular bends.

Roles of coat proteins in B. subtilis coat surface morphology.
To identify coat proteins with roles in spore surface morphol-
ogy, we used AFM to image the surfaces of B. subtilis spores
bearing null mutations in each of several coat protein genes.
We first analyzed cotE spores. In cotE spores, the ridges and
the relatively regular pattern of bumps were greatly reduced or
entirely absent (Fig. 3A). Instead, the spore surface was pop-
ulated by both small bumps and somewhat broader, irregularly
shaped elevated areas. Given the role of CotE in outer coat
assembly (55), we infer that this surface is that of the inner
coat.

To learn how CotE influences spore surface morphology, we
analyzed the surfaces of spores missing one or another protein
whose assembly is CotE dependent (2, 30, 55). All of the
strains analyzed are congenic with the wild-type background
PY79 (54). We found that most of the mutants in this set,
including those that do not produce the coat proteins CotG,
CotH, CotR, CotQ, CotS, and YaaH (27, 29, 30, 33, 41, 47),
had no obvious effect on coat surface morphology (data not
shown). In contrast, we discovered that the absence of the
CotE-controlled proteins CotA and CotB significantly affected
the ridges. CotA is a multi-copper oxidase (23, 31). Strikingly,
in cotA spores, the ridges tended to branch more than in the
wild type and varied in thickness, ranging from 35 to 60 nm

FIG. 3. AFM analysis of B. subtilis mutant spores. Amplitude images of cotE (A), cotA (B), cotB (C) or cotA cotB (D) spores were collected
in tapping mode. Bars: 350 nm (A), 2.25 �m (B), 410 nm (C), 468 nm (D).
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(Fig. 3B). In cotB spores, the ridges frequently appeared as
parallel pairs, connected by a series of fine ridges (Fig. 3C).
This morphological role for CotB is noteworthy in light of
evidence that CotB is on the spore surface (24). No enzymatic
role for CotB is known. It is noteworthy that mutations in cotG
or cotH do not have more severe effects, given that in spores
from these strains, the presence of CotB in the extractable
fraction of the spore coat is diminished or eliminated (33, 41).
We speculate that although the quantity of extractable CotB in
these strains is reduced, enough is assembled to permit ridge
formation. In cotA cotB spores (which sporulate normally [data
not shown]), we did not observe ridges or bumps (Fig. 3D).
Rather, the spore surface was largely smooth but was tessel-
lated by a small number of relatively large, roughly square
patches. Previous studies showed that cotA or cotB mutant
spores are indistinguishable from the wild type in their germi-
nation properties (8). We found that cotB and cotA cotB spores
were also indistinguishable from the wild type when analyzed
by thin-section electron microscopy (data not shown), and we
infer that cotA spores are indistinguishable as well. Therefore,
the effect of the double mutant on surface morphology is not a
consequence of a gross change in the morphology of the un-
derlying coat layers.

What is the function of the ridges? To address this question,
we first considered electron microscopic observations spanning
decades, indicating that folds in the coat layers (presumably
equivalent to the ridges we detected by AFM) appear late in
sporulation, are maintained during dormancy and, finally, dis-
appear upon germination (9, 42). Next, we noted that, most
likely, the core volume contracts during dehydration and then
increases during germination (42). We speculated, therefore,
that an important function of the ridges might be to ensure that
the coat is sufficiently flexible to accommodate these volume
changes. If so, we reasoned that the pattern of ridges should
reflect the nature of the contractile force vectors produced
during core dehydration.

To learn whether this notion is plausible, we constructed a
simple dynamic model for ridge formation that assumes that
the coat is a largely homogenous material, that the inward
contractile forces are uniform, and that the system tends to-
ward the lowest Gibbs free energy. First, we consider an ide-
alized spore to be an ellipsoid formed from the rotation of an
ellipse along its long axis. The surface area of the ellipsoid is A
� 2�(b2 � ab), with “a” and “b” representing the long and
short axis, respectively. The full differentiation of the surface
area is dA � 2�[(2b � a)db � b da], implying (	A/	b)a �
2�(2b � a), and (	A/	a)b � 2�b. Since a 
 0 and b 
 0, it
follows that (	A/	b)a 
 (	A/	a)b. That is, the change of surface
area resulting from a change in b is larger than that caused by
changes in a. The work produced by surface tension, resulting
from an infinitesimal change of the ellipsoid surface area, is
dW � �dA, where � is the surface tension, an intrinsic property
of the ellipsoid material. Thus, the change of free energy of the
system is: dG � �SdT � VdP � i


�i dni � �dA. Assuming this
takes place under ambient conditions (at room temperature
and 1 atm pressure) and that no matter exchange between the
system and surrounding environment occurs, i.e., dni � 0, then
dG � �dA. If the Gibbs free energy decreases, i.e., dG � 0, the
change will be spontaneous and, therefore, energetically fa-
vored. Thus, the maximum decrease of surface area will be

energetically preferred by the system. Given that (	A/	b)a 

(	A/	a)b, this model predicts that during dehydration, ridges
will form preferentially along the long axis, a finding consistent
with our observations.

To test whether ridges are lost after rehydration, we imaged
germinated B. subtilis spores. We observed that within 10 min
of exposure to rich medium, the spores increased in size to
about 1.8 �m long and 1.2 �m wide on average and the ridges
disappeared (Fig. 1D). This finding is consistent with our ex-
pectation (and previous observations [42]) that the ridges dis-
appear as the spore swells.

Cleavage of coat proteins during germination. Identification
of coat proteins with roles in spore surface morphology raised
the possibility that some of these proteins are also involved in
ultrastructural changes associated with germination. To test
this, we used Western blot analysis of spore extracts to learn
whether the molecular masses of CotE or CotA change during
germination in B. subtilis. Negative control experiments
showed that these sera do not react with proteins extracted
from cotE or cotA strains (Fig. 4B and data not shown). Dor-
mant spores possessed the expected full-length versions of
each protein, as well as lower-molecular-mass species. After
initiation of germination, we did not detect any changes in the
size of CotE, even after 90 min (Fig. 4A and data not shown).
In contrast, within 5 min, CotA species of between 64 and 26
kDa had altered migration or were no longer detectable (Fig.
4B).

DISCUSSION

There are three main results from the present study. First,
we have identified differences in the surfaces of the coats of
individual strains of three important species, indicating that
AFM could be a useful tool for spore species identification in
circumstances in which traditional techniques are inappropri-
ate, such as characterization of biological weapons. Establish-
ing this as a robust method, however, will require examination
of a larger number of isolates of each species. Second, we have
identified roles for the coat proteins CotA, CotB, and CotE in
spore surface morphology in B. subtilis. Thus, at least some of
the protein determinants of spore surface architecture likely
differ from those that direct the layered structure of the coat
(such as CotH [56]) studied previously by thin-section electron

FIG. 4. Western blot analysis of coat protein cleavage during ger-
mination. Proteins were extracted from wild-type spores before (lanes
0) or various times after (indicated in minutes above the lanes) resus-
pension in LB medium (to initiate germination) or from a cotA mutant
(8) (left-most lane in panel B), fractionated by sodium dodecyl sulfate–
15% polyacrylamide gel electrophoresis, and subjected to Western blot
analysis with anti-CotE (A) or anti-CotA antibodies (B). Arrowheads
indicate full-length versions of each protein. Molecular masses are
indicated in kilodaltons on either side of the gels.
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microscopy, and visa versa. Third, the electrophoretic pattern
of CotA species in the coat changes soon after germination is
triggered. Possibly, proteolysis of CotA is required for either
unfolding or shedding of the coat.

We do not know the molecular basis for the effects of CotA
or CotB, but their roles are likely to be complex, given that null
alleles of each gene alter the ridge pattern rather than simply
reduce or eliminate the ridges. CotA and CotB are not the only
CotE-dependent factors guiding surface morphogenesis, since
the cotA cotB phenotype differs from that of a cotE spore. The
likelihood that no single protein directs ridge formation indi-
cates that ridges are an emergent phenomenon (49). Other
morphological and functional aspects of the coat might be
emergent as well. In this regard, it is noteworthy that mutations
in any one of a large number of coat protein genes have no
detectable consequence by AFM (the present study) or by
traditional assays of structure and function (12, 19, 48). We
further note that we have not tested all plausible surface mor-
phogenetic factors. Additional genes with possible roles in-
clude cotM, cotX, cotY, and cotZ and the cge genes, whose
products may glycosylate the spore surface (40).

We speculate that ridge formation is a direct consequence of
core contraction during dehydration. This could occur in at
least two ways. First, the coat could act as an elastic material
and, therefore, form folds during dehydration because core
contraction allows it to reach a lower energy state. An alter-
native view is that connections between the inner surface of the
coat and the outer surface of the cortex (or the outer forespore
membrane, should it exist at this point in sporulation [9]) allow
the force of core contraction to actively pull the coat inward.
Both scenarios are consistent with our mathematical model.

These considerations give rise to a novel view of the coat.
From this perspective, the coat is initially assembled as a ridge-
less shell that follows the smooth contours of the immature
forespore protoplast. Because of the relatively large surface
area of the forespore prior to dehydration, the coat is in an
extended state. The ridges form only after the core volume
decreases during dehydration. If the coat behaves as an elastic
material, then coat protein monomers must be synthesized in a
relatively high-energy state and the spring-like nature of the
coat appears only after assembly is largely or entirely complete.
The notion that, prior to dehydration, the coat is in a meta-
stable state brings to mind the assembly of the tail sheath of
bacteriophage T4 (26). The view that the coat is flexible, along
with a recent study by Westphal et al. (53; see also reference
10), may help account for a type of variability commonly seen
in thin-section electron micrographs of spores; typical fields
show spores in which the ridge number and shape varies sig-
nificantly. These authors found that spore size changes dynam-
ically as a function of relative humidity. Small differences in
dehydration and/or coat formation from spore to spore could
account for much of this variability. Indeed, it would seem
plausible that coat flexibility provides a mechanism to accom-
modate changes in environmental humidity.

Since our mathematical model indicates that the ridges form
as expected if the coat is a homogeneous material, then one
interpretation of the cotA and cotB phenotypes is that the
corresponding proteins are required for coat homogeneity.
Importantly, neither protein is essential for ridge formation
per se, since ridges are still formed, albeit aberrantly, when

these proteins are missing. This is in contrast to CotE, which
we infer has additional roles. Consistent with the possibility
that CotE helps retain an elastic property of the coat, thin-
section electron microscopy shows that, in cotE mutant spores,
the coat is no longer in close apposition to the cortex surface
(2, 9). A homologue of CotE, as well as a protein resembling
CotB, is present in both B. anthracis and B. cereus (29). Char-
acterization of the surfaces of the relevant mutants of these
species is ongoing in our laboratories, and we expect these
studies to help clarify the commonalities and differences in the
spore coat assembly programs of these organisms.

Previous analysis by freeze-etch electron microscopy sug-
gests that the coat layers are sheets of proteins arranged in a
crystalline or partially crystalline lattice (1, 21). We were un-
able to detect these features. These differences could be the
consequence of the unhydrated state of most of our samples or
that the surface layer we imaged had been removed during
processing in previous experiments. Although we feel that
AFM provides a uniquely reliable image of the coat surface
due to the minimal specimen preparation involved, we also
believe that freeze-etch methodology will be critical for further
characterization of spore surfaces and may reveal features
undetected in the present study.

ACKNOWLEDGMENTS

We thank Michele Otte for constructing the cotQ mutant. We are
grateful to Jean Greenberg, David Keating, Zhifeng Shao, and Karen
Visick for helpful comments on the manuscript.

This work was supported by grants NER0103080 from the NSF
(R.W.) and GM53989 from the NIH (A.D.).

REFERENCES

1. Aronson, A. I., and P. Fitz-James. 1976. Structure and morphogenesis of the
bacterial spore coat. Bacteriol. Rev. 40:360–402.
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