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INTRODUCTION

When challenged by stresses such as starvation, a variety of
bacilli and clostridia produce a dormant cell type, called a
spore, that can withstand a wide range of assaults that would
destroy a vegetative cell. It was the observation by Koch over
100 years ago that Bacillus anthracis spores could survive boil-
ing which prompted researchers to begin studies of spores with
the goal of discovering how this special dormant cell type could
withstand heat and other stresses. In the century that followed,
it was learned that the dehydrated state of the spore interior
endows that spore with the capacity to survive heating (119)
and that it is the spore coat, a multilayered structure surround-
ing the spore and composed of upward of 25 often highly
cross-linked polypeptide species (Fig. 1A to C), which grants
the spore resistance to, for example, treatment with chloro-
form or challenge by lysozyme. While providing this high level
of resistance, the coat nonetheless allows the spore to respond
to the renewed presence of nutrients in the environment, the
condition under which the spore can convert to a growing cell
through a process called germination. These remarkable capa-
bilities have focused attention on the coat and stimulated re-
search into the developmental and morphological processes
required to correctly assemble such a complex macromolecular
structure.

The study of spore morphogenesis, and in particular the
assembly of the coat, is part of the broad effort to learn how
bacteria build subcellular components, direct them to their
correct locations, and alter the organization of components in
response to cell cycle events or environmental stimuli (77). The

ornate structures assembled by prokaryotes include complex
envelope layers and a variety of specialized surface appendages
such as pili (51) and flagella (79). In Caulobacter crescentus, for
example, the appearance of polar structures offers an example
of changes in organelle assembly in a cycle-dependent manner
(27), while the crossbands of the C. crescentus stalk serve as an
illustration of intriguing internal components of striking design
but unknown function (103). The attractiveness of such exam-
ples and the sophistication of genetic, biochemical, and struc-
tural techniques have made bacteria important systems for the
study of the dynamic aspects of morphogenesis during devel-
opment (121, 122). The particular ease with which these meth-
ods can be applied to Bacillus subtilis makes it a premier system
for such analysis, and the study of its spore coat especially
appealing.

The study of the coat is not relevant solely to spore forma-
tion and function. It also contributes to, and is informed by,
our understanding of the broader cell-biological problem of
how cells build their organelles. It is still largely mysterious
how, in general, cells are able to build complex macromolec-
ular structures at the correct subcellular locations and at the
proper times in development and how they achieve such re-
markable precision in assembly. Nonetheless, studies of assem-
bly in a number of other systems have given us a very deep view
into the logic of cellular design and a basic framework with
which to attack the problem of the spore coat. It is readily
apparent that the control of gene expression will play an im-
portant role. Gene regulatory mechanisms ensure that the
correct protein products are available at appropriate times and
in sufficient quantities. However, an understanding of gene
regulation does not solve the question of how an organelle is
actually built. The ability of the cell to accurately guide the
components of a complex into exactly the correct position
requires that structural information be encoded in the proteins
of the macromolecular complexes themselves or in accessory
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proteins that may transiently associate with the organelle dur-
ing its construction (these concepts are elegantly discussed in
reference 62). Understanding this level of morphogenetic con-
trol is a major challenge in describing the assembly of the spore
coat.

This discussion of coat formation begins with a review of the
morphological stages of spore formation and of the control
of gene expression during this developmental process. Next,
I consider several classical issues in spore coat biology in-
cluding studies of the morphology and biochemical compo-
sition of the coat. I then examine a series of more recent

experiments which gave us methods with which to identify coat
proteins and their genes and which have enabled us to deter-
mine the roles of these proteins in coat morphogenesis. I focus
on proteins that direct the coat to assemble at the proper
location, that guide the formation of the major coat layers, and
that coordinate coat assembly with other cellular events: the
so-called morphogenetic proteins. With this description of the
known players in hand, I describe a model for coat assembly.
Finally, I will consider some of the findings from the comple-
tion of the sequencing of the B. subtilis genome and outline
some of the remaining questions in the field.

FIG. 1. B. subtilis spore. (A to C) Wild-type spore (B) or arcs of spore coats (A and C). (D) cotE spore. IC, inner coat; OC, outer coat; Cx, cortex; gap, the space
between the inner coat and the cortex in a cotE spore; Cl, clump of darkly staining material of unknown composition. Bars, 500 nm (B and D) and 300 nm (A
and C).
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SPORULATION PROGRAM: MORPHOLOGICAL
STAGES AND GENETIC CONTROL

Spore formation, referred to as sporulation, occurs in a se-
ries of stages that can be monitored by light and electron
microscopy and, once initiated, requires approximately 8 h to
complete. The morphological process of sporulation is driven
by a temporally and spatially controlled program of gene ex-
pression. Commencement of this program requires that the
cell has reached a certain stage in the cell cycle (37, 98), that
the tricarboxylic acid cycle is intact (52), that at least one
extracellular pheromone is present in the appropriate amount,
and that an unknown environmental stimulus has activated a
complex phosphorylation cascade (45). When these conditions
are met (as they are during starvation), sporulation ensues and
the pattern of vegetative gene expression is largely replaced
with the specialized program of sporulation gene expression.
The rapid series of morphological changes that ensue during
sporulation is due, in large part, to the sequential appearance
of a series of transcription factors, called sigma factors, which
bind to core polymerase and direct it to transcribe only from
specific promoters (76). An early and dramatic morphological
event is the formation of the asymmetrically placed sporulation
septum, which divides the cell into the forespore and mother
cell compartments, at about the second hour of sporulation
(Fig. 2B). The smaller compartment (the forespore) will go on
to become the spore. The larger compartment (the mother
cell) will serve to nurture the spore until its development
is complete. After the sporulation septum is laid down, the
sporulation gene expression program splits and two distinct
programs become active, one in each of the resulting cellular
compartments. These two divergent programs of gene expres-
sion, in the mother cell and in the forespore, result in the spore
being built from the outside (as a result of protein synthesis in
the mother cell) and from the inside (as a consequence of the
proteins produced in the forespore). At about the third hour,
the edge of the septum migrates in the direction of the fore-
spore pole of the cell, pinching the forespore compartment off
to become a protoplast which sits free in the mother-cell cy-
toplasm and is surrounded by a double layer of membrane
(Fig. 2C). After engulfment, a cell wall-like material is depos-
ited between the membrane layers that surround the forespore
(Fig. 2D). This cell wall has two layers: an inner layer, called
the germ cell wall, which will become the peptidoglycan layer
of the nascent cell after germination, and an outer layer, called
the cortex, which participates in maintenance of the dehy-
drated state of the spore. This is followed by formation of the
coat from proteins synthesized in the mother cell, which then
assemble around the forespore (Fig. 2E). The coat is evident
by about the fifth hour of sporulation. Two major coat layers
can be discerned in the electron microscope: a darkly staining
outer coat and a more lightly staining lamellar inner coat (Fig.
1A to C). The final step in sporulation is lysis of the mother cell
and release of the fully formed spore (Fig. 2F). If conditions
are suitable, the spore can germinate and thereby convert back
into a growing cell. When this occurs, first the spore core re-
hydrates and swells and then the coat cracks, releasing the
nascent cell (Fig. 2G).

A strict program of sigma factor activation directs sporula-
tion gene expression to occur at the right time and place. The
first sporulation-specific sigma factor to direct sporulation-spe-
cific gene expression is sH (which acts before the sporulation
septum forms [Fig. 2A]). sH, in combination with the major
housekeeping factor sA, directs the expression of a large set of
genes, some of which play early roles in sporulation and in the
appearance of the sporulation septum. sA activates the expres-

sion of sporulation genes in conjunction with the transcription
factor Spo0A, which becomes active immediately after sporu-
lation is initiated. The sH-controlled genes include spoIIB (81),
spoVG (89), and spoVS (107), which may be involved in the
formation and maturation of the septum. Once the sporulation
septum has established the nascent forespore and mother cell
chambers, sF becomes active in the forespore compartment
(Fig. 2B) (80). sF is, in fact, synthesized prior to septation and
therefore is present in both cell compartments, but it is held
inactive until the septum appears. After the septum is formed,
it becomes active in only the forespore. This restriction of
activity to only one cell type is a consequence of an anti-sigma

FIG. 2. Stages of sporulation. (A) Once the cell commits to sporulation, sH

activity increases. (B) In the next stage, an asymmetrically positioned septum
divides the cell into the forespore and mother cell compartments. sF becomes
active in the forespore, and sE becomes active in the mother cell. (C) The
forespore engulfs into a membrane-bound protoplast. sG becomes active in the
forespore, and sK directs gene expression in the mother cell. (D) The cortex (the
hatched area) forms between the forespore membranes. GerE works in conjunc-
tion with sK to direct a final phase of gene expression. (E) The coat (the dark
ring surrounding the hatched cortex) becomes visible by electron microscopy. (F)
In the final stage of sporulation, the mother cell lyses and releases the mature
spore into the environment. (G) When nutrient returns to the medium, the spore
can germinate and the cell can resume vegetative growth. This involves rehydra-
tion of the interior of the spore and cracking open of the coat.
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factor called SpoIIAB and an additional set of regulatory pro-
teins that ensure that sF remains inactive in the mother cell (3,
4, 85, 118). The sF regulon includes genes involved in engulf-
ment, such as spoIIQ (75), and genes whose products act later,
such as katX (12), which encodes a catalase that protects ger-
minating spores from hydrogen peroxide. It also includes the
gene (spoIIIG) that encodes the next sigma factor to be active
in the forespore (135). Once sF is active, sE becomes active in
the mother cell (Fig. 2B). The activity of sE is a consequence
of sF, but the confinement of this activity to the mother cell is
not (see below). Like sF, sE is synthesized prior to septation.
Unlike sF, however, sE is synthesized as a proprotein, requir-
ing the removal of its amino terminus before becoming active.
This processing, which is restricted to the mother cell (58),
converts the membrane-associated proprotein into a cytoplas-
mic factor capable of directing transcription (46). An addi-
tional forespore-specific proteolytic event removes pro-sE

from the forespore (102). These mechanisms ensure that sE

activity is confined to the mother cell (28). The restriction of
functional sF to the forespore raises the tempting possibility
that its asymmetric activation is responsible for the presence of
mature sE exclusively in the mother cell. In fact, the confine-
ment of sE activation to the mother cell does not depend on sF

or any of the genes it controls (150). The feature of the mother
cell that marks it as the compartment in which sE activity will
emerge remains unknown.

sE activity results in the engulfment of the forespore com-
partment, creating a free protoplast encircled by a double
membrane layer. It also directs the appearance of an important
transcription factor, SpoIIID (70, 71), as well as an inactive
proform of sK, which will subsequently become active in the
mother cell after proteolytic removal of the propeptide (72,
113). SpoIIID works with sE to activate a second phase of
mother cell gene expression. After engulfment, the next sigma
factor, sG, becomes active in the forespore (Fig. 2C). The gene
encoding sG is under the control of sF and is expressed just
after the appearance of the sporulation septum. However, the
gene product remains inactive until forespore engulfment is
complete (132). sG activates a variety of forespore genes, in-
cluding those that encode the major forespore-specific DNA-

binding proteins, the small acid-soluble proteins (119). The
core of the forespore dehydrates soon after sG becomes active.
Dehydration presumably renders the spore metabolically inac-
tive, thereby terminating forespore gene expression. Before
the forespore becomes dormant, it sends a signal to the mother
cell to activate the next stage of sporulation gene expression.
This occurs via the sG-controlled gene spoIVB. SpoIVB sends
a signal across the double membranes of the forespore into the
mother cell to activate sK. This sigma factor has been sitting
dormant in the mother cell since its previous synthesis under
the control of sE (20). sK is activated by a proteolysis event
that appears to occur on the outer forespore membrane, which
is in contact with the mother cell cytoplasm (Fig. 2C) (78, 106,
108, 146). sK is required for a variety of events that occur late
in sporulation, including the synthesis of most of the known
coat proteins and (in collaboration with sG) the synthesis of
the cortex (135). The last known phase of mother cell gene
expression is directed by sK along with the small DNA-binding
protein GerE (153) (Fig. 2D). GerE controls coat protein
genes and genes that may be involved in the glycosylation of
the coat (50a, 110).

ROLE OF GENE EXPRESSION IN COAT ASSEMBLY

To understand the role of gene expression in the assembly of
the coat, it is necessary to focus primarily on events in the
mother cell, since all of the known coat protein genes and coat
morphogenetic genes are expressed in this compartment (Fig.
3; Table 1). Therefore, I will review the roles of the tran-
scription factors that control mother cell gene expression: sE,
SpoIIID, sK and GerE.

sE directs the expression of at least two coat protein gene
loci, cotE and cotJ, as well as the coat morphogenetic genes
spoIVA and spoVID (13, 42, 109, 120, 128). A significant
amount of cotE expression is also under the control of SpoIIID
and sE (153). SpoIIID can repress gene expression as well as
activate it, and it represses both the cortex biosynthetic gene
spoVD (145) and the coat protein gene cotD (40, 70). After
engulfment, sK directs the expression of a large group of coat
protein genes. The first sK-controlled regulon is composed of

FIG. 3. Program of mother cell gene expression. The stages of sporulation are shown at the top of the figure, and the transcription factors that direct mother cell
gene expression at each stage are shown within the mother cell compartment. Below each cell are the coat protein genes that are active at that time. The repressive
functions of SpoIIID and GerE are not indicated.
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cotA, cotD, cotF, cotH, cotM, cotT, cotV, cotW, cotY, and cotZ
(17, 23, 41, 114, 149, 153). The transcription factor gene gerE is
also part of this regulon (22). SpoIIID controls sK-directed
genes also, since it represses cotD, as noted above. GerE works
in conjunction with sK to activate a final regulon, encompass-
ing cotB, cotC, cotG, cotS, cotV, cotW, cotX, cotY, and cotZ (the
genes cotV, cotW, cotY, and cotZ are under the control of sK as
well as sK and GerE together) (113, 136, 149, 152). GerE can
also modulate the expression of genes in the sK regulon. It
down regulates cotA (114) and cotM (41) and activates cotD
(152), cotV, cotW, cotX, cotY, and cotZ. A further level of
complexity in the control of mother cell gene expression comes
from a type of feedback regulation in which late regulatory
events modulate ones that were initiated earlier (147). For
example, sK down regulates transcription of the gene encoding
sE, thereby helping to terminate expression of sE-directed
genes. Furthermore, GerE is also able to down regulate the
activity of sK, by inhibiting the expression of the gene encoding
this factor (51a, 152). These regulatory pathways appear to
fine-tune the timing of the production of sporulation proteins.
They may permit certain adjustments to the level of coat pro-
tein gene expression as a function of the availability of energy
or nutrients (51a).

The elucidation of this gene-regulatory hierarchy has been
one of the major triumphs of modern sporulation research.
Clearly, the production of the spore coat proteins in the correct
cellular compartment and at the proper time is critical to the
formation of the coat. Beyond this, however, the precise way in
which gene expression participates in coat assembly remains
unclear. As far as is known, there is no dedicated regulatory
program for the coat protein genes alone; the transcription
factors that direct coat protein genes direct other sporulation
genes as well. It is not known whether the fine levels of control
built into the mother cell program are essential for a function-
ing coat or even whether the control of gene expression per se
contributes significantly to the fine structure of the coat. We do
not know, for example, what would happen if cotA expression

was forced to occur earlier than normal (for example, by plac-
ing the gene under the control of sE). We do know that when
sK is activated about 1 h earlier than its normal time, some
kind of subtle defect in spore assembly occurs (although it is
unclear whether this is a consequence of altered coat protein
gene expression [21]). It is plausible that the importance of
gene-regulatory controls is largely to ensure that the coat com-
ponents are available in the correct cell type at roughly the
proper time and that the job of coat construction is directed,
for the most part, by proteins dedicated to assembly.

SPORE MORPHOLOGY

The B. subtilis spore coat has a striking appearance in the
electron microscope (Fig. 1A to C). In thin sections, the coat
appears as a series of concentric layers. The number and fine
structure of the layers differ for different species, ranging from
the simple coat of B. cereus (composed largely of a single
protein species [6]) to the relatively complex coat of B. sphae-
ricus (see, for example, the micrographs in reference 47). It is
possible that these species-specific differences in structure re-
flect functional differences in the coat that help spore-forming
bacteria thrive in their diverse habitats (which range from the
soil to the intestinal tracts of insects [105]). However, struc-
tural differences between spore coats of different species have
yet to be correlated with differences in coat function. It is
noteworthy that B. subtilis, like B. cereus, is found in the soil but
has a much more complex coat. As discussed below, deletion of
many of the B. subtilis coat protein genes has little or no
detectable consequence for spore survival, as measured in the
laboratory. Possibly, they are not required for survival in the
soil either. Therefore, it remains possible that many of the coat
proteins do not serve an important function and would be
poorly conserved in nature. This issue might be clarified by an
examination of the coat proteins present in spores recovered
from the wild.

In B. subtilis, there are two major coat layers: an inner coat

TABLE 1. The known coat and morphogenetic genes

Gene Size of product
(kDa)

Genetic
control

Map position
(degrees) Coat layerb Morphogenetic rolec Commentsc

cotA 65 sK 52 OC None known Controls brown pigment
cotB 59 sK 1 GerE 314 OC None known
cotC 12 sK 1 GerE 168 OC None known
cotD 11 sK 198 OC None known
cotE 24 sE, sE 1 SpoIIID 150 OC Required for outer coat assembly
cotF 5, 8 sK 356 ? None known Proteolytically processed
cotG 24 sK 1 GerE 314 OC Controls CotB assembly Nine tandem copies of 13-aa repeat
cotH 42.8 sK 314 IC Controls OC protein assembly Near cotB and cotG
cotJA 9.7 sE 62 Matrix None known Interacts with CotJC
cotJC 21.7 sE 62 Matrix None known Interacts with CotJA
cotK 6 ? 164 ? None known Putative coat protein
cotL 5.4 ? 164 ? None known Putative coat protein
cotM 14 sK 164 OC Controls outer coat assembly a-Crystallin-like
cotS 41 sK 1 GerE 270 IC None known CotE dependent
cotT 7.8 sK 108 IC Controls inner coat assembly Proteolytically processed
cotV 14 sK sK 1 GerE 107 ? None known Putative coat protein
cotW 12 sK, sK 1 GerE 107 ? None known Putative coat protein
cotX 18.6 sK, sK 1 GerE 107 OC Controls outer coat assembly Insoluble fraction
cotY 17.9 sK, sK 1 GerE 107 OC May control outer coat assembly Insoluble fraction
cotZ 16.5 sK, sK 1 GerE 107 OC May control outer coat assembly Insoluble fraction
spoIVA 55 sE 204 NCP Attaches the precoat to the forespore
spoVID 65 sE 244 NCP Involved in coat attachment
sodA 25 ? 221 NCP Involved in coat morphogenesis

a Only the sigma factors and major positive regulators are listed. See the text for a more complete description of the genetic control.
b Assignments of coat proteins to coat layers have been directly demonstrated only for CotE and CotS. Otherwise, the assignments are inferences. IC, inner coat;

OC, outer coat; NCP, not considered a coat protein.
c These comments must be read in conjunction with the caveats discussed in the text. aa, amino acid.
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and an outer coat (Fig. 1A to C) (8, 60, 141). The inner coat
has a fine lamellar appearance and stains lightly, as shown by
electron microscopy. It is composed of several (between two
and five, usually about four) layers and is about 75 nm wide.
The lamellar appearance of the inner coat is suggestive of
multiple membrane layers, but biochemical analysis indicates
that the coat consists largely of protein (66). The inner coat is
surrounded by the outer coat, which is often thicker than the
inner coat, ranging from about 70 to 200 nm wide. In thin
sections, the outer coat stains more darkly than the inner coat
and has a more coarsely layered appearance. The electron
density of the coat layers can be enhanced by chemical fixatives
such as osmium tetroxide, which allows the inner coat to be
more readily visualized. The basic protocol for the chemical
fixation of spores for electron microscopy (61) has remained
essentially unchanged for many years, but there is likely to be
room for improvement (see, for example, references 63 and
69).

In some cases, the surface of the outer coat is covered by a
somewhat less electron-dense layer. This thin layer of material
may simply be a morphologically distinct outermost layer of
the outer coat, as argued by Holt and Leadbetter (48). Alter-
natively, it could be an additional component that is distinct
from the outer coat (125, 127). Such a structure, called an exo-
sporium, is found in a variety of species including B. cereus,
B. thuringienesis, and B. anthracis (8, 14, 39, 68). Typically, the
exosporium is a multilayered shell that surrounds the entire
spore, including the coat, but is not connected to the spore or
the coat. In contrast to the usual exosporium, in B. subtilis this
structure is tightly associated with the outer coat. The appli-
cation of solubilizing agents such as urea, mercaptoethanol, or
sodium hydroxide causes this layer to pull away from the outer
coat (127). This may indicate that although this structure
closely abuts the outer coat, it is a separate layer. It should be
noted that in addition to exosporia, filamentous or pilus-like
structures are present on the spores of a variety of Bacillus
species but have not been observed in B. subtilis (38, 39, 68, 86).

In addition to the two predominant coat layers, a third layer
of density is often visible between the inner coat and the cortex
on electron micrographs; it is thinner than either of the coat
layers but appears thicker than a membrane. This could be a
layer of the coat, or it could be the outer forespore membrane.
Aronson and colleagues propose that this layer is part of the
coat and designate it the undercoat (7). There is evidence for
the outer forespore membrane remaining intact in spores of
B. megaterium (67), and this issue must be resolved in B. sub-
tilis. Fujita et al. (32) demonstrated the presence of some
vegetative cell membrane proteins in the coat, possibly indi-
cating that at least some of the outer forespore membrane is
still intact in the dormant spore.

A number of investigators have applied highly sophisticated
electron microscopic methods, including cryofixation and freeze-
substitution, freeze-etch techniques, and microprobe analysis,
to the coats of a variety of species. The inner and outer coat
layers can be readily distinguished when cryofixation and
freeze-substitution, in the absence of chemical fixatives, is used
to prepare spores for electron microscopy, but no new layers
are revealed (27a). However, certain previously observed struc-
tural details may become clearer (see, for example, reference
30). As anticipated from thin-section studies, freeze-etch ex-
amination of spores of a number of species demonstrated that
the coat has several morphologically distinct layers. When
freeze-etching was used to uncover the underlying layers, fi-
brous, cross-hatched, and pitted surfaces were revealed (8, 48,
142). In B. subtilis, layers with a fibrous morphology can be
detected. Intriguingly, the fibers in the two layers run at right

angles to each other. The identities of the proteins that make
up these fibers should be revealed as the locations of the
known coat proteins are determined (see below).

A promising technique that could be very informative is
electron probe X-ray microanalysis. In this approach, the ele-
ments present in a thin section of a sample can be identified
and their precise location in the plane of the section can be
determined. The resolution and sensitivity are adequate to
identify elements that are present in the coat in significant
amounts. For example, Stewart et al. found that iron in B. co-
agulans spores was largely in the coat (131) but was not de-
tected in the coat of B. cereus (130). It would be interesting to
apply this method to B. subtilis, as the roles of metals and other
elements that might function as cofactors for coat proteins are
beginning to be studied (see the discussion of CotA, below).
Another underutilized technique is scanning electron micros-
copy. Images of Bacillus spores obtained by this method have
appeared in the literature from time to time and often show a
series of ridges parallel to the long axis of the spore (see, for
example, reference 91), but this technique does not appear to
have been applied in a systematic way to B. subtilis. Clearly,
such a study is needed. In particular, it would be useful to
observe the changes in the spore surface upon germination
(see reference 97 for an example of such an experiment in
clostridia).

Several unexplained electron microscopic observations de-
serve further examination. For example, images of sporangia at
early and intermediate times of sporulation suggest that coat
assembly initiates at the poles of the spore (that is, along the
long axis of the spore [27a]). The resulting caps of coat mate-
rial contain both inner and outer coat layers and gradually
encircle the spore as assembly proceeds. Commonly, the coat
at the poles of a mature spore is thicker than the coat that
surrounds the midpoint of the spore, perhaps reflecting this
polar assembly. An additional unexplained observation is that
the thickness of the coat can vary depending on the culture
medium (27a). This is intriguing in light of the finding that the
composition of the sporulation medium can have a significant
effect on spore coat gene expression (153). The mechanism
behind this relationship is not known. However, this effect may
be evidence of how changes in coat protein gene expression
can occur on the fly, so to speak. Possibly, the cell can sense its
surroundings after sporulation has begun and can adjust the
precise levels of coat protein gene expression depending on the
environment. Such a mechanism would permit the spore to
make last-minute alterations to the coat in response to a rap-
idly changing environment (88a).

BIOCHEMICAL ANALYSIS OF THE COAT

Classical studies, carried out during the 1960’s and 1970’s,
established the basic biochemical features of the coat (see, for
example, references 44, 66, 92, 138, and 141). These biochem-
ical experiments demonstrated that the coat is composed large-
ly of protein with minor amounts of carbohydrate and lipid and
that the coat proteins are especially rich in the amino acids
tyrosine and cysteine. An important next step in spore coat
biochemistry was the analysis of partially purified coat frac-
tions, prepared by chemical extraction procedures (5, 8, 65).
This approach has been modified by a variety of researchers
but generally makes use of alkaline pH, heat, reducing agents
such as dithiothreitol, detergents such as sodium dodecyl sulfate
(SDS), denaturants such as urea, or, most commonly, some
combination of these conditions (24). The results of chemical
extraction vary considerably depending on the precise method
used and can be difficult to reproduce. Nonetheless, this tech-
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nique permitted the isolation of individual coat proteins (by
fractionation on polyacrylamide gels) and the first identifica-
tion of coat protein genes, and it is still a major tool in coat
protein analysis. It soon became clear that spore coats of dif-
ferent bacilli contain different numbers of polypeptide species,
ranging from one major protein in B. cereus (10) to more than
25 in B. subtilis. These studies also found that at least some
coat proteins were highly cross-linked, resulting in large
amounts of insoluble material in spore coat extracts.

A variety of studies used biochemical analysis to character-
ize the B. subtilis spore coat (34, 35, 57, 90, 144) and coats
of other Bacillus species (36, 129). A classic example of such
a study is the work of Pandey and Aronson (96) (see also
reference 6), in which the authors carried out an extensive
characterization of the spore coat proteins of B. subtilis after
extraction with dithioerythritol, SDS, urea, and 2-(N-cyclohex-
ylamino)ethanesulfonic acid (CHES) buffer at pH 9.8. This
procedure solubilized about 70% of the coat proteins. They
determined that about 6% of the dry weight of this solubilized
fraction was polysaccharide and that the remainder was largely
protein. Six or seven major proteins (including a glycoprotein)
could be reproducibly detected by SDS-polyacrylamide gel
electrophoresis (PAGE), and several less reproducible minor
bands were often evident as well. Synthesis of these proteins
started at about the second hour of sporulation and continued
until about the sixth hour. They also found evidence for pro-
teolytic processing of coat proteins. In agreement with earlier
studies, their amino acid analysis indicated that the coat pro-
teins are tyrosine rich, and this has been borne out by subse-
quent sequencing of coat protein genes. This study also iden-
tified dityrosine cross-links in the coat, but this finding was not
supported by a later study (35). Recently, studies using high-
pressure liquid chromatography analysis have indicated that
dityrosine species are present in the coat (25a).

Another important study, from the Mandelstam laboratory
(57), characterized the timing of coat protein synthesis and
assembly. This work confirmed earlier studies suggesting that
coat protein synthesis begins several hours prior to the appear-
ance of a functional coat (96) and indicated that coat forma-
tion involves control at the level of assembly as well as at the
level of coat protein synthesis. These results anticipated the
more recent findings identifying the complex roles that mor-
phogenetic proteins play in the formation of the coat (dis-
cussed below). In further studies (56), Mandelstam and col-
leagues demonstrated that a protease is built into the coat in a
manner that depends on the transcription factor GerE. Given
the finding that some coat proteins are cleaved to a mature
form, a coat-associated protease could be an important regu-
lator of coat assembly. Attempts have also been made to re-
construct the coat in vitro, by applying coat proteins to a spore
that has been chemically stripped of its coat. Reconstitution of
the B. subtilis coat in a semi-in vitro system has not yet been
achieved, but a similar experiment had been at least partially
successful for the simpler coat of B. cereus (9).

Once individual coat proteins were identified, it became
important to determine where they were located within coat
layers. Mandelstam and colleagues addressed this question
biochemically (57). They isolated spores at various times after
coat assembly had begun and then applied an iodinating re-
agent that would most readily label the coat proteins that were
at an outermost position. From their analysis of the labeled
proteins, these authors proposed that the coat consisted of at
least three layers and that the predominant proteins in the
outermost layer were a 12-kDa species synthesized early and a
36-kDa protein synthesized late.

Several important lessons emerged from these classical stud-

ies. First, the complex structure of the coat is the result of a
multistep assembly process that involves the ordered synthesis
of a large number of coat components. Second, at least some of
these proteins undergo modification of several types: proteo-
lytic processing, cross-linking via disulfide residues and other
cross-links (8), and glycosylation. Third, the proteins of the
coat take up specific positions within the coat layers. It became
clear that the study of the coat was an excellent model system
for studies of both the control of protein synthesis during
development and the mechanisms that guide the assembly of
complex structures. These studies also revealed a close con-
nection between the integrity of the coat and the ability to
germinate correctly, since defects in germination were found to
be characteristic of coat mutants (8). This point is discussed in
more detail below, but for the moment it is sufficient to note
that this connection is puzzling since there has been no evi-
dence that any part of the germination machinery is in the coat
or interacts with the coat.

INTRODUCTION OF MOLECULAR GENETICS TO THE
PROBLEM OF SPORE COAT FORMATION

In 1987, Losick and colleagues cloned the first coat protein
genes by using a reverse genetics approach (26). They extract-
ed coat proteins from spores and microsequenced several of
the resulting species. They then generated oligonucleotide
probes based on the sequence information they obtained and
used these to clone the coat protein genes cotA, cotB, cotC, and
cotD from a recombinant DNA library. As a result of these ex-
periments, it became possible to determine the consequences
of deleting coat protein genes and to describe the regulatory
mechanisms that govern their expression. With knowledge of
the deduced protein sequences, it became feasible to explore
the mechanism of coat assembly and the basis of protection
from the environment through structure-function and bio-
chemical experiments. Several findings resulted from the initial
characterization of these genes. First, the sequences of CotA,
CotB, CotC, and CotD were not obviously similar to those of
other proteins or to each other. The finding that coat proteins
were not significantly similar to proteins of other species has,
for the most part, held true as more have been identified and
studied. However, this does not necessarily imply that the coat
proteins do not share secondary, tertiary, or quaternary fea-
tures. An exception to the lack of similarity is the resemblance
between CotA and copper oxidases that has been noticed by a
number of researchers (31a; see below). More recently, several
similarities between the coat proteins themselves have been
detected. CotB and CotC show homology to CotG, a coat pro-
tein that was identified in a later study and is described below.
Second, although previous biochemical studies suggested that
some coat proteins would be derived from larger precursors,
CotA, CotB, CotC, and CotD were not produced by cleavage
of larger proteins and did not appear to be coat protein pre-
cursors. More recent studies have identified coat proteins that
are derived from larger precursors (see below). Third, the vi-
ability, measurable resistance properties, and electron micro-
scopic appearance of spores bearing deletions in any of these
genes were the same as those of wild-type spores. This indi-
cates either that these genes were responsible for functions
that the researchers did not know how to measure (but which
were presumably useful to the spore nonetheless) or that they
were functionally redundant with respect to other intact coat
proteins. These authors showed that germination of spores
missing these coat proteins was indistinguishable from that of
wild-type spores, with the exception of a slight alteration in
germination in response to L-alanine in a cotD spore (26)
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(although Bourne et al. [17] reported that cotD mutant spores
germinated normally). Uniquely among these mutants, cotA
spores showed a significant phenotype: the loss of the charac-
teristic brown color of normal spores. Sandman et al. (114)
showed that cotA expression began after 4 to 5 h of sporula-
tion. They further determined that expression depended on all
the genes known to be required for events in sporulation up to
the stage of engulfment and on a subset of the genes that acted
later in sporulation. This finding demonstrated that coat pro-
tein gene expression is temporally controlled and is a part of a
cascade of developmentally regulated events in which later
events are dependent upon the completion of earlier ones.

The next coat gene to be identified was cotE, and, in contrast
to cotA, cotB, cotC, and cotD, deletion of this gene had a
striking consequence for coat assembly (151). Electron micros-
copy revealed that these spores possessed only an inner coat
(Fig. 1D). Consistent with this morphological defect, the mu-
tant spores were deficient in lysozyme resistance and in the
ability to germinate. Despite the absence of the outer coat, at
least two (and probably all) the outer coat protein genes were
still expressed, suggesting that CotE was not significantly in-
volved in outer coat protein gene expression. Therefore, CotE
was judged to be involved primarily in assembly and thus was
designated a morphogenetic protein to reflect its special role.
These authors also realized that they could identify a coat
protein as likely to be an outer coat component if it was missing
from an extract of a cotE spore. Using this approach, Zheng et
al. (151) showed that cotA, cotB, and cotC were probably outer
coat proteins and cotD was most probably an inner coat pro-
tein. The discovery of the cotE phenotype indicated that coat
proteins fall into one of two classes. Either they are not ap-
parently required for the assembly of any coat proteins other
than themselves (such as CotA, CotB, CotC or CotD), or they
are required for correct assembly of other coat proteins (as is
the case for CotE). Proteins that are not morphogenetic could
be expected to play roles in other coat functions, such as re-
sistance.

The cloning of cotA, cotB, cotC, cotD, and cotE was followed
by a series of experiments, in several laboratories, in which coat
protein genes were identified after microsequencing of pro-
teins extracted from polyacrylamide gels. This led to the iden-
tification of the coat protein genes cotF, cotG, cotH, cotS, cotT,
cotV, cotW, cotY, cotX, and cotZ (1, 17, 23, 93, 113, 148), as well
as the identification of fragments of coat proteins (2). Three
additional coat protein genes, cotJA, cotJC, and cotM, were
identified in a search of genes activated by sE or sK (41, 42).
Oddly, only one of these 18 genes, cotA (originally called pig to
indicate that it is associated with spore pigment [111, 114]),
had been identified in extensive previous screens for sporula-
tion genes (see, for example, reference 99).

Although the number of cloned coat protein genes was now
18, it was clear that some genes remained undiscovered. This
was evident for at least two reasons: there were still protein
bands on SDS-PAGE analyses of coat extracts for which no
gene had been described, and the complexity of the coat sug-
gested that more proteins with clear morphogenetic roles
would probably be needed to build such an ornate structure.
Nonetheless, enough genes were identified for a clear outline
of the transcriptional control of the coat protein genes to
emerge. This program of control is reviewed, and then the
mechanisms by which the gene products are built into the coat
are discussed, focusing on those proteins with morphogenetic
activities.

REGULATION OF COAT PROTEIN GENES

The organization of the coat protein genes into four regu-
lons of mother cell-expressed genes (Fig. 3; Table 1) ensures
that the coat proteins appear in a particular sequence and in
the correct compartment during sporulation. The first regulon,
activated immediately after the formation of the sporulation
septum, includes cotE (153) and the cotJ operon (42). The
second regulon contains a second promoter of cotE (153) and
the gene encoding sK (70, 72). The third regulon contains a
large set of coat protein genes including cotA, cotD, cotF, cotH,
cotM, cotT, cotV, cotW, cotX, cotY, and cotZ (23, 41, 93, 149,
153). The fourth and final regulon consists of cotB, cotC, cotG,
and cotS, as well as genes that are also part of the third
regulon, such as cotV, cotW, cotX, cotY, and cotZ (1, 113, 136,
149, 153). GerE, which activates the fourth regulon, also down
regulates cotA and cotM (41, 152). In general, the coat protein
genes are dispersed around the chromosome, but cotB, cotG,
and cotH are in close proximity. Although they are transcribed
by separate promoters, the possibility that their expression is
coupled in some subtle way has not been excluded (93, 113,
153). Layered over this regulatory program are the effects of
the feedback regulatory cascade in mother cell gene expression
(discussed above).

The order of coat protein gene expression appears to be
entirely a function of the gene expression program described
above and is largely the same regardless of the specific protocol
for inducing sporulation (153) (but see the discussion above
regarding how gene expression might be quantitatively al-
tered). However, the expression of cotC was found to be sub-
stantially higher when sporulation was induced by allowing
growing cells to deplete the medium of nutrient instead of by
resuspending the cells in a minimal medium. Strangely, this dif-
ference in the levels of cotC expression was largely eradicated
in a spoIVA mutant (which is not known to contribute directly
to gene expression). A role for spoIVA has been noted in the
expression of other coat protein genes as well (78). Mutations
in spoIVA impair the processing of pro-sK to active sK. The
reason for this effect is unknown, but both SpoIVA and the
pro-sK-processing machinery are located on or close to the
forespore surface (29, 106, 108). Although the localization of
the pro-sK-processing proteins is not under the control of
SpoIVA, it is possible that pro-sK processing is influenced by
other proteins whose cellular position is dependent on SpoIVA.

The existence of a hierarchical cascade of coat protein gene
regulation raises the question of whether coat assembly is a
consequence of the order of coat protein gene expression.
Such a hypothesis would be tenable if the more interior layers
of the coat were composed of proteins synthesized early in
sporulation and the more exterior layers were made up of
proteins that appear later. In fact, an analysis of the locations
of the inner and outer coat proteins and of the timing of the
appearance of the coat proteins indicates that it is unlikely that
transcriptional control alone guides the formation of the coat
(discussed in references 29 and 134). It is evident that the inner
coat protein genes are not necessarily expressed before the out-
er coat protein genes and that the genes encoding any one
layer of the coat are not necessarily members of a single sporu-
lation gene regulon. For example, cotE is among the first
known coat protein genes to be expressed, but the gene prod-
uct appears in the outermost layer of the coat as opposed to an
inner layer, as might have been anticipated from the early
expression of cotE. Furthermore, cotD, which encodes an inner
coat protein, and cotA, which encodes an outer coat protein,
are both expressed in the middle phase of mother cell gene
expression. Most strikingly, spores which lack GerE and which
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are therefore unable to activate the final phase of mother cell
gene expression, still produce some outer coat but are entirely
missing the inner coat. These observations are not consistent
with a sequential stepwise assembly of the layers of the coat
from inside to outside (i.e., from inner coat to outer coat), and
so the order of the layers of the coat cannot be simply a
consequence of the temporal control of mother cell gene ex-
pression. Therefore, other mechanisms must guide coat assem-
bly. Nonetheless, gene-regulatory controls may play an impor-
tant role in coat assembly (they are simply not the only means
of control), and the effects of altering the timing of coat protein
gene regulation remain to be determined.

ROLES OF THE COAT AND
MORPHOGENETIC PROTEINS

The formation of any complex macromolecular structure is
likely to require specific morphogenetic proteins dedicated to
the control of assembly. These proteins may or may not be
present after assembly is complete. They might exert their
control only after the relevant structural proteins have been
synthesized and therefore after regulation at the level of gene
expression has already occurred (as in the case of the control
of phage tail length [59]), or they might enable the assembly
process to feed back into gene-regulatory mechanisms (as seen
for the expression of the class III flagellar genes [50]). These
proteins can control assembly in several ways. They can initiate
the assembly of a multimeric structure (by acting as a nuclea-
tor), they can control the length of such a structure (by acting
as a ruler), and they can direct assembly to occur at specific
subcellular locations. For spore coat assembly, there is com-

pelling evidence for the existence of several morphogenetic
factors. First I discuss CotE and SpoIVA, since examination of
these proteins has revealed important early events in coat
assembly. Then I discuss morphogenetic proteins with inter-
mediate roles in coat assembly. Finally I examine the coat
proteins that appear not to play a measurable morphogenetic
role. Much of this information is summarized in Table 1.

Major Morphogenetic Proteins

The question of how CotE participates in outer coat assem-
bly was initially addressed by ultrastructural methods. Immu-
noelectron microscopy experiments indicated that CotE prob-
ably sits at the juncture of the inner and outer coat layers,
consistent with its role as a coat protein required for outer coat
formation (29). CotE could be reasonably assigned to the outer
layer, because CotE is still present in a gerE mutant spore, in
which the inner coat is missing but the outer coat is still par-
tially intact. Zheng and Losick (153) demonstrated that CotE
is synthesized early in sporulation, well before the electron-
dense coat structure appears, and immunoelectron microscopy
studies showed that CotE takes up a discrete subcellular loca-
tion just after the formation of the sporulation septum (Fig.
4B) (29). At this time, CotE forms a layer, standing a short
distance off the septum, on its mother cell side. After the
forespore is engulfed to form a protoplast, the layer of CotE
appears as a ring that encircles the forespore and is separated
from it by a gap of ;75 nm. Presumably, some material resides
in the gap that would connect the ring of CotE to the forespore
surface. Originally, this hypothetical material was referred to
as the scaffold, but I propose using the term “matrix” instead to

FIG. 4. Model for the assembly of the B. subtilis spore coat. The diagrams represent arcs of the forespore surface. The letters within the diagrams indicate the
possible times of assembly and locations of some of the coat proteins. For example, CotJA assembles early, in panel B, within the matrix. Once a coat protein is
indicated, it is presumed to remain in the coat for the duration of sporulation; i.e., CotJA is still present although not explicitly shown in panels C and D. (A) After
septation and as a result of sE activity, SpoIVA localizes to the mother cell side of the forespore membranes. (B) The precoat, consisting of the matrix and the layer
of CotE, is assembled over SpoIVA. CotJA and CotJC may be matrix components. (C) After sK becomes active, the cortex appears and a large set of coat protein genes
are expressed, of which only a subset are represented. CotD, CotH, CotS, and CotT assemble into the inner coat, and CotA and CotM are built into the outer coat.
CotH could sit near CotE at the interface of the inner and outer coat layers. CotM may form a substructure within the outer coat. (D) In a final stage, under the control
of GerE, an unknown morphogen (represented by ?) directs the completion of the inner coat. CotB and CotG are synthesized and incorporated into the outer coat.
Further modifications to the coat, including glycosylation (due to the Sps and Cge proteins), proteolysis, and cross-linking, bring the coat to its final form. Several
especially speculative aspects of this model should be noted. The products of coat protein genes that are expressed under the control of sK are illustrated as being
incorporated into the coat soon after synthesis but may in fact be assembled later, after GerE is active. For example, we do not know that CotD is assembled into the
coat before CotB. FS, forespore; MC, mother cell.
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avoid the suggestion that the material in the gap is necessarily
a temporary component of the coat, as would be suggested by
the usage of the term “scaffold” in the virus assembly litera-
ture. An intriguing and unexplained feature of the data from
the localization experiment was the tendency of CotE to clus-
ter at the forespore poles, along the long axis of the prespore
(which is coincident with the long axis of the sporangium). This
is reminiscent of the way that formation of the inner and outer
coat layers initiates at the poles. It is not known whether this
observation has any biological significance. If it does, it might
indicate that there is something unique about the poles of the
forespore, perhaps as a consequence of the prior events of
fusion of the septal disk (to form the septum) and then fusion
after engulfment of the forespore.

Although no outer coat is apparent in a cotE null mutant
spore, there are unusual clumps of darkly staining material
associated with the inner coat (Fig. 1D). These clumps are
present in old cultures, well after the spore is released, but are
not detected during the course of sporulation (27a). The iden-
tity of this material and whether it is composed of coat proteins
is unknown. It is possible that this material is composed of out-
er coat proteins that have formed an aggregate. These struc-
tures could represent an alternate dead-end assembly product
formed by the outer-coat proteins in the absence of CotE. A
very curious feature of cotE null mutant spores is that the
remaining inner coat, which is often missassembled and ap-
pears to be falling off the spore, is not tightly appossed to the
cortex surface, as is the inner coat of a wild-type spore (Fig.
1B). This gives the impression that the inner coat is not in
direct contact with the cortex surface in this mutant. Given that
CotE resides between the inner and outer coat layers, it is
unclear how a cotE mutation causes this apparent disconnec-
tion between the inner coat and the cortex. Aronson and Fitz-
James (9a) have noted that the undercoat layer, which they
have identified as a coat layer between the inner coat and the
cortex, is not found in cotE mutant spores. Possibly, the con-
nection occurs via the undercoat layer. Alternatively, it is also
possible that in a wild-type spore, the outer coat acts some-
thing like a drawstring, squeezing the inner coat into a com-
pressed state, thus forcing the cortex and inner coat into close
contact and giving the appearance that the two coat layers are
linked. The absence of the outer coat in a cotE mutant would
then allow the inner coat to expand away from the cortex
surface. This implies that the inner coat and the cortex are not
connected, at least by the time the spore is mature. This view
is entirely speculative, but the possibility that the coat can go
from a compressed to an uncompressed state and thereby
allow the spore to achieve a larger diameter might help to
explain the increase in spore size as it swells during germina-
tion (115).

The ring of CotE and the matrix together constitute the
precoat (Fig. 4B). This precoat assembles at the forespore sur-
face early in spore formation, preceding the appearance of the
electron-dense coat that is seen in the mature spore (29, 101).
The next step in coat formation is the assembly of the inner
and outer coat proteins (Fig. 4C). Presumably, the inner coat
proteins infiltrate into the gap between the ring of CotE and
the forespore membrane surface to form the lamellar inner
coat. The width of the gap between the ring of CotE and the
forespore membranes is roughly equal to the width of the inner
coat, suggesting that the dimensions of the ring of CotE are
relatively stable once the precoat is assembled. The outer coat
proteins would simultaneously assemble around the ring of
CotE to form the darkly staining outer coat. The primary role
of the precoat, therefore, would be to establish the two major
layers of the coat.

The existence of a precoat located at the spore surface leads
to the question of what guides the precoat to that location. The
answer turns out to be a protein called SpoIVA. It was known
from classic studies of sporulation mutants that this protein
was required for correct coat assembly (99). In a spoIVA mu-
tant, the coat is assembled but does not encircle the forespore
as in a wild-type cell. Instead, the coat appears as swirls in the
mother cell cytoplasm, unattached to the forespore. The find-
ing that coat assembly is not entirely prevented implies that
SpoIVA does not nucleate coat assembly, distinguishing it
from CotE. In addition to the coat assembly defect, there is no
cortex (the thick cell wall of the spore) between the double
membrane layers of the forespore in spoIVA cells. spoIVA
expression is sE directed, implying that SpoIVA synthesis oc-
curs in the mother cell compartment (109, 128). It would seem
plausible, therefore, that SpoIVA somehow attaches the coat
to the forespore surface. Immunoelectron and immunofluores-
cence microscopy studies suggested that this view was likely to
be correct in that SpoIVA forms a ring around the forespore,
very close to or directly on the forespore membranes (Fig. 4A)
(29). In light of the partially polar localization of CotE men-
tioned above, it should be noted that SpoIVA did not show
polar localization but, rather, formed a relatively contiguous
ring around the forespore. When the precoats of spoIVA spo-
rangia were examined by immunoelectron microscopy, they
were found to be detached from the forespore and to form
clumps in the mother cell cytoplasm, reminiscent of the swirls
of coat seen at a later time in sporulation in this mutant (29).
Taken together with the fact that spoIVA is transcribed by
the mother cell-active factor sE, it appears that SpoIVA sits on
the mother cell side of the forespore membranes and attaches
the matrix to the forespore. Therefore, the classic observation
that a spoIVA mutation causes the coat to form as a swirl in the
mother cell cytoplasm can be explained by a model in which
SpoIVA attaches the precoat to forespore at an early time in
sporulation, before the electron dense coat is apparent. Exper-
iments with immunofluorescence microscopy (101) confirmed
the locations of CotE and SpoIVA and further demonstrated
that SpoIVA localizes to the forespore before CotE does, an
important prediction of the model proposed from the immuno-
electron microscopy studies.

An intriguing feature of SpoIVA is its participation in both
cortex synthesis and coat assembly. It is tempting to speculate
that the formation of these two structures is coupled via
SpoIVA. Such a role is plausible given that SpoIVA sits
between the cortex and coat layers (29). The reliance of coat
and cortex synthesis on a common protein could be useful to
the cell in at least two ways. It could ensure that the two
structures are localized to the two sides of a common mem-
brane (the outer of the two forespore membranes), and it
might help to coordinate the formation of the cortex and the
coat whose periods of assembly largely overlap (25, 126).

SpoIVA is not the only protein with roles in the formation of
both the cortex and the coat. SpoVM and SpoVS also play
important roles in cortex and coat formation (19, 74, 107).
Unlike SpoIVA, they are less likely to be directly involved in
these processes, since they affect several other sporulation pro-
cesses as well, apparently at relatively early times in develop-
ment. It is likely that the roles of SpoVM and SpoVS in cortex
and coat formation reflect pleiotropic effects of these proteins
rather than specific couplings between the biosynthesis of the
coat and the cortex.

An additional protein, SpoVID, is also involved in the at-
tachment of the coat to the forespore. Beall et al. (13) identi-
fied spoVID in the course of searching for sE-directed promot-
ers. spoVID cells displayed a previously unseen phenotype: the
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coat was detached from the spore, in much the same way as for
spoIVA mutant spores, but the cortex was intact. As a result of
the presence of the cortex, the spore was fairly robust, and
coatless spores were released when the mother cell lysed at the
end of sporulation. Because the spoVID mutant appeared to be
similar in phenotype to a spoIVA mutant, at least as far as the
defect in coat assembly was concerned, it was a surprise to
learn that the precoat is not detached in a spoVID mutant (29).
This suggested that, whatever the role of SpoVID in coat
attachment, it functioned after SpoIVA had established a con-
nection between the precoat and the forespore. This notion
was supported by the finding that in a spoVID mutant, SpoIVA
was still correctly located on the forespore. It appears that
SpoVID is involved in the attachment of the coat to the fore-
spore at late times, as evidenced by the swirls of coat, but that
it is not essential for the initial attachment of the precoat.
SpoVID was not detected in mature spores (29) and so might
not be a coat protein. The precise role of SpoVID in coat
assembly remains unclear, in part because it is not obvious
what requirement there would be for an attachment protein in
addition to SpoIVA. A possible clue to its role might be the
presence of a cortex in spoVID cells. Perhaps, because SpoIVA
participates in coat assembly as well as cortex synthesis, it must
pass off the function of coat attachment to SpoVID when the
matrix is complete and cortex assembly commences.

Morphogenetic Proteins with Intermediate Roles
Not all proteins involved in the coat have either severe

effects when missing (such as CotE) or virtually no detectable
consequence (such as CotC). Several proteins that have im-
portant but less absolutely required roles in guiding coat con-
struction have been identified. One of these is CotT. The
absence of CotT has only a subtle effect on coat function:
spores respond more slowly to germination with glucose, fruc-
tose, and L-asparagine (although normally with L-alanine plus
inosine), but the spore is otherwise normal in resistance prop-
erties (17). The inner coat, while not entirely missing, is re-
duced in thickness in cotT spores. Spores from a strain that
overproduces CotT have thicker inner coats and are slow to
germinate not only in response to glucose, fructose, and L-
asparagine but also in response to L-alanine, indicating a more
severe defect. CotT is notable for its skewed amino acid com-
position: 13 common amino acids are not present, and there is
a preponderance of tyrosine, proline, and glycine residues (11,
17). The carboxy-terminal 17 amino acids are exclusively ty-
rosine and glycine. CotT is a 7.8-kDa protein that is generated
by the cleavage of a 10.1-kDa precursor form. In a strain
bearing both a wild-type copy of cotT and a mutant copy whose
product cannot be cleaved to the mature form, the precursor is
associated with the spore coat. It is plausible that processing
occurs after CotT has assembled into the coat. Processing
appears to be under the control of GerE, based on the pres-
ence of the 10.1-kDa but not the 7.8-kDa species in a gerE
mutant. Possibly, after a CotT precursor is built into the coat,
a late event under the control of GerE results in maturation.
The significance of these observations is unclear, but it seems
plausible that CotT is a structural component of the inner coat
and acts either at the level of matrix assembly or later as the
inner coat is assembled. cotT transcription is probably under
the control of sK, since it is coincident with that of cotD (149).
There is unpublished data (17) indicating that CotT is an inner
coat protein, like CotD.

CotG is another coat protein with an intermediate effect on
assembly when deleted (113). CotG is a 24-kDa protein, but
the protein isolated for microsequencing by SDS-PAGE mi-
grated as a 36-kDa protein (43). It is not known whether this

larger species is the result of aberrant mobility of CotG or the
formation of a dimer that resists denaturation during electro-
phoresis. CotG has an unusual primary sequence. It is pre-
dicted to be highly hydrophilic, and almost half of its amino
acids are positively charged. Even more strikingly, about 60%
of CotG is composed of nine tandem copies of a 13-amino-acid
lysine-, serine-, arginine-, and tyrosine-rich sequence that is
similar among the tandem copies. Both the lysine and tyrosine
residues could participate in the formation of cross-links within
CotG and with other coat proteins. cotG is transcribed by sK in
conjunction with GerE. CotG is not incorporated into the coat
in a cotE mutant and is therefore regarded as an outer coat
protein. SDS-PAGE analysis of cotG spores detected the loss
of an additional coat protein besides CotG: the outer coat
protein CotB. Intriguingly, CotB and CotG appear to be have
significant homology (see below), and both are especially cys-
teine rich. A region within the carboxy terminus of CotB is
composed almost entirely of cysteine residues. The other pre-
dominant residues in this region are lysine, arginine, aspartate,
glutamine, and tyrosine. Like cotG, cotB is also under the
control of sK and GerE. There is no strong effect of a cotG
mutation on spore resistance or germination properties, im-
plying that CotG and CotB are not required for these func-
tions. Surprisingly, spores missing CotG have a significant de-
fect by electron microscopy (43). Although the inner coat has
a normal appearance, the outer coat is highly abnormal. In-
stead of the usual set of dark layers, the outer coat is largely
diffuse in appearance, with a single, thin, darkly staining band
remaining. Since the only significant change in the overall poly-
peptide composition of the coat is that CotG and CotB were
missing (as far as could be detected), it is puzzling that there
would be such a dramatic change in the electron-dense fea-
tures of the coat.

A possible explanation for the apparent importance of CotG
in coat structure comes from a remarkable observation from
the Moran laboratory. They found that in the absence of SodA,
a manganese-dependent superoxide dismutase (18), the mor-
phology of the coat was grossly altered (43). The number of
inner coat layers was decreased, and the outer coat was also
reduced in thickness. A relatively electron-translucent gap sep-
arated the remnants of the two layers. In spite of the significant
change in the structure of the coat, the polypeptide composi-
tion was altered primarily only in that greater amounts of CotG
could be extracted from the coats of mutant spores than from
those of wild-type spores. Consistent with this minor change in
the extractable coat proteins, the resistance properties of sodA
spores were essentially unchanged. These researchers propose
that SodA activity is ultimately responsible for the cross-link-
ing of CotG into the coat. This role would be in addition to its
involvement in the protection of growing cells (18). In a cotG
spore, these cross-links would not be made and this would be
reflected in the coat structure. Since the structural defect in a
cotG spore coat is different from and apparently more severe
than that of a sodA spore coat, other proteins may also partic-
ipate in CotG cross-linking. They also found that the coat of a
sodA cotG spore was similar in structure to the coat of cotG
spore. This suggests that SodA acts largely through CotG. A
notable potential implication of this model is that the modifi-
cation of the coat by postassembly cross-linking is directly
responsible for much of the striated appearance of the coat.

The ability of superoxide dismutases to produce hydrogen
peroxide suggests that SodA could provide hydrogen peroxide
to a coat-located peroxidase, which could then cross-link the
tyrosine-rich CotG either into a multimeric form or to other
coat proteins. A possible candidate peroxidase would be CotE
(see below). Previously, it was shown that SodA is dispensable
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for protection against oxidizing agents or heat (18), and it is
possible that the primary role of SodA is in coat assembly. The
catalase activity of CotJC (120) (see below) could be involved
as well, by helping to control the levels of available hydrogen
peroxide. Although the details are unclear, these results pro-
vide a compelling case for the further investigation of oxidative
mechanisms in coat assembly. It would be interesting to gen-
erate a sodA mutation which permits synthesis of the full-
length protein but which does not generate the superoxide
dismutase activity and to characterize the resulting phenotype.
Furthermore, it would be worthwhile to learn if there is an
appropriate oxidase activity in the coat to provide superoxide
for SodA.

Another example of a mutation that has a clear morpholog-
ical consequence but no measurable effect on spore resistance
or germination is cotM (41). cotM is transcribed under the
control of sK and is negatively regulated by GerE, similarly to
cotA. CotM has not been found in spore coat extracts, but cotM
spores have reduced amounts of several coat proteins, includ-
ing the outer coat protein CotC (but not the inner coat protein
CotD). In this regard, it differs from other morphogenetic
proteins such as CotE and CotG in that when cotM is deleted,
the levels of several coat proteins are reduced but they are not
absent. In the electron microscope, the outer coat of a cotM
mutant appears diffuse and its peripheral structure is altered in
two ways. First, several thin lamellar layers, reminiscent of the
inner coat, are visible in the outermost layer of the outer coat.
Second, instead of the usual smooth appearance of the outer
surface of the coat, the mutant spore surfaces often appear to
have a series of fine ridges. It is possible that the cotM mutation
results in the loss of some outer coat material and exposes
structures that are occluded when the full structure is present.
Based on the changes in coat protein composition and the
alterations in outer coat morphology in a cotM mutant, it
appears that CotM is involved mostly in outer coat formation
and might be an outer coat component. The 40 amino-termi-
nal-most amino acids are highly acidic, and the middle portion
of the protein is more hydrophobic. CotM shows similarity to
a-crystallin low-molecular-weight heat shock proteins, partic-
ularly in its carboxy-terminal 44 residues. Members of this
family have a number of activities that might be expected of a
morphogenetic coat protein, including chaperone functions
and the capacity to act as substrates for cross-linking by trans-
glutaminases (49, 54, 83). It is reasonable to imagine that
CotM is cross-linked by transglutaminases as well, particularly
in light of the presence of such activities in the coat (64; see
below). Henriques et al. (41) propose that at an intermediate
time in coat assembly, CotM helps to build an insoluble struc-
ture (perhaps around the shell of CotE) that is required for the
assembly of a robust outer coat. In its absence, an outer coat is
assembled but its outermost layers are not properly formed
and it is has less overall structural integrity, as evidenced by the
loss of outer coat proteins in a nonspecific manner. Two genes
adjacent to cotM, cotK and cotL, have been tentatively desig-
nated coat protein genes, based on their proximity to cotM and
the presence in their deduced amino acid sequences of clusters
of lysines, suggesting the possibility that their protein products
are cross-linked to CotM by a transglutaminase. They poten-
tially encode 6.1- and 5.4-kDa proteins, respectively.

CotH plays a role in outer coat assembly, but in a somewhat
different way from CotG and CotM (93). cotH lies between
cotB and cotG on the chromosome and is expressed under the
control of sK; therefore, it will be transcribed in the mother
cell at an intermediate to late time in sporulation. cotH spores
have a small but detectable germination defect and normal
resistance properties. Although the effect of a cotE mutation

on the presence of CotH in the coat has not been reported, a
cotE cotH strain has a more severe germination deficiency and
is more lysozyme sensitive than a cotE mutant. This suggests
that CotH is present in a cotE spore and therefore that CotH
is an inner coat protein. Oddly for an inner coat protein gene
mutant, cotH spores are missing the outer coat proteins CotB
and CotG as well as CotH and have a reduced amount of
CotC. It may be noteworthy that CotC and CotG are relatively
homologous and both these proteins have some identity to
CotB. Even more intriguingly, the difference in germination
between a cotE mutant and a cotE cotH mutant argues that the
role of CotH is likely to be more complex than simply assem-
bling these other coat proteins, since these other coat proteins
are not known to play any role in germination. Whatever this
second role may be, it would seem that CotH works in con-
junction with CotE in guiding outer coat assembly and that
both proteins are required. CotH might control a set of con-
tacts with outer coat proteins that are independent of the
contacts mediated by CotE, in which case both sets of contacts
would be critical. Alternatively, CotH could work through
CotE, with CotE controlling the interactions with the outer
coat proteins. In this case, a cotH mutation would prevent
CotE from making the appropriate contacts.

Coat Proteins with No Known Morphogenetic Roles

The absence of CotA has no detectable effect on spore
properties, but it does prevent the appearance of the usual
brown color of the spore coat (26, 114). Although this pigmen-
tation is of uncertain utility to the spore, it is a useful marker
of outer coat assembly and a convenient way to confirm that a
colony has entered a late stage of sporulation. CotA shows
strong similarity to multicopper oxidases (31a, 140). It is not
known if CotA has such an activity in B. subtilis, but the pos-
sibility that CotA is an oxidase is intriguing in light of the
involvement of the superoxide dismutase SodA and the possi-
ble catalase CotJC in the coat (see below). As discussed above,
cotA is under the control of sK and is repressed by GerE.

Also within the sK-directed regulon is cotF (23). There is no
detectable consequence to the coat or to sporulation when this
gene is deleted. cotF specifies a 19-kDa protein, but the prod-
uct of the gene is processed to give 5- and 8-kDa coat proteins.
The 5-kDa protein is encoded within the 59 portion of cotF. In
addition to the cleavage site that generates the 5- and 8-kDa
species, there appears to be a second cleavage site that allows
the removal of first five amino-terminal amino acids, since this
sequence is not present in the 5-kDa protein. It is not known
whether this cleavage occurs before or after CotF is assembled
into the coat.

cotJA and cotJC are, along with cotE, the only known coat
protein genes under the control of sE (42, 120). CotJA and
CotJC are encoded by an operon that comprises cotJA, cotJB,
and cotJC. CotJA and CotJC are both coat components that
are present in spores of a cotE gerE mutant strain. Therefore,
they are unlikely to be components of either the inner or outer
coat. Most probably, they reside in an early-assembled layer of
the coat, either the under-coat layer or the matrix. Studies of
the interactions made by the CotJ proteins indicate that the
two proteins form a complex in the coat. CotJA and CotJC
have been shown to interact with each other in vivo (by using
immunoprecipitation experiments) and in vitro (by using the
two-hybrid system). Furthermore, the incorporation of CotJA
into the coat requires CotJC and the assembly of CotJC re-
quires the presence of CotJA. A species of the correct size to
be a CotJA-CotJC heterodimer is present in coat protein ex-
tracts and reacts with anti-CotJC antibodies. The function of
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cotJB is unknown, but there is no reason to exclude the possi-
bility that it encodes a coat protein as well. In addition, there
is a second, cotJ-dependent species of about 75 kDa that also
depends on GerE. Although CotJC (and possibly CotJA) is an
abundant coat protein, deletion of the cotJ operon has no effect
on measurable spore properties. A notable sequence feature of
CotJC is the significant number of acidic residues in the car-
boxy-terminal one-third of the protein (13 of 50 residues [42]).
CotJC shows significant homology to a catalase from Lactoba-
cillus plantarum (120). Although CotJC has not yet been shown
to have catalase activity, it is a candidate participant in oxida-
tive cross-linking of coat proteins.

Several coat protein genes that are transcribed by sK both
alone and in conjunction with GerE have relatively subtle or
intermediate effects on the coat when deleted. CotX, a protein
with a predicted size of 18.6 kDa, falls into this class (148). It
is encoded by an operon that also contains cotV and cotW.
CotX was identified by microsequencing of a peptide purified
from a hydrolysate of the insoluble fraction of the coat. cotX
expression is complex (149) and initiates from two promoters,
one which directs a transcript with cotX alone and which is
absolutely dependent on both sK and GerE, and another
which directs a multicistronic transcript containing cotVWX
and which is transcribed both by sK and GerE and by sK alone.
cotX spores are largely normal, except that they germinate
slightly faster than wild-type spores and their surface charac-
teristics are altered, as evidenced by a tendency for the outer
coat to stain abnormally in electron microscopy and for the
spores to clump. Also, the relative amounts of insoluble and
soluble coat fractions are abnormal in cotX mutant spores, with
less coat protein appearing in the insoluble fraction. CotX
appears to be present primarily in the insoluble protein of the
coat. cotV and cotW were identified by their proximity to cotX,
and they have not yet been deleted; therefore, their roles in the
coat are unknown. CotV and CotX have significant homology.

Two other coat proteins, CotY and CotZ, are encoded im-
mediately downstream of the cotVWX operon (149). They are
cysteine rich, have significant identity, and are transcribed
from a single promoter, which is activated by sK and also by sK

and GerE. This promoter produces both cotY and cotYZ tran-
scripts. CotY is a 17.9-kDa coat protein. High-molecular-
weight species that react with an anti-CotY antibody are also
present in coat protein extracts, and these may represent dis-
ulfide-linked multimers of CotY. CotY does not appear to be
required for normal spore properties, but a cotY mutation does
result in a subtle germination defect that is similar to the cotX
phenotype. cotZ encodes a 16.5-kDa protein that has not yet
been found in the coat. CotZ is unlikely to make a significant
contribution to the usual spore resistance properties, since
spores missing cotX, cotY, and cotZ simultaneously are pheno-
typically similar to those harboring deletions of only cotX and
cotY. However, the outer coat of the triple mutant is reduced
in thickness. This implies that CotY and/or CotZ contributes to
proper assembly of the coat, possibly in combination with CotX.
A band corresponding to CotX was not detected by SDS-
PAGE in coat extracts from wild-type spores, and extracts of
spore coats from cotX spores were similar to those of coats of
wild-type spores, except that two bands, at 18 and 26 kDa (the
larger of which reacted with an anti-CotY antiserum) were
more intense. These two bands were missing in cotYZ and
cotXYZ mutants. The 18-kDa protein is likely to be CotZ. There-
fore, CotY and CotZ may be more easily extracted from a cotX
spore and coat cross-linking may be somewhat reduced in this
strain. An anti-CotX antibody identified two bands, of 24 and
48 kDa, in a Western blot of coat extracts. It is not known

whether these species represent monomer and dimer forms of
CotX or heteromeric complexes.

CotS is a 41-kDa coat protein, whose absence has no detect-
able effect on germination or resistance (1, 136). cotS expres-
sion requires both sK and GerE, and the assembly of the gene
product into the spore is under the control of CotE. Immuno-
electron microscopy experiments indicate that CotS is an inner
coat protein. This is noteworthy in light of the previously de-
scribed role for CotE in outer coat assembly (151), and it
suggests that CotE plays a role in inner coat formation as well.
Alternatively, the failure to retain CotS in the inner coat could
be an indirect consequence of the apparently misassembled
inner coat of a cotE mutant spore. This result also serves as a
caution regarding the practice of identifying coat proteins as
outer coat proteins if they are missing from a cotE mutant
spore or as inner coat proteins if they remain spore associated.
Such judgments should be regarded as preliminary pending
localization of the coat protein by direct methods.

Posttranslational Modification of the Coat Proteins

In addition to structural and morphogenetic coat proteins, it
is reasonable to suspect that there will be coat proteins as well
as non-coat-associated proteins that are involved in postassem-
bly modification of the coat. One important set of modifica-
tions is the cross-linking that contributes to the strength of the
coat. Several types of cross-linked species have been impli-
cated in coat assembly, including disulfide cross-links (8) and
dityrosine cross-links (96). The potential importance of dity-
rosine species to the integrity of the coat is reinforced by the
preponderance of tyrosine residues in the sequences of the
known coat proteins and the recent detection of dityrosine or
dityrosine-related species in the coat (25a). Initial studies have
found that CotE overproduced in Escherichia coli has a modest
peroxidase activity (25a). This activity could generate dityro-
sine cross-links and thereby contribute to the formation of the
outer coat by CotE. Aronson and Fitz-James raised the possi-
bility that a ε-(g-glutamyl)lysine cross-link, typically generated
by a transglutaminase activity, is important in coat assembly
(8). Subsequently, Kobayashi and colleagues identified a trans-
glutaminase activity in the coat, encoded by tgl (64, 73). It will
be informative to determine the controls on the activity of this
transglutaminase and its precise location within the coat.

In addition to modification by cross-linking, there is evi-
dence for glycosylation of coat proteins late in development.
Roels et al. (109) identified a cluster of genes, called cge genes,
that are activated under the control of GerE. One of these,
cgeD, is similar to glycosyl transferases that participate in poly-
saccharide biosynthesis. Mutations that deleted genes in this
cluster resulted in spores that appeared normal by the standard
assays and by electron microscopy. However, these spores tend-
ed to aggregate and had abnormal adsorption properties, sug-
gesting a surface alteration. It is possible that the cge locus
encodes one or more coat proteins, but it is perhaps more
likely that it is responsible for a terminal step in coat formation
that involves the glycosylation of the coat. If so, the cge genes
probably do not function alone. Hullo and colleagues at the
Institut Pasteur (50a) have identified a cluster of 10 genes
which also show homology to polysaccharide biosynthetic
genes and whose expression is repressed by GerE. One of
these, spsA, is very similar to cgeD. Spores from a strain missing
the entire sps operon were similar to those missing both cgeA
and cgeB and were very hydrophobic. The deletion of the sps
locus does not result in a gross morphological defect in spore
structure (27b), but the effects of these genes on the coat have
not yet been fully investigated. Glycosylation of the spore sur-
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face could determine the hydrophobicity of the spore and there-
fore its adherence properties (143). It is unknown whether
genes similar to cge or sps could be responsible for the signif-
icant carbohydrate content of the exosporia of species such as
B. cereus (92). The cge and sps genes have, so far, been iden-
tified only in B. subtilis, which does not have a clearly defined
exosporium. A final modification that deserves mention is the
proteolytic processing of certain coat proteins, such as CotF
and CotT, already discussed above. Little is known about
how or precisely when coat protein processing occurs. The
enzymes responsible for these cleavage events have not been
identified, but a GerE-dependent coat-associated protease
activity has been found (56). It is unclear whether these
coat-localized proteases are involved in coat maturation, and
no genes that might encode these activities have been identi-
fied.

Certainly, the genes and activities listed here do not consti-
tute all the players in coat morphogenesis. In particular, it
seems likely that there is at least one undiscovered morpho-
genetic factor under the control of GerE. gerE spores appear to
be missing any discernible inner coat (27a, 87). Therefore, it
seems likely that some gene in the GerE regulon plays a sig-
nificant role in inner coat assembly. Alternatively, it is possible
that no single inner coat protein plays a significant morphoge-
netic role in inner coat formation but, rather, that a number of
GerE-controlled genes are required together for the inner coat
to be built. Studies of the known GerE-controlled genes have
not yet clarified this issue. Deletion of these genes either in-
dividually or, in some cases, in various combinations has not
resulted in significant morphological phenotypes.

MODEL FOR COAT ASSEMBLY

From the results discussed above, it is possible to propose a
tentative model to explain how the layered structure of the
coat is established and how coat formation is directed to occur
at the location of the spore surface (Fig. 4). In this view, there

are four major steps in coat assembly: binding of SpoIVA to
the forespore surface (Fig. 4A), formation of the precoat (Fig.
4B) (both of these steps occur under the control of sE), a
sK-dependent phase of inner and outer coat layer assembly
(Fig. 4C), and a sK-plus-GerE-dependent phase of inner and
outer coat layer assembly that includes postassembly modifi-
cation of the coat (Fig. 4D).

The assembly of the coat begins when sE becomes active in
the mother cell, immediately after the appearance of the
sporulation septum. As a result of the action of sE, several
proteins with crucial roles in coat assembly are synthesized.
One of these, SpoIVA, appears to act first by positioning itself
at the mother cell side of the septum (Fig. 4A) (29, 101). The
nature of the interaction between SpoIVA and the membrane
is unknown. The amino acid sequence of SpoIVA does not
suggest the presence of transmembrane regions, possibly indi-
cating that SpoIVA localization requires an as yet unidentified
protein. At this time, SpoVID probably also binds at this lo-
cation (29) (Fig. 5A). (The function of SpoVID is given in a
separate figure because of the complexity of its role and the
especially speculative nature of this aspect of the model.) Since
SpoIVA remains attached in a spoVID mutant, SpoIVA is not
dependent on SpoVID for attachment to the forespore (29). It
is not known whether SpoVID attachment depends on SpoIVA.

The localization of SpoIVA at the mother cell-facing surface
of the septum allows the second step in coat assembly, i.e., the
formation of the precoat on top of the layer of SpoIVA (Fig.
4B). The precoat consists of a layer of CotE that is parallel to
the plane of the septum and is on its mother cell side. It is
separated from the septum by a gap, which is filled by the
matrix. In the next step, the inner coat proteins infiltrate into
the matrix and form the inner coat. Therefore, the matrix
should be a loose porous network into which the inner coat
proteins can infiltrate. cotE is expressed under the control of
sE, and it is reasonable to propose that matrix synthesis re-
quires sE as well (29). The components of the matrix are
unknown, but CotJA and CotJC are possible candidates (see

FIG. 5. Roles of SpoIVA and SpoVID in attachment of the coat to the forespore membrane. The last two stages represented in Fig. 4 are compressed into a single
diagram in panel C. The open boxes represent the early form of SpoVID, when it is not required for matrix attachment. The filled boxes represent the late state of
SpoVID, when it becomes required for matrix attachment. FS, forespore; MC, mother cell.
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above). After engulfment, the forespore is encircled by what
appears to be a closed shell of precoat, which may impart some
stability to the spore. It is not, however, sufficient for resistance
properties, such as resistance to lysozyme, or for germination,
since spores missing one or both layers of the coat but retaining
the precoat are deficient in resistance and in germination (27a,
87, 151). The precoat does not require SpoVID for attachment
to the forespore (29).

The precoat sets the stage for the third step in coat assembly:
the appearance of the inner and outer layers of the coat (Fig.
4C). As discussed above, gene expression during this final stage
is under complex temporal control. The result is the produc-
tion of a large number of coat proteins in at least two phases
of synthesis (153). Likely inner coat proteins such as CotD,
CotH, CotS and CotT presumably assemble into the loose
skeleton of the matrix, between the shells of SpoIVA and
CotE, while outer coat proteins such as CotA and CotF as-
semble around the shell of CotE in a CotE-dependent manner.
CotT may participate in defining the precise width of the final
inner coat. CotE is responsible for the assembly of a significant
number of outer coat proteins (151) and one likely inner coat
protein (136). Since it is unlikely that CotE directly contacts so
many proteins, it probably interacts with at least one, as yet
undiscovered, subsidiary morphogen that aids coat protein nu-
cleation. At least some proteases that cleave coat protein pre-
cursors to result in their mature forms could become active at
this time. This may also be the time when CotM forms a cross-
linked superstructure that helps to keep the outer coat intact.
CotH would work in conjunction with CotE to guide outer coat
assembly. Possibly, CotH sits alongside CotE in the shell that
surrounds the forespore (Fig. 4C and D). From this location, it
could direct the assembly of a subset of the outer coat and still
remain attached to the inner coat in a CotE-independent man-
ner.

Around the time when the coat is visible by electron micros-
copy, SpoVID becomes required for the continued attachment
of the coat; in its absence, the coat forms swirls in the mother
cell (13). Because SpoVID is dispensable for precoat attach-
ment, we speculate that when SpoVID is initially placed at the
mother cell side of the forespore membranes, it is not required
for binding to the matrix (Fig. 5A and B). After some point
(perhaps the synthesis of the cortex), it becomes required for
coat attachment by switching to an active form (Fig. 5C), ex-
plaining why a spoVID strain produces detached swirls of coat.
Although the reason for an additional protein of this sort is not
known, it is plausible that the requirement for SpoVID is a
consequence of the role of SpoIVA in cortex synthesis as well
as in coat attachment.

Several coat protein genes are expressed late under the
control of GerE and sK (Fig. 4D). As far as is known, the gene
products reside in the outer coat. One of these, CotG, directs
the assembly of CotB and also contributes a large degree of the
layered appearance of the coat, possibly by directing cross-
linking events (113). Therefore, a set of events important for
outer coat morphogenesis occurs only after GerE acts. The
appearance of the inner coat also depends on GerE, raising the
possibility that an unknown inner coat morphogen becomes
active at this time as well. The observation that the inner and
outer coat layers form together and that there are no obvious
morphological intermediates prior to the simultaneous appear-
ance of these two layers may indicate that most or all of the
electron-dense features of the coat usually appear only after
GerE becomes active. However, a gerE spore has a thin rem-
nant of outer coat. Therefore, it is alternatively possible that
there is a brief sK-dependent period of morphogenesis that

builds a small part of the outer coat, which is rapidly followed
by the assembly of the full inner and outer coats.

In the final stage of coat assembly, the correctly positioned
coat proteins are further cross-linked and modified. This is likely
to include, at the very least, GerE-directed events controlled by
the cge, tgl, and sps genes. Additionally, there is at least one
GerE-dependent coat-associated protease that could play a role
in coat protein cleavage (56). These final events remain largely
unexplored, in part because of the considerable technical
challenges in performing the relevant biochemistry. Nonethe-
less, characterizing these modifications is critical to under-
standing coat function. Progress in this area, in particular in
understanding glycosylation, will be accelerated now that the
B. subtilis Genome-Sequencing Project has been completed
(73).

FUNCTIONS OF THE COAT

The major known function of the coat is to protect the spore.
Clearly, both the inner and outer coat layers play critical roles
in protection. The contributions of the inner and outer layers
to this function can be measured by analyzing mutant spores
that have not assembled one or the other layer. Traditionally,
the ability of the coat to act as a barrier has been studied by
measuring its ability to protect the cortex from lysozyme. Stud-
ies of cotE spores indicate that the outer coat is important for
lysozyme resistance (151). Spores from a gerE mutant strain, in
which the inner coat is missing and only a remnant of the outer
coat remains, are severely lysozyme sensitive (more so than
cotE spores) (87) and are about as sensitive as spores missing
both the inner and outer coat layers (as a result of combining
the gerE and cotE mutations) (27a). The ability of the coat
to withstand lysozyme appears to be due, at least to some
degree, to a sieving function. The size of molecules that can
pass through the coat has been estimated to be approximately
8 and 2 kDa for B. cereus and B. megaterium, respectively (95,
117). Although spores from these organisms have coats with
structures that are distinct from B. subtilis spore coats, they are
both resistant to lysozyme, and it seems likely that the coats in
all three species play a similar protective role. This degree of
porosity is important, because the coat must allow small-mol-
ecule germinants to pass through to the spore interior (see
below). This sieving capacity is apparently a property of the
whole coat, not of any one coat protein, since B. subtilis spores
are largely resistant to lysozyme when of any one of the coat
protein genes are deleted with the exception of cotE. These
deletions may, however, alter as yet untested activities of the
coat. These other activities may rely on the biochemical prop-
erties of certain coat proteins, apart from the manner in which
these proteins contribute to the integrity of the coat as a whole.
It is therefore still unclear whether the complete defensive
function of the coat absolutely depends on any individual coat
protein or whether it is a collective property of an intact coat.

To avoid confusion, it is worth mentioning several resistance
properties that do not depend on the coat. The most thorough-
ly described example is heat resistance. This property depends
on the dehydrated state of the spore core, which, in turn, de-
pends for its maintenance on the cortex (104). The cortex also
provides resistance against organic solvents (84). The spore
chromosome is protected against UV radiation and free radi-
cal damage by the small acid-soluble proteins to which it is
bound (119). Although these types of protection do not rely
principally on the coat, it is possible that the coat enhances
them (94a).

The coat is also involved in the ability of the spore to convert
from the dormant state back to vegetative growth. This process
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is called germination, but the term “germination” refers more
strictly to an initial phase of the process, during which the
spore senses a nutrient in the environment (usually a sugar
molecule, an amino acid, or some other small molecule) and
then begins the process of rehydration that precedes the re-
sumption of metabolism (31, 88). In the next phase, called
outgrowth, the cortex diminishes in width and the coat cracks
open to liberate the revived cell (115). The peptidoglycan layer
that will become the cell wall of the outgrowing cell is actually
visible in the dormant spore as a thin, dark layer between the
inner forespore membrane and the thick whitish cortex. This
germ cell wall does not break open along with the coat.

The influence of the coat on germination was noted in early
studies and has remained unexplained (8). Spores with severe
defects in coat assembly (due to mutations in cotE or gerE) are
highly deficient in germination as determined by the tetrazo-
lium overlay assay (55, 151), an indirect test that measures the
resumption of growth after germination (53). Spores missing
CotH or CotT are also deficient in germination (17, 93). These
mutant spores are not entirely incapable of germinating, and a
significant (but lower than wild-type) proportion of spores do
break dormancy. The coat is unlikely to play an active role in
germination, since none of the known germination machinery
is coat associated. Therefore, the role for the coat in germina-
tion is usually regarded as a passive one which merely permits
or hinders the passage of germinants to the interior of the
spore, where the germinant receptors are likely to be located.
This is somewhat paradoxical, however, in that if the coat is
merely a sieve, removal of part of the coat might be expected
to accelerate germination, not inhibit it. In our own studies, we
found that a spore with a particular mutant version of CotE,
which assembled an outer coat of altered structure, seemed to
germinate either more quickly or more completely than the
wild type did (12a). Mutants with other versions of CotE,
which were more severely defective in coat assembly, were
highly deficient in germination. These results may not be con-
sistent with the role of the coat in germination being that of a
simple sieve. In addition to whatever passive role the coat may
play in controlling the entry of germinants into the spore, it
could also play an active role if, for example, coat proteases
initiate cracking. In any event, the germination deficiencies of
cotH and cotT spores are likely to be due largely to early events
in germination that occur prior to cracking (17, 93).

It has been pointed out that proteins critical to germination,
such as germinant receptors, could conceivably be sensitive to
some of the endoproteases produced during sporulation (36a).
The coat could protect these sensitive germination compo-
nents during spore assembly. If this is the case, the absence of
certain coat proteins would result in limited proteolysis of
some of the germination machinery. The importance of the
coat to germination would then be more an accident of the
physiology of sporulation than a reflection of a fundamental
role in the process.

Insights into the functions of the B. subtilis coat may well
come from studies of other species. An example is the study of
the marine Bacillus sp. strain SG-1. This bacterium encases
itself in a crust of manganese oxide that is clearly visible by
electron microscopy as an electron-dense halo (112). A wide
variety of microorganisms are able to catalyze the oxidation of
manganese, and this makes a significant contribution to the
geochemical cycling of this element (94). The shell of manga-
nese oxide around SG-1 spores is in direct contact with the
outer surface of the spore, and its appearance is under the
control of the mnx operon (139, 140). One gene within this
operon, mnxG, shows homology to several genes that encode
multicopper oxidases, a diverse group of proteins that utilize

multiple copper ions to oxidize a variety of substrates (124).
CotA is similar to this family of proteins as well. Recently,
MnxG has been localized to the ridged outermost layer of the
SG-1 spores, which is now believed to be an exosporium (31a,
137). The formation of the metal shell clearly involves this
layer, and future studies should reveal whether the other mnx
gene products are also present at this location. The surprising
fact that both mnxG of SG-1 and cotA of B. subtilis both show
similarity to multicopper oxidases makes it tempting to spec-
ulate that the CotA-dependent brown pigment is due to a
multicopper oxidase activity (although it should be noted that
the pigment of B. subtilis does not contain significant manga-
nese [139]). It will be informative to use site-directed mutagen-
esis to delete regions of CotA that are similar to multicopper
oxidases and to determine the effects on both coat pigmenta-
tion and the localization of CotA.

It is likely that we do not know the full range of roles played
by the coat. In particular, the observation that deletion of any
one of a large number of coat protein genes has little or no
effect on the usually studied resistance characteristics suggests
that some coat functions have yet to be identified. This makes
it important to identify the various stresses that spores encoun-
ter in nature and to determine whether these are accurately
measured by the tests normally applied in the laboratory. In
soil, an important habitat of B. subtilis (123), there are likely to
be a variety of significant challenges. The coat may act to
prevent antibacterial compounds produced by competing or-
ganisms or by plants from entering the spore. An intriguing
speculation is that the coat enables the spore to survive a
sojourn through the digestive tract of an organism that has
ingested it. Organisms such as nematodes might consume
spores in the course of extracting nutrients from the soil or
feeding on other soil-borne organisms, and it may be important
for spores to be able to pass safely through the nematode gut.
The possibility that B. subtilis is able to survive such a transit
appears to be unexplored. This is not to suggest that B. subtilis
might be a nematode pathogen. Indeed, some sporulating bac-
teria, including members of the genus Pasteuria (15), have
made elaborate adaptations to the environment of the nema-
tode gut and are effective pathogens (116). Recently, it has
been demonstrated that B. cereus can live as a symbiont of a
large number of species of arthropods (82). Additionally,
spores have been observed in the food vacuoles of amoebae
and plasmodia and survive to be incorporated, apparently in-
tact, in the food vacuole remnants of the sporangial stalk of a
slime mold, Protophysarum phloiogneum (16a). These observa-
tions indicate that the spores are able to resist the degradative
enzymes that usually destroy the contents of the food vacuoles
(16). It will be interesting to test whether the coat proteins that
appear dispensable in normal resistance assays contribute to
the survival of spores inside soil-dwelling organisms. The role
of the coat need not be limited to protection or survival. Spores
in the soil exist in complex and largely uncharacterized rela-
tionships with plants, other bacteria, and a variety of other
organisms (123). For example, proximity to plant roots can
stimulate sporulation in Bacillus species isolated from the soil
(33). The coat could conceivably play an active role in these
interactions.

Understanding how the coat provides resistance would lead
not only to the resolution of the questions posed above but to
practical applications as well. For example, the coats of the
spore-forming pathogens Clostridium botulinum and B. anthra-
cis provide a degree of protection that makes decontamination
extremely difficult. With sufficient knowledge of spore coat
assembly, we may be able to at least partially disassemble the
coats of pathogenic spores and render them vulnerable to
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relatively mild chemical sterilization. Spore coats could also
be important in materials science applications, where an ex-
tremely tough but porous shell is required. Any practical ap-
plication of the coat in industry will rely on a basic understand-
ing of coat assembly mechanisms.

INSIGHTS FROM THE B. SUBTILIS GENOME-
SEQUENCING PROJECT

The completion of the sequencing of the B. subtilis genome
challenges us to identify all the genes involved in coat assembly
and function. This is not easy to do, since most of the already
identified spore coat proteins are largely unlike each other in
sequence and do not resemble proteins from other species in
the databases. Nonetheless, several open reading frames in
B. subtilis that could encode proteins very similar to certain
known coat protein genes have been identified. We have stud-
ied one, ynzH, which could encode a protein with significant
identity to CotC and CotG (18a). We did not detect a pheno-
type when ynzH was deleted, nor did we see a band of the
predicted size for YnzH by SDS-PAGE analysis of coat protein
extracts. Currently, we are generating an antibody directed
against overproduced YnzH to determine the location of this
protein within the sporangium.

Several putative genes encode products with significant sim-
ilarity to CotF. These include yraD, yraE, yraF, yraG, and yhcQ.
An in-depth analysis of the significance of these similarities is
outside the scope of this review, but we note that the predicted
products of yraE, yraG, and cotF have identity at their amino
termini. The predicted products of yraD and yraF have identity
to each other at their amino termini and to amino acids toward
the middle of CotF. There is also significant identity between
cotS and the putative gene ytaA. Intriguingly, these two genes
are separated from each other on the chromosome by only a
single potential open reading frame, ytxN, which appears to
encode a lipopolysaccharide N-acetylglucosaminyltransferase.
An additional homology has become apparent with the deter-
mination of the complete sequence of cotB. The cysteine-rich
carboxy terminus of CotB shows homology to CotG, primarily
at cysteine, tyrosine, and arginine residues. It is too early to
speculate on whether these similarities might define function-
ally related groups of coat proteins or whether they could be
used to identify functionally important regions within the coat
proteins.

FUTURE DIRECTIONS FOR THE STUDY
OF THE COAT

Now that we understand the general framework of gene
expression that leads to the synthesis of the spore coat proteins
and we know something about the steps in the assembly of
these proteins into the coat, we can address some of the most
interesting questions concerning coat assembly. An important
goal will be identifying all the coat proteins and in particular
the components of the matrix. Most probably, progress in this
endeavor will come both from continued application of the
reverse genetics approach and from further analysis of genes of
unknown function identified by the sequencing project. These
studies may also reveal new morphogenetic proteins. The ap-
plication of classical genetic techniques to identify mutants
with altered coat morphology should also continue. This could
identify not only previously undiscovered morphogenetic genes
but also new alleles of already studied coat genes, possibly
uncovering new information about their roles. The relatively
large number of characterized proteins involved in the coat
makes their further analysis very timely. We need to deter-

mine, for example, how CotE organizes the outer coat and how
SpoIVA links the matrix to the forespore. It should be possible
to study some of the interactions between the coat proteins. In
particular, the molecular details of the interaction between
CotJA and CotJC are probably ready to be elucidated. Fur-
thermore, we should determine which regions of the coat
proteins direct them to either the inner or outer layers. An
especially important area of study will be the biochemical
modification of the coat. Examination of proteins such as
SodA, Tgl, and the Sps proteins, for which there is good evi-
dence for roles in coat modification, is likely to be productive.
An unexplored and very interesting aspect of assembly is the
control of the cleavage of coat proteins such as CotF and CotT.
These studies may lead to the identification of the genes en-
coding the coat-associated proteases and the mechanisms that
control coat protein cleavage. It may even be possible to study
the capacity of proteins in coat extracts to self-assemble. An
intriguing set of experiments, initiated by Aronson et al., dis-
covered fibrillar structures in coat extracts (7). These studies
must be continued and extended.

The goal of these genetic and biochemical studies will be a
clear view of the mechanisms that control the assembly of this
complex structure and an explanation of its functions. As noted
above, the function of the coat in germination is somewhat
paradoxical, and it would be satisfying if the molecular char-
acterization of the coat yielded an explanation for this role. A
basic molecular understanding of the coat could also shed light
on any other functions of the coat apart from its activity as a
shield. However, to grasp the full purpose of the coat, we will
have to determine the various tasks performed by the coat in
the very different niches that coat-encased sporulating organ-
isms occupy. We will have to continue to characterize the coats
of different species and to learn the purposes the coats serve in
these organisms. This will require an ecological approach in
which we analyze spore coat function from the perspective of
the actual challenges faced in the wild.
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