The dynamic spore
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ost bacteria can, at least to

some degree, hunker down

during periods of stress and

wait for good times to re-
turn. No cells, however, do this as effec-
tively as those Bacilli and Clostridia that
form spores. Dormant cells produced by
these bacteria can survive most environ-
mental challenges found on earth and
even a few in outer space and can re-
main dormant in excess of millions of
years (1, 2). Nonetheless, when suitable
conditions are present once again,
spores rapidly germinate and resume
vegetative growth.

The spore is composed of a set of
protective structures arranged in a series
of concentric shells (Fig. 1); each com-
ponent contributes in some essential way
to spore durability. Key functions of
these structures include locking the
DNA into a stable, relatively desiccated
crystalline state and excluding toxic
molecules via an armored external shell
(3). The conception of the spore as a
dormant, dry, and hardened vehicle de-
signed to preserve DNA has strongly
suggested the notion of a cell that is
largely static. In this view, the spore has
no moving parts; dormancy depends on
being inert. What a surprise, then, to
learn from Westphal et al. (4) that Ba-
cillus thuringiensis spore dimensions can
change significantly depending on rela-
tive humidity, a parameter that is likely
to vary in natural environments where
spores are found, such as the soil. The
authors used a novel automated tech-
nique, formerly applied to nonbiological
problems such as relativistic heavy ion
physics, to nondestructively measure
spore dimensions. Their technique gives
extremely accurate relative size informa-
tion and, importantly, allows them to
collect multiple measurements on the
same spore as environmental conditions
are varied. They show that swelling oc-
curs in two phases, the first taking place
in less than 1 min, and the second re-
quiring about 8 min. These two phases
may reflect different rates of entry of
water into different compartments
within the spore. To better appreciate
the novelty of this finding and the man-
ner in which it obligates us to revise our
understanding of the spore, I will review
the assembly and function of the spore
structures that allow it to resist environ-
mental stress.

Resistance depends on three spore
substructures: the core, cortex, and coat.
The interior compartment of the spore,
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Fig. 1.

Morphological consequences of changes in relative humidity. The layers comprising the spore

are color-coded: white, core (Cr); gray, cortex (Cx); light blue, inner coat (IC); dark blue, outer coat
(OQ). RH, relative humidity. The exosporium is not illustrated, for simplicity. Thin-section electron
microscopic analysis shows significant variation in the degree of folds in the coat, reflected in the two
cartoons (the folds in the right spore coat are somewhat exaggerated for clarity). Possibly, the ability
of the coat to fold and unfold permits changes in spore size as relative humidity varies.

the core, houses the DNA, which is
complexed with small acid-soluble pro-
teins (5). The core is surrounded by a
membrane and then a thick layer of spe-
cialized, loosely cross linked peptidogly-
can called the cortex (6). Finally, the
cortex is encased in a multilayered pro-
tein shell called the coat (7-10).

In some species, including Bacillus
anthracis and its close relatives Bacillus
cereus and B. thuringiensis, the spore is
enclosed in an additional relatively
poorly studied external structure known
as the exosporium (11-13). The exospor-
ium does not directly abut the coat.
Rather, a gap separates the two struc-
tures. The nature of the material in the
gap, if any, is unknown. No role in resis-
tance for the exosporium has been doc-
umented. Because it is absent in species,
such as Bacillus subtilis, which tolerate a
wide range of environmental stresses,
the exosporium may have more to do
with accommodation to specific niches
or lifestyles than with general protection
or germination.

The tight girdle formed by the cortex
acts to keep the DNA in the core rela-
tively dry. This desiccation, in turn,
helps preserve the DNA during long
periods of spore dormancy. Because the
cortex has a structure resembling a wo-
ven fabric, small molecules, such as wa-
ter, can pass through it. Despite this, the
core remains dry, in large part due to
the squeezing action of the cortex on
the core. Although the view that the
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cortex does nothing other than constrain
the core volume is appealing in its sim-
plicity, it is probably incomplete. For
example, the degree of crosslinking of
the cortex peptidoglycan strands varies
along the spore radius. This variation
could alter the flexibility of the cortex
as well as its ability to expand and con-
tract in response to ionic changes. Al-
though it was initially proposed that this
variation contributed to core dehydra-
tion (14), later experiments using pepti-
doglycan biosynthesis mutants with al-
tered crosslinking revealed that when
the gradient of crosslinking is absent,
dehydration is normal (15) (see discus-
sion in ref. 6). This result can be taken
as a clue that the role of the cortex is
more complex than has been appreci-
ated so far.

Surrounding the cortex is the coat.
The coat has been deeply studied only
in the model organism B. subtilis. By
thin-section electron microscopy, the B.
subtilis coat can be seen to possess two
major layers (10, 16): a lightly staining,
finely striated inner coat and a more
darkly staining coarsely layered outer
coat. Frequently, the outer circumfer-
ence of the spore appears scalloped, due
to folds in the coat (exaggerated in Fig.
1). The coat’s morphological complexity
is mirrored by the complexity of the
coat’s polypeptide composition. Genetic

See companion article on page 3461.
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analysis has revealed over 25 coat pro-
teins, some of which have been subject
to detailed analysis (8, 9). More re-
cently, two proteomic studies have iden-
tified over 20 strong candidate coat pro-
teins (17, 18).

The coat apparently has a variety of
functions. It has long been known to
serve as a barrier against entry of large
toxic molecules, such as lysozyme, and
to have a role in germination (16). The
more recent identification of a germina-
tion-specific protein (19) in the coat
should help to clarify its role in germi-
nation, and the discovery of coat pro-
tein oxidases (18, 20, 21) points to addi-
tional active roles that have yet to be
elucidated.

Most coat proteins appear to be dis-
pensable for the coat’s barrier functions,
as measured in the laboratory, because
the deletion of any one of the corre-
sponding genes has no detectable conse-
quence. Two important exceptions are
SpoIVA and CotE. Spol VA resides be-
tween the coat and cortex (22, 23). As
this location suggests, Spol VA connects
the coat to the spore surface; without
it, the coat is built but is not attached
to the spore (24-26). CotE is positioned
at the inner coat/outer coat interface
(22). It is responsible for the assembly
of the entire outer coat as well as sev-
eral inner coat proteins (27-30). Several
other proteins have more intermediate
roles. The best studied of these proteins
are SpoVID and SafA, which are likely
to participate in early stages of coat as-
sembly (31-35).

Both the cortex and coat possess a
degree of complexity that is surprising if
these structures have only the simple
protective roles assigned to them histori-
cally. As discussed above, the cortex has
variations in crosslinking density that
are dispensable for maintaining dehy-
dration, at least in the laboratory. Simi-
larly, the coat possesses proteins that
seem to be dispensable for resistance to
known environmental assaults. These
observations strongly suggest that both
structures have as-yet-undiscovered ac-
tivities. It is in this context that the re-
sults of Westphal et al. (4) are particu-
larly illuminating. They reveal that the
spore is capable of relatively rapid ex-
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pansion and contraction without break-
ing dormancy. Therefore, the exospor-
ium, the coat, and/or the cortex are
sufficiently flexible to accommodate
these volume changes without impairing
spore integrity. The details of how this
is accomplished are not obvious and will
be fascinating to discover. The exospor-
ium is not readily detected by light mi-
croscopy, and it is plausible that it has
little impact on the measurements of
spore dimensions reported by Westphal
et al. (4). Among the questions raised,
therefore, is whether the gradient of
crosslinking in the cortex somehow per-
mits it to swell in conditions of high hu-
midity without compromising core dry-
ness. Likewise, the process by which the
tough coat tolerates volume changes
represents an intriguing problem.

The spore is capable of
relatively rapid
expansion and

contraction without
breaking dormancy.

An important clue to a possible solu-
tion comes from classical studies of
germination in B. subtilis. The hallmark
of germination is rehydration of the
core, resulting in an increase in spore
volume (36). During this process, the
folds in the dormant spore coat disap-
pear. It is reasonable to suppose that
the mechanical properties of the coat
that permit this apparent unfolding are
the same as those permitting expansion
of spore dimensions in conditions of
high relative humidity. This idea is il-
lustrated by Fig. 1. The two cartoons
represent the extremes of folding of
the coat seen in electron micrographs.
In the speculative view presented here,
a decrease in cortex volume allows the
coat to adopt a more folded state. Pos-
sibly, the two phases of swelling de-
tected by the authors reflect a mechan-
ical property of coat unfolding. As
Westphal et al. note (4), they now have
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the opportunity to identify mutants
defective in dynamic size changes and,
therefore, to begin to identify molecu-
lar determinants of coat and cortex
flexibility.

Efforts to discover determinants of
coat plasticity may be aided by recent
collaborative work between my own lab-
oratory and that of R. Wang (Illinois
Institute of Technology). We used
atomic force microscopy (AFM) to show
that the formation of ridges in the coat
surface is altered (but not entirely elimi-
nated) by mutations in any of three coat
protein genes. We infer that the ridges
correspond to the folds in the coat seen
by thin-section electron microscopy.
Most likely, building a ridge involves
several coat proteins acting together.
Our AFM analysis dovetails nicely with
the work of Westphal et al. (4), suggest-
ing that changes in spore size in re-
sponse to varying relative humidity re-
quire properly formed ridges.

The discovery that spore dimensions
change under conditions that likely fluc-
tuate in natural environments suggests
that coat flexibility is probably wide-
spread among spore-formers. Genome
sequence data on Bacilli and Clostridia
are still too sparse to estimate how simi-
lar the coat protein compositions of
these organisms are, in general. None-
theless, the currently available data sug-
gest that coat composition as well as
structure can vary considerably among
these diverse species. Taken together
with our AFM analysis, one might spec-
ulate that coat flexibility is not the re-
sult of just one or a few specific coat
protein species and is selected at the
level of the entire coat.

Westphal et al. (4) have developed a
particularly sophisticated and ecologi-
cally realistic system in which to study
spore responses to the environment.
Their striking findings should encourage
others in the field to continue develop-
ment of novel assays to measure other
dynamic parameters of the natural envi-
ronments in which spores are found.
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